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Abstract

In packaging, spot colours are ugegrintkey information like brand logos and
elements for which the colour accuracy is critical. The present Biudsgtigates

methods to aid the accurate reproduction of tspse coloursvith then-colour printing
processTypical n-colour printing systems consist of supplementary inks in addition to
theusualCMYK inks. Adding these inks to the traditional CM¥4¢€tincreases the
attainable colour gamut, but the added complexity creates severahgeallin

generating suitableolourseparations for rendering colour images.

In this project, the-colour separation is achieved the use ofdditional sectors for
intermediate inks. Each sector contains four inks thiéachromatidnk (black)

comman to all sectors. This allowthe extension athe principles of the CMYK

printing process to these additional sectors. The methods developed in this study can be
generalised to any number of ink$e project explores various aspects of theolour

printing process including the forward characterisation methods, gamut prediction of the
n-colour process and the inverse characterisation to calculatectileur separation for

target spot colours. The scopetlod study covers different printing technologie

includinglithographic offset, flexographic, thermal sublimation amdet printing.

A new method is proposed to characterise the printing devibesmethodthe spot

colour overprint (SCOP) modelas evaluated for thecolour printing process i
different printing technologie$n addition,a set of realvorld spot colours were

converted ta-colour separations and printed with thedlour printing process to
evaluate against the original spot colours. The results show that the proposedmethod
can be effectively used to replace the spot coloured inks witir¢b&ur printing

processThis cansave significant material, timand costsn the packagingndustry.
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Chapter 1 Introduction

3, GRQ W NQRZ DQ\WWKLQJ EXW , GR NQRZ WKDW HYHU\
GHHS O\ HfRRKaIKFEynman, The Pleasure of Finding Things Out.

1.1 Background

The use of am-colour printing process is growing in the printing industry especially in
the packaging printing wittheflexographic printing process. It is known by different
names in th industry, for example, Expanded or Extended Colour Gamut (ECG)
printing, Multi-Colour Process Printing (MCPP), Higfdelity (Hi-Fi) colour printing

etc.

Key benefits for th@-colour printinginclude significant cost savings by reducing the
makeread/ times due to less waslps of the print units, reduction in wastage of
materials higherproductivity and efficiency, no need to maintain inventory of special
inks, more flexibility for print planning and scheduling. Thereaseenvironmental
benefitsfrom the reduction afolvent and ink usage atite combiningof several jobs
into one job to provide additional waste reduction.

1.2 Industrial application and significance

The maindrivers for moving from conventional printing to thecolour printing pocess
areto replacespot colours with a fixed set of inks atodleverage th&ider gamut to
reproduce much brighter and pleasing images. Although-timdour printing process is
used in some sectors of thenting andpackaging industrythe aim isusually to

enhancehe vividness of imageasther tharto replaceexistingspot coloutibraries
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~N

{CMYK not capable of achieving many spot colours

{High cost of material, wastps and press time due to shorter

Problem print run-lengths and more product variants
statement

J

{ Optimise process control \
{Use a fixed set of inks
{Combine several jobs into one job

{ Reproduce spot colours accurately withnks across production
runs & presses

{ Avoid washups and cost of special inks
{ Reduce the makeeady time and wastage )

Figure 1.1 Overview of the problem and solution

This project is mainly focussed on the benefit of replatiegsolid spot colours and

special inks by using thecolour printing procesg=igurel.1). The packagingrinting

indugry is facing new challenges with the arrivaltbé digital age Printrun-lengths are
getting shorter withmore product variants like languages, product subcategories and
flavours etc. At the same timierand colour accuracy has become more important due
to growing branadcompetition This has increased the cost of printthge to morenake
reades washups andnaterials Theuse ofn-colour printing with suitable printing
technology can helpo reducehe cosby reproducing accurate colours witmumber

of fixed inks.

The packaging printintndustrytraditionally uses CMYK process colours to reproduce
phaographic images and spot colours to reproduce large solidaaréastical brand
information like logosDifferent print jobs use different spot colours. Hence the special
inks have to be changed frequently from job to job.

In contrastn-colour printhg uses a fixed inket consistingf n inks to reproduce all

the elements in the given print job using a combination of different overprint tints. The

spot colours are broken down into tints of process chaglfigisre1.2). Thisavoids

hundreds of special inkthussavingthe ink costs, inventory management atwrage

in the pressroom. It also allovitse combination o$everal print jobs into one job. This
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leads tdflexibility in the production planning and job schedulprgcesswhich
traditionally depends on the japecific spot colour portfolidor example, jobs with

common spot colours are scheduled together.

Brand Brand

Product® Product®
Description Description

Address Ingredients Address Ingredients

Process Plate Proces Plate
ProcesLyan ProcesLyan
Process Magenta Process Magenta
Process Yellow Process Yellow
Process Black Process Black
Spot Plates I::> Process Orange
Pantone Process Black C

Pantone 541 C Process Green
Pantone 277 C Process Violet

Pantone247 C
Pantone 326 C

An artwork printed The sameartwork converted to

with spot colours the n-colour printing process

Figure 1.2 Converting a print job containing spot colours to n-colour separation

A colour matching system liklhe Pantone Formula Guides is a colour specification
system in which a colour library is ustxselect colours which are then printed using
special inks. They can provide effective communication ajwsl across the workflow.
However, only a fraction of the colours can be reproduced with the traditional CMYK
printing process due to its limited colour gamut.tBgadditionof supplementary
intermediate inks to the CMYKet for exampleprange, greenmal violet, the colour

gamut can bextendedhus covering more spot colours from the colour matching

system|Figurel1.3).
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CMYKOGV gamut

~ -

4

A sample spof;olourlibrary

Figure 1.3 Example of the colour gamuts of CMYK and CMYKOGYV with the spot colours

Then-colour printing process can be used with different printing technologies, for
examplelithographic offsetflexographyand various digital printing technologies

includingelectrophotographgndinkjet printing.

Thereare several challenges in implementingnkelour printing process in a

production environment. Key considerations for 4iéalimplementation for the-

colour printing process are discusse&éaction9.2

1.3 Theoretical cortext

Since the invention ahefour-colour printing process, various problems related to
colour separation and colour fidelity of the CMYK printing process have been studied,
(Hunt, 1995). Although this conventional process is adequate in mcas@dthe

colour gamut otypical CMYK inksis restricted as compared with that of display

devices.
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Printers with just four process inks can produce only a relatively small colour gamut,

limiting colour reproduction accura¢gegFigurel.3). Also, it is very hard to achieve

isomeric reproductiofsee definition in Sectigh.6) using conventional foucolour

printing, or even obtain low levels of metameri@re definition in Sectigh.) for

matching colours. Because of the subtractive interaction of ink and incident light, the
lighter shade®f red, green and blue are hard to achieve with traditional CMYK inks.

These lighteshacdks canhowever be obtained by using single inkbthe desired hue.

By increasing the number of inks the colour gamua finting device can be

expanded. The use of additional inks also increases the number of degrees of freedom,
thusenhancinghe possibility of isomeric matching. These printingteyns with

additional inks are also referréalas high fidelity (HiFi) colour printingsystems

Typical n-colour printing systems consist of CMYK plus additional colours such as
orange, green, violgetc. Althoughadding these inks to the traditionat s CMYK

inks increases the attainable colour gamut, the added complexity creates a challenge in

generating suitable separations for rendering colour images. (Mahyg)1997

Several new colour printing processes have been proposed that use more than four
standard inks. (Kueppgrl989 (Ostromoukhoy1993 (Boll, 1994 (Viggiano, 1998
(Mahy, 2011)( 0 R U R 201pa) Kueppes (1989) suggested a model in which each
colour isreproducedvith a maximum of three inksegChapter 2Section2.

Ostromoukhov (1993) provided an overview of the basic methods of widening a CMYK
printing process to a CMYKRGB printing process by modelling the relationship
between colour and ink. Boll (1994) used a method letten of a primary colour to
obtainadesired colour in a CMYKRGB system. His technique used a subdivision of the

colorant space gamut into smaller subgroups.

In ICC-based colour management, when the number of primary inks is more than three,
there isausual colour management problem of 4oenany mapping. There are more

inks than colorimetric cordinatesthusa given coloucan be matched using more than
one combination of inks. This problem has been addressed by dividing the inks into 3
ink subgraips or 4ink subgroups. (Kueppgrl989) (Tzeng, 2000). As the colour

gamuts of subgroups overlap, it is difficult to fiaginglecolorant combination. In

20



Introduction

addition, smoothness @dnal gradations in aimageis affected due to abrupt ink

changesvhen thegradation crosses the colour gamut boundatwofsubgroups.

Major attempts have been made to ex@pictral printer modelsee definition in

Sectionl.6). Researchers have developed and evaluated spectral models witijpig m

printing inks to makeareasonable spectral match (Tzeb@98 &1999) (Taplin, 2001)
(Chen, 2004a & 2004b) (Zuffi, 2005) (Gerhardt, 2006)ese models were based on
criteria such as minimising metamerism and increasing colour constancy. Thialspect
models represemsignificant advancements the multi-colour separation field, but they

are complex and the inversions of the models are computationally expensive.

To find the relationship between colorant amounts and colorimetric quantities, a
chamlcterisatiormodel has to be developed. However, it is difficult to derive a physical
model that accurately predicts how arbitrary inks will interact when printed together
using halftoning. In addition to optical effects, the model must take into account
physical effects such as dot gain and trapping. Also the colour gamuts produced by
multi-colour inks have irregular, neconvex shapes (Stollnitz, 1998 ORUR YL p

proposed a methddr computing a gamut of arbitranyinks.

Most models of colour Hione printing are based on the equations of Neugebauer
published in 1937. These physical modéls exampleNeugebauer, BedBouguer,
KubelkaMunk, and ClappetYule etc.have been welllescribed by Green (2002)

Taplin (2001) tested the Yulielsen nodified spectral Neugebauer (YNSN) model. It
has been shown that the YNSN model and its cellular extensiampaove the model
accuracy significantlyRolleston, 1993{Bastani, 1996)Tzeng (1999) used Kubelka
Munk turbid media theory for translucenksprinted on top of a highly scattering
support. Emmel and Hersch (1999, 2002) introduced new mibdeldescribéhe light
scattering and ink spreading phenomena. They incorporated all physical phenomena

NJ

into a single model using a mathematical framéwaased on matric§seg¢Chapter |

Sectior] 2.2.1.1§Pfor more details)
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Theprinter characterisatiomodelprovides theristimulus values of colours as a
function of the ink amountsyhencomputirg colour separatioit is necessarto find

the ink amounts as a functiontbk tristimulus values that define tbelour. This
inversion is noasimpleprocesssince the model ianonlinear function of the ink
amount. In additionif is more difficuk for n-colour separation because there may be
many ink amount values that yield the same colbhus arobust separation method for
Qd&rbitrary inks is needed.

Ideally then-colour separation should be contaxtare and dynamic. For example, a
colourseparation strategy used for reproducing a company logo with a solid brand
colour should be different from a strategy used for reproducing a photographic image.
Depending on the range of tonal data in a graphic element;dbleur separation
algorithm $iould adopt the best suitable approach. This project aims to repsmlitce
spot colours using a methodmtolour separation to provide an accurate colour

separation algorithm.

The existing techniques of timecolour separations are either not capableeproducing
the spot colours accurately and consistently or they are too complex and
computationally expensive to be used in the print workflow. Hence a simpler and more

robust solution is needed that gives effective reproduction of the spot colours.

In packagingspot colours are predominantly used for printing solid elements like brand

logos and identities rather than the tints and the overprints. The present study is mainly

aimed at replacing the solid spot colours witan-colour printing procesg~igurel1.4).

Although the tints and overprints are considered, the main focus israduemg the

solid spot colours. This is a different use case from that of an image reproduction using
then-colour printing process, wher¢her criteria emerge such as avoidance of

contouring in blends. Contouring could be an issue in spot colour reproduction as well,
if the designer has included such spot blends in the artwork. However, there are several
market sectors within the packagimglustry, where the spot colours are almost
exclusively used for printing solid elements, for example, ethical pharmaceutical

packaging.
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Spot colour palettes n-colour printing process

Figure 1.4 Objective of the project: to replace a potential palette of many spot colours with the

n-colour printing process using a relatively small number of inks.

1.4 Thesis overview

Theoutline of thethesis is as follows. Theecondchaptempresentan overview of the
essential fundamentaté coloursciencejt presets method for theharacterisation of
the printing devices amalso describeprevious work related to-colour separation.

Chapter Blescribes the metrology, reproduction workflow, computation procedures and

the process cortl requirementsised in this study.

Chapter jﬁiscusses the implementation of the forward spectral printer modétefor

conventional-colour printing process artden the7-colour printing processlong

with their result§Chapter fexplains the gamut prediction and analysis ofrttwelour

printing process using spectral printer models. A new set of metrics, including the

Gamut Comparison Index (GCI) is proposed to quantify the differencesbetiwo

gamutgChapter @glescribes the spot colour overprint model, which is proposed as a

simplified printer model for forward characterisation.
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Chapter Jdeals with the implementation of thev@rse printer model to obtaincolour

separation. Various approacteecompared to reproduce the spot colours uaifg

colour printing processes.|@hapter 8then-colour separation is evaluated using a

number of realif e spot coloursThis was done by quantitative evaluation using

instrumentallyneasureaolour difference values and qualitative evaluation uaing

psychophysical experimer&inally|Chapter gsummarises the results and the

contibution of this study. The key considerations for 1idalimplementation, the
production strategies and the future warkdiscussed.

1.5 Key contributions

This study explores many facets of tikeolour printing process with the aim of
reproducing got colours using-colourseparation

X Several spectral printer models were implemented and evaluated fecohzur
printing processes using different printing technologies.

x A new simplified printer model was developed ébaracterising printing
devices The spot colour overpriiSCOP)modéd was evaluatedsingthen-
colour printing proces®ue tolower computation costthis model can be
integrated intaexisting standard workflows itlhe printing industy

X Thecolour gamut of the-golour printingprocess was predicted using the
minimum number of input measurements and used to obtain the colour
separations. The methods used for gamut prediction and evaluation are useful
when selectinghe optimum inkset for then-colour printing process and to
compare then-colour printing gamut against the proofing system.

X The inverse printer models were evaluated to estimate the colour separation for
the Zcolour printing processes.nfalgorithmconsisting of modular functions
was developed for deriving the ook separabn for the target spot colours.

X A set of brand colours wemmnvertedo 7-colour separations using the
algorithm and printetdy lithographic offset printingA psychophysical
experiment was performed to determine the perceptibility and adkiyt
thresholds of the reproduced colours.
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x Analysis showed that th@oposed methods can be used successfully for
accurateaeproduction of brand colours usingcolour printing proce€s
resulting in substantial cost savings in terms of the produtitr@and

materials.

1.6 Terminology

Colour separation fthe process by which an original colour artwork or image is
decomposed into individual sing®lour components for printing using primary inks,
for example, CMYKor CMYKOGYV inks.

Colour gamut of printing system the range of colours that can be reproduced by the

printing system.

CMYK : a set of 4 inkstcyan, magenta, yellow and blagkised traditionally as

process inks for printing.

CMYKOGV #a printing process used as an example ohtbelour pinting process
that used inks +cyan, magenta, yellow, black, orange, green, violet. The methods

described can be generalised to axgplour printing process.
Forward printer characterisation model +a model defining the relationship between
the coloant (ink) values and the colorimetric values (for example, CIELAB) of the

measured printed colour.

Spectral printer model A forward printer characterisation model whigkesspectral

reflectancanstead of colorimetric values

Gamut mapping: a methodf mapping the colours lying outside the colour gamut of
the printing system onto the colour coordinates that are within the colour gamut.
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Intermediate inks additional primary inks used in timecolour printing process to
supplement the CMYK processks for example, orange (or red), green and violet (or
blue).

Inverse printer characterisation model £amodel which provides a colour separation
of an original colour artwork or image by mapping the deundependent colour

values to ink values for a\g@n viewing condition.

Isomeric reproduction tidentical reproduction of the spectral reflectance curve of the

original colour

Metamerism *phenomenon of matchiraf colourstimuli which have different

spectrakeflectance curves

N-colour printing p rocess a printing process with more than 4 process inks usually

with the intermediate hues like orange, green, violet etc. It is known by many names, for
example, HigkFidelity (Hi-Fi) printing, Extended or Expanded Colour Gamut (ECG)
printing, Multi Colaur Process Printing (MCPP), fixed palette printing etc.

Printing process a process of reproducing visual information like text and images by

using colorants ontasubstrate.

Printing system a set of printing conditions including printing device, innag

method, substrate, inks and consumables.

Printing technology: different techniques of reproducing visual informatiorplacing
a colorant oo asubstraten a controlled mannefFor example, lithographic offset
printing, flexography, thermal sublettion printing,electrophotographynkjet printing

etc.

Simulated spot colours spot colours reproduced usiagn-colour printing process.
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Special inks or spot coloured inksinks used for printing spot colours.

Spot colouror brand colour: a colourprinted with its own pranixed ink instead of
the process inks. These are usually critical colours or brand colours used in packaging.
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Chapter 2 Literature Review
2.1 Colorimetry and colour measurements

2.1.1 Human Vision

The humarvisual system is cruciab our undertanding ofthe perception ofolour. It
depends on the stimulation of light sensitive cells, known as photoreceptors, in the eye.
Light consists of electromagnetic radiatidie visible portion of the electromagnetic
spectrum isn thewavelengtirange ofapproximately 38@m to 780nm.An imageis
formed in the human eye when lighritersthe pupil and is imaged onio the retina,

the location of thghotoreceptors. These receptgeseratesignalswhich are
transmittedo the brain via the optic nervéhere are two types of photoreceptors in the
reting rods and cones. Rods aetive under low lesis of illumination and dmot

provide wavelength discrimination; thus they prowdenochromatic visioand record
information about brightnesk humansthere are three types of cones. The cones
which are sensitivéo longwavelength lightare called L cones, thosensitiveto

medium and shomavelength lightare called M cones and S cones respectively.
2.1.2 Colour vision theories

The function of colour visen can be explained by two theories. Trichromatic theory,
which is also known as Yourgelmholtz threecomponent theoryGordon, 2004
suggests that there are three independent sets of receptors fronsigghadh are
transmitted directly to the brain i.the cones (L, M and S) are sensitive to
(approximatelyyed, green and blugyht. But this theory cannot explain many visually
observed phenomena. A complementary thebgopponent colour theory, was
proposed by Heringh 1878(Gordon 2004. According to this theory, the human eye
distinguishes colours based on paif two opponent coloursed-green, yellowblue

and blackwhite. These opponent colours cannot be perceived to occur together. Both
trichromatic and opponeswblours theories are combohé modern opponeftaolours

theory to explain most visual phenomena.
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2.1.3 Colorimetry and CIE system

Modern colorimetry is aimed at modelling the human perception of colour (Green,
2002). It provides the basis for predicting the visual match legtweo colour stimuli.

In 1931, the CIE (Commission Internationale de I'Eclairape)international
Commission on llluminatiorestablished a colour specification system. The 1931 CIE
system is derived from a series of colowatching studies to definestandard

observer Two scientistsWright and Guild performedquite separateolourmatching
experimentdo describe series o€olourstimuliin terms of the mounts of three
matching stimulrequired to match theifBerns, 2004)The trichromatic proptes of

human vision were characterised using these cat@iching experiments.

Figure2.1{shows a simplset up ofa colourmatching experiment. A small circular field

is split into two parts. One half of this visual fieldllaminated by a test colour and
other half by a combination of primary colours (red, green and @Alhe)observeis
asked to adjust the intensities of the three primary colours in order to obtain a visual
match between test colour and the mixture ahpriy colours. A set of three curves

derived from these experiments are catieal RGBcolourmatching functions denoted

by N§), C§) and X ).

Figure 2.1 Colour matching experiment set-up
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Some of the test colours had to be matched by adding one or more primaries to the test
colour. The primary light added to thest colour is considered to be subtracted from the
mixture of the primaries, thus resulting in negative tristimulus vaBugsthere is no
convenient way of accurately introducing the negative sensitivities in practice (Hunt,
2004).To avoid the negativealuesand to reduce the complexity, the RGB colour
matching functions wermathematically transformed in&dl-positivecolour matching
functions T89=J @@ . They are known as the CIE 1931 standard

colorimetricobserver for 2angular sub tense of vision.

m \ = xbar
| /AN ——ybar
0.4 \/ /[ N\ ——zbar

Wavelength (nm)

Figure 2.2 Colour matching functions for the CIE 1931 Standard Observer

The tristimulus valueX, Y andZ are calculated by summing the product, with respect
to wavelengthof the following three components: light source, object and colour
matching functions. The light source is represented bgpbetral power distribution
measured across the visible spectrum. Objects are characterised using spectral
reflectance or transmittance. The CIE standard observer provides theroalkohing

functions.
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Thusacolour stimulus can be represented usiggimulus values (CIE, 1986) as

follows:

;<4
LGl T8%5:&4:5
@r<a4

2.1)

whereS( is the spectral power digtution of a light sourceR () is the spectral
reflectancgor transmittance factdr ( )) of the colour stimulus and@8¥=J @8re the

colour matching functionk is a normalising constant given by

GL

A B &5 5

(2.2)
Tristimulus valuesX, Y andZ are loosely analogous to red, green and #ue.
significance of CIEXYZ system is that tivaristimulus value corresponds to the
luminance factor of colour stimulus; thug#&n be correlated to visual perceptual
attribute lightnesg-or measuringjght sourcesand self illuminating coloursf we setk
= 683, then th& tristimulus value igheluminance This is because the maximum
luminous efficacy of monochromatic radiatice 683 lumens/watt at 555 nm, which is
WKH ZDYHOHQJWK RI WKH HedUmhindhee[is eEresdgdHiv i is@fv H
candela per square meter (c8/nThe candela is defined as the luminous interisity
given direction, of a source that emitsmohromatic radiation of frequency 54010"
hertz and that has a radiant intensity in that direction of 1/683 watt per stg@udtan
2006) For measuring reflective colours, the valu&k af chosen so that= 100 for the

given reference white point.
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The XY Zvaluescan benormalised to derive chromaticity -@sdinates as follows:

TL E:E<
L )
v E; E<;
VL =

E; E<;

(2.3)

From this it follows that the chromaticity of any col@ample is described byandy

values; value of can be obtained using-§ty). To include théuminance (otuminance

factor), colours are described usitige xyYtriplet. A chromaticitydiagram|Figure2.3

can beused to ploy versusx plot to provide a twedimensional map of colour space

The horsesheshaped outline is called as the spectrum locus which represents
chromaticityof monochromatic light at different wavelengeqjuentially through the
spectrumA straight lire joining the end points of spectrum locus is called the purple
boundary. These are purple colours which cannot be producedasimgie

wavelength of light.

32



Literature Review

Figure 2.3 CIE 1931 Chromaticity diagram (Glynn, 2007)

A disadvantage okYZcolour space is that it it perceptually uniform. Colours with
an equal perceptual difference are not equidistatfitsinhromaticity diagram. In 1976,
CIE tried to develom visually uniform colouspacg UCS) by mathentzal
transformations oKYZ Theseare known a€IE 1976L*u*v* colourspaceand CIE
1976L*a*b* or CIELAB colourspace.

In CIELAB space|Figure2.4), a* andb* are chromatic axes corresponding

approximatelyto greenredand bleyellow colours. Lightness is representedaxis
from white (100) to black (0). Chrom&¥) and hue K*) can be calculated from* and
b* values. One of the benefits tife CIE system is that any CIE colour space can be
converted tanyother spacedrause they aml based on CIXYZ tristimulusvalues.
Although, the CIEL931system simply predicts colours that match in a specified
viewing condition, it is adequate for the purpose of this resedrto sets of
tristimulusvalues matchthe appeance is expected to match as long as the viewing
conditions are identicgHunt, 2004) Throughout this research, spot colours are

assessed using ISO 3664 (2009) viewing conditions.
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Though CIELAB colour space has better perceptual uniformity tharKQEE spaceit

is not completelyperceptually uniformit has beembserved that CIELAB is nelinear
in blue-purpleregion Colours along a straight hamgle line may not have a constant
hue particularly irthe blue region(Fairchild, 2005)

Figure 2.4 CIELAB 1976 colour space (MacEvoy, 2005)

2.1.4 Colour Difference

The difference between two colours can be specified numerically usind ta&b* or
L*C*h* values. As the CIELAB colour space was designed to provide a perceptually
uniform colour space, the Euclidean distance betweercolurs in CIELAB spage
givesWKH FRORXUE G, laslfelowsQ FH

'OOL ¥::.5 F .6;6 E:SF:6,6 E% F >6;6;
(2.4)

wherel, a;, by represent the reference colour anday, b, representhie sample colour.
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+RZHYHU WKH XQLIRUPLW\ RI &,(/$% VSDFH B4 QRW SH
performs better in some parts of the colour space than in others. In order to correlate

with the perceptual difference, the colour difference can lerlrepresented as an

ellipsoid rather than a sphefeerceived coloudifference is also influenced by viewing

conditions as well as material characteristios examplegloss, texture etc.

To overcome the limitations of namiformity inthe 1976 CIEspaces, new colour
difference equationisave beemlerived. These advanced equations are based on

weightedcomponents of theolour differenceequation

The Colour Measurement Committee (CMC) of the Society of Dyers and Colourists
(SDC) used a colour difd HQ FH FEHWhased dn the experiments of colour
matching forthetextile industry. The lightness and chroma weightings(¢c) were
incorporated to improve the acceptability predictions (Clarke, 198#)atio of

lightness to chroma weightingart be changed according to acceptability criteria.

CIE Technical Committee TC-1 SURSRVHG W K HEQHZ PITXBMMRRY (0
(CIE, 1995).Weighting functions in this formula were found empirically from
experiments with automotive painBarameti factors like illuminant, background,
illumination, sample sizesample separatisretc. were defined as references; but these
could be changed to suit different parametric conditions.

Ahue FKURPD LQWHUDFW L RE)g, W bivg@n&Dequdd G GEDGE200R (O
also known asE oo (Luo, 2001) Overpredictions of lightness differences in light and
dark colours were accountéat in CIEDE2000 by varying the lightness weighting

function according tehe L™ value.This colour difference formula has beased

throughout theroject(seg3.1ljandAppendix A CIEDE2000 calculatiorns

The CIEDE2000 formula is more complex thaher colour difference formuta
particularly (E ap, Which issimple and coventionally used in industridowever,the
CIEDE2000 formula provides a better correlation with perceived colour difference
especially in the blue region of colour spéceo, 2001)(Wang, 2012)The

CIEDEZ2000 does not have its own colour space, butilegsal distortion of Euclidean
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space, i.e. CIELAB colour space. It is only applicable for small colour differences
(Sharma, 2005)This is a subject of ongoing research. Presently the CIEDE2000 offers

significant improvement over other formulae.

Various studies were carried out to test these advanced colour difference equations
(CIE, 1993)(Mahy, 1994)Luo, 1996)(Guan, 1999). Some experiments investigated
acceptability in colour difference (Green, 2008png, 2000). It was found that the
weighting unctions derived frorperceptibilitydata may not be linearly applicable for

predictingacceptabilityflimits.

The present research simply attempts to match colours usingctileur printing
processhence colour appearance is not an issue. But acdégtabcolour difference
Is considered as importafior example, whether a difference between the desired

colour and the colour printed usingcolour separation is commercially acceptable or

not. See Sectigf.3/for more dedils.

2.1.5 Colour Measurement

The aimof colour measurement is to quantifye visual perception of colour in order to
describe it objectively. A colour measuring instrument defines colour numerically in
terms of colour attributes. Colour measurement pldesyaole in colour management
for examplegcalibration and characterisationapprinting device, measuring colour

difference between sample and proof, formulation of special &&s

A colour perception phenomenon is based on three componentsdighe, object and
viewer i.e.thehuman eyel ight consists of electromagnetic radiation hawang

wavelength rangeom approximate\880nm to 780nm.A colouris measureds an

amount of radiation reflected or transmitted from a colour stimures thespecified
wavelength rangd he tristimuls valuescanthenbe calculated by multiplying the

spectral reflectance (or transmittance) factor of the colour sample by the spectral power

distribution of the light sourcand the colour matching functians
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Several substrates used in practice exhibit fluorescence since they contain optical
brightening agents (OBA). They absorb ultraviolet radiation at wavelength below 400
nm and emit light in the blue region of visible spectr@ometimes inks used for

printing are fluorescenAlso the light sources used in viewing booths vary with respect
to UV content. As a result the colour measurements become ambiguous and the
perceived colour may look different. ISO 13655:2009 specifies four measuring
conditionsappropride for different applications when substrates or ink (or both)

fluoresce.

CIE hasdeveloped numbef standardlluminants based on theielativespectral
powerdistributions These illuminantsan bedescribed in terms of their correlated

colour temprature (CCT). The CCT ailluminant can be defined as the colour
temperature of a black body radiator that appears to be the closest colour match to the

illuminant. Therelativespectral power distribution @hilluminant is related to its

correlateccolour temperaturgzigure2.5|showstherelativespectral power distributions

of somerecommende@IE illuminantsincludingilluminant A representing tungsten
lamp operating at 2856K, D65 representing one optteses oflaylightwith a CCT of
6500K. Inthegraphic arts industry, illuminant D5With a CCT ofapproximately
5000K) is theecommendediewing illuminant (ISO3664:2009. One ofthe problems
with the CIE illuminants is that they are not real light souritepractcethey have to
be simulated (Hunt, 1998).
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Figure 2.5 Relative spectral power distribution of different CIE illuminants

One important aspect of colomreasuremeris the geometry of the incident and
reflected light and one of twgeometries are most commonly uskédhe sample is
illuminated with a light source af @ the surface norméahen the reflected light can be
measured at £%o the surface normarhe reverse geometry is equally applicable.
These aredenoted @¥5 gand 4500 ggeometryrespectivelyAnother geometry is
diffusein which the sample is illuminated witllight source at © The reflected light is
then diffused by using a highly reflective sphangithis diffused light issamplel with
adetectorln practice 0° geometry is replaced by.§Johnson, 1995)

Different types of instrumentsan beused for colour measurement: densitongter
colorimetes, spectrophotometsrspectroradiometsetc. Densitometers are used to
measuralensity tthelogarithm of opacity. Inhe case ofeflectanceneasurement,

density represents the degree to which light is absorbed by the sample. Although
densitometers have a limited use in colour measurement, they have been conventionally
used for cabration and process control in the qpress and pressrocaneasof the

graphic arts industry
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A colorimetrworks ona similarprincipleto thehuman eye. It has three filters which
produce colorimetric values CIYZ, which canbe converted to other apes for

example CIELAB. Though they are flexible, thedo notmeasure spectral data and
henceareinadequate for colour matching across different media as well as for spectral
matching. A spectrophotometer measures the spectral reflectance acrossitbe e

visible spectrum bgamplingthe spectrum inta serie®of equally definedand pass

for example5 nm orl0 nmintervals This is important for many applications, such as
the assessment of metamerism and the calibration of a printing devicddoerdif
illuminants.If two colours match one another but differ in spectral composition then it
is called as a metameric match. If the spectral reflectance curves of the two colours are
identical then it is called a spectral matetunt, 2004) For spot ctour reproduction,
spectral match is becoming more desirable.

A spectroradiometer explicitly measures the radiant power of a colour stimulus as a
function of wavelength. Spectroradiometeasmproduce high colorimetric accuracy and

are helpfulfor the neasurement of colours on displays

Among all these instruments, spectrophotometers are the most commonly used

instruments in the graphic arts industry at present.

2.1.6 Uncertainty of colour measurement

Uncertainty in the measurement is inevitable simoluld not be ignored. ISO 15790
(2000) defines the measurement uncertainty@aameter, associated with the result of
a measurement, that characterises the dispersion of the values that could reasonably

attributed to the measurand.

Every measurenmt has an associated uncertainty, the causes of which include
repeatability, reproducibility, accuracy compared with a calibrated set of measurements,
wavelength errors, polarisation effects, geometry errors, etc. The main contributors to
measurement undainty in any spectral instrument are the instrument repeatability, and
the difference between the measurements of a set of calibrated artefacts compared with

those obtained by a calibration laboratory.
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Sources of variation in colour measurement can Issified into two categories:
variations arising from the method of computation and those attributed to the instrument
and the colour sample (Green, 2003). Sources related to the computation method are
different data interpolation and abridgement technigimssruments can cause variation
because of their different measurement geometries, bandwidths, wavelength ranges,
aperture sizes etc. If the colour sample contafihgosescence component then some of
the incident light imbsorbed and remittedat a dfferent wavelength. In such cases,
measurement is dependent on the amount of ultraviolet (UV) in the light source of the
instrument as well as the quantity of optibebhtenelin the substrate and/or ink. Other
sources of uncertainty include variationspecular reflection, polarisation, sample
backing etc. Gardner (2000) derived an analytical expression for uncertainty in the

measurement and provided a method of uncertainty analysis.
2.2 Characterisation of printing devices

Fortheconversion ofa colour specification from one imaging device to another it is
important todefine a model atherelationship between CIE colour space and device
colour spac@ . Numerousnethods have been developedstfis colour space
conversionprocessThese methodsanbe groupednto three categories as follows
(Green, 2002):

Physical models: These descrthe physical properties of the output deviter
examplethereflectancetheabsorbance of colorant atftht of thesubstrateRelatively

few measurements are needed to predict the colour specifications.

Numerical Models: These are based on the correlation between colour spaces obtained
through a set of simultaneous equations. A polynomial regression metftehissed

to deive the coefficients of the equations.
Three dimensional loeckip tables (LUTSs): A colour space is divided into small cells.

The source and destination colour specifications are found empirically for all co

ordinate points. To locate a ndtattice point, nterpolation is required.
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These methods differ in terms of the number of input measurements required and the
accuracy achieved. Usually the traafé betweerthe results othese methods is the
amount of measurement requitecoopulae the model againghe accuracy it achieves.

Figure 2.6 Forward printer characterisation model

2.2.1 Physical Models

Physical models for printersse the physical properties to predict coldorsexample,
thereflectancethe absorbance antie scattering otheink andthe substrateSome

physical models represent the relationship between reflectance and dot area.

These models can Iseib-divided into two types. Models based on the halftone printing
processncludingthe Neugebauer modethe Yule-Nielsen modeletc. and models

based on the subtractive principgheluding theBeerBouguer law, KubelkéMunk
theoriesetc. Normally an empirical component is required to use these motaka
number of colour patches are reguirtto be printed and measured. The measured data
can be used as input to facilitate the models.
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2.2.1.1 The Murray -Davies Model

This physicalmodel(Yule, 1967 derives the reflectance or output density from input
dot area. In a unit area, if theflectanceof the solid ink iR, then the absorption by
halftone dots is (Rs) weighted byA, the dot area coverage. The reflectance factor of
the halftone are& is given by
4L 4y F#:4s F oy
(2.5)

whereR,, is the reflectance of the papertie above equatias expressed terms of
densityby using the relationship between density and reflectancettbeensity of

the halftone area w@iven by:

&L FZ'%:
(2.6)

Thus the area coveragan be written as:

'sr’”a Fsr'”;

#L 'Sr’%a F s?¥%;

2.7)

whereD,, is the density of the paper white abglis the density of theadid ink.

If the density of paper whit®,,is normalised to O then this equation becomes

sF sr’;
:SF sri7a;

(2.8)

This equation is generally used to find the dot area by measuringldstaete values

of thesolid and halftone area.
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The spectral form of Murrafpavies equation can be represented as

4:8;, L 45 :4 F#:45:4 F 434;;
(2.9)

where is awavelengthin the vsible range

This model is the basis for dot area calculation, which is an important step in the printer
characterisation process.

2.2.1.2 The Neugebauer Model

Hans Neugebauer proposed a colour mixing model for halftone reproduction in 1937
(Yule, 1967). Hefound that for 3colorant system, there are eight dominant coleurs
alsoknownasthe NeugebauePrimaries- which form the halftone prinEor CMY
theseare: white, cyan, magenta, yellow, red, grdgne and black. These primaries
correspond tohe colorants,andtwo and three colour overprints thfosecolorantsC,

M, Y onto paper white\{).

This modelconsiderghe halftone reproduction as an additive procester which, the
reflectance of a print is the sum of all eight colours weighted bgdahresponding area

coverage.

For a threecolorant CMY) printer the Neugebauer equatidefines the total
reflectanceR as:
AL #s 4s E #HeA6E #y 45 E # 4, E #3453 E #,4y E #e46 E #p4p
(2.10)

whereA s therelativeareacovered by the indicated primafyis the refectance of the
solid ink and suffixesv, c, m, y, r, g, b andk designateéhe paper whitehe primary
colours(cyan, magenta, yellowdhe seconday colours(red, green, blue) andlour

overprint respectively
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TheNeugebauer model describes the colmixing by predictingheresulting

reflectance for any seff primaries for exampletristimulus valuesXYZ

- L#Hs e EH#HppgE#Hy iy E# .y E#si s E#Hy o E#Hs gE#pip

; L #a:6 E#e0E#y ;4 E# i E#a,a E#u0 E#si0E #p1p

<L #s<s E#o<oE#y < E#h < E#s<s E#5< E #5< E #p<o
(2.11)

Neugebauer used a model by Demidpvele, 1967 to determine the relative area of
each of the eight component colours. According to Demichel's equations, these areas are

obtained from the halftone dot areas of cyan, magenta and yellow as follows:

#s L :SF=3:sF=::sF=;
#ol =5iSF = ;isF 3 ;
#y L =y :sF=5:sF=5;
#, L 5 :SF=5:SF = ;

#al =5 sF =

#ol =7 sF =

#tolL =572 1SF 5]
#o L =572 5

(2.12)

wherea., an anday represents thigactionalarea coverage dfiecyan, magenta and
yellow inks respectivelyAy, Ac, Am, A, A, Ay, Ao, Acdenotethe relative areas of the
substrate, cyan, magenta, yellow, red (maggalimw overlap), green (cyayellow
overlap), blue (cyaimagenta overlap) and black (cyaragentayellow overlap),

respectively.
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Demichel§ equations assume that the probability of finding all inks at a given point is
the product of their individual coverage fractions (Viggiano, 2005)sd leguations can

be used if thelot placement on the substrate is statistically independent. In this case, the
dot overlap is the product of the individual fractional coverages of inks. The Demichel
model fails when the dot placements are at the same; @nglealid for rotated

halftone screeas is usually the casad for the frequenaynodulated (FM) screens

In practice, it is more useful to obtaime amountef CMY requiredto reproduce
desiredcolour (set of tristimulus valuXY2. This could becalculatedoy inverting the
Neugebauer equations; however, because the equations dneeaortheir inversion is
nontrivial. Kang (1997) has described different attempts to invert the Neugebauer

equations.

With the addition of black ink, the thrggimary Neugebauer equations can be extended
to four primaries to give 16 possible overlapthes than 8. Now the analytical

inversion isevenmore complicated as greatenumber of unknowns are involved and
more importantlytherewill be no unique solutin. Due to the penetration and scattering
of light into paper, the simple Neugebauer model doepadbrm well in practice

(Green, 2002)As a result, several empiricadodifications have been suggestedtfar

model. They are discussed in following s&cs.
Spectral Extension
If narrow spectral reflectance datieeusedinstead othetristimulusvalues ofthe

dominant colourghe spectral extension of Neugebauer equations can be obtained
(Viggiano, 1990) as follows:

(2.13)

whereR( ) is the predicted spectral reflectance as a function of wavel&rgilgiven

patchprinted usingN colorants.
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Ri( ) is the spectral distribution dfi¢ patctprintedwith only thei-th Neugebauer
primary, the weighty; is the fraction of thé-th Neugebauer primary in thygven patch.
As compared to the Neugebauer model tsa computationally expensive model and

its inversion becomes even marempgex.

2.2.1.3 The Yule-Nielsen modified Neugebauer equations

In the halftone processhedot area measurement is affected by internal light scattering
in the substrate resulting optical dot gairand theNeugebauer model fails to represent
this optical dot gia. Yule and Nielsen (1951) modified the MursBpvies equation and
later Yule and Colt (1951) extended thidlie Neugebauer equations to take into
accountheoptical dot gain for a singleolour halftone tint. They considered the effect
of the penetrabn and scattering of light into the paper. To account for multiple internal
reflections of light within the substrate and ink filapower law expression was used.

The equation foasinglecolour for exampleplack ink) can be given as:

4:8;°°% L Spdy,: ;%" E Sp 4 18,0

(2.14)

whereR( ) andRy( ) are the spectral distributions of the black ink and white paper
respectively. The factaris called the YuleNielsen factor and is derived empirically for
fitting the data.

Viggiano (1990) applied the Yuleielsen relationship to the spectral Neugebauer
equationsand obtained the followinguleNielsen modified Spectral Neugebauer
model(YNSN):

C
4:57%% L1 Sy &5
(ies

(2.15)

whereR is the reflectance factor,represents the visible wavelengthis the fractional
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dotarea anah is the YuleNielsen factor. This modshowed a substantial increase in
accuracyoverthe Neugebauer model by improving the fit of the moded tining
data set. As defined by Yule and Nielsen (1951), the theoretical upper limiisf@r
When defined empirically, the value ofs invariebly close to, or above 2. This led to
thedevelopment of another model by Clapper and Yule (1955).

2.2.1.4 The Clapper-Yule model

This model (Clapper and Yule, 1955) accounts for multiple scattering and internal
reflections, which were not considered in Mur@gvies equations and YulMielsen

model. The model adds correction factors by characterising the multiple scattering, ink
transmissions and the reflectance fromftbat surface. The total reflected light is
calculated by adding all the light fractionsttlkeanerge after each internal reflection

cycle. The halftone process can be analytically expressed by this model as follows:

T+NF#E#6:4;:6
SFNSFT,:sF#E#6:3;5;

4:5; L - ,E

(2.16)

whereKs = the specular component of the surface reflection

T( ) = the ink transmittance

| = amount of light incident ine medium

x = the fraction of light which is internally reflected

Ink area coverage and ink transmittance can be calculated using the Neugebauer

equations.

2.2.1.5 The Cellular Neugebauer model

Heuberger (1992) suggested the cellular approach where the sadelpreted as
interpolating between mumbersof grid-points specified by the primaries. This is a
localisedmodel where the colorant space is divided into cells and the Neugebauer
model is used locallwithin them. This approach was found to be moieate than
thesimple Neugebauer model iaseduces errors caused by interpolation; however, it
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requiresa greatenumber of measuremerdasd additional computation (Bastani, 1996)
(Hua, 1997). Agar (1998) usedtellular YNSN model to develogn iteratve method

for colour printer characterisation.

2.2.1.6 The Beer-Bouguer law

Colorant models define the subtractive natura @lorant and theubstrateThe Beer
Bouguer law describes the empirical relationship between the absorption of light and
the concentation ofthe colorants andas suchit is not applicable to media that exhibit
scatteringThe Lawstates that the transmittance of light through a medium is
proportional to the distance travelled ttnatlight throughthe medium (i.e. thickness of
themedium) and its absorption coefficient. Absorbarcef the medium is given by

#LZ AL 2 BA

(2.17)

wherel =thelight intensity after passing through the medium
o = thelight intensity before passing through a medium
T = transmittance
Absorbance can aldze expressed as follows

#L Y:&S?

(2.18)

where @ ) = spectral absorption coefficient of the medium
w = thethickness of the medium

¢ = theconcentration of the medium
The spectral transmittancerche given as:

6:a H @ ZF
(2.19)

48



Literature Review

This law provides the basis for other colorant models described in the following
sectionslt, however, doesn't account for the scattering of the lighidgolorant. Also
proportionality failure and additivity failure at higher dye concentratresssictsthe
application otthe Law Nevertheless, thiawis the basis of the masking equations
(Kang, 2006)

2.2.1.7 Masking equations

This method attempts to gutify the relationship between original and reproduced
colours using matrix transformatiofihe masking equatiomsethod wadirst suggested

in 1938by Yule. It assumsthatthe additivity and proportionality rules hold for ink
densities omixed coloursThis givesa simple linear transformation to establish the
amount of ink required to match the three colour intensities in the original copy. In
practice, howevegrdditivity failure and proportionality failure occur due to the halftone
screen and turbithi of the media (Johnson, 1997). The fiostler equations can be
improved by including secorarder and crosproduct terms to increase the prediction

accuracy (Clapper, 196I)he second order masking equations are given below.

& L 5?E =] EmZUEPESIE=UPE=?IE=?E=IU
& L %?E >l EUEPE>I *E>UPE>?1E>?WE>IU
& L %?E%l E2UEZPERIE2PE?2?2I E2?WE2IU
(2.20)
where =, >;and % are the coefficients which can be calculated using-lEpsire

fitting method. The red, green and bk@orimetric densities are calculated as follows:

& L Z' %040 ;48 L 7 %y 0; ;88 L 7' %8, 0<;
(2.21)

The ¢, m and y values are the individual ink amountghi®icombination of which the

XYZ values are to be calculated. The Xo, Zgis the reference white.
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Higher order polynomials, such as thotder, may be used to reduce the prediction
errors even further (Yule, 196 ohnson (1997) pointed out thaté maxima and

minima resulting from the higher order masking equations can create artefacts for local
regions of colour space. These effects can be reduced by linearising the data prior to
applying the masking equations in such a way that the coeffi¢arttse higher order

terms are minimised.

2.2.1.8 Kubelka-Munk (KM) theory

KubelkaMunk (KM) theory predicts the absorption and scattering of the Wighin
thecolorantand the theoryas originally developed fdyothtranslucent and opaque
media.Thetheory relates the totaliffusely reflected lightrom a substratas a function

of the amount of light scattered land absorbed by, the substrathe lightincident on

to a material is scattered in all directiofitie lightcan beabsorbed or scatterea two
directions: the downward flux is an average of all light travellingdownward

direction andheupward flux is an average of all light travellinganupward direction.
Thusthe theoryis based on two light channels travelling in opposite doest(Kang,

1997) This assumes that, for a material of infinite lateral extension, the internal lateral
scattering is irrelevant, i.e. no light escapes from the edges of the material due to lateral

scattering

In the singleconstanKM model,the spectal reflectance for a sample of infinite

thickness can be predicted as:

~. 6 ~
La, -a

GEt—G
; 5:4&;

13

'-1F..F'-
5:3; 5:

4:3;, L sE

an
an

(2.22)

whereK( ) is the absorption coefficient ail ) the scaering coefficient.

The ratioK( )/ ) of a 4colour processfor example CMYK) can be calculated by

summing the ratios of alhecomponents
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3

5.

&

an
an

@— A= singleconstant ratio of the paper (substrate)
.y a

@— A= single-constant ratio of theth process ink (for example y@n)
- U

Ci = concentration of thieth process ink
The ratioK( )/ ) for each ink can be calculated from the measured spectral reflectance

of the ink as follows.
-8 sF45&E?P
F—=GL —
5:§; o t4ia;
(2.24)

represents thgpecific case of an infinite layer athick sample. If the

Equatior{(2.24
ink thickness and the spectral reflectance of the substrate are known, then the spectral

reflectance of the sampbtanbe calculated as:

soL SF45:QU.QF U Q.. A8Q5 Q1=
' UQF4;:QEU Q.. J$Q5 QT?

(2.25)

where
Ry( ) = spectral reflectance of the substrate

X = ink layer thickness
R)=1+K())
E)=[R) 1]
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The Saunderson correctigBmmel, 2003)s used to account for the reflection losses at

the sample boundaries and for the internal reflection as fallows

4, :QF -5

4:QgL
a SF-sF-gE-¢45:Q

(2.26)

whereRy( ) is the measured spectral reflectari€geis a constant representing the

surface reflection anl{; is a fraction representing internal reflections.

TheKM theory had been extended by different authors. HBranmaHersch (1999,
2001,and 2002 developed mathematical models base&bhtheorythatdescribe
variouslight scattering and ink spreading phenomena. These models were found to
predict the reflection spectra of halftone prints with better accuracypthancal

models.

To correlate the subtractive theories with halftoning, an empirical spectral halftone

correction factor was suggested by Kang (1993). This can be derived as:

D& L 3;:8 3¢§
(2.27)
whereQ may be any parameter that has to be corretde@xampleoptical density,

absorption coefficierK or scattering coefficiers; Qn, is the measured quantity afd

is the computed (predicted) quantity.

This correction factor is useful to minimise the difference between the computed and

measured quantitgnd itcan be applied tthe BeerBouguer law as well asM theory.

In another interesting study (Edstro2004), the KM model was compared to
DORT2002 modelor optical modelling of paper. The DORT2002 model (Edstrém,
20(®) is based on the radiative transfeedry, which describes the interaction of
radiation with scattering and absorbing media. This modslfaand to be accurate,

very fast andchumericallystable. The DORT2002 model can be considered as a
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generalisation of the KM moddlnlike the KM model, which is ondimensional,
radiative transfer solution is thremensional thus enabling the modellimigmany

physicalprocesses, such asattering without approximation (Edstrém, 2004).

KM theory is widely used for colorant formulationtive colorant industries due to its
accepted accuracy. It is used for colour gamut estimation of ink jet inkkeind
characterisation of continuous tone (thermal dye diffusion) printeestheory is best
suited for low absorptiant does noperform well fora high level of absorption. Van

De Capelle (1997) investigatéie KM theory and found that the coefficiemtsand S

are heavily dependent on the substrate calotlre cases where the substrate does not

approximate to white

KM theory also neglects lateral scatteringr@light; hence it is nostrictly capable of
depicting the optical properties of printiexdk. Mourad (2001) adopted th&M theory to
studythis lateral light scattering faa halftone print and proposed an extended method

for theaccurateprediction ofreflection.
Accurate determination of the parameters is complicated; some interactioesiéte
colorant and substrate are not accoufdeih KM theory, thus purely empirical

methods are often used for printer characterisation (Sharma, 1997).

2.2.1.9 Combination of the KM and YNSN models

Finally, a combination of the KM and YNSN modebn beused(Figure2.7). First, the

KM modelis applied to derive the overprints of the primary inks frgmectral
measurements of the solid inks and the substrate. These oveglangswith the
spectra ofthe primary inks form the Neigebauer primarieshich arethen used as input
to the YNSN modelThis method has been used beflarebtain an overall gamof the

n-colour printing procesgDeshpande, 2009 and 2014a).
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Figure 2.7 Combination of the KM and YNSN models

In another study (Abebe, 2011), this approach of combining the KM and YNSN model
was evaluated against the traditional models using inkjet and laser printing devices.
Slavuj (2014) estimated the Neugebauer primaries Tec@orant printer using
DORT2002 mode{Edstrom, 2005) and found that the DORT2002 model does not offer
significant improvements over the KM model. However, a sirapiteringnodel

improved the estimation of the Neugebauer primaries. When the estipnaagiesare
used as inputs to the spectral Neugebauer miostelad of the measured primaridese

model accurachas been reportdd beimproved (Abebe, 2011]Slavuj, 2014)

2.2.1.10The ink spreading enhanced YNSN model (EYNSN)

The YNSN model was extendég Hersch (2005) to account for the ink spreading
phenomenom the different ink superposition conditiorisk spreads out differently
according to the ink superposition condition, for exampleenthe ink halftones
printed alone on substrate or in syposition with one or more ink§he amount of dot

gain changes depending on the ink superposition condition.

54



Literature Review

A model for calculating the effectivareacoverage i.e. physicabverage thatccounts

for ink spreading wadevelopedHersch, 2005). The adel assumes thathen a

halftone layer is printed either beneath or on top of a solid layer, its effective surface
areacoverage is changed due to the ink spreading phenomenon.

Supposehe printing process consists of cyan, magenta and yellow inksheith

nominal area coveragesm andy respectively and the tone reproduction functions of
fe(c), fm(m) andfy(y) respectivelyThe tone reproducticiunctions map the nominal area
coveragesgc, m, y) to the effective area coverades P J\ | There ae threank
superposition conditions as follows: single ink halftone, single ink halftone superposed
with one solid ink and single ink halftone superposed Withsolid inks. To account

for the ink spreading phenomenon, a separate ink spreading furscticeated to map

the nominal area coverages to the effective area coverage for each superposition
condition.The ink spreading functions feachsuperposition condition can be denoted

as follows:

fum(C): cyanink of coverages superposed with solid inkagenta

fey(C): cyanink of coverage superposed with solid inyellow,

frve(M): magentank of coveragam superposed with solid inkyan

fory(M): magentank of coveragem superposed with soligellow,

Yyie(Y): yellow ink of coveragey superposed witkolid ink cyan

Yym(Y): yellow ink of coveragey superposed with solichagenta

famy(C): cyanink of coverage superposed with solichagentaandyellow,
fvey(M): magentank of coveragen superposed with solidyanandyellow,

fyen(y): yellow ink of coveragey superposed with solidyanandmagenta

The ink spreading functions can be derived by fitting a training set of colour patches,

for example, three colour patches of 25%, 50% and 75% nominal area coverages per ink
spreading functionThe effectve area coveraged=(1P 1\ Jiof a given colour halftone

are derived by weighing the contributions of the corresponding ink spreading functions
for each ink. The weights depend on the effective area coverage of each ink

superpositiorcondition.
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Thefollowing system of equations @btained by calculating the relative weigliteach

superposition conditio(Hersch, 2005)

L B2:sFIM:sFUERyy: 21 "sFU,ERy; :?2:sFI TUEB, 121 "U

| AL B:l ;:sF?:sFIMEB ¢l ;7"sFUEB ;:I ;:sF?UEB gl ;?U

UL B:U:sF?:sFIMEB gU?sFIMEB 5:U:sFIEB g5 U?1 "
(2.29)

It can be seen that the abmyestem oequatios LY DQDORJRXV WR Nn8siPLFKHC

(2.12). For example, the proportion of a halftone patch printed with cyan ink of

coverages on the substrate is{P J{1- \ J] The proportion of the same patch printed in

superposition with solid magenta ink iB{l- \ J| and soon.

To calculate the effective area coveragedP T\ I Eq(2.28) can be solved iteratively,

setting the initial values oF,{P §ind \ fequal to the respective nominal area coverage
mandy. After first iteration, new Vaes of F, P find \ fare used for the next iteration.
After a few iterations, the resulting area coverage values are stabilised. From the
effective area coveragds P fand \ fhe effective ink area coveragasfa,  «ag
DUH REWDLQHG squaos . AR &e®dik of the ink spreading

enhanced spectral printer model is givefrigure2.8
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Weighting of superposition conditions (Eq. 2.26)

"HPLFKHOTV HEQXDM)L R

YNSN spectral reflection prediction model (Eq. 2.15)

Figure 2.8 Spectral prediction model framework (Hersch, 2005) with the YNSN model and ink

spreading in all superposition conditions

This model was implemented by Hersch (2005) using lithographic offset, thermal
transfer and ink jet printing technologies usinoi combinations, C, M and Y inks,

with different screen frequenciekhe halftoning method was classical clustedet and

the screen angles for inks were mutually rotated By R fitting the effective area
coverages, three colour patches per ink were 2&d; 50% and 75% nominal area
coverages. The model was evaluated using a test set of 729 colour patches consisting of
all nominal coverage combinations at 0%, 13%, 25%, 38%, 50%, 63%, 75%, 88% and
100%.

The results shoedthat the ink spreading modeith all superposition conditions
improved the prediction accuracin most of the cases (i.e. combinations of the printing
technologies and the screen frequencies), the mean colour difference between the
predicted and the measured spectra was below S for the model with all
superposition conditions. It was also noted that the ink spreadingcedhdNSN

model works for the disperseatbt and errcdiffusion screening methods, but gives less

prediction accuracy than that for the clustededl screemg.
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The ink spreading enhanced YNSN model was further extegfessiey 2010) by

replacing the global Yuldlielsen factorr§-factor) with the inkspecificn-factors. The
optimaln-factors are computed for halftones consisting of multiple inks by wejghin

the inkspecificn-factors with a parabolic function of their area coveragbs

extension accounts for the different optical properties of the Tilesstadard EYNSN

model was compared with the extended EYNSN model with the ink jet and
electrophotogpphic printing technologies. For inks having very different optical or
mechanical properties, for example, standard and daylight fluorescent inks of ink jet
SULQWHU SUHGLFWLRQ DFFXUDFLHV RI BW%Hvéld WHQGH
improved as congred to the standard EYNSN model P H E%Q,) 0For
electrophotographinormal toners, the prediction accuracies were slightly improved

IURP PHLH ROV WKH VWDQGDUG (<161ERRGHEO WR P
extended EYNSN model

2.2.1.11Van De Capellemodel

Van De Capelle (198, 1997, 1999 & 2002 proposed a novel method of printer
characterisationilhis methodlefines each ink separately by printing solid and tints of

the ink on three different backgroundise substrate, a grey background and akbla

backgroundFigure2.9). The spectral reflectance of the given colour can be predicted

as follows:

4.8 L sF U 8 g8s5a U ' E 54
(2.29)

where pis a nominal surface coverage (%)s the absorption parameteris the
interaction parameter, S is the scattering patamandRyg is the spectral reflectance of

thepaper. The model parameters are calculated as follows:

5:9L 4;3pQF 4::Q
(2.30)
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Z' W5 p6 Qud's Q0

ax . Q L——
%:Q L%, Qudy: Qo
(2.31)
where
50éQ L 4306 GF 5:Q
4%5090Q L 4500Q F 5:Q
(2.32)
\ 4506 Q
ugl O S 4é : O 0-Q
(2.33)
where

Roiw( ) is the spectraleflectanceof p% ink layer on white
Roig( ) is the spectraleflectanceof p% ink layer on grey
Roik( ) is the spectraleflectanceof p% ink layer on black
Rw( ) is the spectraleflectanceof thewhite substrate

Ry( ) is the spectrateflectanceof the grey background
R«( ) is the spectraleflectancenf the black background

Figure 2.9 A test chart for characterising ink (Van De Capelle, 1997a)
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2.2.1.120ther studies

There have been several studiest have explorethe variousspectral printer models.
Abebe(2011)evaluatech combination of the KM and YNSN models against the
traditional prnter models using inkjet and laser printing deviéesybrid approach

with mixed Neugebauer primaries was also testeahégsurindhalf of the Neugebauer
primaries anekstimatinghalf of the Neugebauer primari@he results showed

improved prediction aecsacy of the model based on the hybrid approach with mixed
Neugebauer primaries over the traditional model based on the measured Neugebauer

primaries.

In another study (Berns, 2007), three different approdachiéa® singleconstant
simplification ofthe KM model +textile, paint anda hybrid of the paint and textile
approacks twerecomparedThe three approaches were tesismgtints made from a
mixture of cobalt blue and titanium white acrylic emulsion artist paintsdiffezences
between theeixtile and hybrid approaches were found to be insignificant, while the
paint approach was found to be better than otheappooaches

2.2.1.13Accuracy of different models

A number of investigationsighlightedthe poor accuracy of the basic Neugebauer

model Taplin, 2001).For exampleRolleston(1993) investigated thaccuracy of

different forms otthe Neugebauer equatiofSe¢Table2.1). They compared the

performancef colorimetric and spectréleugebauer equations. There wasgaificant
improvement in accuraocyhen YuleNielsen factor was appliednd theYNSN model
performed the best. Kang (1993) atsonpared the accuracy thie spectral

Neugebauetthe YNSN modelthe ClapperYule multiple internareflections model,

theBeerBouguer law andhe (KM) theory(SegTable2.2).

Johnson (1997) compared masking models with the Neugebauer modsl| and
extension; the performance thie modified Neugebauer model was found to be better
than that of the Neugauer model, but botinesemodels performed poorer théme
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masking models. The effects of using the cellular approach and including the Yule
Nielsen factor in the spectral Neugebauer equations were reviewed by Balasubramanian
(1995and 199%. Some of thestudies involving the comparison of different models are

described below.

Rolleston and Balasubramanian (1993)

In this study the focus was on forward characterisation. Different Neugebauer models
were evaluated to predict the colorimetric behaviow X&rox 5775 printer. Thigs a
CMYK printer and 16 primaries were used: w, ¢, m, y, k, cm, cy, ck, my, mk, yk, cmy,

cmk, cyk, myk, cmyk.

Thecolorimetric response dhe printer to samples of C, M, Y and K colorants was
measured. Those dot areas werectetethat minimised the perceived colour difference

between the measured and the predicted colour.

Sixteensamples of each of C, M, Y and K inks (from 0 to 100%) were printed and
measuredT he colour of each patch was predicted usthg Neugebauer moderhe dot
DUHD ZDV FKRVHQ BY,RvaRie Qetwerire Mélsidredl and predicted

colour.

One thousantkst patchegandomly distributed in CMYK spacwere printed and
measured. Each model was used to predidtth&b* values othe patches. Fothe
basic Neugebauer equation averag®ur differencavas found to be 7.4E*,, which
is consideredinacceptable.

In order to applyheYule-Nielsen modified Neugebauer equation, a value (e
Yule-Nielsen factor) was selected from 1.0to 8. QLPLVH WKH HWURU 1XQ
for the given value ofi. The average colr difference includinghe YuleNielsen

modification was found to be 4.8* 4,

For the spectral Yuldlielsen modified Neugebauer model, the spectral data measured

overa wavelagth range oi00Onmto 700 nm at 10 nnmtervals wasised. In this case,
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the three broadband colour valf&sstimulus valuesyverereplacedoy the sampling

values of the reflectance curves; howeverwiehtsof the Neugebaueequations
werestill the same. This model produced the significant improvement with the average
colour difference to give @alue of 2.70E* s

The cellulariNeugebauer model was applied by partition@igYK space into cells and
employingtheNeugebauer equation within each cell. For this purpose, the

combinations of 0%, 50% and 10@%lorant valuesvere used giving 81 sample points;
also,the 0%, 25%, 50%, 75% and 100% colorant values and their combinations were
used to yield 625 sample points. Under the cellular Neugebauer model, two approaches
were exploredthe Cellular Neugebauer broadband equation and Cellular Spectral
Neugebauer eqtian.

In the Cellular Neugebauer broadband equation, the dot area vatngs k were
normalisedo be in a range di to 1. The YuleNielsen modified Neugebauer equation
can be obtained foX, Y andZ using 16 ceordinates of the cell in 4 space (CMY.K he
average colour difference values were found to be 3.1 antE2gfor 81 nodes and
625 nodes respective|fdble2.1).

Table 2.1 Accuracy of various models found by Rolleston and Balasubramanian (1993)
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For the Cellular Spectral Neugebauer equation, the spectral measurements were used to

predict the colour usingqg/|(2.15)| The averagealuesof colour differencavere found

to be 4.2 and 2.8E*,, for 81 nodes and 625 nodes respectively.

It was observed that for nasellular models, the accuracy strondgpendean the

value ofn. As thenumberRI FHOOV L QF U H DEY Hv@as\Wokhd taldaréaxdd R 1 G
In the case of spectral models, the dé€p& H Q AR nlecreases as timemberof
cellsincreases. It was concluded thateasonablgccurate printer model can be

developed with onlyafew spectral measurements. Overall, the reshitsvecthat

eitherthe cellular model with sufficient maber of cells or the YNSN model witn

optimised value of, produceghe same level of accuracy. This is because both are
correcting the same errand hencgusing one of these approaches should be adequate.

Kang (1993)

Kang (1993) examined five dd@rent models by applying themtiwe characterisation of
a xerographic printer and an ink jet prinfeine Neugebauer equatiorthe YNSN
model,the ClapperYule modification,the BeerBouguer law anthe KM model were
comparedalong with the empiricalxension of the BeeBouguer law andKM theory.

The spectral modelling of the printers were particularly investigated.

To test3-colour and 4colour mixing, colour patches of knov@MY andCMYK were
printed on a Canon Colour Laser Copier 500 (€30D) priter. These colour patches
include halftone tints ahe primary colours from 0% to 100%. Mulevel intensity
wedges ofheprimary colours were printed to determine halftone correction factors.
The printed colour patches were measwsidg a spectrophometer andCIE
colorimetric coordinates calculated using CIE illuminBb0 andthe CIE2° standard

observer.

For a continuous ink jet printeghefollowing five 8-level halftone wedges were printed:
5% C + 95% M; 90% C + 10% M; 40% C + 60% Y; 15% N5% Y; 90% M + 10%
Y. The printed colours werggainmeasured to obtain the specteflectancedataand

CIE colorimetric coordinates calculated
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Three metrics were used to evaluatdt@imodels:themean colour difference (mean
(E*s,),the 506 FRORXU GEYWHUHIG W KIH VSHFW/KHJEech506 HUUF
betweerthe calculated anthe measuredpectral datarhe following fourparameters

were adjusted fathe differentmodelsin order to find thébest fit to the data: the surface
reflection ¢5), theYule-Nielsen factorf), a constant representing the surface reflection

(fs) and a constant representing internal reflectighs (

Results of the @olour mixing model fothe CLC-500 printerareshown inTable2.2

TheNeugebauer equation produceddues of mean colour difference 1i2.33 and
B*apfor n=2.0 andn = 2.7 respectivelyThe<161 PRGHO JDE*Y PHDQ @
valuesapproximately; the surface reflectiomdj didn't have any significant effect on
colour differenceThe UD Q JH R ERNdU@s forthe ClapperYule modé was
between 7.51 to 10.08E*,,, theaccuracy was found to be improved with higher values
of nas well ad;. The BeeBouguer model showed similar performance to the
I1HXJHEDXHU P REGHQ2.27Hbd&peae KM models had the worst
accuracy wik P H B, \values from 30 to 36. However, the halftone correction
factors improved the accuracy of these models significantly to pradeaas values of
5.01to P HEQ,Q

Three modelsthe YNSN, thecorrected BeeBouguer andhe Saundersogorrected

KM zwere used to model4-colour process. It was found that the empirically
correctedKM model performed the best amathgthree models but all models showed
higher colour differences (pproximately P H DE),,() than those obtained ftne

3-colour models

JRU WKH LQN MHW SULQWHU DOO PRGHOV SHEIJRUPHG
I.e. from 7.4 for thesingleconstant KM(KM1) to 18.34 forthe Saunderson corrected
singleconstant KM(KM1S). Halftone correction methods produced lowelour

differences among all models.

Kang (1993) concluded thdte spectral Neugebauer modbk BeerBouguer law and

theKM theorywereinappropriate fothesetwo printers due to poor accuraseg¢Table
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2.2). The halftonecorrected models were found to gabetter fit to the experimental
data, giving better predictions ftive CLC-500 printerthan fortheink jet printer anda
better fit for the 3colour printing than 4olour printing. It was particularly observed
thatthe printer variability (toner density variatiorishits the accuracy afhe models.
Otherfactorsaffecting the resulta/erethe choice ofYule-Nielsen factorif), the

multiple internal reflectiongheaccuracy of area coverage ahdsurface reflectins.

As the empirical correction factor directly accounts for the behaviour of an individual
printer, it reduces the colour difference irrespective of the printing pragdgse the

analytical models.

Table 2.2 Accuracy of various models found by Kang (1993)
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Taplin (2001)

In order to find a good candidate model &&-colour printing system, Taplin (2001)
compared different halftone (physical) models and continuous tone (colorant) models
for a2-colourprocess. He usedtiefollowing models: Neugebauer, YNSN, Cellular
Neugebauer, Cellular YNSN, Single constidiM andCellularKM.

A 6-colour printer (CMYKOG) was used with 15 possible combinationsadl@urs.

For each Zolour combination, a test chat81 colour patches {By-9 grids) was

printed. Digital counts for these grid points were selected in steps of approximately
equal area coverage usitigginverse MurrayDavies equatioifYule, 1967. The printed
colour patches were measured usarigretagvacbeth Spectrolino spectrophotometer.

& ROR XU G LEFrH DIQ@&FREHand rootmeansquare spectral error were used as a

goodness metric for evaluating therformance of thenodel.

Matlabcode wagyenerated to apply the above mentioned printer moteés

performancef eachwas assessed by calculatihg colourdifferencebetween the
colorimetric coordinates calculated from theasured anthe modelpredicted

reflectance spectra of dlie colour patchesCIE illuminantD65 illuminant andhe CIE

2° standard observevere usedFor the Neugebauer model and its extensions, two types
of transferfunctionwere used: the theoretical area coveragetlamdffective area
coverage. Theoreticareacoverage is defined as the digital count for a given dot
divided by the maximum digital count. Effective area coverage was obtained by
constructing a lookup table (LUT) populated withalues ofareacoverage calculated

by linear regressionsing dot area for the single ink ramps.

TheNeugebauer model (theoiel area coverage) produced poor colorimetric accuracy
foral2FRORXU FRPELQDWIERQV ZLWXQ D YHEHFBAES G
Table2.3). It showed systematic error shifts tieatlldbe associated with the poor

predction of the effective area coverage. The accuracy of this model improved
significantly by usingalook-XS WDEOH IRU DUHD FEY4£2.B3ddOHYHO

P H D Efoé= 2.64); however, prediction of the spectral curve shape was poor.
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Table 2.3 Accuracy of various models found by Taplin (2001)

With the addition otheYule-Nielsen factorf), better accuracy was achieved tioe
<161 PRGHO ZLWK W K&,P HD Q DY@ #H H31. The optimalalue
of n (= 6) was determined by iterative testing with incrementahlues and plotting the
spectral and colorimetric error values agathsin-value. Again, the systematic error
shift similar to that for Neugebauer model was noticed though with dueed

magnitude.

The colorimetric error was further reduced by ughng CellulaiNeugebauer model i.e.
UE*y4 = 3.39 for theoretical area coverage. But the maximum colour difference was
large:maximum (E*g4 = 14.83. The cellular YNSN model performed better than the
FHOOXODU 1HXJH E B¥%H 1.4B RiIGHe@etichl Aréa ciMerJ H DEIdp O

= 0.55 for effective area coverage.

The singleconstanKM model was found to be inaccurate in terms of predicting-the 2

LON RYHUSULQWYVY $OWKRXJK WKH DYHUDE, tR&RORXU G|
maximum colour difference was f@@G WR EH X QD F F H EA\.[DEyStematicH

error shift was observed towards the full overprint region. Similarly the celiviar

model gave largealues ofmaximum colour difference with only small improvements

over the single constakiM model.

Finally the YNSN model with the effective area coverage{opkable was selected for
modelling the écolour process. Though the cellular YNSN model proved to give the
best performance, it required the largest number of primaries and complex

implementaion.
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2.2.2 Empirical methods using lookuptables

Printing devices can also be characterised by using empirical methods, for example,
numerical models using regression methods and lookuptiabked techniques using
lattice-based interpolation. These methodsdascribed in detail by Green (2002),
Balasubramaniar2003) and Kang (2006).

The device space, for example CMYK, is usually sampled to generate a test chart of
known device value§his test chart is printed and all samples are measured using a
spectropotometerThe characterisation model is derived using idiiag and
interpolation techniques to find the correlation between the device values and the
deviceindependent colour values, for example, CIELAB. Shmples in théest chart

should be carefly selected so as tadequatelyepresent the device space.

The lookuptable based approach is used widely to characterise printing devices. A
multi-dimensional lookup table is used to define the relationship between the source and
destination values ithe lattice points while nglattice points are interpolated. This

method can be implemented in three stppsking, extraction and interpolation.

2.2.2.1 Packing

In the first step, a device space is dividet a latticeand the sample points are
populatedo build the lookup table. The lookup table is typically uniformly spaced with
an equal step sampling along each axis of the device space. For-diitineasional

lookup table, if the number of levels along each axgstien there will be?® lattice

points and p +1)° cubes. The deviemdependent colour values of the samples are

measured to formulate the lookup table.

Uniformly spaced lookup tables are simple and they implicitly provide information
about lattice points and cells. They alldve quicklocationof a query poinandits
adjacent neighbours resulting in significant savings in computatbweaheadThe

packing can also be namiform with unequal sampling.
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2.2.2.2 Extraction

This step finds the location of the niaitice input point and extess the colour values

of the nearest lattice point. The speed of the extraction depends on how well the packing
is done in the first ste@well-packed device space provides quicker and simpler
searches. If the packing is nraniform with unequal samplinipen a series of

comparisons are required to locate the nearest lattice points. Depending on the
interpolation method, further search within the cell may be required. For example, most
of the geometric interpolation methods require a search mechanisrd thd

subdivided structure where the point is located (Kang, 2006).

2.2.2.3 Interpolation

Finally interpolation is performed to calculate the dexwmiependent colour values of
the input point using the extracted lattice points. Different interpolation itpescan
be used, for example, geometimterpolation orcellular regression. Geometric
interpolation methods include trilinear, prism, pyramid and tetrahedral.

Trilinear interpolation is an extension of a linear interpolation to timeensional

spae@ usingtheeight lattice points of a cube. prism interpolation, a cube is divided
diagonally into two halves and extraction is performed to locate the query point.
Pyramid interpolation cuts the cube into three parts each consisting of a pyramid. For
tetrahedral interpolation the cube is divided into six tetrahedra each trigimgular

base and four vertices.

Sequential interpolation

Although a regular grid facilitates simple interpolation methods, it uses the available
colour space inefficientlgnd it is not flexible in the placement of control points in

multidimensional colour spag€igure2.10). The largespace outside the gamut of the

given printing device would not be used for performing interpolations. Sequential
interpolation provides additional freedom by optimally allocating grid points based on

the characteristics of the printer gamut.
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Sequential interpolation is a simple extension or generalisation of a regularly spaced
lattice interpolation. It automaticaltyacks the gamut of the printing device by placing
all the lattice points inside the gan{tang, 2006.

This can be done as a tgtage interpolation procegsonsidera breakdown of thet
dimensional space into two subspaces of dimeng@mslg. Forexample, a three
dimensional CMY space can be considered as a group efimensional CM lattice,
corresponding to different levels of the thitinension Y. Then-dimensional latticé.™
can be decomposéaato two sublatticesL” andL® In a conventiorlaregular lattice
eachp-dimensional lattice is identical and we have= L" uL. In sequential
interpolation, we let thp-dimensional latticestrucurevary as a function of the
remainingq dimensions. For example, the CM lattice structure is allowethange as a
function of Y (Balasubramanian, 2003).

Figure 2.10 Multi-dimensional lookup table in CIELAB (Balasubramanian, 2003)

2.2.2.4 Accuracy of the lookup table based methods
Lookup table based methodsreevaluated in many studies to characterise the printing

devices. Kang (2006) tested several tiateeensional lookup table packings with

different levels, for example;gvel, 3level and 17evel equally spaced lookup tables
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with 125, 729 and 4913 late points respectively.he 5level and9-level unequally

spaced lookup tables were also compared.

Table2.4|shows the mean colour differenceE ) of theinterpolation techniques

under five different conditions using 3073tsamples. As expected the interpolation
error reduces with the increasing number of levels (sampling points across each axis).
Non-uniform lookup tables with unequal spacing show better accuracy than the uniform

lookup tables.

Table 2.4 Comparison of interpolation accuracies (Kang, 2006) in terms of the average 'E*,,

using 3072 data points

For the given packing of the lookup table, the interpolation accuraciesralar or
different geometrienethods. For higher lookup table sizes, these accuracies are very
close. For example,&level unequal spacing peiag gives the best accuracy of 0.46
'E,p for trilinear interpolation and the least accuracy of 0.B9,, for tetrahedral

interpolation.

Balasubramaniaii2003) compared the lattice sizes of 4, 6, 8 and 16col@ur CMY

space by building uniformly spad lookup tables. An independent test target of CMY
samples was used. Target data were processed through the calibration functions and
printed ona Xerox DocuColor 12 laser printer. A set of thhdiemensional lookup tables

was generated mapping the dewedues (CMY) to the deviemmdependent CIELAB

values. Finally the test CMY samples were processed through each lookup table to
estimate the resulting CIELAB values. Colour difference between the estimated and the

measured CIELAB values were calculated.
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Although the accuracy increases with the increasing number of lattice size, there is no

appreciable improvemenbtained byncreasing the lattice size abov¢Rgure2.11).

Considering the computational cost and the accuracyrezgents, usually there is a

tradeoff between the number of samples andabksociate@dccuracy.

Figure 2.11 Accuracy of the lookup tables for different lattice sizes, Balasubramanian (2003)

2.3 Inverse dharacterisation xcolour separation

Inversecharacterisation maps tkelorimetricvaluesfor a given viewing conditioto

the colorant amountdor example, CMYK providing the colour separation for the target
CIELAB values. Before applying the inverseachcterisation it is important to derive

the printer gamut boundary. If the target colour coordinates are outside the gamut of the
printing device then these colours should be mapped to the gamut boundary using
gamutmapping technique. Once all targetaros are within the gamut then the

inversion model can be usedderivethe colour separation.

Balasubramanianf2003) has described a generic process of inversion as follows. First

the forward characterisation function is applied to create a distibatisample$or a
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training set in the device space dhdir corresponding coordinatesdavice
independent space. And then the inverse function is derived eithisefdatafitting

techniques or interpolation methods.

Unlike the forward charactisation of the printing devicethe inverse characterisation

is not trivial due tdhenonlinear relationship between the device values and the device
independent colour values. Two approaches can be used: inverting the physical model
usingaconstrainedptimisation method or inversion basedadnokup table usingn

empirical method.

2.3.1 Constrained optimisation

A multi-dimensional data fitting method can be used for inverting a physical printer
model through constrained optimisation. A common approatchdsfine and minimise
the objective function, such as the root mean squared (RMS) spectral error between the

predicted colour and the target colour.

If a set ofT sampless generateth a device space and the corresponding device
independentoordinaés obtainedfor example CIELAB valuedor all samples, then
the mapping functiofican be given as:
i
” S | s 6
%égl_f %6'—6| .40.,F l\H
uab

(2.34)

wherec is a colorant combination in device space, for example CMY{G) is the
estimated spectral reflectance for a combinabiodevice values based on the forward
physical model such as the YNSN model agd the target spectral reflectartoebe

achieved
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Different optimisation techniques can be used to minimise the objective function using
aniterative procesd-or eachstep, a colorant combination is calculated to gictser
estimation of the target colour. A descent directibastep length in the device space

and the termination criteria can be defined for each technique.

Various methods have been proposediandstigated by researchers. For example,
linear regression iteration (Urban, 2006), constrained nonlinear minimisation (Taplin,
2001),theNewtonRaphson method (Tzeng, 19%8)dweight inversion (Alsam, 2005).

Most of the techniques are computatiop&kpensive and tak&long time to process

thetypical image files used in the graphic arts industry.

2.3.1.1 Optimisation process

As mentioned above, tlaptimisationprocess is iterative. It starts with an initial
estimate of the optimal value of the vatesand generad@ sequence of improved
estimates until the solution is reached (Nocedal, 2006). Optimisation algodiffens

in the strategy they use from one iteration to the next.

Typical criteria for selecting the optimisation algorithm are dbedrby Nocedal

(2006) as followsthe algorithmshould give robust performance on different
optimisation prolems in its class. It should ledficient in order to avoid too much
computational time and storagénally it should be accurate enough to prazlac
precise solution without being t@ensitive taerrors in the dataradeoffsbetween
conflicting requirementsfor example, robustness and speed, is critical in optimisation

process.
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A general form of a constrad optimisation is given below (Madorks, 2014

ece BT,

;
sT, Lréa EL s& &é 4
OQ>FWQ%;T;Qré EL | 4E s& &4

(2.35)

wherex is ann-dimensional parameter vectd() is the objectiveunction,gi(x) is the
constraint function, whilg;(x) = 0,i « me havem, equality constraints argi(x)
"0,i=me « mhaveminequality constraintsThe objective function and the

constrainffactionare assumed to be smooth.

Solution poins x , for example local minima or maximet, this problem depend on the
characteristics of the objective function and the constraints. If the objective function and
all the constraints are linear functionsxpthen the problem is called as a linear
progmamming (LP) problem. If the constraints are linear but the objective function is
quadratic, theit is called as a quadratic programming (QP) problafnen the

objective function and the constraints are nonlinear functiorstbén the problem
becomes th nonlinear programming (NP) problem. As compared to the LP and QP
problems the NP problem is more complex. Usually it requires an iterative procedure to
establish a direction of search at each itergfidath\Works 2014)

Many optimisation algorithmsearch for a local solution, a local point where the
objective function is smaller than at all other viable points in its neighbourhood. The
best of all such local minima, known as the global solutgoasually difficult to locate

but is requred in mary applications. In case of the LP problems, there is a special case
in which all local solutions are also glolsalutions;but the NP problems may have

local solutions that are not global solutions (Nocedal, 2006).
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Lagrange multiplier

For the objectivéunctionf(x), a local minima or maxima can be determined by finding
a point at which the gradient tife objective functionf(x) is zeroi.e. each of the
partialderivativesare zeroLagrangian multiplier methaiihds the local minima or
maxima of the objective functidhatis subect to the equality constraint functiggx).
Basic idea isthe gradients of the objective fttion and the constraint function are
parallel to each other at the local minima or maxifiee Lagrange function or

Lagrangians formally defined as follows.
®&Té; L BT, EACT,
(2.36)

where Ovariable is Lagrange multiplier.

To find local minima which satisfy the constraints, we can $olditionpoints at which

the gradients df{x) andg(x) are parallel to each othdihis can be given as

IBT,LFACT;
(2.37)
where
IBT L i_?a ICT; LOTC
0 oT
(2.39)
Now we can solve B(2.36) for pointsat which
leeTé; L r
(2.39)

The partialderivativeswith respect tx recove Eq(2.37), whereas the partial derivative

with respect toQrecovers the constrainggx) = 0.
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Karush-Kunh-Tucker (KKT) conditions

The Lagrangemultipliers metlod, which allows only equality constraints, is generalised
by the KaruskKKunh-Tucker (KKT) conditions by allowing inequality constraints.
Suppos« s a local minimum of the objective function. Then there exists a Lagrange
multiplier @ such that the fédwing conditions are satisfied.
a
iBTEED QigiTLr
uab
VG T% Lra EL s& &4 4

0Q>FRR s
Q JRra EL | 4Es& &4

(2.40)

The above conditions in B(R.40) are known as the KKT conditionBhe KKT

conditions play an important role in optimisation. There are many optimisation
algorithms based on thmimericalsolution of the KKT system of equatis (Boyd,
2004).

The optimisatioralgorithns used in thiproject are describdaelowin Sectiong2.3.1.3
ang2.3.1.3

2.3.1.2 Active set algorithm

This is based on the KKT conditions as given in®dL0), which cancels the gradients

between the objective function and the active constraints at the local mirasigrarge
multipliers @, i «mg are required to balance the deviations in magnitude of the
objective function ad constraint gradients. The constraints that are not active are not
included in the cancelling operation. Hence the Lagrange multipliers(datbWorks,
2014)
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2.3.1.3 Sequential quadratic programming (SQP) algorithm

The sequential quadraggcogramming SQP) algorithmis similar to the activset
algorithm with some differences. Every iterative step in the SQP algorithm is taken in
the region constrained by bounds. If any iteration fails, the algorithm tries to take a
smaller step to find the solution thomaking it more robust than other algorithms. If the
constraints are not satisfied, the algorithm combines the objective function and the
constraint function into a merit function and attempts to minimise this merit function
(Spellucci, 1998 and Tone, 1988t this can slow the computation speed since it now

involves more variables.

For a general problem described in|Efj35), the SQP algorithm definessab problem

based on a quadratic approximation of the Lagrange functiathiVorks, 2014). The

Lagrange function for the general problem is given as:

®&Té& LBTEdCT
(2.41)

where Qs a Lagrange multiplier and the superscilpienotes the transpose of a matrix.

To define thesub problemboth the inequality and equality constraints inf®5) can

be linearised as follows.
S . . ,
°<'—t @*p@E | B:Tp;l @

|G Tl @E GiTos L T4 EL s& &4
0Q>FRRRY b & g
0 Gy To:! @E Gy Th; Qra  EL | gE s& &4

(2.42)

Wherexy is an iterate and search directiody is definedat an iterateq. Hy is a Hessian
matrix, which is a secordrder partiaderivative of the Lagrang&nction given by:

*oLT8aeTod;

(2.43)
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The subproblem in E¢(2.42) can be solved by using any QP algorithm at each

iteration. A new iterate is then obtathby
T>5 LTLE@

(2.44)

A sequence of iterations is generated unti[[@eft4) converges to the solution poit

The active set algorithm and the SQP algorithwvase usedn this project to invert the

forward printercharacterisatiomodel. The results are giveny@hapter f{Section7.3).

2.3.2 Lookup table with interpolation

Inversion methods based atookup table are commonly used for mapping from the

colorimetricvalues to coloraramounts Lookup tables and interpolation methddse

alreadybeenintroducedn Section2.2.2

For a 3color printing process, for example, CM&unigue inverse mapping exists and

any interpolation method can be applied to find out the inverse characterisation function
from a training set. Note that if the device space is uniformly spacédequally

spaced lattice pointthen the devicendependent colour space will not be uniformly
sampled due tthenonlinear relationship between the device values and the colour
values. Hence remapping to an equally spaced packing in the colour space is usually
required (Kang, 2006).

The size of the lookutable and the number of measurements required to derive the
inverse function affect the inversion accuracy. A large number of measurements of
samples can provide better accuracy at the cashigfher computationalverheadA
tradeoff between the numb®f measurements and the accuracy is required
(Balasubramanian, 20Q3Jhis is particularly important for thecolour printing

process where the number of measurements may be prohibitively large depending on
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the division of the device space. For the pptually uniform space, theddmensional
lookup table between 6 and 16 levels in each axis are sufficient (Johnson, 1995). In
another study, Bataibramaniatf2003) found that a lookup table size beyond 16
uniformly spaced nodes in each dimension doesffiotd a noticeable gain in accuracy.
The ISO 12644 (2007) test target provides adequate information to sample the device

space of 4olour printing process for characterisation.

Another important factor is the packing of the lookup table. Instettteainiform
spacing in all dimensions of colour space,noiform packing is more efficient for
inversion. This reducemnuchof thewaste by limiting the valid data thefraction of

the total space belonging to the printer ga(Kiaing, 2006)

For typcal conventional printing processes, for example, lithographic offset, it is
important to measure multiple prints over a period and average the measurements to get

representative performance op@nting process over time (Green, 2002).

2.4 Methods for the n-colour printing process

The number of Neugebauer primaries increases exponenti3llyitd thenumberof
colorants ) used. Thus for 4 colorants 16 primaries, for 6 inks 64 primaries and for 7
inks 128 primariesre needed. Kueppers (19820dBoll (1994) characteriska 7-

colour printing usingamodelbased approach. Ostromoukhov (1993) generalised the
compound Neugebauer modela@-colour printingsystem Stollnitz (1998)

developed a model to predict the overprints froeasurements of thedividual inks.
2.4.1 Kueppers

Kueppers (1989) introduced 3 additional colourtheconventional CMYK process in
order to expand the colour gamuihefollowing 7 inkswere usedn his study:

magentared (M), orangeed (O), yellow (Y), green (G), cydnlue(C), violetblue (V),
black (K). If the substrate is coloured then ‘white' can be printed a¥ thk.&hese 8
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fundamental colours correspond to three primary colours perceivib@ byman eye

(R, G, B); this is shown

mable2.5

Kueppers proposed an empirical algorithm in

which each colour can be printed waimaximum of 3inks: one ink from CMY, one
adjacent ink from OGV and the black ink.

Table 2.5 Relationship between the primary inks and the chromatic colour sensation of the

human eye (Kueppers, 1989)

R G B
w 9 9 9
Y - - 9
M 9 - 9
C 9 9 -
v 9 - -
G - 9 -
0 - - 9
K - - -

In his method, the given imaggedivided into tiny geometrisub-surfaces of equal size

for examplesquares, rectangles, equilateral triangles, hexagtmsEach sulsurface

is further divided intca maximum of foursub-surfaces.

Individual subsurfaces are inked with one of the 8 colotrs achromaticsub-surface

is inked by elemental surfaces of white and black. Highly chromatic colours are inked

by elemental surfaces of twoxtaposed chromatic colours. In order to reproduce

tertiary coloursamaximum of 4 elemental surfaces can be used in onsigtéce: two

juxtaposed chromatic inks atite elemental surfaces of white and blagKaser

recording (scanner) was ustedgeneate thecolourseparationg order to provide O

100% for corresponding elemental surface orsufaces.
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For example, a colour shade defined by the combination of (R, G, B) = (92%, 80%,
45%) can be achieved using the individual-salour quantities ofhe fundamental
colours as follows. The common factor of 45% for all three primary colours can be
attributed to achromatic whit&hen a35% colour quantity is common to R and G, for
which the common fundamental colour is C (Table 2.3.1).aluki onal quantity of

12% is formed by the violet blue (V) atiteremaining 8% by the black colour. This is

illustrated inFigure2.12

Figure 2.12 The percentage colour surfaces in a sub-surface for Kueppers' method

This method claims to have no trapping problems because only one ink layer is present
at every location othecolour surfaceThis may reduce the drying problems resulting in
smaller drying system It also claims to giveoiréfree printing with expanded gamut

to include high chromatic colours.

As the white ink can be used in this method, the colothregubstrate is not important.
It can lead to higher tolerances because variations in in@Mdking have lower
influence on appearance tbie printed image. However this method may not be
adequate for the offset printing process. It is not practical to print areas that do not
overlap andarenot visually noticeable. This method also restribesgamut of 4Anks

by printing only 3inks foranygiven colour.
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2.4.2 Ostromoukhov

Ostromoukhov (1993) proposed a model for expanding the conventicoédyr

printing process ta 7-colour (heptatone) printing process. In his method, the
Neugebauer agation is extended to develop the compound Neugebauer model for 7
colour printing. This is done by partitioning CIEXYZ space and modelling the
relationship betweethe colour andheink. This process is claimed to be applicable for
any (2r+1) colour prining wheren = 2, 3, 4..

Compound Neugebauer model

First, CIEXYZ colour space was subdivided into multiple divisions each consisting of
3-inks and ageneralised Neugebauer equatamplied to each partition. This givas
prediction of 3primary inks in erms ofXYZvalues for each partition; thus the
relationship betweethe colour anaheink is obtainedFor a printing process with

(2n+1) primary inks, the colour gamut of the process is subdivided mpa2itions.

For each partition of-Boloursthe compound Neugebauer equations can be applied as

follows:

XYZ= AW(XYDW + Al(XYal + Az(XYZ)Z + A3(XYZ)3 + Alz(XYZ)]_z + A23(XYZ)23 +

Ag1(XY2D31 + A123d(XY D123
(2.45)

where(XY2w, (XY, (XY2j, (XY are the tristimulus values of the corresponding
Neugebauer primaries.
Av=(1-a9)(1-a)(1-as)
Ar=ay(l-a)(1- a)
Ar=ax(1-ag)(l-ag)
As=ag(l-ay)(1-a)
Arx= agax(1 - ag)
Azz= axag(l - &)
Arz=a1ag(1 - )
A123= 12033
(2.46)
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whereay, a,, ag arethedot areas othe primary inks.Thetotal gamut othe printing
process is the sum of alln(partitions. This method enables etoeone mapping

between colorant space and colopaice.

Gamut

For each partitionXYZtristimulus values of all primary colours (W, C1, C2, C12, K)
were measured. The compound Neugebauer equation was used to compute the sub
gamut of the partitioand all of thesub-gamuts for () partitions were combeéd to
producethe entire gamut of the printing process. The partitiok¥@ values were
converted ta 7-colour separation by usirathree dimensional relationship between the
device space and CIEXYZ spdog use of dook-up table (LUT) method with tiinear

interpolation.

Figure 2.13 Black-White axis projection of 7-colour separation by Ostromoukhov (1994); The #

number in bracket shows the order number of the screen angle/frequency pair.

Screen antes

For conventional halftone screening in the CMYK process, each primary colour was
printed with a different screen angle to minimise the-feeguency interference pattern
known as moiré. In this method for heptatone printing, only 3 different scrg@san

were used.
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Alternate vertices or primaries of the hexagon use the same screen angle and frequency

Figure2.13). A total of three screen angles was required for any even number of inks.

This method claims that@olour printng is simpler than CMYK for reducing the moiré

effect.

Results

The gamubf the 7-colour process was significantly larger than thahelCMYK

printing process especially in violahdgreen regions. As the reproduction is restricted

to only 3 inks forany given colourthefull potential ofthe 7-colour printing process

may not be utilised. Thus some dark colours which could be achieved using more than 3
inks cannot be printed using this meththcthould also be noted that discontinuities

may occur orthe boundaries ainytwo partitions.

2.4.3 Boll

In this method, Boll (1994) supplementieg CMYK process with additional RGB inks
to expand the gamut of the printing process particularly in the darker régrion
example fothreequarter tonesThe CMYKRGB ink-set of Zinks was subdividednto

a series of 4nk subsets. Each subset einks was characterised atite ink-table was

generated in order to perform transformations from colour to ink.

An ink-table consists of a thraBmensional look up table (IT) which generates

halftone separations. It requires CIEXYZ or CIELAB values as an input; ink levels for 7
inks are produced as an output thus perforrthegolourto-ink transformation for in

gamut colours. This method assumes that thes@KCMYKRGB)has already been

choserandthefollowing stepswere describetb achieve the final colour separation.

TheCMYKRGB ink-setwas split into 6 subsets ofitikks eachcontaining 3 chromatic
inks and black ink. For eachidk subset, a colour targetas geneated, printed and
measured. A forward model for iftk-colour transfornwas created to give a sigamut

for each subset. All supamutswerecombined to construct a supgaimut i.eagamut
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of the Zink process. An inverse model for eacinlk subsetvas cerived by defining
theink-table gridpoints and compressing eot-gamut colours (grighoints) to the
supergamut. Inverse models yield ink levels (separations) for each colour theiough

colourto-ink transform.

Subsets

The following6 subsets consistyof 4 inkswere usedGYRK, YRMK, RMBK,

MBCK, BCGK and CGYKWithin any 3 chromatic ink grouping, the central ink
bordered by its adjacent inks is called as the dominanThe&subsets can also be
referredto by their dominant inkse. 'Yellow' (Y) ink which sits in the middle of red

(R) and green (Gn case othe GYRK subset. In his study, Boll uséake Cromalin

proofing process along widgnAgfa SelectSet 5000 image setter to produce separations

for the Cromalin process.

Colour targets

Each of tke six colour targetsonsistedf 625 patches having all combinations of 4 inks
from 0% to 100% dots at an interval of 5% i.e. 0%, 5%, 10%, ...., 95%, 100%. This
ensures reasonable sampling of colours across the colorant space.

Forward model

A forward malel for each subset was constructed taited4-ink combinations to

colorimetric values. This was obtained by fitting experimental data to formulate a

mathematical transform. The colour difference between the measured colours and

modelpredicted coloursvas calculated for each of the 6 forward mog&ible2.6).
7KH PD[LPXP FRORXU GLIIHUHQFH Y DB Xt valuesbf EHW Z H }
standard deviatioim the rang#.66 to 2.14.
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Table 2.6 Accuracy of forward models of Boll (1994)

Forward Model Maximum  OE 4 Standard Deviation
1GYRK 6.82 2.02
2YRMK 7.10 2.14
3RMBK 6.28 0.79
4MBCK 5.20 0.78
5BCGK 4.82 0.66
6CGYK 5.76 1.88

Gamuts

For each subset, a sgamut, wlich is a part of the overall supgamut of 7inks was
constructed in CIELAB colour space. For constructimggamut, thdightness I(*)
range was quantised into 128 levels and for éadevel,the hue angleh) was
quantised. Further, for eath andh level, maximunchroma C*) value was

determined to describe the gamut boundary.

By combining all 6 sulgamuts, a supegamut was obtained to represent the gamut of
the CMYKRBG inks. As the adjacent stdamuts have 3 inks in common between

them, theras a high degree of overlap. All sigamuts join athe neutral axis.

In order to map the colours which are outside the sgaemt,gamut mappingvas
applied. An ouof-gamut colour was mapped to the nearest points on the boundary of
the supelgamut.

Inversion Model

Inverting a forward model is not straightforwagginversion model was obtained by

usingthe optimisation method of Nelddvlead (1965) otheroot finding algorithms of
NewtonRaphson (Dennis, 1983).
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A term calledpaired component reptement(PCR) was coined by Boll to represent an
equivalent of grey component replacement (GCRheCMYK process. Irthecase of
a4-ink subset, a combination of dominant ink and black ink was replaced by two
subordinate inksfor examplejn the GY RK subset, YK may be replaced by GRthe
dominant ink is one of the CM¥etthen subordinate inks will largely replace black ink
(K). If thedominantink is in one of the RGBetthen subordinate inks will replace most
of the dominant ink.for examplejn thecase of GYK, the dominant ink is G; C and Y
inks will replace more G than K.

Fora7-colour printing process, any given colour can be reproduced by many possible
combinations of inksThe criterionused by Boll for selectinthe inkswasto maximise

the dominant ink. If the inking is based on maximisatiothetlominant ink then this

can helpo smooththetransition of black ink between chromatic and achromatic

colours. It also reduces the number of inks used for printspgaificcolour. Black irk

alone can be utilised to print neutral colodraired Component Replacement (PCR)
assumes a colorimetric equivalency between a pair of dominant ink and black and a pair
of subordinate inks. For example, in case of CGYK, monotonic variation in valué of G
pair required CY pair to vary inversely. Hence the use of maximum dominant ink

implies maximisation of black ink.

Because of the significant overlap between two adjacengantuts, any arbitrary
colour is covered by two sudamuts. The ink combinatiomhich gives the closest
match to the predicted inking was selected based on the maximisati@mdofninant
ink.

Inter-model errors
In practice, the forward models of adjacent-galmuts may not yield the same colour
for values of inks common to bothisgamuts. If forward models are highly

inconsistent with each other then discontinuities of ink transiticaysh® unacceptable.

Forward models for all subsets were evaluated to determinamoide! errors.
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Subgamuts of GYRK, YRMK and CGYK showethigh level of agreement whereas
RMBK, MBCK and BCGK sukgamuts revealed variations in the darker regions.
Sources of these errors could be measureorergrtaintieandvariation in toner
density or print density.

Printing was carried out usirigefollowing screen angles: C and R15°; M and G+
75°;Y and B+90°; K +45°. Screen frequencies used was [pbfor theC, M, Y, K, R,
G and 200 Ipi fotheB ink.

The Bollmethod utiliseshefull potential ofa 7-ink gamut by using-nk subsets and
maximisirg thedominant ink for thenk selection. This results in a larger gamut of
CMYKRGB than that obtained from ai8k subset approaciithe PCR technique can

be particularly usefuior deding with then-colour printing proces3.he constraint of
maximising he dominant ink also ensures that a given colour can be printed with as few

inks as possible.

At the same time, it requires 6 colour targets witargenumberof colour patches to be
printed and measured for constructthgforward and inverse model®verlapping of

two adjacent suigamuts results ithe printing of redundant colour patches.

2.4.4 Halftone Area Neugebauer Separation (HANS) model

ORURYLD DQG D SURSRVHG D QHZ FRORXU VHSD
halftone area Neugebauer separa (HANS) method. Instead of using traditional

colorant space, this method uses the Neugebauer Primary (NP) space for colour
VHSDUDWLRQ E\ VSHFLI\LQJ WKH UHODWLYH DUHD FRY

primaries.

Consider a 2nk printing system wh cyan (C) and magenta (M) inks. Suppose that the
printing system is bievel where the number of levels of ink deposited at a given

location is 2. With the conventional approach, the CM colorant space is accessible
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Figure2.14g). The colorant space iisstrictedby the individual ink limits ¢ cand * ()

as well as the total ink limity( y) to avoid the print artefacts, such as ink bleeding.

Figure 2.14 Print control spaces for a 2-ink bi-level printing system ORURYLD: (a) the

colorant space and (b) the Neugebauer Primary space

There are four Neugebauer primaries: W (the paper white), C, M andrikeferprint
CM. In case of the NP spacek’adimensional simlex is accessible whekas the
number of levels per ink andis the number of inks. For example, theR bi-level

printing system has the 100% area coverages of the W, C, M and CM Neugebauer

primaries as the vertices of the simp|€igre2.14p). With the ink limitations in place,

this accessible part of the NP space is restricted to the intersection of the simplex with

half-planes defined by ¢ * gand » x

The HANS approach gives access to all patterns formed b ULQWLQJ V\VWHP 1\
Conventional halftoning process itself relies on the NPs. However, the HANS method
exerciseglirect control over the NPs. This was illustrated with an example of a colorant
combination of 50% cyan and 508agenta. Thisan be exm@sses as an ink vector:

[ .6 -@]l =[0.5, 0.5] in a colorant space. Each ink vector corresponds to a continuum of

NP area coverage vectors.
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Thus the ink vector in the above example has the following constraints.
fcE foql .6
fo Efeql .q
(2.47)

where fi is the area coverage of NP X andis the area coverage of ink Y.

The halftone patterns matching the above mentioned ink vector is shéiguie2.15

Note that the NPac vectors of these halftone patterns are different. When these were
printed using an inkjet printer (HP Designjet Z3100) dtaaanemihleSmooth Fine Art
paper, the colours between the extremes of the NPac range showed 25 CIEDE2000
colour GLITHUHQFH ORURYLPp

Figure 2.15 Continuum of halftone patterns corresponding to single ink vector [ .¢ .g] = [0.5,
@ ORURYLPp

For a conventional method based on a colorant gdpadealftoning gives one of the

patterns shown |Rigure2.15] whereas the HANS method can access the entire range.

Even for a 2nk combination, this model can access metanighge halftone patterns
which are different from e&cother but still result in the same colaundera specific
viewing condition In case of the conventional colour separation, metamers are

accessible with more than three inks.
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A colour separation to NP area coverage (NPac) space can be computknhas fol
ORURYLD $00 13V DUH SULQWHG DQG PHDVXUHG
computed in the CIEXYZ space and then sampled. For each sample, the corresponding
metaner set is computed. From each metamer set, the optimal NPac is selected for the
givenprint attributes. As a result, a set of CIEXYZ coordinates is obtained spanning the

full colour gamut. Each coordinate has NPac assigned to it.

ORURYLD LPSOHPHQWHG WKH +$16 PRGHO XVLQJ D
large format signage printer witMYKcm inks (where ¢ and m represent light cyan

and light magenta, respectively) on Avery Glossy-8ellfiesive Vinyl substrate. The

HANS model was compared against the ICC pipeline configurations, first with the

default colour separation configuration g&hdn with the maximum GCR (grey

component replacement) configuration. The HANS model showed 34% saving in ink

use as compared to the ink used by the default ICC colour separation configuration and
20% saving in ink use as compared to the ink used by @éxémam GCR configuration

without affecting an image quality. It was also found that the HANS model gives around
10% increase in a colour gamut as compared to the ICC configuration.

The HANS approach gives access to all printable patterns that extertiever
Neugebauer Primary area coverage, resulting in a larger gamut while using less ink as
compared to existing ICC method which is based on the colorant space. HANS method
is also independent of the ink set, for example, it can be used for colour sepafati
duotone, CMYK, CMYKOGYV etc.

The HANS colour separation was optimised using@k3CMY) printing system

ORURYLD ,Q WKLY FDVH WKH +$16 DSSURDFK SUF
that lead to variety in print attributes, whereas the colorant space based methods provide
unique solutions. It shows that the HANS approach can be used for direct optimisation
of print attributes, for example, ink usage, colour constancy and grain, because the set of

NPac metamers that map to the same colorimetry may vary in these print attributes.
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In another use case, the HANS approach was applied for simplifying the print colour
formation by combining only eight basic colour patterns (Rof L p 7KLV
approach allows the printing system to be characterised using eight halftone patterns
DQG WKH V\VWHPTV GRW JDLQ 7KLV ZDV WHVWHG XVLC(
with pigmented CMYK inks on HP Coated Paper. A test chart corgistiB12 colour

patches was printed and all colours were measured to calculate the CIEDE2000 between
the measurements and the predictions. The results showed a mean of 159, a 95
percentile of 3.96 and a maximum of 5.54 CIEDE2000 between the measutéé and
predicted colourdAlthoughthis approach does not use the full gamut of a printing
VI\VWHP EXW LQ PDQ\ FDVHV WKH WKHRUHWLFDO FRQV
2013).

2.4.5 Mahy

Mahy (2011) proposed a CMYK printing process complemented with opponents;olour
for exampleprange (O) and green (G). Colour separation process is divided into partial
4-colorant processes, for example, CMYK, OMYK and CG¥Kom the CMYK

process, if a chromatic colour is replaced by its opponent colour, then we get another
partial process. Foixample, C in CMYK is replaced by its opponent colour O to get

OMYK partial processSimilar approach was described by Deshpande (2009 and

2014a) and it has been ugadoughouthis project (see details|@hapter B Section

Each of these partial print processesits colour gamu{Mahy, 2011) The colou

gamuts of the partial coloraptocesses sharing only two inks do not overlap. For
example, the OMYK and the CGYK share all possiblmicmations of Y and K. Hence

the YK maps to a common surface that separates the gamuts of OMYK and CGYK
processeshowing no overlap between the colour gamuts of these two partial processes
However, the colour gamuts of the partial colorant processesghiaree inks show
considerable overlap. For example, the CMYK and the OMYK share all catrdns

of the M, Y and K inksFurthermore, some combinations including O in OMYK

process may also be achieved using a CMYK combination.
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Mahy (2011) assumeddhfor the CMYK process, separating a given colour with a
larger amount of K ink results in a decrease of the CMY inks and vice versa. Similarly
for the OMYK process, the variation of amount of an O ink can be exchanged for an
opposite variation of the MYknks.A forward printercharacterisatiomodeland the

model inversion of the-dolorant model are assumed to be continuous.

Continuity of the colorant amounts across the gamut boundsuaebievedy using
specific constraints to reproduce the givarget colour. For example, if a colour is
within the gamut of a first partial print process (say, OMYK), it is achieved using the
maximum magnitude of a first colorant i.e. O. If a colour is within the gamut of a
second partial print process (say, CMY} not to the OMYK colour gamuyit is
achieved using the minimum magnitude of the opponent of the first coloradt This
method allows extending the CMYK frawork to other 4olorantprocesses.

The continuity between colorant components is obtaiyecreating a curve that defines

the amount of an opponent colorant with regard to the minimum and maximum possible
magnitudes to render a given cololinis is achieved using weight factors for

calculating the amount of an opponent colorant as a funatiarminimum and

maximum magnitude (Mahy, 2011).

2.4.6 Other methods

Viggiano (1998) proposed two criteria to selectgdts forthe six-colour lithographic
printing process: the gamut volume of the printing device and the number of pixels

within an image whee colours are inside the gamut of the device.

Viggianoused a spectral model to predict the overprints of two or more colorants. A
convex hull method was used to derive the gamut of the printing process. The first
criterion i.e. the volume dhegamut,is independent dheimages whereas the second

criterion is imagedependent.

The substrate colour and the colourshafinks printed orthe substratevereconsidered

as firstorder factors due to their high effect on the gamut Siae.coloursof the
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overprints (secondary, tertiary etc. coloun®@retreated as secormtder factors, which
wereless significant than firadrder factors. The behaviour of the inks between the
gamutlimiting colourswas considered as a higherder factor, whiclwas modellel

instead of taking measurements.

Stollnitz (199®) investigated the problems faced in colour reproduction using custom
inks. The gamut model was based on the KM and the spectral Neugebauer models with
modifications for trapping and dot gai@olour sepeations were computed based on a
multi-resolutionalgorithm. This algorithm computes for each pixel the colorant

amounts that produce the right colour and are as close as possible to the colorant
amounts of the entire surrounding neighbourhood. The digoig based on image
pyramids which are defined recursively by finding a larger neighbourhood

2.5 Psychophysics

Psychophysics is defined as a scientific method of studying the relationship between a
physical stimulus and the perception evoked by the stisni@escheider, 1997).

Different types of techniques are used for sneag perception of the physical

stimulus, for example, scalirand threshold techniquddore details orpsychophysics

and experimental methods can be found in Fairchild (2005), Gdscl{@b97),

Torgerson (1967), Engeldrum (2000) and Bartleson (1984).

2.5.1 Scaling techniques

Scaling experiments are used to derive a relationship between physical and perceptual
magnitudesfor example, to correlate objective measurements of image quaetlt

subjective correlates of qualigngeldrum (2000) defines psychometric scaling as the
generation of scales of the image quality attdbutes DOVR WHUPH®yDV 2QHV\
human measurements. The basic scales used in psychometric scatingraneal,

ordinal, interval and ratio.
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Nominal scales are used to scale stimuli simply by names or labels. They are not very
usefulsinceno mathematical operation can be performed with them. Ordinal scales
represent orders with respect to the attribute bagsgssed. Labels or numbers are used
to represent the ascending or descendink oater of the samples. Mathematical
operations like greatehan and lesthan can be performed with these scales, but the
magnitude of the difference can be large or snakrval scales add the property of
distance twrdinal scale. The distances have equal intervals. Operations like addition
and subtraction can be performed with interval scales. Ratio scale adds zero point or
origin to the interval scale. In additionequal intervals they have equal ratios.
Operations like addition, subtraction, multiplication and division can be performed with

these scale$-ollowing methods are used for measuring psychophysical scales.

Paired comparisomethod uses pairs of stimuigr example reference and samger
each pair,lie observers are asked to choose the stimulus havingsgesataintof
attribute or image quality. This method can be used to generate an interval scale with

few assumptions.

Rank order method can be catesed as an alternative to the paired comparison method
since it produces similar relative scores. The observer is asked to rank the samples in
order of ascending or descending magnitudes of an attribute. This method produces an
ordinal scale, but the reimg data can be transformed into an interval scale with some

assumptions and additional analysis.

Categoryjudgemenimethod is based on the Law of Categorical Judgement by

Torgerson (Fairchild, 2005) which assumes that the psychophysical continuum of the
subject can be divided into multiple categories. The observers are given samples to

judge against a reference and asked to separate each sample in different categories. Data
obtained from the experiment can be used for generating an ordinal and irdalwal s

This method needs fairly large number of judgements.
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2.5.2 Threshold techniques

Threshold techniques are used to find out anosiceable difference (JND) which is
the difference in the stimulus observed as just perceptible or just acceptabddoltre
H[SHULPHQWY DUH GHVLJQHG WR PHDVXUH WKH REVHU

example, to define visual tolerances for perceived colour difference.

There are different techniques for threshold experiments. For example, the observers
canadjust the stimulus magnitude such as the difference to the reference stimulus is just
perceptible or just acceptable. In another technique the stimuli with discrete magnitude
levels are presented to the observaasoending or descending order. The olesrare

then asked to respond if they perceivedtference 3\H\Winot 3QR”

2.5.3 Other techniques

There are other types of psychophysical experimé&otsexample, mmory matching
experimenin which the observers produce a match toesipusly memorised colour
(Fairchild, 2005)Theseexperimentproduce data for testing colour appearance
models. In magnitude estimation technique, the observers have to give a numerical
response in proportion to the perception of colour attributes like lightrtessna and
hue. The observer assigns numbers to the stimuli according to the magnitude of the

perception. This can be used to obtain ratio scales.

2.5.4 Observers

Observers usually fall into two categorieexpertobservers and average observers.
Expert olservers do have experience in judging the colour and image quality. They can
make fine distinction of the attribute that they are judging. Their scaling may be more
critical than the scalingy an average observaéepending on the scaling task and a
specifc attribute used in the experimeRbr example, in category scaling the expert

observers can distinguish among categories that average observers may not (Engeldrum,
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2000). For the applications which require fine categorisation of the colour difference
values, such as packaging printinige experienced observers are needed for the scaling

task.

Observer training might be necessary to familiarise the observer with performing the
psychophwgical task. To avoid a bias to te&perimentatesultsthe obserers should

not be given hints daughtto follow any specific way of judgement. The observers
should be allowed to interpret the concepts of colour attributes according to their own

ideas.

A large number of observers increases the precision of thetedllexzsponses reducing
the error in the scale value. Thember of observers mainly depemuafstheir
availability. According to Engeldrum (2000), the number of obsefvem 10 to 30 is

usually recommended.

Observer performance should be evaluated tovkihe uncertainty involved in the
HI[SHULPHQW 7KH FRQVLVWHQF\ RI HDFK REVHUYHU{YV
the observer repeatability, for example, by randomly presenting the same stimulus twice

in a session and calculating the absolute diffeeebetween the two responses.

In this project, we used categguglgementsvith verbally defined category labédls

derive the perceptibility and acceptability threshqkk8.3). The observeraere

given various samples jodge against a reference stimulus and asked to separate each
sample in differenpredefineccategoriesThis methodLV EHWWHU WHKID® WKH 3
PHWKRG ZKHUH WKH REVHUYHUV FDQ UHVSRQG 3\HV™ R
allow collectingmore nformation about the stimuli to analyse data with several
thresholdsAlso for the packaging prirenvironment it is useful to assess the correlation
between the measured colour differences and the visually perceived colour differences

in terms of percephility and acceptability thresholds.
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2.6 Conclusion

This chaptehas summarisetthe previous resear@pplicable ta-colour separation,
including the characterisation methods of printing devices. Forward characterisation
methods including physical rdels and empirical methods are discusmed the esults

of previous studies are summarised to compare the accurtwydifferent models.

Inverse characterisation methods to obtain the colour separation are de3drdsed.
include the inversion of favard printermodelsusing datditting techniques and lookup

table based inversion using interpolation methods.

Existing methods odlerivingthen-colour separation are explainddhe different
approachesised by researchers to address the challendlesnecolour separatioare

discussed

Printer models describaetdere evaluated and the prediction accuracy results of different

models are compared|@hapter 1(forward characterisatiorrg:hapter Hgamut

prediction of then-colour printing procesgChapter §spot colour overprint modeind

Chapter J(inverse characterisation).
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Chapter 3 Methods

This chapter describes the methods amadgdures used throughout the project. It
includesthe metrology for colour measurementise reproduction workflowthe
computation procedures atite process control requirements for tieolour printing

processes.

3.1 Metrology

The principles of coloumeasurement are explaineddaction2.1.5 Different

spectrophotometers were ugedneasure the various coloured test chaduteng the
project, for examplean X-Rite i1 Pro 2 anén X-Rite SpectroEye. These
spectrophotomete were compared in terms of their repeatability, accuaadyinter

instrument agreement.

To assure the consistency of colour measurements, the follovaagurement
FRQGLWLRQV ZHUH XVHG WKURXJKRXW WKH SURMHFW
measurement R Q G L WIE RumingntD50, CIE 2° standardbserver, 450°

measurement geometnith awhite backing materiallhese conditionsesemble the
measuremeraondition MO specified in ISO 13655 (2009) UV absorbing filter fitted

to the instument was used to remove the UV component of the lamp spectral power
distribution.All substrates and colorants (inks) were ilmorescentBoth factors

ensured thahere were no variations themeasurements due to florescence.

For all measurementf)e spectral reflectance datatleé coloursof each test chavtere
measured. Wherever possible, multiple measurements (typically three) of the same test

chart weranadeand the average values used for data analysis.

Metrics used for evaluating the piem characterisation models wehe CIEDE2000
colour differenceand spectral RMS error between the meatedicted colours and the
measured colours. The CIEDE2000 colour difference forntiuéalatest formula

recomnendedfor use by ClEwasselected dueotits high correlationvith visual
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observationsSeveral studiesaveshowed that the CIEDE20@0rmulareduces the
perceptual nomniformity of CIELAB colour space and is better than other colour
difference formulae (Luo, 2001{Sharma, 2006(Wang, 2012)Various international
standards for the graphic technology supporusesof theCIEDE2000 colour
differenceformula (ISO 126472:2013, ISO 13655:20097 hefollowing lightness,

chromaand huewneighting factors were usekl = kc = ky = 1respectively(see

Appendix A CIEDE2000 calculatioqﬁ)r more details)

The mean, 98 percentile and the maximuwaluewere used as statistical metrics
throughout the project. The meaalue provides simple measure of the central
tendencybut if the error distribution is not normals isusuallythe case for colour
difference datathen the mean value is n@teliablecentral tendencylrhe maximum
value representkie worst performance, but it is not robust if there are few outliées.
95" percentile value indicates that the 95% of the population is below this value. It
gives information about the distribution\adlues Thesethreestatistical metrics are

complementary and together they provide a good overview of the results.

Colourdifference data sets are usually-sfuared distributiaswith three degrees of
freedom (Dolezalek, 1994). For a neymmetric distribution, the median is the best
unbiased estimate of central tenderityould have been better to have used the
medianas the measure of central tendency.

3.2 Reproduction workflow

3.2.1 Approach zcolorant space division

Printing systemshat consisbf 7 process inks were used. These were Cyan, Magenta,
Yellow, Black, Orange, Green and Violet. The colorant space was divideddators of
4-inks each: CMYK, OMYK, CGYK and CMVKKigure3.1). Every sector contairen

achromatic channel (K) so as to provide a balanced division. In addition to CMYK,

three sectorsieredefined based on the secondary coksia dominant colour of the
sector. For example, OMYK is the orarggctor with orange as a dominant colour,

magenta and yellow as primary colours and black as an achromatic colour.
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Figure 3.1 Four sectors of CMYKOGYV colorant space +CMYK, OMYK, CGYK and CMVK

This method can be generalised for argolour printing process. For example e
case of an-&olour printing there will be five subets of 4inks containing black as a

common ink and threehromatic inks in each sti®et.

This approach is similar to another method (Boll, 1994), in which the seven inks were
split into six sets of 4nks. The proposed method uses only four sets. With six sectors of
4-inks, there arenoreoverlaps between tradjacent sectors addibgthe complexity.

In case of four sectors ofidks, the adjacent sectors of orange, green and violet have

only two inks in common between them.
3.2.2 Printing technologies
Several printing technologies were used in this project Xamgle, offset lithography,

flexography, thermal sublimation and inkjet printilﬁ'g(ureaz . Substrates used were

as follows: coated gloss paper for the lithographic offset and the thermal sublimation

printing, white film for the flexographic printing and semimatte proofing paper for the
inkjet printing.Considering the range of printing processes and the scope of this project,
it was not possible to control the halftone algoritmplitude modulation (AM)

screening with 150 lies per inch (Ipi) screen frequencieas usedor all printing
technologies except inkjdtor inkjet printing, a frequency modulated screening with

720dpi was used.
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Figure 3.2 Printing technologies used in this project

Unlike conventional 4colour printing,for n-colour printing,the screen angles should be
carefully assigned to alheinks. Complementary colours were assigned the same
screen angland thefollowing screen anglessed: Cyan and Orangel5°, Magenta

and Green = 75°, Yellow and Violet = 90° and Black = 4%fe typicalink lay-down

order (sequence) was Blaaiiolet + £€yan + £5reen + Magenta+ Orange+

Yellow. This was based aeducingthetack order from the first ink to the last.

Repeatability of each printing system was evaluated by printing a colour strip consisting

of 20 patches. The colour strip was printed 10 times with a time intert&l minutes

on each printing system. The printed colours were measured udRiig XL Fo 2. For

each colour patch, the mean values of L*, a* and b* were calculated. A colour

difference between the mean L*a*b* aedchindividual L*a*b* valueswas calculated

resulting in 10 values of CIEDE2000 for each pafslerage of these 10 values cam b
FDOFXODWHG DV WKH pPHDQ FRORXThe@GieahHthkiQuimH TURP

and 98' percentilevaluesof MCDM were calculate¢sedTable3.1).
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Table 3.1 Repeatability of the printing systems

Repeatability in MCDM (CIEDE2000)
Printing Process
Mean 95th percentile Max
Inkjet 0.76 0.89 1.02
Thermal Sublimation 0.52 0.79 0.98
Offset 1.24 1.92 2.38
Flexography 0.98 1.34 1.96

3.2.3 Calibration

Each printing system was calibrdt® adjust its behaviour to known desired conditions.

For example, the offset lithographic printing process was calibrated by matching the

tone value curves (ISO 10128)pne values for Cyan, Magenta and Yellow were

adjusted to achieve thhequiredtonevDOXH LQFUHDVH 79, WDUJHWYV R
in 1ISO 126472 (2007). Tone values for Black, Orange, Green and Violet were adjusted
WR DFKLHYH WKH WRQH YDOXH LQFUHDVH 79,-2WDUJH\
(2007). Similarly for the flexogphic printing process the ISO 1268 72006) aim

values were used with thene value increase curve for the substrate type 4 (Fality/

3.2.4 Test charts

For each 4nk sector, the ECI2002 test chd®0 126422:2006)was generated and
printed usinghedifferent printing processes. These charts were tsedaluatehe
printer models. Each test chadntainedl485 colour patche®y combining all ink
sectors, theravere atotal of 5940 colour patches representing the overalbldur
printing processEach test chartontainedhe same colorant values (dot areas). For
example, in the OMYK chart, all values of cyan (C) ink in the CMYK cheirte
replaced by orange (O) inkigure3.3[showstherandomisedest charts for all seats.
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Figure 3.3 Printed 4-colour test charts for each sector of the 7-colour printing process

The colour patches in each test chart were measuredarsitdrite il Pro 2

spectrophotometer with the reface measurement conditions described in Sg&tigjn

Measurements for all ink sectors were collated to form a data set for each different

printing process.

Although,n-colour printing represents any printing system with ntbas 4 inks 1 >

4), a Fcolour printing (= 7) was chosen because it supplements the conventional
CMYK process with three additional inks, which are complementary to C, M and Y
chromatic inks. These additional inks are red (R) or orange (O), greend®)uz (B)

or violet (V).
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While a7-colour printing process was used as an example, the method described below
can be generalised to anycolour printing process by having sabts of 4inks each

containing a common black ink and three chromatic inks.

For implementing the cellular Yule Nielsen modified Spectral Neugebauer (YNSN)

model, the XRite MeasureTool application was used to generate the test charts for

input colour patches. This is explained in detaiChapter #Section4.2.4

3.3 Computation procedures

MathwWorks Matlab was useaksthe main tool forall computations and image
processingMatlab was preferred because of its suitability for the colour science
algorithms particularlghe matrix calculations. It has a collection of subprograms called
M-files, which are useful for many computations. Matlab can also construct two

dimensional and thregimensional graphicgery easily.The algorithmgMatlab codes)

written are included iIAppendix B: Matlab codes for the spectral printer mddels

A modular toolbox containing different Matlab functions was developed during the
project. These functions mainly consist of the spectral printer models, gamut prediction
methals and inversion models. For basic colorimetric calculations the Colour

Engineering toolboxGreen, 2003pwas used.
The colour measurement data were acquired throuBliteXColorPort and Esko

ColorEngineby exporting the colour measurements as a Cdaohange Format

(CxF) file. These measurement data files were impontedviatlab.
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3.4 Process control requirements

Process control is an essential part of any print produsyistem and fothe n-colour
printing process it becomes more importagtduse of theomplexity of theadditional
inks. Spot colours are normally printed with special inks. When a spot colour is
converted tann-colour separation and printed wittcolorants, the printing process
should be controlled tightly to assure psidbility and consistency throughout

production runs.

This can be achieved by standardising the print production workflow from file delivery

to the press output. For example, the reprographic epneies standardisation may

include calibration of allevices, artwork specifications and ptateking

standardisation. In the press room, the consumgdioleexample, substrate, inks,

pressroom chemicals, blankets sthould be optimised for the given printing process.

Press maintenance is another imporgaptect, where the roller settings and dryer
VHWWLQJVY VKRXOG EH VHW WR WKH SUHVV PDQXIDFW X
conditions for exampletemperature and relative humidity, plagrucial role in

process controFor visual assessment of colouiSO 3664:2009 viewing conditions

were used throughout the project.

For all the print tests in this project, the process control parameters were recorded.

Below is an example of theartial list of parameters recorded for the lithographic offset

procesqTable3.2).
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Table 3.2 Process control parameters for the lithographic offset printing workflow

Press room
Press Komori 640
Substrate Incada Exel

Substrate type

Coated Gloss

Substrate grammage

265 GSM

Ink sequence

K-V-C-G-M-0-Y

Fount solution pH

5.2

Fount solution

- 2130 mS

conductivity
Fount solution 10.4 °C
temperature
Fount dosage 4%
IPA dosage 4%
Run length 3000 sheets
Press speed 14000 sheets per hour
Press maintenance

= Yes
verified

Pre-press

Halftone screen type AM

Halftone screen ruling

150 Ipi (lines per inch)

Halftone dot shape

Round

Screen angles
(K-V-C-G-M-0-Y)

45-90-15-75-75-15-90

CTP calibration verified

Yes

3.5 Conclusi

on

This chapteputlines the metrology used throughout the project including the colour

measurement specificatipiime choice of evaluation metrics and the statistical measures

used for evaluating the printer characterisation models.

This providesa background for theemaining chapters which include the forward

printer characterisation moddfShapter

printing procesg

108

J, colour gamut evaluation of timecolour

Chapter ?, a new simplified printer characterimat modeliChapter

@ and the inverse printer characterisation mogtetsapter Y.




Methods

The colorant division approach is explained. This forms the basis for the
characterisation, gamut prediction ahd colour separation of tmecolour printing

process.

Printing technologies used during the projectdiseussedThey includeraditional

printing techniquesuch adithographic offset printing and flexographic printjras

well as relatively new pmting techniquesuch aghermal sublimation and inkjet

printing. The calibration methods for these printing technologies are mentioned. Typical

test charts used for characterising mheolour printing process are described.
Data acquisition of the colir measurements and the computational procedures using
Matlab are given. Finally the significance of the process control is highlighted with the

process control requirements for print production.

The next chapter deals with the implementation and etvatuaf different printer

characterisation methods for thedlour and the -€olour printing processes.
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Chapter 4 Implementation of the forward printer models
4.1 Introduction
Then-colour printing process is usually considered as an extension of thmrald-

colour printing process i.e. CMYK. Before characterisingrfo®lour printing system,

it is essential to implement tierward printer characterisatiomodels tahe 4-colour

printing processPrinter models discussed in the literat{Cadpter 2 Section?2.2)

represent an important set of models for characterising printing de&ipester model
establishes a relationship between the colorant values andrteeponding
colorimetric vdues of the measured printed colour. A forward model requires colorant

values asnputand predicts the resulting printed coloutfasoutput.

In this project, sveral printer models were applied to differexttodour printing
systemsfor example offse, flexography andheinkjet printing processes. The
accuracy of the forward model was evaluated by comparingplbarspredicted by the
modelswith theequivalenimeasured colours.

The following printer models were used in this stuthe Neugebauemodel,the Yule-
Nielsen modified Neugebauer mod#le Yule-Nielsen modified Spectral Neugebauer
(YNSN) modelthe Cellular YNSN modelthe KM model with Saunderson correction,
a combination othe KM andtheYNSN modeland thevan de Capelle moddbueto

the scope of the project, especially the range of printing technologies and time
constraints, it was not possible to implement all the models descr@Z
Section2.2

All models wereesvaluated usinthe ECI2002 test chafiHigure4.1) containing 1485

colour patches of different combinations of cyan, magenta, yellow and black inks. This
test chart was printed using various printingteyns. The printed colouvgere

measured usingn X-Rite i1 Pro 2 according to ISO 13655:2009 measurement
condition MO withCIE illuminantD50, CIE 2° observer, 450° measurement geometry

andawhite backing material.

110



Implementation othe forward printer models

Figure 4.1 ECI2002 chart (visual layout) with 1485 colour patches

Each modetequired a set of colour patches to be printed and measuredamatct
input training seto the modelThis is described for each modekhe respective

sections below.

MathwWorks Matlabwas used as a programming langumgenplementall of the printer

models(se¢Appendix B: Matlab codes for the spectral printer mgddlse printer

characterisation modelgve beemlescribed in the literature revie@l{apter3). Here,
each model is evaluated fitre 4-colorant process (CMYK) in terms of the mean™ 95

percentile and the maximum values of CIEDE20@@omparing the model predicted

colours with the measured colouT#is is described in detail in Sect|dr®?
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Printing processes

The variougrinting processes used to evaluate printer models were as falidyes,
thermal sublimationljthographicoffset and flexography. Specifications for these
printing systems are given belom@ Each printing system was calibrated to
adjust its behaviour to known desired conditi(geChapter SSectio@ .

Table 4.1 Printing systems used for evaluating printer models

Printing Process Printing System Substrate
Inkjet Epson Stylus Pro 4800 Proofing papers £Semimatte & Luster
Thermal Sublimation Kodak Approval Gloss Coated paper
Lithographic Offset Heidelberg Speedmaster Gloss Coated paper
Flexography MarkAndy Comco C2 White Film

4.2 Forward characterisation of a 4-colour printing process
4.2.1 The Neugebauer model

This was one of the first attempts to model the halftone printing process in terms of

mathematical equationg(2.1.3. Any printed colour can be considered as an

integration of Neugebauer primarje£. solid inks and their overprints. For a printing
system withn inks, there are"2Neugebauer primarie$hus in hecase ofa4-colour

printing process (CMYK), there are 16 Neugebauer primaries as follows:

Plain Substratetwhite (no inks)

Solid colours* £yan (C), magenta (M), yellow (Y), black (K),
Two-ink overprints £ £+M, C+Y, C+K, M+Y, M+K, Y+K.
Threeink oveprints + £+M+Y, C+M+K, C+Y+K, M+Y+K.

Fourink overprint £ £+M+Y+K
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These 16 colour patches were printedddferent printing devicesThe printed colours
were measured usirige spectrophotometeo providetristimulus values (CIEXYZ)
and these measements were used #s input tathe model. To evaluate the model,
ECI2002 chart was printed and measured.

To calculate the model predictionsthé coloursof theECI2002 test chart, the colorant
values (dot areas of C, M, Y and K) for each patch wseel as inputo the model
algorithm. The modegbredictedthe tristimulus values of the printed colours. Colour
difference values between the predicted and the measured coloutheveraculated

using theCIEDE2000colour difference formulal'he resultdor all the printing

processes are showr{Table4.2] The mean and the 9%ercentile CIEDE2000 values

are above 5 and 8 respectivélypne of these values are satisfactory.

Table 4.2 Accuracy of the Neugebauer model

CIEDE2000
Printing Process
Mean 95th percentile Max
Inkjet 6.78 12.88 18.36
Thermal Sublimation 7.19 11.67 15.53
Offset 5.03 8.37 12.63
Flexography 7.56 14.06 18.25

4.2.2 The Yule-Nielsen modified NeugebauefYNN) model

This model requires the same inputs as the Neugebauer model. This model introduces
the YuleNielsen valuer) to the wideband Neugebauer model to account for internal
light scattering in the substratevalueof n = 1 represents no light scatterimgthe
substrateand the model reducesttoe basic Neugebauer model. In this study, the-Yule
Nielsen valuerf) wastreated as a correction factor to optimise the fit of the model to

theempirical data.
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The model is applied iteratively with increaswvajues ofn with theobjective function

to minimise the mean colour difference between the predicted and the measured colours

of ECI2002 charfFigure4.2|shows the relationship between the mean colour difference
v D O X B, an@l CIEDE2000) and-values.

Figure 4.2 Effect of n-value on colour difference for the wide-band Neugebauer model

The accuracyf the YuleNielsen modified Neugebauer model is showable4.3

Table 4.3 The accuracy of the Yule-Nielsen modified Neugebauer model, expressed in terms of

values of CIEDE2000 colour difference, for 4 printing processes.

Printing Process Oﬁﬂgﬁid CIEDEZOO(_)
Mean 95th percentile Max
Inkjet 1.57 4.83 10.04 14.73
Thermal Sublimation 2.46 3.21 5.70 8.65
Offset 1.78 2.36 443 7.71
Flexography 2.46 3.87 7.39 19.79
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4.2.3 The Yule-Nielsen modified Spectral Neugebauer (YNSN) model

Now, the YuleNielsen correction was applied to the spectral model, instetadtioé

tristimulus valuegChapter .ZSectiorE.Z.l.E . This requires the measurements of the

reflectance spectra of 16 Nggbauer primaries aescribedabove. The YNSN model
was applied to all colour patches of ECI2002 chart.

The mean colour difference values were plotted agaimatues irﬁFigure4.3 This

figure showsa similar rend aghat shown for th&ule-Nielsen modified Neugebauer

model(segFigure4.2) except the sharp dijindicatingreducedvalues ofcolour

difference is more pronounceir the spectral model.

Figure 4.3 Effect of n-value on colour difference for the spectral Neugebauer model

The accuracyf the YNSN modelwith optimised values afi-values forthe four

printing processess shown inTable4.4] Comparison witfTable4.3[showsthat the

accuracy is improved frotme wide-band tothe spectral modelor example, the mean
CIEDE2000 values for inkjet, thermal sublimation, lithographic offset and flexographic
printing processes are decreased from 4.83, 3.21, 2.36 and 3.87 to 4.40, 2.26, 1.75 and
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3.19, respectively. Howevdithographic offset and thermal sublimation printing
processes show more improvement than inkjet and flexographic printing processes,

especially he maximum CIEDE2000 values.

Note that the YNSN model provides a simpltantor to account for internal reflections
of light within the substrate and ink film. This simplified approach may not be sufficient

to handle somerinting conditionsfor exampé, white film in case oflexographic

printing and the frequency modulated screening for inkjet prinfihg.resultsn|Table

4.4|also agree with those found by other researahehsding Taplin (2001), Rolleston

(1993) and Kang@1993).

Table 4.4 The accuracy of the Yule-Nielsen modified spectral Neugebauer model, expressed in

terms of values of CIEDE2000 colour difference, for 4 printing processes.

Printi Optimised CIEDE2000
rinting Process |

n-vaiue Mean 95th percentile Max
Inkjet 1.52 4.40 9.77 14.32
Thermal Sublimation 2.12 2.26 3.76 5.02
Offset 1.66 1.75 3.40 5.85
Flexography 2.06 3.19 6.36 19.00

4.2.4 The Cellular YNSN model

In the case of4-colour printing process, the YNSiNodel requires 2= 16

Neugebauer primaries as input colours. For each colorant, there are two nodes, 0% and
100% dot areadt is possible tanclude intermediate dot areas to increase the number of
nodes along each colorant dimensjGh#pter ‘ZSectio@. For example, if 3

nodes 0%, 50% and 100%are usedor each colorant, thetmhe number of Neugebauer

primaries increases & = 81. This represents the cellular YNSN model with 3 nodes

and it is necessary print and measure all 81 primartesprovideinput to the model.
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In this study, the cellular YNSN model with 3, 4, 5 and 6 nedesapplied to evaluate
the model accuracy faheinkjet printing system. Input colour patches (Nelauer
primaries) were generated usithg X-Rite MeasureTool applicatigiigure4.4|shows

the input colour chafor 6 nodesvith 1296 patches.

The accuracyf the model ishownin|{Table4.5] Compaed with the models described

earlier, the meaoolour difference values ashown to reduceith the increased

number of nodes. The cellular model with 4 nodes seems to be sufficientasynce
further increase ithe number ohodesdoesnot improve theolorimetric accuracy
significantly. These results are in agreement with the results given by Rolleston and

Balasubramanian (1993) and Taplin (2001).

Figure 4.4 Input colour patches for the cellular YNSN model with 6 nodes (1296 patches)
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Table 4.5 The accuracy of the cellular YNSN model with different numbers of nodes, expressed

in terms of values of CIEDE2000 colour difference, for the inkjet printing process.

Number N'\gljjrggg;s; Optimised e

O MOEES primaries AT Mean 95th percentile Max
2 16 1.52 4.40 9.75 14.32
3 81 1.35 1.79 3.96 6.39
4 256 1.45 0.97 2.17 418
5 625 1.55 0.92 2.09 5.27
6 1296 2.18 0.64 1.30 4.06

As the number of nodes in colorant spaecreasegdthe number of input colour

patches required increasegonentially|Figure4.5). If the number of inkss increased

too much therthe number of inputs required could be prohilgitiFor examplea 7-

colorant printing system with 6 nodes requirks 217649 input colour patches.
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Number of nodes
--Mean Z*ab Mean CIEDE200( —e—Neugebauer Primaries

Figure 4.5 Cellular YNSN model results - mean colour difference values and Neugebauer

primaries for a 4-colour printing system.
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4.2.5 The singleconstantKM model

The singleconstanKM model as described in the literature rev@z@pter ?2Section

2.2.1.9 was applied to all printing systenihe opimised values of the Saunderson

correction factorsn EqJ(2.26), K; andK,, were 0.03 and 0.60, respectively. The values

of K; andK; were treated as variableBhe measured spectra of the solid primary inks
and the substrate weeused as a training set for optimising the valud€laddndK2. The
KubelkaMunk model was applied to predict the spectra of the patches in the training
set. The values df1 andK2 were optimised by minimising the spectral RMS error

between the measuradd the predicted spectra of the patches in the training set.

The accuracyf this model was found to be poor with meatues ofCIEDE2000

colour difference greater thd7 for all modelgTable4.6). Since the singkeonstant

KM model assumes infinite thicknesstbé medium, the model accurasiiould
increase for more opaque substrates and colorants. These fardhiédKM model are

consistent with the model accuracy found by Kang (1993).

Table 4.6 Accuracy of the single-constant KM model, expressed in terms of values of

CIEDE2000 colour difference, for four printing processes.

CIEDE2000
Printing Process
Mean 95th percentile Max
Inkjet 18.59 32.89 40.48
Thermal Sublimation 18.61 33.92 39.84
Offset 19.86 35.01 39.69
Flexography 18.65 33.26 40.02

4.2.6 A combination of the KM and the YNSN models (KM + YNSN)

The YNSN model requires Neugebauer primaries as inputs. phesariescontain

solid inks as well as all solid overpréndf 2inks, 3inks and 4inks. In practice, it is
sometimeslesired to characterise the printing system without printing any overprints of
inks. This is more appropriate forcolour printing, where the best setrohks is to be

selected fronalarge irk databasand itis not practical to print and meastie
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Neugebauer primaries for all combinationsrohks. A printer modeimust be found
which requires the spectraafly thesolid inks without the neefdr measuringhe

solid overprints.

To solvethis problemthe KM modelcan be usetb calculate the spectra thfe
overprints otthe solid inks|Chapter ‘ZSectiovE.Z.l.S . These overprintalong with
the spectra of solid inksact as the Bugebauer primaries for the YNSN model. Thus,

instead of printing and measuring all Neugebauer primatisspnly necessary tprint
solid inks and then derive all Neugebauer primaries using the KM model-dedour

printing, it requires only+1 inpus (h solid inks andheplain substrate).

After calculating the spectra of the Neugebauer primaries;-tladue is optimised for
each printing system. Optimisationrelalue is described in the Sect[du?.S The

predictal spectra of 2nk overprints (part of the Neugebauer primaries) are compared

with their measured spectra for the inkjet printing systgRigare4.6| It should be

noted that the prediction accuracy of the KM model depends mspiieency of the ink
and the substrate.

Figure 4.6 Comparison of the measured and the KM-predicted spectra of 2-ink overprints using

an inkjet printing system.
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Table 4.7 Accuracy of a combination of KM and YNSN model, expressed in terms of

CIEDEZ2000 colour difference and for 4 printing systems.

Printi Optimised GlEp=Any
rinting Process |

n-vaiue Mean 95th percentile Max
Inkjet 1.50 4.28 6.85 12.85
Thermal S ublimation 2.43 1.90 4.23 6.17
Offset 1.69 1.78 3.88 6.97
Flexography 2.24 3.52 6.41 19.38

Considering that the model needsmall numbeof inputs, the model accuracy is

reasonably goodTable4.7). This is particularly apdable forn-colour printing, since

the number of inputdoes noincrease exponentially. Also, there is no need to print any
combinations of overprin@nd thus this revisgarocess can significantly reduce the
time and cosbf printing and materials far-colour printing.The above results do not

assume fixed ink opacity. The inks used had different opacities.
4.2.7 The Van de Capelle model

This model represent unique approadn which each coloraris definedindividually
by printing solid and halftoneats on three different backgrounds: white, grey and

black |Chapter AZSectiorE.Z.l.le The inputcolour chart for one ink is shown in
Figured.7

Figure 4.7 Input chart for one ink £Van De Capelle model

The resultof the model accuracy for different printing systems are given bdlalle

4.8). Although its accuracy is comparatbethat of KM+YNSN model, the maximum

values of CIEDE200@re not acceptable, for example, 30.03 for inkjet, 11.45 for
thermal sublimation, 13.48 for lithographic offset and 20.51 for flexographic printing.
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Table 4.8 Accuracy of the Van De Capelle model, expressed in terms of CIEDE200 colour

difference, for 4 printing systems.

CIEDE2000
Printing Process
Mean 95th percentile Max
Inkjet 2.98 7.46 30.03
Thermal Sublimation 4.05 8.15 11.45
Offset 5.36 8.78 13.48
Flexography 3.54 8.42 20.51

Unlike the YNSN modeltheVan De Capellenodel characterises each ink
independently without the need of any-okerprints. This is advantageous fecolour
printing with larger number of process inks, for whichYINSN model requires a

substantial number of inputs.

4.2.8 Summary

Figure4.8|summarises thaccuracy of each model for different printing systems in

terms of the mean CIEDE2000 values.

8
§ 7
L 6
a 5
O 4
c 3
8 2
=3
0
Neugebauer YNN YNSN KM + YNSN Van De Capelle
PRINTER MODEL
m Inkjet m Thermal Sublimation = Offset m Flexography

Figure 4.8 Overall performances of models for all printing processes +tmean CIEDE2000 values
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TheKM model hasthe worst accuracy for all printing processes \tligamean

CIEDEZ2000 valuegreater tharl8, henceit is not shown ifFigure4.8| Applying the

Yule-Nielsen correction to the wideand Neugebauer model has significantly increased
the accuracyeExtending this to the spectral Neugebageerefurther improvement in the
accuracy (YNSN modelfor example, the mean ME2000 value for lithographic

offset printing process was 5.03 for the Neugebauer model. This was improved to 2.36
for the YNN model and further improved to 1.75 for the YNSN mddetase of the
flexographic printing process, the mean CIEDE2000 valuthe®dNeugebauer model

was 7.56, which was decreased to 3.87 for the YNN model and 3.19 for the YNSN

model.

A combination othe KM andthe YNSN modelsgave similar accuracy d@iseYNSN
model.For example, the mean CIEDE2000 values of 1.78 and 3.%5ighiographic

offset and flewgraphic printing respectivelyn fact, it showed better accuracy thae
YNSN modelfor theinkjet andthethermal sublimation printing procesghe YNSN

model gave 4.40 and 2.26 mean CIEDE2000 values wharme@sbination othe KM

and the YNSN models gave 4.28 and 1.29 mean CIEDE2000 values for the inkjet and
the thermal sublimation printing processes respecti@igsidering that the

KM+YNSN model requires very few inputs, these resultsvarg encouraging?

similartrend was observed by Abebe (2011) using inkjet printing devices.

The Van De Capelle model gave the mean CIEDE2000 values of 2.98, 4.05, 5.36 and
3.54 for the inkjet, thermal sublimation, lithographic offset and flexographic printing

process respectively.

Although most of these models were originally proposed for traditional printing
processessing thehalftone methodtheycan be applicable for new printing processes
includinginkjet and thermal sublimation printing. Among all printing processes, offset
and thermal sublimation printing showed better results than flexography and inkjet
printing. The YNSN model anthe KM+YNSN model showed better accuracy ttiha
rest of the models. A combination of KM and YNSN requires very few inpuatg the
spectra obolid colours of process inksd thismakes it more suitable forcolour

printing.
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Though the cellular approach gained accuracy over the YNSN model, it remuires
exponentially increasing number of inputs with the increase in the number of nodes or
cels. TheVan De Capellenodelis another promising model, which doesn't require any
overprints of process inks. To optimise thealue oftheYNSN andthe KM+YNSN

models it is necessarto havethe spectral measurements of the evaluation chart,
whereas th Van De Capelle model requires the spectral measurementsooiyttbe

ink gradation charts, to calculate the model parameters.

Based on the accuracy of the printer modelsa#icolour printing processhe

following printer models were selecteddioaracterise the-@olour printing process:

YNSN, KM+YNSN and Van De Capelle. The KM model and Neugebauer model

showed poor accuracy, whereas the cellular YNSN needs too many input measurements
to be practicafor ann-colour printing procesand sahesemodels were naised for

the 7-colour printing process.

4.3 Implementation of printer models to 7colour printing systems

In the previous section, different printing systems wittolbrants were characterised
by using theseveralprinter models. Theseadelswereextended to characterige
colorant printing systems. Here, the forward model is applieectdatr printing
systems to predict the spectra anelCIELAB values of colours from the colorant
values. Three different printing technologies weredukthographic offset,

flexographic and thermal sublimation printi@ﬁectiomz describeshe
associatedolorant space division, calibration of the printing process and test charts

used for characterising thecdlour printing process.
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Overall accuracy of the forward printer model for@olour printing process

Figure 4.9 Implementation of the forward printer characterisation model to the 7-colour printing

process.

The flow diagram formplementingand &aluating the forward printer characterisation

model for the Fcolour printing process is shown

wasfirst calibrated

Chapter :BSectiorlﬁE

fgure4.9

Each printingorocess

. The colour patches of a training,seith

known colorant valugsvere printed oreach ofthe calibrated printing systems. The

printed coloursvere thermeasured usingspectrophotometgChapter \BSeCtiovE.l :
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The training setvasusedto providetheinput values to each printerodel to optimise

the forward characterisation function for the given model. This function predicts the
colorimetric values (for example, CIELAB) for the giverilarant values (for example,
CMYK). The inputs required for each printer model are explained in the next section

(Section4.3.?.

The evaluation test chartSé€ction4.3.9 with known colorant vales were printed and

all colours were measured. Thesereconsidered aatest set for evaluating the model
accuracy. The forward characterisation model was applied to the test set using the
colorant values of the evaluation test charts. The model otpststedf the predicted
colorimetric values of all patches in the evaluation test charts. The predicted colours
were compared with the original measured colours to calculate the error ntlegrics
CIEDEZ2000colour differencesalues between the predictadd the measured colours.

4.3.1 Model inputs

Table4.9shows the minimum number of input spectra required for each model. These

are the training setssedto derive the forward characterization function. Note that these
inputs are dr a printing system with 7 process inks. Although extra intermediate colours
can be added to improve the model accurdmygoal was téind the minimum number

of input measurements.

Table 4.9 Inputs required for various models for 7-colour printing process.

Minimum number of

Models Input spectra Required colour patches to be
measured
KM Solid inks (7) and a substrate 8
YNSN Neugebauer primaries (16) for each of the 40
four sectors

Van De A solid and one tint of each ink on two 31
Capelle backgrounds (28) + 3 backgrounds

KM+YNSN Solid inks (7) and a substrate 8
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For the KM model anthe combination of the KM and YNSN models, the spectral
measurements of the solid patchethefprocess inksvererequiral along withthat of

the substrate white.

For the YNSN model, all the Neugebauer primaries (16 for each seetmgdo be
printed and measured for each sector. Many of the Neugebauer primaries from the
CMYK sector are shared withthersectors. For eemple, in case of the CGYK sector
IS hecessarto measure one primary (G) and seven overprints (C+G, G+Y, G+K,
C+G+Y, C+G+K, G+Y+K and C+G+Y+K); other inputs required for this seatere
already measured from the CMYK sector. Thus tineee16 inputsfor the CMYK
sector and 8 inputs for each of the remaining set#ading toa total of 40 input

measurements.

For the Van De Capelle model, each mdededo be profiled separately. Thus solid

inks and at least one tint (for example, 50%&jito be pmted oneach oftwo

backgrounds. Spectral values of the substrate white, grey and black patches representing
the three backgrounds were measured. For each ink, 100% and 50% patches were
printed and measured on a white and a black background and theolatest for a

grey background. Thus, for aink processtheinput spectra of 31 patchegre

required.

In addition to the solid inkghe density values of the 40% and 80% patches for each ink
were measurefbr calibrating the printing procesthus a dtal of 14 patches were
measured. However, calibration is required irrespective of the printer model used.
Hence these patches were not considered as inputs when analysing the prediction

accuracy and the number of input measurements for all models.
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4.3.2 Test chart for evaluating the printer models

The printer model was applied to each-gd@ctor separately to evaluate the model
accuracy for that sectdfor each inksector, thevariant ofECI2002 test chart was

generated and printg&apter \BSectiov@. Each test chadontainedl485 colour

patches similar to the ECI2002 chart. Thus, a total of 5940 colour patches were printed

and measured fdo evaluatehe printer models.

Each test chartantains the same colorant values (dot areas). For example, in the CGYK

chart, all values of the magenta (M) ink in the CMYK chart are replaced by the green

(G) ink|Figure3.3|showsthetest charts for all sectors.

The colour pathes in each test chart were measured wmingRite il Pro 2

spectrophotometarsing the measuring conditions specifieEinapter HSection3.1).

The colour measurement data of all sectors wellected to form a data set for each

printing technology.

These measurements were then compared to the model predictions for each sector to
evaluate the model accuracy for that sector. The overall accuracy of the matel7for
colour printing proceswas determined by calculating the average colour difference
values between the measured and the predicted ca@tuesfrom all sectors.

4.4 Results

The overall colorimetric accuracy of thec@lour printing process was computed from
the accuracy of individal 4ink sectorsas described abovResults for three models for
each printing process are given bel&ach model was applied to four sectors to
calculate the mea@IEDE2000valuesbetween the predicted and the measured calours
The results for each sec of the offset printing process are showlm The
results for the CMYK sectdpor the offset printing processe included (S¢€able4.4

Table4.7|andTable4.8) to compardhem against the remainisgctors.
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The YuleNielsen valuerg-factor) was treated as a free empirical paransetdritsvalue
wasoptimised for each sector. The optimised value foir each sector is different,
becaise each sector contains different combinations of inks. Although three inks are
common betweendgacenttwo sectors, the optimisedvalues are disparate.

For the given sector, the optimisedalues of the YNSN model and the KM+YNSN
model aresimilar. For example, the optimised valuesndbr the CMYK sectorusing
the YNSN and the KM + YNSN modedse 1.66 and 1.6&spectivelySome sectors,
for exampleCMYK and OMYK, are predicted more accurately tiudiers

Table 4.10 Accuracy of three models for each sector of the offset printing process

Model Ink sector oﬁfig:izd CIEI\[/;eEE;T)OO
CMYK 1.66 1.75
OMYK 1.68 1.34
YNSN CGYK 154 2.85
CMVK 1.74 2.15
Overall - 2.02
CMYK 1.69 1.78
OMYK 1.65 2.01
KM+YNSN CGYK 1.6 2.67
CMVK 1.83 241
Overall - 2.22
CMYK - 5.36
OMYK - 4.97
Van De Capelle CGYK - 5.59
CMVK - 6.39
Overall - 5.58
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The overall accuracy of three models for all printing processes with 7 iskewmnin

Figure4.10; The mean CIEDE2000 values between the predicted and the measured

colours were calculated for a total of 5940 colour patches. These include four sectors,
each containing 1485 colour patches -ohlkd combinations.

BoththeYNSN andthe KM+YNSN models showed good colorimetric accuracy with
similar values of the mean CIEDE2000 for all printing processes.

7.30 7.28

m YNSN
m KM+YNSN
m Van De Capelle

N W h~ 01O N

Mean CIEDE200(

=

Offset Flexography Thermal Sublimation

Printing Process

Figure 4.10 Overall colorimetric accuracy of three models for all printing processes

The KM+YNSN model requires only eight input measurements: spectra of all inks and
the plain substrate. On the other hand, the YNSN model requires a total of 64 input
measurements: spectra of all Neugebauer primaries for all séotspie of this

difference in input data requiremetmi® prediction accuracy of the KM+YNSN model

is very close to that of the YNSN model.
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4.5 Conclusion

Forward printer characterisation fdifferentprinting technologies was performed using
various physiciprinter models to predict the devioelependent colour values from
the devicedependent colorant values. Initially the models were implemented for 4
colour printing processes and then extendeddol@ur printing processe$he colorant
space of fcolour printing process was divided into sectors-irfilkls each as follows:
CMYK, OMYK, CGYK and CMVK. This method can be generalised to argpolour

printing process.

The YNSN and a combination of the KM and YNSN models performed well for all
printing proceses. Théatterrequires onlya low number ofnputs, but still gives
reasonably good prediction accuracy. Although most of these physical models were
developed for traditional printing processes based on halftone screening, they can be
successfully usefbr otherprinting processs for examplenkjet. Other models not
evaluated as part of this work have been reported as giving good results, such as
EYNSN (Hersch, 2005).

In the next phase of the project, the colour gamuts af-tteour printing proceses are
predicted and analysed using the forward prickaracterisatiomodels W*i
This will lead to the inverse printer characterisation modéGhiapter Fo derive the
colour separatins for given spot colours.
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Chapter 5 Gamut evaluation ofthe n-colour printing process

5.1 Introduction

The forward printer characterisation modekrediscussed in thpreviouschapter.The
colour gamut of printing system is an important component of the@gol
characterisation process, particularly the gamut boundary which is used in gamut
mapping (Balaubramaniar2003). A colour gamut represents the volume of colours
physically achievabley the printing system in threimensional colour space. This
chaperdescribeshe gamut prediction and evaluation of theolour printing process.
The results described in this chapter have been published in Deshpande (2009 and
2014a).

The main purpose of amcolour printing process is to increase the colour garhat
traditional fourcolour printing process by the use of additional inks. There are many
reasons to derive the gamut ofranolour printing procesgor example, to perform
gamutmapping before deriving the inverse characterisation funtti@btaina colour
separation, to select the optimum-sét forn-colour printing and to compare the

colour printing gamut with that of the proofing system.

An n-colour printing system uses CMYK inkdusadditional inks of intermediate hues,
for example, orang@reen, violet, etc. The increase in the attainable colour gamut
however, is at the cost of added complexity, which creates a challenge for generating

colour separations for these ink sets. Modelsfoolour printing have been discussed

in the literatureeview EChepter 2 Sectio@.

The gamut of a printing system is typically found by using a numerical model to predict
coordinates on the gamut surface. This can be done by printing a sefwfgatiches,
calculatingtheir colorimetric ceordinates from spectral measurements, deriving a

model and using this model to calculate the 3D gamut boundary in a uniform colour

space such as CIELAB. Several methods of calculating gamut boundaries have bee
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proposed, for exampléy Braun (1997), Balasubramanian (19990)R U R(2Q0p) and

Green (2001)For printing processes with more than four inkg¢lour printing), the

number of colour patches required to determine the gamut boundary using any of these
approaches can become excessively complex because the sampletonsrequired

for n-channels at the sampling densitis d".

The gamut boundary can also be predicted from an analytical model using a smaller
sample of colours (Mahy, 19B@&nd 1991). Classical approaches include physical
printer models such dka of Neugebauer antthat based oKM theory. Previous

studies have dealt with the analysis and visualisation of the colour gamuts of printing
devices, for exampld&reel (1999and Perales (2009n addition, severgbrinter

models were used for predictitige colour gamut of a-@olour printing systenn a

study by Deshpand@009).

It is possible taalculate the gamut volume by determining the coordinates of colours
on the gamut boundary using one of several methods, for exahgtenvex hull

(Barber 1996) SM-GBD (0 R U R 2008), the curw#ace model (Guyler, 2a) and
alphashapes (Cholewo, 199%Ithough the gamut can be considered as a convex hull
(Barber, 1996), this representation assumes there are no concavities in the gamut surface
(0 R UR 200B). To accourfor any such concavitiethe gamut volumesan be
calculatedusing alphashapes with a radius (alpha parameter). The optimum value of
thealpha parametaran be foundby visualising a &limensional gamut based on the
criterion that the gamut should nmdve any voidsBeyond the optimum value of the
alpha parameteif the gamut is visualised in addmensional space like CIELAB, there
aresomeregions in a gamut that cannot be accessed from the o(@idewo, 1999)

To compute the gamut volumesarface triangulation is applied using a set of triangles
which completely covers the gamut, for examplgimensional Delaunay triangulation

(de Berg, 2008)A list of triangle faces is generated to determine a set of tetrahedra that
fill thegamut volumeFinally the total gamut volumean be obtainedy computing the

volume of each tetrahedron and sumntimgindividual volumes.
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There have been some previous studies related to gamut comparison (Reel, 1999 and
Doll, 2001), but they did not provide an ebjive method for the comparison of gamuts.
A set of objective metrics was proposed by CIE (2005) for evaluating the extended
gamut colour encodings, for example, sYCC (IEC 61246Amd:2003) and ROMM

RGB (ANSI/13A 1T10.7666:2002). These metrics measleesizes of the colour

gamuts of different colour encodings and compare their ability to encode the target
colours, for example, reaborld surface colours and CRT colours as defined by sSRGB
(IEC 619662-1:1999). Thus a target colour gamut was comparedctdour encoding

gamut.

These metrics can be used to compare two gamuts that are intended to be a good match,
but they do not provide a single number which quantifies the similarity between two
gamuts. To address this issue, a new metriec#the Gamu€omparison Indeis
proposedDeshpande, 2012). This metric is mainly aimed atweald colour gamuts

rather than theoretical gamuts like the optimal surface colour gamut and the legal colour
gamut comprising all colours within the given colour spasgescribed in the CIE

Technical Report (2005)

5.2 Gamut of the n-colour printing process

For then-colour printing, it is desirable to know the colour gamut of the given set of
inks without having to print a large number of test patches. Here, the aimpregdiot
the colour gamut of the-colour printing process from a minimum number of measured

colour patches.

Four different printer models were ugedharacteris@ 7-colour printing process:
KubelkaMunk (KM), Yule-Nielsen modified Spectral Neugeba@¥NSN), Van De

Capelle model and a combination of the KM and the YNSN models. These printer

models are described in detai[CDtnapter A Sectiof 2.2.?.
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The colorant space was divided into sectash containing four inl<(§ectior3.2.§r.

For each printer model, the colour gamut of the given sector was predicted, and this
predicted gamut was then compared with the actual gamut obtained by measuring the
printed testchat. The gamut volume alone is not a good indicator of the gamut
prediction accuracy, since two gamuatay havehe same volumbut not be coincident

in colour spaceTo overcome this problem, nayamut metrics are introducéal aid the

comparison otolourgamuts.These metrics amiscussed imletail in the next section

5.3 Method

In this project, a -€olourlithographicoffset printing system was used with the
following process inks: Cyan, Magenta, Yellow, Black, Orange, Green, and Violet
(CMYKOGYV). Thesubstrate used was a gloss coated paper. The printing process was

calibrated to adjust its behaviour to known desired condi(m%hapter B8Section

3.2.3. Tone values for Cyan, Magenta and|¥el were adjusted to achieve the tone

YDOXH LQFUHDVH 79, WDUJHWYV RI-2RBAJ)YTFong vauu&H F L I L
for Black, Orange, Green and Violet were adjusted to achieve the tone value increase
79, WDUJHWYV RI 3FXUYHG6%-2R28MAFLILHG LQ ,62

The colorant space was divided intink sectors of CMYK, OMYK, CGYK and

CMVK (segFigure3.1). Black is common across all sgbts, whereas each of the

chromatic colours (C, M and Y) is replaced by its complemmgmaiours (O, G and V
respectively). Each of these ssbts of 4inks has a colour gamut. The full colour
gamut of then-colour printing process can be calculated by using all colours that are
part of all subgamuts. This method can be generalised fomaoglour printing

process. For example, in case of ato®urprocesshere will be five sutsets of 4inks
containing black as a common ink and three chromatic inks in eagesub

The printer model was applied to each sector to predict the ggotoit of the separate

4-colour processedg-igure5.1). All colours forming the sectagamuts were then

combined to form an overall gamut for the complet®ibur process.
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Print and measur@put spectra
for the calibration of theprinter
model
¥
Apply the printer model to each
sedor andpredict a larger
numberof colaurs

Print & measurall test charts

A 4

Use the measured colws from
all sectors and derive the overa
measured gamut

A 4

Use the colours predicted from

all sectors and derive the overa
predicted gamut

4

Compare the predicted gamut
to the measured gamut

Figure 5.1 Flowchart for the gamut prediction and evaluation process for the 7-colour printing

process.

For each 4olour sector, the 1T8.7/4 test ch@NSI IT8.7/4, 2005was generated
containing 1617 colour patches and printed using a conventional affs@igprocess
onto the gloss coated paper. Thus a total of 6468 colour patches were printed. The
spectral reflectance values of all the colour patches in each test chart were measured
usingthe measuring conditions specifie@ﬁection&l .. The 1617
measurements for each sector were used to determine the sector gamuts. The 6468

colours forming all sector gamuts were used to derive the overall measured
CMYKOGYV gamut. All the gamut bowtaries were computed in Matlab using the
alphashapes method.undgren, 2010yvith a radius of 40 CIELAB units.
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To obtain the boundary point surface triangulation is applieala set of all points P

in the CIELAB colour space such that no tetrahedmmtains a point of P in its

circumsphere. This gives a setatifconvex combinations of its points atndngle

faces.A list of triangle faces is generated. Each triangle face on the gamut boundary

creates a tetrahedron along with the fixed centre jpmside the gamuiGreen, 2013)

Figureb.2

illustrates this.

Figure 5.2 Individual tetrahedron with the triangle face and the fixed point inside the gamut

Using the list of triangle faces, a set of tetrahedra that fill the gamut volume is

determined. One method of calculating the volume of each individual tetrahedron is

described below.

S
8L—- =a>H?,
X

(5.1)

wherea, b andc are the vectors connecting each of the three vertices of the triangle on

the gamut boundary @fixed centre point inside the gamut. Note that the t®@ritb u

C) is a scalar triple product.

Finally the total gamut wame is computed by summing the volumes of all individual

tetrahedra. If the CIELAB colour space is used for calculating the gamut then the gamut

volume is

measured in cubic CIELAB units.
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If the gamut is considered as the convex hull then the gashwihecan be computed in
CIELAB co-ordinates from the Delaunay triangulation, using for example the Qhull
algorithm(Barber, 1996)The convex hulprovidesan approximation of a gamut solid,
but it has been noted elsewhé@R U R 200B)that it has limited ecuracy as it does

not represent the curvature of a gamut and any concave regions.

In this studythe convex hull methodias comparetb the alpheshapes method
(Cholewo, 1999jo evaluate the difference in the gamut volume using the sameeatata
of meaured CIELAB values. A lithographic offset printing system with CMYK inks
was calibratedUsing the measured daset of all colours in the test chart, a colour
gamut was derivedirst using the alphahapes method and then using the convex hull

method.

For the optimised value of the probe radils (he alphashapes gamut volume was
336330 cubic CIELAB units as compared to the convex hull gamut volume of 355001
cubic CIELAB units. Thus the gamut volume difference was 18671 and the ratio of the
volume ofthe alphashapes gamut to that of the convex hull gamut was approximately
0.95. Considering the concavity of the gamut boundary, the gamut volumes are
calculated using alphshapes in this project using a radius (alpha parameter) of 40
CIELAB units. Thisoptimum value of alpha parameter is found experimentally by
visualising a dimensional gamut based on the criterion that the gamut should not have
any voids i.e. all tetrahedra should be included in the edphpe.

For the CMYK sector of the offsetipting process, thboundary of the measured
gamut consisted of 600 vertices (colours) formingttiaagularfaces on the surface of
thegamut.A 3-dimensional mesh plot of the CMYK sector gamut in the CIELAB

colour space is shown|kigure5.3| For these 600 colours on the gamut boundary, the

CIEDE2000 colour differences between the measured and the predicted colours were
calculated for each printer model. The average of these values was then used to compare

the model prediction
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Figure 5.3 CMYK sector gamut for the offset printing process as a 3D mesh in CIELAB colour

space

5.4 Results

The measured colour gamut of each sector is shown below @ the projection of

CIELAB space|Figure5.4). All the gamut boundaries were computed using the alpha

shapes method with a radius of 40 CIELAB unitise uppeileft graph shows the
colour gamut of the CMYK sector and the other graphs indicate successiveradflit
other sectegamuts. The overall gamut of thec@lour printing process (CMYKOGV)

can be considered as the combined gamut of all sgatauts.
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q
CMYK EMYE + EEYK
h\
CMYK + CGYK + OMYK + CMVK CMYK + CGYK + OMYK

Figure 5.4 Combined gamuts of all sectors in the a* - b* plane.

Figure5.5[shows the mea@IEDE2000colour difference between the measured and the

predicted colours on the primary vertical axis and the percentage volume difference
between the measured gamut and the predicted ganthe secondary axis. The mean
CIEDEZ2000 value$or the CMYK sectomwerecalculated for two sets of coloutghe
boundary colours representing the gamut boundary of the measured(§a@)and all
colours (6468) populating the colour spaaed includilg the boundarieAlthough the

KM model has the worst (highest) value of CIEDE2000, it has better performance than
theKM+YNSN model in terms of the percentage gamut volume difference. This
supports the concefitat the gamut volume difference is not self a good metric for

comparing gamutésee Sectigh.5).
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Figure 5.5 Gamut volume difference between the measured and the predicted gamuts.

Figure5.6[shows histograms of values of CIEDE2@@0our differencéetween the

measured and the predicted colours. The KM model performed the worst and the YNSN
performed the best in terms of colour difference vallibis is shown by all values of
CIEDE2000colour difference being below a value of 5 for the YNSN model; for the
other models the data exhibit long tails that include relatively high values of colour
difference, up to 20 units for the KM model, which would usually be considered

unacceptable in pctice.
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Figure 5.6 Histograms of colour difference values (CIEDE2000) for all models.

These results still cannot tell how closely the predicted gamut matches to the measured
gamut. For example, both gammwould have similar volume, but might not coincide in
CIELAB colour space. The gamut volume alone enables a comparison of the size of the
