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ABSTRA CT

A three-d imensiona l homomorphi c mode l of human co l or vision

based on neurophysio logica l and psychophysica l evidence is

presented. This mode l permits the quant i ta t ive de f i n i t i on  of

r’c.~rcop tua ll y i mportant parameters such as br i ghtness, saturation ,

1 ,’io and strength. By modellin g neura l interaction in the human

visua l system as three linear fil ters operating on perceptua l

d lua f l t i t iO s , th i s  mode l accounts for the automat ic  gain contro l

properties of the eye and for brightness and co l or contrast effects.

In re lation to color contrast effects, ~a psychophysical
/ 

~~

, 7
exper i ment was performed? -

,
, It ut ili ze~ a high quality co l or

te levis ion mon itor dr i ven by a genera l purpose dig ita l computer .

Thi s exper iriient, based on the cancellation by human subjects of

~ i niu I taneous co l or contrast il l us i ons , allowed ‘t1~e measurement of

the low spat i al frequency part of the frequency responses of the

filters operating on the two chromatic channels of the human visua l

~ysteiii .~5 The experiment is described and its results are discussed.

Next , the mode l is shown to provide a suitable framework in

w hich  to perform di g i tal i mages processing tasks. First ,

~i l iplic ~it ions to color i mage enhancement are presented and discussed

ii~ relation to photographic masking techn i ques and to the handling

of di gita l color i mages. Second, app lication of the mode l to the

de finition of a distortion measure between color i mages (in the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____  ~~~~~~~ - - - - -  - - -~~~~~-“- - -



oenso of Shannon’s rate—distortion theory), mean i ngful in te-ms of

human evaluat ion , is shown, Mathematical norms in the “perceptual ”

wiace defined by the model are used to evaluate quantitatively the

.~,iiiciunt of subjective distortio n present in a r t i f i c i a l l y distorted

• color images. Thir d , applications to i mage transmission and cod i ng

~~~~~~ presented. Results of a cod i ng exper i ment y ie ld ing  d ig i t a l

culor im~iges coded at an average b i t  rate of 1 b i t / p i x e l are shown.

F i n a l l y c.)nclus ions are drawn about the implications of th is

r~~.earch from the standpoint of psychophysics and of dig ital i mage

processIng. 
-

vi
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- CHAPTER 1

PSYCHOPHYSICAL AND NEUROPHYS I OLOGICAL BACKGROUND

1.1 Co l or i metry

The main fac t  about co l or v i s i o n  is  i t s  basic t r ichromat ic

nature. Over whelm ing support has been provided over the past one

hundred and fifty years for the notion first put forth clear l y by

Thomas Young that three separate v a r i e t i e s  of receptors u n d e r l i e

color vis ion.

i n  particu l ar the experi mental laws of co l or—matching are an

ind irect v e r i f i c a t i o n  of th is  fac t .  They state that over a wide

range of cond i t i ons  of observat ion co l ors can be matched by a d d i t i v e

mixtures of three fixed primar y colors. These primaries must be

such that none of them can be matched by a mix tu re  of the other two.

Further~uore those r~atches are l inear over a w ide  range of observing

conditions which im p lies two things. First, the match between aiiy

two colors conti’-nues to hold if the correspond i ng stimul i are

in creased or reduced by the same amount , t h e i r  r e s p e c t i v e  r e l a t i v e

spectra l energy distri but ions be i ng unchanged (scalabi I it y

condition ) . Second , if co l ors C and D match and colors E and F

niajch. th* the a d d i t i v e  mix ture  of co l ors C and E matches the

correspond i ng a d d i t iv e  mix ture of co lors C and F.

T h is  linearity proper ty  allows us to represent co l ors by

three-dimensiona l vectors and color matches by linear equations

- ~~~~~~~~~~~~~~~~~~~~~~~~ln1- .. .~ T mn : -- VT . :n±:tI ..v :rr - n- ..C~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Stockharn (sa, 51), was the first one to suggest that a

mul t i p l i c a t i v e  rather than linear system was better fitted to the

s t r u c t u r e  of black and wh i te i mages and furthermore was si m i l a r  to

the processing occur i ng in the earlier stages of the human visua l

path. His efforts to define and use a m u l t i pH cative homomorphic

v isua l mode l have been carr ied on and f u l l y j u s t i f i e d  by Baude la i re

(1] and extended by Baxter (2). The use of the mode l for the

def i nit i on of a subjective distortion measure has been exp l ored by

Mannos (33) and Roni (39).

Very briefl y, the multi p licative homomorphi c mode l has the

fol lowing property : by modelling the n o n l inearit y in the absorption

of I i çjht energy in the retina as m el as neura l interaction later on

the v~~ ual path , it accounts for br i ghtness contrast and brightness

constancy and realizes the separati on of reflectance from

I lumi n a t ion.

Effects s imilar to thos pr p iou sl y mentioned are also present

in color vi sion. Color constancy effects wh i ch show the tremendous

ab i l i t y  of the eye to adapt instantaneou sl y to anib i ant i l l u m i n a t i o n

even if heavil y color bia sed are well known [6, 32). Colo r contrast

effects and co l or Mach Bands have also been recognized [22 , 28).

But a clear formali zation of these phenomena is hampered by the

thr c ’e-di m en siona lity of co l or vision. A color can be defined in

terms of its bri ghtness , hue and saturation and interaction between

co l ors can cause the change af all  these parameters. Clear l y, a

mode l of color adaptation and a qu antitative description of such

parameter s as color bri ghtness and saturation would be welcome.

Knowing this , it seems very appaa l ing to attempt to mode l human

_  
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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color vision using a multiplicative homomorphic model. This

— approach should guarantee that the new mode l reduces to the old one

for achromatic vision. Also , it would allow us to use the powerful

too l of Four i er ana l ysis wh i ch has proven to be well suited to a

precise description of achromatic br i ghtness contrast and constancy

effects (1 , 6) and is therefore hoped to perform as well for color

offoct s.

In our opinion , the achievements of this research are twofold:

On the side of psychophys ics , we have shown that by using a mode l

based on neurophys iolog ical and psychophysical ev i dence as a

theoretical background , and a hi gh precision television monito r

driven by a d i g i t a l  computer as a too l , we could obtain some

relevant exper i mental results about the way chromatic information is

processed by the human visua l system.

On the side of i mage processing, we have shown that this mode l

allowed us to think about and perform in a meaning ful way our i mage

processing tasks. 
-

Chapter 1 lags the psychophysical and neuroph ysiologica l bas is

wh ich is used in chapter 2 to deve l op a quantitative description of

achromatic and chromat ic information processing in the visual path.

Chapter 3 descr i bes the psychophysica l exper i ment by which we probed

the chromatic channels. Chapters 4 and 5 are dedicated to the

app l ications of the mode l to i mage processing. Chapter 4 descr i bes

some ways of enhancing co l or i mages. Chapter 5 elaborates on the

u~e of the mode l to define a perceptual distance between color

i mages and on related prob l ems of transmission and coding , Chapter

6 draws the conclusions of this research project.



INTRODUCTiON

• The research presented in this report is concerned with i mage

processing. In a very genera l sense, i mage processing can be

thought of as a transformation of an i mage from one form into

another. The results can appear as another i mage , a set of

decisions , a mode l or parametrizat ion. Here, we w i l l  restrict

ourselves to the case where the traneforma t on yie lds as it s output

another i mage which is different from the ori g ina l in some desirable

wag.

Since a human observer is Ii ke i y to be the last elem en t in the

processing c h a i n , it seems natural to become i n t e r e s t e d  in the

prop erties of the human visua l system. The i dea of applying the

current knowledge about the human visua l system to the fie ld of

image processing is a recen t one though. It stemmed from the

av a i l a b i l i t y  of dig ital methods on one hand and the lack of a

qu a ntitative C e f initio n of subjective image quality on the other

hand.

I ndeed , d i gita l methods are character i zed by their f l e x i b i l i t y

and their precision. Good subjective distortion measures bu i l t  from

a clear and conc i se forma lism have begun to emerge for achromatic

i mages. For color the knowledge is not as advanced. In both cases.

Oti II a lot rem ains to be done in order to further sharpen our

underst anding of the way visual information ig processed and

extracted by the visua l neural system.
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ljutwoen such vectorb . If C represents a g iven co l or and R , C and B

represent unit amounts of three fixed prim aries then the equation

C-RR+CG+BB

expresses the fact that the given color is matched by an additive

mixture of quantiti es R , C and B respective l y of the g iven

primaries. R, C and B are called the tr i sti m ulus va l ues of the

g i ven color in the particu l ar set of primar ies used. Another set of

frequentl y used quantities is the chromaticit y coordinates r, g, b

defined by

r — R/ (R+G+B )

— G/ (R+G+B)

b — B/(R+C+B)

The linearity property also allows us to define completel y the

color—match i ng properties of the observing eye in the g iven pr i mary

system by three functions of wavelength r( ?~
) , g C?~) and b (A) cal led

color-matching functi ons. If the co l or C has a spectral energy

distribution p (>%) then its tri st mul us values are

R-~ p (~ )r (A)dA

G-5 p (X)g(>.)d>~

B—J’  p ( A ) h ( ? ~) dA

wh~r~ the integrals are taken over the visible spectrum. Co l ors C~
and C, of spectra l energy d i s t r i bu t i ons  p~(A ) ~nd p2 (x ) match i f  and

onl y i f

J’ p,(A)r(A)dA.J’ p7~~)r (A)d~ (1.la)

J’ p~(A)g (A )dX— J’ p2(A)g(>~)d>~ (1.l b)

- . j’ p1 (>~)b~~
} ci)~.J’ p7 O~) b (>~)d>~ (1.lc)
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A set of such color—matching functions i s  shown in figure 1.1.

The lin earity property also allows us to describe a change of

pr i marie s as a simple matr ix mult i plication operation whereby the

new trist imulu s va l ues L, II and S of a g i ven co l or and the new

colo r—matching functions l (~i , m (>.) and s(>~) are g i ven by

where — [L.M.S]’, — (R ,G ,B)t. t l (A) ,m (~ ).s(~
)]t,

— [r (A),g (A) ,b (>%))t and A is a three by three matrix whose co l umn

vectors are the tristi niu lu g values of the ol d primaries in the

system of new prim aries.

A standard observer has been developed in 1931 by the CIE

(‘Commission Intern atio nale de I’Eclairag e ’) whose color—match i ng

functions are denoted by x(?~), y(?~) and z~~
) and shown in figure

1,2. The matches predicted with their a d  usin g equations 1.la to

1.lc represent average matches for humans with norma l co l or vis ion
S 

as opposed to humans with any one of the several forms of co l or

b li nd vision.

1.2 Spectral se n s i tivi ties of the cone receptors

The physiolog ica l basis of trichro ni atic co l or matches is the

linear absorption of li ght at photopic levels of i l l u m i nation (when

the effect of rods receptors is negli g ible ) by three types of cone

rece ptor s in the human fovea. However , spec i ficat ion of the

spectral absorp tion characteristics of the three different cone

typos has been d i f f i c u l t  since it has not been possible to extract

cone p i gments from the eyes of pr i mates (12). A number of different

approaches has been taken to y ield this information wh i ch is
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essential to an understanding of co l or vision. Psychophysical

evidence has come from ~4 iIl me r (60), Blac kwe ll and Blackwe H (3),

Stiles (49) and Pitt (36] among many. Rushton (48, 41) has

attempted to answer the same question by reflection densitometry .

Attempts have also been made to measure those curves from unit

recordings later in the visua l pathway (Ce Val ois 1965, (11), l4iese l

and Hube l 1966, (59)).

Al l  these s.tud ies agree well on two points. The first is that

there are three types of cones with their absorption curves peak i ng

at about 445, 548 and S78 mm . The second is that these absorption

curves are quite broad and fit to a first approx i matio n the Dartna l I

nomogram (Dartna ll 1953, (7)).

The common reference to those receptors as “ red” , “green” and

“blue ” receptors stems from the spread of Young-He l mho l tz type o~

theor ies of co l o r -v is ion .  Th is  termi no logy is confusing. For

example , let us consider the case of the 570 pi gment cone so

m i s l e ad i ng ly c a l l e d  by many the “red receptor ’ . Not onl y is  i t  not

l i m i t e d  in i t s  s e n s i t i v i t y  to the part of the spectrum we see as red

(about 602 to 788 nm) but i t  is not even max i m a l l y s e n s i t i v e  in th is

spect ra l  reg ion. In fac t  i t  is  more s e n s i t i v e  to that part of the

spectrum we see as pure green (518 mm) than to pure red (650 mm)

So both on account of its point of max i ma l absorption and of

the breadth of its absorpti on curve it is a gross misnomer to ca ll

the S72 receptor a “red receptor or the 548 cone a “green

receptor ” . But worst is the fact that c a l l i n g  those receptors “ red”

cr  “green ” i m p l i e s  that their e x c i t a t i o n  si gnals “red” or “green”

further away on the visua l path.

_ _ _ _ _  _ _ _ _ _  -.-  . .
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We w i l l  use the terms L—cones (containing the l ong—wave l ength

peak i ng pi gment), ti-cones (containing the medium-wave l ength peaking

pi gment) and S-cones (containing the short—wave l ength peak i ng

pigment ) to denote the cone types containing the 570. 548 and 446 nm

peak i ng pigmen ts.

1,3 Nonlinear response of the cones

Physiological studies have shown that the activity or response

of the cone receptors is proportiona l not to the intensity of the

t ti m u lu s but rather to its logarithm over a l arge range of stimulus

intensities (54, 37 , 6]. One psychoph ysical equiva l ent of these

physiological data is the well known Fechner ’s law which states that

the just noti ceable brightness difference is proportiona l to the

l ogarithm of the stimulu s intensity (27).

It is interesting to point out that this qu asi—logarithmic

illappi ng of li ght intensity into neural activity at the output of the

three cones all ows the retina to accept i nputs over a very wide

range of inten sities (24]. It has already been recognized (58) and

it w i l l  be shown quantitatively in this report that this a b i l i t y  for

visual st i muli compression at the receptor l eve l together with

noural interac tio n later on the visua l path is the fundamental basis

for visua l adaptation.

1.4 The processing of brightness and co l or information past the

retina

We know that in hi gher vertebrates the retina projects itself

to the lateral geniculate nucleus (LGN) and from there to the

• striate cortex (12). Unfortunatel y it is far from possible at our

_ _ _ _ _  _ _  ~~~~~~~~~~~~~~~~~~ ~~~ - - - - -~~~~----~~~ 
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present state of knowledge to describe the centra l neura l processing

of visua l information past the LGN. However from the close

parallels one finds between the responses of cells at the LGN level

and color perception , it would appear that much of the processing of

co l or information takes place before the cortex. With the risk of

oversimplif ying we w i l l  sunuuar i ze the results obtained by

neurophys iolog ica l exper i ments on LCN cells of pr i mates (10, 13,

59)’

Four varieties of so—ca lled spectrally opponent cells were

found in the LGN. They showed excitation to some wavelengths and

inhibition to others when the eye was sti m u l ated with flashes of

monochromat ic l i ghts. Moreover this type of response was maintained

over wide intensity ranges thus ind i cating that the ceHs responded

differentiall y to color rather than to lum inance differences. The

cells whose responses showed m aximum excitation around 502 nm and

max i mum inhibition around 630 mm were called green exc i tatory, red

inhib tory cells (÷C—R). Other cells showing rough mirror image

responses were called red excit atory, graen inhibitory cells (+R—G).

The cells showing m aximum excitation (inhibition) at 630 mm and

m aximu m inhibition (excitation) at 443 mm were named yellow

excitatory, blu e inhibitory cells (+Y—B ) and blue exc i tatory, yellow

inhib i tory cells (+B—Y) respectivel y.

In addition to these four varieties of spectrall y opponent

cells , two other classes of ce l ls were found that did not give

sp ectrall y opponent responses but rather responded in the same

direction (either excitation or inhibition ) to lights of a l l

wavelengths. Those cells thus appear not to be invo l ved with co l or
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vision and were named white excitatory, blac k inhibitory cells

(+14h—Bl) and black excitatory, white inhibitory cells (+B l —Wh).

Furthermore these studies were able to answer the question of

what are the cone i nputs to the LGN cells. Red—green cells (+R—G

and +C-R) receive their inputs from the L and M—cones. One of the

cone type is exc i tatory, the other inhibitory. Wh i ch cones feed

into the yellow—b l ue system is a matter of dispute. It is certain

that they receive inputs from the S—cones but whether the other

i nputs are from the L or M—cones (or possibl y both ) is uncertain.

Since the we i ght of the evidence seems to indicate that the first

situation is the one which actuall y exists (12), we w i l l  assume that

the second type of inputs is received from the L—cones. Like the

red-green cells , one cone i npu t to the yellow-blue cells is

excitatory, the other inhibitory. For the non—opponent cells there

is good evidence that both the L and M-cones (and possibly S—cones

as wel l )  are feeding into then: and acting in the same direction.

There is thus much evidence from unit recording experiments in

f~ vor of the existence of separate chromatic and achromatic channels

each gaining its information from the same receptors but processing

it in different ways. Spectrally non—opponent cells wh i ch

correspond to the achromatic channe l add together the (Log) outputs

of the L, (la nd S-cones. Spectra h y opponent cells which correspond

to the chromatic channels subtract the (Log) outputs of the L and

M—c ones for the red-green system , of the L and S—cones for the

y e l l o w - b l ue system.

It is clear that , although the physiolog ica l processes involved

are quite different from those Hering (26) proposed in 1878, the
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c e ll typos found in the LGN correspond very close l y to the types of

retinal outputs he hypothesized to account for co l or appearances.

1.5 Spatial organization of LGN cells

The cone i nputs to the LCN cells are spat iall y distributed.

The spectrally non—opponent cells have a center—surround

organization where the center is excitatory and the surround

inhibitory or vice versa (69). With regard to the spectrally

opponent cells , the situation is somewhat more complicated. Two

typos of organization are found. The most common variety has an

excitatory i nput from one cone type in the center and an inhib itory

i npu t from the other type in the surround or vice versa. By far the

l argest number of these cells are red—green cells with onl y a few

yellow-blue cel l s. The second variety is found much less frequentl y

and consists in spectrall y opponent cells in which the two cone

i nDu~ 6 have ider,t ca! spatia distributions. Abou t half of those

cell s  are red-green cells and half yellow-blue cells. This

situation is summar i zed in figure 1.3. 
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It i s interesting to i nvesti gate w)lether this spatial

organization can account for spatial effects. The co l or seen at one

point in space at a particu l ar time does riot depend onl y upon the

st imulus at that point in space and time but also on the sti m u l i  at

nei ghboring points. One very well known spatial interaction is

called contrast. Simu l taneous contrast refers to the fact that a

surround of one color or bri ghtness tends to i nduce the opposite

color or bri ghtness into a nei ghboring reg ion. For example, in

s mu l taneous brightness contrast , a grey appears black in a white

surround and white in a black surround. In simultaneous co l or

contrast, a grey appears reddish in a green surround , greenish in a

red surround.

It is common l y supposed that the center—surround organization

of non-opponent cells in the LCN accounts for simultaneous

brightness contrast although this has been recent l y questioned (14].

On the other hand the spatial organization of opponent ce ll s

predict s the absence of pure co l or Mach Bands (induced by constant

br i ghtness st i m u l i )  and does not account for simultaneous co l or

contrast. Indeed , for pure co l or st i m u l i , the center and the

.urround act in the same direction and there is no center—surround

antagonism to attenuate the responses to l arge stimuli. For

ox~ mp Io , in a (+R-G) ce l l in which the L—cores are exc i tatory in the

center and the ti—cones inh ibitor y in the surround , a green li ght

I not evoke a l arge response but a red light of the same

bri ghtness w i II produce an i ncrease in center exci tation and a

d ecrease in surround inhibition , thus evoking a much l arger

response. The center and the surround act in the same direction.
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This is to be opposed to what happens in a non—spectrally opponent

cell when sw i tch i ng from dark to li ght. We w i l t  say that it appears

- that s imu l taneous bri ghtness contrast in part and s im ul taneous co lor

contrast depend upon interactions that occur past the LCN (12].

We now turn to a prec i se descrip tion of the mode l that can be

bu i l t  on these experim ental data.
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CHAPTER 2

A HOIIOtIORPHIC MODEL FOR HUMAN COLOR VISION

2.]. Cone Stage

As described in chapter 1 there are three cone types involved

in human photopic vision , each of them containing a pigment with

different spectral absorption characteristics. From co l or—matching

exper i ments , the CIE (“Commission Internatio ri ale de l ’ eclairage ”)

clu rived a set of three color matching functions which , according to

Grassman laws of color mixture , have to be a linear comb i nation of

the pig m ents absorption curves.

Of course there is an irf i n i t e  number of such comb i nations but

we are restricted by the fact that the resulting curves must be

positive in the visible spectrum and have a ein gl e maximum at a

wave l ength close to the ones indicated by the methods referred to in

chapter 1. Nonetheless, desp ite these i mportant restrictions on the

linear transformation there are quite a few systems of so—cal led

“fundamentals ” in the lit erature (22 , 30. 61).

The system we chose is the one proposed by Stiles (47, 48).

The three resulting absorption curves l (?~),m (?i ,s(A) are positive in

the v i s i b l e  spectrum and have s ing le  maxima at respec t i ve l y  675, 548

~rid 44 6 mm. They are shown in f i gure 2.1. The exact l inear

transformation that relates those spectral absorption curves to the

CIE ~~~~ y~~) and z(A) curves is g i ven in appendix C. 

-5- --- -— - —  *—-- _~~ 
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We are now in posit ion to give a prec i se description of the

cone absorption stage of the model. Let I(x ,y, >~
) be an image , where

x and y are the spatial coordinates and >.. is the wavelength of the

li ght. Then the absorption of this li ght energy b~ the three

pi gments y ields the followin g three signals:

L (x ,y).J’ I (x ,y,>~)l (>~)d?~ (2.la )

M (x ,y)—J’ I (x ,y,>’Jm (>dd\ (2.lb)

S(x,y)~~J~ I (x ,y,)~
)s(>’)d)% (2.lc)

where each integral is taken over the visible spectrum (from 388 to

gØØ mm).

The nonlinear response of the cones transforms those signals in

the following way:

L’(x,y) — Log (L(x,y )) (2.2a)

M’(x,y) — Log Ul(x .y ) )  (2.2b}

S’(x ,ç ~
) - Log (S(x ,y )) (2 .2c )

It is interesting to mention that the prob l em of the exact type of

the nonlinear i ty in human cones has ~et to be so l ved. Cornsweet

(C]. for instance , advocates a nonlinear i ty of the type lkI/(V+I)

where U and V are constants and I is the i nput intensity. His

reasons are based on a mode l of the chemical processes tak i ng place

dur i ng the cone absorption stage which predicts such a law. He also

points out that over a l arge ranç~e of intensities this nonlinearity

and the logarithm are in close agreement. I ndeed it may be noted

that the assumption of an exact l oga rithmic form for the

n onl inearity is not a critical feature as far as psychophysics goes

and that over large ranges of the variables other simp le functions

behave in much the same way. But , as we w i l l  see in paragraph 2.7 ,

-_
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from an i mage processing standpoint the situation is quite different

— and exp lains why we chose the logarithm apart from its computationa l

si m plicit y .

Before we l eave the topic of the absorption of li ght in the

cone receptors and of the nonlinearity that i r im ediatl y follows it ,

we would like to m ention one more fact. The li ght which is absorbed

at the receptor level has already travelled through the opt ic med ia

(cornea , aqueous humor , crystalline lens and vitreous humor) causing

a blurred retina l i mage .This can be modelled as the result of a

linear space—invariant filter i ng operation whose modulation transfer

function has been measured [5) and is characterized by a hig h

frequency attenuation. Another consequence is the introduc tion of

chromatic aberrations where the i mage for shorter wave l engths lies

s l i ghtl y in front and for longer wave l engths sli ghtl y behind the

retina. We w i l l  neg lect this last effect in what follows.

2.2 Separation of chromat ic and achromatic informat ion

We showed in chapter 1 tha t there is strong neuroph ysiolog ica l

~vi clori c e in favor of the existence of separate chromatic and

achrom atic channels in the human visual path , each gain ing i t s

ir .form3 tion from the same receptors but processing it in different

The studies we referred to suggested a mathematica l

-~~pr ussi or for the achro matic response, we w i l l  ca l l  i t  A , and the

~~ ch ro ia tic responses , we w i l l  call them C, and C2:

A_ a (u.~ +~3~11+?S*)_a (GLog(L)+~Log (M)+yL og(S)) (2.3a)

C,—u , (L’—Mi — u,Log (L/1l ) (2. 3b)

0,-u, (L’-S’) —u2Log (L/S) (2. 3c)
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A is a mathemat ical  descr ipt ion of the response of (+B l —W h) and

(+14h-Bl) cells which add the Log—outputs of the L— . II— and S—cones.

— C, and C.. are mathematica l descriptions of the responses of (+R—C ) ,

(+C-R) and (÷B—Y) . (+Y-B) cells wh i ch subtract the Log—outputs of

the L— and ti—cones and L— and S—cones respective l y. The re lation

between A , C,. C7 and L’, t1 . S~ is thus a l inear one. The

corresponding m atrix 1/4 is g iven in appendix C. a, a, ~~~, ‘Y, u,, U7

are constants w r i c h  w i l l  be defined later.

2.3 Summation and contrast effects

Two i mportant features of the way information is processed in

the visua l system have not yet been inc l uded in the model. The

flrst one, which is responsible for the lim i t e d  resolution of the

human v i s io n , is caused by the finite density of receptors in the

retina and spatial summation of neura l activity at different stages

on the visua l path (neural blur ). As we mentioned earlier , another

cause of this l i m i t e d  resolution is the optics of the eye (optical

blur ). The neural blur effect can be mode l led as a linear system

character ized by an attenuation of hi gh frequencies [1 , 5).

The second feature is the existence of latera l i n hibition

between receptors and neural cells at different places in the visua l

path (r et ina , LGN , cortex). This lateral inhibition effect by wh i ch

a c e l l  i n h i b i t s  the a c t i v i t y  of nei ghbor i ng c e l l s  w i t h  a strength

proporti onal to its excitation and decreasing w i th the distance is

very much linear and , as shown by many authors (1, 8, 24), has a

sharpening affect. It is characterized by a l ow—frequency 
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F ig. 2.5. The breakdo wn of r eflectance-illumination separa-
tion. The mo del of color vi sion , just as the eye ,
does not exactly separate i l l u m ination from
reflectance since the logari thmic state operates
on integral s of prod ucts rather than on products .
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at tenuat ion .

Thus the total effect of the neural activity can be considered

as the result of the cascade of those two systems, the neura l blur

attenuating high spatial frequencies and latera l i n hib ition

attenuating low spatial frequencies.

Although both phenomena seem to be distributed al l  along the

visua l path and sometime di f f i c u l t  to separate from a physiologica l

sta r~clpo int . we w i l l  assume here that we can approximate reality in a

sufficientl y prec i se manner by modelling those effects by three

linear space invar i ant filters acting on si gnals A , C, and C7.

Lot 11ff ,, f7), H,( f ,, f7), H2 (f ,, f7) be the frequency responses

of those filters where f~ and f7 are the twc spatial frequencies.

We w i l l  furthermore assume that each of these functions is the

product of two functi ons corresponding to lateral inhibition and

neura l blur. In other words we dichotomize the two effects in every

channel by cons cler i ng each filte r  as the cascade of two f i I ters

n~o clollinçj respective l y latera l inhibition and neural blur. The

corresponding point-spread functions are denoted by h (x,y), h,(x .y)

and h,(x ,y). The perceptua l interpretation of those filters w i l l  be

discussed more in paragraph 6 and in chapter 3. They y ield outputs

A , C,w and C7’ given by:

A ’(x,y )-f J’ A(x-P ,y-~ ) h (P.7) dPdr (2.4a)

S C,(x- .P,y—r ) h,(P ,T) dPdr (2.4b )

C7 (x ,y )-J’ 5 C7(x-p ,y-r)h,(~ ,~ ) dPdr (2.4c)

We are now in a position where we can draw a comp lete block

diagram of our model. This is shown in fi gure 2.3.
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2.4 Relation to other models

This mode l can be classified as an “opponent—color ” mode l in

the line of the theory proposed first by Hering [25). He

hypothesized three paired and opponent visua l q ualities,

white -b l ack , red-green and yellow —b lue , i ndependent of each other.

Hi~ theory has had many followers who tried to make it quantitative

in different ways. The most recent efforts in this direction have

boen made by Jameson and Hurvi tch [26), Meessen [34], Shk lover [46]

Koonder i nk at. al. [31] and Frei [17). But this is to our

knowledge the first t ime  that such a f o rma l i sm  is used for image

processing and for an experim ental study of co l or contrast effects.

Further this mode l is related to a mode l for achromatic vision

that has been proposed and used for i mage processing by Stockham

[52). For an achromat ic image the outputs of the come absorption

st age are by d e f i n i t i o n  equal:

L (x ,y )—M (x ,y )—S (x,y)

and thus:

C,(x ,y)—C7(x ,y)—0

In that case onl y the achromatic channe l A is active

A— a (ci+L3+~)L’(x, y)

and f i gure 2.3 reduces to f i gure 2.4 which is  exac t l y Stockhani ’ s

model. This implie s  a very important fact name l y that we know the

frequency response H (f,,f2). It is the amplitude modulation

t ransfer funct ion measured by Davidson (8) , Baudelaire (1] and

others.

2.6 The prob l em of bri ghtness perception

- -  --~~~~~~~~~~~-~~~~~~~~~~ -- ——---~~~~~~~~~~ - -- --5- --
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In order to discuss the perception of brightness , we w i  I I have

to go back to the CIE observer and examine more closel y another

visua l property he embodies and wh i ch bears on the perception of

bri ghtness. The property in question is expressed by the basic

princ iple of photometr y, the additive law for brightness also called

Abnay ’s law. According to tn i s law , the conditio n for a match in

bri ghtness of two stimuli of radiances (spectral energy

distributions ) R (A) and R’ (A) takes the form:

5 R~A ) V ( ~ )d?~ - 5 R’~~~) V ( ? ~)&~ (2.5)

the integrals being taken as usual over the v i s i b l e  spectrum.

V ( ?~
) is  a funct ion of wav e length  known as the r e l a t i v e  luminous

e f f i c ie n c y  funct ion.  There are several methods for measuring th i s

function , all  involving monochro m atic stimuli , many of them are

r ev iewed  in Cuth (23) . They y i e l d  s i m i l a r  a l though not i d e n t i c a l

resu l ts.

The standardized V (>~) curve, result of the CIE measurements, is

everywhere positive in the visi ble spectrum and has a single maximum

norma l ized to 1 at 556 mm.

Let us now investigate the mean i ng of equation (2.5) in terms

of percept ion:

a) i f  tw o patches of l ight  P and ~~
‘ of radiances R(~

) and R’ ()~)

match in bri ghtness then the two patches of rad iances cR(X )  and

cR’ ().) st i l l  match in bri ghtness (scalab il ity property ).

b) if patch P0 matches patch P, and also matches patch P7 then the

a d d i t i v e  mix ture  of patches P, and P7 w i l l  match patch P0

increased to double its origina l radiance (additivity property ).

For an observer who embodies this property and makes co l or—matches

— --

~

-- - — -—- - 5 -  .- - -~~~- - ----- 
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according to Crassniann ’s l aws of additive color mixture it can be

shown that the function V (A) must be a linear combination of the

color—matching functions and thus also of the cones spectra l

absorption curves. This fact together with the know l edge that the

cone responses are nonlinear has lead people to assume that V(>J was

one of the responses [17]. Of course this is in contradiction with

our current know l edge about these fundamentals wh ich we know to be

peak i ng at 445, 542 and 575—582 nm while V (A) peaks at 555 mm.

Nonetheless our mode l should account for the measurements

y i e lding to the function V- (A ). One method that can be used to

measure the V (~ ) function is called the step by step method. Two

juxtaposed monochromatic li ghts of sli ghtly different wave l engths

are view odl and the radiance of one is var i ed until the total

“difference ’ between the patches is minimum. The wavelength

difference can be made so small that the difference n co l or at this

m inimu m setting is bare l y perceptible. This procedure is then

repeated step by step along the spectrum .

A relative lu ~iinous efficiency function can be derived from our

mode l by a corresponding procedure as explained in appendix A. The

resu lting function that may be called V’(A) is related to the cone

spectral absorption curves by the follow i ng equatio n:

V’(A )— c l (>~)
010’

~
1 m (A )01

~ °~ ~~~~~~~~~~~~ (2.6)

where the constant c has been adjusted to y ield a maximum of 1. A

compar i son between V’~~%) and V ()~) is shown in fi gures 2.6 and 2.7 on

a linear and a l ogar i thmic scale for the following values of the

parameters a, ~ and Y:

cx- .612 ~3- .369 ~-.019

— - - -  
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( i n  pa r t i cu la r  a+~3+)’—1).

The reader w i l l  no t i ce  that the va lues of V ’ (~ ) are greater

than the va lues of V ( A )  in the blue end of the spectrum. Th is  is

not to be considered as a handicap for our mode l , on the contrary,

since there is p len ty  of evidence that the DIE curve is

underestimated in this part of the spectrum (see Wyszeck i and Sti es

(61), pp.429, 435).

C l e a r l y we cannot say an~ th ng about Abney ’ s law as l ong as we

do not g ive a prec i se definition of bri ghtness in the framework of

our nodal. We showed that the visual information is conveyed from

the -etin a to the brain via three i ndependent channels one of them

transin t t i ng  the achromat ic or b lack and w h i t e  i n fo rmat ion .  Th i s

together with the aforementioned fact that for an achromatic image

onl y this channe l was excited makes it reasonable to say that it

carries the bri ghtness information. Thus , for a g iven co l or Q

de f i ned  by i t s  tHs t imu lus va l ues L, M , S, which in turn uni que l y

de f i ne  the va lues  of A , C,, C7, the bri ghtness is propor t ional  to A

and hence to c’Log (L)+~Log (M)+~Log(S).

We can see at first that with this definition bri ghtness obeys

the scal ah i I it ij condition. Indeed if patch P of tristimulus values

(L .M ,S) matches in bri ghtness patch P’ of tristimulus va l ues

(L’ ,M’ ,S’) then:

cxLog (L)+~Log (M)+?L og (S) — aLog (L’)+~Log U1’)+~Log (S’)

3ncl patches of tristi m ulus va l ues (cL ,cM ,cS) and (cL’ ,cM’ ,cS’) sti I

match in brightness.

On the other hand the addit i vity property i s  lost which means

that in our mode l bri ghtness perception does not completel y fol low

- -  -- 5 - -  _-~~~--~~~- .-- ~~- - -  - --~~~~~~~~~~~-~~ 5- - - --_ -- ~~~~~~
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Abmey ’s law. Now careful studies of the validity of the law have

been conducted (23) and show that Abney ’e law does not ho ld

especiall y for direct br i ghtness matches. The authors further add

that there does not seem to be an obvious r~p Iacement for the law —

because some co l ors are always subadditive (r9d and green) wh i l e

others are subadditive at threshold and superadditive at high

intensity levels (violet and green).

2.6 More about the perceptua l interpretation of the (A ,C~.C7) space

As can be seen in fi gure 2.3, the model takes as its i nput an

inten s it y i mage I (x ,y,>s) which is then processed to y ield the three

perceptual quantities A (x ,y ), C,(x ,y ), 07 (x ,y) and eventuall y

A’(x,y) , C1’(x ,y) and C75(x ,y) which we w i l l  convenientl y describe

as two three—di mensiona l vectors ~ (x ,y ) and ~ ‘ (x , y ) .

Let us i gnore the spatial filtering which changes the values of

the perceptua l quantities but not their interpretation and let us

a l s o  i gnore for sim p l i c i t y  the spatial dependency. Every color Q of

tri s tin :u l us va l ues (L ,M ,S), which we ~ i l l  also descr i be as a

thro c-d ini ens iona l vector T. is also defined by a “perceptua l vector~

— [A .c ,.c7]t .

- We have already discussed -the interpretation of A with regard

to bri ghtness and we w i l l  just add to what has already been said

tha t a’ value of zero corresponds to a neutral grey wh i Is increasing

I loG itiv e values of A correspond to bri ghter and brighter st i m u l i  and

docre3~~i ncj negative values correspond to darker and darker s t i m u l i .

If we now consider co l ors for which the va l ue of A is constant

one may ask how is  the va r i a t i on  of C, and C2 re la ted  to the 

_ -  ---- ~~~- - - - - --
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perception of hue and saturation. We w i l l  say that the perception

of baturation is related to the distance bQ of the point 0 to the

A—a xis while the perception of hue is re la t~ d to the ang le $ (f gure

2.7).

When we make these assumptions we are defining a euc l i d ian

vector  space structure on the (A ,C L, C2 ) space which  a i  lows us to

t a l k  about add i ng vectors and about distances and angles. We w i I

show in chapter 5 that the norm does not have to be euc l id i an and

that other choices are poss ib le .  We w i l l  come back to the

interpretation of vector addition with regard to the structure of

i mages in paragraph 2.7 and concentrate now on what may be cal led

the met r i c .

Saturation is proportiona l to the distance Oq (see figure 2.7)

and is thus related to the sum of the activities in the C, and C7

channels while hue is related to the ratio of these activities. The

dist ance CO of the point representing the color to the origin 0 of

the (A ,C,.C7 ) space is  a l s o  of in te res t :  -

CO - (0q 2 + Oh2) j#2

I t is a measure of soth the bri ghtness and the saturat ion of the

color or equiva l entl y of the total activit y in a l l  three channels.

Fol lowing Stockham we mi ght call it the strength of the color 0.

At constant bri ghtness , l i nes  of const ant hue are stra ight

l i nes radiat ing from and perpend i cular to the A—a xis and lines of

constant sa tu ra t i on  are c i r c l e s  centered on th is  ax i s .  It is

int ere sting to represent those lines in the CIE (x ,y ) plane as in

f i gure 2.8. The resulting network has the same genera l shape as the

one obtained from color-order systems such as Munse l I or Din. To
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give an dea of w hat we mean by planes of constant A or constant

bri ghtness , such a plane is shown in fi gure 2.2. Each point of

coordinates (C~,C7
) in this p lane is repre8ented by a perceptua l

vector ~ - (A , C , ,C 7 ) t  where A is  the same for a l l  po ints .  Th is

perceptua l vector un i que l y defi nes a tristimu l us vector ~ — [L,M,S)t

wh i ch i s  represented on a f i l m  by d i f f e r e n t  dyes concentrat ions.

The Curved boundaries are due to the i m i t e d  gamut of co l ors

reproducible by the displa y pr i maries.

Another very i mportant property of the (C ,.C2 ) p lane is  the

following: it is a close approximation to a uniform chromaticity

plane wh i ch has the characterist ic that at a g iven point , the locus

of a l l  po in ts  corresponding to a just  no t iceab le  d i f fe rence in hue

is a circle of radius 1 centered on the point. Similar l y, the

(A .C,.C,) space is a uni form perceptua l space in the sense that at a

g i ven a point , the locus of al l  points corresponding to a just

not i ceab l e difference in perception (brightness or chro rnaticit y ) Is

~ sphere of radius 1 centered at that point. This is achieved as

explained in appendix B by adjusting the values of parameters a, u,

and u7 of equat ions 2.3a , 2.3b and 2.3c , respec t i ve l y.

2.7 Discussion of the l abe l homomorphic

Homomorphic is an adjective that is used in mathematics where

people stud y special functions cal !ed homomorph isms. Grossl y

speak i ng they are functions from one set to another that are

compatible with the laws of composition of elem ents in both sets.

For exa mp le the logarithm function is a homomorphism of the

m ult i plicative group of rea l positive numbers onto the add itive

group of al I rea l numbers. 
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In the eng i neer i ng field homomorphic systems that use these

abstract i deas have been stud i ed by Oppenheim and others [35] and

proven to be very powerful tools by which the basic theory of I inear

systems has been extended.

In p a r t i c u l a r , Stockham (5~ , 51) proposed a m u l t i p l i c a t i v e

homomorphic mode l for processin g achromatic i mages that matched both

the structure of i mages and of the human visua l system . The

mu l t i p l i c a t i v e  process of i mage formation (product of il l u m i n a t i o n

i ( x ,y ) and reflectance r(x ,y) ) is  harmonious ly undone by the Log

s e n s i t i v i t y  of the r e t i n a l  receptors that maps this product into a

sum of two components that can later on be separated by I i near

filt e r i ng techniques since in genera l their spatial frequency

content tends to be distinct.

This ana l ysis applies to black and white i mages but partly

breaks down for co l or since it i gnores i mage wavelength content.

I ndeed , the i mage formation is a m u l tip H cative process that y ields

the product of the scene i l l u m i n a t i o n  i (x ,y, )
~
) and r e f l e c t ance

r (x , y , A)  but, before the visua l system processes this product with a

l ogarithm , the light is linear l y absorbed by the three cone

pigm ents. Hence no l onger do we have the l ogar i thm of a product but

the l o g a rith m of a sum of produc t s  which is considerab l y d i f f e r e n t .

Thi s situation is  dep ic ted in f i gure 2.5 for the L—cones.

At first g l ance it seems that the co l or mode l is not able to

account for the automatic gain control properties of the human

visua l system as the achromatic mode l is. Nonetheless, let us show

that the mo del of fi gure 2.3 does account for the a b i l i t y  of the

visua l system to discard the illuminant. I ndeed suppose we
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uni forml y i ncrease the absolute leve l  of i l l u m i n a t i o n  by l e t t i n g

i (x ,y,>s) become ki (x ,y,>~) where K is a constant l arger than 1. Then

it is  clear tha t L (x ,y), t l (x ,y )  and S(x,y ) are changed to kL (x.y).

kM (x ,y) and kS(x .y ) respective l y. In other words al l  three cone

- - outputs i ncrease by the same amount and thus the chromatic ity

channels outputs C~ and C2 don ’t change whi l e the bri ghtness channe l

output A is biased by the constant aLog (k) (equations 2.3a to 2.3c),

which in turn is rea d i l y  e l i m i n a t e d  by later al i nh i b i t i on  (or

synonyr ousl y spatial filterin g with low frequency attenuation).

Now suppose we not onl y change the absolute leve l  of

I l uni i nat i o r ~ but also the co l or of the i I luminant so that we can

approx i matel y write that L (x,y), M (x .y.~ and S(x,y) become

respective l y IL (k ,y), mrl(x,y) and eS(x ,y) where l ,n: and s are

different constants. - In other words the cone outputs are changed by

different amounts unifor m ly over the field.

The br i ghtness channe l outpu t is b i ased  by the constant

a ( o L o ç j ( l ) +~Log (rn )+y Log ( s ) ) , again readil y el im inated by l a te ra l

in h i b i t i o n .  But , i n  c o n t r a s t  to the first case, the chromati city

channels outputs are biased respective l y b~ u,Log (l/m ) and

u,Log (I/s) which are non zero. In order that this bias be readily

eliminated we must assume that lateral inhibition also occurs in

those channels. Chapter 3 wi l l  be devoted to show that this is

i ndeed the case.

As a summary, when we go from achromat ic vision to co l or vision

we lose the exact match between i mage structure as a product of two

components and mode l or processor structure. Our mode l , like the

oyo , does not exactl y separate reflectance from illumination.

.4
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Nonetheless we have been able to show that i t  can exp la in  the

tremendous adaptation abi l i t y  of the human visua l eystem and

chapters 4 and S wi l l  show that it can be used to perform useful

processing tasks on images.

From th is  standpoint,  let  us mode l the t r i s t imu lue  vector

— (L (x ,y ),M (x ,y ),s(x ,y ))t as a product of two components

— (l(x ,y).m (x.y ),s(x ,y))t anci

1’ ~~.y) — ( I ’  (x ,y) .m ’ (x .y ).s’ (x .y ))t so that one has:

—

or equ i va l entl y:

L(x ,y) — I (x ,y ) I’ (x ,y )

11(x,y) — m(x , y) m ’ (x ,y )

S(x .y) — s (x .y )s ’ (x ,y )

It is clear from fi gure 2.3 that if ~ (x .g) and ~~~
‘ (x .y) are the

perceptua l vectors corresponding to ~(x ,y) and ~~
‘ (x ,y ) respective ly

then ~ (x .y) — ~ (x .y).~~’(x ,y) correspoids to ~ (x .y) + ~ ‘(x ,y). Thus,

we now have the nterpret at ion  of vector add i t ion  in the (A ,C,,C,)

space . i t  si m p l y corresponds to m u l t i p l i c a t i o n  of t r is t i r nu lus

values.

Let us see how this remark coup l ed with our aseumptic -n of

i ndcipendant spatial filtering on the perceptual quantities (A ,,C1,C2)

i~ of intere st to an i mage processor. Suppose that ~(x ,y) is slowly

vary inçj and ~‘ ( x ,y) rapid ly  vary ing , then the’ same w i l t  be true of

~ (x .y ) and ~ ‘ (x ,y) respec t i ve l y .  But since they are now a d d i t i v e l y

cr.,nibir ~ed, it w i l l  be poss ib le  to separate them, at least

apl~r ox i . 3 t e l y, by means of linear filter i ng thus open i ng the door to

many a p p l i c a t i o n s , some of them described in chapter 4.
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We now realize how the notion of the mode l as a 3—d imensiona l

homomorphic system is i mportant. It accounts for the automatic gain

contro l properties of the eye and introduces new mean i ngful co l or

i mage processing techn i ques.

L



CHAPTER 3

A STUDY OF SPATIAL EFFECTS IN THE CH ROMATIC ITY CHANNELS

3.1 Visua l adaptation and contrast effects

There are two types of visua l adaptatio n. One sort happens

with sudden changes in the intensity or chrom aticit y of the

illu m i n ant and is a fairl y slow process (severa l mi nutes) related to

the bleaching of visual pigme nts (6). The other sort that shows the

a b i l i t y  of the human visua l system to adjust instantaneousl y to the

i llu in inant is related to neura l interactions past the retina. This

is in this last type of adaptation we are interested here and w i l l

attempt to model.

The phenomenon of br i ghtness constancy is such a type of

adaptation and shows the tremendous ab i l i t y  of the visua l system to

discard the spatial va riations in intensity of the illumin a nt. It

has been shown by several authors (6, 52) that a Log type

sensit ivity at the receptor l eve l followed by a spatial linear

filtering characterized by an attenuation of low frequencies wou ld

account for this a b i l i t y. Experimenta l studies conducted by severa l

authors (1, 8) have confirmed this hypothes is by actually measur i ng

the modulation transfer funct ion of the neura l network.

It should be noted that this low frequency attenuation not onl y

accounts for br i ghtness constancy but also for brightness contrast 
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(a) 1

(b) - 
-

Fig. 3.2- Simultaneous color contrast in the C2-channel .

a) The two small squares have the same tristimu lus
values.

b) The two vertical stripes have the same
tristimulus values .

_____  J
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e f f e c t s  where the brightness at one point is inf luenced by the

— br i ghtness of nei ghboring points and does not correspond to what

m ight be expected from the distribution of light intens ities if

there was no neural interaction. Mach Bands , simu l taneous

br i ghtness contrast illusions , Herman Grids , are example of such

effocts and the interested reader is refer’red to Rat li ff [37),

Baudelaire (1) and Baxter (2) for a more complete coverage.

Not onl y is the visua l system able to discard variations in -

int .~nsit y of the illu m inant but also variations in color. The light

of an ordinary l i ght bulb is very ye How and the li ght outside on a

clear sunny day is very blue but in both cases we wi II cat I a piece

of white paper white even though the spectra l content of the light

it reflects to our eye is very different in both cases. This

phenomenon is called co l or constancy.

Just as color constancy corresponds to bri ghtness constancy,

bri ghtness contrast has its conterpart with co l or contrast. Here it

is the hue and saturation at ore point wh i ch is influenced by hues

and saturation at nei ghboring points (fi gures 3.1 and 3.2). 0-f

course both effects (br i ghtness and color contrast ) can occur

simu l taneousl y and i t m i ght be di f f i c u l t  to separate them.

Land’s retinex theory is an attempt to account for bri ghtness

and co l or constancy (32).In this theory the log—outputs of

- 
nei ghbor i ng receptors are pair-w i se subtracted in an i ndependent

manner for every cone system. By add i ng these data along a path

connecting two points on the retina the ratio of the corresponding

cone outputs can be computed. This permits a compar i son

i ndependentl y of a uniform or quas -un i form il l um i nation. But the

- 5-
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result  does not depend on comparisons e lsewhere and therefore th is

theory does not account for either bri ghtness or color contrast

— e f f e c t s .  Another drawback of th is  theory is i t s  lack of al gebraic

structure wh i ch makes it d i f f i c u l t , if not i mpossible, to use to

~~
ke quantitative predictions.

Em pirical formulations, such as the von Kries coefficients .

have been presented to account for the perceptua l appearance of

colors and color i nduction [29, 38, 62) but it seems that the

hom omorphic approach which already models bri ghtness effects fairl y

well is a more powerful and genera l tool.

Before getting more into these questions, one mi ght ask what

are the practical implicatio n s of gaining an understanding of how

co l ors interact and how the eye adapts to the i I lum i nant.

One possible answer can be found among the many peop le

produc i ng co l ored products. They have to worry about how their

nal Product is going to look and , in order to avoid bad surprises

such as colors that do not l ook the way they are supposed to because

another color has been placed beside , those people have had to study

color i nduction prob l ems empiricall y. A good quant itative mode l for

such effects would obviousl y be we l come (Judd 1942, [29]).

Another answer can be found by l ooking toward the H In

i ndustry. Co l or films which have a fixed spectral response cannot

a d a p t  t o  a i f f e r e n t  i lt umina n t s and if a fi In ba l anced for , for

examp le , tungsten l amp light is used to take an outdoor scene the

result w i l l  be an object ionable co l or cast on the fina l print wh i ch

can onl y be avoided by trial and errors in the photo lab dur i ng the

printing process. In that case again a good understand i ng of the
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adapting ab i l i t y  of the human eye wou ld be we l come and a step

forward toward an automat ization of such a process as wel I as a

sol i d-ba s is for the handling of di g ita l color i mages.

Since a spa t ia l  f i l t e r i n g  on the c h r o m a t ic i t y  si gnals in our

mode l characterized by an attenuation of low spatial frequencies

would account for co l or constancy and co l or contrast , an exper i ment

was designed to test this hypothesis .

3.2 The ideas involved in the desi gn - -

The validi t y  of the multi plicative homomorphic mode l of

achromatic vision has been questioned for pattern -s with sharp edges.

Davidson and W hiteside (9) ind ica ted  that edge effects were

i ncompatible with the mode l predictions. Their results have been

confirm ed by Baudelaire who conc l uded that the existence of a high i y

nonlinear edge oriented mechanism centrall y located (that is to say

past the LGN) and influenc i ng the whole visua l f ield was most

I ik e l y. The neural interaction network responsible for most

br i ghtness effects on the other hand is quite linear in the absence

of edges.

We w i l l  also ao3pt here a careful attitude toward edges and use

s mooth pat ter ms ~i~er r~eas~~’ ng ~~, 
(f t , 2) and H,( f 1, f 2 ) .  In other

words , we w i l l  onl~ use pa~~ ns conta in ing a few low spatial

froquencies. Also we ass~.— e for s i m p l i c i t y  that the latera l

i n h i b i tion postulated in the two chro m aticit y channels of our mode l

is the same in a l l  dire ctions which means that the frequency

responses H, and Hi., and the corresponding point—spread functions h~

and h,, are circu l ar l y symmetric. Consequentl y, they are entire l y 

-~~ ----~~~~~~~ — -5 -  .-~~~~~~ - —----- -—— -- - -. 5-- 
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d efined by their cross-section wh i ch allows us to exper i ment onl y

with one— dim ensiona l patterns.

These patterns were disp l ayed on the face of a high qual ity

color televisi on monitor , part of a Comta l disp l ay unit, driven

by a general purpose di gita l computer. The disp lay was carefull y

calibrated so that i t was easy to relate prec i sely the di g ita l

intensities to the intensities of the red , green and blue li ghts

emitted by the three phosphors on the face of the tube. The

calibration procedure is exp lained in appendix 0.

I~ S~(x) (i— 1 .2.3) is the spatial modulation of intensity for

the ith phosphor and p~()~) the spectra l distribution of the light

omitted by this phosphor , the i mage generated on the face of the

• tube is

I (x ,A) —

The correspondin g tri s ti m ulus va l ues are

L(x )  — L~ S~
(x )  J’ p, (>d I

and two  other s i m i  l~~r equations for 11(x) and S(x). If we denote by

L,. M, and S~ (i— 1 ,2.3) the tr i sti rnu tus va l ues of the light emitted

by th e i th phosphor (for  example L~~—J’  p~(>~) I (A ) d~ 
) then th is  can be

conve nie nt I~, rewritten as a vector equation

?(x) — U1 ~~(x )

whore ~~(x )  — (5,(x ) ,S? ( x ) ,S~(xfl’, ~(x) — [L (x) ,M(x),s(x)]t and U1

is a three by three m atrix whose column vectors are the tristi m ulus

valuc ~s of the phosphors . U1 is computed as explained by the

follow i ng diagram:

5 - - - -  - - - 5 -~~~~~ _ _ _ _ _
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E CONES

C I E 

OUT P UTS

PHOSPHORS

- P R I M A R I E S

Fi g. 3.3— Computation of the U1 matrix from matrices E1 and 0 .

E, is  the matrix g iven in appendix C that relates the cone spectral

sensitivities to the CIE co l or matching functions x (>’), y (>)  and

z ( A ) .  0, has for co l umn vectors the c h r o m a t ic i t y  coordinates of the

l i ghts e m i t t e d  by the phosphors and is thus characteristic of those

phosphors and g i ven by the bui lder. Thus E1 depends only on the

mode l (which cone sensitivities were chosen) and Dl depends onl y on

the Phosphors. The onl y relationshi p between the two is through the

w hi  to.

I ndeed 0, and E1 are not completel y define d as long as a

reference white has not been chosen. For the monitor it corresponds

to equa l drive si gnals on the three guns (or equivalentl y to equa l

d i g i t a l  intensities ) and for the eye model to equal tristi m ulus

values L, M , S. In other words i f  ~ is the three—d imensiona l vector

who~ c~ components are the chromaticit y values (x,y, z) of the chosen

w hite (for the television mon i tor it is usuall y 06622) then one has

and ~ — o ~ ~
so that

- , r - u , r
where ~ i s  the vector  (1 ,1,1)’.
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S1 (x) L(x) L (x) A (x) 
—

S2(x) u M (x) 
Lo~ 

M (x) C1 (x)

S3(x) S(x) S (x) C2(x)

V

F i g .  3 . 4 -  Th e sys te m V t r a n s f o r m s  the th ree  d i t i t a l  ima ges
S2 53 

into the perceptual s ignals A , C 1 , C 2.

A (x) L*(x) L(x) S1 (x)

C 1 (x ) M*(x) M (x) S~(x)

C2(x) S (x) S(x) S3(x)

v-I
Fig .  3 .5- The system V transforms the three pe r c e p t u a l

s i g n a l s  A , C 1, C 2 back  in to  the th ree  d ig i t a l
images S 1, S 2 ,  S 3 .

_  _  _ _ _ _
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The simple algebraic procedure used is explained in appendix C.

This completel y defines U1 and thus the relationshi p between

the three dig ital images ~(x) and the tr i sti m u lu s vector 1’(x).

It should be pointed out that we have neg lected in this

Computation the effect of the eye optics which as we recal I is

— equivalent to a linear low pass filter. But since we are

exper i menting with smooth patterns our approximatio n is justified

[1)

What we want to achieve with the i mages ~~( x )  is to gene ra t e

perceptua l si gnals A (*), C 1 (x ) and C7 (x) in the visua l system of a

human observer that al low us to stud y the frequency responses H, and

H,. This situat i on is summarized in figure 3.4.

- 

- 

In other words the problem is, knowing what A . C1 and C7 have

to ~c . what ar-c S,. S, and 9,. Thi s question is easil y answered by

inv ort nçj tr~e mode l of fi gure 3.4. If we condense all  the steps or

~ubsys tenrs between (S 1, S7, Sa ) and (A .C1,C2) and represent them as a

t~.ystem V then , since it i s  a cascade of i nvertible subsystems , V

itself is i nver tible to V~ as pictured in fi gure 3.5. So if we know

wh a t A , C1, C, si gnals we want it is easy to define the requ i red Sl~

S,. S, signals by app l y ing V4 to them.

The (A ,C1, C,) pattern we used are g iven by:

(A—a C1-c1÷k (sin (2~ fx)+cxsin (6nfx)) C7—c73 (3.la)

(A—a C,—c1 C7—c7#k(sin(2nfx)+asin (G~ fx))) 
(3.lb)

who re a, C,, c~, K, ~ are constants. f is the spatial frequency and

x the sp at i a l coordinate. The frequency content of such patterns is

l i m i t e d  to the 2—frequency (DC) component for the two channels that

are not probed (the achroma tic channe l is  always one of those) and

L .
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to frequencies f and 3f as well for the chromatic channe l that is

tos ted .

As we mentioned ear l ie r  those patterns were generated in a

general purpose di g i t a l  computer that performed the required

s i m u l a t i o n  of the inverse of V and were d isp tayed on the face of a

h i gh quality television monitor driven by the computer.

The examples of those patterns shown in this thes 3 use as the

fina l recording m ed ia a piece of photographic f i l m .  Unfortunatel y

there is no good quantitative mode l which , g iven the spectral

ci stribution of the i nput light and the c h a r a c t e r i s t i c s  of the f i l m

and of the p r in t ing  process used , can predict  the resu l t ing

tristi nr ulus values exper i enced by a h~ rran observer when looking at

the final print i llu mi nated by a given l ight .  One at tempt  has been

wade in that direction by W a l l i s  (S7] but h is  resu l ts , al though

encouraging, show that more research e f f o r t  needs to be put in th i s

cioma in.

Consequentl y in opposition to the case of the television

mon i tor it is very difficult to relate accuratel y di g i tal

intensit i es to trist imulus values for the f i l m  media and the

p ictures in this thesis show i ng co l or illusions are intended onl y to

g ive an i dea of the actua l s t i m u l i  seen on the face of the color

t ul ovi s ion monitor.

The shape of the curve of equation

C (x)— c+k (sin (2~ fx)+czsin (6nfx)) (3.2)

iL shown in fi gure 3.6 for a-i, a >1 and a <1. Se t t i ng  a equa l to 1

in equation (3.2) allows us to test for low spatial frequency

attenuation in

_ _ _ _ _ _ _  —~~~ -_- . . - - - - 5- - . -- - _  __
~~~~~~~
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Fig. 3.6- The shape of the curve of equation
C(x)=c+k(s in(2 lrfx )+as in(6f f f X) )

a) a=1 , the leftmost trough and the rightmost
peak are at the same level .

b) cz>l, the leftmost trough is at a lower level
than the rightmost peak.

c) cz<l , the leftmost trough is at a higher level
than the rightmost peak.
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the channe l of interest. Indeed if we assume linear spatial

filt e ri n g on C(x) characterized by an amplitude modulation transfer

funct ion K ( f )  the actua l s t imulus exper ienced is

C (x) — l< (2)c + k ( K( f ) s i n ( 2 i t f x )  + aK (3f)sin (6nfx))

which can be rewritten as

C (x )  — K(3)c + kK(f)(sin (2~ fx) + a (K (3f)/K(f))sin (Gitfx)) (3.3)

so if K (3f) is greater than < (f) and a equals 1 we should experience

an i l l u s i o n  as ind ica ted by f i gures 3.6 . 3. 7 and 3.8.

This illusion can actuall y be cancelled by setting a to

K ( f ) / K ( 3 f )  (equat ion (3 .3 ) ) .  This i s the key to the measurement of

the Io~ frequency atten~ ation in the chromatic -it y channels.

For a f ixeci spatial frequency f , patterns correspond i ng to

vaIue~ of a between 1 and .1 were presented to a set of observers

and the va l ue of a wh ch cancel led the color I I lu sion exper i enced

when a was equa to 1 was a measure of the ratio K (f)/K (3f). The

Oxl)Cr i enCe was repeated for four spatial frequencies (f 1—2 . 142 .

f ,-3.284 , f 1-2 .S68 , f~-1.~.3G cyc les/degree )  on both c h r o ma t i c i t y

channels. The experiment is described in more details in appendix

E.

It should be emphasized that a l l  this reason i ng is based upon

the ass umption of l ine a r i t y  of the la tera l  i nh ib i t ion  and that th is

experim ent is also a test of that property.

3.3 Results of the experiment

We found that in the range of frequencies studied the fol lowing

r e l a t i ons  held:

H,(3f) — 2.2H1 (f) (3.4a)

_ _ _ _ _ _  _ _ _ _ _  _ _-- - - 5 - - - - - - - - - -~~~ - -
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H7(3f) — 1.7H2(f) (3.4b)

which ehould be compared with Baude laire ’s re8ult for  H:

H(3f) - 2.ØH (f) (3.4c)

and Davidson ’s result:

H (3f)-2.2H (f) (3.4d)

These relations imp l y a power—law for H, H1 and H2 in the frequency

band tested and thus a linear relationship on a Log—Log scale. Thus

our conclusion i s  that there is a low frequency attenuation in the

chr crra ticit y channels and the relative amp litude modulation of

frequencies f and 3f is about the same in the red—green channe l as

i n  the achrom~ t i c and a l i t t l e  less in the yellow—b l ue channe l fo r

the band of frequencies stud i ed. This is in agreement with other

studies (21) wh i ch conc l uded that the contrast sensitivit y of the

yellow — b l ue mechanism is less than the contrast sensitivity of the

red—green and bri ghtness mechan isms. Of course relations (3.4a) and

(3 .4b)  do not comp letely determine H1 and H2 and in particu l ar say

not hing about very low frequencies (be l ow .1 cyc l e/degree) and about

frequenc ies hi gher than about 4 cycles/degree.

But , just as for bri ghtness effects the mportant band of

frequencies is from about .1 to 6 cycles/degree (1), for color

effects the i mportan t band is from about .1 to 2—4 cycles/degree.

Nonotho less we were ab le  to get at least  a rough idea of the •

shapes of H, and H, at hi gher frequencies as follows. First of al I

in the exper i ment on the C2—channe l (y e l l o w - b l u e )  at frequency

f4—1.136 cycle/degree four out the five observers reported see i ng

the il l u s i o n  in reverse that is to say reported seeing the stri pes

in the rr i ddle of the blue bars bluer than the s t r ipes  in the midd le

- - - -—--5-- - —-5-- - — -
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of the yellow bars for a set to 1 while the fifth observer reported

see i ng the illusion much weaker than for the other three

frequencies. This effect is called simu l taneous co l or sim i l i t u d e

(12). In our case, this means that for the major i ty of observers

H,(3f 4) was less than H7 (f 4) (see fi gure 3.6) thus allowing us to

rough l y estimate the position of the maximum at 2 cycles/degree.

The same phenomenon also happened in the study of the C1—channe l but

for a hi gher frequency (2.272 cycles/degree ) which also allowed us

to rough l y position the ma ximum of H, at about 4 cycles/degree.

Past those max i ma there seems to be a rol lo f f  tow ard higher

frequencies. We i ndeed know that the neural network between the

retina and the visua l cortex is characterized by two i mportant

properties: lateral inhibiti on which applies onl y over a limi t e d
)

rang~ and whose transfer function is characterized by a

low-frequency attenuation and is flat for hi gh frequencies

(hi gh—pass filter ) is the first. Neura l summation that occurs at

diff eront levels and whose equivalent transfer function is

characteri zed by a hi gh frequency attenuation (low—pass filter ) is

the second. Although it is clear that those two processes are

physiolog i call y combined their effects on visua l patterns are quite

different and it seems justified to separate them conceptually.

We mentioned earlier that the contrast sensitivity of the

visua l neural system had been measured by contrast threshold methods

by Campbell and Green (6] . Baudelaire used their data for

frequencies higher than 8 cycles/degree as a good estimate of the

modulation transfer function of the neural summation for the

bri ghtness channel. We w i l l  also use them here in the following 

- - 5 - - - -  ---—----  -5- - - - - -—- 5- - - - -  — 5- —- - -
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Fig. 3.9- The frequency responses H(f),  H1(f) and H2 (f) of the
filters operating on the A , C1 and C2 signals (a , c, e),
respectively, and (b , d , f) the correspondin g
point-spread functions h(x), h1 (x) and h2(x). The
frequency responses are plotted on a log-log scale , ~he
point-spread functions for a span of one degree of visual
angle.
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way.

Let K (f) be the Campbell and Green data transformed as follows.

K (f) is flat and equa l to 1 from 0 to 8 cycles/degree and for hi gher

frequencies is the previousl y mentioned data. This is what we w i l l

take , after Baudela ire . as the modulation transfer function

€q u i val ent to the neura l summation for the bri ghtness channel.

We w i l l  assume that K 1 (f) , the modu la t i on  transfer func t ion

equ iva len t  to neural summation in the C 1— c h r o m a t i c i t y  channe l , is a

shifted version of K (f) (K 1 (f)—K (2f)). This is in agreement with

our finding of a max i mum at about 4 cycles/degree for H1 (f) and with

the fact that visual acuity is poorer for pure colors than for

bri ghtness.

In the same way we w i l l  assume that l<,(f) is also a shifted

version of K (f) (K ,(f)=K (4f)) wh i ch , again , is in agreement with our

f i nd i ng of a maximum at about 2 cycles/degree for H,( f )  and w i t h  the

fact that visual acui ty is poorer for yellow—blue co l ors than for

red-green co l ors [SG] . -

Next we w i II combine our exper i mental data on the l ow— frequency

p3rt of H1 and H, w i t h  the m o d i f i e d  Campbel l  a~ d Green data.  The

rosu l t i ng frequency responses are shown in f igure 3.9 as w e l l  as the

corresponding point  spread funct ions.

3.4 R e l a t i o n  to the color  Mach Bands prob l em

The question of whether it is possible to i nduce Mach Bands

w i t h  ch romat i c  g rad ien ts  on ly  (keep i ng bri ghtne s s constant )  is  s t i l l

controversial. Some people reported negative results (15, 18, 56)

tending to show that latera l i nhibition was not present in the

_ _  _ _ _ _ _  5 - - - -- -- 5-
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chromaticity channels thus l eavin g the well verified fact of

sim u ltaneou s color contrast compl etely unexplained. Some other

-

, 
pooplo (22. 28) reported that colored Mach Bands were vi s i b l e  -~n

color gradients with constant luminanc e but that those effects were

weaker than in the achromatic case,

Let us see how our findings might prov i de us with an

explanation for this controversy . Comparing equations (3.la) to

(
~~ 1c) and ta K in g into account the fact that the peak frequencies

are 8.4 and 2 cycles/degree for H, H. and H2 respectively we can

approx i matel y write

H1 (f) H (2f)

H,(f) — H (4f)

wh ich  state that the two chromatic frequency responses are shifted

versions of the achromati c frequency response. In the space domain

those equations are equivalent to

h1 (x) 112h(x / 2 )  (3.Sa)

h,(x) - 1/4h(x/4) (3.Sb)

Qu ali t a t i v e l y, as can be seen in fi gures 3.Sb , 3.Sa and 3.Sf • the

effect is to broaden the point—s pread functions h, and h7 by a

factor of 2 and 4 respectiv ely with respect to h as w ell as scaling

them dow n by the same factors.

Coin i ng back to the co lored Mach Bands prob l em, re la t i ons  ( 3.Sa)

arid (3 ,Sb) suggest that they should be broader than the achromat ic

Mach Bands and consequentl y less visible.
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CHAPTER 4

APPL I CATION OF THE MODEL TO I MAGE PROCESSING

4. 1 Scanning co l or i mages in and out of a computer

In order to test the mode l on rea l l i f e  co l or i mages it was

necessary first to di g itize such i mages and second to use a

scanning-out procedure where a piece of co l or f i l m  was exposed and

processed in a fixed and control led way. This was done to minimize

disp l ay equipment and f i l m  non l inearitie s as well as the effects of

• the printing process on the results of the experiments and make sure

that what we were l ooking at were actua l consequences of the di g ital

processing and not of f i l m  processing.

A color f ni (Kodak Ektaco l or Professional F i l m , Type 5) was

exposed outccors y ielding a co l or negative after development. We

macic sure that the dynamic range of the scene fitted that of the

f i l m  so that the onl y nonlinear i ty in this process was represented

by the gammas of the 0—LogE curves of the three dyes present in the

negative after deve l opment. They were measured by exposing the same

clay a calibrated grey—sca le and plotting the three curves showing

transmiss ion density on the negative versus reflection densities on

the grey—scale. The next step in the scanning — in process was to

prepare three black and whit e prints from this color negative , They

were obtained by exposing panchromatic paper (Kodak Resisto Rapid

Pan) from the color negativ e througn three L4ratten filters (Red 92. 
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Green 59 and Blue 47B). It turned out that when doing so we had to

use the whole dynamic range of the paper and that consequentl y we

wore not using onl y the linear part of its 0-LogE curve as in the

case of the negative but also the parts usuall y referred to as the

“ toe ” and the ‘ shoulder ’ thus introducing another nonlinearity.

Those three prints were then scanned i ndependentl y on a reflectance

scanner and the two non l inearitie s mentioned earlier compensated for

by software.

The net result of this set of operations was three dig i ta l

i mages corresponding to the i-ed , green and blue light intensities in

the ori g ina l scene. Since we compensated for al l  non l m ean ties in

the scanning-in process , the numbers in the computer were actua l l y

proportiona l to the light int ensities incident on the f i l m  when the

shutter was opened.

The scanning—out process was done in two ways. The first ,

inten d ed to prov i de a “quick l ook” at the results of an experime nt

was simp l y to displa y , the red , green and blue images on the face of

the television mon i tor we used for the psychophysica l  exper ime nts

described in chapter 3. The second , intended to get a hi gh—quality

hard—copy, consisted in display ing the red , green and blue images on

the face of a very hi gh quality cathode ray tube (CRT) and exposing

sequentially a piece of co l or fi ni (Kodak Ver~co l or S Film )  through

three filters (Wratten filters number 25, 58 and 47B). The f i l m  was

then taken to the photo lab where it was deve l oped according to a

fixed procedure described in appendix 0.

The results of the to tal scanning—in and out procedures are

- - - - -- - - 5 - 5 ---- -- - - - -~~~~~~
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shown for two rea l life color i mages “BECKY ’ and “CAR—PORT” in

figures 4.1 and 4.2.

4.2 Practical imp lication s

• Let us see now how the mode l developed in the first three

chapters can be used to process those i mages. The obv i ous problem

is that the input to the mode l ( f i gure 2.3) is I(x ,y, >) , a funct ion

of wavelength as well as of spatial coordinates , while the onl y data

that are available to us are three i mages R(x .y), G (x ,y) and B (x ,y),

results of the scanning -in process , where the wave l ength information

has been l os t .

But we not ice that we already so l ved this problem in chapter 3.

Indeed in the case of the television monitor we knew the

chro in aticit y coordinates of the li ghts emitted by the phosphors and

thus the matrix transformation from the tristimulu s values

corresponding to those pr i maries into cone responses. In the case

of the CR1 we know the characteristic of the li ght emitted by its

phosphors (CIE C illumi n ant ) and this entire l y defines the

ch ro mat i c i t y  coord inates of the l i ght comi ng through the three

Wratten filters used. Thus in this case again we can e a s i l y compute

the matrix U~ such that

(L(x ,y) ,M (x ,y) ,S(x ,y)]t — U2 (R(x ,y),G (x ,y ) ,B (x ,y)]t

Wo can now redraw fi gure 2.3 as fi gure 4,3. U2 is g i ven in appendix

C.

Since we have a way of mapp ing color i mages defined by

‘r(x , y — R x ,y , c(x ,y),B (x ,y)3’ into the perceptua l space as

I1(x ,y)_ (A (x ,y),C1 (x ,~~),C2 (c ,y)]t and that furthermore this mapping



R(x ,y) L (x,y) 
— 

L* (x ,y) 
— 

A ( x ,y) A* (x,y)

L H F

G(x ,y) M(x ,y) Log M*(x ,y) 
~~ç::~ 

C 1 (x,y)

, 

C 1
4(x ,y)

B(x ,y) S(x ,y) S* (x ,y) C2(x,y)1 ~~ 
C 2*(x ,y)

L’ ‘ t

F i g .  4.3- The homomorphi c model of color vision when the input
ima qe has been analysed in some set of primaries.

16
(cycles/picture ) r

Fig. 4.4- Cross-sect ion of the f requency re s p o n s e  of the
f i l t e r  used to enhan ce  b r i q ht n e s s  i n f o r m a t i o n .  
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is i nvertible , it is tempting to process ~ (x ,y) because we know that

by doing so we w i l l  ac tua l l y  be processing the quant i t ies  that are

perceptual l y i mportant for a human observer. This  idea is

• summarized in fi gure 4.7. From equations 2.3a to 2.3c it is easy to

der i ye

— + (A — A)/a + (a/u1)(e1 - C1) + (y/u7)(ô2 — C2) (4.la)

— t1 + ( A  — A ) / a  + ( (
~~~ 

— 1)/u1 ) (
~~ — + (Y / u 2 ) (ô2 — C2) (4.lb)

— s~ + (A — A )/ a  + (a/u 1) (~~~l 
— C1) + ((v — 1)/u2) (~ ? — C~~) 

(4.lc)

4.3 Bri ghtness processing

Using those i deas we first experimented wit h the br i ghtness

information. For instance fi gure 4.S shows the effect of setting

A (x ,y) to a constant across the whole i mage wh ich now looks like a

cartoon with very l i t t l e  variation in br i ghtness but where

variations in co l or have been preserved. The reader may argue for

example that the sky or the horse head l ook bri ghter than the rest

of the scene, He is however confusing bri ghtness w i t h  strength (see

figure 2.7) . From equations 4.1a to 4.lc it is easy to understand

what happens to the tri st im ulus vaiues. Since we have

A — constant - C — C1 C2 — C7

they can be rewritten as

—

—

—

where A ’ — (c—A)/a and thus

C. — L ex p (A ’ )

A — II e x p (A ’ )

--5-- ~~~~~~~~ -- -- 5-- - -  - 5- - -
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§ — s exp (A ’)

or in vector notation

— ex p (A ’ )  ~ (4.2)

If we remember that these quant i t ies  are functions of the s pa t i a l

coord ina tes x and y , the interpretation of our processing i s as

f o l  lows .  At a point (x ,y ) on the image where A is  c lose to c , the

chosen const ant brightness , A’ is smal l  and thus exp (A ’) is close to

1 and we do not change the trist im u lus vector 9’ very much. If A is

less  than c, then A’ is p o s i t i v e , exp (A ’ )  greater than 1, and we

i ncrease the tristin iulu s values at that point. F inally if A is

greater than c , A’ is nega t i ve ,  exp (A ’ )  less than 1, and we decrease

the tri st im u lus values at tha t point.

In the same l ine of ideas we can a lso  perform l inear ,

space-envariant filtering on A (x .y) where the frequency response H

of the filter is circular l y symmetric and has a low frequency

at tenua t ion  as shown in f i gure 4.6. Equation (4.2) can be r e w r i t t e n

as

— (1/exp (—A ’)) ~ (4 3)

Not i c i ng  that —A ’ - (A — U/a and that , as shown in f i gure 4.6 ,

A — A is a l ow—pass filtered version of A , equation (4.3) expresses

nothing else than what is known to photographers as unsharp masking.

Of course there is nothing that can hamper us from choosing a

d ifferent frequency response, for example with not only a low

frequency attenuation but also a hi gh frequency am plification thus

obtaining a processing much more genera l than unsharp mask i ng. This

proces sing, in the example just described, can be understood from

equation (4.3) but also f’ om the standpoint of our conc l ud i ng
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Fig. 4.7- The processing is based on a mapping of images
into a “ perceptual” space defined by the model
where one operates on perceptual ly meanin gful
quantities. After pr ocessing, the image is map-
ped back into the system of disp lay primaries.
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T(X,y) t(X,Y).t’(X,Y)

LOG
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T*(X ,y)=t*( X ,Y)~~t
1* (X ,Y)

P
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independent linear
processing

on each component
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~*(x ,y)=t*(x ,y)+t 1 *(X ,y)
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?(x,y)=t(x,y).t’ (x,y )

Fig. 4.8- Homomorphic interpretat ion when linear processing
is performed in the “ perce pt ual”  s pace. No ti ce a t
every step the harmony between the proces sing and
the structure of the processe d quantities.
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(cycles /picture ) 
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1. 35 __________________________________________

1/

( c )

12 (cycles/picture ) ~r

F i g .  4 . 1 1 -  C r o s s - s e c t i o n s  of the frequency responses of the
f i l t e r s  used to enhance  the c h r o m a t i c  i n f o r m a t i o n
in (a) the C 1 - and C 2- channels for “ CAR - PORT” ,
in (b) the C 1 - channel for “BEC KY ” and in (c) the
C 2- channel for “BE CKY” .

_ _ _ _





-——-- - - ---- —— ---~ - - - 5 - - - -• 5- - - - — - -5 - - — -- 5 -  -

72

remarks in chapter 2.

Indeed if we mode l ‘f-CL,M,s)’ as a product of a slowly vary ing

component ~_ [l ,m ,s)t and a rapidl y vary ing component ~~_ C l ~~,m ,s~ ]t ,

fi gure 4.7 can be redrawn as fi gure 4.8. ~(x ,y), ~ (x ,y ) and ~~~
‘ (x ,y )

are napped through the mode l respectively onto

p(x ,y)~~tb (x ,y) ,c1 (x ,y),c7(x ,y)]t

and p ’ (x ,y )— (b ’ (x ,y ) ,c,’ (>< ,y) .c2 ’ (x ,y ) ] t  such that

~3 ( x ,y ).. p (x ,y )+  p’ (x ,y). In this particular case we do not process

t te chromatic s gna l s and thus 
~ , — c1, ~~ — c 2, 

~~~~ 
— c1 ’ and

— c,’. The bri ghtness si gna l A ( x ,y ) is the sum of a slow l y and

rap i cfl y vary ing components b (x ,y) and b’ (x ,y )  which are processed

d i f f e r e n t l y by our f i l t e r .  ne slow l y vary ing component b, equa l to

a (c1l*~4~3m *+?s*) and ccrrespond i ng rough l y to i I lum i nation br i ghtness,

is reduced by the lo~ -~requency attenuation thus achieving dynamic

range compres sion whi a the rap idl y vary ing component b~ , equa l to

a (cfl ~~~~~~~~~~~ and correspond ing roughl y to reflectance

~ -ightn ess , is enhanced by the high frequency emphasis. This

processing is the equivalent for co l or images to Stockham ’s work on

black and w hite i mages. Notice that according to our mode l we

~rc ~~ld not be chang ing the chromatic content of the ori g inal image.

qosu lts are shown in fi gure 4.9. The radial frequeicy response used

lb shown in f gure 4.4.

4.4 ~~rc~m a t i c  process ing

I’~~-,e now process chromat ic in fo r mat io n  and l eave bri ghtness

r~~(~r l a t i o n  ~ntouchecl , supposing again that the processing is

‘- ,j)r , • - L ~ can rewr ite eqba tion s ~+.1a to 4.lc as

- --5- --
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~~~ (C.~ +C.2 ) /2+ (A— (~~~I~~~~~A )  /2) /a+ (~ /2) (
~~~~I_ 2) +

(? /2 } (e7~~C 74 ) (4 .4 a)

A* _ (Al* +Al*) /2+ (A— (A~+A2) /2) /a+ ( (a-i ) /2) (~~*_ e a ) +

(~ /2) (ô2
2

—ë2 1) (4.4b)

§_ (~ l*÷~
2
~)/2+(A_ (A I+AZ)/2)/a+(~3/2) (ô 1

1—ô~~~~
)+

( ( 1 — v) / 2 )  (
~~~ 2~~

—
~~~2

2) (4.4c)

where A 1 refers to the filtering in the Cs—channe l and ~ re fers to

the filter i ng in the C7-channel. The mean i ng of those equations is

not im m edi atl y obvious but if we suppose for s i m p l i c i t y  that the

linear filtering on C~ and 07 is the same, then equations (4.4a) to

(4.4c) rewr i te very simpl y as

- + (A - A 1)fa (4 .Sa)

— + (~~~ 
— A’)/a (4.Sb)

- §~
‘ + (A — A~)/a 

(4.Sc)

where, for examp le . C.’
~~ 

represents the ~ tered vers ion of L* by the

‘ chromatic ” f i lt e r . So the net effect is in this case the same as

perform i ng the sane linear filtering on L*. M*, S* as on C~ and C2

and have it followed by mask i ng on the resulting tristi m ulus values.

A comp l ementary -rrter’pr’etation of this processing is the

hoiiiom orphic ” one. Again we model L, M . S as products of slowly and

rapidly vary ing components wh i ch makes the perceptua l vector ~ the

sum of two vectors p and p’, the coordinates of which are

respective l y slow l y and rapidly vary ing. L.4e can interpre t the

slow l y var ying part of C, and C7 as the illumination chromaticity

and the rapidly vary ing part as the reflectance chrom aticity. Then

a linear space invar i an t filter i ng on C, and C2 characterized by a

low frequency atten uation and a high frequency emphasis w i l l  enhance

—-
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saturation of objects which tend to be small and discard what may be

cal led the chromatic component of the il l u m i nation thus realizing an

automa tic co l or balance control. This can par t icu l ar l y w e l l  be seen

when comparing fi gure 4.2 with figure 4.1@b where the s li ghtl y

yello w i sh low—frequency chromatic component has been comp letely

removed by the f i l t e r i n g  performed on the C~ and C7 s ign a l s .

Examples of such a process are shown in fi gur e 4.1g. The radial

frequency responses used are shown in figure 4.11.

4.S Bri ghtness and chromatic processing

Finall y one mi ght want to combine bri ghtness and chromat ic

enhancement as shown in figure 4.12. If we denote by A the

processed bri ghtness , equations 4.Sa to 4.Sc can be rewritten as

- i~~~
” + (A  —

— A I*  + (A  — A~~ ) /a

- + (A —

açjain we assume for si m pl i c i t y  that the linear H taring on C, and

C, is the same. Note that the mask i ng is different from the one in

the case of chromatic processing onl y. The ‘ homomorphic ”

i n te rp re tat ion  i s  the same as before but now a combination of

paragraphs 3 and 4.

- -  -----~~~~~~~~~~~~~~~ 
-- -

~~~
-- - - - -—
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CHAPTER 5

APPLICATION OF THE MODEL TO I~iAGE TRANSMISSION AND COO ING

S.1 The use of the mode l for defining a disto rtion measure between

color i mages

Shannon ’s rate-distortion theory £19. 45) was orig ina l l y

clc’velopec l to handle such prob lems as efficient encoding of images

and speech. Since we are interested here in i mages, let us review

vary briefl y the essence of his results in that case.

Lot I (x ,y, )%) be an ori gina l i mage that we want to trans mit over

~ome noisy channe l and r (x ,y,)~) the received image. Let also d (

be a positive real valued function of two i mages and consider d (I,T )

to be the distortion that occurs when i ~s transmitted and 1’

received, The performance of the system is then measured by

d — E (d (I,r))

where the expected value E is taken over the ense mble of images of

interest. Shannon ’s rate—distortion function R (d ) is a l ower bound

on the transmission rate required to achieve average distortion d~.

Moreover , Shannon ’ s coding theorem a l so  s ta tes  that one can desi gn a

code with rate onl y neg l i g i b l y greater than R(d *) wh ich achieves

3veraçJo distortion d*. Thus this function R (d ) exactl y specifies

the minimu m achievable transmission rate R required to transmit an

image with average distortion l e v e l d* and provides an absolute

yards tic k against which to compare the performance of any p rac t i ca l

system (see for example (19)).

_ _ _ _ _ _ _ _  5 - -  ---—--5--- - —- - -5- - - - --—-- -—-- -~~~~~__5-~~~~~~~~~~ ----------—-
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There are three reasons why this potential value has not been

roalizod to date. The first one is that there does not currentl y

exist any tractable m athematica l models for an i mage source , the

Gaussian one be i ng obviousl y a poor cho i ce. The second one is the

d i f f i c u l t y of computing the rate—distort ion function for other than

Gaussian sources and square—error distortion measures. The third

one is that a distortion measure d ( , ) in agreement with subjecti ve

evaluation of i mage quality is not known. By th is we mean that i f

I (x .y,~\) is a reference ori g ina l image and T~,(x ,y. )’i, j — 1,2,...,

i~ any set of reproduced i mages , then d (I,~~
) should rank the

reproduced i mages in the same order as the end user of the i mages.

It has been argued (Sakrison and Mannos [43]) that this mi ght

be the l)rirle reason of the three why rate—distortion theory is not

currentl y applic able. Some work toward the defin ition of such a

d i stortion (Ileasura for black and wh i te i mages has been carried out

after the p i oneering work of Stockharn [Se . 51) by Mannos (33), Ron

[39) who used the mono—frequency channe l mode l of human v ision.

Ibi s work is currentl y being extended toward inc luding the ex i s te nce

of severa l  frequency channels [2, 44) . On the side of co l or i mages .

vcrj  l i t t l e  has been done and part of th is  work is an a t t emp t to

d e f i n e  such a d is tance  between co l or i mages.

~e w i l l  assume for si rnp l i city that the ori g ina l image i 6

represented in some set of pr imar ies by i t s  corresponding

tri s ti w ulu s values R(x ,y ) , G(x ,y } and B(x ,y) .  Our reference

ori g inal w i l l  thus be

— [R(x ,y),G (x,y),B (x ,y)]’

w hile the distorted version w i l l  be

- - - -5-- - -- -~~~~~~~~ - - - -~~~~~~~ —- - - - -
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~ (x ,y) —

L.k, know that

d (~ ,1’) — J’ J~ 
((9’(x ,y)—~ (x,y)).(9’(x,y )—~ (x ,y)])~” dxdy (5.1)

,where . stands for i nner-product , is in very poor agreement with

subjective eva l uation. But we also know a great dea l about about

how the visua l system processes the information it receives from the

~)U t D i C l O  world and thus what is i mportant for the human observer. In

other words it seems very like l y that 
-

d (Y,1’) — f J (t ~~~(x ,y )~~
’*(x,y)). tP~~(x ,y )~$*(x ,y )])hl2 dxdy (5.2)

is a much better measure of the distortion between ~ and ¶ than
-4

equation (5.1). In equation (5.2) ~ and ~ are the perceptua l
-4

vectors corresponding respectivel y to ~ and ‘I. Th is equation is

nice because it rneasL es distances in the (A* .C~*,C2*) space wh ich

i s the (A ,C1, C,) space after spatial filtering by the linear filters

of frequency res;~onses H, H,, H, (see chapter 3). This means that

we are tak ing in to  account both the fac t  that the (A ,CI.C7) space is

uniform in terms of perception (see chapter 2)  and that different

se ns i t i vities to spatial frequencies exist in the three channels.

S.2 Aqrecment between distance and perceptua l ranking

L4o a r t i f i c i a l l y  d i s to r ted  an ori g inal image ~ in w ays to be

described. This resulted in a set of five disturbed versions ¶ .,

-4 .4

— 1 ,2.... .5, of ~~. For each ~ we computed d(9’,~~) — d~ accord i ng

to equation (S.2). L.~e found that the way most observers ranked the

images in terms of similarit y to the ori g ina l was the same as the

one obtained by order i ng the numbers d, (the smallest number

corresponding to the picture judged closest to the original ) .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• t-t— -- -~~--— — - ~ TTt : t :?i-r- .~-~i
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The distorted versions of “CAR—PORT” and “BECKY” numb.reci from

1 to S are shown in fi gures 5.1 to 5.5. The computed distortions

cl ,, (j—1.,.. ,S), normalized to an average distortion per point, are

ahown in table 5.1 for “BECKY” , in table 5.2 for “CAR—PORT” . They

correspond to the entry 0,. ~4e can see that in both cases the

order i ng is 5, 4, 3, 1, 2. For “CAR-PORT” , for examp le , the  most

disturbed image ¶? is at an average distance of 22 perceptua l un i ts

from the origina l (remember that a distance of 1 corresponds to a
-4

juOt noticeable difference in the (A,C1,C7} space). ¶~ i s 5%
-4 -4 -4

closer , 1~, 15% closer , 1~ 32% closer and T~ 36% closer.

This can be considered as a good conf irmatio n of our claim that

the distance defined by the mode l is “good ” in the sense of

paragraph 5.1. It is int eresting here to make a remark on the

nature of the distance or metric we defined on the (A ,C~,C2) space.

~e chose it to be a square—error or euc l idian distance becau8e , as

wu me ntioned in paragraph 5.1, it is the one which mathematicall y is

the more tractable. But we mu st stress the fact that from the

ph ys io logc al standpoint it is a l i t t l e  bit d i f f i c u l t  to defend

because it assumes some kind of mechanism able to sense the outputs

of the three channels (wh i ch is not u n re a l i s t i c )  and somehow to

colipute the square-root of the sum of their squares (which is

un re alistic ) . Another distance which would be more in agreement

with what we Know about neura l networks can be informally defined as

“the channe l that shouts the loudest determi nes the response ” and

for m al l y as the ‘ max i mum ” distance whereby if 0 is the ori g in of the

perceptual space and 0 the po int of coord i nates (A ,C~,C2
) then

OQ .tlax (lA l , 1C 4 1 , lC 2 l )

-4
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where I I stands for magnitude of. Another distance , also more
4

defendable from the physiolog ical standpoint , and which a like the

o uclidian one y ields the interpretation of 00 as a measure of the

total a ctivity in a l l  three channels would be

00 - A l + IC ,l + lC 2 l

For those two distances , the unit spheres locus of the points

representing co l ors which are just noticeab l y different from a g i ven

color would be unit cubes and the Mac—Adam elli pses would map onto

unit—squares. It is pleasant to notice , as shown in tables B.1 and

S.2, that if those distances are used for computing the distorti cn s

d , instead of the euc l idian one the resulting rank i ng is the same

(the “maximum ” di stance corresponds to the entry D~, the “ sum of the

ma gnitudes ’ distance corresponds to the entry Dl).

Lot us mention for completeness the fact that these three norms

1re special cases of a broad class of vector norms, the Ho l der—norms

here

00 — (l A l ~ + lC~l~ +

The sum of the m agnitude norm correspond i ng to a — 1, the euc l i d ian

norm correspond ing to a — 2 and the max i mum norm corresponding to

C’ - Co.

Obv i ousl y more work needs to be done in order to test further

the m etric of the (A ,C,.C2) space but those resu lts are extreme l y

cncouraçj i ng.

5.3 Color image trans mi ssion and coding

lIe descript ion of the way images represented in figures S.1 to

5.5 have been distorted w i l l  provide us with a tra r sition to -
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F ig. 5.6- Cross-section of the frequency responses of the
f ilters used to obtain (a) A’ from A , (b) C 1

’

from C 1 , Cc) C 2
’ from C 2. I n each case the low-

frequency part is the same as for the curves
shown in figures 3.9a , 3.9c , 3.9e, res pectively,
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the prob l em of i mage coding . Noise was added to the three

coml)ononts of the images in dif ferent domains. The domains were the

rcjcl , green , blue disp lay pr i mar ies for- fi gure 5.1, the Y , I , Q NTSC

tran~ i s ~non pr i m aries (not gamma corrected) for figure 5.2, the L* ,

l1~, S~ cone Log-outputs for figure 5.3, the A , C1, C, components of

fi gure 3.2 for figure 5.4 and the A ’ , Ci ’, C,’ components for fi gure

b.S. A’ , C1’ . C,’ were obtained by fi l ter i ng A , C1, C, w ith linear

filters of frequency responses equa l to H, H, and H, of chapter 3 in

thu low frequency part up until the maximum and then flat at hi gher

froquencies (high—pass filters) as shown in fi gure 5.6. The reasons

for th is  cho i ce w i l l  be exp lained later. After - the noise was added

the image was mapped back, if necessary, into the disp l ay pr i maries

~y5tem and displayed.

In al I cases the noise added to the three components was

uncorr elated from one component to the other and for each component

i t  was zero—average uniform l y cfl str ibuted wh i te no i se. Furthermore

the’ peak to peak si gna l to noise ratio was 4:1 in the case of

CAR-PORT and 2:1 in the case of BECKY.

If we recal l that un i forml y quant izing a signa l w ith n bits is

IlJproxhu ~%t el y equiva lent to adding uniform~y distributed wh i te noise

uncor rulated to the signa l with peak to peak si gna l to no i se ratio

~~~~ i t  i s  obv ious by l ook i ng at fi gures 5.1 to 5.5 that with the

~~i l4IO number of bits or equ i va l entl y the same relative no i se leve l

the qu~T i l i t y  ach i eved is much better if we use the perceptual si gnals

A . C,, C, or ,Y , C 1’ , C,’ .

More form a ll y , it has been shown recently (39] that in the case

of tran~i rissio n of black and white i mages over a noisy channe l , if
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one wants to min i m ize the mean square error in’ the perceptua l space ,

the optimum pre- and post-processors are as shown in fi gure 5.7. F

and 6 are the frequency responses of two spatia ll y i nvar i ant linear

filters and H is the bri ghtness-channe l frequency response of

chapter 3. F depends on H, I (x .y) and the noise N , C is the

correspond i ng Lil ener -filter. As pointed out by Porn, the dependency

on H is weak and in all pract Ical cases F is a high—pass filter and

C a low-pass filter.

This can be i rum ediat ly generalized to the case of co l or i mages

ao ohown in figure 5.8. So, according to this theoretica l argument ,

the example where we disturbed A ’, C1 ’ and C,’ corresponds almost to

the opt imum since the filters of figure 5.6 are high—pass filters

and thus their i nverses are low—pass filters. The results should

i ndeed l ook better to a human observer than results obtained by

different methods.

Those arguments strong l y suppor t the valid ity of our mode l to

de fine a distortion measure between color i mages and the more subtle

c l ai m that when processing i mages we should pr~cess them after a

map piriçj so that the processed quantities are as close as poss ible to

the perceptually i mportant quantities to a human observer.

As a fina l example we would like to show applications of this

mode l to i mage coding. The i dea was to Code the A , C,, C,

perceptual components of an i mage i ndependentl y and use the fact

that they are spatially filtered in different ways by the visua l

system. Lie noticed in chapter 3 that the visua l acuity for the

rod—green channel seemed to be about twice poorer than the visua l

acuity for br i ghtness and twice better than the visua l acuity for
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TABLE 5.1

PERCEPTUAL DISTANCES FOR “BECKY”

I mage num ber

1 2 3 4 5

01 19.61 23.04 16.18 13.21 12.59

0, 17.63 21.16 14.18 11.04 12.35

26.77 30.59 22.90 19,53 18.87

TABLE 5.2

PERCEPTUAL DISTANCES FOR “CAR—PORT ”

I mage number

1 2 3 4 6

0, 18.99 19.67 16.28 13.15 12.57

0, 16.79 17.66 14,13 10.77 10.38

0,, 26.41 27.03 23.47 19.86 19.22
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the yellow -b lue channel, These properties were taken into account

in the encoding process where we used a spatial transform encoding

method deve l oped by Tescher ~53]. Magn i tud e and phase of the

Four i er transforms of filt ered versions of A , C~, C, were encoded in

Luch a way that the average bit—rate was 0.7 bit /pix e l for the

bri ghtness information , 3,2 bit /pixe l for the red—green informat ion

arid 0.1 bit/p ixe l for the yellow -b l ue information thus y ielding a

total average bit rate of 1 bit /pixel. The i mage was then

reconstructed through the inverse of the mode l and disp l ayed. The

results are shown in fi gure 6.9. Since the ori g inals were scanned

in with 27 bits /p ixe l , that is 9 bits /pix e l for the red , green and

b lue infor m ation , the reduction factor is 27:1.



CHAPTER 6

CONCLUSIONS

~.1 Psychophysics and modelling

Using the homomorphic modelling approach , we have been able to

s how exper i ment al l y that spatial linear i n hibition is present in ths

chro m aticit y channe~s of the human visual system. Of course, our

results hold onl y if the mode l we hypothesized is correct since the

design of the entire exper i ment described in chapter 3 is based upon

the inversion of that model.

In part icu l ar , one may argue that what we called bri ghtness

doe’s not correspond to perceptual br i ghtness and that , consequently,

the si i~ultaneous contrast effects we measured were part l y or solely

due’ to brightness contrast. But this C ritic i sm supposes one thing,

that is that there exists a good quantitative def inition of

i,r i qhtness . Lie know this is true for monochromatic lights. It i8

c~~fined by the CIE V~~) function with the necessary corrections in

the l)luC end of the spect ruli . Lie were not operating with that kind

of st i m u l i  since the li ghts emitted by the phosphors are far from

be e nçj riionochromat c. An aiternate possib ility would have been to

keel) th e lum i nance constant where the lum i nance Y of a stimulus of

r~icliarco R (A ) is defi n ed as:

V - J’ R (A)V(~ ) cD~
But th is in turn assumes that Abney ’s law is v a l i d  wh ich we know to
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i.,o wrong (23], especiall y for direct bri ghtness matches wh i ch are

the exper i m ental conditions we were operating under.

Thus , our definition of brightness is not worse than any other

de fin it i on. Furthermore , it is based on solid neurophysiolog i ca l

evidence and we were able to show that it predicted a re lative

lum inous ef ficienc y function V*(X) in extreme l y close agreement with

other experimental data. To put i t  another way, our definit ion of

br i ghtness is ri ght in the onl y case where there is agreement among

tI re sc i entific community on its definition , namely in the case of

wonochromat c Hcjhts. As a sum mary , we w i l l  say that the results of

our psychophysical exper i ment are in full agreement with our mode l:

the constant (model ) brightness patterns we used were i ndeed judged

~s so by the subjects. those results are also compatible with our

hypothesis of linear lateral inhibition and summ ation in the

ch rom at icity channels wh i ch , we wou ld like to stress it again , was

fundamental in the desi gn of the experiment.

Lie w i l l  not cla im to have solved all  the prob l ems of color

vision hut we hope to have contributed to a better understand i ng of

t r e  questions of chromatic adaptation and simultaneous co l or

contrast effects. At any rate, this field is a mo8t di f f i c u l t  one

to work in because, to quote Rushton , “whereas nearly al I the

phenomena of nature are simp l y observed, those of sensory physiology

can onl y l)e experienced. So in colour v i s i o n  we perceive the

o t . s ’ n t i a l  ho l l o w ness  of forma l s c i e n t i f i c  exp l anation. ” And “the

content of our h o l l ow  s c i e n t i f i c  structure is such e t u f f  as dreams

are made on: there is nothing ei ther green or grey but think ing

i t so.



I
94

6.2 I mage processing

After- the model was calibrated using our exper i mental results

~~ WOll  as those of others, it suggested severa l interesting i deas.

Fir st we showed how the perceptua l space offered a meaning ful way of

think i ng about i mportant perceptual parameters such as bri ghtness ,

hue’, saturation and a concise formalism to describe them

qu a nt i tative l y. Second we showed that the idea of structur i ng the

perceptua l space as a vector space where vector addition corresponds

to t r i s t i m u~ us values m u l t i p l i c a t i o n , coup led w i th the existence of

s pa t i a i  f i l t e r i ng in that space accounted for contrast and constancy

c , f f o c t s  and suggested in te res t ing  image processing methods wh ch we

~.l-oweci to be indeed s uccesfu l  both for enhancement and t ransmiss ion

and cod i ng. Third we showed that the in t roduct ion of a norm on that

~lJaco , w hich  a l l o w e d  us to measure d is tances herein , was the key to

d e f i n i n g  a d i s t o r t i o n  measure in agreement with perceptua l

eva lus t ion.

6.3 Further research

From the psychoph ysiologica l standpo int , one may try to verif y

the I rican ty of neural in terac t ions  for more comp l i c a t e d  pat terns

t i a n  t hL ore wh ch were used in th i s  study. True two—d imens iona l

~;t t e r n s  could ho used on C, and C, (we used only one—d imens iona l

one) , pat terns e x c i t i n g  both C, and C, and pat terns ex c i t i n g  a l l

three channels coul d a l so  be used.

It ;~ also likel y that more than three quantities govern our

lierCePtiOn of colors t15 ] in comp l ex scenes. Lie defined a new one ,

ulic h we called strength , that was related to the total acti vity in
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al l  three channels but d id  not i nvest i gate its role in percept ion

any further. A more system atic study of such parameters may open

new avenues in the f i e l d s  of psychophys i cs and i mage process ng.

But we think that the rea l i mprovement of this mode l and

~~ mi lar ones w i l l  come from a study of v i sua l  percept ion near edges.

Indeed , Daude la i re  (1] showed that the predictions of the

i C mode l for achromatic v i si on broke down for pat terns with

~harp edges. Of course this is also true of this mode l whic h is

baE.c i on the same ide as of model ing v i s i o n  as a cascade of a

nonl inear  meruory less stage (Log ) and a l inear sys tem . The t roub le

is t hat edges deter m ine our percept ion of contours and thus of

clapes . That is wh y we think that if the next step toward a better

understanding of the i n f o rma t i on  process ing c a p a b i l i t y o f the human

v i su a l system is a step in the direction of try ing to describe how

~~~ pe r c e i v e  and recognize shapes and obj ect s , the problem of edge

pe rcept ion  and the f undamental non l inear i t y i t  introduces in the

V i C i O r i  process w i l l  have to be solved ,

Lie are s t i l l  far from being able  to exp la i n  how we structure

and understand what we see w i t h  what we know about the visua l system

but it i s hoped that s tud ies  l i k e  Ours are in the ri ght direction.



APPENDIX A

DERI VAT ION OF THE RELATIVE LUM I NOUS EFFICIENCY FUNCTION

To determ ine experimentally the relative luminous efficiency

function one can use the so-called step by step method where two

patchec of monochromatic lights are viewed side by side. The

Llav: Ic ’ngths of the tw o patches are s l i ghtl y different and the

rad i ance of one is  varied until the total perceptua l differe nce

between the two patches reaches a minimum. This procedure is then

repeated step by step along the spectrum.

Lot us now see how such a function can be derived from the

ri oclel. Let P an P’ be two patches of light of tris t imulu s va l ues

(L .M .S) and (L’ ,M’ ,S’) and chromatic ity coordinates (l ,m ,s) and

( l ’ ,ir ’ ,t ’ )  where

I — L/(L+M+S) - L/Z I ’ — L’/(L’+M’+S’) — L’/ Z ’

and four other sim i lar expressions for n , m ’, s, s’.

Liii are going to make Z’ vary while keeping I ’ , m ’, s’ f i x e d

(cr ancjr~ the radiance of patch P’ without chang i ng its co l or).

l~atc hos P and P’ are represented in the (A ,C,.C,) space by two

po in ts  U and U’ of coordinates

A — a(.iL ccj(Z ) + ~~. o g ( m )  + ~vLog(Zs))

C, — u,Log (I/ ~r)

C, —

for U ~nci
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A’ — a(oLog ( Z ’ l ’ )  + ~Log (Z’m
’) + YLog (Z’s’))

C,’ — u,Log (l’/n :’)

C,’ — u~Log (l’/s ’)

for 0’. The perceptua l d i f fe rence  0 b e t w ee n those two patches is

defined as the norm of the vector QQ’

0’ — (A — A’)’ + (C, — C,’)’ + (C, — C,’)’

Lie want to minimize 0’ when vary ing Z’, all other variables being

constant

d(D’)/ciZ ’ — c I ( (A — A’)’)/dZ7 — —2 (A — A ’) (dA’/dZ’)

It i e  interesting at this po int to note that minimizing 02 is

equivalent to min imi zing (A — A’)’ which is the br i ghtness

difference between the two patches. A straightforward computat ion

y i ü ld s

d (0’)/cl~~’— (2a ’/Z’) (c.+~ + ’) (ciLog (Z’ l’ /Zl )+~Log (Z’m
’/Zru)-i-?Log (Z’s’/Es))

Keeping onl y first order terms y ields

(2a’/Z) (c~ + + ~v) (cx~ L/L + ~3t~r/M + WAS/S)

14lc re AL — (Z’ I ’ - Zl ) and two other sim ilar expressions for ~I1 and

AS. The m in imum perceptua l d i f fe rence  is obta ined for

ci~ L/L + ~~M/M + Y~S/S - 3 
(A.1)

Let us now take into account the fact that patches P and P’ are

monochromatic of wavele ngths >.. and )~ + d>~ and radiances R (A) and

R (A ) + dR (A). 1 (A) , m (A ) and s(A) being the cone absorption curves

mc have

L — I (A)R (A) t~L — ((dl (A)/dA)R (A) + I (A) (dR (A)/dA) )~ .A

3nd four other sil: i lar expressions.

Then

~L/L — ((1/I (A)) (dl (A)/dA) + (1/R(A)) (dR(A)/dA) )~A
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~~ndl two S i h i i ar expressions.

Equ ation (A.1) can now he rewritten as

(cx + + ~)(1/R (A))dR(A )/dA + (cx/ l ( A ) ) d l ( A ) / d A  +

(~ /ni(Ai) c~m(A)/cIA + (y/s (A))ds (A)/dA — 0

or

- (dR (A )/R (A) ) — (1/cx + + ~y ) ( cxd I ( A ) / l ( A )  + ~dm (A )/m (>%) +

~ycls (A) /s (A)
)

T l i o  different i al equ ation is readil y integrated and y ields

1/R (A) — I ( A )  s / s
~

O.r m (A) °‘5~~’s (A) ‘‘~~
‘

~~~~
“

~ndl thus the relat ve u~ i nous efficiency function predicte d by the

ode I i s

— k/R (A) — k 1 (A) ~‘~ °‘m (A) ~~~~~ (A) ~~~~~~~

i l - o r e We constant k is adjusted to make the max imum equa l to 1.

Constants cx , ~~~, ~‘ are adjusted so that this m axim um occurs at SSSnm.

-~~



APPENDIX B

OPTIMIZATION OF a, u,, u,

Co l or iratches have a norma l distribut ion around a g i ven color

center in the CIE (x ,y, 3.2log,0 (Y)) space (Brown and Mac—Adam 1949

[6)). Given that just—noticeab le differences are about three ti tl es

standard deviations , the locus of co l ors just noticeab l y differen t

from the g iven co l or center is an elli psoid. Lie would like this

o I l  i p~~O id to map to a sphere of unit radius in the (A .C,,C,) space.

In order to do that , we f i r s t  assume that chron ia t ic i ty  and

bri ghtness errors are i ndependent which al lo w s us to opti m ize

i ndr: penden t I y a and (u , , u,)

For an achrom atic co l or , we have L=M— S and thus A—aLog (L).

A lso , if the mode l is calibrated for the equal energy white , then we

also rave L—X— Y— Z and thus A.aLog(Y). This im plies

(cIA ) 2  -

If (dA)’-l is the just not iceable difference that we want

a’(dY/V)’ — (~3,134/9)(dY/1i.B3V)’

and thus

a - 22.G

C1 1 rt i i i  t ion of parar e ters u, and u~ is done in the fo I low i ng way.

Lie t ake the Mac—Adam ellipses , projections of the

standard-deviatio ns ell ipsoids on the (x,y ) plane , and map them onto

ti e (C ,.C,) p l ane of the mode l (see figure B.1). Lie then adjust u,

/

- -~~~~~~~~~~— - -- —~~
--- - .~~~~~
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and u, to get the best fit with circles of radius 1/3. Table 1

shows the results for u,—64 and u,—1O .

TABLE 8.1

Color center Mac-Adam el l ipses Model

Yo 1000u l000v e 3U 3V
0.160 0.057 0.85 0.35 62.5 1.44 0.72
0.187 0.118 2.2 0.55 77.0 0.72 0.73
0.253 0.125 2.5 0.50 56.5 0.70 0.70
0.150 0.680 9.6 2.3 105 1.70 0.82
0.131 0.521 4.7 2.0 112.5 0.64 0.74

0.212 0.550 5.8 2.3 100.0 0.97 0.83
0.258 0.450 5.0 2.0 92.0 0.88 0.81
0,152 0.365 3.8 1.9 110.0 0.63 0.93
0.280 0.385 4.0 1.5 75.5 0.73 0.69
0.380 0.498 4.4 1.2 70.0 1.72 0.48

0.160 0.200 2.1 0.95 104.0 0.44 0.82
0.228 0.250 3.1 0.90 72.0 0.62 0.61
0.305 0.323 2.3 0.90 58.0 0.51 0,49
0.385 0.393 3.8 1.6 65.5 0.95 0.77
0.472 0.399 3.2 1.4 51.0 1.29 0.73

0.527 0.350 2.6 1.3 20.0 1.25 0.84
0.475 0.300 2.9 1.1 28.5 1.00 0.84
0.510 0.236 2.4 1.2 29.5 0.69 1.60
0.596 0.283 2.6 1.3 13.0 1.53 1.50
0.344 0.284 2.3 0.90 60.0 0.45 0.60

0.390 0.237 2.5 1.0 47.0 0.52 0.93
0.441 0.198 2.8 0.35 34.5 0.64 1.39
0.278 0.223 2.4 O.~ 5 57.5 0.56 0.43
0.300 0.163 2.9 0.~ 0 54.0 0.62 0.72
0.365 0.153 3.6 0.95 40.0 0.75 1.60

_ _  _ _

Fig. B .l - Mapping of MacAda m ellipses into circles.
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APPENDIX C

IMPORTANT MATR ICES

We had to solve s everal times the problem of finding the matrix

represent ing a change of primaries , the standard primaries being

defined by the CIE X , V . Z tr ist imu lus values. This situation is

dep icted on figur es C.1 and C.2 -

CON ES

C.I .E .—

~~~~~~~~~~~~~~~~~~~~~’ 

U

~~~~~~~~~~~~~~~~~~~~~~ PHOSPHORS
PRIMARIES

Fig. C.1—Computatior, of the U, matrix from matrices E, and 0,.

where the reference wh ite ~~, - (1,1.051,1.144)t is the 06500 white.

~~~~~~~~~~~~~~~~~~~~~~~~~~~ U

~~~~~~~~~~~~~~~~~~~~~ :ILTERS

PRIMARIES

Fig. C.2- Co mputation of the U, matr ix from matri ces E, and 0,.
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where the re ference wh i t e ~~, — t1,1.019,1.174)t is the CIE

illumi ri ant C.

Thus we have U~—E~O,~’ (i—1.2). 0, and E, are normalized so that:

— E~~, (i—1 ,2) (C.la)

and

T — (i— 1 ,2) (C.lb)

E1, (i—1 ,2), stem from E’ given by Stiles ((61] p .515)

661 1260 -112

E-’ - -438 1620 123 (C.2)

.708 0 417

0, stems from F, such that F,-’ has for column vecto rs the

chromaticity coordinates x , y, z of the phosphors lights

.628 .343 .155

F,4 - .345 .585 .066 (C.3)

.027 .072 .779

in the same way 0, stems from F, such that F,4 has for column

vectors the chromaticit y coordinates x , y , z of the light coming

through the Wratte n filte rs 25, 58 and 47B~~~en illumina ted by the

CIE i ll uminant C

.6808 .2425 .1579

F,-’ — .3190 .6923 .0187 (C.4)

.0002 .0652 .8234

The normalization procedure goes as follows for E, as an example.

Let uc rew rite E’ as

4E u , ,  ~~ ~

where 7~ (1.1,2,3) is the j th column vector. Then E,4 is of the

form
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E,4 
— ~~~~~~~~~~~~~~~~~ — E4A

where

A, 0 0

A .  0 A, 0

0 0 x~
end A1, A,, A1 are three parameters. Then equation (C.la) rewrites

as

— E, ’T —

t hue

AT • E ~~,

or

— E ~~,

Matrices 0,, E,, 02 are computed exactly the same way. One finally

has

.2457 .6840 .07O3~

U, — .1101 .7625 .1273

.0132 .0842 .9026

.3634 .6102 .0264

U, — .1246 .8138 .0616

.0009 .0602 .9389

Another important matrix is the matrix which achieves the separation

of brightness and chromatic information

acz a~3 a’Y

?~~ u, -u, 0

U2 0 —u ,

where a—22.6, u,—64 and u~— 1O .

L.



APPENDIX D

CAL IBRATION PROCEDURES

We saw in chapter 4 what the no nl in sar ities i nvo l ved in the

i nput process were and how they had been compensated for. The

output process could be two things: ei ther d isp l ay the image on the

face of a television monitor (chapter 3) or disp l ay the image row by

row on the face of a CRT which was used to expose a piece of co l or

fil m .

In the first case the calibration procedure consisted in two

stops. First the w hite (correspond i ng to equal drive signa ls on the

three guns) was precisel y adjusted to O65~ø using a sp l i t — f i e l d

color comparator . Then the nonlinear i ty of the tube was estimate d

in the following way. A di gital step-wedge pattern consisting of

clc n c i t y  steps between 2.5 and 8 by steps of .5 (thus corresponding

to d i g it a l  i n t e n s i t i e s  between 212.5 and 218 by steps of 21.5) was

disp l ayed on the face of the t e l e v i s i o n  monitor and the luminance of

every step was measured with a Tektron x J16 photometer connected to

a J6523 lum inance probe. The graph lum inance/ intensity turned out

to be an exact s t ra i ght l ine of slope 2.5 on a Log—Log scale thus

ind icat ing a gamma of 2.5 for the tube. Th is  was compensated for by

ta ble  l ookup in the Comta l before conversion through the 8—bit OACS.

In the second case the method was pretty much the same except

for the comp l i cation introduced by the f i l m ,  A step—wedge patte rn
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was used to expose a piece of co l or fil m  through three filters. The

f i l m  was then processed and the negative printed for an exact

clonsitometric grey on the fifth step. The 0—LogE curves were then

measured for the three co l ors red, green and blue. A typica l set of

such curves is shown in f i gure 0.1. The correspond i ng

non li nearities (CR1 and film )  were again compensated for by table

l ookup before conversion through the 11—b it DAC. Examp les of an 1:
unconipensated and properly compensated co l or—wedge are shown in

figure 0.2. For the compensated one, the three 0—LogE curves are

stra i ght lines of slope 1, thus guaranteeing that photographic

intensities correspond close l y to di gita l intensities.

The procedure for printin g on photographic paper the i mages

shown in this report was then the follow i ng. Every time we exposed

color f i l m on the CR1, we also exposed a piece of f i l m  with a wedge.

The fi lms were then developed. The wedge was printed for a grey so

that the three 0-LogE curves were strai ght lines of slope 1. Then

the whole batch of negatives was printed exactl y the same way as the

wodrjo thus reduc i ng to a min imum distortions ~r~troduced by f i l m

processing in the photo- l ab.
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APPENDIX E

DESCRIPTION OF THE PSYCHOPHYS I CAL EXPER IMENT

C.1 Th~ exper i ment

The exper i ment was intended to test the, linearity of spatial

neura l intera ction in the chromaticity channels C, and C, and answer

the ques t ion  of whether thi s intera ction was character i zed by an

~itt enu at i on of low spatial freq~e~cies . 14e exc i ted one channe l at a

time with a pure chromatic pattern of the form

C, — c, + k,(sin (2~ fx) + usin (Gnfx)) (E.la)

C, — c, (E.lb)

and

C, — c, (E.lc)

C, — c/ + k,(sin (2~ fx) + c i s i n (G n fx ) )  (E.ld)

fol low i ng the method pioneered by Baudelaire. The bri gh t n ess

channe l was constant in both cases (A—a). The va l ues of parameters

u, and u, contr olled the p osition of the average point in the

(C ,,C,) plane (see fi gure). After m apping through the inverse of

the mode l of fi gure 2.3. that is to say through followed by

t ixponent I at ion on each component and U’, those patterns were

J’r(~sent cci to a set of fiv e observers of both sexes on the face of a

COMTAL whore they sustained a field of view of 7 degrees.

We exper i mented w i th four spatial frequencies

• a.142 cycles/degree

f, — 0.284 cycles/degree

L _ _ _
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- 0.568 cycles/degree

f4 — 1.136 cycles/degree

In al l  cases, all subjects declared that the bri ghtness was

un iform accross the pattern thus ind i cating that the brightness

d efine d by the mode l is in good agreement with perceptual

br 1 cjhtnese .

Two central bands whose subjecti ve appearance is contro l led by

s imu l taneous  color contrast were indicated by markers. The subjects

worn asked to focus their gaze at the center of the pattern and

i mni od ic i t e l y rel :ort verball y their judgernent by one of the fol lowing

ai,sworu:

R (ri ght): The band to the right is redder

L (left ) : The band to the left is redder

S (same): The two bands are the same color

for the C,—channe l and

R (ri ght): The band to the right is yellower

L (left ) : The band to the left is yellower

S (same): The two bands are the same co l or

for the C,—channel .

For each spatial frequency and every channe l , the parameter a

wns varied from 1 to .1 by steps of .1. The contrast was kept

ccinstant by adjusting the parameter k In equations (E.la) and

([.1W. For cs—i a strong simultaneous co l or contrast illusion was

• prod uced except for frequency f~ in the C,—channel . For a— . 1, the

fros t v~sry ing component disappears completel y ir equations (E.ia) and

(E.i d), thus producing what may be called an over—compensation of

t lo co l or illusion. The idea of the exper i ment is to estimate the

_ _  _ _ _ _ _ _  -
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intermediate value of a which produces target bands of same color.

Tl~i& va l ue of cc is then considered as indicat ing the value of the

relat ive am plif i cation of frequencies f and 3f for the particu l ar

chr omat i c  channe l tested.  Each set of ten st im uli was shown twice

to every subject , the order in the set being reversed from one

prosentat ion to the next.

E.2 The results

The va l ues c’, (i—],2) for wh i ch the target bands appear to be

the same color are defin ed as the point of subjective equality (PSE)

for the th chdnnel, For every channel , every observer and every

frequency, the parameter cc~ was estimated by taking the average of

tlie two presentations. For each presentation , the PSE was taken as

the mean of the tra nsition va l ues T and T of a~ where the

~. u I : ’ j o Ct i v e  judgement switched from R to S and f~ om S to L

respectively, as shown on the follow i n g exampl e based on the typica l

dat a of table 1:

average of T — <T> — 2.52
aver’aç;e of T — <T> — 0.42
i n te rva l  of uncer ta in ty  IU — — <T> • 0.10

po in t  of s u b j ec t i v e  e q u a l i t y  PSE — (<P> + ~T~~)/2 — 0.45

Table s 2 and 3 contain the exper i mental results for the C,—channe l .

tables 4 and 5 contain the exper i m ental results for tne C,—channel .

l.Jo averaged those result s over the five subjects and obtained the

(ol low i ng means and standard-dev iations
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C,—channe l :

point of subjective equality

frequency ~~,

mean 0.52 0.54 0.S0 0.49

s.cJev. 2.25 2.24 8.05 0.11

interva l of uncertainty

frequency ~ i f~ ~ a

mean 2.13 2.16 0.14 0.15

s.dev. 2.25 0.06 8.05 8.29

C,—channe I :

point of subject ive equality

frequency f, f, f•

mean 0.63. 2.59 2.63

s.dev 2.25 0.12 8.12

Interva l of uncer tain ty

frequency f, f, f~

mean 2.12 0.14 0.12

s.dev. 2.05 8.04 0.03

E.3 Conclusions

We conc l uded from these exper i mental results that the point of

c.ubjective equa lity was about constant over the range of frequencies

t ,t ud iocl , equal to 2.S2 for the C,-channe l and 8.60 for the

C~—channel. The yellow -blu e channe l has a l ower contrast

sen sitivity than the red-green char~ne comb i ned with a l ower visua l

acuity.

.. . . .
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Ind eed . the resu l ts  for frequency f 4 are not shown for th is

channe l because the illusion was seen in reverse by four out of the

five observers and seen much weaker by the f i fth one. As we

mentioned iii chal:Iter 3, we used this fact to estimate the p osi t ion

of the peak frequency of the frequency response H,. 



113

TABLE E.1

TYPICAL RESULTS FOR ONE SET

OF STIM ULI FOR THE C,-CHANNEL

Presentat ions

cc

1 R R

0.9 R R

0.8 R R

8.7 R R

0.6 S S

2.6 S S

0.4 L S

2.3 L L

0.2 L L

0.1 L L

T .65 .65

T .45 .3S
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TABLE E.2

POINT OF SUBJECTI VE EQUALITY

(C,-CHANNEL)

Frequencies

f l f, f~

Subject 1 .450 .525 .500 .580

Sub joc t 2 .575 .576 .575 .680

~ubj~ c t 3 .525 .520 .525 .620

SI4b Ject 4 .632 .683 .475 .475

Sub ject 5 .450 .520 .426 .302

TABLE E.3

INTER VAL OF UNCERTAINTY

(C,-CHAN~EL I

Frequencies

f, f~I

E;~b joct 1 .128 .250 .203 .203

~iib juc t 2 .152 .153 .152 2

~;u l ject 3 .353 .120 .052 .230

~iubj~~Ct 4 .150 .100 .152 .260

Subject 6 .203 .233 .150 .123
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TABLE E.4

POINT OF SUBJECTIVE EQUALITY

(C,-CHANNEL)

Frequencies

f, f,

C~uIi je~ct 1 .625 .676 .675

~iub j~...ct 2 .550 .430 .S00

Subject 3 .653 .676 .803

Subject 4 .675 .700 .700

Subject S .552 .530 .475

TABLE E.5

INTERVA L OF UNCERTAINTY

(C,-CHANNEL)

Frequencies

f t f~ f~.

1 .250 .150 .150

~u~ joct 2 .123 .230 .100

Sui ject 3 .100 .150 .103

Sul~aject 6 .258 .100 .100

Subject S .203 .100 .150

‘-4
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