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ABSTRACT.

An experimental study was undertaken whose object was

the investigation of colour appearance changes undergone by

chromatic stimuli viewed with achromatic surrounds of variable

luminance. Another source of appearance changes arose from

variations in stimulus subtense. Magathads estimation techniques

were used to give the hue, saturation (or colourfulness) and

brightness of the stimuli.

The most significant variability is evident in the saturation

data. For a colour of constant luminance, saturation is

maximized near a brightness match between stimulus and surround.

Saturation is decreased by increases or decreases in induction

level arising from changes in surround luminance.

Changes in stimulus subtense also produced significant changes

in estimated saturation. For "related" colours, saturation

was maximized in 1° stimulus fields. For "unrelated" colours

(without a light surround) this effect was totally absent;

there was only a slow increase of saturation with subtense.

It is felt that an explanation of this effect may be found

1a 42 cheers field is regarded as the "fundamental"

stimulus. It is shown that this leads to qualitative

predictions of saturation changes which can include the

maximization of the saturation function under given conditions

of viewing. Furthermore, it is shown that the exact properties

of the saturation changes are dependent on the general

adaptation level; at high adaptation levels, appearance

dks



changes are approximately invependent of stimulus excitation

purity; this is not the case for dark adaptation, when low-

purity stimuli are affected more than others.

Finally, appearance data were obtained for very small (0.4 min)

stimuli. These were subject to small-field tritanopia,

but obsevers were still able to estimate saturation,

2



1. INTRODUCTION

161 Attributes of Colour Appearance

Experimental techniques in the physical sciences usually aim at

yielding quantitative data to test theories expressed in concise

mathematical terms, whether deterministic or probabilistic. In

designing experiments, it is usually possible to use theoretical

information which indicates how variables will be related, and what their

dimensionality is. In such situations, a dimension is defined as a

single attribute which may be varied, while all other attributes remain

constant. Examples of dimensions abound: translation in a given

direction, a principal quantum number or a function of elapsed time.

That the neat causality interest in the physical sciences does not

extend to the biological sciences is a long-recognised fact. Mach (1914),

p.84-85 distinguishes between physical and biological phenomena by

saying that the former are determined by effective causes and the latter,

often only by final causes, This is not a very productive position,

but serves rather as a starting point for scientific investigations in

the biological sciences, In an attempt to be able to perform

investigations in the human sciences along the same lines as in the

physical sciences, it was deemed necessary to define the concept of a

sensorial dimension. Titchener qa 910) favoured the definition used in

the physical sciences, whereas Stevens (1934) introduced a new concept

for a sensorial dimension, defining the latter as an attribute capable

of being kept constant while other attributes vary. The consequences

of this new approach are explained by Seine (1942) p.26, particularly

the lack of a one-to-one correspondence between the dimensions of

13



sensation and the dimensions of the physical stimulus, Indeed, there

is no theoretical limit on the number of possible sensorial attributes

of one stimulus.

Since this study seeks to investigate how colour appearance varies

when the physical conditions of viewing are changed, it is necessary

to seek and define those attributes of colour appearance which will,

in their variation, yield the most useful insight into the operation

of the human visual system, The requirements for this subset are:

(1) invariance of scale under change of viewing condition, (2) internal

and external validity and (3) relevance to other known properties of

the visual system.

In looking at the historical development of colour schemes, it

is not immediately clear which attributes of colour appearance should

be singled out for investigation. Historically, the first recorded

scale of brightness differences is due to Hipparchus, who assigned

magnitudes to the brightnesses of stars, Stevens (1951), Padgham and

Saunders (1966). Other early studies of brightness phenomena include

Bouguer's study, in 1760, of differential brightness sensitivity, Boring

(1942), p.136, and a psychophysical study relating the brightness of

objects to the intensity of the stimulating radiation performed by

Plateau (1877). Brightness, or the apparent intensity of sources of

light, thus "established" itself as a dimension, or an attribute of the

perception of light.

The studies mentioned above were unidimensional inasmuch as they

14



did not include other attributes which could vary simultaneously.

Since one of the first things one notices about colour is its multi-

dimensional nature, it is interesting to note that, as early as 1815,

Fraunhofer (1815) performed heterochromatic brightness matching of

spectial lines against a white light, finding maximum brightness at

about 575 mm. Purkinje's(1 825) observation of the differences

between twilight and daytime vision notes the different relative

brightnesses exhibited by bodies reflecting in different portions of

the visible spectrum,

Having accepted that brightness can be regarded as a dimension

of colour appearance, it was necessary to consider what the other

dimensions are. Most attempts at. defining dimensions have used "colour

spaces" in which the axes of the particular coordinate system define the

attributes in question, Table 1 shows the development of perceptual

colour spaces from the early Seventeenth century. The list is not

exhaustive of colour-mixture spaces, which have progressed from those of

Helmholtz and Konig, resulting in the CIN 1976 spaces. The emphasis

is placed on colour appearance spaces, and it can be seen that there is

a marked tendency for the spaces to be three-dimensional, with

distinguishable attributes or dimensions which are called, for convenience,

"hue", "saturation" and "lightness" or "brightness", The purpose of

this section is to clarify what is meant by these, and other related

terms,

If Stevens! (1934) "liberal" definition of dimensionality is

accepted, one is tempted to enumerate the plurality of attributes of

15



Colour Spaces

3 Denotes colour mixture spaces

%#) Denotes colour appearance spaces

Originator ~ . Dimension- Coordinate Relationship or principal

ality System perceptual attributes to

geometrical axes

Forsius 1611 **) 3 Sperical No independent hue, lightness
see Feller (1970) (implicit) polar or saturation axes

(x, 9, cD)
Newton 1704 *) 2 Polar 6= hue r = saturation

see Boring (1942) (7 discrete sectors)

Runge 1810 **) 3 Cylindrical
see Boring (1942) polar 0= hue r = saturation

Z= lightness. Double

pyramid.

Maxwell 1855 *) 3 Cylindrical 0@=hve r = saturation
see Boring (1942) (implicit) polar z= implicit brightness

Triangle defined by primaries

Helmholtz 1911/1962 2 Polar 6=huve r = saturation
* Locus of spectval colours

to account for different

mixing purities

Konig 1892 *) z Polar, non 6 =hve r = saturation
linear Primaries outside spectrum

locus

Wundt 1874 **) 5 Cylindrical 6= hue r = saturation
see Boring (1842) polar Z= lightness

Colours contained in sphere

Wundt 1893 **) 3 Cylindrical @= hve r = saturation
see Boring (1942) polar Z= lightness

Conical space, with radii

of circles decreasing with

decreasing lightness

Ebbinghaus 1902 **) 3 Cylindrical 6=hue r = saturation
see Boring (1942) polar z= lightness

Double pyramid, irregular

Funsell 1915 **) z Cylindrical @= hue r = chroma
see Nickerson (1940) polar Z= value

Differences uniform through

out space

Natural colour system 3, Cylindrical O= hue r = saturation
Hering (1874) ** polar Z = lightness/brightness
see jlurvichand

Jameson (1956)

TABLE 1 Historical development of colour spaces

16



colour appearance which relate to non—temporal and non-spatial aspects

of vision. Beck (1972) p.18 lists 11 such "attributes and dimensions".

Even for the attribute of brightness, it is often argued that there are

several independent dimensions along which appearance varies. [Evans

(1964) argues, for example, that since a chromatic colour with "grey

content" can be matched against one without "grey content", "greyness"

and "brightness" are independent dimensions, Hering (1874, 1964)

argues that lightness and brightness are independent. Similar arguments

are found in Judd (1960) and Heggelund (1974). Bartleson (1977) warns

against the confusion of attributes with dimensions, He argues (p.69)

that it is not necessary to abandon the mathematical power of independent

dimensions (in the degree-of-freedom sense): that three descriptors

suffice to define any colour, and the other attributes may be deduced

from a cross-comparison of all the objects in the field of view. As

an example, consider m achromatic test field in a surround of higher

luminance, If one wishes to determine the lightness (a relative

attribute) of the test field, it is sufficient to make estimates of the

brightnesses of the test field and the surround, and define lightness

(say) as the ratio of the two brightnesses. Similarly, Evans' (1964)

grey content can be defined as a function of brightnesses and saturations

of various components of the field of view.

Reference has been made to terms such as "hue", "lightness",

"saturation", "brightness" etc. without any definition of the meanings

of these terms being offered. We are dealing here with one group of

colour-related terms, namely ones that have been called “psychosensorial",

"perceptual" or "subjective" terms, Hunt (1977) defines these as

17



"terms denoting important attributes of sensations of light and colour,

Any measures of such attributes must indicate the subjective magnitudes

of response in a visual process", _ Two categories of colour viewing

are defined, namely, the viewing of "unrelated" and "related" colours.

Unrelated colours are uninfluenced by their surround, i.e, the latter is

of much lower luminance than the test field, whereas related colours

are those viewed in a field of similar or higher luminance, e.g. most

surface colours.

Bartleson (1977) gives three subjective attributes of unrelated

colours: absolute brightness, hue and absolute colourfulness, ‘The

last term is due to Hunt (1977). The term "absolute" refers to the

existence of only one scale modulus and will be explained more fully in

Section 1.3.\ Briefly, since it is necessary to measure those subjective

attributes which are invariant under change of viewing condition, the

attributes which are of interest must be of an absolute nature, Relative

attributes are based on a comparison with a modulus either implicit or

presented in the field of view, and do not therefore possess the required

invariance. Since it has been stated that the trivariance of the

human visual system implies that three mutually independent dimensions

are sufficient to specify the colour appearance of a single element

within the field of view, we must see whether the three variables given

above satisfy the conditions for validity.

Absolute brightness is the sensation pertaining to the amount of

light coming to the observer's eye from the area in question, There is

only one modulus - a sensation of totel darkness evokes zero brightness,

18



Attribute Corresponding Modulus

geometrical

dimension and range

Absolute brightness OFSizeS 0: sensation corresponding

to absence of light.

Hue 05S 6st Composite modulus, constant—
sum method for proportions

of unitary hues.

IA ) IA 8 0: sensation corresponding

to absence of chromatic

stimulation.

Absolute colourfulness 0

TABLE 2 Absolute attributes (dimensions) of colour appearance

represented by cylindrical polar coordinates

19



i.e. a lower modulus of zero, It is a prothetic continuum, i.e. one

which grows as a power function of stimulus intensity. It is therefore

an intensive, not substitutional, attribute. The significance of this

is explained more fully in Panek and Stevens (1966). There is no

upper limit to brightness - each observer can choose his own scale based

on his recollection of all brightness sensations which he has experienced.

Table 2 shows how brightness, hue and colourfulness can be represented

as a cylinder in three dimensions. Brightness is the Z-— direction

on such a cylinder.

The second attribute is hue, which can only be defined in a

somewhat unsatisfactory way as the difference in sensation produced

by viewing colours known as "red", "green" etc. However, a more rigorous

derived definition can be extracted from a scheme such as that described

by Hurvich and Jameson (1956) which assumes opponent colour coding: here

hue may be defined as the "direction of polarisation" of responses in

the two chromatic channels, with total polarisation in any one channel

resulting in the perception of a "unique" hue. ‘The "operational"

definition is useful in spite of its logical inadequacy since most

people understand it readily. Hue varies in the ©- dimension in the

appearance cylinder,

Hue is a metathetic continuum, i.e. one in which changes in response

are substitutional, not intensive, It is thus governed by different

moduli but is still an absolute scale since the perception of hue does

not need a reference provided in the experiment.

20



The third variable is called absolute colourfulness, although

Bartlesor1977) refers to it as absolute saturation. The term

"colourfulness" was introduced by Hunt (1977) because the terms

"saturation" and "perceived chroma" as defined in the CIE (1970)

vocabulary were both relative attributes. Hunt's definition of

colourfulness is an "attribute of visual sensation according to which

an area appears to exhibit more or less chromatic colour", Like

brightness, it has only one fixed modulus: zero colourfulness implies

no chromatic content, i.e. an achromatic colour (white or grey). It

is a prothetic continuum

It is necessary to consider whether the three attributes described

here are the fundamental ones which satisfy the three conditions posed

earlier,

(1) Invariance under change of viewing condition. Being absolute

attributes and therefore determined by the ensemble of the observer's

previous (similar) sensations and not by an experimental reference,

this condition is satisfied by all three attributes.

(2) Internal and external validity. Several recent studies

suggest that this condition is adequately satisfied. Some, or all of

the three attributes, were measured in studies by Padgham and Saunders

(1966), Padgham (1971), Rowe (1972), Stevens and Stevens (1963),

Nayatani et al (1972), Sobagaki et al (1974), Pointer et al. (1977),

Padgham and Rowe (1973),bartleson and Breneman (1973) and. Bartleson (1977)

The data reported in these studies have acceptable internal and external

validity.
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(3) Relevance to other known properties of the visual system.

The three attributes are in accord with predictions made by the opponent-

colours theory of vision, e.g. Hurvich and Jameson (1956). ‘The theory,

its physiological bases and its other predictions are described in

Section 1.4.

The geometrical representation of the three subjective attributes

has been stressed because it will be shown that it has a bearing on the

permitted mathematical analysis of experimental data. The geometry is

determined in a large part by a theory of colour vision, and this shows

the practical necessity for the inclusion of the third condition.

Having defined the three "fundamental" attributes (dimensions) of

colour appearance, the set of dependent attributes is given in Table 3.

In addition, the related psychometric and psychophysical functions are

included since the purpose of a psychophysical study is usually the

elucidation of relations between physically measured stimuli and their

evoked sensations. Psychophysical terms are defined by Hunt (1 977) as

"terms denoting objective measures of physical variables that are

evaluated so as to relate to the important attributes of light and colour".

Psychometric terms "denote objective measures of physical variables (and)

are evaluated so as to relate to the magnitudes of important attributes

of light and colour and (are) such that equal scale intervals represent

approximately equal perceived differences in the attribute considered",

Terms in brackets in Table 3 are those proposed by Hunt. Asterisks

denote that the attribute occurs for both related and unrelated colours,
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Brightness—

related terms

Hue-related

terms

Colourfulness—

related terms

PERCEPTUAL

TERM

Brightness*

Lightness**

Hue*

(Colourfulness)*

Saturation*

Perceived**

chroma

PSYCHOMETRIC

TERM

(metric brightness*)
CIE 1976 metric

lightness**

CIE 1976 metric

hue~angle*

(Metric colourful-
ness*)

CIE 1976 metric

saturation*

CIE 1976 metric*

purity

CIE 1976 metric

chroma**

*) Exists for unrelated and related colours

**) Exists only for related colours

TABLE 3 Colour terms, subjective and objective.
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PSYCHOPHYSICAL

TERM

Luminance*

Luminance

factorx*

Dominant or*

complementary

wavelength

No exact

correspondence

No exact

correspondence

Ixcitation*

purity or

colorimetric

purity

No exact

correspondence



It should be noted that it is not possible to define exact

psychophysical or psychometric correlates of all perceptual attributes,

and the search for correspondence is often one of a "best-fit" type,

Pointer (1977). Terms, such as "greyness" or "fluorence", Fvans (1964),

are not included in Table 3 because they are considered here to be non-

independent of other single-field attributes (such as lightness).

Lightness qualifies as an independent variable if the test field alone

is considered,

To summarise, it has been shown that the trivariance of the

human visual system leads to a necessity for three descriptors of colour

appearance, which must satisfy conditions of invariance, validity and

agreement with physiologically-determined theories of colour vision.

Three such attributes have been defined, and it is argued that other

attributes of colour appearance can be determined from these three

dimensions applied to incremental regions of the field of view.

1.2 Psychophysical Studies of Colour Appearance

Having established the fundamental dimensionality of colour it is

necessary to classify studies which have sought to determine how the

subjective attributes of colour vary as physical variables relating to

the test field are altered. Psychophysics, the study of this physical—

sensorial interaction, was "created" by Fechner (1860, 1966) as part of

a general trend towards precise measurement in the physical sciences in

the middle of the 19th century, see Boring (1942) p.34.

It is-impossible in a short space to give a complete review of
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psychophysical work in vision, so this section will be oriented towards

studies which yield information on colour appearance, both in terms of

studies of appearance attributes per se, and those investigations which

have proceeded to treat these attributes as variables dependent on a

wide range of physical stimulus attributes. Since, in the present study,

the values of the attributes were determined by spatial and luminous

qualities of a central test field with a surround, it is possible to

curtail further the choice of material included in this section.

For convenience, the psychophysical studies described here will

be sub-divided into two categories - those dealing with the determination

of the chromatic qualities of colour, e.g. hue and saturation, and those

primarily concerned with achromatic qualities, e.g. brightness. Some

investigations, including the present one, fall into the area in between,

but, it is nevertheless possible to make this broad distinction,

Hue_and Saturation

Table 4 lists the main experimental studies which have contributed

to an understanding of how hue and saturation depend on the presented

stimlus. The terms "simple field" and "complex field" need to be

explained. "Simple field" is taken to mean a viewing configuration in

which the variable of interest is contained within one invariant bounding

contour, and adaptation is constant. For example, a circular test

colour with a constant surround (whether dark or light) is such a field.

Obviously, the main factor affecting colour appearance in such a case,

is the spectral composition of the light constituting the test colour,

and the studies eliciting information about the appearance of such fields
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must have other aims, e.g. the validation of experimental techniques or

the effect of non-colorimetric variables such as attitude, etc.

If one of the variables is the spatial or temporal composition of

the (simple) test field, we have one controlled variable in addition to

the colorimetric composition, and this may act as the independent variable.

Studies of this kind are shown in the second row. For example, the size

or position of the chromatic stimulus can be shown to have an effect on

colour appearance,

The third and fourth rows of Table 4 list studies which have

presented subjects with "complex fields", Traditionally, the word

"complex" has been associated with visual fields containing a large amount

of information, e.g. photographs, etc, The meaning of the word here

is somewhat different: any visual field which needs two or more closed

contours to define it is "complex". Thus the simplest possible "complex"

field is the traditional centre/surround configuration. The third and

fourth rows of Table 4 deal with chromatic and achromatic adaptation

respectively. Chromatic adaptation, in its most general sense, may be

defined as a process of modification of the visual response brought about

by a coloured conditioning stimulus in proximity with the test field

(Wyszecki and Stiles (1967) p.435/436). As such, it includes both rapid

“simultaneous colour contrast" and studies of slower adaptive processes,

particularly with regard to adapting fields seen as "white" after

suitable exposure. A recent comprehensive review of the latter may be

found inBartleson(1978), Achromatic adaptation, on the other hand, may

be taken to have a meaning parallel to that of chromatic adaptation, i.e.

27



variation in the visual response caused by changes in the luminance of

the conditioning stimulus, irrespective of the latter's spectral

composition. The studies listed in this row of Table 4 include only

those in which this kind of variation has led to changes in the chromatic

visual response.

Some notable exclusions from Table 4 must be justified. In

Row A, no mention has been made of the important colour-matching studies

e.g. those of Wright (1928/1929), Guild (1931) and Stiles and Burch (1959),

which were certainly concerned with the effect of colorimetric composition.

This omission is due to the fact that such studies serve to define

stimulus attributes, but yield no information on colour appearance as

such. The primary descriptor of appearance is a scaling procedure, in

which (usually verbal) responses are given to describe subjective

attributes of a stimulus. Less powerful appearance data may be deduced

from equality of appearance under different conditions of viewing, and

the appropriate methods here are memory matching (short- or long-term),

haploscopic matching and differential retinal adaptation.

The methods having particular relevance to the present study are

rows A, B and CII of Table 4. First, consider Row A, the effect of

colorimetric composition on hue and saturation. The studies listed here

can be considered under two broad groupings: (a) those which had, as

their primary objective, the measurement of colour appearance as a source

of insight into the nature of sensations, and (b) those which used colour

appearance measurement as a convenient forum for proving the validity of

the experimental techniques involved. The former group of studies
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generally used less elaborate teclniques and the studies of Abney (1910),

Richardson (1929), Maxwell (1929) and Purdy (1931) are typical of this

type. Abney (1910) found that, if white light were added to a pure

spectral light, for \ > 577 nm the change in wavelength was negative,

i.e. colours appeared to move to the "centre" of the spectrum, For

\ <577 nm the change is positive, resulting in a net scale compression.

Richardson's (1929) work was the first to undertake the sealing of

saturation for red/white mixtures, and this, as well as Maxwell's (1929)

report, brings out the fundamental point that saturation is a dimension

of colour, Purdy (1931) used a study of saturation differences and

thresholds to test predictions of the Hering and Young - Helmholtz colour

vision theories. He also determined the intensities of spectral colours

for which saturation was at a maximum, thus recognising that "purity"

was not synonymous with "saturation".

The studies which used scaling techniques to measure hue often

sought to associate a hue name with defined spectral band. Dimmick and

Hubbard (1939) made estimates of those wavelengths which elicit uniquely

yellow, green or blue hue sensations, and gave a review of the less

rigorous work performed earlier in the subject. Hue-naming techniques

were used by Beare and Siegel (1967). The remaining studies in this

group were concerned with the validation of data obtained by colour

scaling techniques. The results of these studies may be summarised as

follows:

(a) Observers are capable of scaling hue and saturation

consistently, and differences between individuals are

acceptably small.
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(b) Saturation is best related to excitation purity by a

8power function of the Stevens type, S = KpeTM.

Row B of Table 4 lists workers who have concerned themselves

with the effect on colour appearance of colorimetric composition and

spatial or temporal variables. The field configuration is still of

the "simple" (one contour) type but the size, shape or location of the

contour may vary. The majority of workers still use scaling techniques,

but it is now possible to extend the types of experimental design to

include quasi-static matching, based either on memory, or differential

ocular adaptation. These types of experiments are less prone to

criticism from those who hold that subjective responses are immeasurable,

but conversely yield only indirect information about colour appearance

itself. The two types of method can complement each other, for example,

the results of the memory matching experiments of Burnham (1951, 1952,

1953b) on the dependence of saturation on field size show that the effect

is significant and should be studied further by a direct scaling method.

The "trade-off" between ease of interpretation and unequivocal validity

is one that is often encountered in the human sciences,

To summarise this section, the following points may be noted:

(a) Retinal location has an effect on the number of

distinguishable hues, and the saturation of test

colours, Boynton et al (1964), Gordon and Abramov

(1977); generally, peripheral targets are desaturated

and tend more towards the psychologically unique

hues.
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(b) The size of the test field generally has an effect on

saturation, For test fields of # or more, saturation

increases with area (Burnham 1951, 1952), Stevens (1934),

although it may decrease again for large test fields,

over 20° in subtense (Burnham 1951).

(c) For small test fields (20 arcmin or less in subtense)

colour perception changes radically becoming similar to

that experienced by tritanopic observers. This will be

dealt with more fully in Section 1.6.

The studies given in row CI of Table 4 are given largely for

completeness, as it is not possible to deal with the subject of chromatic

adaptation here, The chief point of interest is that this row has been

included under a general heading of "complex field" since all fields

must now of necessity have a test portion and a surround/adapting portion.

Thus, at least two contours are necessary to define the field. It

should also be noted that methods other than direct estimation have been

popular here until relatively recently. This is largely due to the fact

that the studies here were often carried out with applied aims in view,

i.e. the prediction of spectral distributions eliciting indistinguishable

sensations under adaptation to various "standard" illuminants similar

to those commonly encountered in practice. Haploscopic or memory

matching fulfills this need perfectly. Recently, however, direct

estimation methods have become more widespread. This is partly due to

the fact that there is a need for fundamental data on colour appearance

which are yielded directly by these methods, and also the fact that
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experimental design is facilitated by the choice of direct estimation

as the assessment method.

Finally, row CII of Table 4 deals with complex field

configurations in which the controlled variable is the degree of

luminance induction due to the surround or adapting field. That this

will have an effect on brightness is immediately apparent, but the

effect of luminance induction on hue and saturation is less obvious.

In the last 25 years, studies have been carried out in this area,

adding to the knowledge of phenomena such as the Bezold-Brticke hue

shift (Purdy 1937) a considerable body of data on the behaviour of both

hue and saturation. Jameson and Hurvich (1964) point out that an

increase in the "blackness" of a test colour caused by increased surround

induction will lead to a decrease in saturation, since the latter is

seen to be a ratio of chromatic to achromatic response. However, Hunt

(1949, 1950, 1952, 1953) showed that the opposite is actually the case

for colours undergoing induction by an achromatic surround: increasing

surround luminance certainly increases the blackness, but also produces

a sensation of higher saturation, Similar conclusions were drawn by

Burnham, Evans and Newhall (1952), Rowe (1972), Pitt and Winter (1974),

Valberg (1975), Bartleson(1977) and Troscianko (1977). All these studies

compared saturations evoked by chromatic stimuli having dark surrounds

with the saturations of the same stimuli with light surrounds, Against

this we must note that for surface colours, a reduction in luminance

factor with the surround reduces the saturation of the central field,

This has been observed by Bartleson(1977) and is in agreement with the

Munsell Renotation findings of Newhall, Nickerson and Judd (a 943).
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A stimulus of constant chromaticity and luminance, when viewed with a

surround such that the colour appears to have Munsell Value 5, will

appear approximately 30% more saturated at Value 7 and 30% less

saturated at Value 3. This is, of course, in agreement with the

Jameson and Hurvich (1964) view of saturation. However, it shows that

there must be a "region of maximum saturation", whose bri¢htness should

be approximately equal to that of the surround. ‘This is reported to

be the case in Evans and Swenholt (1967, 1968). The locus of maximum

saturation is said to be attained when the grey content disappears from

the colour, i.e. "fluorence" sets in. This locus does not coincide

with optimal limits for surface colours, Evans (1959). There is a

lack of studies investigating the behaviour of the saturation function

near a luminance match with the surround. Another area in which data

are required is a determination of any differences in the saturation

function shape which are caused by varying the subtense of the coloured

area and/or the surround. ‘Troscianko (1977) {see rear of thesis, )

has shown that both these parameters have a significant effect on colour

appearance, especially saturation. One of the primary objectives of

the present research is to obtain quantitative information about the

behaviour of the saturation function when the following are varied:

illuminance, luminance factor and the angular subtense of the test field.

It is hoped that such an approach may explain the discrepancies found

when saturation induction has been studied with "simple" *) fields

(Burnham et al (1952), Hunt (1949, 1950, 1952, 1953), Rowe (1972), Pitt

and Winter (1974), Valberg (1975), Troscianko (1977)) on the one hand,

and complex *) fields on the other hand, Breneman (1977).

*) "Simple" and "complex" field descriptors are used here and their
traditional sense, i.e, "simple" refers to a concentric centre-

surround organization with a uniform surround; "complex" refers

to a centre or surround containing a large amount of visual

information, e.g. a photograph.
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a)

v)

Brightness of achromatic colours

Alpern and David (1959)
Broca and Sulzer (1902, 1903)
Bartleson (1974)
Bartleson and Breneman (1967a, by
Békésy (1968) 1973)
Breneman (1962)

Cole and Diamond (1971)

Diamond (1953, 1955)
Dunn and Leibowitz (1961)
Fry and Alpern (1953)
Gibbs and Lawson (1974)

Hanes (1949, 1951)
Heggelund (1974

Heinemann (1955

Brightness of chromatic colours

Alpern (1964)
Bauer and Rbhler (1977)
Breneman (1958)
Burnham (1956)
Chapanisand Halsey (1955)
Charpentier (1886)

Evans (1959)
Bvans and Swenholt (1967, 1968,

Guth (1970, 1973) 19695
Guth et al (1968, 1969)
Guth and Graham (1975)
Guth and Lodge (1973)
Harrington (1954)
Helson (1938)
Helson and Jeffers (1940)
Ingling et al (1977)
Judd (1940)

Helson (1963)
Helson and Rholes (1959)
Hess and Pre tori (1894)
Hollings (1971)
Jameson and Hurvich (1941, 1961b)
Leibowitz et al (1953)
Onley (1960, 1961)
Onley and Boynton (1962)

Padgham and Saunders (1966)
Plateau (1872)
Stevens, J.C. (1967)
Stevens, J.C. and Stevens, 5.5.

(1963)
Stevens and Diamond (1965)
Takasaki (1966)
Young et al (1974)

Kaiser and Comerford (1975)
Kerr (1976)
MacAdam (1950)
Marks (1974)

Marr (1974)
Mattiello and Guirao (1973, 1974)
Newhall et al (1954)
Onley (1960, 1961)
Padgham (1971)
Sanders and Wyzecki (1957, 1958)
Saunders (1972)

Troscianko (1977)
Wagner and Boynton (1972)

Whittle (1973, 1974)
Wyszecki and Sanders (1957a, b)
Yund and Armington (1975)

TABLE 5. Experimental psychophysical studies of brightness
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Brightness

The term brightness is defined as "the attribute of a colour

perception permitting it to be classed as equivalent to some member of

the series of achromatic colour perceptions ranging from very dim to

very bright or dazzling," Wyszecki and Stiles (1967) p.229. It is

clear that every luninous area possessing hue must also have a given

brightness associated with it. However, since chromaticness is not a

necessary prerequisite of brightness, many studies of the latter have

been restricted to achromatic colours. Part (a) of Table 5 gives a

list of such eiudiens The "classical" laws of simultaneous brightness

contrast were formulated by Hess and Pretori (1894), and may be explained

by a model which assumes that test field brightness is influenced not

only by the luminance of the field, but also by the luminance induction

caused by the surround, The studies by Alpern and David (1959),

Bartleson (1974), Bartleson and Breneman (1967a, b, 1973), Breneman (1962),

Diamond (1953), Heinemann (1955), Hess and Pretori (1894) and Takasaki

(1966) deal with the effect on induction of surround luminance. ‘Two

types of stimulus-response functions can predict the effects of luminance

induction. These are the "stimulus correction".

Y= a(o- $0)° seh dioscis' bere aren
and the "response correction" of Jameson and Hurvich (1964)

$e RATE = cleas ti vobedaewinss etd)

Bartleson (1977) gives an analysis of nine studies in which there has

been a variation in induction, showing that both sets of functions

adequately predict the experimental data. For dark adaptation, $, = 0
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and fj =0,c0 p=a¢ 8B. In this case B = 0.333. ‘The response~

corrected value of 8 stays at 0.333, with a and ¥; increasing for

increasing light-adaptation, whereas in the stimulus-corrected function,

% ) » 6 and @ all vary.

Introducing a separation between the test field and the inducing

field lowersthe degree of induction, Cole and Diamond (1971), Dunn and

Leibowitz (1961), Leibowitz et al (1953), Young et al (1974). Both

the test area and the surround area also affect induction, Diamond (1955),

Hanes (1951), Stevens (1967). Gibbs and Lawson (1974) have shown that

simultaneous contrast is not affected by stereoscopic depth adjacency,

i.e. the effect occurs before the optic chiasma.

The reversal of brightness contrast, variously known as

"assimilation", "similitude" or the "spreading effect", has been found

to occur when the inducing surround is narrow, Bekesy (1968), Helson

and Rholes (1959), Helson (1963), or when the object is blurred, Wright

(1969). Hurvich (1978) p.43/44 argues that this is caused by a

variation in receptive field sizes in any given region of the retina,

The large receptive fields cause assimilation, whereas the small ones

maintain spatial resolution,

The term "chromatic brightness" in part (b) of Table 5 refers

to those studies in which brightness was not the only variable, i.e. the

colours studied possessed chromatic quality. Of primary importance

here is the Helmholtz-Kohlrausch effect in which the saturation of a

colour contributes to its brightness, Helmholtz (1924), p.139.
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Kohlrausch (1923, 1935) was the first to notice the discrepancy between

different types of heterochromatic matching: saturation contributed

to brightness when the latter was measured by a step-by-step or a

direct comparison method, but did not contribute when brightness was

measured by heterochromatic flicker photometry, In the latter case,

the CIE Vy function sufficed to predict brightness, Luminance is

additive in heterochromatic flicker photometry, i.e. Abney's law holds,

whereas non-additivity using "static" measuring techniques has been

frequently observed: Bauer and Rohler (1977), Chapanis and Halsey

(1958), Lvans and Swenholt (1969), Guth (1970), Guth et al (1968, 1969),

Guth and Graham (1975), Guth and Lodge (1973), Kaiser and Comerford

(1975), Padgham (1971), Padgham and Saunders (1966), Sanders and

Wyszecki (1957), Saunders (1972), Wagner and Boynton (1972), Wyszecki

and Sanders (1957b). These studies have shown that two methods

(flicker photometry and minimum-distinct-border photometry) allow

luminance additivity, whereas the other "static" methods do not. In

other words, saturation contributes to brightness, although doubt has

been expressed whether this holds for the blue-sensitive mechanism,

Ingling et al (1977), Marks (1974).

The peculiarity of the blue-sensitive mechanism is not restricted

to static heterochromatic brightness matches, It has been shown that

the blue-sensitive cones do not contribute to flicker brightness,

Boynton and Kaiser (1978), nor to brightness as measured by minimally-

distinct-borders, Tansley and Boynton (1976). Ingling et al (1972) argue

that blue-sensitive cones only make a contribution to chromatic

brightness then white (desaturating) light is added to the stimulus.
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Figure 1. Colour-brightness model of Bauer & ndhler (1977)
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In chromatic brightness we have additional evidence for the

interaction or feedback between chromatic and achromatic channels.

It is impossible therefore to study the effect of surround on saturation, °

while disregarding brightness, Bauer and RUhler (1977) measure the

chromatic contribution to brightness, and give a model of how brightness

might be generated in the human visual system, Fig. 1 shows this model.

The chromatic contribution is not allowed when the "flicker

detector" and the "minimum contrast detector" produce negative signals,

i.e. detect minimum flicker. Bauer and R¥hler (1977) say that the

chromatic channel does not transmit brightness in this case because the

flicker frequency is higher than the colour fusion frequency, but this

does not explain why a similar effect occurs when the border between

the two colours is minimally distinct. It is only possible to speculate

on the exact nature of the achromatic/chromatic interactions which occur

within the cortex.

V3 Theory and Method of Scaling and the Validity of Psychophysical

Scales

The purpose of a scale is to assign values to variables in a way

which yields information about the relation of the variables to each

other within a specified continuum, "Scaling" is the production of

such a scale. It is possible to have scales which differ in the amount

and type of information which they yield about the relation of the

variables to each other, ‘There are different types of continua, and

the method of production of the scale may also vary. Finally, there

must be some way of assessing the generality, or validity, of any

generated scale, This section will outline the directions taken by
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the present research with respect to the above points,

Tynes _of Scale

Stevens (1975), p.48-49, classifies possible types of scale under

four headings: nominal, ordinal, interval and ratio scales. These

scales are usually, but not necessarily, defined by a particular use

of numbers (although the fact that numbers need not be used is used by

Stevens as an argument against the notion that the validity of a scale

is determined by its behaviour under arithmetic operations). Nominal

scales represent an arbitrary classification, e.g. the number on a

footballer's shirt. Any member of this scale may be substituted for

any other one without destroying the scale. Ordinal scales are ones

in which numbers signify order, e.g. in preference lists, and here it

is permitted to perform transformations which preserve that order,

Thirdly, there are interval scales, in which the numbers assigned to

members denote the ratio of the differences between pairs of members,

There is no absolute origin ih these scales, and one is free to multiply

all members by a constant, or add a constant to each one, iixamples of

interval scales are the Farenheit or Centigrade termperature scales, or

calendar time, Lastly, we have ratio scales, in which numbers denote

ratios among its members. Here there is a natural. origin, so one

cannot disturb it by the addition of an arbitrary constant; the only

transformation allowed is multiplication by a constant. Examples of

ratio scales abound: the Kelvin temperature scale and, indeed, most

physical scales,

We can take these four scales as providing a definition of all
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possible scale types, Other workers, e.g. Torgerson (1958) interpret

possible scale-types somewhat differently (including an ordinal scale

with a natural origin) but the ordinal-interval-ratio categorisation

remains valid,

Interval and ratio scales are of primary importance here, since

the object of this study is to provide the maximum amount of information

about response variation, The problem is to find a means of defining

a unit which may be used to construct scales. There has been a

historical split into two camps on this issue: firstly, the indirect

method proposed by Fechner (1860/1966) was based on the assumption

that equal stimulus increments (taken to be jnd's in the physical

stimulus magnitude) produce equal response increments, which can be

used as "fundamental" units for the response scale, Weber's (1834)

law,

Ad=ch seccecccccccccceccee (3)

becomes I'echner's "Fundamentalformel"

bp = ch ages oh EES 504 5534)

yielding, on integration,

p =k ef) Wad bea scu teeesesee steno)
O,

where > = stimilus magnitude

d= ui 2 for absolute threshold

0] = sensation magnitude

c,k = constants,

Fechner (1869/1966) regarded this as the only method permitting
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introspection of "physical" events. However, it seems that he did not

rule out the possibility of a direct approach (p.47): "A real measure

of sensation would demand that we be able to call a given sensation

twice, thrice, or in general so-and-so many times as intense as another -

but who could claim that as yet?" However, it is clear that he would

expect a ratio scale thus generated to conform to his "Massformel"

relating t) too . It is abundantly clear that Nineteenth century

workers had little faith in the ability of people to judge sensation

ratios, Hering (1874/1964) p.39 states that "a colour simply as a

quality has no magnitude or intensity, and only its difference from

another colour can be quantitatively treated". ("Colour" here refers

to achromatic colour sensations).

Fechner's indirect approach to sensation measurement, and his

logarithmic response law were not the only approaches. Plateau (1872)

constructed an interval scale of greyness which seemed to imply a

different kind of - g relation. If we assume that Weber's law

is applicable to sensations, i.e.

Aw =r Soasdtsevecccsessves (6)

then, from (3) and (6)

fe 2(6¢) 1 aaah cosdiebearages #0)
= 2 ae paneer ieste eas UB)

log} = 2 logd + Log a seccccecccccccces (9)

y = adh JaOETES iwi Bs Gots soe O)

where a, B are constants (p = ~ ype
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The relation between and $ in equation (10) may be

modified as in equations (1) and (2), but the rationale behind the

equation remains the same. Plateau's (1872) experiments seemed to

suggest that equation (10) was a better descriptor than equation (5),

but his lack of conviction in this let Fechner's law prevail, Indeed,

there had been earlier discussion about whether the logarithmic or

power laws were correct: Bernou .11i(1738/1954) proposed that the

logarithmic function wes the true one, but in his paper explained that

Cramer, ten years earlier, had proposed a power law, see Stevens (1975)

p36.

It seems clear now, see Stevens (1975), Marks (1974)b, that the

power law has established itself in a restricted field. The behaviour

of the ¥ -¢ function often deviates from the simple relationship

of equation (10), see Padgham (1971), Saunders (1972), Jameson and

Hurvich (1964), Marks (1974) p.21, Bartleson (1977). However,

equations (1) and (2) offer a solution to this. The power function also

applies only to prothetic (i.e. intensive) continua such as brightness,

not metathetic (substitutive) ones such as pitch (Stevens, 1974, 1975),

Marks (1974).

If we accept that the "direct" approach to sensation measurement is

possible, and that ratio scales are feasible, we may consider how best

to instruct subjects to construct such scales. The most commonly used

procedure is magnitude estimation, with its logical counterpart

magnitude production. In instructing subjects to estimate the magnitude

of a sensation, it is necessary to specify whether the scale is to be
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of an absolute (single modulus) or relative (two moduli) type. If

numbers are used as the reference continuum in an absolute scale, it

is necessary to decide whether to constrain their use by the presentation

of a standard stimulus, evoking a sensation corresponding to a given

number, or whether to allow each subject to choose his or her own

standard. Both methods have their advantages and disadvantages: in the

former case, the choice of standard is likely to affect the scale type

(Marks, 1974 p.41); in the latter case, normalization is made difficult

by the absense of any unique procedure for obtaining a central tendency

measure, It is assumed that geometric means yield the most accurate

measure when unconstrained numerosity is used, for they approximate to

anormal distribution after logarithmic transformation. However,

they are not able to cope with sets of data in which one or more

members are equal to zero. Marks (1974, p.45) suggests that those

values are either ignored, or the median used as a central tendency

measure instead,

There is another restriction on the use of magnitude estimation

scales. If the stimulus which is presented is mltidimensional, great

care must be exercised in the averaging process in deciding how to

combine the dimensionality of the scaled values. Let us take an

example: stimuli of constant brightness are scaled with respect to

their hue and saturation. We are fortunate here in that we know that

a@ geometrical representation of hue and saturation is a polar diagram,

with radial measures denoting saturation and angular ones denoting hue.

Having normalized the various observer's saturation scales (which are

absolute), we wish to obtain the mean observer hue and saturation.
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Traditionally, the two variables have been averaged separately (Rowe,

1972, Padgham and Rowe 1973, Pointer et al, 1977, Bartleson, 1977).

This method does not give an overall average which is the centroid

of all the individual points in hue/saturation space, because the axes

are not of the rectangular Cartesian type. The centroid in hue/

saturation space must be determined instead, and may give a significantly

different answer, especially where the spread of the results is large.

It must be recognised that hue and saturation are still independent

variables (in the degree-of-freedom sense) but that they may not be

averaged independently, i.e. the averaging process must be a 2-dimensional

one, The scaling data obtained in the present study have been analysed

in this way: a more complete explanation will be given in Section 5.1.

The question remains whether data generated by subjective

scaling techniques are considered valid, particularly magnitude

estimation data (on ratio scales). There has been, and still is, a

debate about whether scaling data should be permitted as evidence of

anything other than the ability of people to associate numbers with

physical events, The "liberal" view was proposed by Stevens (1951),

consisting of an attack on the validation of measurement scales by

showing that they satisfy arithmetical laws, since it was clear that

the numerical laws themselves had been constructed in order to allow

numbers to be related to the sensation of numerosity, A "conservative"

counter-view was put forward by the Optical Society of America

Committee on Colorimetry (1953) which formally allowed only those data

in which the human observer's contribution had been that of a null

instrument, i.e. a judge of equality of sensation, Brindley (1970)
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pe132-133 distinguishes between the two views by calling them Class B

and Class A measurements, respectively, and saying that Class B ;

measurements should only be a kind of "back-up" to Class A ones, i.e.

the validity of conclusions drawn from Class B measurements is not

established until a Class A experiment is carried out to check at least

some of the points. This may be termed the "judicial" view. Other

objections to psychophysical scaling methods cover the alleged misuse

of the word "measurement" in such situations, Savage (1970). Often,

however, the objections are overridden by the power of simplicity of

the ratio scaling methods - see Dember (1960) p.106: "The data

collected by these very powerful procedures seem to be both reliable

and valid, Though they may be based on assumptions that are offensive

to many theorists, the procedures nevertheless work, And methods,

after all, are built to be used, not admired", It seems, therefore,

that ratio scaling methods can be very powerful, but must be used with

caution, It must be shown that the three points outlined in Section

1.1 are satisfied, i.e. scale invariance under change of observation

condition, iriternal and external validity, and agreement with other

known properties of the human stimulus processing system. Care must

be exercised in the training, normalizing and averaging process, and

there must be objective methods of determining the degree of validity

of any set of data, If these points are satisfied, we have a powerful

tool at our disposal,

1.4 Physiological Bases for Appearance Attributes and the Opponent—
Colours Vision Theory

It is evident that, in order to have colour vision, the receptor

organ must contain photoreceptors responding maximally to different
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spectral stimuli, and a neural system capable of comparing the signals

from these receptors. Helmholtz (1911/1962) p.142-146 accepted the

trivariate nature of the cones, and postulated three overlapping

sensitivity curves, with peaks in different parts of the spectrum,

He also recognised, p.146-153, that people lacking one or more receptor

types would confuse pairs of colours which appear different to a normal

observer, Hering (1874/1964) p.47-48, recognised thé fact that four

psychological primaries were necessary to describe the hue of any light

stimulus, and thus developed a theory based on four kinds of receptor

’ in the retina, thus rejecting Helmholtz's theory.

The necessity for neural processing of signals from the various

receptor-types is caused by the overlap of the spectral response

functions. Non-overlapping functions would lead, De Valois and De

Valois (1975) p.120, to a complete lack of colour discrimination within

the range of one receptor type. Since we do have this discriminatory

power for adjacent hues, and it has been established that trivariate

colour mixtures in small fields are sufficient to produce any required

colour, we must accept that there are three receptor types within the

fovea & parafovea and that the outputs from these must be processed

and compared in some way.

There is ample evidence for the existence of three kinds of cone

photopigment in the primate retina, Marks, Dobelle and MacNichol (1964)

performed spectrophotometric measurements on retinal preparations, while

Rushton (1963, 1965) performed reflection densitometry on the fovea

of the living eye, which was assumed to contain no short-wave sensitive
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cones, © Wald and Brown (1965) obtained similar results using a

technique similar to Marks et al (1964) and also found evidence for

the existence of three cone photopigments, but their data implied that

some L (long-wave sensitive) cones contain an admixture of the pigment

normally found in M (medium-wave sensitive) cones.

There have been attempts to elicit the shape of the receptor

primaries by psychophysical means. Vos and Walraven (1971) obtained

a unique set of L, M and S primaries from considerations of luminance-

invariant hues (i.e. those which do not undergo the hue shift of the

Berold-Bricke effect), the Weber fractions of the three systems, and

dichromatic confusion centres. ‘The test of such a scheme is whether

the confusion loci of protanopes or deuteranopes can be predicted by

postulating a complete absence of either the L or M photopigments,

The primaries postulated by Vos and Walraven (1971), as well as agreeing

with directly measured photopigment absorption curves, do satisfy

this criterion, and thus increase the confidence in the validity of the

densitometric measurements, There is independent. evidence, Mitchell

and Rushton (1971a), that the densitometric measurements refer to the

visual pigments themselves, and also Mitchell and Rushton (1971b) that

protanopes and deuteranopes lack one of the photopigments. ‘To

summarise: there appear to be three cone pigments, with peak

absorptions at approximately 440-450, 530-540 and 560-570 nm.

Parafoveal vision is mediated exclusively by these three kinds of

detector. Peripheral vision suffers from rod intrusion leading to

non-additivity in matching, see, e.g. Clarke (1960, 1963), Trezona

(1973) and forming the basis for tetrachromatic colorimetry.
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The electrical signals generated in cones then pass to ganglion

cells via bipolar cells, There are profuse synapses with horizontal

cells, which are the first stage at which lateral interactions between

receptor signals can, and do, take place. MacNichol and Svaetichin

(1958) found that, at the horizontal cell level, light of 500 nm elicits

hyperpolarization, whereas 610 nm light depolarizes the cell. Here

we have a first indication of colour opponency, i.e. the differencing

of signals from different kinds of receptor, No spectral opponency is

found in bipolar and amacrine cells, but these do exhibit spatial

opponency, with concentric excitatory and inhibitory regions, Kaneko

(1970). The different behaviour of chromatic and achromatic responses

is already evident at this level, and it is possible that there may be

an interaction between an achromatic surround and a central chromatic

field, inasmuch as the chromatic/achromatic component may be increased

by an achromatic annular surround (because of a reduction in the

"achromatic" signal at the centre).

The next stage in the visual pathway is the ganglion cell layer,

which is the first one at which neural information is coded by the

frequency of voltaic pulses, Coloursignals are opponent—coded at this

level. Gouras (1968) reports that "phasic" (transient-signal) cells

receive inputs from M and L cones which are excitatory in the centre

and inhibitory in the surround. "Tonic" (sustained-signal) cells

receive their excitatory and inhibitory input from one class of cones

only. The latter category is more prevalent in the parafoveal region,

but the action spectra of phasic cells, when the retina is bleached by

red and blue adapting lights, are similar to the Stiles 7, and
4 5
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mechanisms, and, by implication, the M and L cone responses. Finally,

it should be noted that there must be a considerable degree of summation

at ganglion level, since a human retina contains about 6.5 million cones,

120 million rods, -but only 1 million ganglion cells.

The cells of the lateral geniculate nucleus have essentially

similar receptive field characteristics to ganglion cells, They

exhibit opponent coding characteristics. De Valois et al (1966)

present evidence to suggest that there are four categories of spectral

opponent response types: +R -G, +G -R, +¥ - B and +B - Y cells,

Evidence for spectral opponency was also reported by Wiesel and Hubel

(1966). However, when considering the question of which cone outputs

feed into the opponent-colour channels, there is some uncertainty.

The chromatic adaptation method described earlier was used by De Valois

(1965), giving results which indicated that M and L cones were feeding

into the +G+R channels, and L and S signals into the +¥+B channels,

respectively. Wiesel and Hubel (1966) utilised the fact that the

three cone distributions are non-uniform within a given LGN cell's

receptive field and will thus respond differently to a small spot

of light, and obtained results in agreement with De Valois (1965) on

the +G+R input, but maintained that the +Y+B channel received its input

from M and S cones; this is in agreeement with the findings of Gouras

(1968) for ganglion cells using a chromatic-adaptation method.

Abramov (1968) obtained results in agreement with De Valois (1965) using

mixtures of two wavelengths equated for absorption by the three cone

types. De Valois and De Valois (1975) point out that both kinds of

connections may exist.
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In addition to the spectrally opponent cells, there are spectrally

nonopponent cells, i.e. ones whose excitation or inhibition is independent

of thé spectral quality of light incident on the retina, These types

of cells were first discovered by Kuffler (1953) in ganglion cells and

found to have spatial (concentric) opponent organization. For a review

of the literature on the receptive fields of spectrally nonopponent cells,

see Abramov and Gordon (1974) pp. 346-348.

Wiesel and Hubel (1966) found that most spectrally opponent cells

also show spatial opponency. Fig. 2, adapted from De Valois and De

Valois (1975) p.133, shows a receptive field map for such a spectrally/

spatially opponent cell. Such a cell, when mapped by a luminance change,

shows spatial opponemy i.e. fires more rapidly when the central RF is

stimulated by increments, or the surround RF is stimulated by decrements

of luminance, When the RF is mapped with a colour change, the cell

fires to an increment of green, or a decrement of red.

RF mop with

Cone inputs to lumingnce chonge

a 4G-R cell

RF mop with

» color chonge

Figure 2. Receptive field map of spectrally/spatially
opponent LGN cell, from leValois & DeValois (1975)
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Here, then, is direct evidence that one cell may convey both

"achromatic" and "chromatic" information. ‘The former because the cell

represented in Figure 2 would fire difierently to stimuli which differed

from each other purely in luminance, and the latter since the same cell

would fire maximally to a large green field and inhibit maximally to a

large red field,

Here, also, is a problem which makes it difficult to distinguish

between chromatic and achromatic responses in the cortex. Since many

IGN cells convey both "luminance" and "chrominance" information, testing

for cortical responses following stimulation by a flash of light (i.e.

discontinuity in both chrominance and luminance) has been likened by De

Valois and De Valois (1975) p.135-136, to "testing a person's colour

vision by asking him whether he can see flashes of coloured light

projected in turn on a screen", In spite of this drawback, cells

which respond to monochromatic light of certain wavelengths but not to

white light, as in Hubel and Wiesel (1968) can have some claim to be

processors of chromatic information. In the simple-complex-hypercomplex

classification given in that, and other studies, it seemed that simple

cells are more likely to possess colour-specilic properties than the

other two cell categories. These "simple" cells respond optimally to

line stimuli of given orientation, and Hubel and Wiesel (1962) suggested

that they receive inputs from a number of LGN cells whose receptive

fields are located in a straight line on the retina, Not many cells,

however, seemed to respond differently to flashes of different wave-

lengths, and Hubel and Wiesel (1968) thus concluded that these cells

formed only a small minority of the total population, But the original
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objection to such measurements remained until chromatic stimuli were

presented on a background of equal luminance but different wavelength,

De Valois and De Valois (1975) p.137-138, when it became clear that a

considerable proportion of cortical cells can discriminate wavelength

differences, However, the spectral characteristics of these responses

were more complicated than those of LGN cells, It is likely that

cortical cells receive their input from several IGN cells, De Valois

and De Valois (1975), p.138, suggest that these cells respond to

particular forms irrespective of the chromatic qualities of the retinal

image, e.g. the cell fires equally to a red line on a green background,

and vice versa. Colour information is assumed to be extracted by other

cells, those which respond positively to one spectral range only, such as

the double-opponent cells reported by Daw (1968) in the goldfish

retina, and Hubel and Wiesel (1968) in the monkey striate cortex.

The path taken by the colour information after leaving the

prestriate cortex is still somewhat in doubt. Zeki (1973) found an

area, named V4, in which there was a heavy concentration of colour-

coded cells. Colour-specific cells here are organised in colums,

with each column responding primarily to one wavelength, but different

cells in a given colum have spatial preferences. A recent study by

Zeki (1977) investigated the colour coding d& cells in the temporal

sulcus of the rhesus monkey visual cortex. The posterior bank of

this body contains cells which respond to single coloured fields,

There are interesting similarities, and differences, to the kinds of

cell responses recorded in the LGN and Area 17 of the visual cortex,

The similarity is found in the fact that many cells at this level

53.



exhibit spectral opponency; the Jifferences are twofold: firstly,

the opponent responses tend to haye much narrower firing bandwidths.

Figure 3 shows typical action spectra of two cells: a temporal sulcus

+B-Y opponent cell, from Zeki (1977), and a +B-Y cell located in the

IGN (De Valois et al, 1966). It can be seen that a considerable

"sharpening" of the opponent responses has taken place between the LGN

and the superior temporal sulcus, The second difference between the

temporal sulcus and the LGN cells is the fact that some of the former

cells only exhibit "on" responses, but different cells respond maximally

to different portions of the spectrum. Hence colour information is no

longer necessarily spectrally opponent at this level,

a
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Figure 3. Spectral response characteristics of
a. the temporal sulcus and
b. the lateral geniculate nucleus
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This necessarily brief outline of how colour information is coded

at different stages of the visual system has been given to provide a

basis for formulating hypotheses which attempt to predict appearance

changes under different viewing conditions.

We can see that a colour-vision theory assuming three independent

photoreceptors, and subsequent differencing of opponent-pairs, would be

capable of accounting for some of the more elementary colour phenomena,

"Elementary" here refers to those phenomena which rely least on

presumably higher order cognitive processes, such as affective values

of colour, probably even the exact description of terms like "saturation"

or "brightness", In theopponent-colours theory, as quantified by Jameson

and Hurvich (1955, 1956) and Hurvich and Jameson (1955, 1956), the

chromatic response functions, which have been derived by a hue

cancellation technique, are closely related to those measured by De

Valois et al (1966). They can predict colour appearance, since the

trichromatic theory is unable to account for the existence of four unique

hues (Wright, 1946, p.165-166), and the fact that the $,M,L

cone absorption curves do not correspond to spectral regions evoking

"blue", "green" and "red" sensations respectively, The shape of the

spectral saturation discrimination function, with a pronounced minimum

at 570 nm, is also predictable by the Jameson and Hurvich theory, as

well as spectral brightness. Of interest here is the fact that in

order to account for spectral frequency-of-seeing data it is necessary,

Hurvich and Jameson (1955), to include a chromatic, as well as achromatic

contribution to brightness. ‘The Be. zold-Brucke hue shift may be

explained by assuming that the r-g and y-b "channels" have different

gains as a function of intensity; see Figure 4.
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w-bk
response

y-b

f(intensity)

Figure 4. Differential gains of the y-b, r-g and
w-bk opponent mechanisms

This is outlined by Hurvich (1978) p, 38-39 and also Walraven

(1973). It is interesting to note that my pilot study (Troscianko,

19717: see Addendum) has indicated that this may be the case from

considerations of saturation, not hue, changes with intensity (see

Figure 10 in the above-cited work). The assumption that the responsive-

ness (gain) of each channel may be depressed by chromatic adaptation

leads to a number of predictions about appearance variation under

different adaptation conditions.

In summary, the Jameson-Hurvich opponent theory may be

represented as follows:
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13.0682Y + 0.26722 coccccceeee (17)

-0.6736 X + 14.0018¥+0.0040Z .. (18)

-0.0039X + 13.4680Y-0.13272 22. (19)

= 0.3329X + 13.0012Y-0,00112 wee (20)

Where Kp Kos S and ky, are the respective gain constants, and

X, Y,Z are the CIE tristimulus values of the stimlus, It should be

noted that equations (11) - (20) are defined for neutral adaptation;
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transformations based on a different adaptation field are also given

by Jameson and Hurvich (1956).

An alternative approach is possible, see Bartleson (1977) p.186-189.

This is based on the relative fundamental sensitivities of Konig - see

Wyszecki and Stiles (1 967) p.413-414 for a definition in terms of the

CIE 1931 Standard Observer, Jameson (1972) p.395 defines two chromatic

response functions similar to equations (14) and (15):

C,=1.66 > -2.23 g + 0.375 Rete seh aedce (21)

Cpimi0e3d 10.06 ge 2 sO, Bl) tetcaeaese. (22)

and an achromatic function similar to equation (16):

A = 0.85 fF + 0.45 & + 0.00 B mieeseieicene (eS)

Bartleson (1977) pp.188-191 analyses the predictive power of

equations (21) - (23) with regard to two expressions attempting to

describe the "chromatic power" variation over the visible spectrum.

These are "chrominance"

+ Cy tee eeeeeeeeeeeceseenee (24)

and "chromatic purity"

q 2 2
Cy + Cy

P= ——
7 

Poet eeeeceereeeececees 
(25)
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Bartleson finds that equations (24) and (25) are only good

predictors for a "neutral" adaptation state (i.e. one close to the

equal-energy point, e.g. Dés).

It is clear, however, that equations (11) to (25) are unable to

make predictions about appearance changes caused by adaptation to

fields having the same spectral composition but different intensity.

As such, they are of limited use in the present study,

It is tempting to adopt an approach which attempts to account

for chromatic responses by considering how the achromatic response

varies under specific viewing conditions, This point is recognised

by Ingling and Huong-Peng Tsou (1977) who used Vos and Walraven's

(1971) fundamental receptor primaries to define the opponent—channels.

The achromatic response is defined to be a linear combination of the

three cone signals,

= R+G+B (26)achr

Ingling (1977) describes the changes in opponent spectral sensitivity

with light adaptation in terms of three possibilities: (a) S cones

“feeding to the mg channel, (b) M cones feeding to the y-b channel and

(c) rods contributing to the y-b channel, This level-dependent

interaction is further strengthened by Ingling, Burns and Drum's (1977)

assertion that the S cones do not contribute to the achromatic response

when a desaturating light is added to a blue field. Evidence for

interactions between photopic response mechanisms has abounded.
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Sperling and Harwerth (1971) postulate that the M cone response affects

L cone sensitivity, and vice versa. Larimer et al (1974) postulate

differential contributions from the three cone types to determine

opponent equilibria. Bender (1973), Ingling and Drum (1973) and

Eichengreen (1976) also present evidence for cross-channel interactions.

Sternheim et al (1977) argue that the opponent activity influences

receptor sensitivity, thus establishing a cross-channel interaction.

Since it is clear that there is extensive linking between the

three opponent channels, and we may expect the achromatic channel to

affect the chromatic ones, let us consider evidence for the type of

interaction, Rentschler (1973) gives evidence that the spatial

summation of the chromatic channels is determined by achromatic

discontinuities. Walraven (1977) suggests that chromatic vision

may be subserved by opponent chromatic signals which arise from luminance

discontinuities in the image profile. Blackness is said to be a

result of such discontinuities. Guth (1973) shows that the relative

luminance of an annular surround critically affects the increment

thresholds of the central field, The critical nature of the centre/

surround luminance factor is dealt with by Semmelroth (1970) and

Emerson and Semmelroth (1975).

Since the saturation of a chromatic stimulus is affected by the

brightness of the surround, it may be useful to consider saturation as

a function : of only chromatic and achromatic brightness, e.g.
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saturation = f { (chromatic brizhtness)—(achromatic brichtness)}

Since the centre-to-surround luminance factor affects both types of

brightness, we may use the fact that saturation reaches a maximum for a

given value of this luminance factor to predict how luminance factor

may affect the two kinds of brightness. Figure 5 shows a tentative

suggestion about the form of this effect on brightness, This is

discussed more fully in Section 5.

resp.

Le L, > Lo saturation decreases with increasing Lai if tn ee, Loy

the reverse is true; if Lp = Ly» saturation is maximized. Hence

saturation would be derived from brightness, which seems a reasonable

assumption in view of the action of the brightness mechanism as a

"colour-locking" device. Furthermore, the approach of Bauer and Réhler

(1977) makes it possible to test whether Figure 5 represents the true

variation of the chromatic and achromatic brightness response. This

model of saturation is new inasmuch as it accounts for the presence of
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an optimal limit for saturation, experimental evidence for which will

be given in a later section of this report.

1.5 Smali-Field Dichromacy

The fact that colours subtending 20' or less can be matched with

mixtures of two primaries only was first observed by Konig (1894).

For the next 50 years this finding was largely ignored - see Wright

(1946) p.338 until the notion that the fovea is a region of both

maximal visual acuity and maximal hue discrimination was finally

abandoned, Willmer and Wright (1945) demonstrating that colour matches

in small centrally-fixated fields were subject to tritanopic confusions.

Figure 6 shows the hve discrimination curve obtained in that study.

4Anm

50

500 600 Anm
Fig. 6 ¥oveal hue discrimination curve, Willmer & Wright (1945)

The yellow and orange region of the spectrum yields the best hue

discrimination under these conditions, Figure 7 shows the relative

luminosities of red (650 nm) and blue (460 nm) primaries required to
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match lights of various wavelengths for a 20' field.

ao oo

oa —luminosityrel.

500 600 anm
Fig. 7 Foveal spectral mixture curves, Wright (1946)

Wright (1946) p.345 supposes that the curves of Figure 7 resemble

physiological response curves, and the irregular shape of the red curve

may be explained by an admixture of M cone photopigment in L cones

located at the fovea, Thomson and Wright (1947) obtained similar

results for stimuli viewed at an eccentricity of 20' and 40',

Middleton and Holmes (1 949) used very small fields, of 1" and

2' subtense, A short-term memory match procedure was used, matching

the small stimuli to larger Munsell samples. Three presentation

times were used: 1 sec, 5 sec and ata ted time. The matches made

suggested that feet discimination could take place only on a
red-cyan (600-480 nm) axis, which again is characteristic of tritanopia.

Significant reductions in saturation were also recorded, and the degree

of tritanomaly increased markedly when the stimuli were presented for
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only 4 sec. The presence of tritanomaly of varying degree was also

found ee Hartridge (1945). The extent of confusion was found to
depend on illuminance, saturation and pupil diameter (retinal

illuminance), There was some indication that the proximity of a

larger yellow field reduced the degree of tritanopia. Two other

conclusions of this study are worth noting here: firstly, tritanopia

is still operative if, instead of presenting a yellow stimulus, a

grey one on a blue background is’ shown; the effect must therefore

occur at a higher level than simultaneous colour contrast, Secondly,

there is a marked reduction in brightness when tritanopia sets in.

arly studies of small-field tritanopia were also undertaken by

Willmer (1950) and Burnham (1953b). The former study established

that dichromats suffer from "small-field monochromatism"; the latter

one confirmed that there are large changes in saturation when the

stimlus subtense becomes significantly less than 20'.

It can be taken as evidence for the lack of importance which was

then attached to this area of colour vision, that considerations of this

kind were not made in the studies by Halsey (1959a, b) whose object

was to determine the usefulness of certain colours for use in signal

lights. The stimuli in these experiments subtended about 5', and we

would expect small field tritanopia to be a significant factor affecting

possible confusions in colour identification. Indeed, the fact that

the purple category was confused so often with others as to make it

inacceptable for use in signalling, Halsey (1959b), points to the

existence of tritanopia, since we expect the confusion lines to converge
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on the 400 nm end of the spectrum locus. We now find that the purple

category is not used in important signalling, see e.g. British Standard

1376 (1974).

It was felt that colour naming of small fields would have

significant advantages over the matching techniques, since the presence

of a matching/reference field presents severe problems, Weitzman and

Kinney (1967) were the first to use such a technique, and found that

small subtense and short presentation led to stimuli being confused

in a manner consistent with tritanopia. Their study implied that small

subtense and short duration are equivalent in their effects, The effect

of eye movements was also considered, and Weitzman and Kinney felt that

a general explanation might be that tritanopia occurs when the

proportion of "blue" receptors responding to a stimulus is small

compared to the total stimulus response from a given area (the area

being determined by field subtense and eye movements within the stimulus

presentation time).

In a subsequent study, Weitzman and Kinney (1969) attempted to

establish whether tritanopia could be established in the extrafoveal

retina (at 5° ana 10° eccentricity). They found that vision here

was, if anything, apparently deuteranomalous, with stimuli appearing

blue, red or white only, However, there is some difficulty in

interpreting the confusion data in these studies, because a suppression

of either the blue or green response would cause blue-green confusion.

Weitzman and Kinney (1969) suggest that it is the green response which is

lacking in the periphery. However, this is not firmly established:

65



Smith (1973), in a study of colour-naming categories of congenital

tritanopes and tritanomalous subjects, found that tritanopes displayed

an extended blue response in the middle of the spectrum, and red at

the long wave end .of the spectrum. Here there can be no question of

an "enhanced blue response" in the periphery, and yet there is hardly

any incidence of the colour name "green", It may be that a colour-

naming chromaticity confusion experiment is what is required, and the

present study is an attempt to fill this gap.

We are left with an incompletely explained phenomenon, Brindley

(1970), p.244, suggests that "the signal sent to the brain by the blue-

sensitive mechanism, though efficient at distinguishing the relative

strengths of brief stimuli and at detecting sudden changes, is

inefficient at distinguishing the strengths of prolonged stimuli".

This "inefficiency" implies that there will be a gradation of

dichromacy, and this is found, both by Willmer (1950), Weitzman and

Konig (1967, 1969) on a temporal basis, and by Ingling, Scheibner and

Boynton (1970), when the chromatic adaptation state of the eye was

varied, Ingling et al (1970) found that small-field tritanopia

became total when the background was blue, thus suggesting that we can

explain small-field tritanopia as a selective adaptation of the blue-

mediating system during fixation,
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2. A PRELIMINARY EXPERIMENT

2.1 Design and Summary of Results

4n investigation was carried out which was designed to give

quantitative information on the extent of “desaturating power" of a

dark surround on a chromatic field, The design of the apparatus and

the experimental phase of this study fall outside the scope of this

thesis, but details may be found in Troscianko (1977), to be found at

the end of this thesis, Figure 1* gives the four viewing conditions

used, One of these involved a short-term memory match against a test-

colour with a light surround, in the manner employed by Pitt and Winter

(1974). Three further viewing conditions introduced varying extents

of a grey "buffer" G, surrounding the matching field C', This

matching field was simultaneously reduced in size, so that in effect

parts of the chromatic field were progressively replaced by grey.

The object of the study was to see what effect this had on the

appearance of C', measured indirectly in the matching situation,

Figure 3* shows the results of the matches performed on a

Burnham-type colorimeter, Burnham (1952b). The results are given as

95% confidence ellipses calculated in the manner described by Morrison

(1967) pp.121-123. The extent of "desaturation" by the dark surround

is given by the dashed line 0D; this is a replication of the findings

of Pitt and Winter (1974).

*Starred figure numbers refer to figure enumeration in Troscianko (1977).
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A measure of the change in matching purity is a function fn,ce

defined as:

fn,ce = Peo = pen eccccceccsecces (28)
Peo

where n is the viewing condition designator (n = 1,2 or 3), pe is the

1976 metric purity, and CC = 20 or 50 denotes whether the reference

stimlus was a 20 or 50 CC Kodak colour compensating filter. If

fn,ce is negative, it is assumed that the grey area has had a net

desaturating effect on C', and ‘vice versa. Figures 4*, 5* and 6*

are histograms showing the values of fn,co for the various colours

and purities, The most important points are as follows:

Surround 1 (a relatively thin grey buffer, and a 4° x 6° chromatic

area) has a net "saturating" effect on C', This means that luminance

induction due to G serves to reduce the desaturating effect of the dark

surround D, This effect is still present, though to a lesser extent,

in the second viewing condition (see Table I* for a summary of the

means of fn,cc). Here the chromatic area C' subtends 3° Ds Ag

Surround 3 acts in a different way. We see here that when C!

is reduced to 2° x 3 there is a difference in the appearance changes

undergone by the 50cc colours and the 20cc colours, The former ones

show a small but marked gain in saturation (f£3,50 = 0.124 + 0.078)

whereas the latter ones, a small loss of saturation (£3,20 = -0.092 +

0.035). In order to find out why this should be the case it is useful

to consider the luminance of the matches, This can be measured by a
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function 1, where

n=1-8 seascceseessese (29) ~

and B is the luminance factor of the area C' to the grey buffer G

(kept at a constant 15 cdm oo ys Mean values of I n,cc are given in

Table II*, It will be noticed that is highest (and presumably

induction is highest) in Viewing Condition 3, It is much higher for

the 50ce colours than it is for 20cc colours, ‘Thus it may be argued

that in V.C. 3, the net loss in saturation for 20cc colours is due to

a combined effect of small subtense and low induction; for 50ce colours,

because of the lower transmittance of the test filters, there was a

higher degree of luminance induction, and the saturation was raised in

spite of the small field subtense,

There was evidence, see Figures 7* and 8*, that both subtense and

induction had a pronounced effect on saturation, Colours subject to a

large degree of luminance induction show a more rapid gain in saturation

than do those with low induction. Also, induction had the largest

effect for colours of small subtense.

2.2 Conclusions

The conclusions of this preliminary experiment will be discussed

in the context of the kind of information which would be useful in

designing the main experiment.

The most significant result was that both stimulus subtense and
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luminance induction had a highly significant effect on the appearance

of a chromatic field. There had been a paucity of data on the effect

of subtense on colour appearance, and here was an indication that the

effect of subtense might be to aid or inhibit luminance induction,

It was felt that this was a new, if not unexpected finding, The

design of the main experiment would reflect this, in order to yield

more precise data on the kind of effect encountered here, Of particular

interest was the fact that the smallest chromatic field was subject to

the largest degree of induction. It was decided to extend the range

of subtense to investigate effects of this nature.

The preliminary experiment was designed with economy of time

as one of the main considerations, It suffered from a number of draw-

backs, particularly the one that the observer's state of adaptation is

indeterminate in a "short-term memory matching" condition, The aim was

to see which parameters, if any, were the most worthy of further

investigation. It turned out that these were:

(a) luminance factor of stimlus to surround

(bv) stimlus subtense

(c) stimulus chromaticity

The ranges of the first two parameters in the preliminary study

were:

(ely ee Be carne

Gy e5 -oce a Cerio" s
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It was felt that-both these ranges should be significantly increased,

particularly to account for 1° fields and luminance factors of less

than unity.
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3. DESIGN OF MAIN JX URIMENT

Sel Choice of Method

It is evident that there are only two basic possible methods

available to those wietitne to study the effects which surround
luminance and stimulus subtense have on the appearance of a coloured

field, These are (a) haploscopic matching and (b) memory matching.

Both these methods are asymmetrical in form, i.e. the "reference" and

"test" stimuli are perceived in surrounds which differ from each other.

Memory matching can be further subdivided into two groups: (1) "short

term" memory matching, in which the ‘experimenter allows the subject

to see both test and reference fields in rapid succession, and (2)

"long-term" memory matching, where the reference field is presented

initially (in the training period) and the subject is trained to

memorise its appearance, There are two ways of accomplishing the

latter: either a relevant ordering system, such as the Munsell system,

is memorised by the subject, or the subject is trained to construct his

own order-system (i.e. set of scales of given attributes), This last

method is known as direct scaling, and the methods ‘which can be employed

here have been outlined in Section 1.3.

Each method has both advantages and disadvantages. Haploscopic

matching is often thought to yield precise data, since the test and

matching fields appear to the observer to be juxtaposed. The state

of adaptation of each eye can be easily controlled, since haploscopic

matching is almost invariably performed with Maxwellian viewing.

The disadvantages of this method are twofold: firstly, it has been
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shown that the assumption of interocular independence necessary for

the validity of conclusions drawn from haploscopic matching experiments

is only valid over a range of adapting luminance disparity of about 100

to 1, Bartleson (1966), Helson and Jeffers (1940). This would exclude

the use of a completely dark surround as one viewing condition,

Secondly, a practical difficulty can arise if a large surround subtense

is desired; and it has been shown in the preliminary experiment,

Troscianko (1977), that there can be a "trade-off" between stimulus

and surround if the extent of the surround is relatively small, In

general, the practical difficulties encountered in haploscopic matching

experiments ave greater than in memory matching experiments, and use

of the former would be indicated if there were a pressing need for the

somewhat higher precision of this method.

"Short-term" memory matching experiments retain the interpretative

unambiguity of haploscopic matching experiments but their other draw-

backs limit their use to providing approximate data on the presence or

absence of given effects or trends, Hence the choice of such a method

for the preliminary experiment described in Section 2, Even if one

were to control the relative time which the observer spent looking at

the test and reference side, it would still be impossible to allow the

observer's state of adaptation to be determined by only one of the

two surrounds, A number of hitherto unwarranted assumptions about

the relative contribution of each surround to the final adaptation

_ still would have to be made.

This leaves the two methods involving long-term memory: either
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the memorization of a colour-order system, or a generation of subjective

scales, The former method was used in the study by Helson, Judd and

Warren (1952). Bartleson (1977), p.32-33 points out that the limitation

of this method isthe fact that it taxes the usual <

information transfer capacity. The method

requires extensive training and a subsequent selection of "good"

observers, This is somewhat wasteful of time and manpower,

Methods involving absolute scale generation by subjects still

rely on long-term memory, since consistency between experimental

sessions devoted to various viewing conditions may only be achieved by

remembering how the scales were generated in previous sessions,

However, it is possible to avoid the necessity of remembering exactly

which numbers were used in those previous sessions: the normalization

procedure used will be fully described in Section 4.1.

Relative scale generation is a simpler procedure, but it has

already been pointed out that absolute scales are necessary if the

results are to exhibit invariance under change of viewing condition,

It is necessary to discover whether subjects are able to scale,

consistently, attributes such as absolute saturation, brightness, as

well as hue and lightness. A thorough study by Bartleson (1977) has

shown that even previously naive subjects can be trained to generate

these scales, Additional evidence for this ability comes from

Pointer et al (1977), Pointer (1978), these being the studies which

are conceptually most like the present proposed investigation.
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If the validity and precision of ratio scaling are accepted, it

is evident that this method has powerful advantages over the other

ones outlined in this section. There is a need for only one stimlus,

which does not have to be continuously variable (for magnitude

estimation). It is simple to arrange for binocular viewing, and there

are fewer problems with uncertainty about the observer's state of

adaptation, A large surround can be produced, and uniform, large

stimuli may be presented in Maxwellian view.

The question of validity of magnitude estimation data has been

discussed earlier, It is felt that if the three requirements outlined

in Section 1,1 are satisfied (scale invariance, internal and external

validity, and relevance to known properties of the visual system) then

there is a strong case for accepting such data, The last point, that

of relevance, can be seen as a "safety factor", Some caution should

be exercised before wide-ranging conclusions are claimed to be true.

This is a less extreme caveat than Brindley's (1970) limitations on

the validity of observations falling into his (Brindley's) "Class B",

P.152-133 op. cit., but it is of the same kind. However, caution is

to be exercised when drawing conclusions from any experiment, and it is

always preferable to perform a replication which is conceptually similar

but practically different.

With this proviso, and with a good probability of obtaining a

precision of about 13% for saturation (AS) and 3% for hue (Qk), see

Bartleson (1977), p85, it was decided Ae use a magnitude debs
ratio scaling procedure with a sufficient period of training for all

observers to ensure good familiarity with the scale types involved.
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3.2 Viewing Conditions

There were three main independent variables in the experimental

investigation. These were stimulus luminance, surround luminance and

stimlus subtense, Table 6 gives the values of each of these variables

used in the present study, and the letters used to identify these.

All observations were performed using binocular viewing with a natural

pupil. Tables 7&8 give the particular canbinations of the three variables

which were used, and the observer numbers (from 1 to-7) of those

observers who participated in any given viewing condition. The

superscript in each position is a number identifying that particular

viewing condition, For example, Tables 6 and 7 show that observers

3, 5 and 7 participated in viewing condition No. 24, i.e. a surround

er a stimulus luminance of 68 cdm~ and a stimulusluminance of 11 cdmTM

subtense of 2°, The number of observers assigned to any viewing condition

was determined by the relative importance attached to that viewing

condition, It can be seen that all seven observers participated in

viewing conditions 20, 23, 25, 26, 27, 28 and 29. Of these, viewing

conditions 20, 23, 26 and 29 were designed to test the effect of stimulus

subtense on appearance, with a constant luminance factor of 0.56

(Mansell value 7.8). Viewing conditions 25, 26, 27 and 28 were

designed to test the effect of luminance factor for a 1° test field,

Each observer was asked to take part in between 12 and 35 viewing

conditions, the typical time taken for each condition being 14 hours.

The time commitment of observers therefore ranged from 18 to 52 hours.

A total of 118 viewing condition-observer repetitions were performed,

each consisting of 93 judgements of hue, saturation and lightness or

brightness, yielding a total of 10,974 judgements or 32,922 values of
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SURROUND LYMINANCE STIMULUS _JUMINANCE STIMULUS SUBTENSE
ed m cd m

256A 615a 10°

122 B 258 b 2° B

11 128 ¢ dog.

oD 68d - 20 aremin 6

18 e 0.4 arcmin €

TABLE 6, Values of parameters in experimental study.
Letters denote identificatory code used

in study.
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SUBT. SURROUND LUM. cdo STIM. LUM.

256 | 122 | 1 | 0 ed m*

10° iy 1,657, ie Ty
2° Ne 1,657,

1° 11,6479 1,651 1,6574 1,657] 615

10" te NS Gaihyy

25" 1565742 254555703 Te

10°
2?

i 258

10"

25" 294,597

10° Tis

oe 128

q° Tia

40!

25" OEP

Gal 3495 Ty 1 = Tro 3453 Tay Dios Tee
2° 175 3555 Tay
in| = te 1 = Tae 1= 27 1 - Tog 68

10" 1 = The

Zon 2555130 29394559 Tp,

°
im 1#

2 133

1° Ti 18

10! 74s

25m

TABLE 7. Observer schedule of viewing conditions.

Subseripts denote viewing condition number.
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surnouND / STIM. SURR.

LUMINANCE CODE LUM._

ced m

Aa 256

Ba 122

Ca 1

Da 0

cb et

B 122

Cec 1

Ad 256

Ba 122

cd 11

Dd 0

Be 122

Surround chromaticity:

TABLE 8.

Pe :

Luminance-related experimental parameters
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0.1935 =

0.4690 +
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0.4685
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0.018

0.043

0.95

0.086

3.76
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0.16
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6.7

7.8
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individual attributes,

In any one experimental session, an observer would adapt to

the surround illuminant for a period of 7-15 minutes, depending on

the luminance of the illuminant, The observer would then make

judgements of hue, saturation and lightness or brightness of 30 stimuli,

in random order, with 3 repetitions of each stimulus, In addition,

estimates of hue and saturation of the surround itself would be

performed 3 times, giving a total of 93 judgements per session, There

would be a 5 minute rest period in the middle of the session, i.e,

after 35-45 minutes,

In order to ensure that adaptation was determined by the surround,

and not by the stimuli themselves, a duty cycle of stimulus presentation

and readaptation was selected. Using data from Burnham (1952),

Bartleson (1977) and a preliminary experimental investigation, it was

found that a stimulus presentation of 2 seconds duration, followed by

10 seconds of adaptation, eliminated after-images in all but a few

cases. A shorter stimulus presentation would have undesirable effects

of lower precision, and possibly be affected by Broca-Sulzer response

latency; a longer interval between stimuli would make still heavier

demands on the observers' time and was considered unjustified,

The preliminary experiment reported in Section 2 suffered from

a substitution of adaptation from neutral surround to chromatic

stimlus, It was felt that a certain way to overcome this would be

to have a surround of large subtense. This was realised in the experiment;
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the surround, which had a chromaticity similar to standard illuminant

D65 (see Table 8) subtended approximately 150°, with the central 35°

having a uniform luminance (the edge fall-off for this portion being

less than 5%). The remainder of the surround was not as uniformly

illuminated as the central 35°, but did contribute to the overall state

of adaptation,

It will be seen, in conclusion, that a large proportion of

viewing conditions presented chromatic stimuli with a luminance factor

of more than unity. It was hoped that this would furnish data on the

transition between stimuli lying within optimal limits (all surface

colours) and necessarily unrelated colours seen in dark surrounds.

Another aim was to compare any change in saturation caused by a given

change in the luminance of a surround for related colours, with a

change of similar magnitude for unrelated colours. Additional

emphasis was placed on the scaling of large (10°) stimuli and small

stimuli - of 20 arcmin and 0.4 arcmin, ‘The latter two would be subject

to small-field tritanopia, with the 0.4 arcmin stimulus being selected

because that subtense is less than the Rayleigh criterion for optical

resolution applied to the normal human eye: the chromatic stimulus

would thus be equivalent to a point source of illumination,

3.3 Stimuli

Thirty stimuli were used. They consisted of Rank Strand Cinemoid

filter combinations mounted in standard 2 x 2 inch slide mounts which

had glass on one side only. Table 9 gives the composition, chromaticity

and transmission factor of each stimulus filter. Figure 8 shows the
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STIM. composrrron*) ut vit TRANSMISSION
FACTOR.

1 (2x6) 0.5377 0.5188 0.0560

2 39 0.0859 0.5753 0.1048

3 6,17 0.5109 0.5225 0.0519

4 38,(2x49) 0.2401 0.5593 0.4537

5 34 0.3660 0.5426 0.3086

6 48 0.4256 0.5225 0.2226

t 12 0.5045 0.4781 0.0360

8 (3x10) ,42 0.4157 0.4236 0.0253

9 10 0.2955 0.5221 0.4677

10 10,17 0.2621 0.5083 0.2526

in| 17,42 0.1764 0.4424 0.0900

12 10,36 0.3290 0.4928 0.1426

13 (2x10) ,(2x17) 0.2976 0.4716 0.0735

14 19 0.1235 0.2858 0.0214

5) (2x41) 0.0955 0.3685 0.0311

16 16,17,39 0.0521 0.5625 0.0147

17 (2x16) 0.0441 0.4715 0.0341

18 (3x36) 0.3398 0.4161 0.0287
19 10, (2x17) 0.2275 0.4921 0.1453

20 (4x10) ,17 0.4362 0.4883 0.0664

21 (2x10) ,36,38 0.3753 0.5037 0.0555

22 10,17,36,42 0.2869 0.3475 0.0162

23 18, 36,53,54 0.1646 0.3819 0.0163

24 (3x17) 0.1432 0.5030 0.2105

25 (4x17) ,(2x10) 0.2292 0.4121 0.0267

26 (4x38) ,49 0.1744 0.5670 0.2506

27 4 0.2830 0.5540 0.5847

28 (4x38) ,42 0.1212 0.5464 0.0437

29 (2x67) ,42 0.1563 0.4254 0.0475

30 (5x17) 0.1008 0.4783 0.1060

i) "COMPOSITION" refers to the Rank Strand Cinemoid
filter numbers used in each stimulus filter pack,

TABLE 9. Composition and colorimetric data of stimuli
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stimulus and surround chromaticities, The chromaticity coordinates

were determined as follows: each filter combination was scanned on a

Bausch and Lomb $505 spectrophotometer, on five different days. The

mean spectral transmission curve for each filter was thus determined,

The differences between transmission curves of each filter thus

obtained were vanishingly small, yielding an uncertainty in chromaticity

of about 0.0001. These values were taken to be the true transmission

curve, the accuracy of the spectrophotometer having been established

by comparison against ceramic tiles calibrated at the National Physical

Laboratory. The discrepancies here were typically 0.0005 in

chromaticity. The spectral power distribution of the source (a Kodak

Carousel S-AV 2000 projector) and all optical components of the

apparatus was determined on five occasions with a Gamma Scientific

telespectroradiometer, which had been calibrated against a radiometric

standard lamp supplied by the National Physical Laboratory, run at a

current measured by determining the voltage drop across a standard

0.01 ohm resistor supplied by Croydon Instruments using a digital

voltmeter calibrated by the Standards Laboratory of the GPO. ‘The

day-to-day random variations of the Gamma instrument were somewhat

larger than those of the Bausch and Lomb spectrophotometer,

The average standard error in stimulus chromaticity arising from

an uncertainty in the spectral distribution of the illuminant was

0.0017. This was therefore the least precise part of the colorimetric

analysis, and it is only claimed, therefore, that the stimuli were

defined to a tolerance of + 0.002 in both u' and v.', This set an

upper limit on (a) the amount of "permissible" filter fading, and (b)
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the "permissible" chromaticity change due to "neutral-density" optical

filtering. Fading checks were carried out at regular intervals,

after every 10 hours of operation of the experiment (during which

time each stimulus filter would be projected for about 20 minutes).

It was not found necessary to replace any filters during the 140 hour

operation of the experiment, The fading control check was carried

out using Gamma scientific telespectroradiometer in conjunction with

the Bausch and Lamb spectrophotometer.

The stimuli were equated for luminance by spraying each filter

pack with glossy black automobile paint and then cutting a hole in

the latter, and subsequently heating the paint to harden it. Using

a fine scalpel, it was possible to control the resulting luminance to

a precision of 0.29. The area of the hole was inversely proportional

to the filter transmission factor, and weighted according to the non-

uniformity of illumination in the projector gate. In situ determinations

of stimulus luminance were made using a Spectra digital photometer,

calibrated against the NPL radiance standard. These values were checked

against expected ones from the transmission factor of each filter, and

found to agree to within 2% (this discrepancy being due to an imperfect

fit of the photometer sensitivity curve to the CIE Vy curve).

However, since Rank Strand Cinemoid filters display a small photo-

chromic effect, it was decided to rely on the photometer measured

value at a time of 30 seconds after the initial onset of the filter

illumination. The photochromic change did not affect the stimlus

chromaticity, and in 1 minute lowered the luminance of the filters by

about 3%, and was thus felt to be acceptable.
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The overall stimulus beam luminance was controlled by vacuun-

coated (metal-on-glass) neutral density filters manufactured by Optical

Electrical Coatings, Totnes, Devon. These were found to be the most

satisfactory filters, changing the stimulus chromaticities by less

than + 0.002 (the uncertainty in chromaticity). These had Neutral

Density values of 0.377, 0.682, 0.956 and 1.534. They weve not subject

to fading.

Finally, filters were also used to produce required surround

illuminant chromaticity. These consisted of a pack of (3.x 17), 54

Rank Strand Cinemoid filters and a Kodak 30ce Magenta Colour

Compensating filter. These were mounted so that air could circulate

on both sides of them, They were monitored for fading at approximately

10 hour intervals and again, no appreciable change in chromaticity

was detected during the course of the experiment, The Kodak Colour

Compensating filters were replaced, however, as a precaution, The

monitoring was carried out with the telespectroradiometer, which

would also have detected changes in the paint forming the white surround,

or the Plus Projectors which provided the surround illumination. The

surround chromaticity was u' = 0.1935, v' = 0.4690.

All the electrical equipment was run off an AC power supply

stabilised to 240 + 0.5 volts, There was an independent voltage control

rheostat for the surround illumination, and this was run at a constant

236 volts to prolong lamp life. A check was also kept on the uniformity

of the stimulus luminance. ‘The largest (10°) aperture was used for

this, It was found that the maximum drop-off 5° off centre was 0.05%.
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It was immeasurably small for the smaller apertures,

In summary, it is claimed that the colorimetric measurement

and control were of a sufficient precision to be able to discount

any uncertainty due to erroneous equipment or fading of filters

(or changes in the emissive properties of all the light sources),

3.4 Observers

Seven observers were used. Table 10 gives relevant details

about the observers and their consistency. The colum labelled

"experience" shows a "1" if the observer had participated in previous

colour scaling experiments; "0" otherwise. . The next two columns

give the average percentage standard error in saturation and hue, The

hue error assumes that the total scale is 400, not 100 units, The

anomaloquotient given is for each observer's right eye, as measured on

a Nagel anomaloscope. The column labelled "CAT" gives each observer's

score in the Color Aptitude Test developed by the Inter-Society Color

Council, It is basically a test of the ability to distinguish

small differences in saturation in a side-by-side comparison.

The standard errors given in Table 10 are for the observers!

performances in Viewing Conditions 20, 23, 25, 26, 27 and 28 only,

It should be noted that the error bars are really chords of ellipses,

and that the hue scaling consistency may affect apparent saturation

scaling consistency, assuming covariance between the hue and saturation

ratings. It is interesting to note that two trends seem to be apparent

in the data: firstly,"low experience" observers may obtain low errors.
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This is almost certainly due to « curtailment of the number of different

responses given, particularly for huc. For example, one inexperienced

observer (No. 5) tended to give fewer different hue responses than all

others. Hence the low error score associated with that observer,

This only seems to indicate that experience may increase channel

capacity somewhat. Secondly, experienced observers also yielded

data of high precision.

The CAT score did not prove to be a good predictor of observer

performance, The observer's age seemed to be more important; indeed,

a lincar regression gave a relationship between age and saturation

error with a correlation coefficient of 0.755, which has a 0.05

probability of occurring by chance.

The "averaze observer" showed a net saturation error of 7.67%,

and a net hue error of 1.00%, It is not possible to compare this

directly with other studies, because the method of analysis (to be

discussed in Section 4) was markedly different in this case. However,

it can readily be seen that hue can be scaled with much greater

precision than saturation.

3.5 raining of Observers

It was recognised that the most important single factor

determining the quality of the final data would be the training given

to observers, Particularly with regard to saturation, it is easy to

see that the results are highly dependent on original instructions,

Rowe (1972) trained observers to scale saturation as a relative

attribute, This led to a "compression" of isosaturation contours
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in the "yellow" region of the chromaticity diagram; Rowe recognises

that the difference between his, and other results, was probably due

to the diiferent type of scale used (op. cit., p.122), This isa

point made also by Pointer et al (1977) and Bartleson (1977), who

describes his training procedure in detail (pp.89-99). The training

procedure used in the present study was similar in many respects to

that employed in Bartleson's because of the evident success of

Bartleson's training procedure.

The observer was seated and asked to place his chin in the rest

provided, The surround luminance was adjusted to 250 oan, and

the observer was asked to direct his gaze to the centre of the one-

degree stimulus aperture, which appeared identical to the surround,

After a 10-minute adaptation period, the following verbal instructions

were given:

"The object of tiis study is to investigate changes in the

appearance of a coloured area when the viewing conditions change, for

example, the brightness of the surround or the area of the colour may

be varied. The way in which the appearance of the colour is assessed

consists solely of a verbal description of the appearance by you, the

observer. As such, there are no "right" or "wrong" answers. The

purpose of this training session is to instruct you on how I would like

you to estimate the appearance of any coloured field. Before we

start, I would like to explain that you will see the stimulus presented

in the central hole for two seconds; the white shutter will then close,

and remain closed for ten seconds, The stimulus presentation will then
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be repeated, Now I would like you to remember that you can take as

many presentation periods as you wish to come to any decision. Do

not try to "remember" the appearance of the colour when the shutter

is closed, If in doubt, wait to see the colour once more, (The

shutter mechanism was then activated. The observer could see Test

Stimlus (TS) 1 during the "open" part of the shutter cycle).

When the shutter is open you should see a colour which most people

would call "blue" filling the aperture (Observer agrees). The first

appearance attribute which I would like you to consider is what is

called the brightness, or the lightness, of the stimulus, Letus take

the term "brightness", Let us define it as "the apparent amount of

light appearing to come from the coloured area", It is what is known

as an absolute dimension, That means that there is no upper limit

to. the brightness associated with light-emitting fields. "Lightness",

on the other hand, is a "relative" attribute. It is defined as the

"brightness of the coloured field relative to that of the surround",

It is customary to represent this ratio as a percentage, in other

words, we say that a colour has a lightness of 100 if it appears to

have the same brightness as the surround. A completely black field

will have a brightness, and lightness, of zero. I will now show you

how these two terms, both of which represent the magnitude of the

sensation pertaining to the quantity, not quality, of light, can be

used in practice.

Could you tell me whether the colour which you see in the aperture

appears lighter than, equal in brightness to, or darker than the
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surround? (Observer replies "darker"), Since the colour is darker,

. I would like you to estimate its lightness, or the proportion of

stimulus brightness to the surround brightness. Express this as a

percentage. Jor example, if you think that the colour is half as

bright as the surround, say "lightness 50" (Observer replies, typically

"20", The second test stimlus, TS2 is then show. This is a blue

having the same chromaticity as TS2, but a higher luminance).

You now see a new stimlus. If it still appears darker than the

surround, could you scale its lightness again? (Observer replies,

typically "60", 1S3 is then shown, Most observers would see this as

the same blue of a brightness higher than that of the surround), Could

you tell me whether the colour is now lighter, or darker than the

surround? (Observer replies "lighter'),

Since the colour appears lighter, I will. ask you not to scale

lightness any more, but to scale brightness, Look at the colour for

several presentation cycles, Then assign a number to the brightness

of the colour, any number you want to, to represent the amount

of light coming from the stimulus. I want you to try to remember that

number and the corresponding sensation of brightness. (Observer says,

typically, "20"),

(TS4 is then shown. This appears brighter than TS3), You now

see another stimulus, Could you also scale its brightness? You are

asked to do this by assigning a number which will tell me how many

times brighter (or dimmer) the colour is, compared to the previous one.
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You called the last brightness "20", If this colour appears twice as

bright, assign to it a brightness value of "40", If it is half as

bright, say "10", Above all, try to becnsistent in the way you

assign numbers to the brightnesses of stimuli, (Typical new brightness

response "30"),

(183 is then shown again), You now see the stimulus to which you

assigned the value "20", Take note of the brightness of this stimulus.

(TS2 is then shown), Could you make an estimate of the brightness

of this stimulus? (Reply: 12"),

(751 is shown, ‘Typical brightness reply: "5"), You have

assigned brightness of "12" and "5" to the last two stimli., These

are the same stimuli to which you assigned lightnesses of "60" and

"20", Note that you have therefore scaled the same basic attribute

in two ways: a "relative" way, describing the lightness of the stimulus,

and an "absolute" way, describing its brightness. The two methods

yield different numbers, Take note of the distinction between the two

scaling methods,

(781, 2, 3, 4 are shown again, and the observer makes lightness/

brightness judgements until he expresses that he is clear about what he

is expected to do).

Now that you can tell the distinction between these two scales, I

will ask you to scale the lightness of any stimulus which appears dimmer
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than, or of equal brightness as, the surround, and brightness otherwise.

In a typical viewing session you might encounter both these categories,

Please let me know which attribute you are scaling,

There is an additional point here. (151, 2, 3, 4 shown). Note

that the two stimuli which are dimmer than the surround all possess

something which we may call "greyness" or "grey content", The two

stimuli which are lighter do not exhibit this. As a dim stimlus

becomes brighter, it loses its "greyness", The point at which all

greyness disappears may or may not be a condition of equal brightness

with the surround, but remember that any colour that exhibits greyness

must be dimmer than the surround, i.e. you should scale its lightness,

Now we will address the question of how to scale the hue of a

stimulus. Hue is a measure of a quality, not a measure of quantity,

such as brightness. We can think of it as follows: There are four

primary hues: red, green, blue and yellow, Any colour that you see

which is not neutral can be said to have a hue made up of a mixture of not

more than two of the four primaries. No colour appears to exhibit

"redness" and "greenness" simultaneously, nor "yellowness" and

"blueness", The other combinations are allowed.

In practice, I want you to decide which is the predominant hue.

(tS5 is shown, It is a blue-appearing stimulus). You see a stimulus

now. Could you tell me whether it appears to be mostly red, green,

blue or yellow? (Reply: blue). Now, since it is predominantly blue,

please decide whether it is a unique blue, i.e. does not possess any
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trace of cither red or green, or whether there is some redness/greenness

init. (Reply: it possesses some red). Could you make an estimate of

how much redness there is? Do this as follows: If it appears to

you that there is, say, 70% blue and 30% red, say "70 blue, 30 red",

The two figures must add to 100. (Typical reply: 90 blue, 10 red).

Now, can you repeat this for the following four stimuli (TS6 - 95

displaying various hues, both unique and composite. All observers

reported that they were clear about what was required of them).

Lastly, I would ask you to consider the attribute which has been

called "saturation" or "colourfulness", This may be defined as "the

amount of chromatic colour appearing to be emitted by the stimlus".

Like brightness, it is a measure of an amount of something, Similarly,

it has no upper limit - it is an absolute attribute. A neutral field

will have zero saturation or colourfulness., Any non-neutral field

will have a given colourfulness, As an example of this, look at the

stimulus now (1810, a blue colour of low purity). ‘Then look at the

next two (1511, 12 - stimuli of the same Kg and luminance,

but higher purity). These stimuli differ primarily in their colourfulness

or saturation, I want you to look at the middle one (TS11) and assign

any number that you feel confident eucuty to represent the amount of

chromatic colour exhibited by this stimulus. (Typical response: 30).

Now look at this stimulus (1512). Could you scale its colourfulness

in a way which tells me how much more, or less, colourful this is than

the previous stimulus? For example, if it appears to be twice as

colourful as the previous one, assign to it a colourfulness of "60",

It it is half as colourful, assign to it a colourfulness of "15",
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(typical response: 45. S10 would elicit a typical response of 20).

Note that this is an "absolute" scale, similar to brightness.

This is not the only way in which saturation can be scaled. Some

studies in the past have used a relative scale, and I would like to show

you the differences between the two kinds of scale. I would also

emphasise that, throughout this study, I will ask you to scale

absolute saturation, or colourfulness, in the way you have just done.

(S10 is shown, It possesses "greyness"), Here is the least

saturated of the three stimuli. Does it possess "sreyness"?

(Response: yes. S11 is then shown). Does this stimulus contain

more or less "greyness"? (Response: less. 512 is shown). Has

the greyness decreased still more? (Response: yes). I would like

you to make an estimate of the proportion of greyness in this stimulus.

(Typical response: 15%). One of the ways of scaling relative

saturation is to let "greyness" plus "colourfulness" equal 100, so if

the stimulus contains 15% "greyness" we could give it a relative

saturation of 85), (1311 and 10 are shown), n this basis, could

you estimate the proportion of colour in these two stimli? (Typical

responses: 60 and 40),

You have now scaled both relative and absolute saturation, or

colourfulness, of the same stimuli. You have given relative saturations’

of 20, 30 and 45 to the same three, You can see that the numbers are

rather different, You have noted that "greyness" depends on both

saturation and brightness, and that it can be used directly to

96



estimate relative saturation, and lightness".

This forms the outline of the training instructions. It is clear

that the actual numerical responses varied widely between observers,

but the ones given in the above text are meant as illustrative examples

of how observers responded. They were asked whether they felt that

they understood what was required of them, particularly whether they

unde: stood the difference between "relative" and "absolute" scales,

Some additional reinforcement was necessary in some cases, but most

observers commented that they were very clear, perhaps for the first

time, about what colour scaling methods could achieve,

All observers were then asked to scale the 30 experimental stimuli.

This was a "dummy run", with no scaled values being noted. The total

length of the training session and dummy run was about 50 minutes,

The session was then terminated, with a comment that there would be a

brief "resumé" of instructions at the beginning of the next session,

the first "actual" one,

It is felt that the training session succeeded in making observers

keenly aware of exactly what was required of them, They showed good

consistency in scaling saturation in particular,

3.6 Construction of Apparatus

Figure 9 shows a schematic outline of the apparatus. P consisted

of a Kodak S-AV 2000 projector, in which the stimulus filter f gave the

spectral energy distribution required of each of the 30 stimuli. A
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shutter 8, masked off the light beam when the stimuli were being

changed (this could be achieved remotely by means of the standard

slide-change lead). The lens combination eh contained a heat~

absorbing glass, . The light source e was a 24v 250w quartz—halogen

bulb. This was run from a stabilised power supply. The lens 14

was inserted in front of the standard 85 mm objective lens 1 in order

to image the stimulus filter f on the entry opal of the mirror

integrating box mib. The stimulus beam luminance could be controlled

by a vacuum-coated filter nd. The mirror integrating box was

constructed so that its length was more than double the diagonal

measurement of the entry and exit opals; it gave excellent beam

integration, 1, was a large condensing doublet which imaged the exit

opal in the plane of the observer's eyes o. ‘The image of the exit

opal was approximately 12 cm square which allowed the stimulus to be

viewed binocularly, provided the observer positioned his head in the

chin-rest provided. A shutter Sos which was painted white on the side

facing the observer, and controlled by a preset switch acting on a

rotary solenoid, allowed the stimulus presentation/readaptation cycle

to be repeated automatically, Its rise-time for the largest aperture

(the 10° stimulus) was approximately 100 msec, with a total stimulus

presentation time of 2 sec. For the 1° stimulus, the rise time was

only 5 msec since a lighter shutter was used for all stimuli subtending

less than 10° (the times were measured using a stroboscope and time-

exposure camera).

The stimulus aperture plate a could be changed by releasing three

bolts affixed to its rear side. There were five plates, to produce the
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five desired stimuli, The plates, and the whole inside of the adaptation

box, were painted with spectrally nonselective emulsion paint having

a reflectivity of 96%. The smallest aperture (0.4 arcmin) was

produced by a pin-prick on aluminium foil, with the resulting aperture

diameter measured with a travelling microscope.

The adaptation lights were provided by eleven Plus-projectors

iq - i441 mounted around the observer 0, with a shield between the

observer and the hot projectors. They were modified by affixing a

filter pack (dy - 444) onto the front of each projector. This consisted

of a frosted-glass diffuser and a holder for the adaptation-fiela

filters, which consisted of a pack of (3 x 17), 54 Rank Strand Cinemoid

filters, and one 30 cc magenta Kodak Colour Compensating filter.

These were mounted in a way which permitted free air circulation around

them; in addition, the Colour Compensating filters were mounted farthest

away from the light source, and thus received the lowest level of

illuminance. It was felt that these measures would retard the fading

of these filters, and this was indeed found to be the case,

The power supply to the adaptation projector. was the same

stabilised 240v + 0.5v supply the output of which was additionally

regulated by a "Variac" variable transformer. This was necessary

because the current load of, and thus the voltage across, the projectors,

varied according to the number of projectors switched on. ‘The voltage

across them was thus regulated at the beginning of each session, and

set to 236.0 volts, as measured on a digital voltmeter.
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The adaptation field projectors were positioned along the

perimeter of the adaptation box so as to remove any specular reflections

off the rear surface of the lens 15. In viewing conditions, in which

the 10° aperture was presented with the surround at high luminance,

each observer wore a black mask, with apertures made for the eyes, in

order to prevent the imaging of his face on the exit opal of mib with

a subsequent alteration of the stimulus colour, This precaution was

not necessary with the smaller apertures, since the total flux from the

adaptation box was reduced by a factor of 25 for the 2° aperture, and

100 for the 1° aperture,

The adaptation luminance was controlled by varying the number of

projectors used to illuminate the surround. In addition, fine control

could be exercised by a small degree of permitted movement in each

projector, ‘The surround luminance and its uniformity were checked at

the beginning of each session, In order to produce the lowest surround

luminance, opaque masks were inserted into the transparency positions

of the projectors, with small holes cut in the masks. These reduced

the total flux passing out of the projectors and still made it possible

to use several projectors, thus increasing field uniformity.

It should be noted that there were no colour differences between

different areas of the surround, since the filtration was entirely

subtractive and equal on each projector. The integrating properties

of the adaptation box were not sufficiently good to permit additive

mixing of adaptation lights.
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Stray light was excluded from the apparatus by (a) covering the

projector p and subsequent optical components with blackout material

and (b) by carrying out the whole experiment in a dark room, Thus

the only light source illuminating the exit opal was the projector p,

and the only light sources illuminating the surround were the

projectors i; - i4,filtered by the filter packs a, -d4, This

independence was verified by measuring ‘the luminance of the stimlus/

adaptation beams when the luminance of the other beam was altered by

a maximal amount.

The filter fading checks described in Section 3.3 were carried

out at regular intervals, as measured by an elapsed-hour meter activated

by the surround illuminators,
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. RESULTS

4.1 Analysis of Data ~ Normalization, etc.

The data generated by each individual observer were of the following

form: firstly, the hue designation (e.g. "80 red, 20 yellow"),

Secondly, the saturation (colourfulness), which was a number greater

than or equal to zero (if the stimulus appeared achromatic, there was

no hue), Thirdly, a number represented lightness on a 0 to 100 scale,

if the observer judged the stimulus to be darker than, or equal in

brightness to, the surround; if the stimulus appeared brighter than the

surround, this number represented the scaled value of brightness

expressed on an unconstrained numerosity scale, An additional symbol

recorded whether the last number referred to lightness or brightness.

These data were transferred on to punched computer cards, and a

programme was developed to perform the data analysis which gave an

output consisting of normalized values for hue, saturation and lightness

or brightness for each individual observer in any viewing condition, and

the "mean observer", as well as an indication of (a) the random errors

inherent in all the evaluations, and (b) the normalization parameters,

which served as a useful guide to each observer's internal consistency

(stability of scales between sessions). The purpose of this section

is to outline how this was achieved,

The problem is twofold: firstly, the two "unconstrained

numerosity" parameters, saturation and brightness, must be normalized

so that different observers' ratings are transformed to the same scale,
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Secondly, these values must be averaged, both within each observer's

group of observations, and between observers, These two problems

(normalization and averaging) will be considered in turn.

In normalizing values of absolute attributes, the technique used

by Bartleson (1977) is useful. If Si is the individual observer's

rating, and Si is the geometric mean of all observers' ratings of the

same stimulus in the same viewing condition, then log Si may be plotted

against log Si. If this is repeated for all stimuli and observers, a

regression line may be obtained for each observer, as shown in equation

(30).

log Si = a log Si +b eisndigealeec caauseers enka)

It should be noted that Si may itself be a geometric mean of several

observations, A strategy for dealing with populations of numbers in

which one or more of the members is zero must also be devised, Marks

(19740) p.45 suggests that it may be advisable to use the median as a

measure of central tendency in this case, In the present study it was

decided to retain the geometric mean, since the disadvantage of having

a disproportionate number of "zero points" seemed outweighed by the

conceptual and interpretative difficulties involved in the changeover

between geometric means and medians in the same analysis,

It will be noted that the values of the constants a and bin

equation (30) give the necessary normalization information for each

observer, Another useful feature is that the constant "a" may be used
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as a guide to the observer's internal consistency over several

experimental sessions, This is because the scale retains the same

ratio properties if a remains unchanged; alternatively, changes in b

are allowed since they reflect movement up or down on the same scale.

The first part of the computer programme given in Appendix A deals

with this normalizing process. Values of the constants a and b for

both saturation and brightness are output at the beginning of each

viewing condition listing. If only one observer is used in any given

viewing condition, there can be no normalization, so a and b are set

at 1 and 0 respectively,

5

}

We now come to the second part - the averaging of hue and saturation,

It is useful to represent hue and saturation on a polar diagram, see

Figure 10. This shows, as an example, a cluster of points P1% P7

in the first quadrant. These points represent an orange stimulus of

moderate saturation, Three approaches are possible: a visual "fit"

to the apparent centroid of the distribution, or separate averaging

of hue and saturation, or an approach that treats them as a single

bidimensional system, The disadvantage of the first approach is that

it may introduce post-hoc bias, The second approach, though tacitly

used in other investigations, assumes no covariance between hue and

saturation in error analysis, and because of the polar nature of the

coordinate system may quite easily produce "means" which lie outside the

perimeter of the distribution of all individual points. Also, it is

essentially a linear fit to a circular space (i.e, one in which the end—

points meet), The "average" of + 199 and - 199 is zero, i.e. the

average hue of two near-greens becomes pure-red, To overcome this,

a cumbersome re-centering procedure must be applied to each point cluster,
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The last approach is the one which has been selected for the

present data analysis, It entails fitting ellipses of concentration

to encompass each sub-population in the way outlined by Morrison (1967)

p.121-123, or Dempster (1969) p.126-129. The procedure is much

simplified if we assume that the region of hue and saturation space

in which points corresponding to one stimilus are distributed, is of

a rectangular Cartesian type, i.e. we igmore the curvature of the

isosaturation lines and the convergence of the isohue lines in that

small region. The magnitude of error introduced by this assumption

can easily be determined. From simple geometry, one can show that

AS =1- cos AO Popst es es eb esos cece ses (Ol)
5S 2

Typical errors, both in the present study, and in Bartleson (1977)

were of order 19 of full scale in hue. ‘These would lead to a AS value

s

of 0.1%. A 1% error would be caused by a AH value of 4.5%. The

highest AH value reported in Bartleson (1977) was 2.6% It is
H

therefore suggested that the above method is sufficiently accurate.

The mechanism of the averaging process will now be outlined,

Consider N observations, having polar coordinates (Si, ©i), as in

Figure 10. Then make the local transformation to rectangular Cartesian

coordinates,

Xi = Si sin 01 ' eececccccccce Baenk5e)

¥; = Si cos Oi! Seeapansa res ceveseseett5),

where
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©Ci' = 0.9 O14 aes ercedcnteesnceaee (04)

(the factor of 0.9 converts from grads to degrees).

The variance and covariance in x and y are given by

N

of = Ret Les - x) eG teteteaeee sees das)

N

4 lin

= Fy » (i - 9)?
ce

pd atebisies Meet iben oe)

ae. oe N

7 = wa {Da - y Qos Ly} Deeaheee ee aT)
i=1 i=1 i=1

The variance - covariance determinant d is given by

SaeVeeeectoceesen coe)
0,2 oe

xy? oy

Morrison (1967) shows that a confidence ellipse may be defined by the

equation

=o - =

a4 4(x-x)* + a4 5(x-x)(y-¥)TAS aso cn le

+ ais(y-y)" = ay,

SRePsveecssss cersess (39):

where

N=1
a4, 5 i easiciesisscacilesecee ses ((40)

(N=1) 6,2
Sloweec acto Meee ccees coke (AN)
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Bae aera walegle a esiedieleed ceseuic 42).

32,0 sbseescscccossccceses (43)

or Be ay eee deccesccvccccccces (44)

Equation (44) is used when we wish the ellipses to be ellipses of

concentration, as in Dempster (1969), p.127. Equation (43) defines

a confidence limit at a level of significance a » Morrison (1967),

pe123. In colour scaling analysis, equation (44) is probably more

useful than equation (43).

It can be shown from simple geometry that the semi-major and

semi-minor axes of the ellipse are given by

2a

ry aye Roose osvcsece CHa)

where

S Delete sess cece ue coat (Ab)2

(447843) "+ ayy

The inclination, B is given by

a eieia ede debate esses MAD)B = 0.5 tan

We thus have a complete description of the ellipse in hue-

saturation space, Figure 11 shows such an ellipse, much enlarged.
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The major and minor axes are AB and CD respectively. If we are

interested in hue and saturation discrimination, we evaluate the length

of the chords HF and GH, and then postulate that the saturation

discrimination function is

1
AS GHae aa 0s 60 dises te stesseeae (48)

and that the hue discrimination function is

iT
AH AO EF
Sg aan 8 aooE Relaereetseteacades@i(49)

Finally, the colour discrimination function C of each observer

or of the "mean observer" may be given by the area of the ellipse

This top
CPt eee Tewesesescocsnces ees. (50)

The computer programme listed in Appendix A outputs 6 ’ 8,

AS, .AH, AC, tay 4 lop » a8 well as lightness, brightness, and
S H

their associated errors.

It should be pointed out that the above analysis is two-

dimensional, with the brightness dimension being omitted. It is felt

that the additional complexity required by a rigorous three-dimensional

approach is not warranted by the relatively secondary importance attached

to that dimension, The ellipses were therefore "fixed" at the mean

lightness/brightness level for each set of observations. No lightness/

brightness values were computed when the same stimulus was sometimes
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Viewing ° Surr, Stim, 1 Munsell
Condition & edm* | cam? B B | Value

re i 256 615 2.40 0.42

8 1 122 615 5.04 0.20

9 1 1 615 55.9 0.018

10 1 0 615 oo 0.0

19 10 256 68 0.27 3.76 6.7

20 10 122 68 0.56 1.79 7.8

21 10 "1 68 6.18 0.16

22 10 0 68 2 0.0

25* 1 256 68 0.27 3.76 6.7

26% fl 4122 68 0.56 1.79 | 7.8

27* 1 1" 68 6.18 0.16

28% 1 0 68 0.0

TABLE 11

Viewing Conditions used to Investigate the Effect

of Luminance Factor on Saturation

*) Main series (observers 1 - 7)

Natural pupil, binocular vision
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judged to have a "brightness" and at other times a "lightness".

This was taken to denote brightness equality with the surround.

4.2 Effect of Luminance Factor on Saturation

All seven observers participated in a series consisting of four

viewing conditions (v.c. 25, 26, 27, 28) whose primary aim was to

investigate the effect of reducing the luminance of the adapting surround

from a value almost four times greater than the stimulus, to zero.

Table 11 gives the parameters associated with this series, as well as

the other viewing conditions treated in this section.

In order to be able to perform an averaging process to cover the

whole of the portion of the 1976 CIE UCS space covered by the 30 stimuli,

lines joining points equal hue and saturation were produced for the

mean observer for each of the above viewing conditions. The mean

observer results are given in Figures 12 - 15. Lines of equal hue are

given for the four unique hues and four intermediate hues. Contours

of equal saturation are given in steps of 20 units of saturation, The

lines were produced by visual fitting of smoothed curves to interpolated

hue/saturation coordinates, This is a standard method of producing

such grids,

In order to investigate detailed changes in the shape of the grids,

it was decided to fit power functions relating 1976 CIE metric purity

to saturation, for the contours given in Figures 12 - 15. If a

Stevens—type power function is assumed, i.e,

Te:
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bee, Od. HEN fas tetas (oN)

We can fit a regression line

log $= a, (log Poy) sat HOw) are te. dosent seennee. (52)

The values of a, and log a, are given in Figure 16 for all four viewing

conditions, It should be noted that in only 3 of the 112 curve fits

was the correlation coefficient such that the probability of the results

arising by chance was greater than 0.05. In most cases the fits were

much better, typically with a 0.01 probability of the results being due

to chance, It was therefore decided that this was a valid method,

Data could also be extracted to show the change in shape of

saturation curves when the dominant wavelength was altered. This was

done for 3 purity levels: 1.0 (spectral saturation curve), 0.5 and

0.L, the values being obtained from the power function parameters in

Figure 14, The results are given in Figures 17 - 19. saa denotes

normalized saturation: the area uncer each curve in Figures 17 - 19

is the same, and thus only differences in shape arise, The dashed

lines A and B at 490 and 586 nm represent the intersections of the

Jameson-Hurvich chromatic response functions, The line labelled S in

Figure 17 is the spectral saturation curve for adaptation to an equal-

energy illuminant given in Jameson and Hurvich (1956). It will be

seen that the latter curve is a reasonably good fit to the "light

adapted" spectral saturation curves, especially for A >586 nm and

d» < 490 nm, There is a change in the shape of the curves as the
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purity is decreased with relatively much lower saturations evoked for

stimuli with , = 580 nm,

The third data analysis souglit to determine how saturation varies

with luminance factor, To this end, it was decided to use the \

saturations evoked in v.c, 26 as a "base-line", obtaining the ratio |

Srel. 
|

Srel = | (¥:C+ 25,27 or 28) Be vsei(53)
B(vcon 26) MP,

It can be seen that if Srel < 1 there has been a net decrease in

saturation, and if Srel > 1 there has been a net increase for that

value of Ag and pg. These results are shown in Figures 20-22,

It will be seen that in almost all cases there has been a net decrease

in. saturation compared to v.c. 26. The values of Srel » the

relative mean saturation:, are given in Table 12.

Viewing Surr’ Brel(pe = 1.0) [Srel(pe = 0.5) | Srel(pe = 0.1)
Condition | cdm

25/26 256/122 | 0.918 + 0.014 | 0.882 + 0.015 | 0.311 + 0.027

27/26 11/122 | 0.743 + 0.024 | 0.577 + 0.016 | 0.329 + 0,014

28/26 0/122 | 0.824 + 0.029 | 0.595 + 0.018 |0.293 + 0,014

TABLL 12

Average Relative Shifts in Saturation Compared to v.c. 26 -

luminance Factor Series

Chg = Cited ms 51 field, opsati= 7)
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Figure 23, Relative changes in saturation compared
with viewing condition 26, luminance factor series
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Figure 24. Changes in absolute saturation for
luminance factor series
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Figure 23 shows these values displayed visually, for the three

purity levels, It will be seen that there is a maximum in the

1
saturation-luminance factor function near a value of 4 m2, ive.

B =0.5.

Finally, we may obtain the variation in absolute saturation.

Since

(Sips) O+PoB
(Srea) dP,» Caesives vaeeepe el cod)

i
Pe»

where

f d=700
a8 = (s ) een:

Bo 2 he40O SPE a EAR SVB Peeteeh aes 5255)

we can see that the value of the integral I PerB can give the
ae

average saturation for that viewing condition and purity. Figure 24

shows this variable, Table 13 gives the numerical values. Again

the peak at about 8B = 0.5 is quite apparent for all three purity

levels,

Ce 1 —— — fecha
Viewing Surr’ |Sabs(pe = 1.0)| Sabs(pe = 0.5} Sabs(pe = 0.1)
Condition cdm

25 256 112.1 + 4.5 1533 £309 27.7 + 241

26 122 121.3 44.0 | 82.7 + 3.7 34.1 + 2.5

27 1 90.3 + 3.5 47.9 4 2.6 12.0 + 1.1

28 0 00.4 + 4.6 49.8 + 2.9 10.4 + 0.9

TABLE 1

Average Absolute Saturation Values Showing Effect

of Varying Luminance Factor, 1” Field

Coa 7 = 68 ed m*, 1°field, obs 1-7 )
stim
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All the above discussion referred to the main "luminance factor"

series, for v.c. 25-28. All seven observers participated. I+ should

be noted that individual responses are not given because the nature of

the saturation normalization process is such that individual differences

are removed, Observer consistency will be discussed in Section 4.4.

Several other investigations were carried out with three, or

fewer, observers participating. One was a repetition of the above

series using a 10° stimulus instead of the 1° stimlus (v.c.19, 20, 21

and 22; observers 3, 5 and 7). Here hue/saturation grids were deemed

unnecessary. Instead, saturations alone were compared by performing

a linear regression of saturations in v.c. 20 against 19, 21 and 22,

as shown in equation (56)

S(v.c. 19,21 or 22) = TM5(vic a0) + ° Syucgdoaae (56)

Values of m and c were obtained by linear regression, and this enabled

saturation changes to be monitored. Figure 25 shows the results

obtained, It should be noticed that there is no evidence of a peak

around B = 0.5 for the 10° stimulus, unlike the +2 stimulus,

Table 14 gives details of the linear regression, © S50 and S100 refer

to estimates of the saturations of stimuli in the other viewing

condition compared to stimuli having saturations of 50 and 100

respectively in the reference viewing condition (in this case v.c. 20).
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Viewing A eee? 2
Condition| 43 p72 n ce xr $50 | s100 | °S

19/20 256/122 1.03040.060] -0.4144.56 |0.913] 51.07 | 102.56 7.46

21/20 11/122] 1,08940.049| -23.1143.74]0.946 | 31.35| 85.80 | 6.12

22/20 0/122} 0.778+0.045| -5.2143.42 |0.914| 33.70 | 72.61 | 5.60

TABLE 14

Effect of Luminance Factor 10 ° Field

2( Liggpto8ed m~, 10°, obs 3,547 )

Another series was performed for the same surround luminances but

a mach higher stimulus luminance of 615 cam, for observers 1, 6 and 7

(v.c. 7, 8, 9, 10). The results are shown in Figure 26, ‘Table 15

gives details of the linear repression operation here, Here, again,

there is no indication of a maximum, Rather, there is a strong

indication that chromatic stimli having a luminance higher than their

surround are still affected by changes in surround luminance.

Viewing ae ’
Condition} .4".=2} —m c r’ | s20 | s50 | stoo | °s

7/8 — |256/122}1.10740.051| 0.6312.98 |0.945|22.78 |56.00/111.3717.68

9/8 11/122 |0,839+0.034]0.4641.97 |0.957|17.25 (42.44|84.41 [5.08

10/8 0/122 |0,86740.052|-2.7143.07]0.907 |14.63140.64|83.98 | 7.93

TABLE 15

Effect of Luminance Factor 1° Field

( tines es Bey obs 1,6,7 )
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By comparing the saturations in v.c. 10 and 28 it is possible

to find how an increase in the stimulus luminance from 68 to 615 odmTM*

with a dark surround affects saturation. Figure 27 shows this (top

graph), as well as a comparison of v.c. 9 and v.c. 27 (with a surround

luminence of 11 cam), Table 16 lists the numerical values, It will

be noticed that in both cases the saturation is significantly higher

when the stimulus is at a lower luminance,

Viewing} 4 aetna 2 OnCondit-| soa m4 m ° r 820 | S50 | s100 S
ion he

10/28 | 0|615/68]/0.83440.041 |0.7742.35 |0.937 117.45 |42.48|84.20 16.53

9/27 |11|615/68 0.76140.029 3.051 .78 |0.962 |18.28|41.13|79.20 |4.81

TABLE 16

Effect of Stimulus Luminance with Dark/Dim Surround 1° Field

(obs. 1, 65 7)

Finally, it is possible to obtain data on the "effectiveness"

of surround luminance in affecting saturation for four field sizes

(10°, 2°, 1° and 1/6°). Figure 28 represents average saturation shifts

for a 122 od surround and stimuli having luminances of 615 oan”

and 68 cau respectively, The mean standard error on each data point

is also shown, It should be hoticed that the 1° stimulus is most

affected by the change in surround luminance, with all other stimuli

being affected to a lesser extent. Table 17 gives the results of the

linear regression,
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Viewing 1 °

Gondition | $*'@2] @ | e r* |s50 | s100 §

2/20 615/68 | 10° | 1.125 | -25.90 | 0.925] 30.29| 86.47 | 9.59

6/23 615/68 | 2° | 1.252} -17.75 | 0.849-| 44.87 1107.50 | 12.57

8/26 615/68] 1° | 0.851 | -26.43 | 0.701 | 16.10 | 58.64 | 15.65

11/29 615/68 | 1/6°| 1.041 | -17.21 | 0.846 | 34.83 | 86.86 | 9.65

TABLE 17

Effect of Luminance Factor, for Different Values

of Stimulus Subtense

(lyre = 122 cd mTM, obs 1,6,7 )

In conclusion, we can point out the most important findings

within this section. It has been shown that the relative spectral

saturation curve (Figure 17) has two basic shapes: one, with a lower

response around 700 nm and a higher one at 520 nm, for conditions of

light-adaptation, and another (higher at 700 nm and lower at 520 nm)

for dark adaptation, The light-adapted curve shows a reasonable

goodness of fit to the Jameson-lurvich theoretical spectral saturation

curve, It has also been shown that saturation is at a maximum when

the luminance factor B is approximately 0.5. This lies close to

the no-grey-content condition, It has also been shown (Figure 28)

that the effect of the surround seems to be greatest for ts stimli.

10° stimuli show a mich reduced dependence on surround luminance

(Figure 25), and it is also evident that the surround still has a small

effect on the saturation of stimuli much brighter than the surround

(Figure 26). For dark surrounds, it has been shown that if the

stimulus luminance is increased, saturation is lowered (Figure 27).
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A discussion of the implications of these results will be found

in Section 5. It is not proposed to analyse the lightness/brightness

data, since the effect of luminance factor on brightness is better

documented, Treatment of hue variation will be found in Section 4.3.

4.3 Effect of Stimulus Subtense on Appearance

The second main objective in the experimental investigation was

the study of the effect which variations in the angular subtense of

the chromatic test stimuli has on colour appearance, Table 18 gives

details of the viewing condition parameters.

The "main series" in this case consisted of four viewing

conditions (v.c. 20, 23, 26, 29), These all had eae 68 cam",
2= 122 cdm ©, and the subtense of the test stimulus was 10cy 2,al

surr

1° and 1/6° respectively. The data were analysed in the same manner

as the luminance factor data analysis described in Section 4.2. Firstly,

loci of constant hue and saturation (for the mean observer) are given

in Figures 29-32, (Note that Figure 31 and Figure 13 are identical;

the figure is reproduced here for convenience).

Secondly, power functions were fitted according to equations 51

and 52. The values of a, and log a, are given in Figure 33, A
A

comparison with Figure 16 reveals that there is comparatively less

variation in the exponent a, but considerably more variation between
4

viewing conditions of the log. multiplier log ao.

Furthermore, the same treatment could be applied as in Section 4.2,

134



39)

V.c. a | Surr cam” Stim_, B ie Munsell
edm B Value

5 on 256 615 2.40 0.42

7 12 256° 615 2.40 0.42

2 10° 122 615 5.04 0.20

6 2° 122 615 5.04 0.20

8 he 122 615 5.04 0.20

1 1/6° 122 615 5.04 0.20

19 10° 256 68 0.27 3.76 6.7

25 12 256 68 0.27 3.76 6.7

20% 10° 122 68 0.56 1.79 7.8

23% A 122 68 0.56 1.79 7.8

26% te 122 68 0.56 1.79 7.8

29* 1/6° 122 68 0.56 1.79 7.8

24 10° "1 68 6.18 0.16

24 oo 1 68 6.18 0.16

27 ae 1 68 6.18 0.16

32 10° 122 18 0.15 6.78 4.5

33 2° 122 18 0.15 6.78 4.5

34 1 122 18 0.15 6.78 4.5

1/6° 122 18 0.15 6.78 4.5

TABLE 18

Stimulus Subtense Vicowiny; Conditions

* Main series (observers 1 - 7)
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Figures 17-19, to give the change in shape of normalized saturation curves

for 3 purity values: 1.0, 0.5 and 0.1. These results are given in

Figures 34-36.

Finally, Figures 37-39 show the relative change of saturation in

vec. 20, 23 and 29 respectively compared to v.c. 26 (the 1° stimulus).

This is the same treatment as Figure 20-22. It will be seen that, in

each case, the saturations of the stimuli presented in the form of a

1° field is higher than when the stimuli have a larger (2° or 10°) or

smaller (1/6°) subtense, ‘Thére is less variation between the behaviour

of stimuli of varying purity than there is when luminance factor, not

subtense, is the overall variable. Figure 40 shows the mean values

of the relative saturations. The maximum at 1° is readily apparent

(note: the abscissa on this graph is log angular subtense), ‘Table 19

gives the average values of Srel which form the data points in this

graph.

Viewing a?

Condition Srel(pe = 1.0) Srel(pe = 0.5) |Srel(pe = 0.1)

20/26 10/1 0.874 + 0.015 | 0.855 + 0.013 | 0.828 + 0.027

23/26 ast 0.814 + 0.017 | 0.787 + 0.011 | 0.743 + 0.034

29/26 1/6/1 0.738 + 0.021 | 0.664 + 0.016 | 0.530 + 0.026

(er
stin

TABLE 19

Average Relative Shifts in Satuvation Compared to v.c. 26 -

Subtense Series

=68 cd Bee i

148

surr
=122 cd m“, obs 1-7)
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It is also possible to obtain an indication of the change in absolute

values of saturation when the subtense of the stimulus is varied, for

the three purity levels. Figure 41 shows these (c.f. Figure 24 for

luminance series), Table 20 gives the numerical values of Sabs,

Viewing CS Flees ey, ig
Condition 2 Sabs(pe = 1.0) Babs(pe = 0.5)| Sabs(pe = 0.1)

20 10 104.8 + 2.8 69.4 + 2.8 27.9 + 2.1

23 2 97-7 42.4] 63.94 2.6 | 25.6 + 2.3

26 1 121.344.0] 82.7.4 3.7 | 34.14 2.5

29 1/6 90.444.2] 54.74 2.7 | 17.3 41.1

TABLE 20

Average Absolute Saturation Values Showing Effect of
Varying Stimulus Subtense

68 cd mTM, 1, =122 cd m “,obs 1-7 )

It is evident that the data of the main "subtense"series display

a tendency to maximise saturation for the 1° stimulus, All seven

observers participated in the main series, It was decided to investigate

whether (a) the same effect is present for the data of observers hen

and 7 and 3, 5 and 7, and (b) to see whether it could be detected for

other series of related colours in the experimental schedule.

Figure 42 shows the values of m (see equation 56) corresponding

to (a) the series v.c. 20, 23, 26 and 29, observers 1 - 7; (d) the

same series for observers 1, 6 and 7; (c) the series of unrelated

colours v.c, 2, 6, 8 and 11 for observers 1, 6 and 7; and (d) the
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Viewing 2
Condit- & n c r’ $20 | S50 | S100 os
ion

20/26 | 10/4 | 0.936+0.067|-3.5845.44] 0.876 |15.14| 43.22] 90.03] 8.18

23/26 | 2/1 | 0.804+0.042| 2.2243.44] 0.929]18. 30] 42.41] 82.60] 5.17

29/26 | 1/6/1| 0.749+0.075|-4.89+6.09] 0.782 |10.08] 32.55] 69.99] 9.16

TABLE 21

Effect of Subtense, Main Series

C1 pq268 cd mTM*, Loyryt22 cd m*, obs 1-7 )

20/26 | 10/1 | 0.972+0.081 |-12.89+7.80| 0.836] 6.55] 35.70] 84.29/2.13

23/26 | 2/1 | 0.785+0.059|-9.9145.68]0.862| 5.79}29.34| 68.58] 8.84

29/26 | 1/6/1] 0.68440.067 |-3. 3446.43] 0.78810. 35] 30.87| 65.07|D.01

TABLE 22

Effect of Subtense, Main Series

C44 ,n68 ed mi-, Lorre 122 cd mTM*, obs 1,6,7 )

2/8 | 10/4 | 1.144+0.058} 1.9043. 35| 0.934 124.78) 59.09|1%.28] 6.98

6/8 2/1 | 1.11540.035| 2.48+2.07]0.973|24.78 58.23}11 3.99] 5.35

11/8 | 1/6/1| 0.830+0.041] 1.8012.44| 0.935 |18.40] 43.30] 84.80] 6.28

TABLE 23

Effect of Subtense

( Lit imnOtd ed mV eye l22 cd m“,obs 1,6,7)

21/27 | 10/1 | 1.01640.051] 1.3342.98]0.935 |21.64] 54.11] 102.88) 6.71

24/27 2/1 | 1.02440.041} 1.95+2.42|0.957 [22.43] 53.14|104 34 5.45

TABLE 24

Effect of Subtense

(1, 4 pq268 a ney Logprttted ui, obs 3,5,7)

20/26 | 10/1 | 0.93040.076 |-5.8146.59] 0.844 |12.79] 40.68] 87.18] 9.28
23/26 | 2/1 | 0.71440.043] 8.6643.76]0.907 22.93] 44.34] 80.02] 5.29

29/26 1/6/1} 0.77240.060|-~16. 8145.27] 0.854 |-1.37] 21.80] 60.40] 7.42

TABLE 25

Effect of Subtense

(2g pm208 08 my ep t22 ed m7*, obs 3,5,)
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series of unrelated colours of v.c. 21, 24 and 27 for observers 3, 5

and 7. Figure 43 gives absolute saturation values for the "main

subtense" series for observers 3, 5 and 7 (since in this case the

constant c in equation 56 had non-zero values). The corresponding

numerical data are given in Tables 21-25,

Figure 44 shows (a) the series v.c. 32, 33, 34 and 35, observer

7, in which the stimli all appeared darker than the surround; (b)

@ comparison of v.c, 19 and 25, for observers 3, 5 and 7; and (c)

a comparison of v.c. 5 and 7, observer 7. Again, graph (a) exhibits

a marked peak at 1°, The numerical data are given in Tables 26-28,

Viewing

Condit- | a® nm c r? | s20 |s50 | s100| os
ion

32/34 |10/1 | 0.68340.039| 9.3443.38/0.917 P3.00 [43.50177.66| 9.18

33/34 2/1 | 0.63940.047 |10.9644.10 10.868 23.74 [42.90] 74.85 [11.13
35/34 |1/6/1} 0.49140.038] 9.2243.33 0.854 119.05 |33.79|58.35] 9.05

TABLE 26

Effect of Subtense

prle2 ed nm, observer 7 )2

( retin oc meas aan

5/7 | 2/1 | 0.76140.039 10.0042.65 0.931 P5.21 |18.02] 86.05] 7.75

TABLE 2

Effect of Subtense
-2 Ei] < ,

( Le tamtO1d ed m“, doyrr=256 cd m“, observer 7 )

10/1 | 19/25 | 0.850+0.060 | 7.5644.96 |0.879 24.57|50.011 92.59| 8.79

TABLE 28

Effect of Subtense

( ljgapn68 ed m°, 1) =256 cam, obs. 35557 )sti surr
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Figure 44, Changes in absolute saturation with subtense
for various luminance factors

C

60

stim 68cd nf2

surr 122ed m2
obs 147

50 s

-1.0 0.0 1.0 log o¢

Figure 45. Changes in mean lightness values
for subtense series

153



In view of the maximum saturation occurring for ic stimuli, it

was decided to investigate the effect of subtense on lightness, for

the "main" subtense series of v.c. 20, 23, 26 and 29, Some of the

stimuli presented in these viewing conditions appeared to be brighter

than the surround, however, in viewing conditions 20, 23 and 26 stimuli

4, 9, 10, 13, 19, 23, 24, 26, 28 and 29 were judged by all seven

observers to be darker than the surround, i.e, all observers assigned

only lightness values to the brightness dimension of these stimuli.

In viewing condition 29 stimuli 4, 9, 10, 11, 19, 23, 24 and 26 were

given lightness values, It was decided to take arithmetic means of

the lightness values of the above stimuli in each viewing condition.

These are given in Table 29 and shown in Figure 45. It is not strictly

possible to compare directly the extreme left-hand point( a = 1/6°)

with the others because the mean lightness is computed from a different

stimulus group; however, the other three points are based on the same

stimulus groups and a valid comparison may therefore be made between

them. It will be seen that lightness is minimum for the 1° stimulus.

T (10°) E(@°) a de) T (1/6°)

62.90 + 1.69 55.63 + 1.51 52.98 + 1.69 54.75 + 1.29

TABLE 29

Mean Lightness Values, Main Subtense Series

(obs. 1 - 7)

Finally, variations in hue should be considered. Figure 46

shows the effect of subtense (top graphs) and luminance factor (bottom
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graph) on the positions of seven of the eight lines of constant hue

(the 50R - 50B line being omitted because insufficient data existed to

permit extrapolation to the spectrum locus). Table 30 gives the

wavelengths in nm at which the lines of constant hue cross the

spectrum locus for v.c. 20, 23, 25, 26, 27 and 28,

Hue d (ve20) d (ve23) d (ve25) d (ve26) d(ve27)| A (vo28)

100R -495 -495 -495 -A95 -495 -495

5OR 50Y 595 592 594 588 598 600

100Y 582 580 584 581 581 582

50Y 50G 570 571 575 572 566 570

100G 508 509 506 506 506 506

50G 50B 490 490 490 489 493 489

1008 A73 an a76 475 472 475

TABLE 30

Wavelengths in nm Hliciting Given Jlue Responses in Six

of the Main Viewing Conditions

(obs 1 - 7)

The lines marked A, B and C represent the Hurvich and Jameson (1955)

hue-invariant wavelength predictions of 475, 500 and 580 nm, It will

be seen that variations in stimulus subtense have very little, if any,

effect on hue; variations in B do affect hue, but the "unique" hues

(100B, 100G, 100Y and 100R) show rather less variation than intermediate

hues,
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4.4 Small-Pield Data

The data reported in this section all concern the smallest stimulus,

which subtended 0,42 arcmin, i.e. less than the subtense required for

resolution by the normal unaided human eye (according to the Rayleigh

criterion),

A note is required about the units used to measure the amount of

light emitted by such point sources. The "luminance" of each stimulus

will be given in "cam", This should not be taken literally, but

should mean thet neutral point stimuli all appeared indistinguishable

from a neutral surround having that given luminance. Whatever units

of measurement are used, the rating between the numbers of units in

different viewing conditions are preserved by this scheme, ‘The

conversion factor of luminance to point brilliance in lumens ne is

1617. x 41078 iumens m* = 1 cam for the viewing geometry used here,

Table 31 gives details of the viewing conditions considered in

this section. Figures 47-51 show lines of constant saturation for all

five viewing conditions, It was found that these lines could be drawn

quite precisely; however, there were only two hues distinguishable:

stimuli either elicited hues in the red-yellow quadrant of the hue

circle, or in the blue-green quadrant, Thus, the dashed dividing

line marked "0" in Figures 47-51 marks the transition from one hue type

to the other, The other dashed lines represent tritanopic confusion

loci from Wright (1952). ‘here is apparent general agreement between

the directions of these and the directions of loci of constant

saturation.
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Viewing re 1 Point brilliance,
Condition Surr Son se Stim camTM= px B x | lumens m

13 1 615 5549 0.018 | 7.20x107°

15 1 258 23.5 0.043, 3.02x1076

18 an 128 11.6 0.086 1450x1076

30 rh 68 6.18 | 0.16 | 7.97x1077

1 0 68 0 7.97x107"

TABLE 31

Small-Pield_ (0,42 arcmin stimulus) Viewing Conditions

*) See text for explanation of units.

It seems that the concept of "hue" in this series is of limited

use to observers, but "saturation" is scaled reasonably consistently.

It was decided to investigate how the saturation varied as the stimli

got dimmer, and for a surround luminance of 11 can (i.e. vec. 13,

15 and 18,observers 2, 5 and 7). Figure 52 shows how saturation varied

as the brightness of the stimli relative to the surround was reduced.

Table 32 gives details of the linear regression analysis. There are

three groups of graphs in Figure 52. The top graphs represent overall

changes in saturation. The bottom two groups show changes in saturation

for the "red-yellow" and "green—blue" stimuli respectively. In all

cases, it can be seen that saturation decreases as the stimuli become

dimmer, Finally, the stimuli begin to appear neutral, and then disappear

altogether,
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Viewing | Point 2

Condit- | Brillianc, n e r $20 | 850 os
ion lumens m7 —6

x10

18/13 | 1.5/7.2 0.62340.051 | 4.5341 .97|0.844 |16.99] 35.67 |6.14

15/13 | 3.02/7.2 0.77540.038] 2.8441 .48/0.937 |18. 33] 41.50 14.62

18/454), 1125/72 0,65240.036| 6.8841 .61 0.960 |19.91| 39.46 13.71
orange

18/13, 1.5/7.2 0. 32240.071|8.55+2.15 10.630 |14.99|24.67 |3.90

15/13 | 3.02/7.2 0.76040.036| 6.0441 .61 |0.970 |21.24]44.04 [3.71
“orange

15/13 3.02/7.2 0.67740.061 | 2.3941 .83 |0.912 |15.93]36.23 [3.32
“eyan"

TABLE 32

Effect of Stimulus Brilliance

(obs. 2, 5, 7) 0.42 arcmin field)

there is also evidence that the errors in both hue and saturation

inerease as the stimlus brightness (and also saturation) decreases,

Table 33 gives the mean values of ea and AH for v.c. 13, 15, 18 and

30, as well as v.c. 31. It is appakeht ey the errors, and thus also
the extent of chromaticity confusions, are lowest in v.c. 31 and 13

(highest stimulus brightness) and highest in v.c. 30 (lowest stimulus

brightness).
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Viewing Mean AS Mean AH

Condition S H

13 16% 3.1%

15: 32% 4.3%

18 27% 3.8%

30 12% 5.1%

34 19% 2.8%

TABLE 33

Mean Observer Errors in Saturation and Hue, For Small-Field
Viewing Conditions

However, when individual observer data are examined, it can be seen

that there is considerable variation between observers in terms of

individual errors, The data for all five observers are given in

Table 34,

Observer 2 3 4 5 7 ~+|Average

AS 2055 6.496 2895 5.3% 12% 209%
8

All 1.4% 1.35% 2.695 0.8% 2.5% 2.69%
H

TABLE,

Individual Observer Saturation and Hue Errors, Small-Field Data,

and Mean Observer lrrors
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4.5 Variability of Scaled Values and Observer Consistency

The purpose of this section is to record the magnitudes of errors

on the hue and saturation estimates of individual observers. Only

data from the two "main series" will be considered here (v.c. 20, 23,

25, 26, 27 and 28) since it was only in these viewing conditions that

all seven observers participated; v.c. 29 is omitted since the stimulus

appearance here was subject to tritanopic confusions,

Table 10 gives the average errors in hue and saturation for each

observer, and for the mean observer. Table 35 gives the data from

which these values were computed, It should be noted that the mean

error (in % ) of the mean observer is IAs: = 7.67 + 0.74, AH = 1,00 +

0.03. This may be compared with the ne error, in %, of ae individual
observers, Here we have AS = 7,26 + 0.77, AH=1.1140,09, It

is readily apparent that wea is no SipSrscerd difference between
these values, This means that there was acceptable agreement in the

hue scaling of different observers, The same cannot be said for

saturation, since the normalization procedure reduced all values to a

common mean,

In order to test saturation scale consistency, it is necessary

to consider the constancy of exponents used in the normalization

procedure (see Section 4.1). Table 36 gives the exponents generated

by all seven observers in the six "main" viewing conditions (the only ones

in which all seven observers participated). It is necessary to test

the assumption that the observers were consistent in their scale
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production (i.e. the exponent for each observer remains approximately

constant). ‘The simplest way of testing this assumption is a one~

way analysis of variance on the exponents in Table 36. Such an

analysis of variance gives an F-value (variance ratio) of 9.57 (ny= 6,

n= 35). This means that p < 0,001 that the individual observer

exponents come from the same parent distribution (F 6,35,0.001 = 4.9).

This constitutes very powerful evidence that the within-obsezrver

variability was much less than the between-observer variability.

In consequence, the validity of the saturation estimates for these

viewing conditions has been established.

Obs.| 1 | 2 3 4 5 6 7 Average

AS | 5.3 5.9 4.4 6.5 4.7 367 505 6.8 vec.
5

AH|1.2] 1.0 | 0.8 | 0.9] 0.7 | 1.4 | 1.0] 1.0. 20
H

AS |10.0] 8.4 | 3.3 | 9.6 | 3.7 | 6.7 | 2.9] 11.0 we.

AH]1.3] 144 | 0.7 | 1.1 | 05 | 1.4 | 0.9] 1.1 23
H

AS] 8.0} 2.5 | 5.5 | 9.0] 3.8 | 7.9 [11.0] 6.4 vic
S

AH] 1.4] 1.1 | 08 | 1.4] 05 | 1.4 | 1.2] 0.9 25
H

BST 1S OA”:| 5-21 as0p det | eaeT etio =| Sailer:
S

AH}1.0 | 1.4 | 0.8 | 1.2] 0.8 | 0.8 | 0.7 | 1.0. 26
H

is [14,0 | 12:0: |' 6.4 | “6x8 1? 5.601" 8.9" |\ 6.4 | 616 ava

az] 18 | 1.4 | 42 | 15] 1.3 | 100 | 1.4] 1.0 27
a

ABUI5.0 | 9612/2429" | 41s01| yes) | aesBulutery |v tents wie,
S

AH /447] 1.0 | 1.0 | 4.8]+0.7 | 1.6 | 1.1] 1.0 20
H

AS)q 9.57] 8.68] 4.95] 9.65] 5.00] 6.78| 6.17] 7.6740.74
5 4 ane

Au) 1.40] 1.12 | 0.88] 1.32} 0.75] 1.22] 1.05] 1.0040.03 Jconditi tions
Hoy

TABLE 35,

Individual and Mean Observer Standard Errors (in 9%), Main Series
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Observer 1 2 3 4 5 6 i

1.100] 1.014] 1.492] 0.962] 1.137] 0.537] 0.737 | v.c.20

1.323] 1.005] 1.046] 0.934] 0.947] 0.670] 0.571 | v.c.23

1.158] 0.948] 1.015) 1.001] 1.421) 0.810] 0,905 | v.c.25

S 1,076] 1.001] 1.067] 1.014] 0.958] 0.757] 0.886 | v.c.26
es

Ss i 1.143] 0.906] 1.120] 0.993] 0.978] 0.690] 0.940 | v.c.27
= &

Soo 1.212] 1.205] 1.221] 0.711| 0.793] 0.716] 0.678 | v.c.28
Ox

ow

1.169] 1.013] 1.160] 0.936] 1.039] 0.697] 0.786

TABLE 36

Saturation Exponents used in Data Normalization Procedure, for each

Observer and Viewing Condition in the "Main Series"
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De DISCUSSION

The purpose of Section 4 was to give the main experimental

results with the minimum of comment, so that the overall picture could

be presented before any conclusions were drawn, either detailed or

general, The purpose of this section is to act as a guide through

the results given in Section 4, explaining their meanings, possible

causes, and placing them in context with respect to other work in the

field,

The first topic for discussion is the effect which luminance

factor has on saturation. The results in Section 4.2 are in general

agreement with the work of previous investigations, such as Rowe (1972),

Pitt and Winter (1974), Bartleson (1973). A colour with a dark

surround (e.g. in v.c. 27 and 28) is seen as having a lower saturation

than that same stimulus with a light surround (in v.c. 25 and 26).

Additionally, Bartleson (1977) found that saturation increases steadily

as the Mmsell value (i.e. lightness) of a related colour is increased

between value 3 and value 7. The two "related" viewing conditions in

the present investigation corresponded to value 6.7 and value 7.8.

It was therefore expected that there would be an increase in saturation

from v.c. 25 to v.c. 26; this was indeed found to be the case, as shown

in Figures 22 and 23,

The stimulus therefore has a maximum value of saturation near a

brightness-match point with the surround. There is nothing unexpected

about this; Evans and Swenholt (1959) suggested a similar behaviour
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for the saturation function, What is of more interest is the

dependence of this effect on the purity of the stimulus. This is

illustrated well in Figure 16. The value of a4,the exponent in a

Stevens-type power function, see liquation (51), is seen to depend very

strongly on whether the eye is basically light-adapted (v.c. 25 and 26)

or dark-adapted (v.c, 27 and 28). There is considerably less

variation in the value of log ag. This will be seen more readily if

a comparison is made with Figure 33, which shows the effect of subtense

on log ao and a Here, there is much less variation in ay and more4°

in ao.

Now, for low values of pe in Equation (51), changes in a, have

much more effect on the value of S than changes in Age However, at

a purity of 1.0, S is independent of aye Changes in a, therefore

represent high-purity stimulus behaviour, and changes in a, show what

happens to low-purity stimli, Changes in adaptation-level thus

affect low-purity stimuli considerably, especially changes from light

to dark adaptation, This is clearly the case in Vigure 20 and 21.

Values of Srel for pe = 0,1 are reduced much more than the corresponding

values of Srel for pe = 1.0 stimuli. This effect is diminished, if

not totally absent, in Figure 22, ‘Thus, at high adaptation levels,

the effect of surround luminance is spread more equally between high-

and low-purity stimuli, This is also apparent in Figure 23; the

spread of the points at the highest value of A (highest surround

luminance) is least.

We cannot therefore conclude that changing surround luminance
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always affects low-purity stimuli more than high-purity ones. ‘This

is true if the surround is changed from dark to light, as in most of

the studies referred to earlier; however, if surround luminance is

changed from a high value to an even higher one, as in Figure 22,

thus differential effect either disappears, or becomes less pronounced,

It is at this stage that it begins to be useful to question the

traditional concept of "stimulus" and "surround", Traditionally, the

visual "stimlus" area has been assumed to correspond to a (physically)

uniform region of the visual field, and the surround comprised the

immediate vicinity of that region, and was measurably different from

the stimulus field, This has formed a useful working basis for visual

studies, but the limitations of such a scheme become apparent when

we try to explain variations in "surround effect" as the "stimulus

subtense" is altered. For example, we see from Figure 25 that the

"surround" has much less effect on the 10° "stimulus" than it does on

the 1° "stimulus", We can argue here that the 10° stimulus appears non-

uniform, but this makes the condition of physical uniformity of the

stimulus area appear redundant. Additionally, we can postulate variable

"range effects" for the surround, e.g. that the "surround" is incapable

of affecting significantly the appearance of a chromatic field point

separated by more than, say ,3° from it, However, from this can

emerge a more useful "definition" of what constitutes a "stimulus" and

"surround", We can say that the "stimulus" is the largest region of

the visual field in which physical uniformity is matched by subjective

uniformity; a corollary of this is the assertion thet any "surround"

(adjacent area of the visual field) will affect the "stimlus" in a way
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which will preserve uniformity of appearance of the latter: uniform

action-at-a-distance,

It seems, from the present study, that the optimal size for such

a stimulus designation is a 1° or slightly smaller field. This

corresponds closely to the extent of the rod-free foveola in the

human retina; it is a size over which the surround effect is optimized

(for additional evidence, see the discussion on the effect of subtense,

below; or see Figure 28); it corresponds to a typical "chromatic

cell" receptive-field size, see De Valois and De Valois (1975).

Wiesel and Hubel (1966) give a typical r.f. size of 4° for type I

(spatial/spectral) opponent cells, The present study allows no

distinction to be made between $° and 1° fields; the optimum stimulus

size could lie anywhere between 2° and 4°5

We have to consider the effect of (a) decreasing, and (b)

increasing, the size of the (physically uniform) "stimulus field",

If the size of the "stimulus" is decreased significantly, we can begin

to expect the reversal of classical contrast, since there will be an

attempt to impose visual uniformity on a physically nonuniform visual

field. Hence, we may expect the kind of "assimilation" or "spreading

effect" reported by Helson and Rholes (1959) and others. An achromatic

field element will take on an appearance more similar to that of its

immediate vicinity; a chromatic field element will appear more similar

to its (usually achromatic) surround, i.e. its saturation will become

lower.
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If the"stimlus" size is increased beyond Aes say to Bo. we may

be justified in considering the central 1° to represent the "true"

stimlus (satisfying the criterion of uniformity and surround dependence)

and the 1° annulus to constitute a "surround", If we may assume that

there is a degree of spatial opponency in colour-sensitive receptors,

as in Wiesel and Hubel (1966) Type I cells, we would expect the

saturation of the central portion to be reduced by the chromatic

surround, and hence also expect the net result of desaturation of

the centre compared to the 1° case, if the latter had been affected by

a light surround. This last condition is important, since we can

still claim that the lightness induction has been determined by the

light surround. This is only true if the adjective "light" is taken

to mean "significantly lighter than the stimulus",

If the surround is "dark" we may expect a different behaviour,

Reducing the stimulus size to much less than 1° will still reduce

saturation, However, increasing stimulus size to 2° leads to a more

complicated situation, On the one hand, the spatial/spectral opponency

would tend to reduce the saturation of the central 1°; however, the

extra "surround" may be expected to be more effective at raising the

lightness induction level and thus te lng the central 1° appear more
saturated again, For a 10° field, this happens to an even greater

extent, The lightness induction level is largely determined by

control over activation of the achromatic channel. A chromatic field

in the near periphery may contribute more to achromatic than chromatic

activity. This has been suggested to be the case for 10° fields,

Palmer (1978). For field sizes greater than 10°, it is possible that
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there exists a different saturation-affecting mechanism, which may

lead to an eventual decrease in saturation, of the kind reported by

Burnham(1952), Too little is known about the properties of long-

range retinal interactions to enable definite predictions to be made

about possible mechanisms underlying this kind of effect. It is

reasonable to suppose that there is a mechanism which is responsible

for constancy of colour and brightness of large fields, which would

otherwise appear very nonuniform, Such a constancy would almost

certainly be expected to "desaturate" a large field which is centrally

fixated. This is obviously not a physiological explanation; it is

little more than a reiteration of the original problem, However, it

may provide an insight into the kind of possible mechanism which would

produce such a constancy.

For field sizes less than 10¢3 the scheme reported here predicts

qualitatively the changes in appearance which should be apparent when

the physical stimulus size is varied - and these predictions have been

made solely on the assumption that the "truc" stimulus field size may

be considered to subtend approximately 1°. The verity of this

assumption may be further tested by an interpretation of other

experimental data provided by the present study. In particular, the

assumption of maximum saturation of stimuli subtending 1° if the surround

is light, is readily testable, It is readily apparent from Figures

35-39 that this is indeed the case, ‘The saturations of stimuli

presented in v.c. 26 (a 1° field with B = 0.56) are consistently

higher than the saturations attributed to the same stimuli when the

latter subtended 10° (v.c. 20), 2° (v.c. 23) and 1/6° (v.c. 29).
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Furthermore, it can be seen from Figure 33 and Figure 40 that this

saturation shift is not critically dependent on the purity of the

stimulus, In Figure 33, there is little dependence of a, on

stimulus subtense (c.f, Figure 16, where large variations in ay with

luminance factor were found), In Figure 40, there is only a small

dependence of Srel on pe (c.f. Figure 23). In Figure 23, only the

points for a high level of % (i.e. low B , light surround) are

close together, Thus, we find again that induction level controls

the properties of the saturation shift, In the "subtense" series of

viewing conditions, the stimuli are all seen at the same (high)

adaptation level (to a first approximation), and the shift is largely

in ap, not aye

Figures 42-44 serve as additional confirmatory evidence for the

kind of behaviour expected to be caused by changes in stimulus subtense.

We find that the 1° peak" is only present when the surround is lighter

than the stimalus, Otherwise, there is a slow upward trend of the

saturation function from 1/6° to 10°; with no apparent "peak",

Finally, Figure 45 shows the effect of stimlus subtense on mean,

lightness, If we postulate that the 1° field is most susceptible to

surround induction, we would expect, and indeed find, the lightness

function to have a minimum at 1°, In fairness, it ought to be pointed

out that the change in mean lightness from 1° to 2° is less than the

aa from 2° to 10°; this is in contrast to the behaviour of

saturation, However, this shows how brightness is increased for large

field sizes; presumably, this does serve to raise the general
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adaptation level and can explain the increase in saturation found

between 2° and A0re

To summarize: it has been shown that a 1° field is optimally

affected by luminance induction from a surround; that the saturation

of such a field at first increases with induction (when the surround

is changed from dark to light) and then decreases again (as the surround

gets lighter still, and induces "greyness" into the chromatic stimulus).

The first stage (dark - light surround) affects low purity colours

more than high purity ones; the second stage affects all colours

approximately to the same extent. It has been shown that the marked

"subtense" effect (the dependence of saturation on stimulus subtense)

ean be explained by considering the central 1° of the visual field as

the effective stimulus, with the rest of the stimulus providing

chromatic contrast or luminance induction,

It is tempting to propose a "model" to explain the behaviour of

the saturation/induction function, A detailed model is beyond the

scope of the present study, but a tentative qualitative model will be

outlined here, It should be pointed out that this "model" has been

chosen at random from several which would also predict the qualitative

trends observed in the present data, However, its main use will be to

paren, on one diagram, all the trends observed in the present study,

with the exception of the small-field data, Figure 53 shows such a

model, If we postulate that the chromatic and achromatic responses

vary thus with induction, we see that at high induction levels (left-

hand side of graph) increasing induction lowers the difference between
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chromatic (high purity)

channel response
achromatic

chromatic (low purity)

max | induction 0

maximum saturation

Figure 53. Qualitative model illustating changes
in saturation with induction,

Saturatione{ [chromatic resp] - [achromatic resy}}
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chromatic response and achromatic response to the same extent; at

low levels of induction (right-hand side), this difference increases

more rapidly for low-purity stimuli than for high-purity stimli, It

remains to assume -that saturation is linearly related to the difference

between chromatic activity and achromatic activity. It is suggested

that this assumption is plausible in view of the fact thet it is clear

that difference~signals are common in visual processing,

We can see that, for a chromatic stimulus of given chromaticity,

any change in appearance due to variation in surround luminance or

stimulus subtense can be portrayed by a "sideways" shift on Figure 53.

At first sight, it would appear necessary to have a different set of

graphs for each dominant wavelength; however, it is suggested that

wavelength variability may be adequately described by selecting a

wavelength-dependent "entry point" in Figure 53. This might be

accomplished by considering the total brightness (i.e. achromatic and

chromatic brightness) of the stimulus and surround in computing

induction,

It is clear that such a "model" would be of limited value if it

were only valid for what have traditionally been named "simple" stimulus

configurations, to the exclusion of "complex" scenes. It is becoming

increasingly apparent - see, for example, Bartleson (1977) that there

is no need to make a distinction between these categories, This is

why all centre/surround studies have been labelled in Section 1 as

dealing with "complex fields", It has now been shown, from Bartleson's

work and the present study, that it is sufficient to consider inductive
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appearance shifts in terms of relative brightness and extent of

"colour" and "surround", and self-induced chromatic contrast in large

stimuli, This leaves completely unaswered questions regarding chromatic

contrast between adjacent chromatic fields, but this falls outside

the original aims of the present study, which was strictly limited to

achromatic surround presentation. However, this implies that the

approach of Breneman (1977), using complex stimli, does not differ

widely from any "simple-field" approach: a "complex scene" consists

of many simple elements, and the present study has shown that, for

colour appearance studies, the "elements" need not be much smaller than

O,
1” in subtense.

There are few references in the literature which would suggest

that induction due to the presence of a light surround acts optimally

on stimulus fields of 1° or less. However, there is some evidence that

this might be the case, In Blackwell's (1946) extensive study, in

which over 450,000 estimations of achromatic contrast threshold were

made for a wide range of stimulus sizes (0.6 min - 6°) it was found

that at high levels of adaptation brightness, the contrast threshold

remained constant with changes in surround for all stimuli subtending

1° or more; for smaller stimuli, the threshold was strongly dependent

on the surround,

Additional evidence that the extent of achromatic contrast is

of order 1° comes from the study of Mach bands by Fiorentini and

Radici (1958), in which the gradient of a (constant) luminance change

was varied; when the luminance change occurred over a range of about
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50 min, the brightness enhancement. of the maximum bright band was

much reduced,

Data for chromatic fields seem even more scarce, Westheimer

(1970) measured increment thresholds for a 5 min test spot in the centre

of a variable-diameter adapting field, The investigation involving

the cone mechanism showed that the increment threshold was maximized

when the diameter of the adapting background was of order 2°; the peak

for the rod system was at a somewhat higher value of subtense, There

was certainly no further dependence on the adapting-field subtense when

the latter subtended more than 1° (the study only used adapting fields

of 2° or less).

It is of interest that the behaviour of the small-field (0.4 min)

data is also predicted by the model. The model suggests that, for

fields subtending significantly less than rc the surround and stimulus

will be "averaged", We would thus expect the saturation of the

chromatic field to be lowered as the surround luminance is increased,

This is in agreement with the trends shown in Figure 50,

Another interesting point emerges from the small-field data:

that "saturation" is still a valid and useful concept for such fields,

even though hue is not, Thus, as we reduce the "visibility" of a

chromatic stimulus, the first attribute to disappear is hue, whereas

saturation is still a meaningful attribute; next, that disappears, and

one can only be aware of the presence of (neutral) light, i.e. brightness

is the only remaining attribute; finally, the stimulus disappears
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completely, ‘Ihere are large inter-observer differences between the

exact transition points for these changes in perception; however,

all observers showed this tendency of abandoning first hue, then

saturation, and finally brightness. It may be argued that this is a

point in favour of attaching more importance to the saturation

dimension than is usually the case.

The purpose of this study was to investigate colour appearance

changes produced by changes in surround luminance and stimulus subtense.

Because this has been the first study in which both of the above

parameters have been investigated, it presented a unique opportunity

of a comparison between the effect of surround luminance and stimulus

subtense on stimulus appearance, It has been found that there are

similarities, and differences, between these effects. Considerations

of this nature have led to the assertion that the "fundamental stimulus"

subtense is between # and 1°; any future studies aiming to investigate

induction effects should aim to present stimuli of such a subtense.

The results of the present study readily suggest lines for future

research. More should be known about the nature of saturation; the

"model" presented in Figure 53 has only been chosen because it predicts

the qualitative changes observed here, However, it is reasonable to

suppose that "saturation" is based on a comparison of chromatic and

achromatic neural activity. These two channels have separate,

parallel processing apparatus. Jowever, their outputs seem to

interact in the production of "saturation". We can make use of the

differences between individual channels in the study of their interaction,
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For example, a detailed comparison should be made between the behaviour

of (i) achromatic fields and (ii) chromatic fields at isoluminance,

when the stimulus subtense is varied. The data from this study

suggest that there may be range differences between the chromatic

and achromatic contrast effects. Another topic for investigation is

the behaviour of large fields, whether for example the brightness of

the centre is determined to a large extent by the peripheral appearance,

and the hue by the central appearance. Data of this nature, in

conjunction with the chromatic/achromatic contrast range data, may

be used to provide a more general, quantitative model of saturation,

its nature and its properties.

183



6. CONCLUSIONS

Three attributes of colour appearance were scaled by a total of

seven observers in the main experimental study, The object of this

study was to investigate any changes in the values of these attributes

when (a) the luminance of an extensive surround and (b) the subtense of

the chromatic field comprising the stimulus, were varied. The effect

of both parameters was found to be of such a nature that they

primarily affected the absolute saturation responses of the observers.

If the stimulus size was kept constant at soe it was found that

saturation was maximized when the brightness of the test stimulus

approximately matched that of the surround, further increases in

surround luminance led to an induction of "greyness" into the chromatic

field, and a consequent reduction in saturation. Decreasing surround

luminance made the stimulus appear self—luminous, and also led to a

reduction in saturation. However, this reduction was fundamentally

different in nature from the reduction with increasing "greyness"; in

the case of a self-luminous stimulus, low purity colours are desaturated

more than high-purity colours, whereas for "surface" colours relative

changes in saturation are similar for both high- and low-purity colours,

For a larger (10°) field, it was found that the effect of surround

luminance on saturation was much less pronounced.

The “effect of subtense" was primarily determined for colours with

a light surround, In this case, it was found that the saturation of

184



a 1° field was higher than that of either a 1 /6° or a 2° field,

However, this 4° peak" did not occur if the surround was dimmer than

the stimlus. If the surround was light, there was little dependence

of this effect on stimulus purity,

It is suggested that this hitherto unreported effect is caused

by optimal surround induction in the 1° stimlus field, If this is the

case, then it becomes useful to consider the 1° size as a "fundamental

stimulus" size, he present study only shows that this need be so

for central fixation; it seems reasonable to suppose, however, that

a similar effect could be apparent in the near periphery, ‘This seems

reasonable also in view of the fact that tls corresponds approximately

to the extent of the rod-free foveola and to a typical receptive field

size. There is some evidence in the literature that luminance

induction does indeed act over such a range.

If the 1° size (this could mean anything between 4° ana 1° in

practice) were to be taken as a fundamental stimulus size, all the effects

described in this study can be predicted from considerations of self-

induction (if the stimulus is larger than 1°), signal averaging (if the

stimulus is much smaller than 4 ais and differential luminance-colour

induction arising from the visual nonuniformity of chromatic fields

subtending more than 2°, Such a model is outlined, It is only

capable at present of qualitative, not quantitative, prediction,

Small-field tritanopia was also a topic of investigation in the

present study, Two important effects were found here: firstly, that
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the stimulus and surround were increasingly "averaged", This could

be attributed to stray intra-ocular light, or to a physiological

averaging process or, more likely, a mixture of the two. Secondly,

it was found that saturation and brightness were the attributes whose

meaning was preserved more than that of hue, This suggests that

saturation is an important factor in our judgement of small field

appearance; when visibility is lessened, hue "disappears" first,

followed by saturation (when the colour suddenly appears neutral) and,

finally, brightness,

This gives an insight into why it is desirable that saturation

should be studied further, Saturation may be thought of aa indicating

the "degree of importance" which the human visual system gives to

chromatic information, This "degree of importance" is determined by a

comparison of chromatic and achromatic stimulation, This interaction

between the two parallel channels may be of a quite simple nature and

deserves further investigation. The result of such studies will have

the benefit of being useful in two greatly differing fields; firstly,

they will further our understanding of the properites of the human

visual system, Secondly, such results may be applied to fields where

colour appearance plays an important role, particularly in colour

reproduction studies, It is hoped that the present investigation has

served to simplify the task of deciding which factors, out of an almost

infinite initial number, are likely to affect colour appearance

significantly. At a time when the effects of chromatic adaptation are

being charted in detail, it has been shown that the effects of

achromatic adaptation are both pronounced and may give us a useful

insight into the kind of processing which visual information undergoes.
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KEY TO APPENDIX A

Appendix A

13.-|. 14° [45° fe16a/ 47-148 419 *| 20.8124 22 | 23 | 24

to] - peu ea

25: | 226 Re 27 28S |= 29 te) teat -= | 52ncieo 3, 34 | 35 | 36

See ee | LE

B38 39} 40 | 41 | 42 | 43 | 44 145 46 | 47 | 48

49 | 50 BY] 524 | Oo sueO4 =1eoD

Fig. 54 Frame layout of Appendix A (on enclosed microfiche)
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KEY TO APPENDIX A (CONT.)

FRAME VIEWING CONDITION OBSERVERS

1 2 Ta W6it
2 5 i
3 4 7
4 5 aT:
5 6 7.3 17657
6 7 TP VsOrl
di 8 7 3 1,6,7
8 9 7 3 16,7
9 10 7 3 1,6,7

10 1 7 4 1,657

1 12 Ts 1,657

12 13 7 $ 2545557
13, 13 25557
14 14 1
15, 13 T 3 2545557
16 15 2555
4% 16 7

18 17 7

19 18 13 25991
20 19 1 4 355%
21 20 7 3 156,57
22 20 39557 § 1424394559657
23 21 hes D9 pi:
24 22 ERB sST

25 23 7 3 16,7
26 23 Bs507 $ 1525394555657
27 24 esi oot
28 25 73 1,6,7

29 25 3557 3 1425354159657
30 26 7 3 1,6,7
31 26 39597 § 1525394555657
32 27 T 3-1,6,7
33 27 34597 § 1525354555657

34 28 7 3 1,6,7

35 28 39597 5 1424354559657
36 29 7 3 1,6,7
37, 29 39597 $ 1525354555657
38 30 IF 2509:
2 ot T 5 253545557
40 31 25557
41 32 7
42 33 if
43 34 1
44 35 L

Frames 45-48 blank,

Frames 49-53 FORTRAN normalization/averaging program listing
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Explanatory notes on data output format (Wrames 1-44)

COLUMN LABEL

HUE

SATN

AXIS1

AXIS2

INCL

SIGS

SIGH

AREA

LINESS

SIGL

BINESS

SIGB

XXXX

S ERROR

H ERROR

L ERROR

B ERKOR

Average hue in grads, 0 = ked

100 = Yellow

200 = Green

-100 = Blue

Absolute saturation (colourfulness)

One axis of concentration ellipse

Other axis of ellipse

Inclination of Axis1 to horizontal.

Relative saturation error
S

. oH
Relative hue error 700

Area of concentration ellipse

Lightness (only given if stimulus
judged to be darker than the surround

by all observers),

Kelative lightness error gh

Brightness (only given if stimulus
judged to be lighter than the surround
by all observers),

. obRelative brightness error =

If this appears after the S1GL column,
then either both lightness and

brightness values have been assigned

to the stimulus, or the stimulus was
not visible to some observers, The

symbol XXxXX also appears for SIM 31,
which gives the hue/saturation of the

surround,

Average SIGS

Average C1GH

For all stimuli

Average SIGL

Average S1GB
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Appendix A

This envelope should contain

Appendix A on microfiche.
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