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We i nvestigate t he optical phenomenon responsible f or t he c olored shine that s ometimes a ppears at the surface of ink layers i n t he s pecular direction, o ften ca lled bronzing or gloss di fferential. I t seems to co me from the w avelengthdependent refractive i ndex of t he i nk, which i nduces a wavelength-dependent reflectance of t he i nk-air interface. Our experiments o n c yan and magenta i nkjet i nks confirm this t heory. C omplex refractive i ndices ca n b e ob tained from measurements of t he s pectral reflectance a nd transmittance of a t ransparency film coated with t he i nk. We pr opose a correction o f t he cl assical C lapper-Yule model in order to in clude th e c olored gloss in t he pr ediction of th e s pectral reflectance of an inked paper. We also explored effects of scattering by the micrometric or nanometric roughness of the ink surface. The micrometric roughness, easy to model with a geometrical optics model, can predict the spreading of the colored gloss ov er a l arge cone. E lectromagnetic models a ccounting for t he e ffect of t he na nometric roughness of t he surface also predict the attenuation of short wavelengths observed under collimated illumination.

INTRODUCTION

Printing is based on coloring a white reflecting surface through continuous or discontinuous layers of inks. The inks are colored materials, ge nerally n on-scattering o r w eakly s cattering, that pl ay a r ole of s pectral f iltering. H owever, i t sometimes oc curs, e specially i n i nkjet printing, t hat a co lored shine appears in the specular direction w hose h ue is noticeably di fferent f rom t he c olor o f th e i nk its elf, a w ell-known ph enomenon oft en c alled "bronzing" or " gloss differential" by professionals of photo printing, or amateur photographers who print their pictures in inkjet on photoquality pa per. D iscussions i ncluding recommendations to a void the e ffect ca n b e found on the i nternet in f orums specialized in photo printing [START_REF]Bronzing o n I nkjet P aper[END_REF] , but a satisfactory physical explanation is elusive, as it also is in the scientific literature on printing sciences a nd technologies. To o ur kn owledge, t he only web pa ge where a s ound p hysical e xplanation i s proposed illustrates the phenomenon in the case of ball pen inks, for which the effect is often pronounced, and analyses the influence o f t he absorbance of t he ink on the reflectance o f t he a ir-ink interface [START_REF] Wildeman | Specular colors[END_REF] . I ndeed, the F resnel f ormulas directly state that the reflectance of an interface with a difference in the complex relative refractive index is an increasing function o f tha t d ifference [START_REF] Born | Principle of Optics, 7th Edition[END_REF] . This applies t o t he i maginary pa rt o f t he i ndex, representative of t he a bsorbance of t he medium. Our experiments confirm that this phenomenon essentially explains the colored gloss. It also explains why the phenomenon disappears with an overlay, since the air-interface interface is replaced with a air-coating interface.

Beyond our scientific interest for this physical phenomenon, our study was also motivated by its consequences on the accuracy of pr ediction m odels in the color r eproduction do main. After a description of the ph enomenon through color pictures and spectral m easurements, w here we in sist o n t he i mportance o f the illumination ge ometry, we recall the Fresnel reflectance formulas for an interface between a clear medium and a medium with complex refractive index. We propose a me thod to c alculate the co mplex index of t he i nk from t he s pectral reflectance an d transmittance o f a transparency film on which the ink is printed. Then, we review the Clapper-Yule model, [START_REF] Clapper | The Effect of Multiple Internal Reflections on the Densities of Halftone Prints on Paper[END_REF] a classical reflectance model for i nked p aper, and develop a c orrection c apable of pr edicting the c olored gloss i n t he s pecular direction. M ore advanced models are evocated but still need to be tested. Finally, the influence of the surface roughness, at microscopic and nanoscopic scales, is analyzed thanks to incoherent and coherent light models.

DESCRIPTION OF THE PHENOMENON

The bronzing phenomenon is characterized by a colored sheen that sometimes arises at the surface of ink layers, with a different tint than the tint of the ink itself. The picture displayed in Fig. 1 shows the pinkish sheen displayed by Canon PGI-9C cyan ink printed on the Canon PP-201 Photo Plus glossy paper, whereas the a chromatic specular reflection by the paper reveals the yellowish color of the halogen lamp and the inked area illuminated by diffuse light has the expected cyan color. The effect is even more striking in Fig. 2 with the black BIC Cristal ballpoint pen ink for which the gloss is coppered. Bronzing is less striking with the Canon PGI-9M (magenta) and PGI-9Y (yellow) inks, not displayed here but also analyzed in the next sections. 

Spectral measurements

When coating an ink on a transparency film, the bronzing effect occurs only on the inked face, not the other one. This suggests that the concerned optical phenomenon occurs at the ink-air interface, not within the ink layer. This is shown in Fig. 3 in which are compared the spectral reflectance factors measured on the inked face and the non-inked face of a 3M transparency film coated with different inks, namely the Canon PGI-9C cyan inkjet ink shown in Fig. 1, and the blue and black BIC Cristal ballpoint pen inks (the black ink being the one shown in Fig. 2). The reflectance factors were measured in t he specular direction under a collimated illumination at 45 ° from t he normal o f the sample (45°:45° m easuring geometry according to the notations recommended by the CIE [START_REF] Cie | Colorimetry[END_REF] ), with normalization by the unprinted paper measured in the s ame geometrical c onfiguration. We a dded the s pectral t ransmittances of th e i nked films measured in the normal direction in order to give an idea the spectral absorbance of the inks. They are consistent with their respective intrinsic color, cyan, blue and black.

The reflectance f actors o f t he non-inked f ace of t he f ilm ( grey l ines in F ig. 3) a re almost a chromatic s ince t hey a re composed of 1) the achromatic reflectance of the air-film interface at the front side of the film, and 2) the reflectance of the in k-air interface at the back side attenuated by d ouble transmission through the ink layer. The multiple reflections between t he t wo interfaces form an a dditional c omponent tha t is s mall i n c omparison to th e tw o main o nes. T he reflectance factors of the inked face of the film (black lines) are higher and their variations according to the wavelength are more pronounced. This is a characteristic of bronzing. In F ig. 4, w e c ompare t he s pectral reflectance f actors of t he C anon P P-201 Photo P lus gl ossy pa per c oated with t he Canon PGI -9C c yan i nkjet i nk or the b lack B IC Cristal b allpoint pe n i nk, e ither i n the s pecular di rection (45 °:45° geometry) or an non-specular direction (35°:45° geometry). The non-specular reflectances are consistent with the c yan and black colors of the inks, whereas additional spectral components are observed in the specular direction, beyond 600 nm for the cyan ink, and between 550 nm and 670 nm for the black ink. These spectral domains where the reflectance is increases are consistent with the gloss colors observed in the pictures in Figs. 1 and2. According t o these first observations, bronzing clearly seems t o be a gloss e ffect. It is mainly observed in the specular direction, even though the roughness of the ink-air interface may spread it over a wider range of directions.

Influence of the illumination geometry

One difficulty in the study of bronzing is its dependence on the illumination geometry. In Figure 4.a, we noticed through the example of the glossy paper coated with cyan ink the difference between the reflectance factors measured in and out of the specular direction for a collimated illumination at 45°. The same sample was measured with the X-rite C olor i 7 spectrophotometer, which illuminates the sample with Lambertian light and captures the reflected radiance at 8° from its normal, either in the specular component included mode (di:8° geometry according to the notation recommended by the CIE [START_REF] Cie | Colorimetry[END_REF] ) a nd in the s pecular co mponent e xcluded mode ( de:8° ge ometry). T he di fference be tween t he t wo spectral reflectance factors, plotted in Fig. 5.a, is much lower than the one observed in Fig. 4.a. Similar measurements performed on the 3M transparency film coated with the same cyan ink are plotted in Fig. 5.b. The f act t hat b ronzing is s tronger under collimated than L ambertian illumination is e xplained b y r adiometric considerations r elated to th e illumination and observation geometries [START_REF] Nicomedus | Geometrical considerations an d nomenclature for r eflectance[END_REF] . Let us assume, in fi rst a pproximation, that th e inked paper reflects a perfectly diffuse component d r and its flat surface reflects a perfectly specular component s r . The incident i rradiance i s denoted i E (we omit t he de pendence on wavelength in o rder to s implify th e notations). The observer captures the reflected radiance in a direction (θ, φ). A perfectly white diffuser reflects the radiance / i E π in every di rection, therefore i n t he di rection of t he obs erver. The i nked paper, pe rfectly di ffusing, reflects t he radiance / d i r E π in every di rection. In contrast, the flat surface r eflects only t he r adiance coming from the r egular direction in respect t o t he o bserver, radiance w hose co ntribution to t he to tal i rradiance is di fferent ac cording to t he illu mination geometry.

When the illumination is Lambertian, the incoming radiance in the regular direction is / i E π , and the radiance perceived by the observer is / s i r E π . Hence, the total reflectance factor of the sample, ratio of the radiance from by the sample to the radiance from by the perfect white diffuser, is 

s d R r r = + (1) 
For a larger but limited illumination solid angle, ∆ω , the specular reflectance becomes

s d R r r = γ + (3) with ( ) 
, cos sin d d

θ ϕ ∈∆ω π γ = θ θ θ ϕ ∫∫ (4) 
Notice that Eq. ( 1) is a special case of Eq. ( 3) where the illumination solid angle is the hemisphere, therefore 1 γ = . As Δω becomes thinner, the specular reflectance increases. This is what we observe on the pictures of Figs. 1 and2 where the specularly reflected light is much brighter that the white paper. However, eventual roughness of the ink-air interface may decrease the glossiness of the surface, therefore the visibility of the colored gloss.

Diagnostic on the possible origin of the bronzing effect

Bronzing does n ot occur with e very in k. T his s uggests that t he c hemical c omposition of th e in k is c oncerned in the phenomenon. However, a same ink may display the colored sheen on a specular support, but not on a matte or porous one. The spectral reflectances plotted in Fig. 6 show that the difference between the reflectance factors in di:8° and de:8° modes observed with the Canon PP-201 glossy paper is not observed with the Canon MP101 matte paper coated with the same in k. This c onfirms the c onclusions of Ref. 7 that bronzing does n ot c ome from scattering effects taking pl ace within the ink itself (e.g. due to pigments). We should rather consider that the interfaces of the ink layer is concerned. On the m atte paper, the air-ink interface is very r ough, and ink-paper interface may be transformed into a gradient of inkpaper mixture as the paper penetrates into the paper substrate.

A second observation speaks in favor of interface effects: the sheen disappears when a layer of clear material is coated on top of the ink, even a simple fingerprint. The di sappearance of t he colored sheen coincides with the replacement of the ink-air interface with the coating-air interface, whose reflectance is almost achromatic. the Canon MP101 matte paper, measured in steps of 10 nm with the X-rite Color i7 spectrophotometer, in Specular Component Included mode (black lines) and Specular Component Excluded mode (grey lines).

A wavelength-dependent refractive i ndex of t he i nks m ay e xplain t he wavelength dependent reflectance of t he i nk-air interface, a ccording to t he F resnel f ormulae. I t i s a lso kn own t hat t he s urface of a s trongly a bsorbing m edium, e .g. a metal, increases with the absorbance of the medium. This is well predicted by the Fresnel formulas based on the complex refractive index of the medium, whose imaginary part is related to the absorption coefficient [START_REF] Born | Principle of Optics, 7th Edition[END_REF] . This first hypothesis will be explored in the Section 3.

Classical r eflectance models for i nked p apers, s uch as t he W illiams-Clapper 8 model a nd t he C lapper-Yule m odel [START_REF] Clapper | The Effect of Multiple Internal Reflections on the Densities of Halftone Prints on Paper[END_REF] , assume t hat t he i nk l ayer a nd t he p rinting s upport have t he s ame r eal o ptical i ndex. This m akes s ense when t he i nk penetrates t he s upport, e ven pa rtially, because t here i s n o i nk-paper i nterface. However, t hese m odels c annot pr edict bronzing effect in the specular direction, unless the wavelength-dependent complex refractive index of the ink is used to compute the reflectance of t he ink-air interface, a s w e pr opose i n S ection 4.2. M ore advanced models, evo cated in Section 4.3, can also be inspired of flux propagation models in multilayers or electromagnetic models for thin films. It is also known that reddish gloss may be observed on a surface with nanometric roughness [START_REF] Ament | Toward a theory of reflection by a rough surface[END_REF][START_REF] Ogilvy | Theory of wave scattering from random rough surfaces[END_REF] under collimated illumination, due to a coherent scattering by the surface whose magnitude decreases with the wavelength of light. It is therefore more pronounced for blue light than for red light. The consequences of this effect are analyzed in Section 5.2.

COMPLEX REFRACTIVE INDEX OF INKS

In the complex refractive index of an absorbing medium, ˆi i i n n i = + κ , the real part n i represents the classical refractive index and the imaginary part, κ i , is the extinction index, related to the absorption coefficient at a given wavelength λ according to 3 :

( ) ( ) 4 / α λ = πκ λ λ (5)

Fresnel formulas

The Fresnel reflectance at normal incidence of the interface between the absorbing medium and a clear medium with real index n c is given by:

( ) ( ) 2 2 2 2 i c i ic i c i n n r n n - + κ = + + κ (6) 
Numerical evaluation would show that the reflectance of the interface increases as the extinction coefficient κ i increases [START_REF] Hébert | Fundamentals of optics a nd radiometry for c olor r eproduction[END_REF] . At oblique incidence of angle θ, the Fresnel reflectance for unpolarized light is given by

( ) ( ) ( ) ( ) ( ) 2 2 2 2 cos sin tan 1 1 2 cos sin tan ic a z a z a z a z r a z a z a z a z     + - θ + - + -θ θ + -     θ = +     + + θ + - + + θ θ + -         (7) with ( ) ( ) 2 2 1 2 2 / / sin i c i c z n n n   = -κ - θ   and 2 2 2 κ i i a z n = +
.

Parameters n i , κ i , and therefore α and ( ) ic r θ are generally functions of wavelength.

Obtaining the complex refractive index of inks

The usual technique to measure refractive indices is ellipsometry [START_REF] Azzam | Ellipsometry and polarized light[END_REF] . However, this technique requires very flat surfaces, and the inked surfaces are too rough to use it. Alternatively, we can print the ink on a transparency film and deduce the ink's refractive index from the s pectral reflectances a nd transmittances of t he p rinted film, by using a f lux transfer model. The model relies on spectral fluxes, therefore on incoherent light. Interferences are therefore ignored. It takes into account the reflections and transmission of light by the interfaces, and the transmissions through the ink layer and the film layer [START_REF] Hébert | Two-flux a nd m ulti-flux matrix models fo r c olored s urfaces[END_REF] .

We f irst need to de termine the refractive i ndex and the internal t ransmittance o f t he f ilm. S ince i t is ve ry weakly absorbing, we can assume that it has a real refractive index n f and an internal transmittance t f (λ). Its total transmittance at normal incidence is given by Ref. 14, p. 30:

( ) ( ) 2 4 4 2 16 1 1 f f f f f f n t T n n t = + -- (8) 
and its reflectance at normal incidence is given by

( ) ( ) ( ) ( ) ( ) 2 2 2 2 4 4 2 1 1 6 1 1 1 f f f f f f f f f n n n t R n n n t + -- + = - + -- (9) 
There exists only one solution of equations ( 8) and (9) for n f and t f such that n f > 1 and 0 < t f < 1, given by ( )

( ) 2 2 2 1 1 1 2 1 1 1 f f f f f f f f n R T A T A T R A T A t A A   = - - + - + -- +     = + - (10) 
with ( )

2 2 1 2 f f f R T A T - - = (11) 
By measuring the spectral reflectance and the transmittance of the film at normal incidence, we can directly deduce the refractive index n f (λ) and the internal transmittance T f (λ) in each waveband from equations (10) and (11).

The transparency film coated with an ink of complex refractive index ( ) ( ) ( )

ˆi i i n n i λ =
λ + κ λ has a t wo-layer structure, containing three i nterfaces: t he i nk-air interface, t he i nk-film interface and the f ilm air interface, w hose r espective reflectances at normal incidence are ( ) ( )

2 2 0 2 2 1 1 i i i i i n r n - + κ = + + κ ; ( ) ( ) 2 2 2 2 i f i if i f i n n r n n - + κ = + + κ and ( ) ( ) 2 0 2 1 1 f i f n r n - = + (12) 
The internal transmittance of the film is known, and the one of the ink layer depends on the extinction index κ i according to (5) and Beer's law 14 :

4 i h h i t e e -π κ λ -α = = ( 13 
)
where h is the thickness of the ink layer.

Reflectance and transmittance expr essions for the coated film can be obtained by describing the multiple reflections and transmissions of l ight between the t wo l ayers an d three interfaces. The transfer matrix model detailed in Ref. 13 eases considerably the computations. The obtained expressions for the reflectance R of the coated film on the inked face, the reflectance R' on the non-inked face, and the transmittance T at normal incidence are respectively expressed as:

( ) ( ) (
)

2 2 2 0 0 0 2 2 2 2 0 0 0 0 1 1 2 1 1 2 i if f if f i i i if i if f f i f if f i r r r r t t r r r t r r t r t t R r r   - + -   + - - - - = (14) 
( ) ( ) (
)

2 2 2 0 0 0 2 2 2 2 0 0 0 0 1 1 2 1 1 2 
f if i if i f f i if i if f f i f if f i r r r r t t r r r t r r t r r r t t R   ′ - + -   + - - - = - (15) and ( )( )( ) ( 
)

0 0 2 2 2 2 0 0 0 0 1 1 1 1 1 2 i ik f f i i if i if f f i f if f i r r r t t r r t r r t r r r T t t - - - - - - - = (16) 
In e quations ( 14), ( 15) and ( 16), 0i r , ik r , a nd i t depend o n n i and κ i . We ca n de duce t hem numerically, f or each wavelength, from the measured reflectance R and transmittance T of the coated film. Fig. 7 shows t he obtained spectral values for t he Canon PGI-9C (cyan), PGI-9M (magenta) and PGI-9Y (yellow) inks deposited with the Canon Pixma Pro9500 inkjet printer, as well as for the black BIC Cristal ballpoint pen ink. The ink layer thickness was assumed to be 1 µm for each ink. The spectral measurements where performed in steps of 5 nm by using t he P erking-Elmer L ambda 900 spectrophotometer, b ased on th e 0°:diffuse g eometry in b oth r eflection a nd transmission. This geometry is particularly suitable because an integrating sphere collects all the reflected or transmitted flux, therefore includes the scattered flux the interfaces are slightly rough, or the material slight scattering. Omitting the scattered flux in the measurement would provide lower reflectance and transmittance for the inked film, thus yield lower refractive index n and higher extinction coefficient κ of the media. Moreover, this spectrophotometer has a good signalto-noise ratio, which is recommended to m easure the spectral transmittance of t he inked film when the ink is strongly absorbing. Lastly, ve ry c oherent l ight may produce i nterferences v isible i n s pectra measured in s teps of 1 nm ( see Section 4. 3). Larger bandwidth i s therefore pr eferable i n order t o pr event oscillated spectra and increase t he signal-tonoise ratio.

As expected and confirmed by the highest values of the extinction coefficient κ(λ), the cyan ink mainly absorbs the red light (600-750 nm), the magenta ink the green light (530-580 nm) and the yellow ink the blue light (below 500 nm). The real r efractive i ndices a re cl early wavelength-dependent. We can notice t hat t he real i ndex is a lso h igher i n these absorptions bands. However, the peak observed around 510 nm in the n i (λ) curve for the yellow ink is an artifact due to the fluorescence of the ink: the gain in reflectance and transmittance measured on the inked film due to fluorescence are interpreted by the model as a gain in reflectance of the ink-air interface and a loss of transmittance of the ink layer, and therefore ha s a higher re al index of th e in k and a l ower ext inction co efficient. The b lack Bic C ristal i nk i s v ery absorbing, almost opaque, in the visible spectrum. It is not surprising to obtain high extinction index values. We ca n however notice a slightly l ower a bsorbance i n the short wavelength domain explaining the b lue t int o bserved in the picture of Fig. 2.1 where a thin layer of ink is coated on white paper. In contrast, the ink is almost transparent in the near infrared, beyond 700 nm, as indicated by the very low extinction index values in the wavelength domain.

This method to compute the refractive indices is very sensible to the measurement conditions, i.e., geometry and noise. Since t he m odel i gnores eve ntual s cattering by t he i nks a nd interferences by t he i nk layers, s ome er rors m ay be introduced, a nd a s pecific study would be n ecessary t o a nalyze t he consequences of t hese errors o n the pr ediction accuracy of the bronzing effect. The ink thickness must also be estimated. In our experiments, we considered thicknesses of 1 nm. We could also use the oscillations due to interferences 3 observed in the spectra measured in steps of 1 nm (see Section 4.3).

REVIEWING THE REFLECTANCE MODELS FOR INKED PAPER

One cl assical reflectance m odel f or i nked pa pers i s t he Cl apper-Yule m odel [START_REF] Clapper | The Effect of Multiple Internal Reflections on the Densities of Halftone Prints on Paper[END_REF] . T he o riginal model was de veloped for halftone colors, but it also applies with solid ink layers by considering a unit surface coverage of the ink. The interest of the mo del is that it e xplicitly take s i nto account t he reflections a nd transmissions o f lig ht b y th e i nk-air i nterface, according to the illumination and observation angles. It assumes that the ink and the support have the same real refractive index; the ink-support interface is therefore optically neutral. The refractive index of the ink and the support is assumed to be a c onstant ove r t he vi sible s pectrum of l ight, t ypically a round 1.5. Be cause of this, t he model predicts a n achromatic s pecular reflectance f or t he i nk-air i nterface. B y i ntroducing the co mplex refractive i ndex, we pr opose a correction permitting to predict the colored gloss component.

The Clapper-Yule model

The C lapper-Yule mo del is a c lassical reflectance m odel f or halftone pr ints w hich e nables t o pr edict the s pectral reflectance of an inked paper knowing the internal reflectance of the paper and the internal transmittance of the ink layer. The reflections and transmissions of light at the print-air interface a re explicitly t aken into a ccount. Assuming that the support has an internal reflectance ( ) g r λ and the ink layer an internal transmittance ( ) t λ , the reflectance factor in the normal direction of a paper wholly covered by ink, is expressed according to the Clapper-Yule model as:

( ) ( ) ( ) ( ) ( ) 2 2 1 in ex g s i g T T r t R r r r t λ - λ + λ λ = λ ( 17 
)
where t he t erms in T , ex T , s r and i r denote t he reflectance a nd transmittance of t he i nk-air int erface, derived from the Fresnel formulae for unpolarized light according to the lighting and the measuring geometries. The term r s corresponds to the specular reflectance of the ink-air interface (it is zero if the specular reflection is not captured by the detector). The fraction in Eq. ( 17) corresponds to the diffuse reflectance of the inked surface.

In the specular direction, s r is given by:

1 1 i s i n r n   - =   +   ( 18 
)
in T is the transmittance for incoming light; for diffuse incident light, the transmittance is obtained by integrating over the hemisphere the Fresnel angular transmittance T 0i of the interface at the air side

( ) 0 /2 0 sin 2 n i i T T d π θ= = θ θ θ ∫ ( 19 
)
T ex is the ratio of radiances before and after crossing the ink-air interface. For an observation in the normal of the print, we have:

2 2 1 1 1 1 i ex i i n T n n     -   = -  +      
where the term 2 1/ i n is a consequence of the refraction across the interface on the geometrical extent in which flows the exiting radiance [START_REF] Hébert | Classical Print Reflection Models: A Radiometric Approach[END_REF] . Finally, i r is the reflectance of the interface at the ink side for the light diffused by the support [START_REF] Judd | Fresnel reflection of diffusely incident light[END_REF] :

( ) 0 /2 0 sin 2 i i r R d π θ= = θ θ θ ∫
where R i0 is the Fresnel angular reflectance of the ink-air interface at the ink side.

By m easuring the s pectral reflectance factor ( ) w R λ of t he unp rinted s upport, o ne obtains from ( 17) with t = 0 the internal reflectance of the diffusing support:

( ) ( ) ( ) ( ) w s g in ex i w s R r r T T r R r λ - λ = + λ - (20) 
Then, by m easuring the s pectral reflectance factors ( ) i R λ of t he s olid colorant p atches expr essed by E q. (17), on e deduces the intrinsic spectral reflectance of the substrate:

( ) ( ) ( ) ( ) ( ) i s i g in ex i i s R r t r T T r R r λ - λ =   λ + λ -   (21) 
Through the Fresnel terms in T , ex T , s r and i r , the refractive i ndex of the pr inting materials i s present in all equa tions above. Since t he cl assical C lapper-Yule model assumes that this index is r eal, around 1.5, it c annot predict a colored gloss. We thus propose a basic correction, before evocating more complex models which should be developed and tested.

Basic correction of the Clapper-Yule model including the colored gloss effect

In order to account for the colored gloss component in the Clapper-Yule model, we pr opose a first simple correction, by modifying only the specular reflectance r s while keeping the diffuse reflectance represented by the fraction in Eq. (17). Instead of calculating r s with a r eal index 1.5 according to Eq. ( 18), we calculate i t from Eq. ( 12) with t he complex refractive index obtained in Section 3.2; we also introduce the γ factor defined by Eq. ( 4) according to the illumination solid angle. The corrected Clapper-Yule equation, in the specular direction, is written:

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 2 2 2 2 2 2 1 1 1 i i in ex g i g i i n T T r t R r r t n - λ + κ λ     = γ + - + λ + κ λ   λ  λ λ  λ λ ( 22 
)
where the ink transmittance t, the paper intrinsic transmittance r g as well as the constants T in , T ex , and r i have the same meaning as in the classical Clapper-Yule model, and are obtained in the same way.

We tested the cl assical and corrected Clapper-Yule equa tions with the P P-201 glossy pa per coated with Canon PGI -9 cyan or magenta inks. The considered geometry is the di:8° ge ometry (γ = 1). The measured reflectance a nd the ones predicted by Eqs. ( 17) and ( 22) are plotted in Fig. 8. In order to assess the deviation between the predicted and measured spectra in respect t o t he human vision, we us e t he CIELAB ΔE94 color di stance metric c omputed by c onverting both spectra i nto CIE-XYZ tristimulus values calculated with a D65 illuminant for the 2° standard observer, and then into CIELAB color coordinates using as white reference the spectral reflectance of the unprinted paper illuminated with the D65 illuminant. For the cyan and magenta inks, the ΔE94 values obtained with the correction were respectively 0.70 and 0.68 u nit, w hereas those ob tained w ith the c lassical e quation were 1. 10 and 1 .58 u nit. The corrected e quation thus improves the prediction accuracy of the Clapper-Yule model. However, we are in the case where the bronzing effect is the weakest because the γ factor is the lowest. Under a collimated illumination, the factor γ is much higher than 1. The i nked surface r eflects t owards t he de tector a much higher radiance than a perfect diffuser does. This is an issue for accurate measurement of the reflectance factor in respect t o the white di ffuser. Instead, we defined the reflectance factor in respect t o the un printed glossy pa per, whose reflectance i s co mparable t o t he reflectance w ith ink ( actually, i t i s s lightly l ower, therefore t he reflectance f actor is higher than one in some spectral domains). The measured and predicted spectra are shown in Fig. 9.

Fig. 9. The spectral reflectance factors of a photo paper coated with cyan ink measured in 45°:45° geometry is compared to the predicted spectral reflectance of the air-ink interface, computed from the complex refractive index of the ink.

For the prediction, since the diffuse reflectance component is much smaller than the specular one, we considered only the specular reflectance of t he i nk-air int erface, computed with the complex refractive i ndex of t he cyan ink and with a γ value of 13 fitted in order to ob tain t he best a greement with the m easured reflectance factor. T he s pectral reflectance factor is rather well matched, despite a strong deviation in the short wavelengths. This deviation is mainly responsible for the high ΔE94 value of 4.35 computed between the measured and predicted spectra. Adding t he v ery s mall di ffuse component makes almost n o changing. Possible r easons for this poor pr ediction in the blue part of the spectrum are 1) some imprecision in the measurement (the power of the used halogen lamp was low in the short wavelengths), 2) some imprecision in the refractive index of the inks, either due to the measurements or the model used to calculate it, which would be emphasized by the high factor γ, or 3) the demonstration that the proposed model is too simplistic to account for all the optical phenomena occurring under collimated light: weshow in Section 5.2 that the nanometric roughness of the air-ink interface can yield comparable attenuation of the gloss in the short wavelength domain.

Advanced models

The basic correction of the Clapper-Yule model presented in the previous section concerns only the specular reflectance of the air-ink interface. Rigorously, one should also compute the parameters T in , T ex , and r i from this complex refractive index, w hich w ould therefore becomes wavelength-dependent. Moreover, w hen the ink-support i nterface ph ysically exists, i.e. t he ink has no po ssibility to penetrate t he s upport, reflections a nd t ransmissions o f lig ht b y it s hould be explicitly taken into account. The multilayer structure of the inked support is similar to the one considered in Section 3.2 for the inked transparency film, except that the support is diffusing and scatters light in every direction. The extension of the W illiams-Clapper m odel proposed i n Re f. 17, ext ended to complex refractive i ndices, s hould apply. Similar extension of the Clapper-Yule model is possible by simply ignoring the orientation of light in the ink layer (the Clapper-Yule model being a non-orientational model in contrast with the Williams-Clapper model that is orientational [START_REF] Hébert | Deducing ink-transmittance spectra from reflectance and transmittance measurements of prints[END_REF] ).

It is also possible that the ink layer is in the order of magnitude of the temporal coherence length of light. In this case, interferences c ould be observed through o scillations i n t he r eflectance s pectrum o f t he s ample, es pecially un der collimated illumination. The spectral reflectance of the cyan ink printed on the photo paper, measured in steps of 1 nm in the 45°:45° ge ometry, contains t hese o scillations b eyond 6 00 nm (F ig. 10). I n o rder t o pr edict t hese i nterferences, a model ba sed on the thin film theory [START_REF] Centurioni | Generalized matrix method for c alculation o f in ternal l ight e nergy flux i n mixed coherent a nd incoherent multilayers[END_REF] is necessary: the r eflectance an d transmittance of t he ink layer and its bordering interfaces should be first computed for coherent waves, then integrated over the range of phase angles between waves in order to obtain the reflectance and transmittance for the incoherent fluxes issued from the light source and the diffusing substrate. However, a s far a s we could see i n our experiments, interferences mainly c oncern red an d infrared light and the s pectral o scillations have ra ther s mall period. A human o bserver co uld not s ee an y c olor d ifference b etween t he spectra with and without these oscillations. Therefore, a thin film model does not seem mandatory t o achieve accurate color prediction with the ink thicknesses usually encountered in ink-based printing.

Fig. 10. The spectral reflectance factor of cyan ink printed on glossy paper displays typical oscillations of interferences beyond 600 nm when measured in steps of 1 nm, whereas they were not visible in the spectral reflectances of the same sample, measured in the same geometry but in steps of 10 nm, plotted in Figs. 4.a and 5.a. The amplitude of the oscillations increases with the wavelength, which indicates that the degree of coherence of light also increases with the wavelength.

INFLUENCE OF THE SURFACE ROUGHNESS OF THE INKS

The roughness of the air-ink interface m ay ha ve a significant effect on the perception of bronzing, and on the possible errors i t i ntroduces i n t he cl assical reflectance pr ediction models f or pr inted surfaces. S ome c olored gloss m ay be captured by t he de tector e ven w hen the m easuring geometry s hould discard t he s pecularly r eflected light. T his is especially an issue with the diffuse:8° geometry in specular component excluded mode, often used in printing research and applications. The amount of colored gloss that is captured is difficult to estimate, and it may degrade the precision of the s pectral reflectances us ed to c alibrate the p rediction models. F urthermore, it i s k nown t hat roughness a t the nanometric s cale pr oduces r eddish s pecular reflection un der co llimated illumination, b ecause of e lectromagnetic scattering. This phonemenon, first considered as the main cause of the bronzing effect, was also investigated.

Micrometric roughness

Predicting the light scattering by a rough surface whose roughness dimension is larger than the wavelength is rather well known. We can use the C ook-Torrance m icrofacet m odel [START_REF] Cook | A Reflectance Model for Computer Graphics[END_REF] , combined with S mith's s tatistical mo del [START_REF] Smith | Geometrical shadowing of a random rough surface[END_REF] 
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r θ ϕ θ ϕ λ denotes the angle-and wavelength-dependent r eflectance of t he r ough i nterface for t he considered illumination direction ( )

, i i
θ ϕ and observation direction ( ) , r r θ ϕ . Its spectral power distribution comes from the Fresnel reflectance included in the Cook-Torrance model, which is computed from the spectral refractive index of the ink. Thi s spectral po wer di stribution does not vary s ignificantly ac cording to t he angle. I n contrast, t he nanometric roughness is also responsible for light scattering but with a wavelength-dependent strength (stronger for the blue light).

A light scattering model is pr obably unn ecessary f or m ost a pplications in color reproduction, but it might be useful to estimate t he a mount of c olored gloss t hat i s c aptured by t he de tector, t herefore t he e rror introduced in the ca libration measurements of reflectance prediction models for printed surfaces.

Nanometric roughness

Measurements with an atomic force microscope were carried out on a f ilm printed with cyan ink in order to study the roughness of the ink-air interface at the nanometric scale and its impact on the specular reflectance of the inked film. Fig. 11 shows the 2D and 1D roughness profile of the ink surface. This roughness pr ofile was t hen used to predict the reflection of el ectromagnetic w aves of frequencies covering the visible s pectrum o n the in ked film. Two pr ediction models w ere us ed: t he f inite e lement method (FEM) [START_REF] Hugonin | Hybridization of electromagnetic numerical methods through the G-matrix algorithm[END_REF] , and the rigorous coupled-wave analysis method (RCWA) extended to non-binary and non-periodical roughness pattern [START_REF] Hugonin | Perfectly matched layers as nonlinear coordinate transforms: a generalized formalization[END_REF][START_REF] Moharam | Formulation f or s table a nd efficient implementation o f th e r igorous c oupled-wave a nalysis of binary gr atings[END_REF] . The 45°:45° geometry was considered. Since this angle is very close to the Brewster angle, the TM polarization component is almost not reflected and only the reflection of the TE polarization component was predicted. The refractive indices of the ink and of th e film are t he ones pl otted in Fig. 7. With b oth m odels, t wo pr edictions were pe rformed by c onsidering either a flat ink-air interface (in this case, the model is equivalent to a thin film model with flat interfaces), of a rough ink-air interface. The four predicted spectra are plotted in Fig. 12. For a flat surface, the FEM and RCWA models predict almost ide ntical spectra. For a r ough surface, with the same roughness p rofile, the t wo m odels pr edict very similar spectra differing only by a constant scaling factor.

In order to compare the spectral reflectance distribution predicted by these models and the measured one, we measured the spectral reflectance factor of the inked film by illuminating it at 45° with collimated light from a halogen source and placing an Ocean Optics USB2000 spectrophotometer in the specular direction. Since the perfectness of the collimation of light is d ifficult to as sess, the γ factor defined in Section 2.2, thereby the scale of the measured spectrum, is undetermined. We t herefore pl otted it twice with two different scales, fitted in order to match the prediction obtained with a flat surface on the one hand (grey line), and the prediction obtained with a rough surface on the other hand (black line).

Between 500 and 700 nm, for both flat and rough surfaces, the matching between predicted and measured spectra is not perfect but good enough to consider that the modelization approach is correct. The strong deviations observed beyond 700 nm remains unexplained, but they might have a rather weak impact on color since the color matching functions are low in this spectral domain. A strong deviation is also observed below 500 nm with the flat surface models, similar to the deviation that was noticed in Fig. 9 with th e inked glossy paper. It is interesting to see that with the rough surface, the deviation i n this s pectral do main is s maller, and c oncentrated a round 500 nm. As expe cted after A ment [START_REF] Ament | Toward a theory of reflection by a rough surface[END_REF] , the thin roughness tends to attenuate the very-specular r eflectance, due t o wave s cattering, by a factor of t he form (

) [START_REF] Wildeman | Specular colors[END_REF] 1 / p -λ where p is a constant related to the refractive index of the ink and the roughness. The attenuation is therefore stronger for the short wavelengths that the long wavelength. Fig. 12. Spectral reflectance factor of a transparency film coated with cyan ink, predicted according to the Finite Element Method (solid lines) and the Rigorous Coupled-Wave Analysis method (dots), for a 45°:45° geometry, by considering either a flat (red lines or dots) or a rough (blue lines or dots) air-ink interface. The measured reflectance (black and grey lines) is duplicated and rescaled in order to obtain the best matching with the predicted spectra for the two types of interfaces.

CONCLUSIONS

This work is a first exploration of bronzing, or gloss differential. Although not complete, it draws the main characteristic of th e ph enomenon: i ts s pectral po wer di stribution, and its mag nitude depending on t he illumination geometry. O ur experiments tend to show that it relies on the effect of the spectral variation of the complex refractive index of the ink on the reflectance of the i nk-air i nterface. By r eplacing i n t he Clapper-Yule m odel t he s pecular reflectance component usually pr edicted by a ssuming a real, wavelength-independent refractive i ndex of i nk with t he one pr edicted with the spectral complex refractive index, we improve its capacity of predicting the specular reflectance of an inked glossy paper in t he diffuse:8° ge ometry. For collimated light, o ur results a re le ss s atisfying because th e measurements are more imprecise a nd the b ronzing effect i s e mphasized. T he el ectromagnetic mo dels t hat w e te sted despite the h eavy computational effort they n eed, are interesting because t hey ca n predict the at tenuation of t he short wavelengths in the specular direction. Other models can be also developed on the bases of multilayer and thin film theories, hoping that the prediction ac curacy is imp roved with a s till ac ceptable model co mplexity. W ith a deeper comprehension of t he phenomenon, we m ight expe ct t hat s pectral reflectance pr ediction model will be i mproved, es pecially o n t he s pecific question of overprinting which is still a challenging subject for scientist in the color reproduction domain.
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 12 Fig.1. Picture of a patch of cyan inkjet ink printed on a glossy paper with specular reflection of the white source. On the inked area, the specularly reflected light exhibits a pinkish sheen.

Fig. 3 .

 3 Fig. 3. Spectral reflectance and transmittance factors of a clear film coated with (a) cyan inkjet ink, (b) blue ballpoint pen ink, and (c) black ballpoint pen ink. The spectral reflectance factors are measured in the 45°:45° geometry on the inked and non-inked faces of the film. The spectral transmittances are measured in the normal direction of the film.

Fig. 4 .

 4 Fig. 4. Spectral reflectance factors of (a) cyan inkjet ink and (b) black ballpoint pen ink on glossy white paper, measured in steps of 10 nm in a 45°:45° geometry (black lines) or a 35°:45° geometry grey lines.

Fig. 5 .

 5 Fig. 5. Spectral reflectance factors of cyan ink coated on (a) glossy white paper and (b) a transparency film, measured in steps of 10 nm in either a de:8° geometry, a di:8° geometry, or a 45°:45° geometry.

Fig. 6 .

 6 Fig. 6. Spectral reflectance factors of cyan ink solid layer printed on (a) the Canon PP-201 Photo Plus glossy paper and (b)the Canon MP101 matte paper, measured in steps of 10 nm with the X-rite Color i7 spectrophotometer, in Specular Component Included mode (black lines) and Specular Component Excluded mode (grey lines).

Fig. 7 .

 7 Fig. 7. Real part (left) and imaginary part (right) of the refractive index of inks as a function of wavelength.

Fig. 8 .

 8 Fig. 8. Spectral reflectance factors of the PP-201 photo paper coated with cyan (left) and magenta (right) inks measured in diffuse:8° geometry with specular component included, and predicted with the classical and corrected Clapper-Yule equations.

Fig. 11 .

 11 Fig. 11. 2D and 1D profiles of the cyan ink surface printed on a transparency film, measured by AFM.

  in o rder t o account for the shadowing and masking of light at oblique incidence and oblique observation. Both models rely on the same r oughness parameter: the s tandard de viation o f t he s urface's local s lope. I n a p review study, we pr oposed an extension of the Clapper-Yule model for rough printing supports, based on these models[START_REF] Hébert | Fundamentals of optics a nd radiometry for c olor r eproduction[END_REF] . As in the classical Clapper-Yule model, we considered a real refractive index for the printing materials. It was shown that the surface roughness as a significant e ffect on t he s pecular reflectance r s , b ut no t o n t he o ther p arameters T in , T ex and r i . T herefore, i n f irst approximation, w e ca n restrict t he use of t he s cattering model for t he co mputation of the s pecular reflectance. T he Fresnel reflectance of t he i nk, included into t he C ook-Torrance mo del, is o bviously c alculated with the c omplex refractive index of the ink. This provides a second correction of the Clapper-Yule equation
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