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1.1. Introduction : Summary

The purpose of tuis thesis is to study tae response of the
numan visual aystem1 to chromatic stimuli by means of the dynamic
techniques of systems analysis (which are summarised in section 4).
Jection 2 is a review of the established knowledge concerning colour
vision required in tnis study. The previous work on temporal effects
in colour perception is reviewed in section 3. In the steady-state
frequency domain, two approaches nhave been previously utilised to
study such efiects;
luminance modulation for various wavetorms of modulation of chromatioc
stimuli and alternation between two different chromatic stimuli at
constant luminance by several means. The luminance modulation data
can only give intormation on those parts of the visual system common
to colour and orightness processing. Evidence relating to the structure
of the visual system is reviewed in section 2.5. The colour alternation
methods are difficult to apply to the whole colour-space in the ab-
sence of extension of C.I.E. description of chromaticity to the time
domain. The use of the constant-luminance wavelength modulation
stimulus developed in the present research allows the study of colour
change without making assumptions about how that change is processed

(ohromatic and luminous

except that the two types of stimuluﬁ‘hre processed independently
at the site of perception. It further provides a continuously variable
parameter witn which the whole spectrum and a full frequency range
can be studied.

A similar state of affairs to that in the steady-state investiga-

tions is apparent in studies of transient responses in colour vision.
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Most work n s concentrated.on the use of luminance changes and
increments (as described in sections 3.9 & 3.10.), and the colour of
the stimulus has been used as a parameter. The results have not
all been in agreement. The study of the response of the colour
processing system as such is considered to require a stimulus con=
sisting of a change in colour with luminance held constant,

In Section 5 apparatus designed to provide both steady-state
and transient wavelength modulation with luminance held constant is
described. The method and controls for ensuring that the apparatus
produced the desired efrects are described in section 6. The results
obiained for luminance modulation of chromatic stimull similer to
previous work, under a variety of conditions,constitute section 7.1.
Section 7.2. consists of the results obtained using steady-state
Wavelength moduletion under various conditions of mean wavelength,
retiral illuminonce, waveform of modulation, etc. In sections 7.3.aad &
a dynamic wavelength discrimination task analogous to the classical
type of wavelength discrimination but with time varying wavelength
difference is investigated. In section 7.5. some aspects of the
response to transient changes in wavelength are described.

In section 8 a number of models of the data on frequency
dependence of the dynamic wavelength discrimination, and of the
relationship between steady~state and transient responses, are

considered.



1.2 Psychophysical Methods.

The basic object of psychophysical investigations is to
obtain a quantitative measure of the effect of a certain
stimulus configuration upon an organism (usually a human
observer).

The psychologicel effect, as reported verbally or
behaviourally, will reflect the processing of sensory signals
up to the point in the processing system at which the
decision to initiate a verbal or behavioural response is
made. The various psychophysiocal methods described below
may be employed to study different aspects of the response
of the processing system, and the type of stimulus used may
be selected in conjunction with the psychophysical method
to investigate the 10gical' structure of the stimulus processing
system (as opposed to its physiologicel structure).

Psychophysical investigations may be considered in two
classes, using respectively threshold and supra~threshold
criteria. The threshold response may be of detection
(or absolute threshold) of a definable aspect of the stimulus,
or of discrimination threshold of the least difference
between two slightly dissimilar stimuli to whioch the organism
will respond. Supra=-threshold or stimulus matching experi-
ments empemiments require the organisa to indicate the point
at which two objectively dissimilar stimuli have some

feature in ocommon. For both classes of experiment one type



8
of stimulus may be used as a reference against which the
other is judgeds The reference stimulus may also be evoked
from the memory of the organism rather than being physically
presented to the organism,as in the case in experiments
where a subject is required to name the colour of a stimulus,
or assign a numerical estimate of the magnitude of the
sensation produced by a stimulus.

Threshold Criteria.

Tanner and Swets (1954) have suggested that threshold
experiments can be regarded as the discrimination of one
signal (S ) at the site of disoriminstion with a certain
amplitude distribution in the dimension under investigation,
from another similar signal (N) with a slightly different
distribution (Fig. 1.1). Fig; 1e1e
In the case of detection
threshold experiments,

the inhsrent "noise" of

the experimental situation

acts as N. In disorimi-

nation threshold experiments, on the other hand, N and 8 are
the reference and test stimuli. The distribution of the
amplitude of S and N at the site of disoriminstion may be
physical, neural or psychologiocsl in origin. Tanmner and Swets
nake assumptions as to the form of the distribution of each

signal in order to perfors statistical analysis on their



results, However, the basic description is applicable to
any detection or discrimination experiment without limiting
assumptions. The task is to discriminate signal from noise.
The separation between the two distributions determines

the probability with which the task will be successful.
Various methodological approaches have been employed to derive
a quantitive estimate of the "threshold" given the above
analysis which indicates that discrimination "threshold" is
a probability distribution of discrimination success. The
main methods used in psvchophysical studies with human
observers are described below.

Supra-threshold Criteria.

Supra=threshold technicues are most often used when
the experiment requires some aspect of the response to a
stimulus to be measured in terms of an equivalent aspect
of a different type of stimulus. In some cases, e.g. colour
matching, the two stimuli will appear subjectively identical
when matched, although they have different objective
oharecteristics e.g., different spectral composition. 1In
othef cases, such as matching of the briapneas of a flickering
or coloured light, the quality to be matched must be abstracted
from the total stimulus situation and compared with the same
abstracted quality in the reference stimulus. Similar
abstraction is required in the estimation of magnitude of

some stimulus sensation against a remembered numeriocal scale
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of maernitude. Matching experiments may therefore be modelled
in terms of the distribution of values of the test stimulus
around the value of the reference stimulns, along the dimension
of interest, (where the variance of this distribution contains
contributions from the variance of test and reference stimuli
at the site of comparison). In most matching exveriments,

the object is to obtain values of the test stimulus parameters
which match given reference stimulus parameters. In some
cases, however, the standard deviation of the diatribution

is used as a measure of the discriminablity (or non-discrimin-
ability) of the test stimulus from the reference. In such
cases, the two stimuli will be of similar physical constitution.

Method of Constant Stimuli.

This is a threshold method which involves the nresentation
of the stimuli to be disoriminated (a large number of times)
at fixed physical stimulus levels. A number of levels are
selected, such that the probability of detection or discrimination
by the subject at all levels gives a measure of probability
distribution or "percent frequency of seeing curve" of the
test stimulus. This method is often used for measurements
of absolute luminance threshold (e.g. Hecht, Sfhlaer and
Pirenne, 1942), and in general in situations where it is of

value to know the form of the probadility distributionm.

Method of Idmita (or Just-Notiseable-Differences).
This method for obtaining thresholds requires the subjeot
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to hold a fixed criterion in terms of a level on the discrimination
probability distribution., The stimulus difference is then
increased or decreased along the dimension of interest until
the criterion is reached, at which point the subject responds.
The criterion may differ according to whether the difference
between test and reference stimuli is being increased or
decreased, In such cases, determinations in each direction
are averaged to give a mean value., Where the two stimuli
are both above threshold in the dimension under consideration,
this method may be termed the Method of Just-Koticeable-
Differences. The method of limits is used where a quantit-
ative measure of the threshold is required in a short time,
for example in order to compare the effects over a large
number of stimulus conditions.
Method of Adjustment.

The adjustment may or may not involve a bracketing
procedure in which the subject sets the test stimulus at a

Just disoriminably lower than the referense and that

value midway between thaﬁAjust discriminably higher. The
matching test stimulus settings are averaged to obtain the
best estimate of the values of the test stimulus parameters
corresponding to a range of values of the reference stimulus
parameters,

An alternative use of the method of adjustment is the
measurement of the average error of adjustment for use as an

index of disorimination threshold, The subjeoct is required o
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match the test stimulus against a reference a large number of
times. The standard deviation of the distribution of settings
from the mean value is taken as a measure of degree of
discrimination at each point in the dimension of interest.
The method of average error of adjustment gives a direct
measure of the distribution of values of the test stimulus
relative to the reference, but requires many more readings
than the method of limits to obtain difference threshold
measurements.
Sensory Magnitude Estimation (Absolute Methods).

Sensory marnitude estimation methods are those in
which the subject is presented with a single test stimulus
and required to match it against an internally generated
reference, rather than a physical reference., When only
two responses - the matching or non-matching of a certain
reference - are involved, the method becomes equivalent to
the method of constant stimuli., But when a number of response
categories are used, whether on a quantitative ordinal scale
or a qualitative nominal scale, the absolute method permits
investigation of the subjectively perceived dimensions
of the sensations arising from stimuli. These do not
necessarily correspond to the dimensions obtained by other
psychophysical methods, which only require the subjeot to
judge whether or not two stimuli differ in some respect.

Furthermore, the absence of a physical comparison stimulus
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makes the accuracy of the absolute method lower than direct
comparison methods.
Conclusion.
The main methods of psychophysical exmeriments have
been outlined in this section indicating the limitations
and uses of each method., The reviews of section 3 will
make frequent references to these methods, and also give
an indication of the type of information that can be obtained
concerning. in this case, the human visual system, by means of

psychophysical experiments.
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2.1. Visual lResvonse to Lirht

2.7.1 . Introduction:

The objcct of this section is to dcscribe the basic parametcrs
of visual response to light stimuli, and to define the terms used
in the following chapters.

The range of wuvelengtins of electromagnetic radiation to which
the eye is sensitive is ap roximately 400-750 nm. Only radiation
within this range is described as lignt. (Wright, 1944).

The principal aspects of a light stimulus impinging upon the
retina to which the human visual system is responsive afe the absolute
distribution of energy across the visible wavelength spectrum, and
the spatial and temporal variations in this distribution.

2.1,2, Irivariance of Vision:

Of the infinite range of variability in the energy distribution
of light, the visual system is sensitive to only three indevendent
variavles of the distribution, i.e,, the eye is trivariant in its
response, (subject to the conditions specified below). The trivariance
of vision was first established by I'agwell (1855, 1890). Later in-
vestigations by Guild (1931) and Wright (1928-9) were accepted by
the C.I.E. in 1931 as defining the trivariant response to light of
the standard observer. A description of this work is given in
section 2.2. The conditions under which trivariance holds are the
use of photopic radiant energy levels, and a field of 2° subtense
with a uniform surround viewed with the fovea. Trivariance has also
been established for a 10° field by Stiles (1955) but his subjects

were instructed to ignore the central area in the colour matching
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procedure.

2.4,3, Use of Monochromatic Soectrum in Colour Vision-

Any stimulus will emit a certain total energy per unit time
(or radi:nt flux) which may be specified in terms of the visual
sengitivity at each wavelength to light radiation i.e. in units of
luminous flux. The luminous flux (F) in hunans is obtzined by
weignting the radiant flux (P)) at each wavelength with the spectral
sensitivity (V)) of the eye at cach wavelength. Thus, in the limit

F:Kj:cv;\, Py dA (1)

where K is a scaling constant..

In experimental situ~tions, the light is observed via a pupil
(natural or artificial) and neving a certain angular subtense (W)
at the source, which is often an extended source of area (a). The
luminance (L) or a stimulus is defined os the luminous flux per
unit area of source.

L 2 e Lumen /W/m2 (2)
h‘{.&.

In order to define the efrect of a stimulus on the retina,
correction should be made for the area of pu.il through which
the stimulus is viewed. The sroduct of the luminance and pupil

area in mm? defines the retinsl illuminance in trolands.

The trivariance of vision permits the sensation resulting from
a source (S))with any of the entire range of jpossible light energy
b
distributions)to be matchedxz source composed of a mixture of

white light (S,) of luminance (L,) and = monochromatic light (Sp)
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of wavelength (\y) and luminance (L)), (or a purple light made up
of some mixture of red and blue monochromatic lights),

L (s) =L, (s;) + Ly () (3)
The three variables specifying the matching stimulus are Ly L)\
and )\m. Monochromatic and white light are opposite extremes of the

possible spectral distributions. Monochromastic light has an

arbitrarily narrow spectral distribution that is described by the

single value of its wavelength , (X) apart from its radiant flux.

Py = O, hN # .x m (&)
Wnite light is defined as having a distribution that does not
deviate greatly from equal energy =t each wavelength with the visible
spectrum (Le Grand, 1957). For the present discussion, as for the
theoretical surposes of the C,I.E, chromaticity chart, the reference
wnite (Sw) is defined as an egual energy wnite.

Py = const (5)

Equation 3 may ve used to define the dominant wavelength (Ad)

of any light (S) (except purples) as the wavelength of the mono-
chromatic component of the mixture of wnite and monochromatic light
which matches S, The case of purples is dealt with in section 2.2,
Thus:
Aa = A (6)
when the lights corresponding to the two lalves of equation 3 are
judged to match ky a normal observer,

The colomL etric purity (Pc) of any light S is defined as the

ratio of the luminance of monochromatic component to the luminance

of the total source:
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P - Iy (7

I,) + L'

201.4.0 Grassman's Laws of Colour Mixture:

Grassman (1dbh) formulated four law.: of the relationships
involved in colour nixture between tie composition of the lights
being mixed and the resultant visual efiect. These laws form the
basis for tne equations of colorimetry (Section 2.2.). Yhe first
law has alre:.dy been described in the form of equation (3) i.e. the
sensation from any uniform iight stimulus may be matched by the
sensation from an appropriate mixture of white and monochromatic
lights (or sure purple light). The second law states that for a
continuous variation in one of the components of a colour mixture,
tnere is a continuous variation in the appearance of the mixture.
‘"aken in combinition with the fi.ist law, this law implies t.at a)
for every colour there is a complementray colour, such that when the

(w0 are nixed in the rignt proportion an achromatic light is
proiuced, and if mixed in any other proportion a light with the
dominant w-velengtn of one of the comuonents is produced, depending
on the pronsortions of the mixture,
and b) The mixture of non-complementary colours gives a colour
intermediate in saturation and hue betwecn the two colours.

The thiré}Ztates that colour mixtures are transitive i.e. that

any two mixtures which makcn a third light will match each other.
Grassman's fourth law, also known as Ahneyh law of heterochromatioc
additivity, states that the luminance of the mixture is equal to the

sum of the luminances of the ocomponents of the mixre, In practioce,
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substantial deviations from additivity occur in some conditions,
notably when tie luainances of the lights are measured by the

method of direct com arison witu a standiard stimulus, Dresler (1953).
Clarke (1960) has shown that gross failures of additivity occur in
extra fov:al colour m tches. However, the departures from additivity
have been found to be small for 2° foveal presentation. Trezona
(1953, 1954), investignting the trichromatic co-ordinates of colour
mixtures, rensorted that definite departur s from additivity did

occur under the latter conditions, but that they lay within one
discrimination step. Ives (1912) has shown that, for a photopic 2°
field, heterochromatic brightness m:tching by flicker photometry
conforms well to the additivity lew., This result has been sub-

stantiated more recently by Dresler (1953) and Sperling (1958).
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2.2. Chromaticity Coordinates

The triv.riance of vision implies that any light may be matched
by a suitable mixture of any three monochrom-.tic lights. In prac-
tice one of the tnrec may have to be subtracted from the mixture,
i.e., added to the test light,since it is not possible to select
three monochromatic lights to match the upper extremes of the runge
of purities of the whole spectrum,

Ly (Ss) 2y (8% + Ly (Sx2) + Ly (Sk) (1)
or Ly () +Li(SM)= L (h2) + Ly (S)) (2)

The values of S),, Sl and ®)3; arc arbitrary chosen, usually as
widely separat:d as pos-ible to reduce the number of subtractive
mixtures, The luminances of each stimulus mey be exvressed in dif-
ferent units according to whether the colour or brightnes: of the
mixture is being considered, and the units may be different for

cach comsonent stimulus. (Guild 1924-5). The luminous units (Lj)

are theﬁ%ore specified for each component (Sj) together with the
number of units (or tristimulus values) of each component (Cy). Thus
the luminance of each component required for the match is given by:

L. C = L

5 8 g G4 o+ LG, LSCS (3)

The value of Ls follows from the convention that

Cg = C + C, + C3 (&)
The units L; are often defined by assuming that equal tristimulus
values Cj of the units are required to make up a defined white,

01 = 02 = C3 = 50w when L1C1 + chz + chj = Lwcw

(5)
but Wrig.t (1928-9) in his study of colour mixture fumetions definmed the

luminocus units in terms
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of the speciral coiocurs of 582.5 + 494.0 nm, with the advantage
that the 6oordinates were not sensitive tu variations in macular
pigmentation.

The tristimulus values for a set of primaries may be measured
for an, uniform field. However, it is of'ten desiravle to consider
stimuli of constant brightness level and investigate only the
varizations in colour of the stimulus. This condition is met by
considering the proportion of each tristimulus value relative to
the sum of the tristimulus values. The proportional tristimulus
values are called chromaticity coordinates (r,g,b), and they define
the chromaticity of the stimulus. The chromaticity system

described here is the W.D. Wright system (Wright, 1928-9).
r = ci

C1 + 02 + 03

etc. (6)

The sum of the threc chromaticity coordinates is therefore unity,
r + g + b =1, (7
They define a two-dimensional chromaticity space in which the

third coordinate is derived from the unit equation (7).

The aspects of visual sensitivity to light outlined in section
2.1.1. (dominant wavelength, purity, colour match, etc.) can be
described in terms of this chromaticity diagram (Fig. 2.1.)

The sdection of three lights for the definition of the chromaticity
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space i: arbitrary, but the monochromatic primaries 650, 530 + 460 nm
used by wright (1947) have the virtues for the present ourpose of
being realisable svectral lishts, and of requiring very few negative
values in matching tne whole co:our space.(Negative values represent
the addition of' one of tne .rimaries to the test rather than the
comparison stimulus).,

The geometric relationships of the chromaticity diagram represent
algebraic mani:ulations of the trichromatic equations. The spectrum
locus runs roughly along the outsiue of the diagram from r to g to b.
Non-spectral vurples lie in the triangle between r, b and w.
The complementary wavelength X2 (in fig. 2.1.) for any wavelengtézgl
the spectrum locus is defined by the intersection of the line A‘w
with the spectrum locus opposite at)h, where W is achromatic equal
energy white at the centroid of the chromaticity triangle. Complement-
ary colours for wavelengths between 495 and 570 nm are non-spectral
ourples and are made up of mixture of ¥ed and bluQ)lighta} The
dominant wavelength of any colour c( r, 8, ) is defined
as the intersection of the straight 1ine‘MC with the spectrum locus.
For purples, wnere there is no intersection between wC and the
spectrum locus, the complementmgy dominant wavelength of the inter-
section of wC with the spectrum locus is used to define this aspect
of' the stimulus.

Colour mixture is represented on the chromaticity diagram in
terms of & straight iine between coordinates of the two lights to
be mixed. The distance of the coordinates of mixture along this
line is determined by the proportion in which the two lights are

mixed. Thus two complementary colours in suitable proportions will
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produce white (w). Clearly, the colour mixuiure construction
implies that any colour in tne chromaticity diagram can be
matched by a mixture of a spectrum colour ( or a pure ;urple)
and white, as stated by Grassman's first law(section 2.1.4A
The closer the colour is to the cen.roid, the less saturated it
will appear., However, the relationship between measures of
purity and the sensation of saturation are veyond the scope of
tais review (see "The Science of Color" Committee on Colorimetry
of Opt. Soc. 4m., 1953).

A further refinement of the chromaticity diagram as so far
descrived has been adopted by the 1931 C.I.E. Committee on
Colorimetry. It involves hypotnetical orimaries (X,Y,Z), which
are linear transformations of monochromatic primaries similar to
those used by viright, such that the whole of the spa:ctrum locus
is conteained within the positive area of the diagram. Further,
the coordinates are chosen such that the luminosity is specified
entirely by the Y orimary, the X and Z primaries having zero

luminous units.
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203 Colour Discrimination.

20}01 . Methods.

Many methods have been employed to measure the extent to
which stimuli of equal luminance but different spectral
composition can be differentiated by a human observer. Of the
psychophysical methods discussed in section 4.2.the main
approaches that have been investigated are as follows:

Wavelength Discrimination. The smallest discriminable difference

in wavelength between two equiluminant monochromatic lights has
been obtained as a function of wavelength. Psychophysical
methods that have been used include those of just noticeable
differences ( j.n.d) (Wright, 1947£2gf average error of adjust-
ment. (Konig and Dieterici, 1884).

Saturation Discrimination. The smallest discriminable difference

between two equiluminant lights each consisting of some mixture
of monochrometic and white light is obtained as a function of
wavelength of the monochromatic component. Only the proportion
of white to monochromatic radiation is varied. Studies have

used eitherpure white light (Wright and Pitt, 198%), or pure
monochromatic light (Hurvich and Jameson, 1955) as the comparison

light.

Alternatively, the number of j.ndls between each mono-
chromatic 1light and white may be measured. (E.g. Jones &
Lowry, 1926).

Chromaticity Disorimination. Chromaticity discrimination is a
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megsure of the discriminability of any two equiluminant lights
specified in terms of their chromaticity co-ordinates in some
chromaticity system. In practice, the two stimuli are usually
made up of mixtures of monochromatic lights. The smallest
discriminable difference is obtained either by the method of
just-noticeable differences (VWright, 1947) or of average error
of adjustment (Mac Adam, 19#2). The results are plotted as steps
within the chromaticity diagram, rather than in relation to the
spectrume In this way discrimination in the whole of the colour
(end also brightness) space may be investigated, including, if
desired, the dimensions corresponding to the wavelength and
saturation discrimination tasks described above.

Various methods other than discrimination have been utilised
in the study of the differential response to coloured stimuli.
Colour naming has been used by Walraven (1962) and Wilson (41969)
amongst others, to examine effects of wavelength at the chromatic
threshold. Jameson and Hurvich (1955) used the method of chromatic
valence in the cancellation of subjective colour components of
the stimulus to study the operation of opponent mechanisms in
the processing of colour information across the speotrum.

Colour matching has been used to study the differential effect
of parameters sush as luminanse and flisker frequamey ea spec-
tral hue (see Walraven, 1962;and V-an der Horst and Muis, 1969),
and the chromaticity position of invariant primaries under

chromatic adaptation (Scheibner, 1966).
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Each of these approaches contribute valuable information
to knowledge of the colour processing system. However, the
present study will utilise only the wavelength discrimination
approach for a variety of reasons. Studies of the influence
temporal factors in colour discrimination have concentrated on
chromaticity diserimination (section 2.3.5). The stimulus in
wavelength discrimination is simply specif'ied in physical terms
without complex computations.

Finally, the wavelength stimulus is defined with minimal
assumptions as to the colour processing systems, wheress the
dofinitiono/fchromaticity ( subsuming saturation) is heavily

dependent on empiricsl data not necessarily applicable to

the dynamic situation (see section 3.7.1).
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Fige 2.2. MacAdam's (1942) ellipses of chromaticity discrimination.
Standard deviation of settings of colour matches in several directions
is plotted on the C.I.E. chromaticity diagram for comparison stimuli
in a number of positions in the chromaticity space. The results can
be described in terms of ellipses with appropriate size, axis, ratio

and orientatione.
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2.502+ Clussical,Date of Wovelength Discrimination.

Drta on classical discrimination obtained by various
methods with (usuelly) luminance equated hes been collated
from a number of experimenters by Judd (1932). Viright end Pitt
(1934) carefully studied the foveal wavelength discrimination

functions five normal observers and Siegel (1362,1964) studied.

the mean and standard deviation of disorimination in 3 subjects.
Although the results show variabilities with a range of about

G, they are consistent in showing threshold minima at 530-

600nm and 450-500ni,with a maximum in between at 520-540 nm i.e.
nearer to the short then the long wavelength minimum. Llany
studies find a further minimum in the region of 430-440nm.
Wwright (1947) has criticised the data of Laurens and Hamilton
(1923) showing yet another minimum at about 630nm. The evidience
on this point is not decisive.

The studies of the effects of various parameters or wave-
length discriminetion described below also confirm the main
features of the above description. Both Viright (41347) and
liachAcam (1942) have measured sensitivity to chromaticity
differences at a large number of points in the C.I.E. chro-
maticity space. Wright used the method of just noticeable
differences between the two sides of a bipartite field, and
lacAdam measured the avercge error of adjustment in a colour
match, which he plotted as an ellipse around the coordinates

of the comparison colour in the C,I.E. chromaticity diagram

(Fig.22). The results are roughly comparable, and may
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described approximately in the following way. Chromaticity
discrimination is best for the smallest values of X and Y
coordinates, (i.e. at the blue spectral locus) and becomes
progressively worse as distance from this region increases.
MacAdam's ellipses of standard deviation in setting error seem
to be roughly aligned so that the long axis (poor discrimination)
points towaras the spectral blue region.

2:3e3. Effects of Luminance.

Wright (1947) states that wavelength discrimination is
not greatly affected by changes in luminance, although Stiles
(1946) has suggested that Wright's data in the blue end of the
spectrum is affected by the use of intensity levels reduced by
a factor of 20. Bedford and Wyszecki (1953) measured wave-
length discrimination between 400-660nm using a 1° field. Their
date support Stiles' suggestion that discrimination thresholds
are sbout half as high as those found by Wright below 450nm.
Their results for 12' field indicate that that decreasing
brightness from 5000 25trolands does not significantly affect
wavelength discrimination, whereas for a 1.5' field discrimination
was markedly impaired by the equivalent drop in luminance. Weale
(1951) working at lower luminance level also found a general
impairment of discrimination as luminance was decreased by 1 log
unit, together with a shift in the blue minimum from 480} 460nm.
Bedford and Wyszecki do not report a shift in the blue minimum

as found by Weale, but the sise of the blue minimum was found
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to be of the same order as the range of variability of the data,
so that detailed conclusionscannot be drawn. Thompson and
Trezona's (1951) data shows a shift of the blue minimum about
30nm towards the short wavelengths and of the yellow minimum
about 20nm towards the long wavelengths as luminance is decreased
by 2.3 log units. Overall discrimination is impaired to the
order of 1.0 log nm by this luminance decrease. They do not
comment on this shift in the minima, but they do note that
lowering the luminence does not produce tritanozaly, as is
produced by a reduction in field size (Thompson & Wright, 1947 ;
MoBree, 1960b). In this connexion, tritanemaly is used to

mean a tendency of the wavelength discrimination function to
approach the form of that for tritanopes (Wright, 1952) ;in
perticular, to show a relative loss of discrimination ability

in the spectral region around 450nm. MoCree's (1960b) study

on the effect of field size includes data at two luminance
levels over 2 log units apart. These show effectsin accord

with those found by Thompson and Trezong,in showing shifts of
both minima towards the ends of the spectrum with decrease in
luminance, and lack of a tritanomalous effect.

On the other hand, Brown (1951) measured chromaticity
discrimination at a number of points in the chromaticity space
down to luminances of the order of .05 ft. lambert, using the
method of average error. He found tendency towards tritanom—

alous confusions along lines on the chromaticity diagrem
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corresponding to the confusion lines of tritanopes (Wright, 1952)
together with a general impairment of discrimination as luminance
was decreased below 1 f't. lambert. Brown's results are not
necessarily incompatible with those described above., He did not
measure any points in the neighbourhood of the blue spectrum
locusy and his method has been shown to enhance tritanopic
effects relative to the method of just noticeable differences
(Farnsworth, 1958). Walraven and Bouman (1966) have discussed
Brown's data, suggesting that the tritanomalous confusions are
restricted to the upper part of the C.I&E. chromaticity
diagram and should therefore be described as pseudo-tritanomaly.
They find that the pseudo-tritanomaly can b§ explained in their
fluctuation theory as resulting from a change in the weighting
factor (F?l).multiplying the signal from the blue cones to the
chromatic system rather than a decrease in blue and yellow
discrimination sensitivity, which results in tritanomaly (for

a summary of the fluctuation theory, see section2.4e3).
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2:34 Effect of field size and bandwidth.

Willmer and Wright (1945) reported that wavelength discrimi-
nation tended towards tritanopia for reduced bipartite field
size of 20'(maintaining strict central fixation.,) Bedford and
Wyszecki (1958) found no such tendency for field size as small
as 1.5', but they used a wide separation between test and
comparison field, and allowed the observer to scan the stimulus.
Either of these latter factors could have influenced their
results. However, MoCree (1960b), using a range of seven field
sizes and a bipartite field which the observer scanned contin-
uously reported a progressive tendency towards tritanopic form
of the discrimination function as field size was decreased. All
the above suthors found that discrimination was impaired for
smaller field sizes. Hilg and Cavonius (1970) varying bar width
of an equiluminant chromatic grating, rather than fielcd sige,

reported no evidence of shifts in the minima as grating bar

width was decreased to about 1.5' but their data is not very
complete at the lower bar widths. Their results confirm a
progressive worsening of discrimination throughout the spectrum
as bar width is decreased.

Another factor important in the design of colour discrimi-
nation experiments is that of bandwidth of the monochromatic
light. Siegel (1963) reported that colour discrimination was
unaffected by variations in bandwidth between 5 and 80nm. He

based his conclusion on the standard deviations of hue limen
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settings. However, the hue limens themselves show effects which
appear to the present author to be consistent for three subjects,
although Siegel states that the reliasbility is lower for the hue
limen data. In each case discrimination appears to be progress-
ively impaired in the region of the green threshold maximum,
roughly as bandwidth is reduced, while there is little effect

at the long wavelength end of the spectrum. Measurements were
not made below 500nm. The region of impairment of discrimination
corresponds approximately with the region in which colorimetric

purity is reduced by increase in bandwidth, as tabulated by

Siegel.
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2¢3.5. Effects of Temporal Factors

The et'fect of time of observution on chromaticity discrimination
has been collated by F-rnsworth (1958) from three disparate investi-
gations. His calculations indicate that thc longer time taken per
observation, the grecter the reduction in blue-yellow discrimination
relative to reu-green, He reports some experimentgasupport of this
observation. Yustova (1958) presents evidence that the longer
durations of observ.tion reauce the extent of the chromaticity space,
due to chromatic adaptation to the discrimination field. Wright (1947)
describes some complex results on tne time course of recovery to
chromatic adaptation by means of a colour matching technique, but he
does not examine the time course of hue discrimination limens in this
situation.

One approach to the problem of effects of fixation on colour
discrimination is the use of image stabilisation on the retina (Ditchburn
1958). Colours were found to fade under such conditions., McCree
(1960a) has studied colour discrimination over the whole spectrum with
voluntary fixation. He found thst under such conditions, virtually
any two colours could appear to match. Colour discrimination could
be restored either by instructing the observer to glance at the field,
or by interrupting tne stimulus every 0.5 sec for 0.05 sec. McCree
concluded that the effcct was not due to cesaturaiion of the field,
although this phenomenon was yresent to a small extent. Clarke (1960)

has also found desaturation and hue shift with increases in exposure

time. A bipartite field was fleshed on for 0.5 sec every 2 sec., and

number of flashes varied from 4 to 30.
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Luric and Jeissman (1955) have studied the effect of exposure

dur:tion on perc.ption of the comyonents of two colour mixture, which
wis effectively a chromaticity discrimination task zround a colour
near the centre of the chromaticiuvy chart. ™iny found th t for g 1°
bipartite field, viewed ‘cveally, discrimination wos impcired below
50=150 msec, dif'fersntinllvy in different dircctions on the chromaticity
chart, but wns cesentially uniffected up to times of 200 m sec.

In a simil~r study Siecel (1965) has the ei'fect of exnosure time
on 2 bipartite field w:velength discrimination for a sinsle spectral
loc. tion (575 nm). He messured the standard devintions for colour
motching settings for eight suojects and pocled the data. He found
that discriminction ability improved continuousl; firom 20 msec to
5 secs exposure, Olegel suggests that the iuprovement at longer
guration ney be the result of an artef'ac:, and that tiis might be
.ue to aiiferences in fixation of the stimulus, wiich wes an une
conlrolleu virieble.

Thus both the preceding studies show a reduction in discrimination
as ex.osure times are reduced, liany of the studics in tais section
do not investigate sepcretely the gffect of exposure time on effective
stinulus luminance (Bloch's Law) but Luria and Weissman compensated
for tuis effect. In o limited experiment, equal lumine ce exposures
showed generaily similer effects to those for equal energy exposures.

It thus appears thut in both wavelength discrimination and in
general chromaticity discrimination, the discrimination ability is

impsired for either long or short durations of cxposure, whether
p P s

presentation is continuous or intermittent.
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2.4, Theories of Colour Diserimination.

2441 Introduction.

In general, theories of colour vision are incomplete

if they dgzgrovide an explanation for the phenomena of the
whole field of colour vision., This should include, for
example, predictions of the luminosity functions, colour
mixture data, and the various aspects of chromatiocity
discrimination both for normals and for each of the main

types of colour defect (demteranopia, protanopia, tritanopia).
Data on many of these aspects of colour visionais now avallable.

A body of data concerning temporal phenomena in colour
vision is also being established (see section 3) of which
future theories should take account,

The present thesis concentrates on a single aspect of
colour perception, namely, the temporal factors involved in
coiour discrimination. Consequently this seotion will review
only the facet of each theory dealing with colour discrimination.

Three major theoretical approaches to the data of colour
discrimination are described in this seotion., The Helmholts-
Stiles Line Element theory bases the prediction of disorimination
ability essentially on the relative excitation of the three
fundamental colour systems., The Walraven=Bouman Quantua .
Fluctuation theory assumes that the discrimination step is
limited by the quantum fluctuations in the 1light signal to

the three response mechanisms, and makes additional assumptions
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concerning a bidimensional division of the colour space. The
Hurvich-Jameson Opponent Process theory utilises only the
bidimensional division of the perceived opponent colours.

In section v, the data of dynamic wavelength discrimi-
nation obtained for this thesis are considered in relation
to the theories of colour discrimination outlined in this
section. However, in the case of the Line Element thecory
it was found that Stiles (1946) gave insufficient information

to ensble computation of the relevant values.
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2e4 62 Helmholtz Stiles Line Element Theorvy.
The line element theory was first postulated by Helmholtz

(1896), but modified by Stiles (1946) to the form desoribed
here. The perceptual difference between two light patches

is assumed to be mapped by a line joining the coordinates

of the two patches in three-dimensional luminance-chromaticity
space. The theory postulates that the just discriminable
distance is of fixed length in a Non-Euclidean space where

the axes are defined as the response magnitudes of the three
fundamental response mechanisms. Any light is desoribed as

a point in the space determined by its trichromatic coordinates
in terms of the fundamentals. Stiles used the fundamentals
determined earlier (Stiles, 1939) by an increment threshold
technique as a basis for his calculations. Extra measurements
of the differential sensitivity (or Fechner fraotion) for each
mechanism were included in the specification by Stiles. The
threshold change in stimulus wavelength is predicted as the
change in stimulation to produce a fixed magnitude of change

of the primary amplitudes weighted by their respective
sensitivities. The line element theory predicts the basio
features of the hue discrimination ourve, i.e. threshold minima
near 590, 490 and 450 nm,but the predicted discrimination limens
in the short wavelength end of the spectrum are much lower
than those found by Wright and Pitt (1934), with which Stiles
compares the theory., Stiles suggests that their use of lower
luminance for the short wavelength may have affected their results,
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Later data by Bedford and Wyszecki (1958), correspond
more closely to Stiles)prediction. For the data of Thomfson
and Trezona (1951), Stileé’prediction is a good fit for one
observer, but a poor one for the other, Since the observers
used different discrimination methods, the method may be a
factor 1limiting the applicability of the theory,

The 1line element colour discrimination theory can be
extended to predict MacAdam's ellipses of chromaticity
discrimination (described in section 2.3.2). Both the area
and orientation of the major axis of the ellipses are well
predicted by the theory. The theory is not extended to data
on the effect of luminance or field size on wavelength
discrimination, nor are the classical data of defective
colour vision covered. However, assuming that the spectral
sensitivities of the three colour channels are unaffected
under these various conditions, the possibility of alterations
in the Fechner fractions for the three mechanisms nevertheless
provides two degrees of freedom in the theory by means of which
these data might be explained. If, as Stiles (1949) suggests,
the Fechner fraction for each mechanism varies differently
as luminance is reduced, (or with changes in field sisze),
this provides a basis for prediction of the shape of the
wavelength disorimination curve under the appropriate
conditions. Data indicating the effects of stimulus frequency

on Fechner fraction for the ocone mechanisms, and hence
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prediction of the effects of frequeney in a suitsble wavelemgth
discrimination situation, such as &s desoribed in section 7.3,
would be of value in extending the scope of the line element theory.
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244e3 Fluctuation Theory of Colour Discrimination.

Walraven (1962) and Walraven and Bouman (1966) have
approached the problem of wavelength discrimination by
considering the effect of quantum fluctuations in the input,
first applied to the problem of brightness diserimination
by de Vries (1943) and Rose (1946) to each of the three
vhotoreceptor types. Since tﬁ;?;ﬁantum flucptations are
proportional to the square root of the input amplitude to
each vhotoreceptor tyne( see Ditohburn, 1963, Yy
the threshold of colour discrimination is hypothesised to
be proportional to the square root of the vector sum of the
input amplitudes to the three receptor systems, The receptor
systems are assumed to be independent, hence the quantum
fluctuations are proportional to spheres of constant size
in a three-dimensional square root diagram, in which the
inputs to the three receptor systems are the orthogonal axes.
The spectrum locus is plotted on the square root diagram in
terms of the response of each receptor system to each point
on the spectrum. Hence the form of the colour discrimination
curve is obtained from the spectral extent of the square root
fluctuation spheres at each point in the spectrums Two points
are worth noting. The basic fluctuation theory makes no
physiological assumptions, but describe the behaviour of

an ideal physical detectog,e.g. three independent photocells,

although some mechanism for combining the three inputs is
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required. Additionally, the theory as utilised by Walraven
and Bouman predicts only the relative proportions and not
the absolute magnitude of the disorimination function. A
test therefore of whether the threshold magnitude is as
predicted by quantum fluctuation would be of interest.

This problem could be approached by the addition of extra
random fluctuations to the input signals, to investigate the
effeot on thresholds,

In applying the fluctuation theory both to normal and
to colour-defective subjects under a variety of conditions
of luminance and field size, Walraven and Bouman found that
modifications were required to the basic fluetuation theory.
The blue receptor input was postulated as having different
effectiveness for brightness and colour perception. A.
variable amplification factor of 52- for the colour perception
process was found to desoribe adequately the short wavelength
diserimination for both normals and deuteranopes. The
value of ﬁz was varied to fit data at a range of luminance
levels. The main result of inoreasing ﬁ1 was to shift
the threshold minimum in the blue from 470nm to 500nm,
corresponding to the shift for increasing luminance by 3 log
units,

They further postulated that the sensitivity to the
effect of quantum fluotuations was different in different

directions in the square root diagram. The two orthogonal
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directions suggested were along lines between red and green,
and between red-plus-green (yellow) and blue., Discrimination
along these lines is referred to as tritanopic and deuteranopic
respectively, as the discrimination functions in the two
directions resemble the discrimination of the respective
colour defective eyes. Use of the two bivariant components
in varying proportions permitted matching of data on the
effect of field size on wavelength discrimination. Small
field tritanomaly is hypothesised as a reduotion in the effect
This approach
of the blue-=yellow discrimination component. ,(u also allows
prediction of MacAdaﬁ% chromaticity disorimination ellipses.
The Fluctuation theory of colour discrimimation as developed
by Walraven and Bouman (1966) this provides two degrees of
freedom beyond the basic curve obtained by the application
of the assumption that threshold is proportional to the
quantum fluctuations of the stimulus. By means of these
extra parameters many of the classical data of colour

discrimination effects can be accommodated. The application

of the theory to dynamic wavelength discrimination data is

considered in section 8.2,
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2eltels. Hurvich-Jameson Opponent Colour Theory.
Hurvich and Jameson (1955) base their theory of wavelength

diserimination on their Opponent Process theory of wisual
perception. Derived from the concept of Hering (1920), the
theory is based on the hypothesis that human vision is mediated
by three opponent processes, viz. red-green, yellow-blue and
white-black. The first two processes were originally conceived
of as involving excitation of opponent red or green, and

yellow or blue processes respectively. The white-black process,
on the other hand, represents either excitation or de-excitation
i.e. two kinds of activity of the same process. The form of
three opponent process responses muy be transformed from

the C.I.E. tristimulus values, but it should be noted that

the white and black functions have the same transformation
values, but each is multiplied by a different constant. It
would appear therefore that appropriate selection of constants
would enable the white-black 'opponent' proocess to be
represented by a single nom-opponent process.

However, for the present purposes, the two chromatic
opponent processes are the only ones of relevance. Jameson
and Hurvich (1955) measured the spectral chromatic response
of each process (or chromatic valence) as the relative
energy of the opponent 'cancellation' stimulus for can~
cellation of each spectral stimulus to a neutral colour.

The opponent 'cancellation' stimuli were selected on the
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basis of psychological uniqueness.

The chrometic velence curves may be transformed to a
coefficient of the relative valence at each wavelength, or
hue coefficients. IHurvich and Jemeson (1955) suggest th .t
spectral hue discrimination will be proportional to the rate
of change of hue coefficients (or difference in hue infor-
mation between a pair of wavelengths separated by a small
amount). Wavelength discrimination will involve such hue
discrimination information, but will also be affected by
changes in saturation through the spectrum. As a first
approximation, Hurvich and Jamcson suggest that saturation
end hue changes will have équivalent effects in the
determination of the wavelength discrimination funofions.
The saturation coefficient used for this purpose was defined

as the ratio of the chromatic responses to the sum of the

chromatic and achromatic responses.

The predicted wavelength discrimination functions were
computed from the hue and saturation coefficients at two
levels of luminance. These exhibit essentially similar
features to those obtained by Weale (1951), viz, minime in
the regions of 580 and 480nm, and a shift of the short
wavelength and general reduction in discrimination with a
reduction in luminance.

These features are also similar to those found by

other investigators (reviewed in section 2.3.3.).
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2.5 Independence of the Colour Processing System.

Walraven (1962) has reviewed evidence that there is an
independence between the processing of brightness and colour
perceptions in the photopic retina, such that the channel
processing stimulus luminance information, (i.e. & measure of
the combined responses of the three primary receptor systems)
diverges from the channel processing chromaticness information
(i.e. & measure of the relative response of the three receptor
systems) at some level, The alternative to such a divergent
system would be a sequential system in which, for example,
the visual information is first processed in the manner required
for colour perception, and the luminosity information is then
obtained from the output of the colour processing system. The
letter type of system would require the eventual separation of
Juminance: and chromatic information, but all the chromatic
processing would occur before the separation. Simce both
systems include three primary receptors as the input stage for
both luminance and chrometicness processing, the difference
between the systems lies essentially in the level at which the
two types of processing diverge. The hypothesis of independence
of luminance and chromaticness channel should therefore be
understood to imply that essentially no processing between
primary receptor signals (e.gs lateral interactions, opponent
colour interactions, etc) occurs prior to the divergence of

the luminanoce and chromaticness channels.
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It should be noted that the hypothesis of independence
in the processing of luminance and chromaticness information
does not imply that, for example, the chromaticness of a
stimulus is unaffected by a change in the stimulus luminance
(as in the Zezold~Brucke hue shift), but that the change in
chromaticness is hypothesised to be duezoeff‘ects within the
chromsticness processing channel which are not connected with
the processing for brightness perception. Similarly, differentisel
sengitivity to luminance differences for stimuli of various
wavelengths may not be accompanied by the corresponding
differences in the chromaticness channel (e.g., see Walraven
and Bouman, 1966).

The independence hypothesis was originally postulated
in a stronger form by Pidron (1939) who suggested the existence
of an extra "brightness cone™ to account for evidence of
independence. of the signals for brightness and colour, Since
the "brightnesa cone“ was supposed to contain all three photo-
sensitive substances present in the other three "chromatic
cones"., Piéron's model is functionally very similar to a model
in which the information for brightness perception is a
combination of the direct outputs of three cones diverging
from the channel processing of chromseticness,

The evidence for the independence model, reviewed by
Walraven (1962), is summarised below. Pidron (1939) and Troland

(1922) showed that the luminosity curve is only
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slightly affected by moderate chromatic sdaptation, whereas
perceived hues are radically affected. Sinoe the luminosity
curve is assumed to be the sum of the sensitivity curves of the
three receptor systems, the adaptation cannot be affecting

the latter markedly, but must be acting in an independent
chrome ticness channel. Similar considerations apply to the
strong chromstic adaptation employed by Brindley (1953).
According to Waelraven's analysis the three receptor systems
are operative under strong chromatic adaptation, although at
reduced levels, but the eye becomes monochromatic, which is
suggested to result from complete fatigue of the chromaticness
channel. Svaetichin and MacNicol (1958) found corresponding
independence in the electrical responses under chromatic
adaptation in fish retina. Finally Fincham (1953) found that
the chromatic aberration reflex for accommodation in cone mono-
chromats was unimpaired although colour vision was sbsent. It
therefore appears that the colour information is present at an
early stage but that the chromticness channel is inoperative,
Similarly Weale (1953) concluded that the spectral sensitivity
of cone monochromats was not that of a single ( green) receptor,

and that therefore the colour defect was located in post receptor

structures, i.e. presumably the chromaticness rather than
luminance channel.

Walraven's theoretical interpretations of the Besold-Brucke
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hue shift, colour neming experiments and colour discrimination
of dichromats are based on the independence hypothesis, as is
Walraven and Bouman's (1366) interpretation of the colour
discrimination of trichromats for different luminances and
field sizes (described in section 2.4.3).

Recently, other lines of evidence have been obtained
which support the independence hypothesis. In particular,
there is evidence for spatial inhibitory interactions in the
luminance channel which are not present in the chromaticness
channel. The evidence implies that the spatial inhibitory
interactions occur either sequentially following the prooessing
of chromaticness, or in a separate channel, Since the evidence
reviewed above suggests that the luminance processing does not
occur following the processing of chromaticness, the evidence
presented below supports the latter hypothesis of separate

channels for luminance and chromationess (after the primary

receptor stege).

Mach bands of brightness perceived in the observation
of spatial brightness gredients are usually interpreted as
resulting from spatial inhibitory interactions (Ratliff, 1965).
Most studies report the absence of colour Mach bands for stimuli
of constant-luminance ohromaticity gradient, (Thouless, 1922;
Kofgg and Harrower, 1931; Fry, 1948; Brcoles-Gugzoni and

Piorentini, 1958; Van der Horst and Bouman, 1967), although
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Daw (1964) reportsthe observation of colour Mach bands using

step changes in dominant wavelength together with purity. A
related line of evidence is the Liebmann effect (Liebmann,

1927) , in which the visibility of the edges of a figure is
markedly reduced when there is no luminance difference across

the edge, even with large chromaticity differences. This suggests
that edge enhancement effects are reduced or absent irtr:hromatic
channel. This evidence therefore seems in favour of a lack of

(or st least marked reduction of) spatial inhibitory interactions

in the chromaticness channel.

A second approach to the spatial characteristics of the
two systems has been made via spatial frequency response
functions. Sensitivity to spatial sinusoidal luminance grating
shows a band-pass form (Westheimer, 1960; De Palma and Lowry,
1962)« The low frequency attenuation has been interpreted by
these authors as corresponding to spatial inhibitory interactions.
Schade (1958) found a similar phenomenon for spatial sinusoidal
purity-modulated gratings, and the dats of Van der Horst (19569v),
using gratings of purity-modulation around white,show evidence
of a small decrease in sensitivity at low spatial frequencies.
In combination with the observation of Mach bands by Daw (1964),
in a situation in which step changes in purity oocurred, the
above results suggest that there may be spatial inhibitory
interactions operative in the processing of stimuli of varying

purity. Purther experimentation designed to specifically test
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this hypothesis is required. However, experiments using spatial
chromatic modulation at high purity close to the spectrum locus
have found no evidence of low frequency attenuation (Van der
Horst et al., 1967; Clarke, 1967; Hilz and Cavonius, 4570).
Similarly, Van der Horst and Bouman (1963) found no low frequency
attenuation for travelling chromatic-modulation grating
sensitivity. In summary, the evidence suggests that luminance
modulated gratings produce a low frequency attenuation in the
frequency response function, as is probably the case for purity
modulated gratings. Dominant wavelength-modulated gratings

do not appear to produce a low frequency attenuation.

Similar effects in the temporal domain are considered
in terms of the independence hypothesis in section 8.6.

The evidence reviewed in this section indicates that the
processing:chromaticness information and opponent colour interactions
occurs in the chromaticness channel , after it diverges from the
luminance channel, and the processing of lateral inhibitory
interactions occursin the luminance channel after the divergence
of the chromatiocness channel. The evidenoce is therefore in
support of the hypothesis of independence of luminance and

chromaticness processing in the form stated above.
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3« Temporal Characteristics of Colour Vision.

3¢1s Square Wave Flicker: Introduction.

A vast array of investigations have been used as a stimulus,

a light source which is alternately switched on and off,
giving an effectively rectangular variation in luminance (square
wave flicker). The principal parameters of such a stimulus that
have been investigated are the frequency of occurrence of each
switching cycle and the ratio of time for which the light is on
to time for which it is off. (Light-dark ratio). The inter-
relation-ships of frequency and light-dark ratio will be
considered in section 3.3.

The first attempt to bring order to the "chaos of knowledge"
as he described it, was by Landis in 1953. He published a
bibliography of flicker-fusion phenomens attempting to include
all studies up to that date. The bibliography has been continued
by Ginsberg (1970) up to 1968. It appears that the oritical
fusion frequency (CFF) which the subject judges to be his
threshold for the perception of flicker, is influenced by many
factors. The most important factor affecting CFF is the retinal
illuminance of the flickering stimulus. The retinal illuminanoce

function is of‘ten used as a means of examining the effects of

other stimulus parameters on the CFF. Important amongst the
latter are the retinal subtense, retinal locus, colour charac-
teristics and spatial configuration of the stimulus and its
surround; degree and type of adaptation of the retina, activity

in the contralateral eye and a number of psychological faotors.
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(For a summary of these effects see Brown (1965 pg. 251-268).
3+2e Wavelength Effects in Flicker Studies.

In the photopic luminence range Hecht and Sghlaer (1936)
found CFF to be substantially independent of wevelength of the
flickering light, when the stimuli of different wavelengths
were matched for brightness (heterochromatic brightness match).
This result held over a large range of photopic luminances.

The stimulus consisted of a sudden alternation between the light
stimulus and darkness with a 131 light/dark ratio.

In contrast, the scotopic portion of the CFF versus log
luminance curves showed large divergences for different wave=-
lengths. The divergence of the curve for each wavelength is
roughly proportionsl to the difference between scotopic and
photopic sensitivity at that wavelength (photochromatic interval).
The divergences thus reflect the inappropriateness of a photopic
brightness match for the scotoplio region. The separation of the
CFF function into high and low luminance regions with distinct
characteristics confirms the Duplicity theory of retinal
function for dynemic stimuli. First proposed by Schultse (1866)
the Duplicity theory holds that low and high luminance stimuli
are processed by two different classes of receptor (called
scotopio and photopic respectively), which have markedly
different characteristics. The data of Hecht and S$hlaér indiocate
that the differences in spectral sensitivity of the two classes

of receptor found under static conditions (e.g. Wald, 1945)are



maintained in this dynamic situation involving square-wave
temporal modulation of the light intensity. The use of square
wave flicker to study the luminosity function by examining CFF
of monochromatic stimuli as a function of wavelength has not
been widespread, since, as Ives (1912) points out, there is
only a very small variation in CFF for large changes in
luminosity. The data of Hecht and Sfhlaer (1936) indicate that
in the photopic region, except at very high brightness, CFF
varies roughly in proportion to the luminance as determined by
heterochromatic brightness matches. Berger et al.(1953), Collins
(1961) , Heath (1958) and others have used the CFF criterion in
studies of colour defective luminosity function. The results
present no clear picture. Ikeda and Urakubo (1968) have studied
normal and colour-defective subjects using a field of alternating
red and green stimuli and a red or green adapting field. They
found that the ratio of the radiances of the two stimuli at
sub jective minimum flicker distinguished colour defectives and
normals, effectively in terms of spectral sensitivity determined
by means of heterochromatic contrast threshold, and also by the
effects of adaptation. They do not study the colour flicker
induced by their stimulus, and they have not published the data
of the actual variation of the contrast threshold with wavelength.

appear to.be ne

There . :Aother studies of luminosity function using the

heterochromatic contrast threshold at a fixsd frequenoy of flicker.
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3.3 De Lange Curves.

De Lange (1952) brought a new order to the study of
flicker fusion phenomena when he developed the technique
of varying the modulation depth (m) of a flickering light
(or contrast ratio (e ) between the luminance of”light'(L,_)

and "dark" (LD) phases of flicker relative to mean luminance,

Specificeally,

For a sinusoidal waveform of modulation the expression for

modulation depth (m) is:

R = L max - L min
2L0
where L = L, (1 + msiaWt)

and LO is the time average luminance

De Lange plotted the reciprocal modulstion depth (1) at

sub jeotive threshold as a function of modulation frequency,

of sinusoidal luminance flicker to give a measure of the
input-output ratio of the visual system to luminance changes
when a steady-state in the flicker perception had been reached.
Curves of reciprocal threshold modulation depth as a function

of frequency are known as De Lange curves. De Langs used a
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2° flickering field with an equiluminant surround to maintain
the adaptation level virtually constant at all frequenocies,

He found that the De Lange curves exhibited a sudden fall-off
in sensitivity near a certain frequency at low retinal
illuminance levels, but showed anincreasing peak in sensitivity
before the step fall-off when average luminance was increased.

Similar results were reported by Kelly (4961b) using
a 65° field with a blurred edge. Kelly plotted his results
in terms of ebsolute modulation sensitivity, rather than
sensitivity relative to the time-average luminance. He found
that the high frequency slopes, over a range of retinal
illuminance spanning more than five log units, conformed to
a single curve, De Lange's data show a similar effect when
replotted in this way (Levinson and Hapmen, 1961). This
indicates that for the high frequency slope, sensitivity
to flicker is dependent solely on the absolute modulation
amplitude and independent of adapting luminanoe.

A different approach to flicker sensitivity has been
developed by Bartley and his co-workers, (see Bartley, 1561)
besed on the enhancement of perceived brightness of s flicker-
ing light relative to that of a steady light of the same
time-average luminance,first reported by Bricke (1864). The
details of the brightness enhancement effect of flicker are
not relevant for the present purposes, but it should be

pointed out that it involves a different phenomena from
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those relating to threshold De Lange curves.

a) The brightness enhancement effect only ocours with
supra~threshold flicker, When the flicker is at CFF no
brightness enhancement is observable., De Lange's measure-
ments are by definition made at CFF for the prevailing
conditions, so that the conditions of observation for the
two types of experiment are different.

b) The ebove distinction raises the question whether
brightness enhancement could be due to the same processes
which determine the De Lange charaoteristics. De Lange
(1957, pg. 59) points out thet the form of his "attenuation"
functions at high luminance is such as to suggest that, if
the visual system behaves in a linear manner, an overshoot
should occur in the response to square-wave modulation.
However, such an overshoot would not produoce a brightness

enhancement effect (only a flicksr enhancement) unless the

visual system behaved.in a non-linear manner. It therefore

appears that the phenomenon of brightness enhanoement

implies a non-linearity of the visual system which is not

recognisable (as analysed by De Lange) in the De Lange curves.
c) -There is evidence (Bnley and Sternheim, 1967) that

brightness and luminance processing may be dissociated

by adeptation condition. Similarly, Harvepy (1970) has

shown that flicker threshold is dependent on the stimulus

luminance under conditions where the perceived brightness
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of the flickering stimulus is manipulated. I have not been
able to discover any studies designed to investigate such
a dissociation between brightness enhancement and flicker
threshold, but the above experiments suggest that the
processes involved in the two types of approach may be

independent.
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Section 3.4 Perception of Steady=State Stimuli

De Lange regorded nis De Lange curves as depicting the attenuation
characteristics of the visual system for luminance stimuli, by
analogy with the attenuation characteristics of electrical networks
(Bode, 1945). However, his investigations on two subjects revealed
a number of limitations to this useful description. The assumption
is involved that the threshold criterion is independent of frecuency.
However, the subjective impression of flicker is different for dif-
ferent frecuencies and this might maeke it dif:icult to hold a con-
stant criterion. De Lange found that the visual sytem is not linear
in itc response to sinusoidal modulation with respect to retinal
illuminance (except possibly at very high values) for a 2° flickering
field with an equiluminant surround. The sensitivity curve changes
in shape from having the form of a simyle cut-off at low retinal
illuminzance to having a pseudo-resonant peak near 10 Hz at high
retinal illuminance. As a result of this change in form the low
frequency flicker sénsitivity hardly varies between about 4 and
10,000 trolands, but the high frequency slope shifts continously
towards higher frecuencies as retinal illuminance is inoreased
(see section 7.1.).

The visual sensitivity is thus non-linear with respect to mean
stimulus amplitude. However, experiments on the perception of
supra-threshold flicker by Veringa (1959) indicate that, using a

criterion of constant apparent flicker, curves of similar shape

may be obtained for roughly a 5!1 range of modulation amplitudes.
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However, Veringa's results apply only to frequencies above about

10 Hz i.e., to the high frequency slope of the De Lange curve.
Recently Marks (1970) has extended such observations down to about

3 Hz, using trapezoidal modulation approximating a sinusoidal wave-
form, and a 2° field. He found that the form of the constant
apparent modulation depth curves were similar to that of De Lange
curves with a pcak near 10Hz. The form of the curves was not greatly
affected by an increase in modulation depth of about e log unit (or
somewhat less at lower retinal illuminances) from the threshold

(De Lange) conmdition. It therefore appears that the visual system
response is approximately linear with respect to modulation am-
plitude over a range of up to 1 log unit. Beyond this limit, how-
ever, the form of the apparent modulation depth ocurves changes con-
siderebly, i.e. the non-linearity is no longer negligivle. De Lange
notes that both the height and width of the high retinal illuminance
peak is somewhat variable both between observers and on different
occasions in the same observer. Within these limitations, De Lange
was able to construct an electrical analogue of the visual response
to tue steady-state sinusoidal stimulation which gave acceptable
predictions of the rosoonse to square-wave and n90° impulse shaped"
modulation. His eerlier (De Lange, 1952) experiments on the high
freqency slope had confirmed Ives (1922) conclusion that the visual
threshold was determined by the fundamental Fourier component of
complex waveforms. Kelly (1961) and Gibbins & Howarth (1961) have
shown that it is possible to explain much previous work om variation

of CFF with lightdark ratio on the basis that the amplitude of the
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fundamental Fourier comjonent ot each waveform determined subjective
threshold.

This idea has received further support in the work of Levinson
(1959) and Brown (1962), whioch indicated that the threshold for a
complex waveform is determined by the threshold for the largest
Fourier component of the waveform. However, Levinson (1960), in-
vestigated the perception of Waveforms composed of fundamental and
second harmomic modulation of amplitudes in pronortion to their
individual throsholds, i.e.. of equivnlent subjective effect. In
this situation, the threshold for the comnlex waveform was much
lower than for the individual components, and was dependent on the
phese relationship of the components. The threshold varied by & 156
and was minimal at a lag of the second harmonic relative to the
fundamental of about 220° (of the second harmonic cycle). No method
of obtainine phase relation or waveform at the site of the non-linearity

was investigated. It therefore appears that these results may be

described as follows. The attenuation of the Fourier components of
a complex waveform is the same as i'or each component alone. On the
other hand the rcsponse of the flicker perception mechaniam is not

just proportional to the sum of the amplitudes of the Fourier com=

ponents, but is also influenced by the phase-dependent waveform of

a complex stimulus in the manner Jjust described.

A further example of a situation in which flicker perception
behaves linearly was pointed out by Kelly (1961b). The De Lange
curves may be plotted in terms of absolute modulation depth without
regard to the adapting illuminance level. Recently Kelly (1969&) has
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shown thet this high fre-~uency slo)e lies about midway between
that osredicted by a casca ed integrator model, such as De Lange's,
and the Ferry-Porter law of a linear relationship between CFF and
log luminance (or, if luminance is unimportant, between flicker
fusion and loc modulation amplitude.) He has suggested a solution
of a dif'usion equation which accurately describes the data.

However, the behaviour of the flicker threshold at points not
on the high frequency slope is non-linear and is not described by
Kelly's (19699 model.

The experiments de:cribed in this section indicate the value
of the systems analysis ap roach in integrating and explaining the
experimental findings concerning time-virying stimuli., However,
technicues -or dealing with non-linear systems are much more limited
than those for linear systems (see section 4). Since the visual
system behaves non-linearly in many respects, as discussed above,
the more detailed mathematical and formal modelling of the system
is limited in its applicability. A model derived from the response
under one set of conditions is not predictive of the response under
different conditicns e.g. at different levels of mean lu:inance,
The model is rcduced to having a largely desoriptive value, i.e.
condensing tne experimental information into a compact form rather

than being of' use in predicting further types of experimental result.
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3.0 Effects of Colour on De La.nge Curves.

De Lange (1957) was the first to study the effect of

stimulus wavelength on the De Lange curve of a flickering

monochromatic light. The stimulus consisted of a 2° mano-
chromatic field with a white equiluminence surround. He
found small differences in sensitivity between the curves
for several wavelengths holding over a luminance range of
nearly 2 log units. The differences were mainly in the low
frequency region betow 10 Hz. Differences in both overall
sensitivity between 41 and 10 Hz. and in the slope of the
increase in sensitivity to aebout 10 Hz. were evident. The
slope differences ocourred largely in the long wavelength

region of the spectrum.

Before comparing De Lange's results with those reported
in section 7.4.3., there are two points which a?wuld be made
concerning De Lange's methodology. He used a white
equiluminegnt surround in the experiments on coloured light.
Luria and Sperling (1959) have found that the colour of the
surround field effects the CFF of a test field. Since a
small effect on CFF may correspond to a large difference in
modulation depth of the flat, low frequency portion of the
De Lange ourve, small differences in the mumber of chromaticity
discrimination steps (Wright, 1947) between white and each
of the colours used may have affected the threshold of the

test field differently for different colours. In a literature
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search I failed to locate any studies on the effect of a
white surround on the modulation threshold for coloured
light.

The second point is the apparent contradiction between
the results presented in figures 25 and 26 (De Lange, 1957
pge 71=2). These figures contain some examples of data
obtained under the same conditions on two different
occasions. In particular his curves for the 512 and 465
nm conditions coinclde on the first occasion, but are
different in the low frequency region by almost the full
range of variebility which he attributes to wavelength
effects on the second occasion. In other words, De Lange's
experimental error is apparently of the same order as the
wavelength effects he describes. However, the differences
in shape between the curves, particularly noticeable at
641ng, seem to be similar on the two occasions.

In sum, De Lange's data concerning the effect of
colour on modulation sensitivity do not demonstrate un-
equivocally that there is an effect, except in the wavelength
region above 600nm. Kelly (1962b) has measured dynemio
spectral sensitivities at three modulation frequencies
using a 65° blurred-edge white field to which was added
a threshold luminance of & 1008 sinusoidally modulated
monochromatic beam, of which the wavelength was varied.

Kelly found that between 5 and 12 Hz. sensitivity increased
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in the green region compared to the ends of the spectrunm,

and between 12 and 25 liz. sensitivity decreased in the
extreme blue relative to the rest of the spectrum. These
results do not correspond at all closely to those obtained
by De Lange. This is not surprising since Kelly's

large field has given results consistently differing in
detail from De Langes. Further, the stimulus Kelly used

in measuring dynamic spectral sensitivity was not perceptibly
different from white at threshold, whereas De Lange's test
field was monochromatic with a white surround.

Kelly (1961a) obtained De Lange curves for two mono-
chromatic colours. The curves showed features similar to
those obtained for monochromatic fields with a threshold
amount of added flickering white light (Kelly, 1961b). The
difference between the change in threshold from 1 to 20 Hz.
for 538nm and 670nm fields was of the order of a factor
of 4 (the largest change obtained by Kelly). De Lange's
largest differences are about a factor of 1.5, Clearly
the flicker sensitivity is affected much)more by wavelength
when Kelly's stimulus is used. Kelll(.?z;:scribed the effects
he found in terms of subpeeks in the De Lange curves (for 4
out of 8 subjects) sensitive to adaptation by the colour
of the adapting field. Peaks near 6, 12 and 24 Hsz. are

sensitive to blue, green and red adaptation respectively.

Kelly explained the occurrence of the subpeaks and their
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sensitivity to chromatic adaptation as resulting from
three fundamental colour channels each with different
temporal characteristics. He suggests that the red, green
and blue channels appear to have progressively lower
frequency characteristics. Kelly comments that the shape
of his De Lange curves "depends almost entirely on the
colours of the adaptation and flicker beams, while its[their]
height is practicelly constant". (1962§ pg. 945).

Only the blue and green pesks were observable when
a 4° field with a dark surround was used. Kelly attributed
this low frequency enhancement to the presence of edges
in the field. Green (196)) performed experiments
involving colour adaptation of flicker, with a stimulus
rather different from Kelly's. The stimulus consisted of
a 2° test field of variable modulation depth superimposed
on a large background of a different colour, several log
units higher in retinal fluminance than the test field.
Under these conditions, with suitably chosen test and
beckground colours, there is evidence that the three cone
mechanisms were obtained. The green mechanism shows a
large pseudo-resonant peak around 10 Hz., whereas those
for red and blue are nearly flat to 10 Hze On the other
hand, the overall sensitivity of the blue mechanism is
about 1 log unit lower than that for the red and green

mechanism, thus accounting for Brindley et al's (1965)
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finding that the blue mechanism has a lower CFF than the
red and green mechanisms. The high frequency c#ut-off seems
to occur at similar frequencies for each mechanism. Green
has not found it possible to relate his results to those
obtained by Kelly (1962h) with similar test and adapting
colours. Kelly's results do not show effects corresponding
to those found by Green.

In conclusion, it is apparent that the effects of
colour on the frequency response characteristics of the
retina depend on the spatial configuration of the stimulus
on the retina as well as its chromstic structure., It is
clearly of importance that future studies of the effects
of colour in the frequency domain should be related to
the classical data of colour vision, in particular to the

C.I.E. chromaticity description and to wavelength discrimination.
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346 CCFF as a Function of Colour.

The effects described in the above sections involve the
luminance of the stimulus as the depébent variable. It is
also possible to modulate some aspect of the colour of the
stimulus in time in such a way that the luminance remains
constant. Such a stimulus will be called chromatic modulation.

The applicability of the C.I.E. chromaticity coordinates
to a dynemic situation have not yet been established.

The term "chromatic flicker" will therefore be used to
imply continuous temporal variations in a spatially uniform
stimulus field in which the luminance remains constant, but
the spectral distribution of the luminous flux changes. Such
chenges in the spectral distribution are not necessarily
describable in terms of the established C.I.E. chromaticity
coordinates (i.e. as "chromaticity flicker"), whose applicability
to temporal variations of spectral distribution is discussed
in section (3.7).

The earliest studies in whioch a 8timulus involving time
variation of stimulus colour is used are derived from hetero-
chromatic flicker photometry (HFP), which is a technique for
equating the subjective brightness of two stimuli differing in
colour by presenting each stimulus alternately with the other.
When the brightnesses of two alternated stimuli are equated
subjectively, the stimulus consists of a square wave chromatic

modulstion. Ives (1912) investigated a particular example of
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such a stimulus, in which the rotation of a sector disc
alternated a reference white stimulus and a range of spectral
coloured stimuli. The relative intensities of the two stimuli
were varied until a point of minimum perceptual flicker was
obtained. At this point he took the brightnesses to be equal
under the experimental conditions described. The residual
flicker is caused by interactions within the chromatic
channels. The flicker rate or frequency was varied umtil at
the perceptual minimum the flicker was imperceptible, or just
below threshold. Ives found that the chromatic eritical

flicker frequency, (CCFF) which was the variable thus measured,

varied according to the dominant wavelength of the light
alternated with white. Specifically, CCFF increase in frequency
as dominant wavelength moves from about 570nm towards either
end of the spectrum. However, as dominant wavelength changes,
there are also variations in the chromaticity difference (i.e.
saturation difference) between the two stimuli., Within the
range studied by Ives, it appears that the increases in CCFF
were roughly correlated with increases in the chromaticity
distance between the two stimuli alternated, Troland (1916)
reported similar results. A study by Galifret and Pibdron
(1949) also showsd variations of CFF for different colours of
stimuli alternated with an equiluminant . white, Galifret and
Pibdron (1948) gave evidence that the fusion frequency wes

(psri.tg)
independent of saturation degreeof the coloured stimulus
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from 10-100%. This finding has been criticised by De Lange
(1958b) , who suggests that the transition between the two
stimuli involved was insuff'iciently smooth and the resultant
luminance transients determined the threshold. Furthermore,
experiments by Walraven et al (1953) described in the next
section indicate that purity 1is &n important factor in
the fusion threshold.

A stimulus alternation technique for colour matching
was used by Bongard et al.,(1958) in their investigation of
the colour vision of the peripheral retina. They used only
one low frequency and do not report the comparative effect of
alternation versus simultaneous presentation on colour matches.
But it is of interest that the alternation technique is
applicable to colour matching procedures. A full examination
of the effect of frequency in this type of experiment would
provide some basic data for the extension of the C.I.E.

chromaticity chart to time varying stimuli.
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o7 Sensitivity to Chromatic Flicker as a Function of Freguency.
Truss (1957) has studied the relation between CCFF and

chrometic seperation of alternated stimuli, He showed that for
alternation between 15 pairs of spectral stimuli (white was

not used), the persistence (or reciprocal of CCFF) was propor-
tional to log chromatic separation of the two stimuli used in
each case. The chromatic separation was defined as the distance

in mean jeon.d. steps (Wright, 1943) between the C.I.E. co-

ordinates of each pair of colours.

Truss' results show threshold chromatic separation is
correlated with CCFF close to the spectral locus as well as
along lines of constant dominant wavelength, as desoribed in the
previous section.

Recomputation of Truss' data in terms of the equivalent
wavelength swing for constant CCFF as a function of the mean
of the wavelengths.of the two alternated stinuli,night be
expected to produce a curve corresponding to a dynsmic equivalent
of the wavelength discrimination function at the frequency he
used (10.4 Hz.). In fact the data appear to be subjeoct to
great variability as a result of which no sound conclusions
can be drawn.

De Lange (1957, 1958b) suggested a method whereby the

ochromatic variation around a fixsd mean colour msy be contin-

uously controlled, thus permitting the study of flioker threshold

over a range of frequencies for a single combination of stimuli.
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In his experiments, a red stimulus was alternated sinusoidally
with an equiluminant green stimulus. A varisble amount of
steady orange could be added to the alternating stimulus, with
luminance as determined by flicker photometry held constant.
The implications of this method of luminance messurement are
discussed in section 7.1.k4.

The phase difference between the two alternating stimuli
was adjusted so that brightness flicker was minimised for 10G%
modulation. It was assumed that to phase differences at low
frequencies were so much reduced by the low modulation depths
at these frequencies that no further phase correction was required.

The amount of orange added was set so that flicker was at
perceptual threshold for a range of alternation freguencies.

De Lange found that the sensitivity to colour flicker thus
measured fell oontimuously as frequency increased, but exhibited
a small peak.at 8Hz, the same frequency at which the large peak
occurred the luminance modulation curve for the same mean

chromaticness. He attempted to desoribe the difference between

the shapes of colour and luminance modulation curves in terms

of a small number of sequential first order stages of attenuation
the number of stages varying with the mean retinal illuminanoe.
A single stage Was required at 285 trolands retinal illuminance,
and three stages on a retinal illuminance reduced by two log

units. He did not test this interpretation at any other mean

wavelengths.
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A study in which frequency sensitivity to chromatic
flicker was measured for a number of different wavelengths
was performed by Walraven, Leebaek and Bouman (1958). They
alternated a mixture of white and spectral stimuli with a

white stimulus, using a sector disc, and thus producing a

stimulus modulated in purity.

Although they did not find it possible to measure
thresholds below about > Hz, they were able to study the high
frequency slopes for 12 dominant wavelengths. They found that
the high frequency slopes decreased from red to yellow, then
increased towards blue. They attributed the change in slope
to variations in the residual brightness flicker caused by
variations in the phase relationship between the white and
the coloured periods of the stimulus. They therefore imply
that the thresholds measured were determined not by the changes
in purity per se but by concomitant brightness flicker.
However, their results do not follow the high frequency slope
to be expected if brightness flicker were the determining
factor in the psychophysical threshold.s It appears to the
present author that Walraven et al.have left out of consideration

the reduction in the residual brightness flicker modulation

due to phase with reduction in purity of the alternated coloured
light. Since the phase shift is entirely attributable to the

spectral component of the impure mixture alternated with white,
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the effect of a phase shift in producing residual brightness
flicker will be reduced in proportion to the reduction in
purity of the mixture. They also appear to have over—estimeted
the modulation depth due to a hypothetical phase shift. Re-
calculation of the expression for the estimated modulation
depth suggests that the latter is small enough to be below
threshold at virtually any frequency except possibly close to
100% purity. These considerations lead to the conclusion that
Walraven et 2l'!s resulls do represent frequency sensitivity to
purity modulation,contrary to their own conclusions.

In a recent study, Van der Horst (1969u) has extended

De Lange's experiments or chromatic flicker frequency

characteristics to a wider range of luminance levels. The
luminances of two superposed coloured fields (red and green)
were modulated in antiphase. No phase correction was applied.
He made the assumption a) that the sensitivity to change (AC)
in the C I.E. chromaticity description of the modulated light
was linear with respect of the modulated light was linear with
respect to the modulation depth (m) of each beam (AC= 0.0 m).
b) that the chromaticity coordinates

determined for each beam remainsd independent of the frequency
of modulation.

Neither assumption was subjected to test, nor have they
been previously investigated. Although these considerations

1imit the generality of Van der Horst's results until the
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assumptions have been established, they do not invalidate his
main conclusiens. He found that the chromatic flicker frequency
characteristios remained similar in form over a range of about

2 log units of retinal illuminance, and approximate adherence
of the CCFF to the Perry-Porter Law (CCFF = a. log I #+ b, where
I = retinal illuminance; a, b are constant). The quantum
fluctuation theory prediction of the square root relationship
between threshold chromaticity modulation r;.;:i'\[;.tlluminance was
confirmed. The thresholds for wvarious modulation waveforms were
found to be close to the values predicted if the thresholds

had been determined by the fundamental Fourier component of the
waveform at all frequencies,

However, the form of the sinusoidal chromatic frequency
characteristics differed somewhat from those found by De Lange
under similar conditions. Van der Horst's curves were
characterised by a flat low frequency portion and a linear slope
high frequency portion at all luminances. De Lange's high
luminance curve showed a shallow and a steep sloping portion
with a small pseudo-resonant peak. The low luminance curve
was similar to Van der Horst's curvese However, this difference
may be due to the use of different field sizes and different
colour surrounds by the two investigators.

As x_nentioned above it is a general problem in studies of

)
temporal effects in colour perception that the effect of stimulus

frequency on the chromaticity coordinates of a stimulus is not
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known. De Lange did not take account of possible deviations
from Grassman's laws of colour mixture as a function of frequency,
or their relation to colour discrimination in his experiments
on chromatic flicker, and Van der Horst explicitly assumed the
applicability of the Cel.E. chromaticity coordinates. However,
Van der Horst and Mins (1969) have discovered a large shift
in apparent hue of a monochromatic light fliclkering in luminance.
The effect is different for different wavelengths and indicates
that the chromaticity coordinates of a strongly flickering
light obtained by matching against a steady light would be
altered. The C.I.E. chromaticity specification of a set of
stimuli would thereby be distorted in a manner dependent on
the stimulus frequency. It is not known, however, to whether
a similar effect might operate with chromatic flicker,

It is important therefore to establish the relationship
between the C,I.E. chromaticity diagram for static stimuli and

the matching coordinates for time varying and steady-state

flickering stimuli., Some work which has been done on the effects

of time of observation on the chromaticity of stimuli and on

discrimination ability is reviewed in section 2e¢3e¢5e¢
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3,8. Phase Shifts and Colour

A few authors have studied phase relationships in flicker per-
¢cption as a function of stimulus colour, but none have extended the
work to chromatic flicker, These studies are tnerefore relevant to
the way in which signals from the separate colour mechanisms are
combined into a luminance signal, but not to the colour encoding
or opponent colour signals.

The initial study of the phase shif'ts between sinusoidal stimuli
of dift'erent colours was performed by De Lange (1957). His stimuli
consisted of two monochromatic ceams modulated sinusoidally in
luminance and combined to form a singe field. He found that the
phagse diff'erence between the two beams, for complete cancellation of
perceived luminance flicker in the field,deviated by small amounts
from antiphase (i.e. from the phase relationship which would produce
a steady output for a univariant receptor such as a photocell). He
interpreted this phase deviation from antiphase as corresponding to
a difference in phase shifts produced by the colour mechanisms
mediating the input. The phase deviation for constant luminance was
found to vary both as function of modulation frequency and of the
wavelength difference between the monochro.atic beams. Specifically,
the phase deviation as a function of frequency was maximal (1.59)
at 5H, for 641 nm versus 689 nm, With respect to wavelength dif-
ference between the two beams the phase deviation for a range of
wavelengths relative to 689 nm was maximal at 570 nm for both 6wl 14 Hg.

It reached 99 lead in the case of 6Hy, De Lange attempted to correlate
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the phase deviations ne found with the minimum phase predictions
from the amplitude characteristics for monocnromatic light. He
states that the metnod was too inaccurate to describe nhis results,
but in view of the inconsistencies in his result (section 3.5) his
lack of success may be due to inaccuracies in the data.

Walraven and Leebeek (1964), using De Lange's apparatus, measured
phase deviations under a wider range of conditions for a different
observer. They built up the vhase deviation as a function of wave-
length by adding together the deviation produced with up to 9
successive pairs of wavelengths across the spectrum. They checked
the validity of the phase additivity assumption in various regions
of the spectrum, In the example given, deviations from additivity
of up to 50 are present over a total wavelength difference of 40 nm.
Their results difrer from De Lange's, particularly for the phase
deviation as a function of wavelength. The wavelength used as a
reference was close to that used by De Lange (675 nm rather than
689 nm), but Walraven and Leebeek found total phase deviations of
up to 30° lag (3Hz) and 209 lead (9Hz) in the region of 500-530 nm,
where the phase deviations were maximal. The maximum phase deviation
found by De Lange was only 9° lead at 6 Hz. The position of the
maximum phase shift on the wavelength axis was 500 nm for the phase
lead and 530 nm for the lag in Walraven and Leebeeks's data, which

is a great discrepancy from De Lange's maximum (for phase lead) at

570 nm.



9

However, these differences may be due to the use of different
subjects., Walraven and Leebeek point out that their assumption of
additivity of phase deviations implies that the system behaves
linearly, whereas their data indicates tne presence of non-linearities
which would affect the phase additivity. It is therefore important
to repeat the phase deviation experiment using direct rather than
summed measures of phase deviations across tne spectrum, before a

reliable picture can be obtained.
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3.9 Transient Visual Kesponses in the Colour System

Introduction

Two wain metnods have been used in studying the responses of the
visual system to transient imputs. The meximum amplitude of the
response has been studied either by reducing the stimulus to subjective
threshold, or by matching the response amplitude against the amplitude
of a steady stimulus. The temporal form of the response has been
studied by the increment threshold tecnnique of adding a Brief pulse
to the main stimulus and determining its threshold as a function of
delay relative to the main stimulus. The results of these experiments
have becn varied and in some cases contradictory.

Reciprocity

Bloch (1885) formulated the law that for variable duration
luminance pulses below a certain stimulus duration, the stimulus luminous
energy (E@ required to reach threshold would remein constant as
stimulus duration (t) varied.

E(= dL.t. = constant 2 where L is stimulus luminanee
Tais law involves reciprocity between pulse  duration and change
in luminance (dL). Above the limiting stimulus duration, the threshold
luminance change is independent of time. Reciprocity has been f'ound
to hold down to 2 m sec over a 5 log unit range of adapting luminance
by Graham & Kemp (1938),and Brindley (1952) has verifed the law down
to duration of 400 nanoseconds.

Critical Duration

The point at which the extrapolated reciprocity and time in-

dependence lines mect is called the critical duration (tg). The
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criticul duration was a linear function of the log adapting luminance
(Graham & Keg;B, increasing from 30 to 100 m sec as adapting luminance
was reduced. Several authors have studied the intensity-time re-
lationship for a range of stimulus wavelengths at absolute threshold.
Rouse (1952) has found that critical duration is independent.af
stimulus wavelength for a small field size of the order of 1'.
Sperling and Jolliffe (1965) hav. confirmed that critical duration
is independent of wavelengtn for a 4.5' field, but found a difference
in the form of the intensity time function at different wavelengths
for a 45' field, under conditions of light-adaptation which controlled
for rod intrusion. If critical durations are computed from their
data on the best fitting asymptotes (which they did not attempt since
absence
full convergence to the asymptote i.e./of temporal summation, was not
completely atteined :n the case of the blue stimulus) a difference
in computed critical duration of about 60:5 over 200 nm wavelength
separation. Connors (1970) results confirm the wavelength independence
of critical duration for small (2.5') diameter stimuli, but she found
no evidence to sup.ort Sperling & Jolliffe%s finding of' a wavelength
effect with a 65' stimulus, Sperling & Jolliffe interpreted the
discrepancy between large and small field data as reflecting the
difference in receptive field sizes for different types of cone.
The small field is below ‘the minimum size of receptive field, so
does not show any effect of wavelength. It w.ould therefore appear

that even on the basis of Sperling & Jolliffe's data the temporal

effects revealed by the luminance pulse method are a reflection of
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spatial organisation of lumincnce cnannels with dirrercnt spectral
sensitivities rather than an essential difference in the temporal
characteristics of the colour cuannels., It may be concluded that

the existing studies of the visual system have revealed no informa-
tion concerning the temporal characteristics of the independent colour

processing system as described in section 2.5.
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3, 10, Transient Waveform

The level reached by the visual response to an im,ut step
stimulus of, say, luminance may be measured at a set of intervals
after onset by comparison with the level of a steady stimulus. Using
this method, Broca & Sulzer (1902) found that there was an initial
overshoot before the steady level was reached, wiwseamplitude was
proportionol to stimulus luminance, (Broca-Sulzer Effect). The
existence of this overshoot and its relation to luminance was con=
firmed by a different technique by Crawford (1947), who obtained the
increment threshold of a 10 m sec test flash on a longer conditioning
pulse.

The Broca & Sulzer Effect has been related to the Bartley-Bruchke
brigntness enhancement effect, (Bartley, 1961), since the overshoot
is only apparent at stimulus onset and not at offset, Consequently,
the apparent brightness of a train of pulses in supra=-threshold
conditions will have a higher mean level than the brightness of a
steady light of the same average luminance as the ,ulse train.
Similarly, for threshold sinusoidal modulation De Lange (1957) has
interpreted the form of the frequency response curve as predicting
an overshoot similar to that of Broca & Sulzer in the transient
response.

Using a similar method from that of Broca & Sulzer, Kleitman &
Pieron (1925) studied the duration of stimulus required for various

levels of comparison luminance to be reached. Their results indicate

that scotopic (peripheral) levels are reached in aporoximately half
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the time taken by photic (foveal) response to the same level. In
the wavelength dimension shorter wavelengths appear to have longer
rise times, a blue stimulus taking about twice as long to reach a
given luminance level as & red stimulus. On the other hand, Ferree
and Rand, [in Farnswopth (1958)], using a method of just noticeable
luminance differences between stimuli of slightly difrerent durations
found that the rate of rise as a function of .avelength vaired in the
opposite direction, red stimuli reaching a given number of Jn.cl.'sin
about twice the time for blue stimuli.

The most exhaustive study of the efi'ect of wavelength on per-
ception of pulse stimuli has been carried out by Wasserman (1966).
Using the method similar to that of Broca & Bulzer, he measured the
apparent luminance of luminance pulses from 50 to 320 m sec duration
for 25 stimulus wavelengths. He found that the apparent luminance
showed overshoot characteristics (brightness enhancement) peaking at
about 100 m mc for 470, 500 & 575 nm wavelengtns, but a lack of over-
shoot in the rest of the spectrum. :e related the brightness enhance-
ment wavelengths to the invariant 'nues3 of opponent colour investigations
(Hurvich & Jameson, 1951) and of the Bezold-Bruche phenomenon, but
presented no cleuar picture of the mechanisms that might be involved.
In the chromaticity domain results were obtained in experiments study-
ing the rate of rise of chromatic saturation (Perom, 1932). A
monochromatic light ( or mixture of monochromatic and white light),
was substituted for an equiluminant white light, and rise times to
maximum chromatic purity were found to be longest for the¢ blue and

shortest for the red, although the range of variation was only 30%
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Pitron states that the rise time was independent of the purity of

the mixed light. as in the case of step luminance stimuli, the re-
sponse to the chromatic step showed an overshoot to a saturation

level greater than that of the steady comparison stimulus. Tae
saturation is then reduced slowly to the stesdy level, This latter
phase 1is attributed by Pieron to chromatic adaptation, as distinct

from his description of the overshoot to a luminance step as oscillatory
rebound type of phenomenon,

(Kleitman & Pieron, 1925).
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i Bystems inljsis

.1 Iniroduction

The aim of aumen experimental psycuoloss is tho analysis of
the activities o the numan orgeunism. Virtually asy netucd of
analysing a system or organism of w.ich ine parts ore not com-
pletely accessible will necessrrily involve arranging a set of
enviromnmenial (input) conditions flor that system and observin: tne
subsecuent efr'ects of tuls input in terms or sowe output parameter,
The important fe- turc ol anzlysis is consequently the input/output
relationsuip . In many oitu tionS, it is vosuible to quentify
tue input and cutput aramneters in terms of soecit'ica dimensions
of varistioas.

For tite purpose of tne .resent thesis, the dimcnsions of
interest are principally luminance and wavelengtn of a nonocaromatic
light stimulus. 1ne dimension through which these ruaniitics are
voried is time. feumporal varistions of input ourameters may oe
convenfiently separated into three classcs, althougn these in-
evitably shade into one another.

Tansient input. - brief’ change in the .alues of tue inout

parameter ef'iectively separated from other changes by a stea.y state
of tne parameter bef'ore and af'ter the change.

Continuous input - continuous or repetitive changes in the

values of the innt narameter, Response is usuzlly measured wnen
steady state condition is reacned in the systen,

3tocnastic imout - a random variation in the values of the
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inout prraseter within o gpeciiied rance o constrzint. .1is ty e
o in ut nzs not becn used in tue rescut tuesic, so will not be

furteer alscussed.,
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Foims of Input

el
Iransient Inputs
A waveform of virtuclly any shave may make up a unit inut.

ilowever, the siuplest to deal with and nost o ten used cre:=-

Impulse _JL_—
Step I
Rectangular iulse
_l |
e A

in the use of such waveforms, the emphasis i1s on the effect of a

single stimulus, thouéh responses to a numober may pe averaged together
for greater accuracy. The output is known as a transient response.

In nost physical systems the output is of a diff'erent shape t'rom the
in.ut, and ooth shave ana size consideraiions :.re necessary in enalysis.

Continuous Inputs

When a sct of single waves running consecutively constitutve
the stimulus, it may be called a continuous input. 4iny of the above
waveforms may be used to make up such a stimulus, but the output
variations with ch:nges in input frequency, amplitude etc., are
conplex and difficult to describe. On the other nand, a comprehen-
sive teciunique for describing continuous inputs in terms of sinusioual
components is available, known as linear. systems analysis., Tnis is

based on the Fourlier Theorem that all repetitive waveforms can be
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analysed into a set of sine weves of ap.ro.riate amplitude and
phase. It is also applicable to many non-linear systens (see 4.3.).
In a linear system, by deiinition, the output to a sinuscedal

input is a sinusobl of the sume ire-uency, but altered :wmplituce

and phzse.  In many non-linear systems (see 4 .4.) the output can
also be approximately described in terms of its fundamental

Fourier conwonent,
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L.3. Ty es of System

Introduction

Thne systens under discussion nay ve considered, as indicated
above, in two oroau categories - linear and non-linezr. A linear
system is one wnich can in principal be deccribed by a linear
differential equation. Inis in turn i.plies that tne input/Mutput
ratio remains constant for any amplitude of input and that tae
effect of the sum of two inputs on an out:iut parameter is equal
to tne sum of taeir individual effects (principle of Superposition).
Thus all wroperties of the system are indepsendent of in.ut amplitude.

A system that does not fulfil tuese reouirements is non-linear
in some respect.

A convenient classitication of linear systiems is in terms of
tne order of the highest derivative of the dirf'erential ecuation,

zero _order System

"he eguation of a zcro-order system is of the form: y = gx + b
nis ecuation contains no derivatives of x and output is
directly proportional to input regardless of frequency, etc.

First order system

The first order system nas an equation of the form: y = ax + bx + ¢
The first derivative of x occurs in the diff'erential ecuation,
nence the cystem characteristics are airfected by rate of' change of
the input as well as the amplitude. As a result the system is
frecuenc y sensitive and representations of amplitude and phase
variaetions for sinusiodal continuous inwuuts become necessary. First

order systems may contain various combinations of differentiavion
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- (o]

and integration (in terus oi' sinusoidal in uts, a J0° lag and

g
lecd res ectively; in defined regions on the lircouency exis.

2nd order systems

In second order systems, the sinusoidal response amulitude (y)
depends on sccond derivetive of in ut (x) as well s tae f'irst,
{ne re.uency res.onsc canaraclteristic deends on the cam.ing in
t:e system:
sgu. ¥y = wi x + 2 W ?; x o+ X
g = aamping ratio

wWo

H

constant
vusping is deternined by the ratio of resis once to velocity to
resistunce to uccelerution of tue system out_.ut, i.e. rabio of
friciion to inertia in o mechanical systein. Une daspin: ratio,
is rc¢l .teu to poth the frequency respornse caaracteristic and impulse
Ir'es.,0NSE.

A vasic sccond order system nas a rusonant peax in the {requency
res onse cnovacteristic, the ncignt eand sharpness o' waich depends
on the dsnpling ratio, CE). Considering tne im.ulse response the
rote of aecuy of wae transient res onsc to an im ulse is comple-

nentoril,s relaved to the damplng ruilo (TD oy the relation

K= ?'WO &K = time constant
fo. systems of order aigner than sceond order the matiaematical
analysis repidly becomes very complicated. GSecond order characteristics

ave the nignest order considered in the present thesis.
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Lo, lon-Linear Jysteus.

A non-lincar system is derined as o« systew wnose benoviour
is not .escriv.d oy o lincar diviverential equation witn constant
or varizble coei'iicients. ron-linearities nay be dcscribed in
two classes, analytic cid digscontinuous. JSnalyitic nou=-linearities
arc continuous and tnereiore di. rerentisble in the re-ion of interest,
wilereas non-analytic non-linearities sre not difterentiable. rfor
bota snalytic and iion-anelytic .ion-linecarities the form of the out-
pul is not inve :entent of tue in;ut amplitude. For such systems
tuererore, e orinei.le ol suserposiiion uoes not apply, that is,
tite output to the sum of a number of inputs is not necessarily the
same as tue sum of the outputs to each of tne in.uts separately.

A major consequence of the invalidition of the supcer .osition
princi 'le is the Fourier intesial is 1o loncer applicable. There
is no formal reli.tionsnip betwecn the time and 1're.uency res.onses
of' the system, and it is thereiore no lon‘cr poscible to comjute
one from tne othar.

In -eneral, tie apsroach to non-linear systems is descriptive,
in tonat knowledge of the response to one type of' in ui does not
allow p:cdiction of tne resvonse to anotner type, or even to a
larger or smaller version of tne same input. However, it has

I

somctimes been possible to comilevely analyse specif'ic non~linear
systems. Knowledge of a non-linear system is therefore usually
limited to +the spe:ific inut conditions uncer wihich it has been

enalysed.
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anelysis off lon=linenr Svsoens

The netaods weileole Lor cnnlysis o non-linec: sys.. 15 .re
Limi d enu wppilcroae only o s ceiic osocets o« civen
SVSoEl I'es 0 s, (il tue gcwiod used in owae creseat faesis wdll
be descrived acre,

An dnportant cviod of tr.o: ting non~-linear system rosponses
is to lindt the ronse off insues suea tnet vitiin whet reuge tne
sy/sten .soes n.t devicte si:nizdicently iron linecr benoviour. ais
is imovmn cs the netuod of lincar approxims.ion, In rectice, all
piysical s stems bocome non-lincer at some point, so tnnt the
prectiical applicstion of linear anclysis will olueys invilve
some ogree of Lincor asproximation. For a jiven system, it is
tneret'ore o volue to dlscover to want extent ii acts in a linewr
manner, snd may be described analytically, and to wn:t exiocnt its
non=linearity recuires a de:criptive‘treatment of the output for
e:cn separate {vpe ol input. In section ¢.r» a line:r ana.ysis

of' tite luminance snd colour nrocessing systems is apgplied in

order to ascertsin the extent of its non-linearity.
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A, Wavelength modulator frequency response. Response is flat (+ 3db)
to 65 Hz, B. Iluminence modulator frequency response. Response is flat

(+ 3db) to 70 Hz.
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5 ooarstus

5.1. _luminance ...culutor

Tie light source wis o 40 # sutomovile heaclamp bulb overrun
from o stavilised d.c. supnly. Its lisnt +.o colliim . tca by an

£/2.6, edircrort cancra lens. Info-red comonents were iviltered
from the veam wib: o nicce of Chimnee HA3 5icss, in order to avoid
demo. ing tne poleroid sne.ts of tae modulsior descrived velow.

The lumincunce wodaletor comsisted of o air of crosred ooliwcids,
one fixed ond one roioble.  Une wveble polaroid wies rototed vy
Means of o Yevices pen motor, wailcn nad oocoxdmum -ngle of swing
of + 160. Tais peruitted Light modulction up to 6Qb)linear within
+ 50 to in ut voltage (4200 Hz dither signal was added to improve
low amplitude linearity). The frequency response was 70Hz (+ 3db)
(fig 5.1.). The use of a volaroid modulator ensured that the
spectral distribution of the light wts constant and the light weight
of tne Dolaroid enabled a good frequency resyonse to be acneived,

In sections7.3.)44«LSl some experiments are described in wnich
the luminonce moduwlator is used with sguare-viave and nulse inputs.
For such stimuli, the risc time to maximum amplituue of the vasic
medulstor wos 13 m sec with 54 overshoot. Introduction of low pass
ilter with a time constant of' 0.017 secs in the modulator input
reduced the overshoot to the mean ulse level., Fig 5.2, shows the
average of 20 resvonses of the nodulator as seen by an STC silicon
photovoltaic ciode (PV10.F) ot the cxit aupil of' the maxiwellian

view sysuenm Jor three pulse aurations of 10, 20 & 100 msec. (Fig.

5.2, D.u.i'.) The averagedinjut pulses sre also shown for comparison



B Eﬂ G
c ‘ Fl H

Fige 5.2. Modulator pulse responses (see text for method). A, B, C - averaged voltage
input to modulators for 10, 20 and 100 msec. pulses respectively. D, E, F ~ averaged

photocell output for response of luminance modulator for 410, 20, and 100 msec. pulses
respectively. G, H - averaged photocell output for response of wavelength modulator for
20 and 100 msec. pulses respectively. Modulator response waveforms arebdequate under all
conditions.
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(Figss 5+2+. A,B,C.)s Even at pulse durations as brief
as 10 msec., the modulator gives a pulse of adequate

waveform,
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ﬁ;g. 563 Optical arrangement of wavelength modulator.
Upper figure - isometric sketch. Lower figure - ray diagram.
BS ~ Beam=-splitter; C1, 02 - concave mirrors ; GIF - graded
interference filter; I - image of filament; ¥ - plane mirror;

V - vibrator.
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2020 czvelengti :odulator

The wuovelength novulator was designed by Dr. D. Kegan. The
description of its construction and culibration is larzely taken
from Regun ¢ Tvler (1970 ).

A carallel beam vrom the light source was detflected by o
front-aluminiscd olane nirror i (Fig. 9.3.) so os to “ill on a
nivoted iront- aluminised concave mirror C1 (fMice0.3.)s of 20 em
radius of curvature, idvror C1 focussed & 2 mn wide slit image I
(Fig. 5.3, ) of the cource onto the sur-ace of a second, fixed !'ront-
2luminised concave uorror 02 (Fig. ».3.) of 10 cm. radius or' curvature,
Tmnediately in front of C2 was a grouaed interference filter GIF.

The halfwidth for a singlc passa;e off light was 200 Ao for a 2 mm
slit. The radigus of cur frture of C, was equal to the distance

from C1 and C_, so that to a first approximeiion ell rays from C1
were inciaent normally onto Cz. wWhen wirror C1 was oscilleted
through small angles (les: than + 60) the 1light incident onto

mirror C2 wes tnerefore at all times reflected back along its own
path; of this rsturning beam, 505 was deflected out of the modulator
by a opeansplitter BS.

The essential :eature of the optical arrangement just described
wes that when mi.ror C, was deflected as as to sweep the slit image

of the light source to and fro along the graded interference filter,

the beam of light leaving the system did not oscillite in position,

but merely varied in wavelength. The purpose or this design was

to ensure that the subject had no visual clues other than brightness
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Fige 5.4 Performance of wavelength modulator as monochromator. A
grating monochromator followed by a photomultiplier was placed at exit
pupil and read for five settings of the modulator wavelength. The photo-
nultiplier was calibrated against a Hilger-Schwartz vacuum thermopile,

giving values of relative energy (E).
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or colour changes of the field wus-a=whole, and srecitically to
ensure that there were no periodic changes in the spatial distribu-
tion of stimulus light when the wavelength of tne stimulus was
modulated.

The nerformonce of the device as a simple {orm of wide-hand
pass double monochrom:tor is illustrated in Fig. 5.4, wirich shows
thet, as is essentisl for the present application, the instrument
let throueh very little light outside the pass band and that
secondary pccks were nesligible.

The wavelength of the stimulus beam was modulated in the
followin: woy. Liirror C1 was mounted in the axis of rotation of a
frecly pivoted rod. The rod was osciitlated by a Pye=Ling Vibration
generator V (Fig. 5.3.) so tnat the focussed imu.ge of tne source
oscillated across the graded interi'ercnce filter. ‘the result was
th't for small unsles the wavelength of the stimulus beam varied
proportionally to the driving signal applied to t.is vibrator V
(Fig.53.) ‘4he frequency response of the devicc was d.c. to 30 Hz
(vitnin +1db); the .avelength swing was continuously v.riable trom
zero to the nmaximum swing used (:ﬁo). In order to improve linesrity,
a low amplitude 200 Hz "dither" signal was adued to the input to
mathe vibratorg. This "dither" signal was intended to minimise any
ot’ the jerkiness of movement which can result from static friction,
particularly at low modulation amplitudes.

Jithin the limitation set by the d.c. to 30 Hz frequency

response, a variety of mouulation waveforms could be used. For the

square-wave and pulse waveform experiments, the transient responge
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of tne wavelength nouul:.or vics ciecked, Its rise time to nmascdimum
%ﬁlituue was 15 nsecc with an oversnoot of 10.. The inclusion of a
0.066 sec time constant low puss t'ilter in the innut to the moculator
approximately
vns sufviclient to rouuce the overshoot toAtne mesn pulse level,
Fig. 5.2. (F.&) snows the averase of 20 res cns.s of' the nouulator
as seen by on SiC silicon vhotovoltaic diode (Pv10ir) at the exit
ounil for two oulse durations of 20 and 100 m sec, Tne neight and
viaverorm of tne pulse are aderuate at tie 20 mseec duration, and
since tne oulse experiments indicate that the critieal duration ror
wavelength pulses is longer than that for luminance pulses, the

slichtly impaired .crformance oi' the wavelength mowulator is

accentavle,
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5¢3. Ancillary Equivment.

The basic organisation of the wavelength-modulation
equipment is shown in Fip, 6,2 and its operation described
in section 6.2. The two phase oscillator was an Advance
Variable Phase Oacillator, and the syncronising oscillator
was a Levell Transistor R.C. Oscillator,

For the pulse stimulus experiments, pulses of
variable duration and amplitude was produced at a fixed
repetition rate with a auditory warning pip,as in the
block diagram, Fig. 5.5. A multivibrator produced a
1 sec pulse every 10 seconds. Differentiation produced
positive and negative pulses which were separated by
selective diodes. The earlier pulse was amplified
and transmitted via a loudspeaker to act as an auditory
warning signal., The later pulse acted as a trirger
for a pulse generator (a Wavetek Trisgered VCG), the
output of which was feed intg ﬁ%f wavelength or luminance
modulation apparatus (Fig. 6i%p. The experimenter set
the pulse duration for any given trial, and the subjeot,
having set the appropriate luminance compensation in the
case of wavelength modulation, reduced the pulse
smplitude until subjective threshold was reached.

In several experimental conditions a secondary
1light source was required. It was used to provide an

equiluminant surround field in section 7.4, and for the
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comparison half of the binartite field in section 7.3.

It was also regquired for the adaptation field described
in section 8.2. The arrangement of the secondary

source was simple, consisting of a 12V lamp filament

buld preceding a pair of condensing lenses which

focussed the filament image on to a slit. Clore to

the slit was a wedge interference filter (bandwidth 180nm)
folloved by a 1 loz unit wedre neutral density filter.
Both filters were movable by experimenter or subject,
permittine control of the luminance and wavelcngth of

the monochromated 1izht, The source and filters were
similar to those used for the equipment previously
described (sections 5.1-2). Finally the beam was collimated
and provision for extra filters made. The two light paths
were superimposed (in “axwellisn view) by means of a
plane plass reflcctor, with a transmission of 90% for

the primary source beam and a reflection of 1077 for the

secondary source beam.
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6. Methous and Controls.

6.1 Introduction.

Previous work using chromatic modulation (originating
with De Lange (1957)) is described in sections 3.6. and 3.7.
No previous authors have utilised a wavelength modulation
technique corresponding to that described in the present
section, on which this thesis is based. The advantages
of the use of wavelength modulation of a monochromatic
light stimulus, as described in section 5,are as follows:

a) The stimulus is clearly specified in physical
terms. This enables comparison with experiments in non-
bhuman organisms, with electrophysiological experiments,
and other work using physical specification of stimuli.

b) Wavelength modulation permits the study of temporal
responses in the colour domain without assuming the
applicability of the C.I.E. chromaticity coordinates in

the temporal situation. (For discussion of this point see

section 3.7.).

¢) The subject compensation method of luminance can-
cellation(with the advantages listed in section 6.2)13 most
easily applied in the case of wavelength modulation.

d) The wavelength modulation stimulus is very flexible,
permitting a continuous range of both modulation amplitudes

and centre wavelengths to be employed.
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SPECTRAL

SENSITIVITY

[ =3

WAVELENGTH

Fige 6.0. Vavelength modulation.Spectral sensitivity is shown as a fun-
otion of wavelength. A sinusoidal modulation of the stimulus wavelength
produces an approximately sinusoidal modulation of luminance due to the
form of the spectral sensitivity. This luminance modulation may be comp-
ensated by luminance modulation in antiphase (dotted line) of the app-

ropriate amplitude.
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The wavelength modulator of section 5.2 provided the
means to vary the mean wavelengths of the stimulus in time.
The luminance modulator of section ».1 enabled control of
the luminance as a function of time. In order to achicve
a chromatic modulation stimulus the problem was to reduce
the luminance variations to such a level that the ehromatis

(see Pige 6.04)
changes alone determined subjective threshold.( The first
approach that was attempted (feedback compensation method)
was to monitor the output of the wavelength modulator with

a Megatron photocell, which has a spectral sensitivity close

to that of the C.I.E. standard observer. The photocell
signal proportional to luminance variations formed a negative
feedback loop to the luminance modulator, whereby all
variations in luminance should be cancelled.

One problem with the feedback compensation method was
that the spectral sensitivi:;/\;k:gatmn photocell is only
accurate to within about # 208 over the whole range of the
spectrum used, although it is better than + 1G% over much
of the spectrum. Moreover, there were few regions of the
spectrum in which a wavelength change of, say, 10nm would
produce a luminance change of leas than 10%. In oontrast,
De Lange's (1957) data indicate that in the lower frequency
regions for at photopic luminances the observer is sensitive

to luminance varistions of the order of 1-Z8. Clearly the

feedback method would only be usable under a very limited
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range of conditions. A further difficulty was that the
signal to noise ratio in the feedback loop was small, even
in the frequency band to be utilised for modulation (1+20 Hz.).
The second method investigated (photographic compensation
method) involved the production of a photographic neutral
density filter placed against the spectral interference
filter end varying in density in proportion to the spectral
sensitivity of the eye as a function of spectral location.
It was expected that the film density produced by exposing
it through the spectral interference filter would be
sufficiently close to the spectral sensitivity of each
observer to enable correction by the insertion of appropriate
low purity liquid filters in the light path. This did
not prove to be the case.
The third method investigated was that of subject

compensation. In this method the luminence variation

produced by the wavelength modulator is assumed to be linear

for amall emplitudes of wavelensth iiigg (i&g e;b)":}'

-

“subject set the equivalent luminance modulation zprsdﬁtoa
by the luminance modulator (either in phase or anti-

phase as appropriate) to the amplitude for which there is
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minimum sub jective flicker (Fig. 6.0). Tests of the
assumptions of linear cancellation, lack of phase shift
between intensity and wavelength produced luminance changes,

etc.are reported in sections 6.3 and 6..4.
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figs 6.1, Spectral sensitivities of subjects C.W.T. (dotted curve) and
LeKeTe (full curve), by H.F.P., showing the actual brightness variations
which had to be compensated. The correction which should be applied for

equal-encrgy spectral sensitivity is shown as the dotted curve.
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Fige 602, Block diagram of wavelength modulation system.
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6.2 Sub ject Compensation liethod.

The stimulus modulation frequency was set by a low
frequency oscillator (Fig. 6.2 syncosc). This drove a
phase-locked oscillator at the frequency F (Fig.$.2."Varisble
phase oscillator”) via & potentiometer P1. The phase-locked
oscillator generated two signals st frequency F whose
relative phases could be varied through 3600, and whose
emplitudes could be varied together by potentiometer Pi. C(ne
of the signals from this variable phase oscillator went
directly to the wavelength modulator, and the other drove
the intensity moduletor via a second potentiometer P2. By
means of the P2 either the experimenter or the subject
could add varisble amounts of intensity modulation to the
wavelength-modulated stimulus light. Subsequently the
modulation amplitude of this combined intensity modulated

and wavelength-modulated signal could be progressively reduced

to the threshold of perception by turning P4. This procedure
was designed to allow any brightness modulation caused by

the wavelength modulator to be cancelled so as to give
threshold settings of P1 which were determined by chromatic

modulation alone.

The advantages of the subject compensation method are
as follows:

a) It permits a direct test of the assumption that
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luminence changes produced by intensity &nd wavelength
modulction are produced at the ssme retinal locus and can
thus be arranged to cancel simply.

b) The method ensures that cancellation of luminance
changes is optimal under all conditions. Section 7.1..L
reviews the evidence that the spectral sensitivity function
is frequency dependent under the stimulus conditions used
by De Lange (1957) end Kelly (1962b) Since the effect of
the stimulus conditions used in the present study is not
known it is important that the cancellation method should
not involve the assumption of frequency-independence of the
spectral sensitivity function. In the subject compensation
method, the luminance compensation is set individually for
each reading at a modulation smplitude close to that holding
at the threshold setting. Thus any variations in the
luminance modulation (produced by the wavelength-modulation
stimulug) resulting from frequency-dependence effeots such
as are maenifest in the spectral sensitivity functions
mentioned above, will be matched at each frequency in the
subject compensation procedure.

c) The subject compensation method also compensates
for changes in the spectral sensitivity function from any
other cause. H;ia and Graham,(1952). inter alia show

that different observers differ in the detailed form of
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see also Fig. 6.1.
their spectrel semsitivities.(, Sperling (196)
demonstrates that the spectral sensitivity of a single
observer may vary at different luminance levels. Other
factors such as field configuration or temporal waveform of
the stimulus, which are examined in this thesis, may also
exert an effect. The method sllows compensation fur any
such effects, and also any minor non-linearities which may

be present in the modulation equipment (see section 5).

d) The method is equivalent to that used by Wright
(1947) for his classicael, bipartite field studies of wave-
length discrimination. It involves the setting of brightness
differences to below threshold, followed by adjustment to
chromatic thresholds The method used in the present experi-
ments (see section 6.1) involves the extra control of a link
between the wavelength and luminanoe modulators to maintain
the brightness veriations below threshold whereas Wright
used a step-by-step procedure of sequential resdjustment
of each parameter wntil the chromaticity difference was at

threshold and the brightness difference well below threshold.
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6.3 Controls.

The first essential was to ensure that the psychophysical
thresholds measured was determined by chromatic changes and
not by accompanying brightness changes caused by the effects
of the wavelength modulator combimed with the curvature of
the relative luminosity curve of the eye. The procedure
adopted to ensure that this was the case 1s described below,

(a) Photocell control.

This control experiment was designed to mimic the situation
which would have obtained with a subject who had no colour
discrimination at all and consequently could percieve bright-
ness chanres only. A Megatron photocell which had apnroximately
the CIE snectral sensitivity was placed in the position normally
occupied by the subject's eye. The photocell's output was a
meagure of luminous intensity changes only. The phase
difference between the electrical signal to the intensity
modulator and the signal to the wavelength modulator was
set to be either 0° or 1800, according to which of these
phase dufferences ensured that the changes of luminous
intensity could cancel at the photocell (or in (b) and (c)
below, at the eye).

Potentiometer P2 (Fig. 6.2) was set to sive zero input
to the intensity modulator, and P1 was then adjusted so that
the photocell gave a criterion output of some convenient
amplitude. In general both wavelength modulation and luminance

modulation were present at this stage, although the photocell
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Fige 6.3, Iuminance compensation. Threshold setting of potentiometer
P1

ator amnlitude (in antiphase with wavelength modulator).

for constant photocell output as a function of added luminance module
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could only "see" modulation of luminous intensity. Potentiometer
P2 was then adjusted so that the luminance modulator generated
a small modulation depth. The signals to dboth the luminance
modulator and the wavelensth modulators were then chanred
torether by turning Ft until the photocell once more gave
the same criterion output. This procedure was then repeated
with the luminance modulator set to give successively greater
modulation depths. The readings of P1 which gave the criterion
outnut from the photocell were then plotted versus the
modulation depths of luminance added by the lumin-nce modulator.
The resulting family of curves for four different modulation
frequencies are shown in Fig. 6.3. It can be seen that all
the curves had a sharp minimum. At the minimum point, the
changes of luminous intensity detected by the photocell which
were due to the wavelength modulator were cancelled by the
added intensity modulation due to the luminamee modulator.
This setting for cancellation of intensity changes can be
seen to vary little with frequency (Fig. 6.3).
(b) Payohophysical oontrol:lumipance ohanges only.

The photocell was removed and the spectral filter in
the wavelength modulator was then replaced by a neutral-
density wedge. The wavelength modulator now generated pure
luminance modulation of monochromatic light of wavelength
527nm with no accompanying changes in colour. The psycho-
physical analogue of the "photocell control" procedure



" AHRESHOLD
SETTING
OF P, (%) 119

i

i0
FIG. 6.4.

[ O 50 1000 50

Fige 6.4« Luminance compensation. Threshoiu sevving or potentiometer
P1 (reciprocal scale, increasing downwards) for subjective threshold,
as a function of added luminance modulation amplitude. Spectral filter
of wavelength modulator replaced by a neutral density wedge, so only lu-
minance modulation is present. Subject C.W.Ils Wavelength 527nm. Mean
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retinal illuminance 110tr. Curves for four different frequencies (as

indicated) displaced arbitrarily on ordinate. 2° field withe dark surround,

Fig. 6.5, Luminance compensation. Details as for Fige 6elte, but with

spectral filter in place, so that the stimulus was mixed wavelength and
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described above was then carried out. Potentiometer P2

(Fig. 6.2) was set so that the luminance modulator was
inoperative, Potentiometer P4 was then adjusted by the
subject until he could just not perceive flicker and the
reading was noted. P2 was then set so that the luminance
modulator generated a small depth of modulation, and the
subjct once again adjusted P41 until he could just not
perceive flicker} and the setting noted. This procedure was
repeated as in the "photocell control" above, and a family

of curves of the settings of P1 at psychophysicel threshold
for subject C.W.T. versus the modulation depths of luminous
intensity added by the luminance modulator plotted for four
values of modulation frequency (Fig. 6.4). It can be seen
that in these conditions, when only luminance modulation was
present, the psychophysical curves for subject C.W.T. had a
sharp minimum and were similar in shape to those obtained when
a photocell replaced the eye (compare Fig. 6.3 and 4). Similar

results were obtained for subject L.K.T. (Fige 6.6.4).

(c) Measurements of the psychophysical threshold which is
determined by wavelength modulation alone.

The control experiments (a) and (b) above showed that,
when luminance changes only were present, the psychophysical
daeta for -both subjects closely resembled the data obtained
with a photocell (which could only "see" changes in luminous

intensity under conditions when both luminance and wavelength
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Fig. 6.6. Luminance oompensatioﬁ. Conditions as for Fig. 6.4., excepﬁ

with subject L.K.T. Left-hand figurerluminance compensaticn alone. Right-

hand figurerluminance compensation with wavelength medulation.
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change occurred. In the present procedure (c), psychophysical
measurements were taken in this latter condition, with both
luminance and wavelength changes present, in order to distin-
guish between the effects on the psychophysical threshold of
chromatioc-modulation and luminance-modulation,

The neutral density wedge was removed and the spectral
filter replaced in the wavelength modulator. With the subject
viewing the light, the procedure (b) above was repeated with
the difference that now as well as luminance changes, wave=-
length changes aleo occurred. This procedure was carried out
at the same mean wavelength as the control (527mm) for four
values of modulat ion frequency.,

Fig. 6.5 (subject C.W.T.) shows that for psychophysical
judgements, the minimum was now much flatter than in the case
when only luminance changes were present, or when the photo-
cell was used with the spectral filter (compare Fig. 6+2., 3,
and 4). The flattening of the minimum meant that in this
region (but not outside this region) the depth of luminance
modulation added by the luminance modulator had little
influence on the setting of P1 (Fig. 6.2) which gave just=
imperceptible flicker. A similar result is evident for
subject L.K.T. (Pig. 6.6. A and B, compare). This suggests
thaet, within the flattened minima of Fig. 6.5 and 6.6 B,
the brightness flicker (caused by the wavelength modulator

as & result of the curvature of the eye's relative luminosity
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surve, Fig. 640.) had been cancslled to a sufficient extent
for both subjects te allow the subjective threshold to be
determined by chromatie fliscker, This result is replicated
for two more extreme values of spectral location (subjest
CoWeTe)e Fige 6.7. shows the effect of the luminnnoe'oonp-
ensation procedure at 622 nm, and Fige. 6.7. at 498 nmn. It
should be noted that the relative semsitivity to wavelemgth
and luminagnce modulation differs as a funetion of mean
wavelength (in a manner comparable with the dynamic wave-
length disorimination functions of Fige 7¢3¢1., seotion 7.3.).
(Note that the frequency parameter is plotted downwards om
Figs. 6.5., 7, and 8, but upwards in Fig. 6.6.)

In these regionms, thérofore, chromatic changes
determined the threshold for this wavelength-modulated light
stimulus; the wavelength swing at threshold fell between
4 2 nm and + 15 na for the range of stimulus colours, inten-
sities and modulation frequencies used (Fig. 6.5., 6.6.8, 6.7,
eed 68.)o Outside the region of the flattemed minima, sub-
jective thresholds were principally determined by brightness

flicker for both subjects.
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Fig. 6.9, Fhase relationships in luminance compensation.Threshold
setting of potentiometer P1 (plotted increasing domnwards on a recipro-
cal scale) for constant photocell output as a function of phase differ-
ence (9) between input to modulators. Points fitted by curve of:

¥y = A sin wt + B sin (wt + ¢)e Five mcdulation frequencies were used
(as indicated).

Fig. 6.10. As for Fige. 649+, but photocell replaced by subject C.W.T.
Results are similar to those with photocell (Fige 649.) |

Mean wavelength 527nm. Mean retinal illuminance 25tr, 2o field with
dark surround,

Hs
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Defie  dpychopnyeic l cnd drs rumental conlrols ror pagse shifts

37 ovenesting war recciures (u) wnd (c) cbove for ¢ series of
di:Terent pasce roelo.i.ns between the sisnals to the inteusity
mosulator wnd to tas wavelengia .odulstor it wis jossible to caeck
tnzt cancellatlion of wri niness i'licter took nloce wien the two
1izht ouulsations were in wntinnasc., Psychovhysicael checks were uiue
.y secoraing the tnresnold setting of P1 in the rcegion of the ilat-
tened ninimum (wiere, the threshold wes determined by chromatic
cuanges) and tnen re-setiing P1 (Fig. 0.2.) to thresnold for a range
of values of the relative pnases of tne siznals to the modulators.
Mgl U9 shows tne setlings ol B, Tor consvant output of' the photo-
cell at the exit pupil. The deta poinus ure fitted by the tacoretical
curve of

y = A sin wt + B sin (wt +?>,
(Fhere ® is the chase diff'erence betwecn tne two signals)
indicaling th:it cancellation 1s most effective when the two signals
arc ap roximately in antiphase.

The results for subject C.4.7. show that essentiglly similar
to those for the pnotocell., At 527 nm (ifig. 6.10) cancellation of
brightness flicker occurs approximstely in antiphase, over the range

b 20H=
1.0 Hzl(maximum Geparture 5°). Tais confirmed that only a negligible
contribution to flattening of the miniua snown in Fig. 6.5. & 6.6.B
could be daue to phasc snif'ts between intensity signals. For example,

. -0 , s
the mazimum prase ghifts of 5 occurred at 1.0 Hz where a phase shift

of 30° yould be reguired to a.count for the observed flattening.
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Fige 611, Phase relationships in luminance compensation for three
modulation frequencies (as indicated). Conditions as for Fig. 6.10.,
but subjeat was L.K.T.
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phase in degrees of Fz. Four values of F2 (0.05F, 0.1F, 0.2F and 0.35F),

Lines indicate mean and + standerd deviation.
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Similarly results were ovtained for subject L.K.T. at 527 nm
(Fig 6.11) and =t another spectral loc:tion (600 nm, subject C...T.)
as shown in Fig. -.12.

Trhe curvature of the subjects relative luminosity curve might
be expected to introduce non-sinusoidal chances (hormonic distortions)
into the erceived brisgutness of thne siznal t'rom the wavelengtn
modulator (sec Fig. 6.0). Control experiments were thercfore carried
out ir which the cancelling luminance signal was made upo of wvoth
fundamental and second narmonic components. .ith a wavelength of
527 nm, mean retinal illuminance of 110 tr and fundamental modulation
frequency of 5Hz thresholds were obtained f'or a set of phase relation-
saips between tundamental (F) and second harmonic (F2) components.
(Fig. 5.13) 'ne fundement:l was previously set so as to optimally
compensate the luminance variations due to wavelength modulation.
Four values of relative amplitude of F2 vere used, the lirgest
corresponding to a marked curvature of the spectral sensitivity curve.
It is evident tha., within the experiment:l er:or, no variation in

{threshold occurs with addition of ¥, in any »hase, implying that

2
negligible second hermonic distoriion is present in the waveform under
these conditions. At 527 nm, the curvature of the spectral sensitivity
functions is aporoximately the greatest of anywhere in the spectrum

_ and SHa
(see 7ig '.1.). Dynamic wavelength aiscrimination atS@%WFs poorer
than anywhere apart from the spectral extremes. (See #igs., T7.3.1.-3,).
requiring relatively greater wavelength and therefore Juminance

modulation for threshold. The conclusion th:t second narmonic

distortion is negligiole may therefore reasonzbly be extended
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to the rest of the spectrum examined in tnis thesis.
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6,5 Field Configuration.
The apparatus for the production of test and surround

fields is described in section 5.3. The test field used in

. the experiments described in this thesis was always 2° in
diameter, either with or without a 10° matching surround.
Such a test field wes chosen, although it has not been

widely used in flicker modulation studies for several reasons.
(a) A 2° field with a dark surround is comparable in size
with the bipartite stimulus (Wright, 1923-9) and the high
frequency temporal colour mixture stimulus of Guid (1931)
used in the colour-matching studies accepted by the C.I.E.

in 1931 as defining the standard observer. Later data of
Stiles (1955) refined the colour mixture data with a 2°
bipartite field and also investigated colour mixture with a
10° field. In the latter case, subjects had to be instructed
to ignore the central area (approximately 2°) since the

field appeared inhomogeneous due to macular pigmentation.
This difficulty is avoided by the use of a 2° field. Further—
more, the 1924 C.I.E. spectral sensitivity function (V) )
was established for a 2° central field.

Finally, e 2° field centrally fixated stimulates almost
exclusively cones, as shown for example by the threshold data
of Crozier and Holway (1939) and the flicker data of Brooke
(1951). The problem of rod intrusion in the colour

discrimination tasks, which might be significant at the
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mesopic retinal illuminance levels of 25 tr used, are avoided.
The results of the C.I.E. colour matching data demonstrate

that under 2° field conditions and at photopic luminance

levels, human vision is trivariant, as discussed in section

2.1+, with respect to static, bipartite matches. The use of

a 2° field for the dynamic investigations described herein
may consequently be compared with a body of well=established
deta on the colour sensitivity of this type of stimulus.

(b) Classicel data on colour discrimination (e.g. Wright and
Pitt, 41934) has been obtained with the same field configuration
as the colour matching data, Use of the same stimulus for
"the "dynamic wavelength discrimination" studies (see section
7.3) enables direct comparison between the classical and
dynamic wavelength disorimination data.

(c) Previous flicker studies have made use of a 2° field.
Hecht and Smith (1936) found that for field sizes of 2° and
below with central fixation, the curve of CFF as a function
of retinal illuminance of the stimulus does not show any
evidence of a branch corresponding to scotopic sensitivity
as is the case with large field sizes. Similarly, Hecht

and Verrijp (1933) found that the scotopic branch present in
CFF versus illuminance curves for a 2° field in peripheral
locations is absent for foveal viewing. The earlier work
of Ives (1912) had established that for a 2° field Abney's

law of additivity of the luminances of heterochromatic stimuli
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stimuli was approximately valid if the brightnesses were matched
by flicker photometry or the step-by-step method. This result
was later confirmed by Dresler (1953), Stilesand Burch (1959)
and Sperling (1958). It therefore appears that photopic
response and luminance additivity can be obtained with a 2°
field,

(d) The bright surround stimulus configuration appears to be
analysed differently by the visual system in different frequency
regions. Kelly (1369 b .) has demonstrated that below 10 Hz.
the flicker sensiiivity increases with the number and sharp-
ness of edges in the stimulus, while above 10 Hz. sensitivity

is unaffected by these factors. Use of a dark surround,

which produces a similar frequency sensitivity to the "edgeless"
field at low frequencies, should minimise the changes in
oriterion implied by the effect of edges in the field.

(e) De Lange (1957) describes (pg. 40) the effect of a dark
surround at low frequencies. i.e, the De Lange curve would
have a "falling trend" as frequency was reduceds The use

of a dark surround stimulus permits a direct test of his
description, which is set out in section 744s As De Lange
points out, the use of & large equiluminance surround holds

the adaptation level constant at.low frequencies, so that it is
not possible to examine the dynamics of the adaptation at

low frequencies with De Lange's stimulus.
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7., Results and Discussion.

7.0 Introduction.

The results to be presented have been obtained with a 2°
diameter stimulus field and, in most cases a dark surround.
This stimulus configuration was selected for a number of reasons,
discussed in section 6.5, The effects of two prin¢ipal
independent variables are presented-frequency of modulation,
and mean wavelength of the light. The dependent variable is
the threshold modulation depth of either luminance or wave-
length modulation (see section 6.2 for controls). In the
exreriments using frequency as the independent variable, the
assumption is made, following De Lange (1952), that the
reciprocal stimulus modulation depth for constant perceptual
effect (threshold) is a measure of the sensitivity for a
constant stimulus modulation depth., This point is discussed
further in section 3.4 The data is therefore plotted on a
double logarithmic plot as used by De Lange so that log
sensitivity increases upwards on the ordinate,

In experiments in which mean wavelength is the independent
variable the threshold modulation amplitude is plotted
directly as a function of mean wavelength, in order that the
results may be easily compared with classical wavelength
discrimination studies.

The effect of varying the parameters of time-average

luminance and waveform of the modulation were also studied
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for some conditions,
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7.1 Luminance Modulation.

7e1e1 ‘hite Light.

A set of curves of threshold sensitivity versus modulation
frequency was obtained for a 2° field stimulus with a dark
surround for six luminance levels spanning 4% log units of
luminance (0.25, 2.5, 25, 110, 780 and 7,800 tr). (Fiz. 7.1.1).
The luminance was altered by the insertion of neutral density
filters into the light path. The hue of the light appeared
to change negligibly with alteration of luminance level,
indicating that the spectral composition of the light was
effectively constant, excevt that a slight hue shift towards
blueness was noted for very low luminances, corresponding
to the Purkinje shift,

At high luminance (780 and 7,800 tr), Fig. 7.1.1 shows
that the difference between the threshold sensitivity at 1 Hz,
and at the maximum sensitivity reached (at about 16 Hz.)
using a dark surround is greater than the difference found
by De Lange using an equiluminant surround. The sensitivity
difference is approximately 1 log unit for the dark surround,
but about 0.5 = 0.6 log units for the equiluminant surround.
This discrepancy is mainly due to a reduction in sensitivity
in the low frequency region at high luminance in the dark
surround case relative to the bright surround case. A
siﬁilar result is described by Kelly (1959), using a 4°

field with a dark surround.
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At low luminance an unexpected result is apparent. The
sensitivity in the low frequency region increases as time-
average luminance is reduced. The increase is about 0.5 log
units or a factor of 3 overall, and occurs over a luminance
range of about 2 log units. A close examination of De Lange's
data reveals that in the same frequency region both observers
tend to show a slight decrease in sensitivity for stimuli of
the highest luminance. This decrease may be a reflection
of the effect occurring with a dark surround.

With regard to the shapes of the dark surround curves,
they seem to fall midway between the peaky curves described
by Kelly for some observers using a 65° field in his 1959
paper (though not so much in evidence 1nsﬂﬁ§ later papers)
amd the smooth curves of De Lange (1957). Marked changes
in slope (which will be called sub-peaks) are avparent
centred about frequencies which seem to remain constant
across the luminance range, Subpeaks are identifiable, at

Subpeales
6 and 15 Hz, These medes may correspond to the 4-7 and 10-15
Hz. regions respectively described by Kelly, and there is
possibly an indication of his 20-30 Hz. peak in the high
luminance curves in Fig. 7.1.1.(iKelly (1962 notes that the
4° dark surround field configuration greatly suppressed the
20-30 Hz. peak relative to the 65° field in the same obaervera
In addition the low luminance curves exhibit a further subpeak

-at around 4 Hz. This subpeak contrasts with De Lange's bright
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surround data in which there is no evidence of a corresponding
change in slope at equivalent luminances. The luminance of
the 0.25 tr curve is close to the photopic threshold, so that
it is unlikely that 10% modulation of this luminance is
detected by the photopic mechanisms of the retina. It is
therefore probable that the 0.25 tr curve represents largely
scotopic ectivity., This point will be considered further in

section 7.1.2.
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/s1.) Flicker Data Considered as anIncrement Threshold Function.
Stiles (1949) study on increment thresholds utilised

a large (10°) field on which was briefly superimposed a 1°
test patch, the luminance of which was adjusted to threshold.
De Lange's (1957) stimulus may be considered as similar to
Stiles' since the time average luminance of the test area is
the same as that of the surround. The differences are that
decrement as well as increment was involved, and the principle
parameter used was the time course of the stimulus rather than
the wavelength of test and background fields.

Stiles measured an empirical function ( -g ) which
describes which is the relationship between the logarithm
of the monochromatic background intensity (logW/«) and
the logarithm of the monochromatic threshold test field
intensity (log ) ) for the retina as a unitary detection
mechanism. The -g function has & h5° asymptote corresponding
to Weber's law (%:; = cons’cam:)2 , and a horisontal asymptote
corresponding to constant threshold imdependent of intensity
at low intensities for the case of white light, the background
and threshold test field intensities are denoted log Wu and
log Uw respectively.

The retina is not, however a unitary detection mechanism.
The curve of increment threshold as function background
intensity of the same spectral composition is fitted by two

? functions, one corresponding to the scotopic component
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and the other to the photopic component of the retinal system.
(Stiles, 1949). The assumption was made, in Stiles' model,

that there are several mechenisms in the retina for the detection
of increments. Each acts independently without interaction
with the other mechanisms. The observed increment threshold
function is determined by the increment threshold of the most
sensitive mechanism for each set of conditions.

The sensitivity of each mechanism may be altered by
changing the experimental conditions. Stiles altered the
wavelengths of the test and background fields, and found that
the form of the complete increment threshold curve altered,
in such a way as to indicate that a number of mechanisms with
different spectral sensitivities were contributing to the curve,
The object of the present section is to determine, using Stiles
method, whether there are separate mechanisms contributing
to the increment threshold curve with different temporal
characteristics and specifically different modulation frequency
sensitivities. It will be assumed, for parsimony, that the
separate components of the curve are attributable to the
mechanisms described by Stiles.

Stiles has reported no systematic study of temporal
effects on the increment threshold functions. In view of
Kelly'gzs'%;)orts of frequency selective subpeaks sensitive to
chromatic adaptation in a manner suggesting corresponding to

(as7)
the three colour channels and De Lange's [finding of colour
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fitted by Stiles! functions. The high frequency curves conform to
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effects on De Lange curves for monochromatic light, it is of
interest to know whether the colour sensitive g functions
reported by Stiles are also differentially sensitive #o in The
temporel dimension. As a preliminary approach to this problem,
existing data of frequency sensitivity to sinusoidally-modulated
light may be treated as indicating thresholds to a continuous
series of increments.

De Lange's data on frequency sensitivity as a function of Juminance
(pg 50-51) are replotted as absolute flicker threshold as a
function of background (adapting) luminance, for a set of
values of modulation frequency. The result is shown in Fig.
7+1.2 together with the best fitting -g functions for
observer V as his data are the more complete.

The curves for frequencies of 10 Hz. and above are
clearly fitted by two -g functions with maximum sensitivity
in the low and high luminance regions respectively. The sanme
effect occurs for observer Lo It should be noted that the
description of the curves in terms of two .?; functions
shifting relative to each other as frequency of modulation
is changes corresponds to the irregularity of the spacing of
De Lange's attenuation characteristics, particularly evident
on the high frequency slopes of the characteristics. This
jrregular spacing was not commented upon by De Lange, but it
reflects the emergence of a second mechanism,as luminance is

increased,which is more sensitive than the low luminance
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mechanism only at high luminence and high frequency. The
flicker sensitivity curves for the two mechanisms may be
obtained by & method analogous to that used by Stiles to
obtain the spectral sensitivities of his T mechanisms. The
result is plotted in Fig. 7.1.3. It appears that both high
and low luminance mechanisms change in form as luminance is
increased, but the high luminance mechanism develops a marked
peak at about 20 Hz.

Equivalent increment thresholds curves for observer
C.W.T. using & dark surround (i.e. equivalent to using a
background field of th:;lzzze as the test field) are plotted
in Fig. 7+1+.4. The principal difference from the equiluminant
surround data?that the averall sensitivity is not reduced as
frequency is increased, as much as in the case of the equilum-
inant surround. The feature of the separation of the curves
into two sections is still apparent. Since the transition
from low to high luminance curves occurs at about 10 tr, in
the mesopic range, the most likely hypothesis is that the
two curves represent rod and cone activity. No evidence for
different photopic components is apparent, but a thorough
investigation of the frequency response of the component
oolour mechanism, separated by chromatic adaptation in the
manner described by Stiles, would show whether the five
mechanisms he describes (Stiles, 1953). were involvyed.

The experiments reported by Green (1969), and described
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in section 3.5, attempt to measure the frequency response
characteristics of the red, green and blue colour mechanisms
by the use of chromatic adapting conditions similar to those
used by Stiles to separate the colour mechanlisms. Green did
not investigate whether, especially in the spectral region
of the three blue mechanisms, (Stiles, 1953) differences in
frequency sensitivity may result in the more than one
mechanism determining the form of the frequency response

functions,
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7+1.3 De Lange Curves for Monochromatic Light.

Introduction.

De Lange (1957) studied frequency sensitivity curves
for monochromatic light for six wavelengths at approximately
50nm separations across the spectrum. He used an equiluminant
white surround. His results can be summarised as follows.
The sensitivity varies in approximately similar manner with
frequency, at all wavelengths, but shows a greater rise in
sensitivity between 1 and 10 Hz. at 641nm that at the other
wavelengths examined. Threshold in the low frequency region
varies irregularly with wavelength with a range about + 1%,
but the high frequency slopes of the sensitivity curves
wpractically coincide" (De Lange, 1957, pg 72).

Kelly (1962 has studied dynemic spectral sensitivity
to flicker at three frequencies in four subjects for a 65°
blurred edge stimulus consisting of a steady white adaptation
beam on which was superimposed a modulated monochromatic beam.
Differences in the spectral sensitivity as a funotion of
frequency were evident, in particular in the marked reduction
in sensitivity at the blue end of the spectrum as frequency
was increased.
Results.

The De Lange curves for one subject obtained with a dark

(seclion 7.2)

surround at 4 wavelengths are shown in Figs. 7.2.1-4. [ They

do not exhibit the same features as the curves obtained by
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De Lange. In the low frequency region below 10 Hz. there is
no significant difference between the sensitivities for
different colours. In the high frequency region the main
difference is that the 527nm curve is of greater sensitivity
above 10 Hz. than the other three wavelengths tested. In view
of these discrepancies, the results of Figs. 7.2.1-4 were
investigated in greater detasil. The low frequency region

was examined in two subjects by obtaining the subjects'
modulation threshold as a function of wavelength of the light

at selected frequencies of modulation, each wavelength was

equated by means of flicker photometry, using a sector disc.
This experiment supplemented the De Lange curves obtained
only at selected light wavelengths. In addition, it acted

as a control experiment for the dynamic wavelength discrimi-
nation experiment described in section 7.3 The results are
shown for two subjects in Figs. 7.1.5 and 7.1.6. Within the
accuracy obtained in this experiment, it is clear that for

a 2° field with a dark surround producing s retinal illuminance
of 25 tr there is effectively no variation of modulation
threshold with wavelength up to 10 Hz. between the wavelengths
of 4L80-630nm. The curve obtained at 20 Hz. in one subject
did: show fluctuations, but thesewre very variable. The
high frequency region was not, however, examined in detail.

There is an apparent discrepancy between the dark surround
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results reported above and those obtaimed by De Lange
using an equiluminant surround, described im sestion 3.5.
However, there are various reservations concerning De
Lange's methodology in this instance (section 3.5.),
which may ascount for the discrepancy betweem dark and

equiluminagnt surround data.
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7 o1 4 Spectral Sensitivity: Implications for Heterochromatic

Flicker Photmetry.

The effect of wavelength on flicker sensitivity has a bear-
ing on the procedure involved in heterochromatic flicker
photometry (H.F.P.). As pointed out in section 3.6., HFP
is based on the assumption that flicker sensitivity varies
with luminance but is independent of wavelength of the light.
Thus when two monochromatic fields are alternated, a point
of minimum flicker occurs as the luminance of the test field
is varied (i.e. the point at which the flicker due to one
field being switched on and off is most nearly cancelled
by the flicker due to the second field being switched on and
off in entiphase with the first). The point of minimum
flicker, or optimel cancellation. of’ flicker, is talken as
corresponding to equality of luminance. DBut if the flicker
sensitivity is dependent on the wavelength of the light
the minimum flicker point, and hence the luminosity function
obtained by this method, would be dependent upon the exact
frequency at which HFP was perf'ormed.‘}?ls therefore important
to establigh under what conditions, if any, the measured
luminosity function remains independent of frequency. The
dark surround datae reported above indicate thet flicker
sensitivity is independent of wavelength below 10 Hz. This

dala (Secﬁw\ 71.3)
suggests that if the éepth of the two subjcts Lis representa-

tive of the gereral population HFP for retinal illumination
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of sbout 25 tr,utilising the dark surround stimulus configuration,
would be most accurate and reliable if performed at frequencies
near 10 Hz. (To lower the frequency too far would enhance

the colour flicker effect and thus reduce the setting accuracy).
It would therefore be of value to conduct an extended study

to verify the above conclusions on a greater number of subjects.
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Spectral Sensitivity Determined by Threshold Modulation Depth of Flicker.

Ives (1922) examined several methods for determining
spectral sensitivity including the use of CFF measurements fwewr
scroses the spectrum. He concluded thet the CFF method was
far less accurate than the HFP method, and was therefore of
little value in determining spectral sensitivity. However,
the use of flicker of vafcable modulestion depth increases
the flicker threshold method (corresponding to Ives' CFF
method) to the same order as that of the HFP method. Liore-
over, it allows the measurement of spectral sensitivity to
be performed at any selected flicker frequency, whereas the
HFP method is limited to frequencies giving the clearest
pinimum. Kelly's (1962b) neasurements of spectral sensitivity
by means of a 65° field ere described in section 3.5.

The date of Fig. 7.1.5 have so far been regarded as
showing the flicker sensitivity as a function of wavelength
with luminance equalised. These data may equally be
considered as showing the deviation of spectral sensitivity
determined by threshold modulation depth from that determined
by HFP. Clearly, within the spectral limits studied, there
is no apparent deviation between the spectral sensitivity
measured by the two methods, for frequencies up to 10 Hz.
Within this range, therefore, it appears that for the
present subjects spectral sensitivity measured with a 2°

field and dark surround is not frequency dependent.
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Green (1969) has reported large differences in the De Lange
characteristics in conditions designed to isolete the three
cone mechanisms alone (described in section 3.b). If Green's
characteristics were the sole contributing factors to flicker
sensitivity across the spectrum, much lerger variations in
spectral sensitivity would be predicted. However, Green used
8 12o adapting background, which would provide a continuously
present spatial comparison field as well as temporal comparisons
of test field changes. His results therefore are not strictly
comparable with the dark surround data.

Boynton and Tkeda (1962) reported differences in the
spectral sensitivity of a subject as a function of the duration

of the flash presentation. They used only two flash durations,
12 msec and 50 msec. However, comparison between transient
and steady-state date is not possible in the absence of a
model of the system concerned (see, for example, section 8.5).

Kelly's (1962)) measurements of spectral sensitivity
under dynamic conditions show a large frequency dependence.
But agein his 65° "edgeless" stimulus condition differs
considerably from the 2° dark surround used in the present
experiment.

It appears, therefore, although that the frequency
independence of the spectral sensitivity holds for a 2°

stimulus with a dark surround for frequencies up to 10 Hz.,
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it has not been found to apply under any of the other stimulus

conditions examined by other authors.
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7.1.5 Phase Measurements

Introduction

The threshold amnlitude measurements for sinusoidal imputs
described in previous sections give only one aspect of the visual
system steady-state resoonse. The complementary aspect is provided
by tne vhase of the signal at the locus of perception relative to
the input. This is a dift'icult measurement to take, since the time
relationshing involved are far snorter than are reportable by the
subject directly. De Lange (1957) consequently states that it is
not possible to measure the phase characteristics psychopnysically.
The purpose of this section is to develop @ method by which the phase
can be measured. It has only been possi._le to apply this method to
luminance modulation of the stimulus, since the luminance conpensation
necessary for constant-luminance wavelength modulation (see section 6.0)
was not accurate enough t§ apply to a composite signal as is described
below.

The approach to vhase measurement relies on t:.ie finding of Lev#%on
(1964) that the threshold for a composite wavePorm consisting

of summed fundamental and second harmonic modulation varies with the
relative phase of the two components. This non-linearity in the
percestion of composite waveforms provides a method of measuring the
relative phase between fundamental and second harmonic components

as a function of f'requency, at the locus of the non-linearity in

the system. The assumption must be made that the non-linearity is
essentially independent of frequency over the range of interest, and

also that the Fourier components of the waveform are treated
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indevendently up to the locus of the non-linearity. The method
involves measuring tne tnreshold for a composite fundamental and
second harmonic modulation wavei'orm, as a function of tne relative
phase of tae two com_.onents. iicasurement of this phase non-
linearity function is then repeated taking the frequency of tie
previous seconu narmonic as fundamental, and adding its second
harimonic. At very low frequencies the phase diff'erence is assumed
to be negligible, so the shift in the phase non-linearity function
for any given r'undamental and second harmonic nair of frequencies
relative to the josition for a low if'requency pair is a measure of the
extra pnase snift Between the given pair of frequencies. In tais way
the extra phase s.iift for eacn octave of frequency may be measured.
The method of summing phase shif'ts over a range of frequencies to
form a measure cf the total phase shift is analogous to that used by
Vos & vialraven (1965) in measuring phase saift between two stimuli as
a function of luminance. This metiod of summing the extra phase
shift at each octave has a 360° uncertainty, e.g, & relative phase
lead of 60° could equally be a lag of 300°., However, a check was
made on the change in .elative phase between each octave and the
octave approximately half an octave nigher., The chaiige in relative
ojase wver half an octave was never greater than + 700 (or less
than + 290°). The smaller of the two cnanges was therefore unambiguous,
and was alweys selected on the grounds thet the most parsimonious
The phase shif't may be
system was thus obtaineqk measured at more frecuency points by

repeating tne irogedure for a set of fundamental frequencies at
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ap roximately nzlf an octave spacing {rom the first set. The
assumption of negligible -hase shift at low frecuencies implies that
the phase non-linearity functions cre at similar positions for all
low frecuency pairs. The assumption that the phase non~linearity

is independent of fre-uency implies that the phase non-linearity
functions nzs a similar form at all frequencies.

In order that the fundamental and sccond harmonic comsonents of
the composite waveform are of constant relative amplitude tirough

the experiment, c¢ach com onent is set to threshold separately be-
fore the composite waveform is formed.

The amplitude of the com.osite is then adjusted to threshold
for the vhase non-linearity function measurements. The assumption
must therefore be made that no significant frequency dependent
~ttemgition occurs between the site of the non-linearity and the site
of perception. Tinis assu -tion could be tested by measuring the
phase non-linearity function for a number of fundamental/second-
narmonic amnlitude ratios, but this was not attem.ted in the
oresent stuay.

The results were cbtained on one subject (C.V.T.) using
monoc hromatic 1light with a mean retinal illuminance of 25%; and
wavelength of 527 nn.

Results: A?° field with a dark surround was employed. The stimulus
conditions were thus similor to those in force in the amplitude
function of fig 7.4.1. Fig. 7.1.7. shows the phase non-linearity
functions for two scts of frequency octaves (interlaced in the

diagram) starting at 0.5 &0.75 Hz. It is evident that some
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similarity in form holds over the whole frequency range studied,
supporting the assumption that the pnase non-linearity is essentially
independent of frecquency, although dif:erences in detail are evident.
The phase characteristics derived from the relative shifts in the
phase non-linearity function for the two sets of octaves are plotted
in Figure 7.1.9%. The low frequency points are fairly close to zero,
giving Jjustification I'or the use of the lowest rrequency positions
to define zero. The two sets of functions starting at 0.5 and 0.75Hg
have similar overall form and give an indication of the accuracy of
the method. The main f'eatures of the phase characteristic under
these condaitions are that the maximum rate of phase shift occurs at

about 6Hz, and that the phase shift appears to be approacning a

1imit of about 2w radians.

Conclusion

The method developed in this section of measuring relative
phase shifts by utilising a non-linearity in the system has pro-
duced encouraging results. The two independent summed octave
phase functions are similar in form and correspond to phase fun-
ctions which commonly occur in electrical systems. A comparison
with the minimum phase function computed from the amplitude

function obtained under similar stimulus condition: is made in

gection 8.5,
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7.2. De Lanse vurves witinh .avelen tn ..odulation

Introduction

liost of the r:uults in tnis section have bien previously resorted
by Kesen and Tyler (41971a). The controls described in section 6
indicate that it 1s .os.iblie to measure ﬁiéShOidﬁ deternined by the
equiluminant (i.e. colour-varying) component, of wavelength-modulation
licht. It is assumed tant for small amolitudes of wasvelength-
modulation (u, to 20 nm) the am.litude of the visual svsiem r:s.onse
is a nonotonic ifunciuicn of the moduletion amplitude.
ethod

for each reavin:, tic optimal cancellation of the luminance
{licker induced by wavelength modulation was obiainea; the subject
set tae combensatory luminance modulation amplivude such that flicker
wus atl a minimun and colcur <licker predominated. The subject then
reduced the siznel to both modulistors by means of a single control,
until no iurther changes in the ield were percejtible. The subject
was asked to revort if the rlicker appeared to be of colour or
brightness just before tnreshold, and tnc compensation procedure
repeated if the flickcr appeared to be of brightness. The luminance
comucnsction did not appear to be adequate in a few of the more
extreme conditions i.e. at the lower luminance, and high frequency
for the blue stimulus. In these circumstance it was necessary ror
tne suvject to e ort the threshold of colour flicker when some
residdual lumiénce .licker was evident. The results, and tiiose of

section 7.3.,sugsest that tnis tasx gave equivalent results tc the

reorting of overall threshold when luminance flicker was compensated
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Pigs., To2e1-=5. De Lange curves for luminance and wavelength modulat-

ion under various mean wavelength and retinal illuminance conditions.Ord-
ingtes of threshold luminance modulation (m) and wavelength modulation
(2)) plotted inoreasing downwards and arbitrarily placed with 13{ m corr-
tsponding to 1nm. Each point represents two readings; thresholds for ea-
th condition were measured for two pairs of readings plotted separately
to jndicate session-to-session variability. Subjeot C.W.T. 2° field with
fark surround. Clear differences occur in each case between the form of

the luminance and wavelength De Lange curves.
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to below tnresacid, o in rost conditions used here,

48 o compnrison, wata on seusivivity to luminsnce wmoaulation
uncer the same counalil ns as the wavelensth moduletion was also
obtained. dince the datn De Lange (1951) and Van der Horst (1969
have indicated that there is licels to be a diftrerence in the
frocuency sensitivity function for the two uvnes oi' modulation.

Botn luminance and wavelengtn wwodulation thresholaswers ob-
Loined at tour centre w velengtiis across the spectrum (500, 527,
592 & 622) wnd two v¢un reiinal illuminations 1.3 los units apart
(25 + 1.25 trn). ‘e 125 tr was obtained by inscrtinc 1.3 log units
D il ers in tho vean. A set of thresholds w s also obtained at
140 tr for tae »27 & H92 nm wavelengths. four settings at eacn
;oint were then .aken in cltermate asc.onding and descending order
and nloited as tvo averaszes of pairs, to ,rovide 2 visual estimate
of the viria.ion in the results.

‘‘ne resules ave saown in Figs, 7.2.1.=5. The fitted points
reier to luminance roduletion (m) and the o en -oints to wevelength
nmodulation (dA)?‘ vane tuo  oaulction axes ( m & dA) are ince.endent,
pul are arbitrarely set so thot 1,0 luminance modulation corre: ponus
to 1 nm wavelength modulotion. Tae threshold modulation amplitudes
are plotted downwards #or increasing ampl tude on a log scale, so
tnab the log odulewion sensitivity nay pve rend s increasing uoward,

The suminence odulation curves at 25s=F wrolands do not contradict

tne {inding of seciion 7.1.3. that tnere wem no significant variations
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Fige 7+2¢6e Log difference curves of luminance minus wavelength mod-

| ulation (Log E%f )e De Lange curves for all conditions of Figse. 7.2.
1-5. Dotted curves - 110tr., full curves - 25tr., dashed curves - 1.25tr,
Filled triangles - 622nm, open triangles - 592nm, filled circles - 527nm,
open circles - 500nm. Full line - theoretical funotion (see text).
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in sensivivity wita svimulus wavelenstn un to about 10 Hz., out

Jdiere rter gquite loroo divivereaces re evident. Jhe etfect of
lfL/v\al ]
reducing the mcgn&ﬂumlnance is elso diffvrent at dirfercnt
r‘etLr\AL
B . e . ’ - . . .
w. velengtns, dut o oo Lowegﬁﬁumlnance (1.25tr) is in tae seso iic

range, so tuat those results ma, ve confused by scotopic influences.,
The wuvelengtn modulation sensitivity curves :re each clearly

different from taosir ressective luminance wodulation counterparts,

If both scales are assumed to pbe linear iU 1s osciuvle to divide

eacn luminance modulation sensitivwity curv. by the wavelength modula-

¢ion sensitivity curve under the same conditions ani obtain the log

difi'erence curve. The torm of the log diiferciice curve is unaffected

by tne sculing ratio oetwecn the two ty .es of uodulation. Fig 7.2.6,

snows for all ten conditicns tne plols of differcnce curves opetween

luminance and wavelengtn tireshold func.ions.

Diseuscsion

(1957) am
De LangeAconcluded thet the difference at 995A@ominant wavelength

wes well representsd by 2 small nuaber of iirst-order stujes of
attenuation of the same time constant in cascade. ( 1 at 265, 3 at
2.65tr). Iy da.a for 1.25tr at 592 nm does appear to have a similar
form to De Lange's low luminance curve, but f'ew of the curves at the
otaer wavelengtns and luminances fit De Lange's model, (figl2b) or a
model of any nunber of attenuation stages with any desired time
constants. A numter of the difference curves have slopes well below

the prediction for even one first-order filter stage. Furthermore,

the ovailable date indicates that the nigh frequency slopes of many

of" the wavelength modulation curves is less than the high frequency
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slo ¢ of tne corres onding luninance mouulation curve. This is
Curves

indicated by = ©:11 in tae diffcrence‘at ai~her freouencics.

“ne De Lence moael would ve uwire the wavelength mocduletion high

frocuency slooe Lo oe preater than thit for luminance modulation.

Von der Hopst's (196% charomatic licii.r curves cre in cc.ord with

the ocove observ:tion.

It enpesrs, tien, st De Langce's model of the formation
diffe.ence curves cannot ve applied generally to wevelengtn-mouwulation
turesnolas, ‘“Yne significancc of tais result in terms of linear
systems analysis is discusced furtaer in sec ion 8.1,

The variability of the difrerence curves may be seen as evidence
for a high degree of independence between the systems orocessing
cclour and luminznce in the {rcoeuncy domeain, for related lines of
eviagence sec section 2.5. In other words, the froguency sensitivity
to ecch tyrce of stimulus is set by the charactceristics of «ach
_rocessing system after it nus dive: ged from the other.

De Lenze (1957) and Von der forsi (19094 messured tarcsholds
2y o runction of 'r¢ ucncy for constant luminance colour altermation
stimuli (see sccuion 3.7).

De Lenge's curves (at 595 nm} copesred to divide rougaly into
two —ortions, @& sacllow rise low Trequency part and a stcep rise
nigh frequency slope, wiercas Van der Lorst's (1570 nm) low freocuency
portion Jas iitted by a norizoital line. T.e Jrescnl results at
four wovelengtns show woth forms, the flattest low requency portion

peing at »00 nm.(Fiﬂs 7-2.I-S.)
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Van der .iorst’ concluded that the colcur atienation curves
shiow no evidence of the imibitory inter:sctions to which the
pseudo-resonant characteristic of the De Lange curve has been
atoributed (e.g. Levinson, 1904). The wavelength moculation
curves in 211 ten conditions examined are in su nort of’ Van aer
Horst's conclusion, taus extending the evidence for the independence
of luminance and colour proces ing. Tnis point is discussed more

fully in section G.0.
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7.3 _Dynamic .Javelength Discrimination

1.3, Int:oduction

The gencral nethod usea in tails study of wavelength discrimination
auring temsoral modulation of wavelength is described below. The
apparatus wnd controls for minimising luminance fluctuations and other
artifects are de.crived in sections 5 and 6., 'Tae waveform of the
w velength moduletion wes usually sinusiodal, but in one experiment
a s-uare-wave wns used, 1t should be noted that the waveform of
wavelength moaulation does :iot necessarily nave a physiological
signifiicance e.g. in terms of' cone activity, or psychophysical sig-
nificance, e.g., in terms of nue or saturation. It was desirable in
tnis initial study of wavelength modulation to have the physical stim-
ulus specified simply. TFor discussion of tanis point, see sections
3,7 and 6.1, Such a stimulus may then be used to compare the results
of the different experimental apuroaches of physiological activity,
discrimination, colour matching etc.

The limitations of the luminance compensating method are described
in section 6.2, It limits both the spectrum width and the frequency
range that can be studied, since any further increase in either
would involve an increasing modul:tion amplitude, and hence un-

acceptable degree of non-linearity in the compensation procedure.
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j&j,g&_jbggﬁjc wavelength Discriminaticn for Sinnsoiaal

daveleugtn .odulition
‘the variations in thresaola wavelength m:duletion witii. .nean
wavolengih for e set of modulation irequencies are shown for the
two suviects in fiss. 7.3.1.-2. These plots will be described as
dynasic wavelength discriminction curves. .ithin the spectral
linits tested, the curves eaca appear to exhibit similar features
to the classical form of wavelensth discrimination (see section
2.5.2.) with minime in the blue and yellow regions, andimaximum
in the grecn, Yne possibility that these results were contaminated
with residual luminance ilicker was checked by the experimental results
of Fig. 7.1.o. (section 7.1.3.). This experiment examined luminance
flicker for monocnromatic stimuli of a set oi' wavelengths. The
results indicate that up to :yrecuencies of twice the nignest treque.cy
used in tne wavelength nodulation experim.nt, there is no significant
variation of lumin:nce flicker tneshold with stimulus wavelength.
It is therefore unliikkely that the pres«nce of a small amount of
residuel luminance flicker would produce the variations evident in
thresnold to wavelengtn modulation with mean wavelength (Figs. 7.3.1.-2).
The dynamic wavelength discrimination curves are equivelent to
the reciprocal of a vertical cross-section through a set of wawvelength
modula .ion De Lange curves across the spectrum. They should tnere-
for containg the same information as the set o wavelen;th modulation
curves. Copparison of the two tynes (Figs. 7.3.4-2,and 7.2.1.=4)
sugges.s that this is indeed tne case. OUne main feature of the

wavelength modulated De Lange curves is a contimuous loss in
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sensitivity as frequency is increased. 4 similar ioss is clearly
apparent in the wavelengtin discriminacion curves, in which the mean
threshold increases s irecuency is increased.

The other main feature of the wavelength modulated De Lange
curve is a difference in shape for aif.erent centre wavelengtns,
This would be exsected to ap .ear as a difference in shanes for
dynemic discrimination curves at difierent frecuencies. Such
dii'ferences are aov.arent in Figs., 7.3.1-2 and they correspond to
the shaje dittferences in ihe wavelengta-nodulation De Lange curves,
in that the least chanse vetween 1 and S5Hz occurs at about 500nm
in each case, with greater changes at other wavelengths. However,
the shape change is perhaps better described as a shif't of thc short
wavelengta mininum towards longer wavelengths as modulation freguency
is increased. Similar shif't also occurs in the classical wavelen.th
discrimination function when luminance is increased, (see section
2.3.3.), so that the effect of frequency may thus be described in
terms of vreviously esteaovlished phenonemon. The shift in the short-
wavelength minimum is of the order of 30 nm over one log unit of
frecuency for botn subjects, while the long wavelength mimimum remains.
essentially unaitected apart from the ;cneral increase in taresnold
as frequency is increased. The frequency dependence of the dynamic
wavelength discrimination function does not correspond to a tendency
towards tritanopia (McCree, 1960@ which involves a relative raising

of threshold in the 500 nm region. No tendency for the subjective

nue of the wavelength modulated light to shift was reported by the
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subjects, but the .orzibility of a hue snift was not investigated
systematically.

The results clearly show that the dynamic wavelength
discrimination function is trequency dependent. Tne implications
of tnis de.ecnuence in terms of three tneories of colour discriminag-

tion dre discussed in section 8.
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Te3e3. wavelen:tn Discrimination with Verious orms of Stimulation

Introduction : i.ethed

Cleossical wovelength discrimination invelves judgement 6f
R 4

colour dir*e%nce across & spatial edge i.e. o bLipartite iield
(dright & Pitt 1034), waereces tie dynemic wavelengtn discrimination
data of section 7.3.2. invoive no snatial colour edge, but a
sinusioual variation oi wavelength with time. These stimuli differ
in -wo aajor resoects; in changing from spatial to vemporal variation
of the coiour, and in changing from step (or edge) to simusptdal
form of the voristion. The intermediate form of stimulus wost easily
oroduced with the res i apparatus is a stimulus with no spatial
edge but a tem.oral wavelengtn step. Sucn a tem.oral step is vroduced
py feeding a low fruguency souare wave into the modulators. A
comparison between the classical bipartite and Llemporal siuare wave
stinuii is taus one of mode (spatial to temporal, rather than waveform,
(ililz ¢ Qavonius (1970) hzve necasured weveleugtn discrimination using
spatial square-wave colour gratin;s. At their lowest spatial frequency
(2 cch), there was no evidence that grating discrimination
gi.i'ered frrom bipartie field discrimination, although they did not
measure the latter directly).

For the bipartite measurements the metnod described by Wright
& Pitt (1934) was followed as closely as possible. A ° split-nalf
circular #ield wes used, and the subject set the smallest percetible
wavelength difrerence, with luminance continually matched, in each
direction {rom the nominel mean wavelength. i'or the temporal square-

wove modulevion of wavelength, a fieyuency of 0.5 Hz wes used, as
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tids wes o convenient i're uwency for wiidch there is o intersction
betwecn the res onse t¢ one sie: oad che next (as saovm in scction
7oio1.)

Results

The results shown in Fig. 7.3.3. for subject C...T. indicate
wiat the uetalls o1 uie uviscrimination function are di’“erent ior
eacin of tne tarec lypes off stimulus used., However, there is an
overall loss in sensitivity {or all temporal stimuli comnared to
tae bipartite discrimination function. It aspears that in whatever
form the colour stimuli cre temnorally "replaced", the absence of a
spatial comparison :ield and consequent reliance on some form of
memory storage of tae co.parison stimulus produces im:aired wavelength
discriminavion comoared with thut for a spatial edge.

For both subjects C.v.T. (Pig, 7.3.3.) and L.K.T. (Fig, 7.3.2.)
there &j.ear vo be small differences in the jositions of the minimpa
between tne bisar ite and dynamic wavelength discrimination functlions
at adlgh and low frecuencies, However, a ..ore extensive study is
required to cetermine whether the bijartite function dif'fers from the
dynamic function at all frequencies.

WJitn resard to tne threc tem.oral conditions, it might be
ex.ected that the scuare wave funci.ion would snow improved discrimi-
nation over either low or high frequency sine-wave discrimination,
since the nquare wave contains both high and low Irequency components,
and tnese are orzanised in such a way that there is the maximal

transient information at eaca step.
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The results snown in fig. 7.5.3. ao ot suvport the ay.otnesis uh-t
souare wave modulation will roduce improved sensitivity in all
speciral redons relative to that for sinusiodal modulation.

The wavelength differcnce tiarencld to s:uare wave modulation
is similar to sine-wave tareshold in the yellow recsion, and somewhat
higner than tne sinc-wave tureshold in tiie blue-green region, This
result is not necesscr.ily in contraaiction with tne square wave
wavelength difference tnreshold of Van der Hoit (1969& which are
lower by a factor of 0,7 than the sine-wave wavelength dif'i'erence
t.z2'eshold, since the latier data were for a mean <ominant wavelength
of 565 nn.

It appears that the presence of a temporal edg. does not always
imorove scnsitivity over onav for temi;oral sine wave modulation,
but in the blue-green (..80-530 nm) region of the spectrum sensitivity

in the square-wave case 1s narkedly reduced.
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7.4, Effect of Spatial and Temporal Stimulus Configuration on

De Lange Curves; Introduetion.

In section 7.3.3. it was found that stimulus waveform and
field configuration produced complex effects on the wavelength
discrimination _unction. The purpose of the present section is
to examine the ef’ects similar stimulus attributes on the form of
the De Lange curve, i'or both wavelength and luminance modulation.
The modulation sensitivity was obtained down to very low modulation
freguencies, for sine and square-wave modulation using either an
equiluminant or dark surround. The experiments were perioirmed on

subject C.v.T.
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7.4.1, Iumincnce lioculation at Low Frecuencics

Kethod

—.  —

(1457
De Lange'sjoriginal s.iimulus configuration wa:s first re.licated,

wiwn the exce.tion th t monocur:matic 1light was used for the surround.,
For most ex.eriments, a wavelength.oof 527 nm was used for the dark
surround, and 544 nm forthe ejuiluminant surround, since this was

the nesrest available interierence fitter to the standard 527 nm used
in many experiments in this thesis, Checiks we.e nade that the dominant
wavelength .ifference did not exert a significant eff'ect on the con-
(itions described. As in previous experiments, the flickering field
was 2° in diameter, with a 10° equiluminant, equichromatic surround
when reguired. Tiveshold modulation depth was set by the subject

for frequencies extending down to 0.05 Hz. Although tedious, this
task was not f‘ound particutarly difficult by the subject. Readings
were taken in two sets of two readings for each set for every
experimental condition. Readings for sine and square-wave modulation
were alternateda at each modulation frequency.

Results

Fig. 7.4.1. shows tnat for Lotn sine-ware z:nd square-wave

modulation using an equiluminant surround, the main features of De

Langés results with white light are evident, although the sensitivity
does not level oft at 1-2 Hz, as suggested by De Lange, (1957, pg27),

but continues to 1'all to 0.5 Hz, before resching a steady level of
about nalf the sensitivity at 2Hz. This low frequency steady level

presunably represents, f'or the square wave modulator, a transient

regime in wnich the threshold to eacn luminance step is unafrected
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by the sreccding steo. Lhe sine - wave case is considered below.

Tne senarztion between sine and square wave thresholds at high
trecuencies was attributed to, by De Lange, tue greater amplitude
of' tune funucazmental Fourler compenent off the scuare-wave comoared
with tne sine wave. Tae separation above 5 }z is consistent with
the Jrcedicteo separ:tion or a factor of 4. As f'ound by De Lange,

n
the se aration incrcases in tne zone around 1 Hz, He suggzested that
this was due to the effT'ect of nigher harmonics in the scuare wave
resaonse, However, these woula be expected to have naximum effect
in the transient region, vhcre in f'act the sine/square separstion
appears to decrease again. The suggestion is discussed in the next
section, tnat the seak sine-wave amplitude is detected asainst the
spatial reference of the surround, whereas the peak square-wave
amplitude dctection involves a tempora. reterence. If tnis is the
case, tne sensitivity to square-wave modulation may be enhanced by
trensient tem -oral overshoot nereas the sine-wave sensitivity may
be increased by spatial edsze enhancement. The sine/scuare separation
would tnerei'ore re.lect dif'ferences vetween tne two types of
enhancement.

The data of {'ig. 7.s-.2. dedict sine- and square-wave modulalion
tniresholds for a 2° field with a dark surround. As found by Kelly
(1969) for a 40 I'ield with a dark surround, the sensitivity, is much
reduced for frequencies below 10Hz, t'or botn sine and square-wave

modulation. The sesaration between the sine and square wave sensitivities

to ve expected from the amplitudes of the fundamental Fourier components.
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is meintainea for Trecuencle: zbove sbout 3 Hz., In the t'requency
recion below 3Hz, the Torm of the square-wave sensitivity curve
appears to be closely similar for couiluminant and dark surrounds,
althouznh the dark surround curve is about 6 @ lower taan thc
equiluminant surround ourve (see -ig. 7e2e3.). Tais imolies that
ne rrequency depjendent spatial interaciions are signii'icant in terms
of' square wave tnrescold. On the otner hand the sine-wave dark-surround
senisitivity falls progressively as frequency is rcduced, relative
to tie sine-wave ecuiluminant surrounz sensitivity. The ratio of the
two resuonses is lotied in the log subtraction curve (Fig. 7.i.3.),
which makes it clear that the decline is steady at 4 db /decade over
nezrly two decades of {rccuency. fig. 7.4..3.. also desicts tne log
subt cction curve for sguare form sine-weve modulation, each with
dark surround., The 4 db /decade decline is replicated in this case,
indicating that the presence of either a spatial edge (sine,
equiluminant surround case) or a temporal step ("edge") (square, dark
surround case) will privent the low frequency adptation efi'ect.
Similar results on the effect of a surround are evident in the data
of Keescy (1970). Tie same frequency sensitivity difference is
Jresent in each casc altonough the amplitude of the response with a
temporal step is evidently larszer thaen that of the resjonse with a
spatial edge by about 3 ab. In the frequency region avove 3 Hz, the
equiluminant: derk surround response ratio reflects a peak of 7 Hz
in the equiluminant surrount res.onse, which is less merked in the

dark surround case. <Ihe spatial configuration thus afi'ects the details

oi" the f'orm of the sensitivity curve, as found in other conditions by
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Kelly (1969, 1969é> Hewever, examins iion of spatial, colour
interscelicns in De Lunge curves is beyond the scope of the

presenl study.
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Tohe2. davelenstn .icdulation

Using similar con.iiions 1o taose in section 7. ..1. the efiects
of modulation waveform and prescnce of a surround were studied for
a wevelength modulation about a mean wavelength of 527 nm or 544
nm (for the reasons us outlined in section 7...1.)
Kesults

As Figs. 7.h4. and 7.4.5. indicate, the configuration of both
temporal weveform and spatial surround have eff'ects similar to those
for luminance nmoculation. In the high frecuency region (avove 1 Hz
for wavelcngtn mounlation) the separation between square and sine-wave
modulation for voth equiluminant and dark sur:ound seems to fit quite
well the Q%n difrerence redicfted if the fundamental Fourier component
of eacn waveform deter. ined threshold. This accords with the con-
clusions of Van der Horst (1969} who found the same efiect of wave-
form in an investipgation of only the equiluminant surround case and
et a dift'erent mean waveiength. There is 1o si.nificant effect of
the surround on the square-wave sensitivity over the whole freguency
range. (The possible overall increase in sensitivity is obscured by
tne change in nean wavelength between the two conditions). In the
case of sine-wave modulation, however, the absence of a surround
(Fig. 7.#.5,) produces a steudy decrease in sensitivity as frequency
is reduced belo. 1 Hz, The sensitivit: Zalls at a similar rate to
that for luminance modulation, i.e. 4 db /decade. The log subtraction
curves for square~ftou sine-wave modulation and dark from equiluminant

surround conditions are degicted in Fig. 7.4.6. The 4 db /&eca&e
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adaptation slope is a zood fit for the sine/square ratio below 1 Hz.
The date for the durk/equiluminant log subtraction curve do not
conform well to the same acapvation slope, but further experimentation
would be recuired ito defermine whetner this can be ascribed to
experimental error or represents an adcitional effect.

Thus for wzvelengtn modulation, as for luminance modulation,
the general forms of the square-wave modulation sensitivity for
either surround condition, and ror sine-wave sensitivity with an
equiluminant surround, are quite similar, whereas if the surround
is removed with sine-wave modulation, a low frecuency slip-in effect
(De Lange, 1957 pg 4L0) or adaptation is evident. However, the slope
of this edaptation is var shallower than the cut-off of a single
stage first-order filter (i.e. 20 db /decade).

There are differences in the frecuency at which the adaptation
slope begins. For luminance modulation, it appears at about 3 Hz,
whereas with wavelength modulation it is not present abo;gr;rﬂz.
This difference in the temporal characteristics of the adaptation
between wavelength and luminance modulation suggests that the
adaptation is occurfing after the separation of the luminance and
colour processing channels, but before the modulation detector stage.
The similarity in slope, however, sugrests that similar processes

are involved in each channel.
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7.5. Transient Stimulation

7.5.1. Introuuction

The results of section 7.2. indicate that the visual system
frequency response functions for steady state wavelength modulation
differ m-rkedly from those for luminance modulation. There are not,
on the otuer nand, great differences between the frequency character-
istics compared at different mean wavelengthsfor either type of
modul-tion. Tiis is perhaps surprising in view of the marked differ-
ences that have been rejorted in various measures of tne transient
response Lo different stimulus wavelengths, (reviewed in section 3.1.).
It was therefore deciced to examine the response of the visual system
to vulses of wavelength change (at constant luminance), in order to
shed ligint on tne uiscrepency between the steady-state and transient
approaches to colour change stimuli. The use of a constant-luminance
wavelength pulse wes designed to be comparable in the transient regime
to the sinuseidal wavelength modulation in the steady-state regime,
The object was to stimulate the colour detection mechanisms while
presenting no eff'ect to the luminance detection mechanism. The
response to constant-wavelength luminance pulse3 stimuli will be
examined, with wavelength as a parameter, as a comparison with the
effects of the wavelength pulse, The threshold response to luminance
pulses is known as the increment threshold. (Graham & Kemp, 1938).
Increnent tnresholds as a function of pulse duration nave not previously
been studied at different wavelengtns, as far as I could ascertain,
except for the special case of zero background retinal illuminance,

i.e. absolute thresnold.
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The values of critical duration will be compared for luminance
pulses at different wavelengtns, for wavelength pulses relative to
luminance _ulses under otherwise similar conditions, and for
wavelength pulses at different mean wavelengtus., In addition the
eitect of variations in mean retinal illu.iiinance on the critical
duration for a selectéd condition was measured. The results of
this section have becn m for publication (Regan and

Tyler, 1971 b).
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7.5e2. _lietnod

The wavelength of a 2° field was modulsted by means of' the
wavelengtn modulator described in secion 5.2, The modulator produced
a stimulus of contimously variable wavelength, Consequent variations
in stimulus luminance are cancelled to below subjective threshold by

(seclion €. 1)

means of a ciossed solaroid luminance modulahn% which was also used
alone to produce the luminance f'lashes for the data on critical
duration ior luminance. Tne modulators were fed witn pulses of variable
duration triggered at 10 sec. intervals. The performance of the
modulators under tnese conditions was ascertained by means of a fast
SUC photovoltaic diode nlgced at the exit pupil as described in section
5. The periormance was satisfactory for the conditions used.

For a range of pulse durations presented randomly the subject
was required to reduce the wavelength incremenfqto subjective
threshold. The luminance change produced by the wavelength oulse
was cancelled by an inverse pulse to the luminance modulator. The
subject adjusted the amplitude of the latter until the percived
Juminance change was at a minimum for each individusl observ.tion.
Tne signal to both modulators was then reduccd in parallel by a
single control, thus allowing the subject to set the wavelencth
increment to threshold while lumincnce changes were maintained at
a subthreshold level.
All the experiments were performed on a single subjsct. (C.W.T)

Four readings were averaged for each data point. The readings were

made in random order for each of the four sets of durations used.
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7.9e5. hesults.

The results zre plotted in the forw common in smudies of

increment toresncld es o function of time of log dlL.t.
(or log d).t) against log t in wnich Bloch's law is repre-

sented by a norizontal line, and time indevnendernce by a 450 line,
The lines are fitted by eye as asymptotes to the more extrcme
values. Fig. 7.5.1. A,3,C,D confirms the clascical form of the time
function oi’ luminance increment thresholds. The extrapolated
critical durations (tc) for wavelengths 480, 527, 580 ¢ 600 nm at
10 trolands are about 56(x 8), 65(+ 4) and 62, (& 5), 6% 2) msec,
respectively, ‘'These values are not signit'icantly dif'ferent within
the limits of experimental error. The error terms in tnis section
are computed as follows,., Asymptotes were fitted to the first and
second pairs of readings taken., Half the difference between the
two values of critical duration thus obtained is guoted as the
modulus of the error. UNo order eff'ects were evident on inspection.

The criticzl duration does not therefore apuear to be significantly
affected by stimulus wavelength within a range of 120 nm and at a mean
(adapting) retinal illuminance of 10 tr, with a field size of 2°.

It was possible to repeat the 527 nm luminance oulse experiment
at a retinal illuminance about 1 log unit nigher (110 tr) and two
log units lower (0.1 tr)., (Fig. 7.5.2. C and A). The critical
durations obtained were 43 (+ 2) msec and 96 (+ 5) msec respectively,
In the 0.1 tr condition the field appeared colourless.

The 600 nm experiment was also repeated at 0.1 tr (fig. 7.5.2.D).

The luminance .ulse critical duration was S (: 7) msec. i.e. similar
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to that for the 527 nm condition at the same retinal illuminance.

The results t'or wavelength pulses at a retinal illuminance of
10 tr. are snown in rfig 7.5.3. or z2ll iour wavelengtns tested
(400, 527, 580 + 600 nm) it i: clear that a phase approaching
reciprocity between wavelengtn change and time exists, for the threshold
of' short duration wavelength .ulses. The thresholds wavelength
change ror long duration pulses conforms to the 450 asymptote,
indicating time-~inucijendencs,
Thus within the limits of wavelength change used (up to 20 nm) the
f'orm of the increment threshold function for tie wavelength pulse is
similar to that for luminance increments. The extrapolated critical
durations ior the wavelength pulses (tcw) at the four wavelengths
tested (fig. 7.5e3. 4,8,D,0.) were about 250 (+ 15), 250 (+ 20),
160 (+ 5), and 110 (+ 3) m sec for 480, 527, 580 and 600 nm
respectively. These durations are between two and three times the
critical duration for luminance ’ulses under the same conditions.
They also vary by a factor of at least two across the spectral
locations tested.

Fig. 75.3 also shows a wavelength pulse tareshold curve (E)
for 527 nm at a retinal illuminance increased by gbout 1 log unit
(110 tr). The critical duration is about10i (+ 2) m sec, as compared
with 250 (+ 20) m sec f'or tne 10 tr. condition. Thus at this
wavelength the luminance of the stimulus has a marked effect on

S
the wavelength pulse thrghold,
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7e9eko __ Luminance Pulse Responses

The response to luminance pulses coni'orm to the classical data of
Graham <& kemp (1938). Usin:; vnite lignt, chey obtained mecasures of
critical dur tion tor a r-nge of values of meam luminance using a natural
pupil.

Computation of the as.roximate values of retinal illuminance using
tne me:.sures of pupil diameter guoted by Le Grand (1957 pg 96) allows
comparison of the critical durations obtained for waite and the .resent
monochromatic light. Granam & Kemp's values are about 90 m sec at 0.1
trolands, 60 msec at 10 trolands and 40 msec at 110 trolands, wnich
corresoond well with the values for monochromatic (527 nm) light in
fige fe9.2. for the present subject.

The values t'or critical duration for luminance . ulses at 10tr adapting
retinal illuminance (fig 7.5.1.) show no influence of mean wavelength
within the experimental error. This is in accordance with the very small
pield data of Rouse (1952) and the 4.5' field date of Sperling and
Jolliffe (1965). However, Sperling and Jolliffe found that a 200 nm
wavelength dif.erence produced a significant difr'er.nce in critical
guration with a stimulus configuration (45' field, dark surround) similar
to the present one (2° rield, dark surround). Their data were obiained
with zero adapting retinal illuminance in the stimulus riedd, in contrast
with the 10 troland adapting retinal illuminance used for the results
in Fig. 7.5.1.. This dii'ference in adapting conditions may be a factor
in the discrepency between the results of Sperling & Jolliffe and tnose

of the present emperiment.
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JeDe5. Validity of the Constant Luminance wWavelength Pulse Stimulus

The procedure for minimising the luminance change produced by a
sulse change in stimulus wavelength is describcd in section 7.5.2.
The possibility rcmains that threshold was not determined soldy by
chromatic changes eituer a) because at the minisum the cancellation
was not complete, and sore luminance change still present, or b)
because, even if cancellation was conpietely ei'f'ective, the separate
pulses in each cone mecunanism due to the constant-luminance wavelength
pulse stimulus are by some means (e.g. a temporal difference) still
processed as luminance signals, or c) because rod intrusion became
a significant f'actor in tue determination of tareshold.

The critical duraiion for rods as measured in the peripheral
retina al the mean recinal illuminsznce used in tihe principal wave-
length oulse experiment is not Kno§g but at absolute tnreshold, it
was not :'ound to be longer than the longest value for cone (foveal)
vision (200 msec. Sperling & Jolliffe, 1965). It is tnerefore likely
that the critical duration for rogds at 10 tr photopic retinal

semelar To
illuminance would be(that of the cones., This will be assumed to be
the case for the monent.

Given the assumpticns concerning critical duration for rod
vision just discussed, tne data descrived in section 7.5.3. support
tne idea (section 25.), that wavelengtn .ulses are not processed
by the same system as luminance pulses. The critical durations for
wavelength pulses (tcw) are considerably longer (by between 80j0 and

430%) than luminance .ulses under the same conditions, and also

vary by a factor of 2 as a function of mean wavelength, wuereas
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luminance pulses are not signiticantly affected by mean wavelength
(compare Figs. 7.5.1. & Tebe3e) Furthermore, thg effect of mean
retinal illuminance on tcw is much greater at th: wavelength tested
(527 nm) than is the efrect on tc. t,, is reduced to 700 of its

10 tr value by a 1 log unit increase in mean retinal illuminance,
wiiereas tc is only redugd by 35%, In combination, these facts
suggest th t cnanges corresponding to those induseed by luminance
pulses (as in a,b or c¢) are not involved in the determination of
thresholds to wavelength pulses,

The assumptions made concerning critical duration for rod vision
mafpe incorrect, ior example due to the .cotopic retinal illuminance
having a very different value fro. the stated photopic retinal
illuminance., The standard C.i... date (C.I.E. 1951) for photopic
and scotopic luminosity’&mich are used to determine the values of
the respective types of retinal illuminance) shows a difference of
not more than about 1 log unit sensitivity between the two functions
ithin the range 480-6C nm. An experiment was therefore conducted
using a stimulus designed to stimulate only rods at a redused
adapting retinal illuminance. The 527 nm stimulus was presented at
a retinal illuminance reduced by 2 log units (Q1tr). It appeared
colourless to the subject. The critical duration was computed as
50 {# 7) msec for the 600 nm condition., It was not comparable
with the wavelength critical duration obtained at the same soectral
locus until the retinal illuminance was increased by about 3 log
units (@04 (+ 2) msec at 527 nm and 110 tr). The decrease in retinal

illuminance required for the critical duration for rod vision to
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equal that found using the .avelengtu sulse stimulus is thus
considerably larger than should be expected from the difference
between rod :nd cone luminosity functions, if the C.I.E. luminosity
functions ap:roximate to tnose for tie vresent subject.

It therefore ap .ears thet the possibility of contamination of
the wzvelength pulse data with luminance cnange inf'orm:tion from a
nunber oi' possible sources is not supportea by the data described

above.



208

/.5.6. Discussion

If thce considerstions of the .receding section are c.rrect, the
data of fig. 7.ve¢3. reusresent psychonnysical tnresnolds to wavelength-
canange pulses for the subjecct tesved. The data arve a similar orm
~ith respect to ulse duration as the luminance oulse deta. They
sppeer to rit the 45° asymotote (d)= C,) within the linits of error
at long pulse durations., The fit to the horizontal asymptote
(aA.t

short duraivions, vul 1s nevertieless satisfactory. A critical

C2) is limited oy the large amplitudes of .ulse rewuired at

duration (tcw) can be computed 1or the wavelength vulse data wnich
is 80 = 430/ longer than the critical duration for luminance pulses
under otnerwise similar conditions, and which varies by a factor of
about two over the spectral region examined. The critical duration
(tcw) is not proportional to ilhe variation in threshold at longer
duration (shown by the verticel displacement of tne 450 asymptotes
for difrerent wavelengths in fig. 7.5.3.).

A widely accepted theory of the form of the response to pulse
stimulation is that of Hartline (1934), based on physiological
observations in the limulus eye. He found that the BJ%en—Roscoe law
of tem .oral summation held up to a certain pulse duration (the
critical duration) at wnich point tinere was an abrupt change in the
function fitted by the resyjonse to a form constant for constant
intensity. Hartline interpreted horizontal (dL.t = const) part of
the curve as resulting from a nhotocnemical dintegration process,

“he abrupt change in the response i'unction was considered to have
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been produced by thoe occurance ol a critical event in the receptor
cell (not necessarily tne occurencc of a rccoruable s.ike uischarge)
after which the temoral integratiocn was no longzer relevent in the
information transmivted to tae vrain. A similar explanation has

becn invoked to explain human sychophysical functions of the sanme
form (Granham < Kemp, 1933). The wavelength puls: data conform
reasonably well to the two asymptotes of dA.t = C, and dA = Cos
showing a change from onc mode to the other as abrupt ¢s in the case
of the luminance pulse data. If Hartline's interpretation is correct,
then tne wavelengti pulse data imply an integration process lasting
un to 250 msec for the subject tesiled, with a distinct critical

ev nt in the colour uroccssing chamnel, as described in section 2.5.
The integration ,rocess involved is not necessarily photochemical,
but, on Hartline's model, it must involve continuous integration

up to the critical event in the colour channel. The measured critical
duration correspond to the period from the start of the integration
to the occurrence of the critical event.

It should be noted that the data of responses to both luminance
and wavelength pulscs is compatible with other models of visual
response to pulses. Tais point is considered further in section 8.
Hartline's model is described here as it has a physiological basis
and it is therefore more persimonious to accept it, if it can be

applied to the wavelength pulse data.
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8, liodels of Uynamic wavelength Discrimination

8.1. De Lan e's iiodel

The t'irst a proach to a model of dynamic wavelength (or
chromaticity) discrimination was suggested by De Lange (1957).
His results indaicated that the wavelengtn modulation threshold
function difr'ered by a small number of simple attemization stages
from luminance ioduletion tnresnolo function for the same stimulus
conditions. This approach does not specify tne physiological
mechanisfm involved in colour processing, but merely that the system
involves a variable mumber of flirst-order stages of attenmation
depending on the avera;e luminance of the brightness signal during
the -rocess. This suggestion should be considered in relation to
the evidence (reviewed in section 2.5.) for independence between
the brightnes: and colour channels in the visual system of the
form suggested by Walraven (1962). each deriving information from
the same photd&ceptor stugg. De Lange's suggestion implies either
a) that the luminance modulation threshold function is oroduced
solely in the stae before the separation of brightness amd colour
channels or b) that the attemmation characteristics of the separate
colour channel are the same as those of the origntnesc channel,
with a small number of extra first-order attenuation stages. Neither
of thesc possibilities are very likely in view of the discrepancies
in form of the difi'erence curves for luminance as ouposed to wave=-
length modulation sensitivities under a range of conditions (discussed
in section 7.2.)

The difference curves do not conform to the attenuation produced
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by a small number o’ cascaded filters, and indicate thnt the

relationship between luminance and wavelength modulation functions

is “ar from Simnle in the spectrum as a wnole., This lack of a

consistent relationship lends su port to valraven's concept of

the independence of bri htness and colour channels developed

from Pieron's (1939) ideas, and of the processes involved in each.
Walraven & Bouman's (1966) fluctuation taeory model will now

be considered in greater detail, in relation to the effects of

frequency on the dynamic wavelength discrimination function.
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R+ G B

R,G Y,B L

Fig, 8.0. Model of colour processing system (Walraven and Bouman, 41966).,
For explanation, see text.
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8.2, fluctustion Theory iiodel

The Walraven & Bouman fluctuation theory, as described in
section 2.4.3., 1s elaboreted fro. a perfect detector model by
means of a set of colour-encoding relationships wnich are em-
bodied in Fig. 8.0. The luninznce channel (C) branches from the
chromatic chanuel (B) immediately after the receptor stage (4).

The chromatic channel con:ains a comparator (R,G) wnicn compares
the outputs of tne rec and green cones in some unspecified manner.
The second comparacor (Y]B) compares tne sumied outputs of the red
and green channels with the output of tne blue channel muitipslied
. . 2y . . . cps

by a certein Lcctor (ﬁ ) which varies with conditions such as
Juninance level.

The analysis in t..e present section is oriented to the question
of whether the dynemic wavelength discrimination freguency depend-
ence (section 7.3.) is explicable in t. rms of the Vialraven-Bouman
rodel, and if so wnich scgment of the iodel det:rmines the frequency
dependence., In particular, the ouesilon is whether differential
cone [reguency resoonse functions such as are reported by Green
(1969) a-e surricient to explain the dynamic wavelength discrimina-
tion functions (in which case the functions would be determined in
vlock A), or whether the functions reflect the opponent colour
intera:tions of block B.

The efiect of differential cone frequency response functions
in the blue green region of the spectrum is to decreasc sensitivity
to the blue signal relative to the green as frequency is increased.

the decrease found by Green (1969) between 1 and 5Hz was by a factor
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CONE FREQUENCY RESPONSE CURVES
CW.T. 10t
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Fige 841e Cone frequency response curves. For method and definition

of modulation parameter (m*) see text,
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of two.

The method used uy Green to meusure cone *reguency response
functions was replicateda for subject C.. .". A stimulus consisting
of a 20 centrally fixa.ed test field of a dominant wavelengsth such
as to stimulate one type of cone to which is added a 10° adapting
field of a dominant wavelength that favours the other two types of
cone., The isolat.d test iield retinal illuminance used was 10 trolands
me-sured by {liccer photometry, (as op.osed to 125 "effective" trolands
used by Green, who does not describe how ne arrived at this measure).
The cone frequency resonse functions were measured with an adapting
field of a retinal illuminance such as to depress tne Heak sensitivity
so that 10 per cent modulation of the test field was at thresnold.
Calivration of the actual modul tion of the test field was performed
by the method described by Green, wnich consists essentially of rind-
ing the change in modulation sensitiviiy produced oy raising the
retinal illuminance of the test field by a factor of 4.5. This change
indicates tne relative extent to waich the cone tyve uncer investi-
gation in any one of thc tnree adapting conditions is stimulated by
tae test (modulated) and adavting (steady) fields.

The resulting frequency response functions of the three cone
mechanisms are plotted in Fig. 8.1. The three functions are similar
in form to those found by Giecen at a higher retinal illuminance.

The red and blue functions are approximately flat to about 10 Hz, then

show a sharp fall-off. For the green function, sensitivity increases

up to about Hz before showing a similar fall-off. Again, in agree-

ment with Green's data, the blue sensitivity is deoressed relative
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to the other two (thouga not to bthe same extent as under Gieen's
conditions).

for the purpose of the resent ¢iscussion, the feature of
interest i1s the cnange in sensitivity of the blue relative to the
green mecnanism between O,, and 5 Hz. It is clear from Fig. 8.1.
that for subject C.W.T., at a retinal illuminance comparable with
that used for the dynamic wavclength discrimination experiments,
this change is somewhat les: than the factor of 2:1 found by Green,
Since brightness variations are cancelled at all times, the flux
entering the blue cone must be ap.roximately doubled at 5dz relative
to 1Hz.

There are tvwo possible effects of t.is relative change in cone
sensitivities.

a) If the dir. erence between frequency resionse functions occurs
betr'ore the separation of luminance and colour-processing channels
(i.e. in block A) the brightness cancellation will ensure that the
amplitude of the signals entering the colour processing channel
(block B) is indevendent of frequency. In this case no part of the
frequency dependence of wavelength descrimination is attributable
to the frequency characteristics of the cone mechanism (block A).

b) On the other hand, the difference between the frequency
response functions might occur after the separation of the luminance
and colour-processing channels in block C. If tnis is the case, then
the cancellation of the brightness variations at the site of flicker

perception, will produce an increase of the order of a 2:1 in the

ratio of blue to green signals at the cones as frequency is raised
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from 0.5 to 5 Hz. ©Tais increase will enter the colour channel
without veing compensated, and will consequently alter the ratio

of blue To green signal available for hue discrimination. Walraven
& Bouman (1966) have studied the ert'ezt of' altering the blue-green
signal ratio on wcvelength discrimination in terms of their gquantum
fluctuation theory of discrimination. Doublin, tne Mue-green signal
retio will shif't the threshold discrimination minimum of the blue
region of the spectrum approximately 5 nm towards the long wavelength.
Tais predicti??7§s in the same direction as the results shown in
figure 15,§F]but is only about one quarter of the ma nitude of the
empirical results. Thus difi'erential frequency sensitivities of the
three colour signals occurring arter the separation of brightness and
colour channels, would result in a small shift of the blue dis-
crimination minimum, but sufficient to account tf'or only a part of the
experimental snift.

It is concluded that whicnever part of the luminance processing
pathwey is responsible for the differing frequency response functions
of the three colour sensitive mechanisms, the colour processing
channel (block B) must be responsible for a large ,art of the
frequency dependence of the wavelength discrimin:tion functions.

The above analysis has attempted to snow whether differences
in the cone mecnanism frequency response functions (fig. 6.1.) could
account for the 30 nm shift in the blue mimimum of the dynamic wave-
length discrimination curves with frequency. This appears not to
be the case However, tie assumption tuat the blue chanrel gain factor

(Fiq 8.0)
B istrequency dependent does allow the dynamic wavelength
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discriminavion results to be moaelled by fluctuation theory.
, . 2 .. - N .
The ;ain factor P ~, which is postulated to operate only in the colour
cnaznnel (block B), uas been shown to vary with stimulus luminance
by Jalraven and Boumen (1966)., ‘heir results indicate that the

. - S s . L, 2
reouired snift in the blue minimum would be .roduc:d if changed
from 16 to 250 over the range 0.5 - 5 H,. This would require a
12 log unit increase in the relative sensitivity of the blue colour
cnannel, or decrease in relztive sensitivity of the summed red and
green (yellow) channel. Such a change, together witn an approximately
twofold decrease in sensitivity of all channels, would account for

the frequency dependence of the dynamic wavelength discrimination

function.
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8.4, Opponent Process utheory and Dynamic ,/avelensth Discrimination

As 1is described in section 2.4.4. the Osponcent Process theory
as outlined hyiﬁryhﬂ1 end Jameson (1955) mainﬁgns that the wave-
lensth discrimination function csn be derived from the rate of change
oi' relative e coeliicients together with the saturation discrimination
function through the soectrum. There have been no studies oi the
frequency dependence of either the nue coefiicients or the :aturation
funcition, so thet no direct prediction i'rom the Ovponent Process
theory is possible. (The hue shift of flickering lights measured
by Van der Horst & ifuis (1969) is not relevant in tnis comnexion as
tneir stimuli were over 100o per cent modulated in luminance and
several laog units brigater than tnose revorted herein, wnereas the
irequency dependence of wavelength discrimination was found ror
threshola wavelength modulation).

It is thereiore of interest to examine whether the 1requency
dependence oi' wavelength modulation may be described in terms of the
previously known dimensions of variation of the parameters determining
the wavelength discrimination function according to the Opponent
Process theoryv. As in the case of the fluctuation theory, the Opponent
Process theory nas been applied to the wavelength discrimination
juminance levels 1 log unit apart (data from .eale )3951).

As described in section 2.4.4. the predicted wavelengta dis-
erimination function was derived from a combination of the rates
of change of the nhue coefficient and the saturation discrimination

function at each wavelength interval. The effect of altering luminance

level on the hue (and hence saturation) coefficients was found to
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correspond to a 10 nm shift tovaru: the red in tue blue minimum
over the luminance ronge used by Jeale. durvich & Jameson suggest
that the effect of increesing luminance level corresponds to a
change in the summing constant of the two opponeht mechanisms, that

for the r) -  gymechanism increa.ing relative to that tror the y\ -

b)

mechanisii., The inain ef.ect of this change in summing constants is that

a shift in the hue discrimination saort-wszvelengtih minimum towards
the longer wavelengths occurs, and in the case of the saturation
discrimincstion function, a mininum aspears at around 500 n.m,

There is little chan-e in the long wavelength end of the spectrum.
These effects combine in the wavelength discrimination function to
oroduce the shift o." the blue mimimum. If these effects increase
as luminance is further increased, it is »lausible to suppose that
the blue minimum would move as tar as 500 nm, as in the 5Hz dynamic
wavelength discrimination curve., If this were the case, the
freuency aependence of the dynamic wevelength discrimination curve
would be accountable in qualitative terms by a change in the summing
constants o the opponent mechanisms, toge.her with a general de-
crement in discrimination sensitivty. It theret'ore appears thsat
the dynamic wavelength discriminstion data can be accommodated

within the Opponent Process theory.
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8.5. Linear Systems Analysis

%.6.4 Introduction

The systems analysis approach to visual system dynamics
described in section 4 has inspired the techniques utilised in this
study. It is therefore of wvalue to know whether the visual system
can be analysed in terms of the linear mathematical concepts inter=-
relating various aspects of system performance, (transient, stcady-
state, etc.,), or whether the me:sures must remain purely descriptive
and specific to each types of stimulus. In particular, is there a
linear relationsnip between amplitude, phase and transient response
characteristics for luminance or wavelength-varying inputs?

Bode (1945) has derived the relationship between the logarithmic
amplitudes characteric A(W) and the least sossible phase shift that
a physically realisable system with that amplitude characteric may
hgve. The minimum-phase characteristic (W) is given by the Hilbert

transform oo
log A (u)

?(W) = 1T —— 4 u (1)
ooy - W
at each frequency (W) of interest.

It is & necessary and sufficient condition of this integral that
A(W) corresponds to a physically realisable system. This is the
case if' the integral
o0

‘ log A (W)‘ AW (2)

~ 1+ W
is finite (Paley-Wiener condition)

The amplitude and vhase charecteristics may be combined to form

the steady-state transfer function of the system.
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dOW) = AW exp [§ 9 (W) (3)
The transfer function may be used to derive the impulse response
(h&ﬂ ) of the system, (from which the transient response to any input
nay be derived) assuming tanat the system is linear by means of the
Fourier transform, 0
b () =2—-}rr—j b W) ot aw (%)
—c

Response to a step input is given by

kL (6) = jt h(t - T) AT Kkt = step

input
An assumption implicit in the application of ngtnematical analysis

to the experimental data is that the visual system is suitTiciently
linear at threshold that the psychophysical functions are valid mea-~
sures of the amplitude, phase and transient responses. This assump-
tion was made by orevious authors (e.g. De Lange, 1957; Graham &
Kemp, 1938). The discoveggziinear relationship between these types
of response would strengthen the assumption of the validity of the
data in the above sense, although the absence of a linear relationship
may merely indicate tnat tie other assumptions below were invalid.
Since the experimentally measured amplitude functions are not
exactly describable in analytic terms, the graphic-analytic approxi-
mation method described by Solodovnikov (1960) will be used to derive
the above functions. The derivation of the phase shift from the
amplitude response curve (De Lange curve) assumes that the visual
system is acting as a minimum phase network under the presant
stimulus conditions. This assumption has been subject to test by

previous authors. De Lange (1957) proposed a model predicting the

usual response to square-wave and "90° imulse-shapeq" modulation
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from the sine-wave response. He made the implicit assumption that
minimum phase conditions neld in his use of cascaded lumped filter
elements, and obtained a reasonable fit to his threshold amplitude
response date for square wave modulation, which involves transient
components at low frequencies, and is thus sensitive to the relative
shase snif'ts in tne processing system., He did not attempt to measure
phase shift directly in tiis connection.

Kelly (1969) has derived a mathematical model of the visual
response based on tne absolute flicker sensitivity high frequency
slope, (see section 3.3). He made the assumption that minimum phase
conditions held in nis derivation of a theoretical transfer function.
He compared the minimum phase condition with dircct methods of measure-
ment of vhase shift by comparison of luminous and electrically induced
flicker (Brindley (1962), Veringa, (1963,1964), Veringa & Roelofs (1966).
The phase shif't to the soint in the system in which the electrical
stimulation operates (e.g at the bipolar cells) was found to be a
good fit to the minimum phase prediction.

The derivation of the impulse and step recponses from the transfer
function makes the assumption that the system is linear in the respect
that the parameters (e.g. adaptation) of the system operative in the
stcady stete remain constant under transient stimulation at subjective
threshold. Some comments relating to these assumptions will be made

below.
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8.5.2._ Phase Calculation

As has been noted, in section 3.4., the amplitude characteristic
(De Lange Curve) is non-linear with respect to a mean amplitude
(luminance) and is aff'ected by other stimulus conditions. The
following calculations, therefore, are ap)lied to data obtained under
similar stimulus conditions, both in luminance, wavelength and field
configuration.

The minimum phase charscteristic (W) is derived rrom the amplitude
characteristic A(W) by the grapnical approximation method described
by Solodovnikov (1960,pg 585). The log amplitude characteristic is
approximated by a set of semi-infinite logarithmic unit components
The minimum phase function for a semi-infinite logarithmic component
is derived analytically (Bode, 1945). If a system has an amplitude
function which is the logarithmic sum of a set of compcnent amplitude
functions the minimum phase function is the sum of the phase functions
of the components, since if

A(W) = Ay (W), A, (W)

then

log A (W) = 1og Ay (7) + log A (W) .
R T CRE VPO

™
- u - w - 00 u - w

oo

‘ ( log A, (u)du log A2(u) du
=7

8""

oo u - W

= 9, +9,(W)

The Paley=-Wiener condition is assumed to be fulfilled since the
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amplitude functions of the pres.nt section are those of the human
brain, which is a physically realisable system. Fig. 8.3. shows
the straight-line approximation to the log amplitude char:cteristic
for luminance flicker at 25 trolands at 527 nm (section 7.1)
together with the minimum phase characteristic derived from the sum
of the phase shifts for each individual semi-infinite component. The
points indicate the phase shift measured by the method described in
section 7),5., under the same stimulus conditions as the amplitude
measurement. There is some possible discrepancy between the calculated
(Figs 8.3 and 7.1.8)

and observed phase shiftsh On the other hand the limiting shift
approached at W =0 seems to be of the order of 2T radians in each
case. In view of the uncertainties in the measurements of the phase
shifts, the data may be considered to accord with the prediction
within the limits of error.

The minimum phase functions were also computed for the wave-
length modulation amplitude functions at two mean wavelengths
(527 and 622 nm) at 25 trolands retinal illuminance. These were obtained
by the semi-infinite logorithmic unit components aporoximating the
amplitude functions and the calculated phase functions for the two

conditions. No experimental determinations of the phase functions

were attempted for the reasons stated in section 71.5.
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85.3. Impulse Response

Since the experimental p.:ase function is considered to show
negligible deviations from the calculated phase function, tne
latter is used in the f oregoing calculfation.

The following analysis is taken from Solodovnikov (1960, pgs 5,
31-5). In computing the impulse re:.ponse, the transfer function (W)
must first be calculated. The transf'er function may be expressed in
terms of real and imaginary components.

§GW = P+ o) (6)
But the transfer function may also be expressed as in equation (3)
in terms of the amplitude and phase components

O (W) = aw)  [exp(3¢ W) )]
ACGH)  (cosp(W) + j sing (W) )
A(W) cos(W) + 5 A(W)sing(W)  (7)
Equating the real parts of 6 and 7, we have

Re [§ (W)] = P(W) = A(W) cos p(w) (8)

The real frequency char:scteristic P(W) is related to the linear impulse

n

response h(t) by the expression
-obD

h (t) —T—lr— g P(W) cos Wt aw, (t> 0) (9)
+]

which may be solved in approximate form by summation of several

trapezoids approximating thne real frequency characteristic P(W).
n

2 N “it sin Apt 0)
h® = 7 (Por Wi) Tt )( A'Tt'\ ‘

~-
"
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Fige 8s4e A - Real transfer function (P (w)) computed as in text, and
showing trapezoidal approximation used for calculation of normalised

impulse response and step response (B) up to 1 sec. (cont.)
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The step response was used to compute the response (ke{t)) to pulses
of varying duration (C), which are plotted as the product of (intensity)

pulse amplitude (for constant pulse response amplitude) and duration
(I x t) as a function of pulse duration,

Ixt



230

The impulse response is given by the sum of the trapezoidal approxi-
mations to the rcal rrequency cnaracteristic P (W) (depicted for
specific exam.les in Iigs 8.4y 8.7 and 3.3).

The calculated real irecquency characteristic for tue luminance
modulation data of the previous section shown in fig. 8.4.A. The
calculated impulse rcsponse is snown in Figs 8.diliogetuer with the
response to a unit step which is the integral of the impulse response.
The calculations f'or these functions are given in Appendix I. It
can be secn that the form of the step response is similar to that
found by Broca & Sulzer (1902) in exhibiting an overshoot vefore
reaching the steady level, C(Close correspondence should not be
expected, as Broca and Sulzer used a brightness-matching rather than
e threshold technique, and also used zero adapting luminance (see
section 3.8 for review),

For comparison with threshold data, as obtained in the culse
experiments described in section 7.§., a further computation is
nececsary. The pulse expgeriments consisted of varying the duration
of a luminance or wavelength pulse and finding the threshold amplitude
of the pulse at each duration., The results were plo.ted in terms of
the product of amplitude and duration as a function of pulse duration.
The equivalent function for the computed system impulse response is
obtained as follows., If the assumption of linearity {s correct, then
the principle of superposition of responses will hold. <he pulse

response is then given by the sum of the step responses (h(t)) to the

onset and of'fset of the pulse,
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(11)
k,r(t) =k (t) -k (t +7) wherek&t) is tue pulse
response, and v is the
pulse duration.
In order to translate the pulse response K~(t) into a form equivalent
to the psychophysical data, the criterion for reaching threshold must
be determined. For simplicity, the criterion will be assumed to be
that the amolitude of the wnulse response reaches a given value. The
product of inout pulse amplitude and time for the pulse response to
reach a criterion value as a runction of pulse duration is plotted
in Fig. 8.4.lfor the luminance modulation data analysed above, It
can be seen to conform to the horizontal and 11.50 asymptotes about
(4 200)
as well as the psychophysical data of fig. 7.5.1 der the same

adapting conditions., The theoretical data does not conform to the

law of Blondel & Rey (1911)

L.t. = L(t+t c)) (12)

where I is the threshold
for t=%nd *:tc is a constant

which is plotted as the dotted line in Fig. 8.4.C,

This has the same form as the expression derived by Hecht (1934)
from his photochemical model of the response to light flashes.

It therefore appears that the model of the pulse response derived
above provides a good qualitative description of the ,ulse response
data. However, the quantitative prediction of the critical duration

(to) at wnich the tuo asymptotes intersect is 270 msec, for the pulse
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Fig, 8.6, Amplitude and phase functions as for Fig. 8.3. but with

wavelength modulation at mean wavelength of 527nm,
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Fige 8.5+ Amplitude and phase functions as for Fig, 8.3. but with wave-

length modulation at mean wavelength of 622nm.
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response data. It therefore follows that given thne assumptions made
in the analysis a oulse resnonse such as would be produced by a
linear minimum phase system with the amplitude frequency resosonse
function of Fig. 8.3. would not have the pulse resvonse obtained in
the luminance pulse experiments of section 7.5. The luminance, proces-
s8ing system must consequently be described by some non-linear model,
such as that suggested by Sperling & Sondhi (1968). Another nossible
explanation of the fallure of the pulse response prediction is suggested
by the analysis of section 7.1.2. The analysis derived from Stiles
increment tireshold technique suggested that the De Lange curve was
com,osed of (at least) two independent components representing the
sensitivities of indejemdent high and low luminance systems. If the
pulse responses of each system were linear, and the observer could
utilise the responses independently, it is possible that the experimental
by a linear model with two independent components.
results might be thus pr.dicted/, Unfortunately, the frequency
sensitivity of each component system is not known over a sufficient%
wide range to permit this hypothesis to be tested. However, if the
component :=ystems could be isolated to a greater extent by manipulating
stimulus conditions such as adaptation and wavelength, the hyoothesis
could be tested.

A similar procedure to the above was followed to determine the
linear prediction for the pulse response in the case of wavelength
modulation data. The real part of the transfer function was obtained
for the amplitude and computed phase functions (section 8.5.2.) for
mean wuvelengths of 527 nm (Fig. 8.6 ) and 622 nm (Fig. 8.'5). The

also
calculated impulse responses and step responses arekplotted in Fig. 8.8.
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Fig. 8.7. Real transfer function and impulse end step responses, as for
Fige 8e4e but with wavelength modulation at mean wavelength of 622nm.
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Fig. 8.8+ Real transfer function and impulse and step responses, as for
Fige 8eke but with wavelength modulation at mean wavelength of 527nm.,
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and 8.7 respectively. The com.uted critical durations (t,) from

the two step responses are sy roximately 800 mscc for 527 mm and 650

msec for 622 nm. As with the luminance pulse predictions, these

values are consideraoly longer than the messured wavelength pulse
(section 7.53)

durations of 250 msec for 527 and 110 msec for 600 nm, the latter

being the nearest mean wavelensth to ©22 nm tested. The model

therefore appears no betier for the case of wavelength modulation.

It is concluded that both the luminance and wuvelength modulation
processing systems show non-linear resnonse characteristics, but

determination of the nature of the non-~linearity will require

further investigation.
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G.0, lemporal Inde.cnisnce off the Colour crocessing System:

In seciion 2.9. evidence is revicwed for .alraven's (1962)
conce .t thot tae colour orocessing chonnel of tae visual system
is inacpendent o tne luminancce wroces.ing caainel after the
Ariinry receptor sucose. e evidence is dlrcwn fron o rumber of
sources, but date relating to the tumporal charicicristics of
enacn sysvenr vies not concildered.

If tune luminince and colour srocessin: channels involve
inde_endent _rocesces, ws tne evidence of section 2.5. suggests,
it is uighly probaovle that tne temporal caarccteristics of the two
cnangels will difi'er. In the ~resent tnesis, & number or' aspects
of tne d/namics of constant-luminence wavelength-varving stimuli
nave oeen investigated. It is argued thit tne rcesults indicate
tnot the orocessing of such stimuli is inaependent of the .ro-
cessing of the cquivelent lumin.nce-wvarying stimuli in the sense
outiined in section 2.5.

The evidence concerning temporal indevendence will be considered
in terms of four iypes of approach - frequency response, wavelength
sensitivity, eff'ect of waveform and pulse resoonse. Tne freguency
response data hos alre dy bevn considered in relation to De Lange's
(1957) suggested model of tae frequency response to chromatic
modulation in section ©.1. It was concluded that the data of
of the frequency response functions for chromatic and luminance modulation
section 7.2Xﬁ toge .ner with that of Van der Horst (1969 supported ’

the hypothesis of independent rather than sequential processing

of chromatic and lumincnce modulation., There appeared to be no
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consistent relationsiip betwezn the t0 types oi' frequency response
function either in the slopes of the functions at any point or in
tne hosition o ' regions o) sudden chonge in slose, This evicence
is in support eitner of inderencwence of’ the nrocessing of the two
t7es of' stimuli, or of a se uential process of great complexity

to ex.lain the trequency res .onse data. The former alternative

is to be preferred f'or reasons of parsimony.

Section 7.3, 'wesents data on dynamic wavelength uiscrimination
as n function of wavelength. Such vata may be rezarded as a more
detailed study in resnect of wavelengtih of the scme phenomena
oresent in the wavelength modulation. De Lange curves. The data

(PJ |77" 14)
of Figs. 7.3.1.-2]/concerning the frequency dcpendence of dynazic
wavelength discrimination may be compared with the data of Figs,

(py 150,62
7.1.5.-6,Awhich show the luminance modulation sensitivity as a
function of stimulus wavelength for the same set of frequencies.
The latter data show thaot sensitivity to luminance modulation is
independent of wavelength between 0.5 and 5 Hz. The wavelength
modulation sensitivity on the other hand varies with wavelength,
and furthermore this wavelength variation is frequency dependent
between 0,5 and 5 Hz., This evidence supports the hypothesis that
the wavelength and freguency dejendence of wavelength modulation
orocessing occurs after the divergence of the colour and luminance
processing channels.

In section 7..4. the effect of stimulus waverorm on a low
frequency adaptation phenomenon is examined for both luminance and

wavelength modulation., It is concluded that the adaptation has
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a similar slo.e for voth tyves of modulation, but began at 1 Hz

for wavelengtn soduletion and 3 dz f'or luminunc: modulation., T.is
wifference (of 0.5 log units of trequency) suggests tnal the adapta-
tlon is determined separately in indepenaent luminance and colour
cuannels,

Finally, the visual responses to luminance and wavelength
pulses showed several differences (section 7.5.). Tae critical
duration for wavelength vul.ses (tcw) was found to be longer than
that for luminance pulses (tc), and was further found to be dependent
on mean wavelenztn, wnereas tc was inde_.endent of wavelength under
the conditions used. The efrTect of mean retinal illuminance in
the one condition for winich it was studied was proportionally

greater on tcw than on tc.
Thus, although there does not appear to be a linear relation-

ship between the steady - state and transiemnt responses for
either luminance or colour processing (sestion 8.5.), both

steady - state and transient colour responses show evidence
of extra processing after the divergence from the luminance
channel. It may be concluded thaet the results of the present
thesis oconcerming the dynamics of eolour vision are im support

of the concept of independence of the colour processing channel

at some point after the primary receptor stage.
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J. Summary and Conclusion.

A method of producing a constant-luminance wavelength
modulation of a light stimulus has been developed. The
controls indicated that it was possible to control luminance
changes due to wavelength modulation to such an extent
that threshold was determined by chromatic changes alone,
The frequency sensitivity to wavelength modulation was
broadly similar to that obtained by De Lange (1957), and
Van der Horst, (196%) , but differs in details. Dynamic
wavelength discrimination showed a frequency dependence
which can be described as a shift of the blue threshold
pinimum from below L3O to 500 nm, together with a general
impairment of discrimination as frequency was increased.

Data of the visual response to constant-luminance wavelength
pulses indicated that a phase of temporal integration
reciprocity of colour-change information exists, which
converted to a phase of time~independence in a manner
similar to that for luminance pulses., The critical duration
(tcw) corresponding to the change from one mode to the other
was substantially longer than that for luminance pulses (tc),
and also dependent on adapting wavelength. The results are
interpreted as supporting the concept of independent channels
processing luminance and colour information.
In the very low frequency region (below 1 Hz.) for both

luminance and wavelength modulation a shallow adaptation
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phenomenon was found, which was abolished either by an
equiluminant surround or by using square-wave modulation.
These ure considered to introduce respectively spatial and
temporal comparison stimuli which masked the adaptation
effect.

The dynamic wavelength discrimination data are
considered in relation to several models of wavelength
discrimination. The main conclusion is that the frequency
dependent elements must be located in the (opponent) colour
processing channel rather than the receptor stage.

The linear systems analysis approach suggested by
De Lange (1952) does not give a correct prediction of the
transient visual responses from the steady-state data, in

either the luminance or wavelength domains.

In conclusion, it appears that the data of visual
responses to wavelength-varying stimuli provide information
on the dynamic characteristics of the colour processing
channel. This information may be used to test and expand

existing theories of colour vision.
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Notes.

1. The term "system" is used to denote a set of logical
relations between the inputs end outputs of a physical
entity, as distinct from the term "mechanism"™ which denotes
the physical and physiological components of an entity,

which medieste the input-output relationships.

2. The terms dL and d A are used throughout this thesis
to denote a limiting increment of L and A\ respectively,

where "limiting" is regarded psychophysical sense of

"threshold value of" rather than in the conventional
matnematical sense of "arbitrarily small value of"., This
terminology has been preferred to the terms AL and AA

as the latter do not denote limiting values in any sense.
3. Invariant hues. Hues of the monochromatic light at
wavelengths for which the hue remains unaffected by changes
in adapting luminance (rather than chromatic adaptetion)
(Hurvich and Jameson, 1955) .

4. The term wevelength increment is used by analogy with

luminance increment and implies a change towards the

larger wavelengths. In some cases a decrement in wave-

length was used rather than an increment, but pilot data
indicsted that j:here was no significant difference between
increment and decrement thresholds for a variety of conditions.
5 The terms luminance modulation, luminance pulse and

constant luminance, etc., are employed as shorthand to
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avoid the unwieldy form of "retinal illuminance modulation"
etc. This usage was felt to be Jjustified since in all the
experiments described & constant artificial pupil was
employed, so that any change in retinal illuminance must
have been produced by a proportional change in stimulus
luminance. In situations where the absolute value of the

retinal illuminance is relevant, the full term has been used.
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Glossgsz.

area
amplitude frequency function

time constant

blue chromaticity eoordinate

scaling factor

cycles per degree

chromatic critical flicker frequency
oritical flieker frequency
tristimulus value

constant

decibel

threshold luminance change
threshold wavelength change
luminance change and 5)
wavelength change

(see notes 2

luminous energy

foocal length

luminous flux

green chromgticity coordinate
impulse response

heterochromatic flieker photometry
Herts

retinal illuminanee

Just noticesble difference

step response

pulse response

damping ratic (Ch. &)

Stiles' (1939) empirieal intensity fumetion (Ch. 7)
luminance

wavelength

modulation amplitude
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millisecond

nanometers

potentiometer

oolorimetric purity

radiant flux

real frequency function

Stiles' (1953) retinal mechanisms
phase angle

phase frequency function

frequency transfer funetion

imaginary frequency funotion

contrast ratio

root mean square

light source

oritical duration for luminance pulses
critical duration for wavelength pulses
troland

~pulse duration

luninosity function
white

unit solid angle (Ch. 2)
watts (Ch. 7)

frequenoy (Ch. 8)

~C.J.B. chromaticity primaries
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The expression for the impulse response is: N
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[ SRR g gpi st smioemd v |
0.01] 1.00 T. .00 1.00 1200 1.00 1.00 | 1.6 | 0.07
0.02| 1.00 4400 1.00 1.00 1400 0.98 0.99 | 2.4 0404
0.05| 1.00 1.00 0.98 1.00 0.98 0.88 0.94 | 3.9 | 0.13
0e1 | 1609 1.00 0.9 1.00 0.9 0.58 0.78 | 8.8 | 0.45
0.2 | 0499 0.99 0.78 1.00 0.66  =0.08 0,28 [12.4 | 1.5
0.3 | 0.97 0.99 0.55 0.99 0433 =018 «0.12 | 7.0 | 2.48
Ooli | 0.95 0.98 0.30 0.98 0.03 0,07 0.21 | 2.7 | 2.96
0.5 | 0.93 0.97 0.10 0.97 -0.16 0.09 «0.05| 0a1 3410
0.6 | 0.90 0.95 -0.09 0.96  =0.22 -0.07 0411 | =3.0 | 2.95
0.7 | 0.87 0.94  -0.19 0.95  <0.15 ~0.05 0410 | -3.5 | 2.62
0.8 | 0.83 0.92  -0.22 0.93 0413 0.06 «0.02|-3.0 | 2.29
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