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Preface

F or the fourth time Gjø vik Univ ersit y College and The Norw egian Color Researc h Lab oratory

organises an in ternational symp osium on colour imaging. Gjø vik Color Imaging Symp osium 2007

tak es place June 14&15, 2007, at Gjø vik Univ ersit y College in Gjø vik, Norw a y .

In these pro ceedings y ou will �nd short abstracts of the in vited and k eynote presen tations,

as w ell as extended abstract for the submitted con tributions. F or more information ab out the

conference, please refer to h ttp://www.colorlab.no/.

Gjø vik, June 2007

Prof. Jon Y. Hardeb erg, Conference Chair
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Spatial Color Vision

A. Rizzi

Dip. di T ecnologie dell'Informazione, Univ ersità degli Studi di Milano, rizzi@dti.unimi.it

J. J. McCann

McCann Imaging, mccanns@tiac.net

Human vision has remark able image pro cessing p o w er. It captures information o v er a v ery wide

dynamic range of ligh t in tensities and sp ectral distributions. Unlik e �lms and electronic sensors,

visual app earances are nearly constan t, despite widely v ariable input stim uli. Computer algo-

rithms mimic vision b y resp onding to the image con ten t, as w ell as to the radiometric prop erties

of individual pixels. The spatial analysis of images is the basis of app earance constancy , with

b oth c hanges in sp ectral con ten t and the lev el of ligh t.

T o da y , there is a gro wing family of algorithms that treat/mo dify/enhance color information

in its visual con text, also kno wn as Sp atial Color metho ds (e.g. Retinex [1 ], A CE [2], or RSR [3]).

These mo dels are resp onsiv e to image con ten t as w ell as to pixel statistics. They pro duce results

that, due to a c hanging spatial con�guration, can ha v e a non-unique relationship with the

ph ysical input. F or this reason, they cannot b e describ ed using con v olution �lters and since

their b eha vior c hanges according to the image con ten t, their impulsiv e resp onse is not �xed.

They all share the idea of recomputing color of eac h pixel through the spatial distribution

of v alues in the image, but a lot of di�erences arise according to their purp ose. F rom this p oin t

of view, Sp atial Color A lgorithms (SCA) can b e led b y mainly three di�eren t goals:

� A ccurately mo del the h uman vision system (HVS) predicting color app earance, [SCA-HVS

Mo del]

� Aim to enhance images in the direction of h uman visual app earance, [SCA-Rendering]

� A ttempt to calculate the actual re�ectance of an ob ject from the radiance (re�ectance �
illumination). [SCA-Re�ectance]

Since SCAs can ha v e three distinct goals, three di�eren t kind of outcomes are exp ected, and

three di�eren t measures of p erformance are required.

Judging these mo dels' p erformance is a c hallenging task and is still an op en problem. T w o

main v ariables a�ect the �nal result of these algorithms: their parameters and the visual c har-

acteristics of the image they pro cess. The term visual c haracteristics refers not only to the

image's digital pixel v alues, (e.g. calibration of pixel v alue, the measured dynamic range of the

scene, the measured dynamic range of the digital image), but also to the spatial distribution of

these digital pixel v alues in the image. This pap er discusses the visual con�gurations in whic h

a Spatial Color metho ds sho w in teresting, or critical b eha vior. W e surv ey the more signi�can t

Spatial Color con�gurations including color constancy and con trast. The discussion presen ts the

strengths and w eaknesses of di�eren t algorithms, hop efully allo wing a deep er understanding of

their b eha vior and stim ulating discussions ab out the searc h for a common judging ground.

References

[1] J. J. McCann, �Blac k Capturing a blac k cat in shade: past and presen t of Retinex color

app earance mo dels�, Journal of Electronic Imaging, 13 , 36-47, 2004.

[2] A. Rizzi, C. Gatta, D. Marini, �A New Algorithm for Unsup ervised Global and Lo cal Color

Correction�, P attern Recognition Letters, 24 (11), pp. 1663-1677, July 2003.
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[3] E. Pro v enzi, M. Fierro, A. Rizzi, L. De Carli, D. Gadia, D. Marini, �Random Spra y Retinex:

a new Retinex implemen tation to in v estigate the lo cal prop erties of the mo del� IEEE T rans-

actions on Image Pro cessing, V ol. 16 , Issue 1, pp. 162-171, Jan uary 2007.

Biograph y

Alessandro Rizzi to ok the degree in Computer Science at Univ ersit y of Milano and receiv ed a

PhD in Information Engineering at Univ ersit y of Brescia (Italy). He taugh t Information Systems

and Computer Graphics at Univ ersit y of Brescia and at P olitecnico di Milano. No w he is assistan t

professor, teac hing Multimedia and Human-Computer In teraction, and senior researc h fello w at

the Departmen t of Information T ec hnologies at Univ ersit y of Milano. Since 1990 he is researc hing

in the �eld of digital imaging and vision. His main researc h topic is the use of color information

in digital images with particular atten tion to color p erception mec hanisms. He is the co ordinator

of the Italian Color Group.
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Studies on Image Con trol for Better Repro duction in O�set

Emmi Enoksson

The Ro y al Institute of T ec hnology , KTH, Sw eden

This researc h w ork has fo cused on studies of image con trol for b etter repro duction in o�set and

has b een applied practically . This researc h w ork has resulted in a surv ey of color managemen t

kno wledge, a comm unication list concerning ICC pro�les, an educational kit, a prop osal for a

new terminology and a paten t concerning image adaptation. The w ork is divided in to follo wing

three areas:

1) image classi�cation A b etter understanding of image pro cessing can a v oid misunderstand-

ings in the prin t and leading to more satis�ed customers. T o ac hiev e optimal prin t qualit y

for di�eren t images, it is imp ortan t to adapt the prepress settings to the image category .

Images can b e divided in to di�eren t categories dep ending on their image con ten t, k ey in-

formation and tone distribution. T rials ha v e b een carried out in whic h the IT.8 test c hart

has b een adapted to di�eren t image categories. The results of the image adaptation suggest

that an adjustmen t only to lo w-k ey images (dark images) is su�cien t, as ev en normal-k ey

images then sho w a b etter similarit y to the original image. The lo w-k ey image sho w ed

more details in dark areas.

2) color separation T w o studies ha v e b een carried out. The purp ose has b een to in v estigate

the kno wledge lev el in color separation, the use of ICC-pro�les and the understanding of

color managemen t in v arious prin ting houses in Sw eden. This w as done to iden tify and

suggest new applications and suggested actions. These studies indicate that there is a seri-

ous problem in the graphic arts industry . The problem is that there is b oth an insu�cien t

kno wledge of color managemen t and a lac k of comm unication. There is a lac k of comp e-

tence and a lac k of literature and instructions whic h can help prin ters to b etter understand

the tec hnology , and comm unication su�ers through a lac k of a common language.

3) suggested actions and the dev elopmen t of to ols T erminology simpli�cation is crucial

for the users. A new term for separation �Comp ensation b y Blac k�, CB, has b een suggested.

A single term should mak e it easier for the users to understand and use the di�eren t settings

whic h impact the image repro duction. A new to ol/kit for the ev aluation of ICC-pro�les has

b een created. The goal of this educational kit is to facilitate and exemplify the practical

understanding of pro�les and their use for the users.

Biograph y

Emmi Enoksson w orks at the Univ ersit y of Dalarna in Sw eden as the Head of the Graphic Arts

Departmen t, whic h is part of the F acult y of Engineering, with 100 studen ts. The researc h she

is curren tly conducting is part of her do ctorate in image classi�cation and optimized image re-

pro duction at the Media T ec hnology and Graphic Arts, Ro y al Institute of T ec hnology (KTH),

Sto c kholm, Sw eden. Pro jects Emmi is in v olv ed in: redesigning and impro ving the image clas-

si�cation and optimized image repro duction pro cess, examining the pro cess from scanner to

prin ter, and also dev elopmen t of p edagogic to ols for ev aluation of ICC-pro�les. Emmi Enoksson

has w ork ed b oth as a lecturer in image, prin ting, la y out and graphic soft w are at v arious educa-

tional institutions, and also as an image prin ting consultan t for prin ting companies and pap er

mills.
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App earance repro duction for 3D soft pro o�ng, skin colour

repro duction and e-commerce

Norimic hi T sum ura

Graduate Sc ho ol of In tegration Science & Departmen t of Information and Image Sciences,

Chiba Univ ersit y , Japan

1. In tro duction

In the pro cess of pro duct dev elopmen t, an app earance of the pro duct is usually ev aluated b y

directly observing the trial pieces. The shap e of pro ducts can b e ev aluated b y making the mo c k

up or sho wing the computer graphics image. Ho w ev er, it is di�cult to ev aluate the app earance

without making a trial piece, since they are dep enden t on the viewing devices, en vironmen tal

illuminan t. It is said that the ev aluation of app earance b ecome b ottle nec k in the cycle of the

dev elopmen t. Therefore, it is required to predict the app earances for pro duct in v arious indus-

tries. In this review, w e will in tro duce our practical approac hes for app earance repro duction [1 ]

in 3D soft pro o�ng, skin colour repro duction and e-commerce.

2. App earance repro duction for 3D colour pro of system [2]

There are man y kinds of 3D prin ts suc h as b ev erage cans, PET b ottles, snac k pac k ages, and so

on in our life. In the �eld of B to B e-commerce system on designing and mark eting of pro ducts,

it is required to displa y the measured or sim ulated images of the 3D prin ts. Figure 1 sho w the

soft w are to ev aluate app earance of the b ev erage cans. This system made b y DIC Corp oration in

the collab oration with our lab oratory . Ho w ev er, these images tend to b e higher dynamic range

than the luminance range of usual monitor, b ecause the 3D prin ts are made of smo oth materials

suc h as pap ers, plastics, and metals that ha v e sharp and strong sp ecular re�ection. Therefore,

the images of 3D prin ts cannot b e displa y ed without certain image pro cessing for dynamic range

compression.

A ccurate repro duction of con trast gloss and that of color and shading are trade-o� in tone

mapping. F or the accurate repro duction of con trast gloss, it is required to decrease luminance

in non-highligh t area. The resultan t tone mapp ed images tend to b e unsatisfactorily dark ex-

cept highligh t area. On the con trary , it is required to clip luminance in highligh t area in to the

Figure 1: Soft w are to ev aluate app earance of the pro ducts (with DIC Corp oration).
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Figure 2: Rendering high dynamic range image and prop osed tone mapping.

Figure 3: Resultan t image b y con v en tional and prop osed range compression metho ds.

maxim um monitor luminance for the accurate repro duction of color and shading. The resultan t

tone mapp ed images tend to ha v e less con trast gloss than real ob jects.

As is sho wn in Figure 2, w e prop osed to map luminance of di�use re�ection and sp ecular

re�ection in di�eren t w a ys. In Figure 2, the luminance on the virtual CCD on the camera is

calculated in the computer b y using the computer graphics tec hniques. The rendered luminance

image is sho wn b y pseudo color scale in the luminance range of usual monitor. In the prop osed

tone mapping [2], the luminance images for di�use and sp ecular re�ection are separately cal-

culated. It is easy to separate di�use and sp ecular re�ections in rendered Figure 6, since the

rendered image can not b e displa y ed in the con v en tional imaging system. This is b ecause that

the rendered image is exp ected to b e high dynamic range, and the luminance image has higher

dynamic range than luminance images, since the BRDF used in the rendering pro cess is form u-

lated as a sum of b oth re�ections. Rendering using BRDF form ula of di�use (sp ecular) re�ection

giv es images of di�use (sp ecular) re�ection. In the prop osed tone mapping, only the sp ecular

re�ection is mapp ed to the target dynamic range b y con trolling the slop e of sp ecular re�ection

comp onen t as is sho wn in Figure 2.

Figure 3 sho ws the e�ectiv eness of the prop osed metho d. The con v en tional results for (1)non-

linear compression (3) linear compression sho w that color of di�use comp onen ts can not b e

repro duced in these metho d. The con v en tional results for (2) clipping sho w the accurate color

repro duction of di�use comp onen ts, ho w ev er, the relativ e magnitude of glossiness is not pre-

serv ed compared to the real ob ject. The result of prop osed metho d sho ws the accurate color

repro duction of di�use comp onen ts and preserv ation of the relativ e magnitude of glossiness.

13



Figure 4: Image based skin color analysis and syn thesis (with Kao Corp oration).

Figure 5: Skin color syn thesis with the c hange of pigmen tation.

3. App earance repro duction for skin colour repro duction [3 ]

The repro duction of h uman skin color ma y b e considered as the most imp ortan t function of v ari-

ous imaging systems. With the recen t progress of v arious imaging systems, suc h as mobile phones

with CCD cameras, cosmetic advisory systems, and telemedicine systems, the repro duction of

skin color has b ecome increasingly imp ortan t for image comm unication, cosmetic recommen-

dations, medical diagnosis, and so on. W e prop osed an E-cosmetic function for digital images,

based on ph ysics and ph ysiologically-based image pro cessing. In this metho d, the scattering in

the skin is mo delled in a simple linear form in the optical densit y domain, and in v erse optical

scattering is p erformed b y a simple in v erse matrix op eration. Figure 4 sho ws the sc hematic of

�o w in the prop osed image-based skin color and texture analysis/syn thesis. The original image is

separated in to the images of surface and b o dy re�ection based on p olarized illumination, and the

b o dy re�ection image is analyzed b y indep enden t comp onen t analysis with the shading remo v al

to obtain the melanin, hemoglobin, and shading comp onen ts.

Ph ysiologically based image pro cessing could b e applied to the comp onen ts to con trol the

ph ysiologically meaningful c hange of skin. The pro cessed comp onen ts are syn thesized to obtain

the image using E-cosmetic. Figure 5 sho ws the increase or decrease of the comp onen t homo-

geneously . Realistic c hange can b e ac hiev ed b y this metho d. Computer graphics tec hnique can

not b e arc hiv ed to this realistic c hange. This result sho ws the e�ectiv eness of the image-based

approac h using computer vision tec hnique.

4. App earance repro duction for e-commerce [3 ]

It is imp ortan t to repro duce equally p erceptible images across di�eren t displa ys in the In ternet

shopping system. T o solv e the di�erence of color app earance b et w een t w o displa ys, man y studies

ha v e b een done on the device indep enden t color repro duction. Ho w ev er, a little has b een studied

on a device indep enden t repro duction of glossiness of the ob ject.
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Figure 6: Images used to mak e the gloss mo del.

In the e-commerce system, the gloss repro duction is also imp ortan t for customer. W e de-

v elop ed the gloss repro duction system based on a p erception of the h uman vision b y using the

v arious images of glossiness and luminance of displa y . Figure 6 sho w the images used to mo del the

glossiness whic h is the function of luminance of displa y and parameters of BRDF on the ob ject

surface. The approac h is based on the tec hnique prop osed b y F erw erda et. al [4] where glossiness

is mo delled under v arious di�use re�ectance of the ob ject. Psyc hoph ysical scaling tec hnique w as

in tro duced to clarify the relationship b et w een the attribute of h uman gloss p erception and the

ph ysical prop erties of the glossiness of the ob ject in their pap er.

Our dev elop ed mo del for glossiness is as follo ws.

G = 54:7
p

As + 4 :1 � 102p
n + 5 :4

p
I � 76:3 (R2 = 0 :803)

where G is the glossiness v alue obtained b y the sub jectiv e ev aluation to the images sho wn in

Figure 10, I is the sim ulated luminance of displa y in those images. As the parameters for BRDF,

As is the p o w er of sp ecular comp onen ts, n is an index that sim ulate the degree of imp erfection of

a surface in the Phong re�ection mo del. It is noted that the sim ulated luminance I is in tro duced

in to our glossiness mo del.

The dev elop ed glossiness mo del is used for matc hing the gloss on di�eren t devices. As is

written ab o v e, the mo del is written b y parameter for BRDF on the surface and the luminance of

the displa y . The luminance of the displa y ma y b e pre-de�ned in color managemen t system suc h

as sR GB or ICC pro�le, or estimated b y simple sub jectiv e ev aluation on the displa y . Figure 7

sho ws an example of the isogloss curv e, whic h is obtained based on the gloss mo del. By using

this isogloss curv e, glossiness of the ob ject can b e preserv ed in c hanging the luminance of the

displa y .

Figure 8(a), (b) sho ws the images on high luminance displa y and lo w luminance displa y ,

resp ectiv ely . The same data is displa y ed on eac h device, although the app earance of gloss lo oks

di�eren t. Figure 8(c) sho ws the image comp ensated along the isogloss con tour b y k eeping the

luminance in Figure 8(b). By using images along the con tour, w e can pro duce images with same

glossiness on di�eren t displa ys.
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Figure 7: Iso-gloss con tours.

Figure 8: Device indep enden t gloss repro duction based on the iso-gloss con tours.
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4. Conclusion

The case studies for app earance repro duction w ere in tro duced based on the our previous researc h

for 3D color pro of system, image-based skin analysis and syn thesis system, device indep enden t

gloss repro duction system. These case studies sho w ed the e�ectiv eness of app earance repro duc-

tion in the pro duct dev elopmen t. It is noted that this pap er is written based a part of m y review

in Color Researc h and Application [1].
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The resp onse of primate cone-opp onen t cells to ligh t stim ulation

Thorstein Seim and Arne V alb erg

Norw egian Univ ersit y of Science and T ec hnology , Section of Bioph ysics and Medical

T ec hnology , N-7491 T rondheim, Norw a y

Cone-opp onen t cells are found at sev eral lev els of the primate visual system. Of the six main

opp onen t cell t yp es in the retina and lateral geniculate n ucleus (LGN), t w o parv o cellular cell

t yp es (the Incremen t and Decremen t cells; also called ON and OFF cells) are dev oted to the

L-M dimension of cone space while t w o other I- and D-cells deal with the M-L dimension.

T w o other cell t yp es com bine S-cones with a sum of L and M-cones (the bistrati�ed �Blue ON

cells� and the m uc h rarer �Y ello w ON cells�). These six cell t yp es sho w a c haracteristic resp onse

when the retina is exp osed to stim uli of di�eren t w a v elengths and in tensit y (luminance), and

this b eha viour has, for a �xed stim ulus size, b een mo delled b y an opp onen t com bination of

cone signals to retinal ganglion cells. These signals w ere computed b y a linear com bination of

familiar h yp erb olic functions describing the dep endence of cone p oten tials on ligh t in tensit y .

These h yp erb olic functions represen ted the only non-linear stage of the mo del. W e ha v e earlier

demonstrated ho w subtracting the resp onse to ac hromatic stim uli separates out a c hromatic

comp onen t that allo ws for the scaling of c hromatic colour di�erences (V alb erg et al., JOSA, A3,

1726-1734, 1985). Here w e presen t additional data on ho w suc h cells resp ond to stim uli v arying

in w a v elength, luminance, and size. It is sho wn ho w a com bined activit y of `L-M' and `M-L'

t yp es of Incremen t parv o cellular cells largely cancels the c hromatic comp onen t in the resp onse

and ampli�es the resp onse to brigh t ac hromatic stim uli. The same applies to `L-M' and `M-L'

Decremen t cells and dark ac hromatic stim uli. W e also use the exp erimen tal data to determine

spatial sensitivities of the receptiv e �elds of the opp onen t cells. Com bined with area resp onses,

the mo del is used to predict the spatial structure of excitation and inhibition within the receptiv e

�eld. The result is related to the spatial distribution of cone t yp es within the excitatory and

inhibitory areas and a p ossible o v erlap of excitation and inhibition, lik e in the �Mexican hat�

mo del.
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Recen t dev elopmen ts in ICC colour managemen t

Phil Green

London College of Comm unication, p j.green@lcc.arts.ac.uk

Initially conceiv ed as a static �le format to encapsulate colour transforms in a form that is

in terop erable and pro duces consisten t output, the ICC sp eci�cation has recen tly undergone

amendmen t that signi�can tly extends its capabilities.

V ersion 4 of the sp eci�cation w as published some y ears ago, and resolv es some of the earlier

am biguities in the sp eci�cation. Most colour managemen t pro ducts no w ha v e the abilit y to mak e

or use V4 pro�les. Ho w ev er, the most imp ortan t feature of V4 is only recen tly b eginning to b e

realised. In the V2 arc hitecture, input pro�les map to the Pro�le Connection Space (a more or

less un b ounded CIELAB enco ding with D50 illuminan t), and output pro�les map from this PCS

in to the device space. Where the input and output media ha v e di�eren t colour gam uts, some

form of gam ut compression m ust b e applied in this w ork�o w, but neither pro�le kno ws the gam ut

of the other. This results in compromises b eing made whic h can sev erely restrict the gam ut of

the �nal repro duction. While this is not an issue for repro ductions using the colorimetric in ten t,

it leads to a loss of p oten tial qualit y when using the P erceptual rendering in ten t. The P erceptual

Reference Medium Gam ut w as adopted to address this problem b y ha ving a w ell-de�ned colour

gam ut for data in the PCS. W e consider here ho w the PRMG is used in a colour repro duction

w ork�o w, and w e rep ort the dev elopmen t of a pro�le whic h maps b et w een the PRMG and the

sR GB colour spacefor the purp ose of displa y viewing.

The v arious �a v ours of PDF/X ha v e b ecome a ma jor elemen t of graphic arts w ork�o ws. In

the most recen tly adopted v ersion, the trend to w ards the inclusion of references to w ell-de�ned

external resources is con tin ued b y pro viding a mec hanism for referring to resources b y their

URL. One implication of this is that an ICC pro�le sp eci�ed as the OutputIn ten t of a do cumen t

ma y b e giv en as a URL for the pro�le rather than including the pro�le in the do cumen t. This

is exp ected to b e particularly imp ortan t for v ariable data prin ting where it is less practical to

include pro�les for eac h elemen t of a v ariable data stream. The ICC has dev elop ed a Pro�le

Registry where pro�le pro viders can register pro�les based on standard c haracterization data

sets, and whic h can then b e referenced b y a p ermanen t URL based on either the pro�le name

or its pro�leID v alue. The practical application of this in graphic arts w ork�o ws is considered,

together with some re�ection on the requiremen ts of standard c haracterization data.

The ICC sp eci�cation has previously de�ned an enco ding range for CIELAB whic h limits L*

to 100. This is highly approriate to graphic arts w ork�o ws where the reference white is tak en as

a di�use white re�ector. Ho w ev er, there is increasing in terest in colour managemen t in digital

photograph y and the digital motion picture industry , where the scene adopted white ma y ha v e

a luminance w ell b ey ond that of a di�use re�ector. In suc h high dynamic range imaging, the

requiremen t to compress or clip to the PCS enco ding range can cause sev ere limitations on

the pro cessing p ossibilities, including re- purp osing of data across di�eren t media. The recen tly

adopted �oating p oin t prop osal pro vides a signi�can t extension to ICC capabilities b y allo wing

headro om in the the enco ding. This prop osal also incorp orates other imp ortan t extensions,

including the abilit y to use a �oating p oin t enco ding for lo ok-up tables, and the abilit y to add

additional pro cessing elemen ts (b ey ond those already de�ned in the sp eci�cation) in the pro�le.

The use of suc h pro cessing elemen ts b y a pro�le and a CMM mak es it p ossible to generate

dynamic, programmable transforms whic h can handle a m uc h greater range of colour pro cessing

tasks than en visaged in the original ICC arc hitecture.

Microsoft ha v e recen tly released the Vista op erating system whic h incorp orates Windo ws

Color System. Tis represen ts a signi�can t extension to the capabilities of ICM 2, and lik e recen t

ICC dev elopmen ts, p oin ts in the direction of dynamic and programmable colour managemen t.

W CS is fully compatible with ICC V4, and is lik ely to increasingly b e used b y consumers on

Windo ws PCs. W e consider the implications for professional w ork�o ws, suc h as the p ossibilit y
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of in terop erabilit y issues arising with customers supplying w ork with W CS pro�les.
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Inkjet in question: adapting curren t colour and ink tec hnology

for the requiremen ts of the user

Carinna P arraman

Cen tre for Fine Prin t Researc h, Univ ersit y of the W est of England, Bristol, BS3 2JT

Carinna.P arraman@u w e.ac.u k

�It is of inter est that, r e gar d less of the numb er of impr essions, the inks may b e sele cte d

solely on the b asis of their c olor gamut. Their c olors ne e d not b e cyan, magenta, and

yel low; nor is it r e quir e d that they b e tr ansp ar ent. The way is ther efor e op ene d for

entir ely new printing pr o c esses.� [Har dy and W urzbur g 1948]

Abstract

This pap er is an o v erview on the curren t application of inkjet and it's, as to y et considered

unful�lled p oten tial, whic h as a tec hnology , is as rev olutionary as Caxton's prin ting press;

and a presen tation of an approac h to dev elop inkjet from the p ersp ectiv e of the user. The

pap er considers the impact of tec hnology on the user, and vice v ersa, resp onses to ho w

inkjet tec hnology is b eing adapted. It highligh ts recen t dev elopmen ts in pigmen ted inks and

the in tro duction of new colours b y the three ma jor inkjet companies: Canon, Epson and

HP . Ho w ev er the in tro duction of new colours migh t ful�l ob jectiv es to expand the prin ted

colour gam ut that is based on a photographic colour repro duction requiremen t, but do es

not address ho w the tec hnology can b e thoroughly dev elop ed as an en tirely no v el colour

prin ting system. Inkjet is in a transitional phase from classic image repro duction to w ards

`creativit y'. The presen tation discusses the implications of the need to c hange metho ds in

mixing inks that mo v es a w a y from existing colour spaces, non in tuitiv e colour mixing to

b esp ok e inks sets, colour mixing approac hes and colour managemen t metho ds that are not

relian t on R GB or CMYK.

Bac kground

The curren t situation is ho w colour managemen t systems, since the early 90s, ha v e transformed

the prin t industry in pro viding colour �delit y and colour consistency , whic h has brough t together

the wide range of prin t industries: newspap er, p oster, �ne art, photograph y , in terior design, tex-

tiles; in to w orking with a ubiquitous colour language. F or industry , this managemen t of colour

has pro vided the commercial prin ter with a streamlined metho d of prin ting from w orkspace to

prin ter to pap er. F urthermore, prin t hardw are and soft w are has also b ecome rationalised. Ho w-

ev er, industry has no w b egun to question what has b een misplaced in exc hange for commercial

exp ediency? The industry has come to realise that although w ork�o w metho ds are vital for com-

mercial gro wth, there is a v ery large and signi�can t other mark et, whic h b elongs to the artists,

designers and users. This researc h is undertak en from the p ersp ectiv e of the artist/designer/user.

Ov er recen t y ears inkjet tec hnology has dev elop ed at a pace, and has ev olv ed as a sophis-

ticated soft w are and hardw are to ol for the repro duction of digital photographic images. As

impro v emen ts con tin ue in inkjet head tec hnology , inks and colour gam ut, th us the gap b et w een

the traditional photographic prin t and the inkjet prin t has narro w ed. Ho w ev er, there is a gro wing

requiremen t for the user to gain access to an inkjet tec hnology that is not necessarily dep enden t

on photographic prin ting, whic h migh t con tain, for example �elds of colour, �ne lines, blends

and text. These requiremen ts could b e gained through alternativ e prin t and colour managemen t

metho ds, suc h as the dev elopmen t of no v el colour sets and mo di�cations to prin t soft w are and

hardw are.

The User

F rustrated b y the hardw are, organisations ha v e b een driv en to desp erate measures. As R. Mac

Holb ert describ ed ho w, at Nash Editions, they in v alidated their w arran t y on their 126,000 dollar
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Iris (3047) prin ter b y sa wing o� and raising the prin t heads to prin t on thic k er pap er (History of

Nash Editions p.29). Or at the Cen tre for Fine Prin t Researc h Univ ersit y of the W est of England

(UWE) Bristol, w e rewired the switc hes to isolate the pap er path mec hanism so that (thic k er)

pap ers could b e accurately registered and reregistered for o v erprin ting to increase the densit y of

blac k; and as a matter of course, the need to lift or remo v e the lid from the prin ter in order to

gain a b etter understanding of the inner mec hanisms.

F rom the p ersp ectiv e as a prin ter and prin tmak er, and w orking collab orativ ely with artists, a

common resp onse to ho w a �nal prin ted image is obtained is through `trial and error'

1

. A ccurate

gam ut mapping from monitor to prin t is undermined b y man y unkno wns: b y non white pap er,

textured pap er, large �elds of prin ted colour that migh t p erceptibly c hange according to scale,

sim ultaneous con trast and metamerism. The pro cesses and metho ds to ac hiev e a high qualit y

image, is more often hard w on through progressiv e steps: the need to acquire to ols and skills

to mak e a comp eten t image is one that ev olv es as the user b ecomes more familiar with the

tec hnology .

F urthermore, as a practitioner of �ne prin tmaking, traditional prin tmaking is also used as

b enc hmark for the digital prin ted image, and therefore the �ne art and design sector migh t

ha v e di�eren t parameters for considering the qualit y of the �nished image. An analysis of the

w ork is based on an artist's conception of the w ork and a sub jectiv e assessmen t of prin t surface,

colour and image qualit y , whic h although ma y app ear to b e based on the same criteria as a

repro duction, the impact on the view er is quite di�eren t.

User requiremen ts for impro ving inks

With the emergence of digital imaging tec hnologies in the 1980s so to o w as there a desire to prin t

high qualit y colour images. Whilst Nash Editions recognised that the Iris tec hnology pro duced

b eautiful ric h and dense colour, they also quic kly realised the dy e based inks w ere incredibly

fugitiv e. They found that the early inks, if left in da yligh t for a few hours w ould noticeably fade

(Holb ert, 2007, p.20). Similarly , in 1999, when w e b egan w orking with an Encad No v a jet, these

inks w ere so fugitiv e that when prin ted on commercial coated pap ers, they could fade in a dark

ro om o v ernigh t. As a w a y of addressing this problem, Lyson Inks resp onded to requiremen ts

b y making �ne art inks that w ould enable the user to obtain a compromise b et w een colour

p ermanence and brigh tness of colours, not as y et ac hiev able in pigmen t inks.

The concern for p ermanence ho w ev er motiv ated users, conserv ationists and represen tativ es

from the pap er and pac k aging group to address these problems, whic h ha v e resulted in a series

of ongoing conferences hosted b y the Institute of Ph ysics in London, to assess and debate the

preserv ation and Conserv ation Issues Related to Digital Prin ting and Digital Photograph y (2001

on w ards).

Since 2000, dev elopmen ts in inkjet ink tec hnology has signi�can tly c hanged from when inkjets

used dy e-based colour inks and pigmen t-based blac k, these are still used in the smaller deskjets,

small molecule dy es are used to capitalise on the wider colour gam ut. Ho w ev er the trend is to

mo v e to w ards pigmen t based inks whic h are resistan t to UV and gas fading, and b ecause they

are more complex, break do wn slo w er than dy es. As adv ances are made in inkjet ink tec hnology

their brigh tness has impro v ed, resulting in the ma jorit y of wideformat prin ter man ufacturers

using pigmen t inks. This is ev olv ed as a user demand for arc hiving and colour longevit y , in

terms of in tended application of large prin t w orks: exhibition, displa y and �ne art and p oster

mark et.

F or the medium and wideformat mark et, eigh t-ink sets and t w elv e-ink sets are b ecoming

ubiquitous. Canon's LUCIA Pigmen t Ink T ec hnology con tains t w elv e-colour pigmen ts using red,

blue, green, grey , photo grey , cy an, photo cy an, magen ta, photo magen ta, y ello w, (regular) blac k,

1

In resp onse to a questionnaire giv en to 20 artists as part of a bac kground to an exhibition en titled 20:20 A

do cumen tation of Artists making prin ts. h ttp://amd.u w e.ac.uk/cfpr/index.asp?pageid=1378
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and matte blac k. The VIVERA range of colours in tro duced b y HP through the new Design Jet Z

series includes ligh t grey , grey , matte blac k and photo blac k, magen ta, y ello w, cy an, orange/red,

blue, green, ligh t magen ta, gloss. With the inclusion of green has resulted in the ligh t cy an b eing

redundan t.

F or the blac k and white repro duction, Epson's UltraChrome K3 eigh t-colour set includes t w o

di�eren t blac k ink mo des - photo blac k and matte blac k; Canon di�eren tiates b et w een matte

blac k, regular blac k, grey and photo grey , whic h according to Canon, the com bination of grey and

photo grey enables smo other transitions from ligh t to dark. HP ha v e included four grey/blac ks,

with the addition of a gloss, whic h as part of their media pro�ling managemen t system can b e

switc hed on or o� to enhance densit y or is an automatic comp onen t of gloss pap ers. It can not

b e used for matte pap ers.

Epson UltraChrome K3

TM

ink incorp orates a High-gloss Micro-crystal Encapsulation, whic h

according to Epson literature, eac h pigmen t is coated in a resin, whic h reduces the grouping of

pigmen t particles. This is similar to Hewlett P ac k ard's Viv era Electrosteric Encaplsulation T ec h-

nology or EET; negativ e electrostatic c harges within the resin la y er, whic h coats the pigmen ts

and prev en ts pigmen ts from grouping together or rep els eac h pigmen t particle.

Mixing colour

F or traditional artists w orking in colour, their abilit y to la y er colour on to can v as or pap er with

the ob jectiv e to `imitate nature' through colour, ligh t and dark, and texture is demonstrated

through traditional easel pain ting and prin tmaking. F or the photographer, the pro cess of creating

a coloured photograph, is a v ery di�eren t activit y and requires the mixing of ligh t w a v elengths

to create an image. F urthermore for the digital prin ter, soft w are applications are based on less

in tuitiv e colour metho ds of mixing: red, blue and green (R GB), mixing colours additiv ely or

cy an, magen ta, y ello w and blac k (CMYK) whic h are based on prin ter's pro cess colours. Ho w ev er,

explanations on ho w colours are con v erted, for example, in the digital imaging pip eline are often

confused.

There has seen a shift in the recen t prin ter man ufacturers from CMYK prin ter driv ers to

R GB, this closely mirrors the p erceiv ed driv e to w ards the photographic mark et in main taining

a clear relationship b et w een traditional photographic red, green and blue �lters, monitor colour.

Ho w ev er an y one attempting to mix a colour will quic kly realise that, at least w orking in a CMYK

space a b etter idea can b e obtained b y , for example, mixing 100% Magen ta, with 60% cy an, with

30% blac k will create a purple. Ho w ev er ho w migh t the same colour b e ac hiev ed using R GB?

(Red:72 Green:30 Blue: 86). Both colour-mixing metho ds do not enable a meaningful metho d

of mixing colour.

Ho w migh t inkjet b e dev elop ed?

As a w a y of illustrating ho w inkjet migh t b e mo di�ed, one can dra w up on the tec hnological

parallels of Screenprin t or Serigraph y and ho w this pro cess can b e used as a b enc hmark for

inkjet. Since the adv en t of screenprin t, at its most utilised in the 60s and 70s when photosensitiv e

coatings w ere in tro duced, the artist w as able to com bine text, photomec hanical image and hand

made marks in a highly inno v ativ e w a y . This enabled the artist to o v er-la y er colours, emplo y

ligh t o v er dark, opaque inks and translucen t inks, gloss and matt v arnishes and build up la y ers.

Although the mesh size of the screen reduced the p ossibilit y of high qualit y or con tin uous tone

images, the artist ho w ev er w as able to comp ensate b y emplo ying a v ariet y of means to create

highly saturated colour images through sto c hastic halftoning, m ulti coloured, blended or �at

coloured, m ultila y ered image making and prin ting.

In b oth instances, screenprin t and inkjet ha v e go o d and problematic asp ects to the tec hnol-

ogy . The follo wing list highligh ts these pros and cons:
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Inkjet and screenprin t - pros and cons

Screenprin t: Pros:

� Hands on: pain t mixing b y hand, con trol o v er colours

� Wide range of colours, including basic CMYK

� Can con trol c hronology of colours and la y ers

� Surface top ology and texture, optical qualities � can see `through' la y ers.

� Using translucen t inks increase densit y .

� Mixing inks from a transparen t base and/or mixing colour from an opaque base

Cons:

� Limited resolution, for photomec hanical repro duction, can see the dots, not wholly photo-

graphic or con tin uous tone.

� Requires an understanding of the pro cess ie. viscosit y of ink, squeegie pressure and angle.

� One screen for ev ery colour

� Messy , requires cleaning

Inkjet: Pros :

� Increasingly , a closed lo op system (Photosmart), non exp ert can prin t and obtain qualit y

images

� Colours are en tirely translucen t, can prin t in an y order, colours are designed to mix together

� Colours are highly saturated, pro vide a colour gam ut suitable for photographic repro duc-

tion

� Small and medium sized dots, drop on demand tec hnology , that can pro vide almost con-

tin uous tone resolution

� Incredibly detailed � pro duce a high detail and �ne con tin uous lines � not p ossible b y an y

other pro cess

Cons:

� Limited con trol o v er prin ter and w ork�o w

� Colours limited to photographic repro duction � R GB, CMYK, LAB

� One pass, surface uniform, no surface top ology

� Cannot (easily) mo dify colours,

� No opaque colours, no gloss or matt.

� Cannot separate c hannels

� Exact registration problematic � hit and miss
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Dev eloping inkjet for the `Creativ e'

T o generate an image, the artist could com bine b oth photographic images and �at colours, or

c ho ose just �at or blended rendering. In an y situation the user w ould ha v e a range of c hoices,

and that w ould extend the p oten tial of the inkjet hardw are b ey ond photographic repro duction.

Basic comp onen ts of the inkjet prin ter migh t comprise:

Re registration with �ne tuning (sidew a ys, bac kw ards and forw ards) P ap er thic kness sensor �

heads migh t b e raised or lo w ered to accommo date thic k er pap ers Built in device for pro�ling

Photosmart capabilit y emplo ying existing pigmen t inks `Out of the Can' prin ter colours and

soft w are for mixing, prin ting �at colours and blends, shap es and �ne lines.

Dev eloping the idea of a no v el RIP:

The follo wing metho d of image pro duction w ould apply to the prin ting of �at, blended areas of

colour, with the in ten tion to o v er-la y er colour.

W orking from soft w are suc h as Illustrator or Photoshop, a series of la y ers w ould b e generated

� eac h la y er represen ting a colour - similar to the w a y one w ould w ork as a prin tmak er. These

could b e soft-preview ed with all the coloured la y ers as a comp osite, so as to giv e an indication

of ho w the �nal prin ted image w ould app ear. This w ould b e done b y ICC pro�ling. Exp erimen ts

ha v e already b een undertak en using alternativ e colour ink system.

The dev elopmen t of a colour mixing system:

Using a colour system similar to an `out of the can' approac h � a range of 9 basic colours, ie.

blue shade red; y ello w shade red; red shade blue; green shade blue; green shade y ello w; red shade

y ello w; blac k; opaque white; translucen t white/gloss extender; that can b e used at an y p ercen t

(1-100%) to pro duce a range of h ues, shades and tin ts.

Conclusion

Ov er the last ten y ears the impact, the ev olution and the relationship with emerging digital

prin t tec hnologies has b een one of grappling with a hardw are and soft w are that, as y et, has not

ac hiev ed its true p oten tial: the inkjet prin t is still ev olving.
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Katrin F rank e
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There is no unique w a y to extend the concepts of gra y-scale morphology to color images. Di�eren t

viewp oin ts ha v e led so far to the prop osal of a n um b er of useful op erations for the pro cessing

of color images. Among these viewp oin ts w e can �nd the linear w eigh ted, or scalar, approac hes,

where v c is mapp ed on to P b y a scalar function that is monotone in eac h argumen t. Then,

standard gra y-scale morphology can b e applied to suc h transformed images IP . A t ypical c hoice

in the R GB color space is the sum of the R, G and B in tensities. Then, the color dilation just

reads as selecting criteria the color v alue with the largest sum from eac h pixel's neigh b orho o d.

More re�ned concepts ha v e b een based on the use of fuzzy-fusion measures, including the

prop osal of a color morphology that cannot e�ectiv ely b e reduced to a linear w eigh ting approac h.

Ho w ev er, most of these approac hes are considering the extension to color morphology as an

extension of the selection criteria, instead of an extension to the handling of m ultiple in tensities.

Th us, w e w ere studying an in tensit y-based color morphology , with its main di�erence to

other color morphologies b eing the generation of a gra y-scale image that cannot b e the result of

a morphological op eration on a gra yscaled v ersion of the color image itself.

The formal tec hniques for ac hieving this goal came from the �eld of m ulti-ob jectiv e opti-

mization and its related concept of P areto dominance. A consideration of the v arious P areto-set-

based means and tec hniques that ha v e b een dev elop ed in the past for the study of (con tin uous)

m ulti-ob jectiv e optimization problems lead to the form ulation of a n um b er of image-pro cessing

op erators. A simple example is the generation of a gra y-scale image from a color image, where

eac h pixel's gra y-v alue represen ts the n um b er of P areto-dominating p oin ts in the neigh b orho o d

of this pixel. Practically this comes out to b e an edge op erator.

In this talk the usage of P areto sets for image-pro cessing op erators will b e discussed in

detail, and some p oten tial applications of this approac h to color morphology will b e sho wn.a

m ulti-v ariate c hannel-in tensitiy v ector
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Digital Camera RA W pro�ling

Jac k Bingham and Derric k Bro wn
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In tro duction

Ra w camera �les are considered b y man y to b e the digital equiv alen t of the unpro cessed photo-

graphic negativ e. It do es not o�er the kind of exp osure latitude w e exp ect from negativ e �lm,

but in man y other asp ects it holds true.1 T o yield a go o d visual image, the RA W �le has to

b e pro cessed and rendered to an R GB color space, generally sR GB or A dob e R GB (1998), and

if y ou'v e ev er exp erienced color mismatc h b et w een the prin ter and y our monitor, or ha v e b een

confused b y RA W �le formats and ICC pro�ling and not getting the b est results from y our dig-

ital camera and prin ter, this pap er will detail solutions to deal with Ra w camera �les and ho w

to prop erly pro�le the digital camera. With an understanding of ho w to manage photographic

color, y ou can solv e these problems. When the camera pro duces images using the standard color

enco dings it is p erforming a color rendering and when y ou then try to generate a pro�le for

this condition b y photographing a target, y ou are actually pro�ling the rendering and the re-

sults will generally b e sub-optimal, b ecause the pro�le no w will try to undo the color rendering

in the camera. This pap er addresses the use of ICC pro�les in w ork�o ws that start with Ra w

camera images, including co ordination of camera settings, RA W pro cessing, and ICC color man-

agemen t. The new capabilities of ICC v ersion 4 pro�les will b e discussed, including the use of

the re-de�ned p erceptual rendering in ten t with output-referred, scene-referred, and ra w camera

�les. Rather than using default custom pro�les to render the RA W data to matc h the scene

or create a pleasing repro duction of the scene on the prin ted pap er, w e will dev elop a pro cess

and generate a single pro�le for the sp eci�c camera, putting an end to the m yth that y ou need

m ultiple pro�les for di�eren t imaging conditions suc h as da yligh t, shade, tungsten & �uorescen t

adopted white.

Photographers kno w that the w orld w e view is di�cult to record on �lm, and just as di�cult

with a digital camera. What if w e could capture all the color and tone that w e can see with our

ey es with our digital camera? No need for �ll-�ash or additional ligh ting. This is, of course, not

p ossible. A scene generally will ha v e a h uge dynamic range the tones from dark shado w to brigh t

highligh t ma y b e as m uc h as 10,000:1. A corresp onding prin t will only co v er a dynamic range of

ab out 200:12, while a go o d displa y ma y giv e us as m uc h as 1,000:1. So the digital camera will

�see� and record the w orld quite di�eren tly from ho w w e see the w orld. The initial RA W data has

to b e rendered in an attempt to matc h the scene as b est as it can, or it can b e rendered to create

a pleasing repro duction of the scene. There is big di�erence b et w een the t w o, and the metho ds

and tec hnology describ ed in the pap er will try to shed some ligh t on these di�erences and the

use of ICC pro�les to accomplish the desired results. Since w e ha v e to view the digital image on

something, w e ha v e to select a rendering for displa y or prin t. Films ha v e alw a ys included built-in

con trast and colorfulness b o osts with highligh t compression, to mak e pictures lo ok b etter.

If w e refer to the measured scene color as the camera captured it, w e deal with the Scene-

Referred image. But w e need to view it either on a displa y or on a prin t, hence w e need to mak e

the image lo ok pleasing and pro duce the desired color app earance the photographer wishes to

express and repro duce and no w w e ha v e rendered the image as Output-Referred. Most cameras,

particularly consumer t yp e p oin t-andsho ot cameras p erform this rendering automatically to an

image enco ding of sR GB or A dob e R GB (1998). A dv anced consumer cameras and professional

cameras usually ha v e a selectable rendering, but in RA W mo de this rendering b ecomes the job
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of the image creator, usually the photographer, and this is where w e can get some help from a

custom ICC pro�le.

It should also b e noted here that t w o sR GB enco dings of the same scene from di�eren t

camera brands should matc h, but that is rarely the case. The matc h is no closer than t w o shots

of the same scene on t w o di�eren t t yp es of �lm. Ho w ev er, using ICC pro�les di�eren t cameras

can b e made to repro duce the same scene in almost the same w a y .

Using RA W format giv es us the opp ortunit y to create custom pro�les and w orking with at

least 12 bits p er c hannel. Using a default RA W translator will still render and enco de a default

pro�le suc h as sR GB or A dob e R GB (1998), or other pre-set pro�le used as the W orking Space

in Photoshop, suc h as ProPhoto (R OMM) R GB. It should b e noted that sR GB represen ts as

a reference medium a standard CR T displa y , while with ProPhoto the reference medium is the

ICC p erceptual in ten t reference medium re�ection prin t3. The A dob e R GB reference medium

is curren tly not clearly de�ned, but will most lik ely reference a viewing condition of ab out 160

to 200 lux at Da yligh t D65 white p oin t, view ed in a dim surround. Ho w ev er, setting a custom

pro�le will giv e a m uc h b etter rendering and k eep all the colors and color di�erences that the

camera actually recorded.

Di�eren t pro�ling pac k ages uses di�eren t targets, from the most photographed target of all

times, the MacBeth ColorChec k er to the IT8/7-1 and IT8/7-2, mostly for use with scanners, to

custom targets tailored to the desired scene. It is also imp ortan t that the target includes c hec ks

for luminance uniformit y as in the Digital ColorChec k er and ColorEy es 20/20 targets. The

dra wbac k with most targets is that they only represen t a small p ortion of all the colors a v ailable

in the original scene, and in some cases w ould b e restricted to sp eci�c colors in photographic

pap er, hence p ossibly restricting the o v erall resulting gam ut.

It has b een general practice and demonstrated m ultiple times 4 5 that in a �xed en vironmen t

suc h as a photo studio or a cop y stand for �ne art repro duction the camera and imaging condition

lend itself p erfectly to prop er c haracterization and ICC pro�ling. It is when the camera is tak en

out in to the �Real W orld� where curren t though t is that m ultiple custom pro�les are needed, or

just using standard color space pro�les.

The p erceptual in ten t of these true camera pro�les should include color rendering to the ICC

p erceptual in ten t reference medium and should b e used for general photograph y , while custom

camera pro�les will t ypically b e sp eci�c to particular sho oting conditions. The colorimetric

rendering in ten t is generally �xed to giv e the most accurate, though not necessarily most pleasing,

rendering of the scene, while the p erceptual rendering in ten t can b e manipulated and t w eak ed

to giv e the most pleasing, y et not necessarily accurate rendering of the scene. But with a pro�le

and the images captured under the same condition, the results will b e consisten t and go o d, and

v ery little further pro cessing will b e required, at least as color is concerned.

In this pap er w e will sho w examples and comparisons of v arious standard pro�les compared

to b oth displa y and prin t pro�les, as w ell as custom pro�le comparison to standard R GB pro�les

and color spaces. This pap er will not discuss the virtues of the di�eren t pro�ling pac k ages and

targets, though this could b e a w orth y studen t pro ject.

Pro cess

Before w e start with the pro�ling pro cess it is critical to understand the sensitivit y inheren t

in the digital camera. A color v ariation from one ligh t source to another of 50 p oin ts Kelvin is

v ery apparen t. That means the follo wing: An y in�uence re�ected on the target other than one

main ligh t is more than lik ely to alter the data. T w o softb o xes of sligh tly di�eren t ages will ha v e

di�eren t color n ylon di�users. T w o �ash tub es of di�eren t ages will discolor di�eren tly , not to

men tion an y �ltration dome o v er the tub es. On lo cation an y of the surroundings could re�ect on

the target, degrading the data. Setting the target on a colored seamless bac kground in studio will

re�ect color up in to the b ottom of the target more than the top. This discussion ab out ha ving
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Figure 1: T arget setup

to pro�le scenes is a direct result of trying to pro�le scenes. By doing this y ou automatically

in tro duce v ariables in the data that only exist in that scene, thereb y b eing trapp ed in to pro�ling

ev ery unique scene.

The pro cess that w orks to create a univ ersal pro�le requires a di�eren t approac h. In order to

get the most accurate data from the target w e need to eliminate as man y v ariables as p ossible.

Ligh ting is the most critical. Since there are to o man y v ariables with t w o ligh ts, softb o xes, strob e

tub es, p o w er pac ks all of whic h can not b e accurately tuned in to a matc hed pair w e should rule

that approac h out from the start. No w it is p ossible using tungsten ligh ts, dimmers and a color

meter that one could tune a pair of ligh ts to b e extremely close in color temp erature. Ho w ev er

the lik eliho o d of the a v erage user not only ha ving the to ols to do this, but going to the trouble

is highly unlik ely . So the only real alternativ e is one ligh t. It then no longer matters what the

conditions of the di�user, the tub e or the co v er are. This is sho wn in Figure 1.

No w of course w e in tro duce a problem that t w o ligh ts in a cop y setup is designed to handle

with ease. The target no w has more ligh t on one side than the other. By carefully follo wing the

diagram sho wn here one can gradually �cut� the ligh t on the brigh t side of the target un til the

left and righ t sides matc h. Note that the photographer accustomed to sho oting cop yw ork will

pull out the inciden t meter and use it to balance the ligh t across the target. Since the digital

camera is sensitiv e w ell b ey ond the 1/10 stop range of a ligh t meter this approac h can not w ork.

Ho w ev er w e ha v e a m uc h more accurate to ol in our hands; measuremen ts tak en in Photoshop

can pro vide the necessary accuracy .

Once the target is ev en, and using the Colorey es 20/20 target as an example, sho wn in

Figure 2, it pro vides four white corner patc hes from whic h to tak e measuremen ts, as sho wn in

the �gure. It is imp ortan t to matc h the exp osure of the target to the actual luminance v alues

within the target to a v oid adding an y exp osure comp ensation in to the pro�le. The white patc hes

on the ColorEy es target are b et w een an L or 92 and 93, so b y using Photoshop to measure the

corners and adjust exp osure accordingly the data is closer to the original.

Finally , gra y balance is critical. Lik e linearizing a prin ter b efore pro�ling, the camera m ust

b e linearized to the ligh ting condition. Auto will not w ork here. Once the target parameters are

ac hiev ed, the pro cess to build a pro�le is simple. Colorey es in tro duces one extra v ariable here

that is critical. When building the �nal pro�le the user can c ho ose b et w een a pro�le that adjusts

ligh tness, c hroma and h ue or just c hroma and h ue. On the surface it w ould seem that w e w an t

the most accurate pro�le w e can build. In realit y b y allo wing the pro�le to adjust ligh tness w e

in tro duce another problem. Cameras do not pro duce data that represen ts a scene accurately .

They are actually tuned to adjust the con trast range to something w e ha v e come to lik e rather

than what w ould b e an accurate rendering of the tonal range of the scene. So b y allo wing the

pro�ler to adjust tonal v alues w e end up with t w o problems. First the pro�le adjusts tones that
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Figure 2: ColorEy es 20/20 target

Figure 3: Custom Camera pro�le comparison.

it is inheren tly not designed to do. And the w orst part is that the bulk of the adjustmen ts tak e

place in dark er v alues where noise is presen t. Ra w con v erters are designed to handle shado w

detail and noise v ery w ell. Pro�les are not. The second problem is that w e generate a pro�le

that ev ery user will complain ab out b eing to o �at. The tonal v alues will indeed b e more accurate

but that is not what the photographer really w an ts. The photographer w an ts a rendering of the

scene closer to what the camera is tuned to pro duce.

So wh y do es this create a univ ersal pro�le? Pro�ling scenes in tro duces v ariables in the target

that exist only in a particular scene. A pro�le made under these conditions will indeed b e scene

sp eci�c. By eliminating as man y v ariables as p ossible w e ha v e m uc h more accurate data ab out

exactly what the camera can see. No w the �nal piece of the puzzle is making this pro�le w ork

under di�eren t ligh ting conditions. The big con�ict ab out this seems to b e the suggestion that

a camera b eha v es di�eren tly under di�eren t ligh ting conditions. While tec hnically this migh t b e

true, from a practical standp oin t it is clearly not enough of an issue to prev en t a camera pro�le

from w orking extremely w ell under v aried conditions, and w orking b etter than Camera RA W

pro cessing or default pro�les.

Bac k to the p oin t ab out prin ter linearization; when w e c hange ink w e can run a linearization

to up date the pro�le. Gra y balance is the same approac h. By linearizing a camera to a giv en

ligh ting condition the pro�le b ecomes v alid for that condition.

Figure 3 sho ws the custom camera pro�le gam ut compared with an sR GB default camera

pro�le. The custom pro�le is sho wn as a wireframe. Note the signi�can tly larger color gam ut

the camera is able to pro duce, that w ould just b e clipp ed if using sR GB.

Example color pictures sho wing the di�erences b et w een the b est Camera RA W pro cessing
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Figure 4: RA W pro cessing, outdo or scene.

Figure 5: Custom pro�le, outdo or scene.

and a custom pro�le are sho wn in the follo wing �gures. In Figure 4 the y ello w �o w ers are

saturated and blo wn out, while in Figure 5, eac h �o w er is clearly visible. Similar di�erences

can b e seen in Figures 6 and 7, where the custom pro�le giv es b etter �esh tone and a b etter

mo dulation of the o v erall ligh ting.

Conclusions

W e ha v e demonstrated that b y treating the digital camera similarly to a scanner or prin ter b y

p erforming a white balance linearization, a single camera pro�le will render the RA W information

to the most accurate as w ell as pleasing R GB data for presen tation on a calibrated and pro�led

computer displa y or a prin ter in an ICC w ork�o w.
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Figure 6: RA W pro cessing, p erson.

Figure 7: Custom pro�le, p erson.
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1. In tro duction

In graphics and arts industry , colour is prin ted on transmissiv e materials lik e p oly eth ylene, cel-

lophane, etc whic h are usually view ed b y re�ection. It is therefore, more practical to measure

re�ectance against a bac king material rather than transmittance. A ccording to ISO 5 � 4 and

ISO 13655, when measuring a colour stim ulus using re�ection geometry the sample should b e

bac k ed b y either a white or blac k bac king material. F or a highly transmissiv e (virtually trans-

paren t) material when measured with a blac k bac king material, it is di�cult to obtain useful

measuremen t b ecause of the sho w-through of the blac k bac king. In this case it is con v enien t to

use a white bac king with a re�ection densit y whic h conform to ISO 13655 and ISO 5 � 4 sp eci�-

cations for a white bac king material. Ho w ev er, at presen t there is a lac k of materials whic h are

kno wn to conform to these sp eci�cations and whic h are widely a v ailable.

The ob jectiv es of this pro ject w ere as follo ws:

1. T o mak e a recommendation of bac king material to b e used when measuring colour stim uli

prin ted on transmissiv e media with re�ection mo de geometry .

2. T o dev elop a colour measuremen t pro cedure to mak e measuremen ts relativ e to p erfect

di�user.

3. T o de�ne a pro cedure that supp orts sharing of measuremen t data b et w een organisations.

4. T o test the colour measuremen t pro cedure colorimetrically and psyc hoph ysically

5. T o dev elop a mo del to predict CIE XYZ tri-stim ulus v alues of a colour patc h to b e prin ted

on pap er to matc h with the same colour patc h prin ted on translucen t substrate view ed b y

re�ection with a bac king material.

2 Metho ds and results

2.1 Recommendation of white bac king material

Three t yp es of widely a v ailable pap er materials w ere considered, along with PTFE reference tiles

of 10mm and 6mm thic kness. All w ere c hec k ed for the conformance with the sp eci�cations for

a white bac king material giv en in ISO/CD 13655:2006.and CGA TS/STF N 045. T able 1 sho ws

the result.

It can b e seen from T able 1 that none of the materials ev aluated conform to all the require-

men ts of ISO/CD 13655:2006. By using a double thic kness the pro o�ng pap ers meet the CGA TS

opacit y requiremen t, but none of the pap ers tested met the ISO/CD 13655:2006 requiremen t

regarding �uorescence. Hence there remains a need to either iden tify suitable materials for white

sample bac king, or to dev elop pro cedures that will allo w a wider range of materials to b e used.
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T able 1: Comparison of the bac king materials for the conformation to CGA TS and ISO 13655

sp eci�cations

2.2 Pro cedure that supp orts sharing of data b et w een di�eren t organisations

F or data to b e exc hanged b et w een di�eren t organisations, measuremen ts made using di�eren t

pap er bac king materials w ere made relativ e to reference bac king material. The measuremen t

pro cedure is based on the concept that the measuremen t made on the candidate bac king material

can b e normalised to the reference bac king material. Figure 1 sho ws the re�ectance of t w o

colour patc hes measured with PTFE as reference bac king material and with candidate bac king

materials made relativ e to PTFE, and it can b e seen that there is go o d agreemen t b et w een the

PTFE-bac k ed and normalised re�ectance

2.3 Pro cedure to mak e measuremen ts relativ e to p erfect di�user

Measuremen ts made relativ e to a reference bac king material w ere also normalised to a p erfect

re�ecting di�user. The p erformance of this pro cedure w as ev aluated b y comparing the re�ectance

curv es of the measuremen t of colour patc hes made on reference bac king material made relativ e

to p erfect di�user and that measured on the candidate bac king material made relativ e to p erfect

di�user. Figure 2 sho ws the comparison of the re�ectance curv es of t w o colour patc hes.

2.4 T esting the pro cedure colorimetrically and dev elopmen t of the mo del to

predict CIE XYZ tri-stim ulus v alues

Halftone colour patc hes from t w o gra vure prin ts on p oly ester of di�eren t opacities w ere selected

and measured using the reference and candidate bac king material. The re�ectance measuremen ts

are made relativ e to a p erfect di�user b y applying the pro cedure. Figure 3 sho ws the re�ectance

curv es of the measuremen t of the colour patc hes made with candidate bac king material made

relativ e to a p erfect di�user and those made with reference bac king material made relativ e to a

p erfect di�user.

The re�ectance curv es for the colour patc hes coincide reasonably w ell.

A mo del w as dev elop ed to predict the CIE XYZ tristim ulus v alues of a colour patc h to b e

prin ted on pap er to matc h with the same colour patc h prin ted on translucen t substrates view ed

b y re�ection with the double-thic kness Pro o�ng P ap er 2. A matc hing exp erimen t w as p erformed

to determine this relationship.

A greyscale prin ted on t w o p oly ester substrates and a pap er substrate w as measured using

the double-thic kness Pro o�ng P ap er 2. The re�ectance measuremen ts made on the p oly ester
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Figure 1: Comparison of re�ectance curv es measured on PTFE bac king and measured on other

pap er bac king made relativ e to PTFE bac king.

Figure 2: Comparison of re�ectance curv es measured on PTFE bac king made relativ e to p erfect

di�user and measured on other pap er bac king made relativ e to PTFE bac king made relativ e to

p erfect di�user.
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Figure 3: Comparison of re�ectance curv es measured on PTFE bac king made relativ e to p erfect

di�user and measured on other pap er bac king made relativ e to PTFE bac king made relativ e to

p erfect di�user

substrates w ere made relativ e to p erfect di�user as describ ed ab o v e, and CIE XYZ v alues w ere

calculated from these measuremen ts. In the psyc hoph ysical exp erimen t observ ers w ere ask ed to

matc h the greyscale patc hes prin ted on the t w o white-bac k ed p oly ester substrates to greyscale

patc hes prin ted on the pap er substrate, and the geometric mean of the visual matc hes w as

calculated.

The data measured on b oth the translucen t substrates w as com bined and a single mo del

equation w as deriv ed for b oth the substrates. Figure 4 sho ws the com bined CIE Y tristim ulus

data with a trend line and the mo del equation.

This mo del w as ev aluated psyc hoph ysically using a halftone prin t of 10 colour patc hes and

33 colour patc hes imaged on Ek atac hrome transparency . A category judgmen t tec hnique w as

used for the exp erimen t. Both the test prin ts w ere measured and corrected using the pro cedure

describ ed ab o v e to mak e them relativ e to p erfect di�user. The matc hing CIE XYZ v alues w ere

predicted and prin ted on K o dak photo prin t 190 gsm glossy pap er.

The repro ductions w ere ev aluated psyc hoph ysically b y presen ting these prin ted repro ductions

together with the transmissiv e samples on a white bac king in a category judgemen t exp erimen t.

The results indicated that this mo del p erformed w ell for the halftone prin t and reasonably w ell

for the K o dak transparency prin t.

3. Conclusions

1. None of the pap er materials ev aluated met all the requiremen ts of ISO/CD 13655:2006,

2. A measuremen t pro cedure w as dev elop ed to mak e white-bac k ed re�ectance measuremen ts

of transmissiv e media relativ e to a p erfect di�user. Pro o�ng P ap er 2 (used double thic k-

ness) p erformed b est when using this pro cedure. Man y similar materials w ould b e accept-

able for industrial use using this pro cedure.

3. A mo del w as dev elop ed to matc h colours b et w een prin ts made on white-bac k ed transmis-

siv e materials and opaque materials. This mo del ga v e a go o d p erformance.
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Figure 4: CIE Y tri-stim ulus data with the �tting curv e and the mo del equation.
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Certifying Monitor Pro o�ng Systems
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In tro duction

In the US, the main prin ting standard to b e met b y prin ters is SW OP (Standard for W eb O�set

Publishing). Ov er the last decade ink-jet pro o�ng systems ha v e proliferated claiming to matc h

the presses at this prin ting standard through the use of ICC pro�les, and o v er the last couple

of y ears color accurate soft pro o�ng, also referred to as monitor pro o�ng has made inroads in to

the pro o�ng mark et.

Prin ters alw a ys lo ok ed to the SW OP certifying b o dy to help sort out all the pro o�ng systems,

and through a pro cess of visually judging prin ts, and measuring target patc hes, these pro o�ng

systems b ecame certi�ed for SW OP prin ting. With the abilit y to em b ed ICC pro�les for other

prin ting standards, or reference prin ting conditions, these ink-jet pro o�ng systems could also b e

used to sim ulate and matc h these conditions.

The pro of is considered the protot yp e of the prin ted image and as suc h, is a predictor of the

man y millions of copies that subsequen tly ma y b e pro duced [1] it is critical that the pro o�ng

system is a reliable and consisten t predictor of the actual pro cess. Initially this w as v ery sub-

jectiv e; a panel of observ ers compared reference press sheets to the pro of sheet under con trolled

ligh ting conditions, and when monitor pro o�ng en tered the mark et, the same conditions and

parameters applied here, though no w the displa y itself w as the can v as b y the adoption of color

managemen t system soft w are and b y the adoption of device indep enden t color v ariables [2 ].

In tegrated Color Solutions (ICS), Inc w as the �rst compan y to tak e their Remote Director

soft w are and an Apple Cinema displa y to SW OP and get it certi�ed as a v alid matc h b et w een

the rendered image on the displa y and the corresp onding SW OP reference press sheet. Other

companies follo w ed suit as w ell. But the pro cess w as still v ery sub jectiv e, and t w o systems, b oth

certi�ed and placed side b y side, could sho w more v ariabilit y and mis-matc h than what most

hard-cop y pro o�ng systems w ould.

A t the 3rd Ann ual IP A Color Pro o�ng RoundUP for 2005 [3] hardcop y systems pro v ed v ery

consisten t b oth visually and n umerically and monitor pro o�ng systems pro v ed that they could

carry their o wn w eigh t. Visual scores for monitor pro o�ng w ere righ t in with the corresp onding

visual scores for the hard cop y systems, under the same ev aluation pro cedures.

In 2006 at the Ann ual IP A Color Pro o�ng RoundUP hard cop y and soft cop y pro o�ng systems

w ere treated the same w a y , all participan ts w ere handed a prin ted c haracterization target, and

told to mak e a pro�le and matc h the press sheet n umerically . Only the judges had access to the

visual part of the press sheet for �nal ev aluation.

Though p ossible on some systems, the monitor pro o�ng systems w ere not sub jected to the

Delta-E test [4], for reasons I will discuss later.

Ho w ev er, since the monitor pro o�ng systems are able to accurately displa y colors on screen,

this triggered a discussion to automate the pro cess of certifying these systems for SW OP , or

other reference prin t condition b y remo ving the sub jectiv e factor and using metrological data.

In theory at least, rendering a color on the displa y through a color managed w ork�o w and

measuring that rendered color on a calibrated displa y should yield the same color within a v ery

small DeltaE. This pap er will sho w that this holds true and ho w this pro cess can b e used to

certify displa ys to matc h a giv en prin ting condition.

In the initial phase of implemen tation, there will b e a visual insp ection prior to the metro-

logical ev aluation, primarily to sa v e time b y w eeding out systems that clearly don't meet the

standards.
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Pro cess

Since the sp ectral p o w er distribution of the displa y is usually quite di�eren t from that of the

viewing b o oth it ma y b e necessary to apply a color app earance mo del when displa ying the

image on the computer. Ev en the white p oin ts, though b oth measured out to a correlated color

temp erature of D50 ma y app ear visually di�eren t without it. This is the reason wh y n umerical

delta-E measuremen ts w ere not applied at the 2006 IP A sho otout. Di�eren t metrics and CAMs

to di�eren t viewing en vironmen ts yielded di�eren t measuremen ts o� the displa y , and absolute

delta-E comparisons to the reference data w ere large.

In the monitor pro o�ng en vironmen t, the CMYK data is con v erted to displa y R GB as follo ws:

CMYK ! PCS ! R GB

through the A2B1 tag in the CMYK pro�le. PCS is the Pro�le Connection Space, generally

L*a*b*. With the prop er displa y calibration and pro�ling, this data can then b e directly con-

v erted through the B2A0 tag of the displa y pro�le to displa y R GB, and if measured with a

reference instrumen t the actual color L*a*b* can b e recorded. This recorded L*a*b* v alue can

then b e directly compared to the reference �le that created the prin ting CMYK pro�le in the

�rst place and an y errors are then calculated and rep orted.

This is really no di�eren t from an ink-jet pro o�ng system displa ying a sim ulation of the press

condition through the same A2B1 tag, but this time connecting with a CMYK output pro�le. The

SW OP organization has already started a n umeric certi�cation program for hardcop y pro o�ng

systems, prin ting the sim ulated c haracterization target, and measuring the patc hes on this hard

cop y .

It should b e noted that for the displa y measuremen ts all the v alues of L*a*b* are to b e

calculated using the measured R GB white p oin t of the displa y that is set b y the monitor pro o�ng

system, the correlated D50 rather than an absolute D50. Hence the white p oin t of the displa y

should alw a ys measure L*a*b* = (100, 0, 0).

Ev en under these circumstances the most accurate repro duction of colors can only b e ac hiev ed

with the b est and most accurate color calibration and pro�ling. Rather than using the standard

gamma of 2.2 or 1.8 as calibration target, ICS Remote Director uses a linear L* calibration

gamma, mapping the displa y to a b etter matc h with the h uman visual system. F. Herb ert,

J. Kirk enaer and J. Ladson p oin ted out through psyc hoph ysical exp erimen ts p erformed to de-

termine settings for accurate color repro duction on computer displa ys that b y calibrating the

displa y to linear L* rather than a gamma of 2.2, a signi�can tly higher correlation w as found

comparing color patc hes in a viewing b o oth to the same colors presen ted on the computer dis-

pla y [5 ]. This exp erimen t also demonstrated ho w imp ortan t the viewing en vironmen t is, ha ving

a neutral bac kground b oth on the displa y and for the hardcop y [6 ] with the prop er amoun t of

reference white sho wn in b oth cases.

Fiv e (5) n umeric criteria m ust b e met in order for a system to b e deemed to ha v e passed

certi�cation and to b e lab eled as �SW OP Certi�ed.� [7]:

1. The di�erence b et w een the c haracterization data set and the IT8/7.4 target is an a v erage

delta E94 � 2.0 for all patc hes

2. The di�erence b et w een the c haracterization data set and the IT8/7.4 target has a maxim um

delta E94 � 6.0 for at least 95% of all patc hes.

3. Solid patc hes cy an, magen ta, y ello w, red green and blue on the IT/7.4 are delta E94 � 6.0

from the c haracterization data set.

4. Di�erences b et w een the c haracterization data set and patc hes on the IT8/7.4 target has

white p oin t of a delta L � 2.0, a delta a � 2.0 and a delta b � 2.0 (excluding �orescence).
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Figure 1: Certi�cation Results.

Figure 2: SW OP V alidation Results.

5. Di�erence b et w een the 50/40/40 gra y balance target and the c haracterization data set has

a delta E94 � 2.0

These criteria w ere selected on the basis of measuremen ts of monitor pro o�ng systems cur-

ren tly certi�ed. These criteria also dra w parallels to hard cop y sp eci�cations. It should b e noted

here that Cy an and sometimes green are problem colors for man y displa ys and ma y in man y

cases b e outside the gam ut of the displa y . Ho w ev er, gam ut mapping tec hnology correctly ap-

plied brings the out of gam ut color to the gam ut b oundary of the displa y in suc h a manner as

to minimize an y visual color di�erence.

In ICS Remote Director, for example, the results of calibrating the displa y and running

through the certi�cation pro cess will yield the message sho wn in Figure 1.

Clic king on �Sho w Details� will giv e the displa y sho wn in Figure 2, sho wing eac h individual

color of the IT8/7.4 target, and the actual delta-E for eac h color. Note that in this case, Cy an

still passed with an error of 5.56. The other �problem colors� can b e seen to b e other solid colors,

suc h as y ello w and green, though w ell within sp eci�cation limits.

If w e w ere to compare the CMYK pro�le to the displa y pro�le, and map them in the same

three-dimensional color space, y ou migh t get the result sho wn in Figure 3. Here the gam ut for

SW OP Coated P ap er no. 3 is sho wn in the gam ut of an older Apple Cinema Displa y , and in this

case certi�cation did not pass, as sho wn in Figure 4, though it failed on white p oin t calibration,

not solid colors as w ould b e indicated in Figure 3, where the SW OP gam ut exceeds the displa y

gam ut in the Cy ans and Greens.

The tec hnology dev elop ed for SW OP certi�cation can easily b e extrap olated to w ork for

other prin ting standards or reference media, suc h as F OGRA or others. F OGRA has prop osed

three standard prin ting conditions, F OGRA30L, F OGRA39L and F OGRA40L. Characterization

data for these conditions ha v e b een published and these can easily b e used to generate reference

CMYK pro�les and included in the ICS Remote Director application as sho wn in the Figure 5,

for selection and displa y certi�cation.

Comparing the F OGRA30L pro�le to the Coated SW OP no. 3, the F OGRA pro�le gam ut

is signi�can tly smaller and �ts w ell within the SW OP gam ut, as sho wn in Figure 6. Hence,

certi�cation using this F OGRA pro�le w ould pass if the system is already SW OP certi�ed.
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Figure 3: SW OP and Apple Cinema Displa y (Old).

Figure 4: SW OP Certi�cation on Apple Cinema Displa y (Old).

Figure 5: RD Pull-Do wn men u for Displa y Certi�cation.

Figure 6: Comparison of SW OP and F OGRA Pro�les
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The pro�le itself is not p erfect, and CMYK data transformed through the A2B1 table will not

alw a ys yield the p erfect resp onse that actually generated the pro�le, that is comparing the same

L*a*b* v alues as in the c haracterization data. W e can run target CMYK v alues through the A2B1

tag, and compare the calculated L*a*b* v alue to the measured L*a*b* in the c haracterization

set. F or the F OGRA30L dataset w e get errors of

a vg dE = 0.36, max dE = 0.71, stdev dE = 0.09

whic h are actually v ery go o d results, hence displa y measuremen ts should b e v ery reliable.

It should also b e noted that for SW OP or for F OGRA there are m ultiple prin ting conditions

suc h as di�eren t pap er t yp es that all ha v e to pass the certi�cation pro cess for the monitor

pro o�ng system to pass the complete certi�cation pro cess.

Conclusions

W e ha v e sho wn that through prop er calibration and c haracterization of the displa y , and with a

go o d source pro�le for soft pro o�ng, accurate colors for the prin ting condition can b e presen ted on

the displa y . Measuremen ts of these colors can b e used to certify the displa y , and this certi�cation

pro cess can b e expanded to other standard or reference prin ting conditions.
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Abstract

W e in tro duce an additivit y based metho d to p erform color c haracterization of LC displa y

devices. W e fo cus here on the forw ard transform from the device R GB color space to XYZ

tristim ulus v alues. Chromaticit y constancy is an assumption in all c hromaticit y matrix based

c haracterization mo dels, but in practice this assumption do es not hold p erfectly . The main

con tribution of this w ork is to de�ne a mo del where the c hromaticit y non-constancy is not

a source of error. Our metho d outp erforms traditional approac hes suc h as the PLCC and

GOG mo dels without needed more measuremen ts than those. The prop osed approac h could

b e particularly useful for m ulti-displa y systems c haracterization as it is not time consuming

and giv es precise enough results.

Keyw ords: LCD, Color c haracterization, Pro jection displa ys.

In tro duction

Characterization of color displa y devices is an imp ortan t part of a color managemen t system.

The c haracterization of suc h a device de�nes the relationship b et w een the device-dep enden t

color space, t ypically R GB, and a device-indep enden t color space describing the p erceiv ed color,

t ypically XYZ whic h describ es the color p erception of the CIE standard observ er. The forw ard

transform mak e us able to predict the color whic h will b e displa y ed (XYZ) for a giv en set of

digital v alues input to the device (R GB) and the in v erse (bac kw ard) transform will giv e us the

digital v alues to input in order to displa y the desired color. Our w ork fo cuses on �nding a forw ard

mo del whic h is not sub ject to c hromaticit y non-constancy .

There exist a lot of metho ds to c haracterize color in a displa y device. Most part of them

can b e found in the follo wing articles [1, 2, 3]. W e could mak e the distinction b et w een t w o main

groups. The one whic h are p erforming 3D in terp olation needs a lot of measuremen t and are

computationally complex. Ho w ev er, they don't supp ose an y sp ecial device prop erties, i.e. the

device can b e consider as a blac k b o x, and no ph ysical rules are assumed. It could b e useful for

example when y ou don't ha v e an y/enough information ab out the tec hnology used. The mo dels

in the other group are trying to establish a mathematical mo del of the resp onse of the device.

F or example, linearizing the in tensit y resp onse curv e of the displa y , b y a global function or

b y in terp olation, b efore applying a 3x3 c hromaticit y matrix to get the XYZ co ordinates. This

group of mo dels do not need a lot of measuremen ts but are making the assumption that the

c hannels are indep enden t and that the c hromaticit y of the primaries are constan t. F or instance,

the resp onse curv e could either b e a gamma shap ed curv e (de�ned b y an o�set and a gain) or

a S shap ed curv e whic h could b e de�ned b y 4 parameters as in the S-Curv e mo del [2].

In the case of a m ulti-displa y system or in the case of a pro jection device, w e need an accurate

c haracterization mo del whic h do esn't need a lot of measuremen t, as w e could ha v e to p erform it

on sev eral displa ys or at sev eral p ositions of the same displa y to correct for spatial non-uniformit y

[4]. Therefore the 3D LUT metho ds w ould b e to o hea vy to b e used in suc h a case, in spite of

a go o d precision [1]. As desktop pro jectors are seldom b elonging to CR T tec hnology , the GOG

mo del w ould not giv e go o d enough results. W e w ould exp ect the classic PLCC [3] to giv e a go o d

compromise b et w een n um b er of measuremen ts, celerit y and precision. A source of error in suc h

a mo del is the non-c hromaticit y constancy of primaries (see �g.1.b and 2.b). One cause of this
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Figure 1: Pro jector 1. a : resp onse curv e for eac h c hannel and gra y . b : c hromaticit y shift in xy diagram without

blac k correction. c : Blac k corrected c hromaticities.

is the in�uence of the 'c hromaticit y' of the blac k o�set whic h is mixed with the color, and ha v e

more and more in�uence as the in tensit y decrease, i.e. the smaller the input v alue is, the more

the c hromaticit y is attracted b y the blac k. One w a y to o v ercome this problem is to remo v e this

blac k o�set b efore to p erform the linearization and apply the matrix. It's w orking w ell in the case

illustrated in �g.2.b and 2.c where the c hromaticit y shift k eep almost on a line in the direction

of the blac k, i.e. the blac k lev el is almost the only cause of c hromaticit y shift. The PLCC mo del

then giv e correct results (see table 1). In other cases w e can observ e that this c hromaticit y shift

is taking the shap e of a coma, i.e. the main part of the c hromaticit y non-constancy is not only

due to the blac k lev el, the tec hnology itself pla y an imp ortan t role (see �g.3.b and 3.c). An

explanation is giv en b y Marcu in [5], the LC comp onen t prop erties c hange with the in tensit y ,

so the sp ectra is mo di�ed with the in tensit y . T ypically , in Marcu's exp erimen t, for the (0, 0, 0)

R GB input, the blac k is bluish b ecause of the p o or �ltering p o w er in the lo w w a v elength. In suc h

a situation, the blac k correction is not at all e�cien t and the mo del giv e p o or results (table 1).

The main idea of our w ork is to mak e this shift not a problem, supp osing a p erfect additivit y

and c hannel indep endancy . Doing that, the error of the mo del will come only from the c hannel's

non-indep endancy , and from the time and spatial non-uniformities. Ob viously the in terp olation

metho d used will ha v e some in�uence as long as w e w an t to limit the n um b er of measuremen ts.

In the follo wing sections w e presen t our approac h and some results. Our conclusion giv es a w a y

to p erform the in v erse mo del.

Mo del

The metho d itself is quiet simple as long as the additiv e mixture of color is the base of so-called

additiv e displa ys (as LC panels and pro jection devices). F rom the measuremen t of the XYZ

co ordinates of a sampling of the digital ramp of eac h c hannel (i.e. N v alues regularly spaced on

the 256 p ossibilities for an 8 bits device), w e will supp ose the p erfect additivit y of the device.

Moreo v er, w e k eep on considering c hannels as indep endan ts. Note also that w e p erform the blac k

correction in the manner of PLCC.
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Figure 2: Pro jector 2. a : resp onse curv e for eac h c hannel and gra y . b : c hromaticit y shift in xy diagram without

blac k correction. c : Blac k corrected c hromaticities.

Then a color XY Z o output from a RGB i input to the device w ould b e expressed as

X o = Xr i + Xg i + Xbi

Yo = Y ri + Y gi + Y bi

Zo = Zr i + Zgi + Zbi

Where Nn i is the v alue of the color from the c hannel n along the dimension of N for an input i .

T o generalize from the measuremen ts to all the color space, w e p erform a 1D in terp olation

along eac h c hannel R, G, B for eac h color comp onen t X, Y, Z (i.e. 3 � 3 1D in terp olations).

Linear in terp olation giv es go o d results (see next section), and is already w ell implemen ted on a

classical color managemen t system. Therefore it w ould b e easy to use this mo del with existing

system and shift from a c hromaticities matrix based mo del as PLCC to our approac h without

lo osing an y time as the matrix computation is replaced b y linear in terp olation.

Results

W e ha v e tested this forw ard mo del on 2 LCD pro jectors, the P anasonic PT-AX100E refered

as pro jector 1, the 3M-X50, refered as pro jector 2. And on one LCD desktop panel, refered as

monitor. W e ha v e compared the results with classic PLCC, and GOG c haracterization mo dels.

The in terp olation metho d used w ere linear, cubic or spline p erformed with matLab. These results

are based on a 18 patc hes b y ramp measuremen ts, for eac h device (see �g.1-3.a). W e ha v e

calculated the � E �
ab for the forw ard mo del from a set of 100 random R GB patc hes, the mean,

the max and the standard deviation of these errors for eac h metho d are giv en in table 1.

W e can ob viously see that the PLCC without correction for blac k lev el giv es so bad results.

Correcting for blac k lev el, results are b etter. As w e ha v e said in the in tro duction, if the blac k

correction is the main part of c hannel non-constancy , results are go o d. It is the case for pro jector

2 with a mean error of 1.78. In the other case, result are not e�cien t at all with 3.93. It's quiet

strange to note that the PLCC with or without blac k correction giv e almost the same accuracy

for the monitor.

52



Figure 3: Monitor. a : resp onse curv e for eac h c hannel and gra y . b : c hromaticit y shift in xy diagram without

blac k correction. c : Blac k corrected c hromaticities.

T able 1: Results
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T able 2: A dditiv e prop erties of tested displa ys.

As exp ected, the GOG mo del do esn't giv e so go o d results for these devices with a mean

error of 3.96 and 2.86 resp ectiv ely for pro jector 1 and 2, and with a mean error of 6.89 for the

panel. Note that the settings of the monitor could b e b etter adjusted to a v oid the fact that the

green c hannel saturate, doing that the GOG w ould giv e quiet b etter results. But seeing that our

metho d giv e go o d result in suc h a case pro v e the robustness of the mo del.

With a linear in terp olation, our additiv e mo del giv es resp ectiv ely 1.41, 0.54 and 2.04. W e

ha v e reduced the mean error of the PLCC almost b y 3 in the w orst case. With other in terp olation

tec hniques results are quiet similar. The b est results w ere obtained with Spline in terp olation for

pro jection device whic h giv es mean error of 1.32 and 1.53, and with linear in terp olation for

monitor.

Maxim um errors are quiet small to o, around 1.6 for the pro jector 2, 3.2 for pro jector 1 and

5 for monitor.

Seeing at these results, w e can see that our mo del o v ercome the classic PLCC and the GOG

mo del for the forw ard transform. W e can notice as w ell that the in�uence of the in terp olation

metho d is limited b y the n um b er of measuremen ts on the ramp. With a smaller n um b er of

measuremen ts, the in terp olation w ould ha v e more in�uence on the results.

W e can notice as w ell that the additivit y prop erties of tested displa ys is, as exp ected, still

a source of errors. In T able 2 y ou can see the di�erence of additiv e qualit y of b oth pro jection

displa ys. W e ha v e presen ted these results as in [2]. W e can see, coupling information from table

1 and 2 that our results are p o or as the device's qualit y for additivit y decrease. Ho w ev er, the

additivit y qualit y of the monitor (table 2) is sho wn really go o d, but results are not as go o d as

with pro jection devices. That mean that the c hannel in teraction is big in this device.

Conclusion

W e ha v e de�ned a forw ard mo del for displa y c haracterization whic h is easy to implemen t as the

PLCC, with noticeable b etter results. This mo del w ould b e usefull to c haracterize m ulti-displa y

systems and pro jectors, as it is easy to p erform and do esn't need a lot of measuremen ts.

The in v erse mo del w ould b e a bit more complex as there is no analytical solution. It could

b e p erformed b y an optimization metho d to design a regular grid in XYZ, using the forw ard

mo del. Then it's prett y easy to �nd an e�cien t algorithm to in terp olate from this 3D LUT. Note

that no more measuremen ts w ould b e needed to dev elop the in v erse mo del, so it's p ossible to

o v ercome one dra wbac k of 3D LUT mo del.

Moreo v er, this mo del w ould b e of great in terest for m ulti-primaries displa ys or sp ectral

approac hes. This could b e a part of our future w orks.
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Abstract

In this study , w e prop ose a color mixing and color separation metho d for the pigmen ts

pain ted on plastic surface based on Kub elk a-Munk (KM) mo del. Elev en di�eren t pigmen ts

with sev en di�eren t concen trations ha v e b een used as training set.The amoun t of concen-

tration of eac h pigmen t in the mixture is estimated from the training set b y using the

least-square pseudo-in v erse calculation. The result dep ends on the n um b er and t yp e of pig-

men ts selected for calculation. A t most w e can select all pigmen ts. The com binations resulted

with negativ e concen trations or un usual high concen trations are discarded from the list of

candidate com bination. The optimal pigmen t's set and its concen trations are estimated b y

minimizing the re�ectance di�erence of giv en re�ectance and predicted re�ectance.

Keyw ords: Color prediction, Kub elk a-Munk metho d, Saunderson correction, Re�ectance,

Least-square pseudo-in v erse calculation.

1. In tro duction

Originally KM theory is a mo del of the ligh t tra v elling in t w o directions in the materials [9].

The basic KM theory is admissible to the di�use illumination of particular coating. The KM

theory is of great imp ortance in man y areas of applied researc h and has b een used for the

optical prop erties of decorativ e and protectiv e coatings, pain ts, pap er, pigmen ted p olymers,

�b ers and w o ol, thermal insulation, biological systems, and in medical ph ysics [12]. KM metho d

assumes a linear relationship b et w een scattering co e�cien t S and the absorption co e�cien t

K, and this mak es the computation pro cess faster. F urther impro v emen t in this metho d w as

ac hiev ed b y Saunderson correction [7]. Saunderson correction con v erts the total re�ection to the

b o dy re�ection on whic h the KM theory w orks. The revised KM theory [8] has b een used for

ink, pap er and dy ed pap er. Mon te Carlo sim ulations, Exp ert systems or Neural net w orks and

Mie theory ha v e b een immerged as the alternativ e as w ell as collab orativ e metho d of KM mo del.

Indep enden t comp onen t analysis (ICA) [2] ma y b e used as the re�ectance separation but further

researc h is required.

In this study , w e ha v e implemen ted single constan t KM theory for the pigmen ts lo cated on

the plastic. Our metho d predicts the re�ectance of mixture from the giv en set of pigmen ts

with di�eren t concen tration. In additions our metho d is capable of predicting the accurate

concen trations and re�ectance of mixed pigmen ts from the giv en re�ectance of mixture. This

color separation metho d also uses the color mixing metho d as a sub-problem since the giv en

mixture is compared with predicted re�ectance of mixture to minimize the re�ectance di�erence.

There are di�eren t metho ds for ev aluating these di�erences. CIE color di�erence equations (CIE

Lab, CIE LUV CIE94 etc), Sp ectral curv e di�erence metrics (Ro ot mean square error (RMS),

Go o dness of Fit Co e�cien t (GF C)), Metamerism indices and W eigh ted rms metrics [5] can b e

used to calculate color di�erences during minimizing re�ectance pro cess. In prop osed metho d

CIE LAB error, Go o dness of Fit Co e�cien t (GF C) and Mean square error (MSE) w ere computed

to calculate quan titativ e v alue of re�ectance matc hing.

The re�ectance of training sets and test sets w ere measured b y sp ectrometer called A v aMouse

[1] with 45o
/ 0o

geometry under circular illumination. In total elev en di�eren t samples w ere used

as training sets. Sev en di�eren t concen trations of eac h sample w ere prepared.
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Figure 1: Re�ectance and K/S ratio of a sample pigmen t at di�eren t concen trations [0.2 0.5 1 2

4 6 10] gram in one litre of �lling material.

2. Kub elk a-Munk Theory

The k ey assumption in applying the KM theory is that the ligh t within the pigmen t la y er is com-

pletely di�use and there can not b e c hanged in refractiv e index in the samples b oundaries [11].

The sp ecular comp onen t is excluded b y geometry measuremen t. Man y mo dern sp ectrometers

are capable to measure re�ectance factor without c hanging the refractiv e index in the samples

b oundaries [4]. Ho w ev er if the a v ailable sp ectrometer can measure only total re�ectance, the

measured re�ectance should b e corrected b efore applying to KM mo del b y Saunderson correc-

tion [7] as sho wn in Eq.(1).

R� =
r � � K 1

1 � K 1 � K 2(1 � r � )
(1)

Where, r � is the total re�ectance whic h should b e normalized b et w een [0, 1] in eac h w a v elength

� , K 1 is the F resnel re�ection co e�cien t for the collimated ligh t and K 2 is the F resenel re�ection

co e�cien t for di�use ligh t striking the surface from inside. The v alue of K 1 is 0.04 for plastic

material since plastic has the refractiv e index of 1.5 [11]. The v alue of K 2 usually lies b et w een

0.4 and 0.6 [7]. The optimized v alue of K 2 should b e calculated practically .

Once the in ternal re�ectance is calculated b y the KM mixing la w, the total re�ectance is com-

puted b y rev ersing Eq.(1) as:

r � = K 1 +
(1 � K 1)(1 � K 2)R�

1 � K 2R�
(2)

F or complete hiding [3], opaque materials [11]; the in ternal re�ectance w as estimated b y KM

mo del using the ratio of absorption co e�cien t K � and scattering co e�cien t S� .

R� = 1 +
�

K
S

�

�
�

s �
K
S

� 2

�
+ 2

�
K
S

�

�
(3)

The widely used K o v er S ratio is obtained rev ersing Eq.(3):

�
K
S

�

�
=

(1 � R� )2

2R�
(4)

Figure 1 illustrates the measured in ternal re�ectance factor and its con v ersion to K o v er S v alue

from Eq.(4) for the kno wn concen tration of [0.2 0.5 1 2 4 6 10] gram in one liter �lling material.

The scattering and absorption co e�cien ts of mixture are describ ed as the linear com bination

of scattering and absorption co e�cien ts of mixed pigmen t scaled b y the concen tration of the
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pigmen ts as sho wn in Eq.(5). This metho d is w ell kno wn as t w o constan t KM mo del.

�
K
S

�

�;mix
=

nX

i =1

Ci K �;i

nX

i =1

Ci S�;i

(5)

The individual absorption and scattering co e�cien ts required for Eq.(5) are calculated b y using

the white set (setting scattering 1 in ev ery w a v elengths), masstone (100 % relativ e p ercen tage

pigmen t) and tin t (pigmen t mixed with white) [6]. In the case, the substrate has more scattering

prop erties than the coated pigmen t the Eq.(5) is reduced to more simple form called the single

constan t KM mo del see Eq.(6). The ratio of K/S is used instead of calculating individual K and

S. In this pap er w e ha v e used single constan t KM mo del.

�
K
S

�

�;mix
=

nX

i =1

Ci

�
k
s

�

�;i
(6)

Where,

� K
S

�
�;mix ratio of absorption and scattering of pigmen t mixture.

n n um b er of pigmen ts in mixture.

Ci concen tration of i th
pigmen t in mixture b y w eigh t of dry pigmen t.� k

s

�
�;i ratio of absorption and scattering of i th

pigmen t for unit concen tration.

3. Color Mixing

Giv en a set of pigmen ts with re�ectance curv e, w e can get the re�ectance curv e for an y sp eci�ed

mixture of pigmen ts b y using Eqs.(3), (4) and (6). If the a v ailable sp ectrometer can measure only

the total re�ectance, then Saunderson correction is also considered (see Eqs.(1) and (2)). In our

exp erimen t w e ha v e measured the re�ectance b y A v aMouse handheld re�ection sp ectrometer

with ann ular measuring geometry with in range of 380 to 750 nm. The A v aMouse measures

touc hing coated surface and distance b et w een camera and surface are shorter in comparison to

sp ectrophotometer measuremen t. So the measured re�ectance is equal to b o dy re�ectance, as a

result Saunderson correction is not applied to the measuremen t b y A v aMouse.

The unit k/s of eac h pigmen t is required to predict the sp eci�ed mixture of pigmen ts from the

set of pigmen ts in training set with sp eci�ed concen tration. The Eq.(7) giv es the metho d to

calculate unit k/s v alue of single coloran t since the coloran t is mixed with white pigmen ts.

�
k
s

�

�; 1
=

� K
S

�
�;mix � CW

� k
s

�
�;w

C1
(7)

Where,

C1 concen tration of pigmen ts.

CW concen tration of white pigmen ts used as substrate.

Eac h coloran t in the training set has sev en di�eren t concen trations (see Figure 1). F rom these

sev en di�eren t concen trations one represen tativ e unit k/s is calculated b y using least-square

pseudo-in v erse calculation. Figure 2 illustrates the unit k/s ratio and its normalized sp ectrum in

w a v elength 650 nm. The normalized sp ectrums of unit k/s ratio of same pigmen t from di�eren t

concen trations should b e almost the same for prop er selection of a sample set. Figure 3 illustrates

the re�ectance curv es obtained b y mixing three samples with the concen tration of [0.5 0.7 3.0]

gram. The color of re�ectance of samples and mixture is visualized in monitors b y calculating

the tristim ulus v alues X, Y and Z from re�ectance and then con v erting them to device R GB

co ordinate system b y using linear transformation [11 ] [10 ].
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Figure 2: The unit k/s and normalized unit k/s at 650 nm w a v elength calculated from the

samples at di�eren t concen trations.

Figure 3: Three di�eren t coloran ts reconstructed with 0.5, 0.7 and 3.0 gram pigmen t concen tra-

tion. The righ t image is the resultan t re�ectance computed mixing these three pigmen ts.

4. Color Separation and Concen tration Prediction

The concen tration of the pigmen ts can b e estimated from Eq.(10) if the K/S v alue of mixture

and the unit k/s v alue of mixed pigmen ts are kno wn. The n um b er of concen trations in mixture

is equal to n um b er of pigmen ts ( n ) mixed and that should b e less than the n um b er of w a v e-

lengths sampled to presen t the re�ectance curv e. So only the n n um b er of w a v elengths can b e

selected to solv e the n n um b er of concen trations [11]. Ho w ev er c ho osing n n um b er of di�eren t

w a v elengths results the di�eren t concen trations, so for more stable result least-square pseudo-

in v erse calculation is used to calculate concen tration considering all visible range w a v elengths

(see Eqs.(8)-(10)). Similarly the unit k/s v alue of eac h pigmen ts used in the mixture can b e calcu-

lated b y least-square pseudo-in v erse metho ds if K/S v alue of the mixture and the concen tration

of pigmen ts used in mixture are kno wn (see Eq.(12)). After kno wing the concen tration and unit

k/s v alue, the re�ectance of the pigmen ts is predicted b y using Eqs.(6) and (3) consecutiv ely .

The Eq.(6) is represen ted in matrix form in Eq.(8) extending for all w a v elengths.

2

6
6
6
6
6
4

� K
S

�
380;mix �

� k
s

�
380;W

:
:
:� K

S

�
750;mix �

� k
s

�
750;W

3

7
7
7
7
7
5

=

2

6
6
6
6
6
4

� k
s

�
380;1 :: ::

� k
s

�
380;n

: : : :
: : : :
: : : :� k

s

�
750;1 :: ::

� k
s

�
750;n

3

7
7
7
7
7
5

2

6
6
4

c1

:
:

cn

3

7
7
5 (8)
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Where,

C =

2

6
6
4

c1

:
:

cn

3

7
7
5 X =

2

6
6
6
6
6
4

� k
s

�
380;1 :: ::

� k
s

�
380;n

: : : :
: : : :
: : : :� k

s

�
750;1 :: ::

� k
s

�
750;n

3

7
7
7
7
7
5

Y =

2

6
6
6
6
6
4

� K
S

�
380;mix �

� k
s

�
380;W

:
:
:� K

S

�
750;mix �

� k
s

�
750;W

3

7
7
7
7
7
5

Eq.(8) is represen ted as:

Y = XC (9)

The least-square pseudo-in v erse calculation (see Eq.(10)) is used to �nd the concen tration of

pigmen t. The n um b er of pigmen ts mixed ( n ) should b e less than n um b er of w a v elengths. So

alternativ ely b y c ho osing the n n um b er of di�eren t w a v elengths, the problem can b e solv ed.

Nev ertheless the en tire w a v elength calculation giv es more robust result.

C =
� �XX

� � 1 �XY (10)

Deriving

�X from Eq.(9)

�X =
�
C �C

� 1 C �Y (11)

Considering a more complex case where w e ha v e only b een giv en the re�ectance of mixture

and our task is to estimate the concen tration and the re�ectance of the pigmen ts used in the

mixture. The problem is solv ed b y using the unit k=s v alues of eac h pigmen t of the training set.

The predicted concen trations and used unit k=s of eac h iteration are emplo y ed to estimate the

re�ectance (see Eq.(6) and (3)). This pro cess is rep eated for all p ossible com binations. Eq.(12)

sho ws the total n um b er of com binations to b e computed.

�
N
n

�
=

N !
(N � n)!n!

(12)

Where,

N n um b er of pigmen ts in training sets.

n n um b er of pigmen ts used in mixture.

The unit k=s and predicted concen trations are c hosen so that estimated re�ectance using this

concen tration and unit k=s has minim um di�erences with giv en re�ectance of mixture. The

di�erences of the re�ectance are calculated b y using color di�erence of Lab color spaces [11] [10],

Go o dness of �t co e�cien ts and Mean square error [5]. The Computation step predicting optimal

concen trations used in the mixture is sho wn b elo w.

����������������� ��� �� ��� �� ���

1. Compute unit k=s ratio of eac h training set.

2. Con v ert re�ectance of test set Rmix to K=S ratio using Eq.(4).

3. Cho ose n n um b er of pigmen ts in mixture.

Rep eat step 4 to 8 for all com bination

�
N
n

�
.

4. Predict concen trations using Eq.(10) and store ro w wise in matrix c onc entr ation .

5. The negativ e concen trations and unexp ected high concen trations are neglected.
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Figure 4: Real concen tration v erses predicted concen tration. Concen tration is represen ted in

gram. The dotted line sho ws for the pigmen ts and solid line is the a v erage of all dotted lines.

6. Predict (K=S)P ratio of mixture using predicted concen trations and unit k=s ratio from

training set, see Eq.(6) or Eq.(8).

7. Determine re�ectance RP using (K=S)P , see Eq.(3).

8. Calculate di�erence � E b et w een Rmix , and RP and store � E in arra y err or .

9. Order the matrix concen tration according to arra y error sorted in ascending order for Lab

di�erence and MSE, and descending order for GF C.

����������������� ��� �� ��� �� ���

The real concen tration of pigmen ts used in mixture and corresp onding predicted concen trations

b y our metho d is illustrated in Figure 4. The predicted concen trations of coloran ts can b e

corrected b y �tting the predicted concen tration with real concen tration b y using in terp olation

metho ds. Ho w ev er, in adv ance w e should ha v e the relation b et w een real concen tration and

predicted concen trations of eac h pigmen ts of the training set.

5. Conclusion

The basic theory of KM metho d w as discussed. The metho d to predict the re�ectance of mixture

made from the pigmen ts with arbitrary concen tration w as describ ed. Computation pro cess for

the concen tration prediction and separated color prediction w as describ ed. Our future w ork will

consider more accurate color separation and concen tration prediction from the giv en transparen t

and translucen t ob ject b y KM metho ds and revised KM metho ds [8] and indep enden t comp onen t

analysis [2].
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In tro duction

The analysis and syn thesis for facial skin app earance pla y an imp ortan t role in the �led of

cosmetology and en tertainmen t. Figure 1 sho ws a skin analysis and syn thesis system used in the

�led of cosmetology . The curren t condition of skin texture is measured as a high resolution image

in the ligh ting b o x. The measured image is analyzed b y our skin color separation tec hnique [1 ]

in to melanin, hemoglobin and shading comp onen ts. The skin melanin texture is con trolled to

sho w the c hange of texture b y aging. This system is used for the customer to sho w the necessit y

of applying the cosmetics. Ho w ev er, the app earance of skin also c hanges drastically b y c hanging

the distribution of illumination. The information from single image is not enough in analyzing

the c hange of skin app earance under v arious illuminations.

In this pap er, w e prop ose a video-based analysis for the facial skin app earance under v ar-

ious illuminations with an automatic face trac king tec hnique. T o analyze the c hange of skin

app earance under v arious illuminations, the face is illuminated from v arious p ositions of the

ligh t sources, and the c hanges of facial app earance are recorded as video stream during this

measuremen t. The recorded video stream is analyzed to obtain BRDF at the p oin t on the facial

skin. Ho w ev er, since the sub ject is not still during the measuremen t, measuremen t errors are

caused b y the facial mo v emen t. The automatic facial trac king is necessary to comp ensate the

facial mo v emen t to p erform the accurate BRDF measuremen t on the arbitrary facial p oin t. Since

the con v en tional face trac king tec hniques [2, 3] can not b e used for the face illuminated from

v arious p ositions of the ligh t sources, w e build a new face trac king tec hnique whic h is robust to

the v arious shading on the face. The prop osed trac king is the tec hnique to trac k the facial mo v e-

men t and arbitrary p oin ts on the facial skin b y using t w o facial features that are less in�uenced

b y the shading. Arbitrary p oin ts on the facial skin are trac k ed with their 3D co ordinates and

the estimated facial mo v emen t. By using this tec hnique, BRDF of the arbitrary facial p oin t can

b e measured from the video stream.

Video-based analysis for facial skin app earance

Figure 2 sho ws an o v erview of our video-based analysis for facial skin. The system consists of a

video camera and a mo v able ligh t source. The sub ject sits in fron t of the video camera without

k eeping his or her head still. Since the head of the sub ject is not k ept still, the sub ject can feel

relaxed during the measuremen t. The face is illuminated from v arious p ositions b y rotating the

ligh t source around the sub ject. The c hanges of facial app earance are recorded as video stream. In

the reco ded video stream, the in�uence of the facial mo v emen t is comp ensated with the trac king

for the facial mo v emen t and target facial p oin ts. The trac king result of the facial mo v emen t is

used to estimate the directions of inciden t ligh t and the video camera after the facial mo v emen t.

The trac king results of target facial p oin ts are used to estimate the p osition of target facial

p oin ts after the facial mo v emen t. The comp ensated video stream is analyzed to obtain discrete

pixel v alues on measuremen t p oin ts under v arious illuminations. Con tin uous BRDF is calculated

b y �tting the BRDF mo del[4] to discrete pixel v alues, the direction of inciden t ligh t and the

direction to the video camera. The calculated BRDF s are used to repro duce the app earance of

the skin under v arious illuminations.

63



Figure 1: The con v en tional skin melanin texture con trol system.

Figure 2: The o v erview of the prop osed video-based analysis.
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Figure 3: The �o w of the prop osed trac king tec hnique.

Robust face trac king tec hnique under v arious illuminations

W e prop ose a robust tec hnique for the shading to trac k the facial mo v emen t and arbitrary target

p oin ts on the facial skin. This tec hnique can trac k the parallel shift to x and y directions and

the rotation around the x axis and y axis. Figure 3 sho ws the �o w of the prop osed trac king

tec hnique. In this �o w, arbitrary target p oin ts are set at c heeks for the example in explanation.

The tec hnique consists of four comp onen ts: 1) lip and head trac king, 2) the estimation of the

facial mo v emen t, 3) the man ually assignmen t of 3D co ordinates, and 4) the trac king of target

facial p oin ts.

1) Lip and head trac king

Co ordinates of the lip (x l ; yl ) and the head cen ter (xh ; yh) are trac k ed on ev ery frame of the video

stream. Figure 4 sho ws the example of the trac king of the lip and the head cen ter. A com bining

mean shift and Kalman �lter [5] is used to trac k (x l ; yl ) and (xh ; yh) . This is the tec hnique to

trac k the arbitrary colored ob ject in real-time. The co ordinate of the lip (x l ; yl ) is trac k ed b y

the red color ob ject. The head is trac k ed b y the skin color and the hair color ob ject, and its

cen ter (xh ; yh) is used to the facial mo v emen t estimation. This head trac king is not a�ected b y

the shading. Therefore, this estimation can b e used under an y illuminations if the lip is captured

in the image.

2) Estimation of the facial mo v emen t

In this pro cessing, the parallel shift v ector t and the rotation angles � � and � are estimated b y

using (x l ; yl ) , (xh ; yh) , and the radius of the facial rotation. Figure 5 sho ws the o v erview of face

rotation angles estimation. � is the angle of the rotation around the y axis(azim uthal rotation),
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Figure 4: The example of the trac king of the lip and the head cen ter.

Figure 5: The o v erview of face rotation angles estimation.

and � is the angle of the rotation around the x axis(elev ation rotation). The radius of the facial

rotation angle � and � is r � and r � resp ectiv ely . W e will describ e ho w r � and r � are obtained

later. In the prop osed tec hnique, the head cen ter is assumed as an origin of the facial rotation.

Therefore, � and � are estimated as

� = sin � 1
�

x l � xh

r �

�
� = sin � 1

�
yl � yh

r �

�
(1)

The parallel shift v ector t is estimated as

t = [ xh � xy;1; yh;1]T (2)

where (xh;1; yh;1) is the co ordinate of the head cen ter in the �rst frame of the video stream

3) Man ually assignmen t of 3D co ordinates

The 3D co ordinates of arbitrary target p oin ts and the radius of the facial rotation are obtained

man ually b y using
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Figure 6: The assignmen t of 3D co ordinate and the radius of the facial rotation.

fron t and side view facial images. Figure 6 sho ws the o v erview of obtaining the 3D co ordinate

(X; Y; Z ) and the radius of the facial rotation r � and r � . (X; Y; Z ) is obtained to assign the

target p osition b y the mouse clic k. It is obtained as

(X; Y; Z ) = ( xa;f � xh;f ; ya;f � yh;f ; xa;s � xh;s); (3)

where (xh;f ; yh;f ) , (xh;s ; yh;s) is the co ordinate of the trac k ed head cen ter in the fron t and side

view facial image resp ectiv ely , and (xa;f ; ya;f ) , (xa;s; ya;s) is the co ordinate of the assigned p oin t

in the fron t and side view facial image resp ectiv ely . Z is obtained to assign the target p osition

in the side view facial image since x co ordinate can b e considered as z co ordinate in the side

view facial image. The matrix of 3D co ordinates F is obtained b y iterating this assignmen t for

arbitrary times. It is sho wn as

F =

0

B
B
B
@

X 1 Y1 Z1

X 2 Y2 Z2
.

.

.

X n Yn Zn

1

C
C
C
A

T

; (4)

where (X k ; Yk ; Zk ) , (k = 1 ; 2; : : : ; n) is the k -th assigned 3D co ordinate and n is the n um b er of

iteration. r � and rphi are obtained as

r � = x l;s � xa;s; r � =
q

r 2
� + ( yl;s � ya;s)2; (5)

where (x l;s ; yl;s ) is the co ordinate of the trac k ed lip in the side view facial image. These are used

in Eq. (1).

4) T rac king of target facial p oin ts

T arget p oin ts assigned in pre-pro cessing are trac k ed b y using F , � , and � . Figure 7 sho ws the

o v erview of the trac king of target facial p oin ts. Eac h co ordinate of F is represen ted as a 3D
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Figure 7: The mo del of the facial mo v emen t and target p oin ts trac king.

Figure 8: The result of ey es and ey ebro ws trac king.

p oin t in the face co ordinate system. The head cen ter is the origin of this co ordinate system.

This co ordinate system can rotate around the x axis and y axis. The target p oin t trac king is

p erformed to rotate 3D p oin ts b y using � and � , and pro ject to the image plane. The rotation

matrix R whic h is used for the rotation is

R =

0

@
cos� 0 sin�

0 cos� � sin �
0 0 1

1

A : (6)

The matrix of trac k ed 3D co ordinates F 0
is obtained as

F 0 =
�

R h
0T

3 1

�
F (7)

0T
3 = (0 0 0) T

h =

0

@
xh

yh

0

1

A :

The x and y co ordinates of F 0
are the co ordinates of the trac k ed p oin t in the image plane.

Figure 8 sho ws the result of ey es and ey ebro ws trac king. The green and blue rectangles sho w

the lip and the head p osition resp ectiv ely . Cy an circles sho w the results of ey es and ey ebro ws

trac king. These p oin ts can b e trac k ed in spite of v arious face mo v emen ts.
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Figure 9: Geometry of the exp erimen t.

Exp erimen tal ev aluation for the prop osed trac king tec hnique

In this section, the e�ect of the prop osed trac king tec hnique is ev aluated b y the exp erimen t.

The geometry of this exp erimen t is sho wn in Figure 9. A mo del of h uman face is used as the

sub ject of this exp erimen t since it is easy and accurate to obtain the actual mo v emen t. The face

is illuminated b y the ligh t source with an azim uthal angle of 20�
� 80�

and an elev ation angle of

� 15�
� 15�

. In eac h illumination angle, the face is mo v ed � 5cm to horizon tally(along the x axis)

and v ertically(along the y axis) and rotated with an azim uthal angle of � 80�
� 80�

around the

cen ter of the face mo del. These mo v emen ts of the face under v arious illuminations are trac k ed

and estimated with the prop osed trac king tec hnique.

T able 1 sho ws the estimation error of the parallel shift b y the prop osed trac king tec hnique

at three angles of the ligh t source, and the a v erage and maxim um of the estimation error at all

angles of the ligh t source. These results sho w that the estimation error of the parallel shift is

within 1cm under v arious illuminations.

T able 2 sho ws the estimation error of the rotation b y the prop osed trac king tec hnique at four

angles of the ligh t source, and the a v erage and maxim um of the estimation error at all angles of

the ligh t source. The cell with dash indicates that the trac king failed in T able 2. The a v erage of

the estimation error is within 6�
. The prop osed tec hnique fails to trac k the rotation of the face

under illuminations that the lip is co v ered with the shading. Ho w ev er, the prop osed tec hnique

can trac k the rotation angle of 0�
� 20�

under the ligh t source with an azim uthal angle of 80�
. It

is though t that the prop osed tec hnique has enough accuracy for the sub ject trac king in BRDF

measuremen t system.

Exp erimen t: Video-based BRDF measuremen t

In this section, w e p erformed the exp erimen t of the prop osed video-based analysis tec hnique.

This exp erimen t measures BRDF of four facial p oin ts on the mo ving sub ject.

Figure 10 sho ws the geometry of this exp erimen t. The sub ject of this exp erimen t is the

mo del of h uman face. The face is illuminated b y the ligh t with an azim uthal angle of 0�
� 65�

and an elev ation angle of 15�
. BRDF is measured at four facial p oin ts, forehead, c heek, lip and

nose. In this exp erimen t, BRDF is measured in three di�eren t conditions of the face mo v emen t.

One is the condition that the face is k ept still. Measured BRDF in this condition is the ground
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T able 1: The estimation error of the parallel shift [cm].

T able 2: The estimation error of the rotating [degree].
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Figure 10: Geometry of BRDF measuremen t exp erimen t.

truth of this exp erimen t. Another one is the condition that the face is not k ept still and its

mo v emen t is not trac k ed. The last one is the condition that the face is not k ept still and its

mo v emen t is trac k ed b y the prop osed facial trac king. The face is mo v ed randomly from side

to side when the face is not k ept still. The distance of the mo v emen t is up to 3cm. Figure 11

sho ws measured BRDF s. In the results of forehead, c heek and lip, BRDF with the face trac king

is highly consisten t with the ground truth. Ho w ev er, in the result of nose, BRDF with the face

trac king is v ery di�eren t from the ground truth. It is though t that this di�erence is caused b y

the shading on the nose.

Application: moles and acnes remo v al sim ulation

As the application of our video-based analysis system, w e p erformed moles and acnes remo v al

sim ulation. The remo v al sim ulation can b e p erformed b y con trolling skin color of moles and

acnes. P ositions of moles and acnes on the facial skin are trac k ed b y the prop osed trac king

metho d. The skin color con trol[1] is p erformed to pixels in the small region around the target

p oin t. Figure 12(a) sho ws the remo v al sim ulation of moles, and (b) sho ws the remo v al sim ulation

of acnes. Moles and acnes lo ok lik e skin-lik e color parts.

Conclusion and Discussion

This pap er prop osed a video-based analysis for the app earance on the facial skin with an auto-

matic face trac king tec hnique. The facial mo v emen t can b e trac k ed robustly against the shading

b y using the lip and the head cen ter that are less in�uenced b y the shading. The videobased

analysis system could measure the BRDF of the mo ving face. In addition to the BRDF measure-

men t, w e p erformed moles and acnes remo v al sim ulation as the application of our video-based

analysis system.

F or further study , w e m ust impro v e the trac king tec hnique to trac k parallel shift along the z

axis and roll rotation. It is though t that ev ery mo v emen ts of the face can b e trac k ed accurately

b y using accurate 3D face mo del. Therefore, w e are planning to reconstruct 3D face mo del and

use to trac k.
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Figure 11: Results of BRDF measuremen t, (a)forehead, (b)c heek, (c)lip, (d)nose BRDF s.
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Figure 12: Remo v al sim ulation of moles and acnes.
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Abstract

In this pap er, w e deal with the problem of sp ectral re�ectance functions estimation in

the con text of m ultisp ectral imaging systems. W e w ork out in the linear mo del and w e

prop ose a no v el metho d based on the use of spline w a v elets as basis functions. W e compare

this metho d to F ourier and PCA basis. The results are ev aluated with the commonly used

go o dness-of-�t co e�cien t (GF C) and pro v e the reliabilit y of the use of w a v elets.

In tro duction

Con v en tional color imaging de�nes eac h pixel with 3 v ariables suc h as red, green and blue, whic h

are necessary and su�cien t to c haracterize an y color. This principle has sev eral limitations. First,

in a color image acquisition pro cess, the scene is acquired using a giv en illuminan t. Th us, it is

imp ossible to estimate the scene color accurately under another illuminan t. Moreo v er, t w o color

samples can matc h under one illuminan t and app ear completely di�eren t under another one.

This phenomenon is called metamerism. Multisp ectral imaging systems remedy these problems

b y increasing the n um b er of acquisition c hannels. In doing so, m ultisp ectral imaging pro vides

the adv an tage of high sp ectral resolution o v er classical color imaging systems and the adv an tage

of high spatial resolution o v er sp ectrophotometers. F urthermore, with suc h systems, scene sur-

face re�ectance reco v ery from the camera output b ecomes easier but not trivial. Th us, �nding

appropriate mathematical metho ds to estimate the sp ectral re�ectance from the camera output

is a crucial task and of great imp ortance.

Problem form ulation

The generally used sp ectral mo del of the acquisition c hain in a m ultisp ectral system is illustrated

in Figure 1, where I (� ) is the sp ectral radiance of the illuminan t, r (� ) is the sp ectral re�ectance

of the surface, o(� ) is the sp ectral transmittance of the optical system, tk (� ) is the sp ectral

transmittance related to the kth �lter, c(� ) is the sp ectral sensitivit y of the camera, and � k

represen ts the sp ectral noise for the k -th c hannel, k = 1 : : : K .

The camera output dk , related to the c hannel k for a single pixel of the image, is giv en b y

Figure 1: Synopsis of the sp ectral mo del of the acquisition pro cess in a m ultisp ectral system.
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dk =
Z �

max

�
min

I (� )r (� )o(� )c(� )tk (� ) d� + � k : (1)

If the noise is assumed remo v ed b y prepro cessing [1], and assuming a linear opto-electronic

transfer function, w e can replace I (� ) , c(� ) , o(� ) and tk(� ) b y the sp ectral sensitivit y Sk (� ) of

the kth c hannel. Then, the Equation (1) b ecomes:

dk =
Z �

max

�
min

Sk(� )r (� ) d� + � k : (2)

By regularly sampling the sp ectral range to N w a v elengths, Equation (2) can b e written in

matrix notations as follo ws:

dk = ST
k (� )r (� ); (3)

where Sk(� ) = [ sk (� 1)sk(� 2) : : : sk(� N )]T
is the v ector con taining the sp ectral sensitivit y of the

acquisition system related to the k -th c hannel, r (� ) = [ r (� 1)r (� 2) : : : r (� N )]T
is the v ector of

the sampled sp ectral re�ectances of the scene, and T is the transp ose op erator. Considering the

system with all c hannels, Equation (3 can b e written as:

d = ST r (4)

where d is the v ector con taining all dk camera outputs and S = [ s1s2 : : : sK ]T is the matrix

con taining the c hannels sp ectral sensitivities Sk . The �nal goal is to reco v er r (� ) from the

camera output according to Equation (4). This is obtained b y �nding an op erator Q that solv es

for the follo wing equation:

r = Qd: (5)

Dep ending on ho w the op erator S is determined, t w o paradigms of sp ectral re�ectance esti-

mation exist [2 ].

� If S is obtained b y a direct ph ysical system c haracterization, Q is the pseudo-in v erse of S .

� If S is obtained indirectly b y matc hing a set of M color patc hes (for whic h w e kno w the

theoretical re�ectances) and w e capture an image of these patc hes with the m ultisp ectral

camera, w e ha v e then a set of corresp onding pairs (dm ; rm ) , for m = 1; : : : ; M , where dm is

a v ector of dimension K con taining the camera resp onses and rm is a v ector of dimension

N represen ting the sp ectral re�ectance of the m -th patc h. The re�ectances rm are gathered

in the matrix R and the camera outputs for the M patc hes are gathered in the matrix

D . The op erator Q is straigh tforw ardly obtained b y calculation of this matc hing. An y

optimization metho d can ful�ll this aim (neural net w orks, Least squares. . . ). Th us, the

op erator Q is obtained lik e:

R = QD (6)

in v olving then the in v ersion

Q = RD � 1: (7)

A third paradigm for sp ectral re�ectance estimation consists of direct in terp olation of the camera

outputs dk . Then, no kno wledge ab out op erator S is required. Nev ertheless, rigorous conditions

ab out �lters' shap e, as w ell as w ell calibrated and normalized data is required for this kind of

reconstruction. The reconstruction is p erformed b y an y in terp olation op erator (spline, etc.)

The �nal goal is to estimate sp ectral re�ectance functions r from camera outputs d. T o

do so, sev eral metho ds b elonging to the t w o �rst paradigms exist in literature. Some classical

approac hes use the pseudo-in v erse calculus and the least squares. The main dra wbac k of these

metho ds is instabilit y of solutions due to the noise ampli�cation. That is wh y some other metho ds

add some constrain ts on the re�ectance functions to b e in the range [01] or seek to maximize

the smo othness of the estimated result.
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Re�ectance estimation in the linear mo del

Utilization of a linear mo del to estimate re�ectance from camera resp onse seems to b e trivial

since w e supp osed a linear opto-electronic transfer function enabling us the matrix notation in

Equations (4, 5). Moreo v er, the linear mo del o�ers an alternativ e to imp osing smo othness on

re�ectance functions [3]. This is expressed b y assuming that r (� ) can b e appro ximated b y a

linear com bination of a small n um b er of basis functions [4]. Th us, a set of basis functions B j

(j = 1 : : : M )) are de�ned suc h that eac h re�ectance r i could b e written as:

r i = B j ai;j ; (8)

where ai;j is the w eigh t of the j th basis function related to the i th sample. The basis functions are

themselv es functions of w a v elength but free of constrain ts suc h as b eing p ositiv e or constrained

to b e limited to the range [01]. Their n um b er M is c hosen to conserv e maxim um of energy .

Equation (4) can b e written as:

d = ST Ba; (9)

where the columns of the N � M matrix B con tain the M basis functions of a linear mo del of

re�ectance sp ectra and the M � 1 matrix a holds the w eigh ts that de�ne the particular sp ectrum

that w e are trying to reconstruct. When gathering ST
and B in a unique op erator, the latter is

a square matrix that could b e easily in v erted. W e can rewrite Equation (9 as:

a = ( ST B )� 1d; (10)

whic h allo ws us to compute a. Afterw ards w e can easily estimate r b y simple m ultiplication:

r = Ba: (11)

In this con text, metho ds b elonging to the second paradigm use tec hniques of decomp osition,

although implicitly . W e can cite the metho d prop osed [5 ] whic h tak es adv an tage of the a pri-

ori kno wledge ab out the sp ectral re�ectances that are to b e imaged (pigmen ts re�ectance for

pain tings re�ectance reconstruction). Metho ds based on linear neural net w orks are also metho ds

taking b ene�ts from basis decomp osition [6]. In our pap er w e will ac hiev e the decomp osition

task b y exp erimen ting with three basis functions: PCA, F ourier and W a v elets analysis.

Exp erimen ts and results

In this section, w e describ e three exp erimen ts to ev aluate the sp ectral re�ectance estimation

p erformance for the three metho ds: PCA, F ourier and w a v elets analysis. The data w e used are

sampled at 10 nm in terv als in the range [400; 700] yielding for eac h sp ectrum r (� ) to a v ector of

31 v alues.

The aim of this exp erimen t is to deriv e a small n um b er of basis functions from a set of

sp ectra using the three metho ds. Then, w e try to reconstruct all the set using only the basis w e

computed. T o do this w e used a set of 404 natural sp ectra. W e p erformed decomp osition using

the three metho ds. W e found that 95% of energy is hold b y the six greatest v ectors. F urthermore,

for practical reasons that in v olv e the n um b er of F ourier and w a v elets basis to b e m ultiple of t w o,

w e c hose to k eep the eigh t �rst basis functions. The w a v elets w e used in this pap er are based on

the spline family .

Reconstruction of training set

After deriving the basis functions for the �training� set, w e try to reconstruct all the sp ectra in

this set using these basis functions and the co e�cien ts matrix a (Equation (10). The Figure 2

sho ws the results for the three metho ds in terms of visual comparison of reconstructed curv es:
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a b c

Figure 2: Samples of reconstructed sp ectra from the training set using: a. PCA eigh t basis

functions, b. F ourier eigh t basis functions, c. W a v elets eigh t basis functions.

T able 1: Results, in terms of GF C, of the reconstruction of the training set for the three metho ds.

Metho d GF C

Mean median STD Min

PCA 0.9997 0.9999 5.1903 �104
0.9953

F ourier 0.9841 0.9905 0.0170 0.8799

W a v elets 0.9952 0.9978 0.0053 0.9655

W e also ev aluate the re�ectance estimation in terms of an ob jectiv e metric. F or this purp ose,

w e used the non cen tered correlation co e�cien t, largely used and kno wn in the comm unit y as

Go o dness of Fit Co e�cien t (GF C) expressed b y the form ula:

GFC =

�
�
�
P

j Rm (� j )Rr (� j )
�
�
�

� �
�
�
P

j Rm (� j )2
�
�
�
� 1=2 � �

�
�
P

j Rr (� j )2
�
�
�
� 1=2

where Rm (� j ) is the v alue measured b y the sp ectrophotometer in the w a v elength � j , and Rr (� j )
represen ts the reconstructed v alue related to the same w a v elength. T able 1 giv es the full results

for the 404 sp ectra in terms of mean, median, standard deviation and the minimal v alue of GF C.

Generalization p erformance

F rom the previous results, w e retain PCA and W a v elets to test them in the task of generalization.

That means w e extract a PCA and w a v elets basis functions from a set that w e call training set

and try to estimate re�ectance from another set. In our case, w e used Macb eth DC as a training

set and Macb eth Color c hec k er as reconstruction target. Figure 3 depicts some samples of the

p erformed reconstruction allo wing for visual comparison of the reconstructed curv es. W e also

ev aluate the generalization capabilities of these t w o metho ds in terms of GF C. T able 2 giv es the

results.

78



T able 2: Results, in terms of GF C, of the generalization capabilities for the metho ds using PCA

and w a v elets basis functions

Metho d GF C

Mean median STD Min

PCA 0.9971 0.9990 0.0048 0.9820

W a v elets 0.9980 0.9986 0.0021 0.9922

a b

Figure 3: Results of generalization test for: a. PCA basis functions and b. W a v elets basis function.

Estimation from m ultisp ectral image

The main ob jectiv e in m ultisp ectral imaging is to b e able to reconstruct full sp ectral re�ectance

curv es r (� ) from a small n um b er of c hannels K con tained in the v ector dk . That is wh y w e

p erform this third exp erimen t. W e used t w o m ultisp ectral images of the Macb eth DC comp osed

of eigh t c hannels represen ting captured eac h 40 nm in the range [400; 700]. The di�erence b et w een

the t w o images is the shap e of the �lters. The �rst image is issued from narro w-band �lters,

while the second image is issued from large-band �lters (FWHM of 40 nm). Then, in order to

reco v er the full sp ectrum for eac h patc h, w e used the previously computed basis in the case of

the w a v elets but w e computed a new basis for the PCA metho d. Figure 4 sho ws results for this

exp erimen t in terms of visual comparison of curv es.

T able 3 giv es the results for this exp erimen t in terms of GF C when using a m ultisp ectral

image issued from narro w band �lters.

The T able 4 giv es the results for this exp erimen t in terms of GF C when using a m ultisp ectral

image issued from large band �lters.

T able 3: Results, in terms of GF C, for the re�ectance estimation from camera outputs in the

case of m ultisp ectral image from narro w-band �lters.

Metho d GF C

Mean median STD Min

PCA 0.8841 0.9605 0.1898 0.2847

W a v elets 0.9948 0.9972 0.0064 0.9710
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Figure 4: Results of re�ectance estimation from: a. narro w-band m ultisp ectral image using PCA,

b. narro w-band m ultisp ectral image using w a v elets, c. large-band m ultisp ectral image using PCA,

and d. large-band m ultisp ectral image using w a v elets

T able 4: Results for the re�ectance estimation from camera outputs in the case of m ultisp ectral

image from large-band �lters.

Metho d GF C

Mean median STD Min

PCA 0.9970 0.9993 0.0081 0.9604

W a v elets 0.9948 0.9971 0.0071 0.9665
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Discussion

Lo oking to the results of the �rst exp erimen t, one can remark that F ourier basis presen ts the

w orst p erformances and presen ts some artifacts on the b oundaries as depicted in Figure 2b (en-

circled area); this ev en w e replicate p erio dically the re�ectance samples. The w a v elets remedy

to this problem thanks to m ultiresolution analysis and presen ts therefore go o d results in terms

of GF C and visual comparison. But, the PCA presen ts the greatest scores for the task of recon-

structing samples from the training set. It is natural since PCA deriv e Smo oth basis for smo oth

data set. F or the generalization task, the w a v elets basis functions p erforms b etter and get the

b est scores in term of GF C and curv es visual comparison ev en the training set and test set are

statistically similar (Macb eth DC and Macb eth CC). W e notice that w e could use the basis

functions deriv ed from the �rst exp erimen ts in the case of w a v elets. W a v elets basis are indep en-

den t from training. The only h yp othesis is that the curv es are smo oth. The third exp erimen t

sho ws again the b est p erformance of the w a v elets in the task of estimating re�ectances from

m ultisp ectral output system. In the case of m ultisp ectral image issued from narro w-band �lters,

scores for the w a v elets are largely sup erior. That means that PCA is not adapted to reconstruc-

tion for this kind of images. In the case of m ultisp ectral image issued from large-band �lters,

the t w o metho ds presen ts quite similar results. The mean and median are sup erior for PCA but

the standard deviation and the min are sup erior for W a v elets. That expresses the stabilit y in

the results of w a v elets.

Conclusion

In this pap er, w e in tro duced a new metho d for sp ectral re�ectance reconstruction using w a v elets

basis functions. W e tested this metho d in three cases: reconstruction of the training set, gener-

alization and the reconstruction of re�ectance from m ultisp ectral imaging system. W e compare

this metho d to t w o other metho ds b elonging to the same paradigm: F ourier and PCA. W e ev al-

uate the results in terms of GF C and re�ectance curv es comparison. The prop osed metho d sho w

go o d and stable p erformance in all exp erimen ts. The future w ork will concern designing and

testing other t yp es of w a v elength more adapted to smo oth re�ectances.
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Abstract

In this pap er w e are comparing sp ectral color repro duction v ersus color repro duction.

W e p erform three coloran t separations based on the in v ersion of the sp ectral Neugebauer

mo del: one minimizing a sp ectral di�erence for the sp ectral prin t, a second minimizing a

colorimetric di�erence for the colorimetric prin t and a third one minimizing a w eigh ted

summation of b oth colorimetric and sp ectral di�erence. A m ulti-coloran t prin ter is used for

our exp erimen ts and the prin ts sim ulated with the sp ectral Neugebauer mo del.

Keyw ords : sp ectral color repro duction, sp ectral prin ter mo del, m ulti-coloran t prin ting,

sp ectral coloran t separation.

1. In tro duction

With a color repro duction system it is p ossible to mak e a color acquisition of a scene or ob ject

under a giv en illuminan t and to prin t a color repro duction of it. With prop er calibration and

c haracterization of the devices in v olv ed, and disregarding the problems related to color gam ut

limitations, it is theoretically p ossible to pro duce a color repro duction whic h will app ear iden-

tically to the original. F or example a pain ting and its color repro duction put side b y side will

app ear iden tical under the illuminan t used for its color acquisition ev en if the sp ectral prop-

erties of the pain ting pigmen ts are di�eren t from the prin t inks. This phenomenon is called

metamerism. On the other hand, if the illumination c hanges, the repro duction will generally

no longer b e p erceiv ed as equal to the original. This problem can b e solv ed in a sp ectral color

repro duction system.

Multisp ectral color imaging o�ers the great adv an tage to pro vide the full sp ectral color

information of a surface. While a color acquisition system records the color of a surface under

a giv en illuminan t, a m ultisp ectral acquisition system can record the sp ectral re�ectance of a

surface and allo ws us to sim ulate the color of under an y illuminan t. In an ideal case, after sa ving a

sp ectral image w e w ould lik e to displa y or to prin t it, from that p oin t w e ha v e t w o options: either

to calculate the color rendering of our sp ectral image for a giv en illuminan t and to displa y/prin t

it, or to repro duce the sp ectral image. This is a c hallenging task when for example w e ha v e made

the sp ectral acquisition of a 2 cen tury old pain ting and the coloran ts used at that time are not

a v ailable an ymore or w e ha v e lost the tec hnical kno wledge to pro duce them.

The in tro duction of m ulti-coloran t prin ter in color prin ting, for a primary goal of increas-

ing prin ter color gam ut has o�ered new p ossibilities in sp ectral color repro duction. The �rst

w orks with a sp ectral use of m ulti-coloran t prin ter w ere fo cused on coloran t selection [1, 2, 3 ]

and sp ectral prin ter mo deling [4, 5]. Then sp ectral color repro duction of sp ectral image w as

in tro duced [6, 7, 8]. A complete w ork�o w for sp ectral color repro duction is existing and researc h

w orks are con v erging to w ard linking acquisition and repro duction of sp ectral image [9, 10] based

on the mo del of a color repro duction w ork�o w.

Multi-coloran t prin ter o�ers the p ossibilit y to prin t the same color b y v arious coloran t com-

binations, i.e. metameric prin t is p ossible. This is an adv an tage for coloran t separation [11, 12],

it allo ws for example to select coloran t com bination minimizing coloran t co v erage or to optimize

the separation for a giv en illuminan t. In sp ectral coloran t separation w e are aiming to reduce

the sp ectral di�erence b et w een a sp ectral target and its repro duction, i.e. w e w an t to reduce the

metamerism. This task is p erformed b y in v erting the sp ectral prin ter mo del.
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The sp ectral Neugebauer mo del and the Y ules-Nilsen sp ectral mo di�ed Neugebauer mo del

(YNSN) are commonly use for sp ectral prin ter c haracterization [13 ]. As in color repro duction

suc h system needs to b e c haracterized and sp ectral prin ter c haracterization has b een used already

for color repro duction since it pro vided more accurate information [5].

2. Sp ectral v ersus colorimetric prin ting

In this pap er w e w an t to asses the di�erence b et w een a m ulti-sp ectral prin t and a colorimetric

prin t. The c hoice of colorimetric v ersus sp ectral prin ting is made during the coloran t separation

pro cess. Coloran t separation (i.e. in v ersion of the sp ectral prin ter mo del) is p erformed b y opti-

mization tec hnique ending b y minimizing a cost function. When a sp ectral prin t is desired the

coloran t separation is p erformed suc h that the di�erence b et w een the sp ectral target and the

estimated prin t is minimized for the sp ectral ro ot mean square (sRMS) di�erence. F or a colori-

metric prin t w e will calculate a � E �
ab di�erence b et w een the sp ectral target and the estimated

prin t.

Gam ut mapping pla ys an imp ortan t role in color repro duction: prin ter gam ut and image

gam ut ma y b e partially di�eren t. Gam ut mapping transformation will map image data to the

prin ter gam ut in order to k eep most of the information [14]. Gam ut mapping b ecomes more

complicated for sp ectral data [15], due to the dimension of the problem it is lik ely imp ossible

to apply directly color gam ut mapping tec hniques to sp ectral data. But with the use of an

in v erse prin ter mo del and optimization it is p ossible to map sp ectral re�ectance to the sp ectral

prin ter gam ut. The sp ectral prin ter gam ut is de�ned b y the sp ectral re�ectance of the a v ailable

coloran ts and all the com bination b et w een them, i.e. the Neugebauer primaries (NP) of the

prin ter. A ccording to the Neugebauer prin ter mo del the sp ectral re�ectance of a prin ted coloran t

com bination is the w eigh ted summation of the NP where the w eigh ts are the area co v ered b y the

NP . It is a con v ex optimization problem to solv e since the summation of the w eigh ts is equal to

1. So b y in v erting the sp ectral Neugebauer mo del for the w eigh ts w e obtain an estimation of the

closest prin table sp ectral re�ectance according to the desired sp ectral target and coloran ts [16].

3. Exp erimen t and results

W e use in our exp erimen t the Esser testc hart made of 283 sp ectral patc hes. Colorimetric and

sp ectral prin ts are sim ulated for the original testc hart and its gam ut mapp ed v ersion with

the tec hnique describ ed ab o v e, see in Fig. 1 (a) the gam ut mapp ed Esser testc hart sp ectral re-

�ectances. The coloran t separations are run for a sim ulated sev en coloran ts prin ter, see Fig. 1 (b)

for the NP sp ectral re�ectances of the prin ter.

P erformance of the coloran t separation pro cesses are sho wn in T able 1 for the original

testc hart and T able 2 for the gam ut mapp ed testc hart. In b oth exp erimen t the colorimetric

prin t is p erformed for � E �
ab under illuminan t D50. Di�erences b et w een target and prin t are

calculated in CIE L � a� b�
space for illuminan t A, D50, D65, F11 and sRMS.

A third metho d is exp erimen ted to p erform the coloran t separation in v olving b oth sRMS

and � E �
ab in the cost function. Our metric is then a w eigh ted summation of these t w o metrics

and the di�erence to b e minimized is de�ned b y:

d = (1 � � ) � � E �
ab + � � sRMS (1)

where � = 0 is equiv alen t to colorimetric prin t and � = 1 equiv alen t to sp ectral prin t. sRMS has

b een scaled for this metho d suc h that b oth metric v ary in the same range of v alue. In Fig. 2 (a)

are displa y ed colorimetric di�erences and in Fig. 2 (b) sp ectral di�erences v ersus � . Extreme

v alues in the graphs are corresp onding to those displa y ed in T ab. 2.

W e observ e an in teresting result, from � = 0 to � = 0 :25 the sRMS metric is decreasing

faster than the increasemen t of the colorimetric metric � E �
ab. Small � v alues corresp onds to
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bigger w eigth put on the colorimetric di�erence in the coloran t separation. This metho d seems

to reac h an area where the � E �
ab is stable and sRMS is decreasing. It describ es coloran t v alues

whic h b oth minimizes colorimetric and sp ectral di�erence.

4. Conclusion

Both metho d end up with large error when coloran t separation is p erformed on the original

data. But the sp ectral prin t pro duce smaller error in term of sp ectral di�erence than for the

colorimetric prin t and colorimetric prin t pro duce smaller colorimetric di�erence with a minim um

p eak for the illuminan t D50 c hosen during the coloran t separation, see T ab. 1 and T ab. 2.

After sp ectral gam ut mapping b oth metho d pro vide closer prin ts with the new gam ut mapp ed

testc hart. W e can see that the sp ectral prin t is still b etter than the colorimetric prin t in term

of sp ectral di�erence. But all colorimetric di�erences are reduced for the colorimetric prin t and

are minim um again for the illuminan t used in the coloran t separation. The coloran t separation

including a minimization of a metric based on b oth colorimetric and sp ectral con�rms that more

w eigh t put on the colorimetric di�erence or on the sp ectral di�erence impro v es one or the other

di�erence resp ectiv ely and still a b etter sp ectral di�erence do es not pro vide b etter colorimetric

di�erences. But it also rev eals an area corresp onding to small � v alue where b oth colorimetric

and sp ectral metrics are decreased.

A sp ectral prin t tends to reduce metamerism (smaller v ariations b et w een the colorimetric

di�erences comparing to those obtain for colorimetric prin t) but other targets and set of coloran t

should b e tested for the coloran t separation pro cess. Also the use of the in v erse YNSN should

pro vide b etter results since it impro v es the sp ectral Neugebauer mo del.
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Figure 1: Sp ectral re�ectance of the Esser tesc hart after sp ectral gam ut mapping in (a). The 128

Neugebauer primaries sp ectral re�ectances used for gam ut mapping and sim ulating the sp ectral

and colorimetric prin ts in (b).
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Figure 2: Ev olution of the di�erence b et w een the original target (here the gam ut mapp ed Esser

testc hart) and the its estimation after coloran t separation function of � factor. � E �
ab in (a) and

sRMS in (b).
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