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EPSRC ROPA Project GR/K 34638
* A General Theory of Colour Calibration’

SUMMARY

Y new "General Theory of colour transtorm development” has been evolved. The theory uses dhe principles and
predhcuve power of vector-spaces (o guide tanstorm development.

The mvestgation arose from the feeling that the centrid Llaws of addutive colour mixing might form a fundamentasl basis
on which 1o build mnstorms. The intent was to create a system capable of guiding and proving transtorm structure. The
principles af vector-space modelling, vector algebra and vector analysis are used. The resulting transforms are detailed
predicive modeds of the additve effects of all the variables concerned in the propertics of the phenomenon being
modelied. The predictions are based on the properties of Euclidean vector-spaces. Mathematical arguements have been
leveloped, which show thit vector algebraic methods can be used to both develop and evaluate the success of any
caldidite calibration transiorm,

Urenerid mathemadeal principles are used. (o show that any transform may be constrained to be a theoreticallv exiact
cector-hased calibranon model of a colour mixing system. [ this 15 done. then evaluation of correctness is possible.
Thas s shown o cover alb mstances of additive colour mixing. 1tis predicted that an exact model s also possible for
ubtriactive colour mixing, with (ull predictive power for the result of miximg colorants on a substrate. Whaile this is
engh o be mathemaucilly provable. time bas not allowed pracucal substinuation. in the case of subtractive mexing

I he Basis of the Theory

he principles on which the theory rests are the "Law’s of Addiove Colour Mixang®. first developed by Newton and
Lirasstiagy. These were first restated interms of vector notation. and then vector-based predictions of colour mixing
fosults was compared expenmentadly with the properties of additive mixing systems, The tirst system for comparison.
and tor successtul predicuon. was the structure used by the CIE in 1931 1o establish the CIE Colorimeuric Transtorm

s well known that the cenwral principle of both Colorimerry and Photemetry is the strict additivity of CIE Tri-stmulus
walues This property of multi-stimulus. or multi-vanable additivity 1 adso e central property of a Euclidean vecior-
pace. In consequence. atl aspects of CIE Colorimetry and Phatometry age showi o he in essence vector-space models

1 human colour sensation. although ey were not congeived s such

The mallargument for tie hasis of the theory is presented by Qulton & Bowen i the first of five detailed theorecal
papers aititled. " Newton, Grissiman, the CIE System. and Additive Colour Mixing”. In this paper. vector-algebrai
easamng 1y apphied, e the modelling of the properties of light-stmulus mixtures. Puaper two s enttled © The Generahiny
ol Vector-Space Maodelling, as i Proven Implementaton of the Principles of Additive Colour Mixing™. [ validates by
daebrise reasonng, tie use of addiave vectors i a Eudlidean space. 1o express the addiovity ot spectral stimulh implied
tthe “Laws o gdditive colour maxang” Follow-up papers cover i range of potential applications in vagious types ol
anstorm developmend .

Conclusions

\ cetor-algebrine reasoning has been used 1o create and prove colour transtorms. 1t bas been applied in particular, to
prove the theoretical accuraey ol a non-linear transtorm. Following evatuation of theoreticu) correctness, the predicions
of the moded were confirmed by experimenta evidence trom CRT sereen calibration.

Vhe ettectof the General Theory, given full peer acceptance. will be to make exhaustive interpolation based device
churactensation unnecessary. The gan trom such a development has been demonstrated empirically in a previously
published paper by Qulton and Porat, in which it was shown that an accuracy of calibration is available which is
tpically o lactor of ten more accurate, compared with that delivered by typical interpolation based methods.

The experimental programime examined the detailed characieristics of both additive and subtractive colour mixing
sistems. and helped 1o confirm the validity of the principles on which the theory is based. Full experimental
conlirmiton of the predictive power of the theory however. awaits its use across a wider field applications. It is
predicied that the development of transforms will be materially aided in the of colour calibration of most Lypes of colour
capture and colour reproduction device. Potentially. 1t may also aid colour difference modelling. colour appearance
modelhng. and subtractive colorant recipe tormulation as well.
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Final Report

Introduction

The investigation entided *A General Theory of Colour Calibration” arose trom the leeling that there was much
circumstantial evidence tat all pointed toward some as vel unidentitied central principle of colour calibraion. Two
approaches hive been vsed w uncover this central principle. one relatively unsuccessiul, one apparently completely
successful. The original aims of the project were framed round an empirical approach. which sceks o discover the
central principles by detailed practicad and theoredcal investigation, The characteristics and phenomena of devices
which work by both additive and subtractive colour mixing have been investigated in detail, and compared with
possible explanatory theorics.

While the empirical investigative programme was in lund. opportunity was taken to re-visit the central principles of
Colorimeury itself. The objective wis to see it they could be extended 10 account for the non-linear cross dependencies
tpicid of colour calibration problems. [Cis this second approach that bas bome fruit. The result is a set ot at least three
detailed theoretical papers. in which tie cenwral pnnciples of CIE Colorimetry and photometry are unified with the new
theory, stated in vector algebraic terms. and extended o cover new types of ranslorm,

Starting from the fundamental Liws of additve colour mixing, the investigators have developed a new approach to the
development of colour trunstorms. The new approach applies tie principles of vector-space modelling, vector algebra,
and vector anadysis o the definiton of colour calibration ransforms. The resuliing wransforms are detailed predictive
models of the effects of all tie variables concerned in the properties of the phenomenon being modelled. Mathematical
arguements have been developed, which show that there is a sound cenwral guiding principle that can be used o both
develop and evialuate tie sncceess of any candidate calibration ranstorm.

The implicaions for the “General Theory™ are potentially redevant to o much wider area of Colour Science than the
specialist field of cotour calibration originally addressed. A comprehensive exercise of peer 2roup review and
discussion has been intiated 1w explore hoth the cenwral principles of the General Theory. and its applications i the
wider context of Coloyr Scicenee us g whole,

The process of peer eviduation started with the submission of the key papers o the Journal Color Reseiarch and
Applications teopies attichedr. Direct interactive discussion with Use meann saentsts correntdy active in the CIE takes
pice wt the CLIE/NPL lntennational Conference *Visual Scales @ Photomewnc and Colorumetric Aspects’ af the end of
Murch. The Principal Investigior awants with keen mierest the response ol the Colour Science Community

The Practical Investigation

[n the cise tor support. the investigator wdentified as e problem to be addressed. the general principies that might
underliv and guide the development ol colour cilibranon winstorms Such tanstorms are predictive muli-dimensional
models that allow precise colour w be reproduced on an given sinple of colour capture or colour output device. by
vharacterising the detailed features of its pertormincee.

Invesungations were specitied. which would seek 10 -

1. Predicta set of general principles for colour calibration.

1.3

. Test the applicability of calibration principles in model systems.

- . - - . . -
Ao Predict and test calibration susuegies lor a range of colour systems,

A full programme of investigative experiment work has been carried out into to colour reproduction of subtractive
colour mixing devices such as dye-sublimation and half-tone colour printers, The colour capture characteristics of
several different types of electronic and conventional camera have been investigated, and a detailed analysis of existing
and new calibration results for CRT screen monitors was carried out. A brief review of the experimental work is given
in APPENDIX [.

The General Theory of Colour Culibration

The starting point for the successtul investigaton, which lead to the new theory was CRT screen calibration. The
published algorithm (1) developed prior (o the project appeared to have theoretically exact predictive properties, for the
additive mixing of screen phosphor colour. As better measurement techniques were employed, and wider coverage of
the device colour-space was used. the calibration became accurate 1o the third decimal place.
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sy General Theory of catour calibration must however do more than achieve predictive accuracy of a single mstance
ot calthration,

[t should demonstrate at least the majority of the loilowing -

. Thatit does not contradict any of the established features and results of cither Colorimetry or Photomeuy.

[

That it explains why CIE Colorimetry. and ranstorms of CIE XYZ colour-space are a suitable basts tor colour
valibration.

ad

That it correctly predicts both the structure, and detailed nigure of suceesstul calibration algorithuns,

4. That it can be used 10 generate new successtul calibration canstorms for both additive and subtractive colour
mixing systems.

L

Tt 1t suceesstully explans emprrical wechnigues of colour cadibrabon. including "Gamma correction” and "Grey
Bakacing '

6. That the predictions of e theory ire suscepubic o cither mathematical reasoning. or experunental
substanuation,  or indeed both 3,

A Generad Theory of colour calibration has been developed which meets all the above criteria.

TCwrms ot that it can be proved from general mathematical principles (2.3) that any ranstorm hased on the theors v a
theoretically exact calibration model of any type ol ¢olour mixing svstem. This certainly covers all known instnces ol
additive colour mixing. The General Theory also predicts that an exact model is possible tor subtractive colour mixmg.
with tull predictive power tor the result of miang colorants on a substrine. While tus is supported by mathematical
arguetiiehts. tme has not allowed practical substantiation, i the case of subtractive mixing,

I'he Basis of the Theory

The poncples, from which a strt wis made. are the "Law’s of Addiove Colour Mixing® tirst developed by Newion ad
Grassman. These are the bed-rock and core o all modern Colorimetrs. They are seldom guoted., :nd taken as axionitic
o Cotour Science, Reliable literature sources were however found, and e centrad principles of additive colour mixing
were then enumerated in detil. These were then restated i terms of vector notation. A veetor-based approach having
previously proved uselul i analvsing the caltbration algorithims previously developed. The next siep was o compary
sector-hased predicuon of colour mixing resulls, with the properties of additve mixing systems, The first system tor
compartson. wis the structure used by the CIE in 1931 o esuablish the CIE Colonmewrie Transtorm

Es o well known wnd established tact i all aspects of both Colonimetry and Photometry are based on the sirict
addinvuy of cotour stumuli. expressed by addiuvity of CIE Tri-stimulus Values. This property of mulu-stumuius. or
mubt-sariable additvaty is also the centrl property of a Euclidean vector-space. In eonsequence. all aspects of CIE
Cotorimetry and Photometry can be represented by, and are w essence., vector-space models of the human colour
s hsauon,

An o dimensional Euclidean vector-space 15 widely used m many areis ol science 1o model the ettect of multipie
conteshutng varables W some overal] phenomenon. 1t is on this tat the general theory is hased. In consequence. the
resulting modet has theoretically exact predicuve power for all combinations of value of the variables modelled.

The correctness of the tieory is in a large part demonstrated by its ability o predict the complete siructure of both CIE
Colonimerry and Photometry. and aso predict and prove a theoretical basis for non-linear three-dimensional CRT
wonttor calibreation (1),

The Output of the ROPA Profect

While the project has generated a significant volume of detailed experimenta results, the investigators wish to highlight
as e main output. a series of inter-related theoretical papers. These papers are essentially mathematical in inspiration,
and contain i series of arguments whose only prior assumption are the hasic principles or ‘Laws’ of additive colour
mixing. In most cases where experimental backing rather than theoretical proof is required, it has been found sufficient
o cite easting, often guite long standing expertmental evidence.

The investigators show in i series of papers -
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1. That the established principles of additive colour mixing predict that coloured light stimuli can be treated as
veclor quantities, with meaninglul magnitude and direction of effect in a vector-space.

2. That the resulting vector-space is a predictive model for the combined effects of the variables modelled.
That the CIE 1931 2 Standard Observer Colorumetry system 1s a correct partial modet of the human colour

sensauon. Although not designed as such. 1t 1s in ¢ssence a vector-space model which predicts colour identity by
mubti-dimensional vector additivity

ad

<. Thiat all mstances of additive ¢colour mixing can be modelled by a vector-space that is Euclidean with respect to
the phenomenon being modetled. Such models can then be used to predict the individual effects of those
viriables identitied as contributing to the phenomenon,

n

- Thak addinvaty of etfect can be projected across a non-linear ranstorm. allowing the predictive modelling of
non-linear phenomena such as CRT oulput caltbration.

6. That the calibration method previously developed for CRT monitors (1) is an instance of such a projection.

7. That all wpes of additive colour-capure and colour reproduction device including cameras and scanners are
mstances ol the general principles of additve mixing. Any calibration transform describing them must
necessarily be constramed o be an additive-model. if it is to be a theoreucally correct model. If this is done. the
only constraunts on the accuriacy of calibration are those associated with defining tie contributing variables.

8. That an additive space does not require exhaustive evaluation. and can be characterised by as few as 30
valibrauon pomts which characterise the contnibuting hasis-vecuns,

Y. That subtracuve colour-mixing may well prove o be an 'n” dimensional instance of the more general case of
additive mixmy, and that the CIE Colorimetric Transform is a proven practical example of this hypothesis.
whose features may be generalised to cover other instances,

1O, Thae both Neugebaver and Kubelka-Munk models of subtractive mixing are mechanism specitic sub-classes. of
d e generad chass of model, which s predicuve af all types of subtractive colour mixing.

Convlusions

There are many detiled and far reaching claims in the above list and the sk of proving them to tie peer community is
only just beginaing. Many of the Inpotheses are however substanuated directly by mathematical reasoning, invoking
only the centrad principles ol Colorimetry and Photometry as prior assumptions. Substantiation is aiso provided by
reference 1o exisung well established experimental results in the literature, These include the output of workers in the
fickds of Vision Science. Colorimeury, and Photometry. The central and most important substantiation comes from the
detailed and long lasting success of CIE Colorimewy itselt, which is shown (o be an instance of the general theory.

The tuil argument for the basis of the theory is developed by Qulion & Bowen in the paper “Newton, Grassinan, the
CIE system, and Vector-Based Description of Colour Mixing™ (2) a copy of which is atached.

The major arguments will be presented. in a paper entided “The Role of Vector Analysis, and Vector-Based Modelling,
i Colour Science.(4) on March 25" 1997 to The NPL/CIE- UK International Conference, ‘VISUAL SCALES:
Photometric and Colorimetric Aspects’. At this conlerence there will be a number of scientists whose work is quoted.
and an in-depth preliminary peer review is expected.

The published paper ** The Control of Colour Using Measurement and Feed-back” by Qulton and Porat (1), copy
itached, gives direct practical substantiation of the theory. In particular it validates the projection of three-dimensional
addiuvity across a two-stage non-linear transform. and shows the predictive power of correctly defining the
characteristic basis-vectors of a CRT monilor,

The paper "The Generality of Vector-Space Maodelling, as a proven Implementation of the Principles of Additive Colour
Mixing™ (3) by Oulton and Bowen (Synopsis attached). introduces the necessary arguements (o substantiate the General
Theory,

The paper “Vector-Space Modelling of the Mechanisms in the Human Visual System” (5) by Qulton and Bowen,
(synopsis attached) extends the application of the General Theory beyond the confines of colour calibration. In
particular it applies the constraints of vector additivity to the evaluation of proposed mechanisms for the colour-
opponency charactenstics of the human visual system. Significant insights into this related field of ransform




development may prove possible. This paper has been submitted along with (2) w the major source Journal * Color
Ruscirch and Applications” for early publication.

A sixth paper entitled “Subtractive Colour Mixing, as a Vector-Additive Mixing Phenomenon™ (6) by OQulion and
Bowen is i preparation. This addresses the extension of Vector-additive modelling to subtracuve mixing. A
mithematical arzuement. based on dhe laws of additive mixing will be given that shows in principle that all instances ot
subtractive mixing are a sub-class of the general class ol the phenomena of additive mixing. The ablity to detine both
device independent. and subtractive-mechanism independent calibration ransforms may prove Lo be significamt i the
practeal fields of colorunt recipe tormulation and device characterisation,

Vector-algehraic reasoning has been applied tor the first time, o prove the theoreticat accuracy of a non-lingar
wansiorm,

The predictions ol the proven model were conlirmed by experunental evidence from CRT screen calibration, (see
Appendix 1) and extend theoretical predictive accuracy derived from vector-space modelling. i include 4 non-linear
colour calibravon ransform.

s and when the General Theory has achieved full peer acceptance. 1ts effect will be to make exhaustive interpolation
hased device characterisation unnecessary. The gatn Trom such i development has been demonstrated empirically in i o,
where just 30 calibration patches deliver an accuracy of calibration, which is typically i tactor of ten more gecuriaie than
tait delivered by widely used exbaustve three-dimensional evaluation across a 9¥9*9 cube of interpolation points.
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APPENDIX 1. THE EXPERIMENTAL INVESTIGATION

Intruduction

Followng the original s and objectives of the project. an experimental plan was setin place o mvestigate the
characienistics of devices using both addittve and subtractive coloration principles. This programme, reviewed brietly
below, wis informative. and set the scene for the main theoretical conclusions. However attempts to deduce the
ponciples empinclly were unsuceessiul,

'rinter Calibration

There are many different models which attempt to deseribe specific cases of subtractive mixing, of which Kubelka-
Munk and Neugebauer are two. The (irst is used maindy for extile dyveing applicatons and the latter for half tone
systems. Both systems Lail in our particular application primartly because of paper wranslucency, ink diffusion, and the
conseyguent iicracton of mulople subtractive mechanisms,

Our subsequent studies ook two approaches, the first utilising the properties of the CIE system. the second kooking at
inh and dither characteristics on a more microscopic level.

3y adapung the hneansavon and grey balance mechanisms normally applied to additive systems such as CRT's. we
hoped w characterse the vanstormation of CMYK printer primaries 1o CIE XYZ primaries, Initial aitempts 1o print a
fincar (wath Y ) balanced D63 greyscale by manually altering CMY values (K to be incorporated later) proved ditficult
Fi (i) demonstrates the non-systematic nature of the reliationship. Fig (ii) shows how the printer primaries undergo a
hoe stult as chroma increases. and fig (iff) gives us the reason tor this, namely that cach primary progressively filters out
A proporton of the viseble spectrum, causmg a profile change w the curve,

Ater tunher experiments and attempts (o create virtual primanes if was considered futife 1o pursue this approach. The
prnung ol colour by the placing of dots in a dither pattern also produced unpredictable effects when the mk diffused.
catsitiye dots o overbap altusirted i fig dvn.

Further investgations tollowed the idea that cach of the prmter prinkries could be considered independent and 1
muthematical sense ordiogonal. From another project the idea was taken to represent each of the primaries at 3
menochromatie wavelengths only, For g calibration svstem 1o be viible however, measurements had o be taken o
datterent dither orders of C+MLCHY. M+Y and C+M4+Y, ve the binary and lerary mixeares

Datliculies arose n developing an accurate iteration method, The methed eventually reached a stage of development at
wihich s was not only machime specitic but also ditier pattern specific In consequence the investgation was nol
tallowed w a logical conclusion,

Camera Calibration

Cameras are an additive system and were therefore subjected to the sime weatment as was successiul tor developing the
CRT screen wanstorm, 1e. lnearisation and grey balancing. The presence of a complicating factor with cameras
bocame wpparent. There are usually mechanisms within the camera which attempt to compensate for the ultimate lick ot
dviiunie rage avindable, v was these mechanisms that we either wanted o bypass or mathematically deduce.

The three cameras we investigated were

1. A very small analogue camera which is supplied with a Silicon Graphics Indy.

24 Panasonic VHS video camera,

3..A Leaf Lumina scanning digital camera,
The results guoted here are for the Silicon Graphics camera on the grounds that the principles for all the cameras were
the same. A caltbrated monitor was used as the colour source because it is produces accurate and reproducible results,

On attempling to analyse the software mechanisms, which were altering the cameras raw responses, we found that the
suftware could not be overridden and that mathematical deduction was impossible, Efforts were made to create a
sttuation where aithough the full mathematical characterisation was not available, we could find a means to counteract
ils effece.

Fig (v} shows the non-linear RGB camera response 10 a linear D63 greyscale,
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Fig (vi) illustrates how the camera responds differently 1o single monitor primaries.

Fig (vii) depicts the cross dependence of the camera primaries. IF the camera is initially presented with maximum
monitor blue for example. then. as in the graphs is presented with an increasing amount of green, the cameras blue
response decreases

[0 our studies with the Leal Lumina scanning digital camera the dynamic range proved an insurmountable problem. We
coubd not get the relevant information from the manufacwrer to write our own control software. Combined with the
relatively poor dynamic range response characteristics of CCD technology. the software problem prevented any
sensible anempt o calibrate the camera,

Screen Calibration

The onginal 1992 paper “The control of colour using measurement and feedback’ (1) announced and substantated a
very accorate method of CRT screen calibration. [ts success was aseribed to the use of CIE T-Unit colour specifications.
and leedback opumisation of non-linear functions, The method s subsequently been refined. and now gives predicuvy
accuracy up to the digicd quantisation limit avastlable from gun-drive values defined on a 0 - 236 scale. An arguement
has been devised that demonstrates the level of calibration accuracy achieved is predictable from the General Theory
This is the first application ot a non-linear wanstorm. that is also backed by detailed experimental evidence.

It condirms that the fundamentals of CIE Colonmetry can indeed be extended to colour calibration transfonims as
ivpotiessed i this report,

Conciusjons

I Jine with the subsequently deduced general theory. attempts o generate predictive vectors empirically for CMY
subtractive prumaries wis doomed to fatlure. A re-ren. will require working in an n-dimensional space (n = 16 or
muored representng a full spectral weaunent of the response vectors, not the three dimensional visual response vector-
space. We are confident that the problem can then be solved {or perhaps all classes of subtractive mixing.

[t s the abaliey wr direct investigation from first principles which s the magor contribution of the theory.

The problem of image capture calibrition is potenuady stmpler, but priactical implementation is serivusly hampered by
lmtatons of cuneri destan

W adenury the tollowing constramis on practcal calibration of tvpical fow-cost cameris:-

Lack of dymamic range. and the consequent iternal compensiuod mechausms used w avord generid problems of
distorted appearncd in picture reproducuon

- Vanahle response churactenisties i mdividual CCD array elements.,

o Nonsmearity of response o mput stimulus.

4+ Lack of published data on "neganve tobe” compensauon for rendering out-of =gt colour specifications.
> Response mstability due to thermaf eftects.

There is however i new and evolving class of precision unage capture systems. which was investigated briefly at the
end of the project. These are precision instruments rather than “picture tking” cameras. As time and funding allows. we
are confident that the new general theory will allow definitve characterisation of such image capture devices. They
must however he both stable and linear over a reasonable range 0 hecome practical *imaging colorimeters’.

Theoreucal accuracy of transtorms :-

The first mathematical evaluation of theoretical accuracy of 4 non-linear wanstorm has been achieved. It is backed by
experimentd evidence, and extends theoretical predictive accuracy derived from vector-space modelling, 1o include a
non-finear colour calibration wranstorm,

The evidence inclades detiled experimentsl work published in reference (1), and its analysis and testing in this project,
duning the development of the proot. [t confirms that the tundamentals of CIE Colorimetry can indeed be extended to
non-linear colour calibration transforms as hypothesised in this report.
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