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Yule-Nielsen effect in halftone prints: Graphical analysis method and
improvement o the Yule-Nielsen transform

MathieuHéberf"
@Université de Lyon, Université Jean Monnet de Seiienne, CNRS UMR5516 Laboratoire
Hubert Curien18 rue Benoft Lauras;42000 SainEtienne, Francelnstitut d’'Optique, 18 rue
Benoit Lauras, 42000 Sat-Etienne, France.

ABSTRACT

Thewell-known Yule-Nielsen modified spectral Neugebauer model is one of the most accurate yeadadels for the
spectral reflectance gfrintedhalftone colorsvhich expresses the spectral reflectance of halftonesirtistae power

1/n asa linear combination of the spectral reflectance of the fulltone colors (Nmwgyeprimaries) also raised to the
power 1h, wheren is a tunableeal number The power I transform, characteristic of the YuMielsen transform,
emprically models the nonlinear relationship between the spectractafices of halftones and fulltones due to the
internal propagation of light by scattering into the printing support, a pheronkaown as “optical dot gain” or “Yule
Nielsen effect”. In ltis paper, we propose a graphical method permitting to observe thimeanrelationship in the

case of singkink halftones and to experimentally check tbapacityof the YuleNielsenmodelto predictit accurately

In the case where the Yulielsentransform is not well adapted to the considered type of prints, we propose alternative
transformsn order to improve the prediction accuracy

Keywords: Color reproduction, spectral model, halftarador, printing, reflectance, transmittance, YAiNelsen model.

1. INTRODUCTION

Digital printing technologies have considerably increased the number of applicatibpsrdable material® a context
wheredesignerand even customers themselagsmore and moresed to select the printing materialtsd pareneters

in order toprecisely obtairthe expected appearance. Precise color managessnda calibraton of the printing system
for the selected printing support, inks and halftoning techriijuéhe clasical calibration method is based @rcolor
profile established by measuring the coloabbut onghousandf halftoneq?2], a procedure that mulsé repeated each
time theprinting supportthe ink set or thehalftoning techniqués modified The use of a color prediction model can
considerably ease the color calibration since only a few tens osguted tde printed and measure@ne of the most
accurate models available today is the YNlelsen modified speral Neugebauer modg8], or simply“spectral Yule
Nielsen modél which is widely used for the calibration of printing systedsS] 6, 7] and can be improved ke
method by Crété & al. for estimating the effective surface coverage of th@jnks

The spectral YuleNielsen model predicts the spectral reflectance of halftone raised to the poweasla linear
combination of the spectral reflectances of the fulltone colors (i.asaolade by covering the whole surface with one or
several inks, also called “colorants” or “Neugebauer prinfgriasoraisedto the power I, wheren is a tunable
parameterThe weights attributed to the different fulltone colors are the effectif@csuroverages of these colors in the
halftone. The power f/transformempirically models thaonlinear relationship between the spectral reflectances of
halftones and fulltones due to the internal propagation of light by Scgtiato the printing support, a wethown
phenomenon also called “optical dot gain” or “YANeelsen effect’[9]. In this paper, we propose a graphical method
showing tlis nontlinear relationship in amtelligible way for singleink halftones. The graph represents the reflectance
of a singleink halftone as a function of theflectance ofthis fulltoned ink. If the spectral measurement contalns
wavebands, thek points can be displayed in the graph and it is easy to check how well th&l€lden function
matches them. The measured points generally follow a curved line ¥eliishcoincides with the plot of the Yule
Nielsen transform computed with the appropriat@lue and effective ink surface coverage. In some cases however, the
coincidence is not perfect and alternative transfolmased on other functions than the pod#n fundion, may be
found. We propose a few ones which providedest butappreciable gain in prediction accuracy, this latter being
measured in terms of average CIELAB1994 values over several tens of printed colors. The graphical mettsd is
very interesting to displagffectsthatare rather difficult to detect by looking dirgctt the spectral reflectances
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2. SPECTRAL REFLECTANCE AND TRANSMITTANCE OF HALFTONES COLORS

Before analyzing the relevance of the spectral Yikisen model for a given type of print, we propose to recall in this
section the whole prediction method, including the ink spreadingsasses proposed by Hersch and Crég The
model is presented for reflectamafeCMY halftonesbut it similarly applies for transmittanesad for any ink colors

2.1 Halftone colors

Halftoning is a color reproduction technique based on a finite set of coloringuscdssthe inks which are deposited
according to binary grids of small patterns (inks dots). The halftmfiece isa mosaic of col@dareascorresponding to
the partial overlap of the ink dot¥he areas with no ink, those with a single ink layer, and tiwibetwo or three
superposed ink layers are each one considered as distiocants (also calledNeugebauer primaes). In CMY
printing, based omyan, magenta and yelloiwks, one obtain®ight colorantscorresponding to the areas wiib ink,
cyan alone, magentaaale, yellow alone, red (magerdadyellow), green (cyamandyellow), blue (cyarand magenta)
and black (cyanmagentandyellow).

Figurel. Detail of a halftone color with cyan, magenta and yellow,iskewing the ink dots @rthe mosaic of 8 colorants.

In classical clusteredot or error diffusion prints, the fractional area occupied by each coleaartie deduced from the
surface coverages of the primary inks according to Demichel's equatlighenoting asc, m, andy the surface
coverages of theyan, magenta and yellow inkke surface coverages of the eight colorants are

a, lclm1ly 8,y 1 cmy

a ¢l m1ly a;y ¢l my )
a, 1l cml y & m cml vy

ag, 1 clmy 8 my Cmy

2.2 The Yule-Nielsen model

The first color prediction model for halftone prints, proposed by Neugeb&Bleagsumes that the color of the halftone
is a linear combinationfahe colors of the colorants contained in it. The spectral version ohtidel can be written

R 17,aR @)

whereR  denotes the spectral reflectance of phiated halftone,R the spectral reflectances of the colosant
printed each one on a large area to be measured; tradrespective surface coverages of the colorants in the halftone

However, tlis linear equatior{2) does not predict correctly the color of the halftone due to the scattering of light within
the paper bulk which induces da@ohalo around the ink dots. This phenomenon, known as the-Nialsen effect”, is
even amplified by the multiple reflections between the paper bulkhengrintair interface[1]. In order to account for

this effect,Vigiano [3] proposed t@pply the YuleNielsentransform[9] on thespectraNeugebauer equation

R e ®
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wheren is real numbergenerally higher than 1 (whem=1, thespectralYule-Nielsen equatior{3) is equivalent to the
Neugebauer equatignp be fitted. It isgenerallyrelated tathe strength o$cattering in the printed supp¢t], on the
halftone screen frequency and on the paoer intera@bn [11].

2.3 Ink spreading assessment

At printing time, the inks may spread on the surface in diffeneoiuats according to the preserrenotof other inks
on the surface [9]. As a consequence, the effective surface coverages of thieeneks; those of the colorants in the
halftone, are not known. A solution to obtain them is to establish experimahlgprrespondence betweeominal
and effective surface coveraghrough secalledink spreading functiam Let us present the rtieod to compute thme.

Figure2. Halftones used for the ink spreading assessment.

The set 0f36 halftonesshown in Figure2 are printed. Theygorrespond to the combinations of one ink nominal
surface coverage = 0.25, 0.5 or 0.75andonesolid colorantv obtained by prinhg each otheink ata surface coverage
0 or 1.Each of these halftones contatwo colorantorresponihg to the areas where inkis superposetb colorantv
[effective surface coverage, g, , spectral reflectancdR ,, ] and to the areasherecolorantv is alone [effective
surface coveragd af,, spectral reflectancdr, ]. According to the YuleéNielsen equatior(3), thar reflectance
R whitten:

R v Q/n &y él/?[]v in (4)

The effective surface coverageg, is fitted by minimizing the sum afquare differences between theasured spectral
reflectanceof the halftoneM  and the spectral reflectanpeedicted by Eq(4):

; 73(inm /\\/| n n a :
af, argmin | x R xRev 2 (5)

0x1d QP

Repeating this procedure for the 36 halftones yields 12 lis3seffiective surface coveragesg, associged with the
nominal surface coverages {0.25, 0.5, 0.7b}s assumed that the effective surface coverage is O, respectively 1, when
the nominal surface coverage is 0 (no ink), respectively 1 @uéirage). By linear interpolation, one obtadestinuas

curves ac f,, a , wherea and a denotethe nominal respectively the effectiveurface coverageof the halftoned

ink (see examples iRigure3).

With the fitted surface coverages, the spectral reflectances predjckagl @) areascloseas possibléo the measured
spectal reflectancebut not equal to them. In order to assb&sdifference between predicted and measured spectra, we
usea visual metric, WK H &, (/$260lér(distancecalculated by converting the two spectra first iBt&1931XYZ
tristimulus valuedy selecting the D65 illuminant, and then into CIELAB caoordinates using as white reference the
spectral reflectance of thmprintedpaper illuminated with the D65 illuminarit4].

The optimaln value can be determined by trying successively different values) =.§jto 10 in steps of 0.1, and keep
then YDOXH IRU ZKLFKWatud cBmpitedued thie(B@lftoness minimal. Figured shows two plots of the
D Y H U Dy Hluie(as a function of thevaluefor CMY colors printed in inkjet with the Canon PixmaPro 9500 Mark I
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printer (a)at 150 Ipi on Canon PP201 260 §/glossy coated paper (spectral measurements based on the 45°:0°
geometry using the Xte i1 spectrophotometer) and (b) at 100 Ipi on common 8CG gffite paper (spectral
measurements based on th#udie:8° geometry using the-te Color i7 spectrophotometerhA minimum is clearly
displayedin the case of the coated papenat 35, whereas the curvesymptotically decreas@s the case of the office
paper, which indicated that the optinmdkendsto infinity (in practice, we can satto 20 or 1®@).

1 “""""""“":-: | ' 1 “"""""""":-: 1 """"""""":-:
a a rd 4
fc/‘w fc/m fC/j/ fc/m+y
0 a 10 a 10 a 10 a 1
)| )| D | | |
a a é a '//' a
fm/w fm/c : fm/y fm/e+y
0 a 10 a 10 a 10 a 1
)| )| S~ D | R | |
a4 a é a a
/ Fomw | Sy | Sym | Fyterm
0 a 10 a 10 a 10 a 1

Figure 3. Example of ink spreading functions giving the effective surface coverageeachink superposed with each
colorantmade of the other two inks at the surface coverages JasrfOnctions of the nominal surface coverage

AEg4 (@ AE g4 (b)
1.5¢ 15t
1F 1k
n— o
—n
0.51 0.5F
1 n=3.5 5 10 n 1 5 10 15 20 n

Figure4. Variation as a function of the value of the averagé (¢, computed from theredicted and measured spectral
reflectances of the 36 singjlek halftones displayed in Figure ,2n the case ofa) inkjet CMY colors printed at 150 Ipi on
glossy coated papand (b) in the case @MY colors printed at 100 Ipi ocommon office paper

2.4 Prediction

Once the ink spreading functions have bebtained the spectral reflectance of any halftone can be predicted. Let us
consider a halftone where thgan, magenta and yellowk are printed at theominal surface coverageg m,, andyp.
Thesesurface coverages are converted into effective ink surface coveragesidy by a weighted average of the ink
spreadingunctions in order to account for the superpostiependent ink spreadiri§]. The weights are expressed by
the surface coverages of the respective colorants on which the ink halftoperigosed. For example, the weight of the
ink spreadingfunction f. (cyan halftone over white colorant) i m 1 y . In the case of three halftoned inks,
effective surface coverages are obtained by performing a few iterationsevitlowing equations:
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c 1 mi1l y t:/w %) m1l y I/m & 1 m ny & mycfm y o€
m lclyfwm ¢l yhem 1 cyfhy @ cyhey ,m (6)
y 1 c 1 m fy,W Yy ¢l m f,,c ¥ 1 ¢ m)f,m y ijcm o

For the first iterationc ¢, m m and y Yy, are taken as initial values on the right side of the equations. The
obtained valug of c, m andy are then inserted again into the right side of the equations, which gives newofalues

y and so on, until the values @fm, y stabilize. Thg are then plugged into E€LL) in order to obtain the effective surface
coverages of the eight colorantghich are finally used in E(q(.3) to predictthe spectral reflectance of the halftone.

2.5 Spectral transmittance of halftone colors

It has beerrecentlyshown that the spectral Yuldielsen transform applies the spectral transmittance of halftone
colors eitherprinted on paperlf] or on transparency filmd4.§], in a similar way as for reflectances:
1 8 an

T I k1

aT" @)
whereT GHQRWHYV WKH VSHFWUDO V4 thb Qukdee vowrade inHhdRHalitdkerbf Kdalodddmag H
whose spectral reflectancds is measuredisinga spectrophotometer in transmittance mode, e.g. tR#e<Color

i7 instrument in total transmittance modé&f(ce:0° geometry).

Note that for a same halftone samjthee reflectance and transmittance equations may involve differetties because
scatteringphenomena ardifferent in reflection and transmissiofheink spreading functichmay also be differerdnd
it is recommended to compute them from reflectance measuremengfidotancepredictiors, andfrom transmittance
measurements faransmittanceredictiors.

3. GRAPHICAL ANALYSIS O F THE YULE -NIELSEN TRANSFORM

Although he YuleNielsen equation in known to be empiri@aid its physical justificatiommas not been completely
clarified despite several attemptt7] 18, 19], one generally observe®od agreement betwegnedicted and measured
spectraor a wide range of printing techniquétowever, it is rather difficult to interpret precisely the deviations that are
sometimes observectweenthem We thus propose graphicalmethodpermitting the comparison in a more intelligible
way in the case of singlek halftones.

3.1 Yule-Nielsen function and Rilltone-to-halftone reflectance diagram

Let us denote a®,, R, and R, the spectral reflectances of patches where the ink has the respective surface coverages
of 0,aand 1. The YuléNielsen equatiorfor asingleink halftone already given in Ed4), is written:

R, a B" a2 (8)

where a (denotes the effective surface coverage of thecorkespondingo the nominal surface coverageUsing the
notationsy R,/ R andx R/ R, Eq.(8)can also be written, for each wavelength:

y 1a adm™ ¢ (9)

We will call “Yule-Nielsen function” tie function x @ a aod™)". By plotting itfor given valus of n and a,one
obtains acurve showinggraphically the relationship betwedulltone and halftonaeflectancesnormalized by the
unprinted support reflectan¢igure 5). When thenk is nonabsorbenat a given wavelength, we ha®, R R,
thereforex y 1. The YuleNielsen function thus satisfie§ 1 1 and the curve passehrough the poinfd, 1) in
the diagram. When the ink is fully absorbimgs haveR, R 0, thereforex O andy (1 ayh,

In the special case whene= 1, the YuleNielsen equatiotecomeghe Neugebaueequation (2)and the YuleNielsen
functionis a straight line that intercepts the ordinate axig 1 ac. It is tangent to th&ule-Nielsen functiorin x = 1,
i.e. the relationship between halftone and fulltone reflectance is almost linearthddulltone has nearly the same
reflectance as thenprinted suppoytherefore when the ink is almost not absorbing.
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Figure5. Plots of the YuleNielsen function defined by E() for variousn-values and three different surface coverages

This relationship can be verifiekgerimentally from the measurementsRf , R, and R, , which provide
as many points as values contained in the measured sp&etrabtain a “fulltoneo-halftone diagram” as the en
showed in Figure§, 7 and8. The spectral reflectances needed to plot these diagrams are systematicallgadrfeasoe
calibration of the ink spreadirfgnctions.

Eg. (9) can also be written
vy 1 a ad, (10)

which means that the Yuldielsen model assumeslinear relationship betwee(R, / R))”“ and (R/ I%)l/”. This can
also be experimentally verified in a “transformed halftoméulltone diagam” (see Figure$ and7).

3.2 Physical meaning of the YuleNielsen function

Theratiox R/ Ry can be interpreted dise effective transmittance of the ink layer for the average light path of light in
thefulltone print.In a halftone, we may consider the layer as composed of absorbing aheeastive transmittance

and norabsorbing areas with effective transmittance 1. In absence of sapttiérin effective transmittance of the
halftone layer wouldbe y 1 a ax, which is theNeugebauefunction. But since the layer is generally scattering, we
can consider that aftetransmission througha sublayer of relative thicknessnl/therefore of transmittance

t 1 a axd", lightis mixed before entering the next sublayince the light crossessublayers of relative thickness
1/n, the transmittance of the whole layertlls This yieldsthe YuleNielsen function defined by E¢P).

Although this interpretation is naealistic if one imagines light trajectories in the printing material, it has at least a
physical meaning in term of statistical light transfers. A light scattering modddwi® necessary to establish the
equivalence between this simple model and a more rigorous description of the prapafégbt in the scattering
halftone. Butthe experienceshowsthat this equivalenceustexistwhenthe YuleNielsen model is capable of accurate
prediction of colored halftones. Note that this interpretation of the-Nidksen transform has been recently used to
define a hybrid additiveubtractivecolor mixing systemZ0].

3.3 lllustration of the graphical method with halftonesprint ed in inkjet

Figures6 illustratesthe graphical methodhroughthe examplef a halftone printed with dier cyan, magenta or yellow
ink at nominal sudice coverage 0.By using a periodical clustered dot halftoning at 150 Ipi, and priatre@anon
PP201 260 g/fnglossy paper (same paper as for the experiment presented in &igiitie the Canon Pixma Pro9500
inkjet printer. The spectral reflectances of the unprinted papgr, , of the halftonesR, , and of the fulltones,
R, were measured from 380 nm to 730 nm in stéd® nm (36 wavebands) withé X-rite i1 spectrophotometer
based on the 45°:0° geometry. These spectra areglottthe top row of the figurenldashed line are plotted the
spectral reflectances of the halftones predicted by the spectraNéiten model with the optimal = 3.5fitted in the
calibration step (see. Secti@m) and the effective surface coverageobtained from equatio(b) and specifiedn top
of each columnThe fulltoneto-halftone diagrams, in the middle row, show the 36 poiRRg & ; R,/R,) computed
from the measured spectral reflectances, as wehe¥ ue-Nielsen functiongiven by Eq.(9) with n=3.5 (solid line)
and the Neugebauer function given by B).with n =1 (dashed line) for thgpecifiedeffective surface coverage: At
the bottom of the figure are shown the transformed fulltorfealftone diagrams.
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We seefrom the tilltoneto-halftone diagramshat the YuleNielsen function matches well the experimental points,
which indicates that the Yulsielsen transform correctly models the nonlinear relatignbeiween the reflectances of

the halftone,the fulltone, andhe unSULQWHG SDSHU

7KLV LV RR&udsehhh@edEffonveK H ORZ

measured and predicted spec®&0 units for the cyan halftone, 0.55 units for the magenta halftone ancd0 1@ f
yellow halftone. This is also confirmed by the fact that thatpo x; yc , with y ¢ (R,/ I%)l’n andyc (R,/ I%)l’”,

arewell aligned and match the function c1 a ax for the fitted values afiand a «.

Cyan 50% on glossy paper
a =054

Magenta 50% on glossy paper
a =0.54

Yellow 50% on glossy paper
a =052

1 1 1 1 1

400 500 600 700 nm 500 600 700 nm
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1 Ir y=Rys/R, 11 y=Ry /Ry
0.8
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Figure 6. Top row: Measured spectral reflectances of cyteft (column, magenta dentral columip, andyellow (right
column halftonesprinted atthe surface coverages Qi®flectancesRys) and1 (reflectancesR;) on glossy coated paper
(reflectanceRy). Plots in daskd linerepresent the spectral reflectasicf the halftones predicted by the spectral Yule
Nielsen model for the values af ¢ specified on top of each column7 KH &, (/ $£6alles assess the deviation between
predictions and mearementsCentral row: Fulltoneto-halftone diagrams showing the poin®® (R, ; R,/ R, ) deduced
from the measured spectra in the different wavebands, as well ¥aléaNlielsen function given by Eq9) with n = 3.5
(solid line) andthe Neugebauer functigrfor the specified value ofa «. Bottom row: Transformed filltoneto-halftone
diagramsshowingthe expeimental pointg (R / R)“"; (R,/R)"") for n=3.5.
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In order to verify the prediction accuracy of the model over a larger setoo$,cae printed 125 halftones with the same
printer, same inks, same paper and same halftoning technidue eddrs used for Figur@and measured them using
the same spectrophotometer. These 125 colors correspond to all the combinations ofaggema and yellow inks
printed at the nominal surface coveead, 0.25, 0.5, 0.75 and 1. The averé@Bg, value over these 125 colors is 0.51
units, and the 95%uantile of the 1250y, valuesis 1.12 units. We can therefore conclude that the-Xidésen model

is well performing for this type of print.

3.4 Limitations of the Yule-Nielsen function

Let us now study halftones printed with the same printer, the same inkkeasdme halftoning technique on a non
fluorescentnon-calenderednd noticeably porou®0 g/nf papercalled Biotop Figure 7presentsisilar graphs aghose
presentedn Figure6, corresponding to the cyan iflalftonesat 0.25, 0.5 and 0.75 nominal surface coveragke
Yule-Nielsen functions wherealculaed withan optimalin value of 100.

Cyan 25% on Biotop paper Cyan 50% on Biotop paper Cyan 75% Biotop paper
a =038 a =0.67 a =0.86
1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure7. Similar graphs as in Figu&for cyan ink halftones printed at 0.25, 0.5 and 0.75 nominal surface coverages on
Biotop noncalenderegbaper. The YuléNielsen functions were calculated wittr 100.
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This exampleshowsthat good agreement between prediction and measurement caachiedveedor all types of prints:

Despite theoptimizedn anda’ values the YuleNielsen functionslo notmatchthe experimental pointatisfyingly and

the pints x;yc, with xc (R/ I%)l’n and yc (R,/R)¥", are not alignedConsequentlythe prediction accuracy of

the spectral Yukl LHOVHQ PRGHO bValGeR Rittttbalftdhkstprifited at 0.25 &l surface coverage are
EH\RQG WKH YDOXH RI WKH MXVW QRW Lyt D.E@hd setRoD 6dlpatehek| Hesighed ok W K U
verification (all combinations of the cyan, magenta and yellow inks printed at the nounfagescoverages 0.13,38,

DQG ZH R EW D L @ Wvaie BDfQ23uNits, lAlia-9566uantile of 236 units.
Cyan 50% on glossy coated paper Cyan 50% on glossy coated paper Cyan 50% on tracing paper
(specular component included) (specular component excluded) (specular component included)
a =058 a =0.52 a =0.55
.. f AE94 = 1.5
400 500 600 400 500 600 700 nm
Ir y =Ry 5/R, 1r 1Ir y =Ry s/Ry
8 - /- L)
0.8 0.8 0.8
- 0.6 0.6 e
\ 55 1-g' 56 L (1—a’+a’x1/2°)20
1-4'|.-~ oty 0 155) —-a 1-4a'|
04F (1 atax ) 0.4 ) 04
02} 0.2 02
x=R|/R, x=R/R, x=R|/R,
L 1 L 1 L 1 L 1 L | L 1 L 1 L 1 L 1 L | L 1 L 1 L 1 L 1 L |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 02 0.4 0.6 0.8 1

Figure 8. Spectral reflectances and fulltetehalftone diagramgor cyan ink halftones printed at 0.5 nominal surface
coverage on theAR201 glossy coated papéef{ and cenér) and on tracing paperight). The spectral measurements are
based on the diffuse:8° geometry with specular component incligdednd righ) and excludeddgentey.

Figure 8 showsthree other examples of cyan ink halftone printed at nominalcguciaverag®.5. On the left and the
centerof the figure, thestudiedsamples the same as the left column ofigure 6but instead of measuring its spral
reflectance with the Xite il spectrophotometer based on the 45°:0° geometry, we used -tihe olor i7
spectrophotometdyased orihe diffuse8° geometry in either specular refton included modéleft column) or specular
reflectionexcluded mde (centralcolumn). The difference that we observeetween the twoneasurement modes is due

to the fact that the cyan ink displays a reddish sheen in the spetalaion which is more pronouncedtime fulltone

than in halftone This sheen is respob for the deviation between measured and predicted spectra beyond 570 nm in
the specular reflection included mode. In the fullttmbalftone diagram, thieft-most experimentgdointsin the graph

follow “u”-shapedline and are thus located on eithédesof the YuleNielsen function which means thay have
different values for a same value>xofNo function can reproduce such an incurved line sirzan have only one value

for onex value.However, the global prediction accuracy over the 125 halitolues described ithe previous ectionis

still acceptabldecausghe colored sheen is visible in a limited number of halftonesthosavherethe cyan ink has a
KLIJK VXUIDFH FRYHUDJH DQG LV QRWDY NS Bd) iR dhisned bWwthKheRomikhbah 3 SI5Q NV 7K
was 0.91 units, therefore below the just noticeable color difference, and thay@&dtile 1.95 units. The prediction
accuracy is nevertheless poorer than in the speflaction excluded mode where thieddishsheen is nibobserved:

IRU WKH VDPH VHW RI K D O | W, Reueél ofst&r@dRudtly thaoptirhal B.6\WhBQ162 uh(ts and the
95%-quantile 1.19 units, therefore comparable with the prediction accuracy achighemeasurements based on the
45°:0° geometry.
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The graphs on the right of Figugeshow the case of the same cyan ink printed at 120 Ipi on Canson 90aginyg
paper. Since the tracing paper is sérainsparent, the reflectance is much lower in comparistimetother papers (see
theordinatescale of the plotted reflectanceBhr this sample, the experimental poiate dispersed on either side of the
Yule-Nielsen function. The prediction accuracy achieved on a set of 40 CMY halftomesy poor: we obtained an
D Y H U Dog Waluie(of 2.99 units ana 95%quantile of 4.58 units.

4. ATTEMPTS TO IMPROVE THE YULE -NIELSEN MODEL
Rewriting theYule-Nielsenequation(3) as

18
i1l

a

R f* 1 afR 2, (11)

with the function f : x o X", and the reverse functio ':y o y' canbe a source of inspiration to find other
functionsf in orderto improve the spectral Yuldielsen model when it fails to provide accurate prediction accuracy.
The proposition by Lewandowskit al. [19] to selecta negativen value in the YuleNielsen model, while is rather
supposed higher thandan be considered adirst examplef extended YuléNielsen function

Thenewfunctiorsf; shouldbe defined and continuous on [0, 1] asadisfy the conditionf; 1 1. The reflectanceR,
of a singleink halftoneof surface coveraga ' is writter

R, f'1afR & R, (12)
where R, and R, denote the reflectances of the printing support without, respectiviilyinki It can also be written
fi—% 1 a acfi—Fi (23)
fi Ro f R
but not
ifR/R 1 a &f B/ B (14)

except for thdunctions of the formf : x o x* ZKHUH . LV D (LeHlbse d XiHdE i$ Based the classical Yule
Nielsen model)The fulltoneto-halftone diagram, based on the valu€/R, and R,/ R, is thereforenot helpful to
optimize the new functigrbutwe cancheck graphically ithetransformed fulltong¢o-halftone diagranwhether for the
selectedunction the points f; R, /f R ; f R/ f R arealigned.

The searchig of alternative functiomis empirical and may be tedious first idea to generate new functions is to make
simple transforms on thadassicafunction itself, by introducing for example a shift:

fix & s™ fliy Y s (15)

wheresis a real numbethat somehow represents surface reflectimt subject to optical dot gain. Note ttsaicethis
function does natatisfythe conditionf 1 1, thesvalue should be rather small.

Theclassicalfunctionf can also be modified in the following way:

2 a
q & 419y,

Un

f, X x 1 X 1. 8 16
2 a q bory 3 1 (16)
andfunctionf; andf, can becombined
1n 2 4
frx ax 1 g x s° ; fliy d q2 qo 1 ay s (17)

Another transform of the functiorfy is

10
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1/n

f,;x dn o x s 1 B/nb; fl:y B d b, (18)
where“In” denotes the natural logarithm functidfore complicated functicanbe found, for example
f5:x (%arcshn Inx ®s ; t':y expsinhy n § (19)

where*arcsHi denotes the inverse of the hyperbolic sine function, 8nd DU RV K .

These newunctionstf, to fs weretested on thé4 halftones printed oBiotop papeilready presented Section 3.2and
Figure7. For the modetalibraton andthe predictiors, similarprocedures followed asthe one detailed in Section 2 by
simply replacing the classical functibmith the considered functidn The prediction accuracy yielded achfunction
for the 64halftonesis presentedn Table 1 as well as the values of the tunable parametkich werefitted in order to
obtain the lowest average (5, value.The five functions yield very similar accuracy, which is slightly better thigm w
the classical functiohalthough WK H DY HivBlddrembins beyond the just noticeable color differéricg, = 1).
The improvementmodest but appreciablis, partly explained by the introduction of additional tunable paramédets
alsoby the fact that thexperimental pointare better aligneth the transformed fulltonto-halftone diagramas shown
in Figure 9 through he example of the cyan halftone printed at the surface coverage 0.5 on tige @iper(same
sample as the one studied in the central column of FiQure

Table 1. Performance of the spectral ¥Nielsen model based dne classical functiohand on transformed functiofison
64 halftones covering the printer’s gamut printed on Biotopaadendered paper.

Function Parameters $YHUDJH G(95-TXDQWL(C
f:xox" n=100 1.23 2.36
fiix o« s n=20;s=0.09 1.12 2.10
f,ox  @x (1 g X)) n=100;q=0.12 1.11 2.12
farx @x 1 g(x )N n=>50;s= 0.06;q=-0.05 1.12 2.09
foox on (x 9" 1 B/In b n=2;b=17;5=0.12 1.11 2.16
f:x arcskninx 1s / n=100;s=0.09 1.14 2.24
Classical function f* with @’ = 0.67 Function f; with &' =0.61 Function f, with &' =0.61
Uy = ARy 5)IRARg) e 'y =£1(Ry5)//(Ro) ’,r’ Wy =£(Ro5) I5(Rg) ""/
W -
2 0.98f -’ -~
- 0.99} o
0.995 s 096l e {/,
2 ,.i/ P
- 0.98} o
. 0.94} A 1

os90f o~ - *

0.92f 097}

0.985| 0901

0.96

X' =f(R;) /R Ry) X' =f(R,) //i(Ro) ‘ X =hH(R) (Ro)
0985 0990 0995 1 088 090 092 094 096 098 1 096 097 098 099 1
Figure9. Transformed fullton¢o-halftone diagrams representing the poinfs(R)/ £ (R,); f( R/ f( R) issued from
the measured spectral reflecta;othe Biotop paper with no ink (reflectanBg), with full coverageank (reflectance®;)
and with halftond ink at 0.5 nominal surface coverage (reflectafig} for the classical functiofiand the function§ and
f, computed with the parameters presented in Table 1. Thedireguation:y c1 a ax, wherea cis the effective
surface coverage of the halftone fitted for each function, are plotted in daghed |
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The three diagrams iRigure9 have been generated the classical funatin f and the function§ andf; (those obtained
with the functionsf; to fs, quasiidentical to these latters, are not reproduced). The effective surface gasvera
specified on top of the graphs wditéed for each functionin this example,unctionsf; andf; yield the samea -value,
lower than the one fitted with Thisindicates thaf; andf, model stronger optical dot gain thiwWe also see that the
experimental points are closer to the straight lofieequation: y c1 a ax with the new functions than for the
classical one. Is seems that the improvement of accuracy is due to the fact that phessi@s through the points
correspondingo the higlest absorbance of the ink (leftost points in the diagram), which is due to the fact that the
0 (4 value is more sensible to spectral deviations in wavelengthsimombaere the spectrum is low.

5. CONCLUSIONS

Despite its physical base is not completely established yet, the spectralli¥lgien mdel improved by Hersch and
Crété’'sink spreading assessment method provides a high prediction accuramsfdypes of halftone prints. However,
it is less performing for certain types of printed surfaces, edpewihen the printing support is lowly reflective like
tracing paper, or when the surface of the print has a colored sheea apdbular direction. The graphic method
proposed in this paper enables verifying the relevance of theNfelgen transformdr the considered printingetup by
plotting for singleink halftones the Yuldielsen functiony x (1 a axX™)" with the optimaln and a values
computed in the calibration step and comparing it with the poRtsR,;; R / R) computed in the different wavebands
from the measured spectral reflectances of the paRer, , of the halftone,R, , and of the fulltone of the
corresponding inkR, . As an alternativeone can check wheth#ére points((R, / Po)l’”;( R/ I%)l’”) are aligned and
compareghemto the functiony(x*") 1 a axX.

It may happen that théR;/ Ry; R/ R) points do not draw a well defined curve ie thilltoneto-halftone diagrami.e.,
that at wavelength where the unprinted paper and the fulltone have resjyesame reflectance the halftone has
different reflectances, due for exampleofiical phenomena such as fluorescence, too strong absavptotor sheen
at the surfaceExcept these optical phenomena are explicitly modeled, the spectralNi¥iden model is incapabts
predictng these differences of reflectanaed the prediction accuracy in this case is generally poorer.

In the case where the spectral ¥dlelsen model igudged to benot accurateenough but th§ R,/ Ry; R/ R) points
draw a well defined lineone can try to find another function than %" function in order to improve the predimti
accuracy. A few ones have been proposed in this paper, butbosran beinvented The improvement of prediction
accuracy may be modest, as in the exampiesented heréut still appreciable
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