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ABSTRACT

When two colored samples are to be compared visually, 

the spatial proximity will in general affect the facility of 

matching. Considering cbromaticity differences and reflectance 

differences as separately anplicable features of a color 
difference, it was pointed out by Judd (1939)” that the 

perception of reflectance differences is reduced markedly 

by snatial separation while the same is not conspicuously 

true of cbromaticity differences. 'Hie proximity effect 

is accounted for in the Judd formula for color difference 

where it appears as a weighting factor for the reflectance 

difference term, reducing the importance of the perceived 

lightness difference as sample separation is increased.

The functional relationship between proximity factor and 

sample separation was not known, but a few tentative 

values were assigned by Judd. The present study finds 

an empirical expression for the proximity factor as a 

continuous function of angular width of dividing line.

A divided visual field is used whose halves are variable 

separable. Calibrated pairs of colored papers provide 

the stimuli. bach pair differs in itself only slightly 

in the lightness attribute, with various pairs exhibiting 

different degrees of reflectance difference. Chromaticity 

differences are absent. The observer is asked to identify 

the darker member of each pair a large number of times for 

each value of dividing line width. The percentage of errors

'References are indicated by year of publication and listed 
in bibliography at end.
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indicates the difficulty experienced bv the observer in 

distinruishinm the light and dark halves of the field as 

separation is varied. A scale relationship is then 

established between lightness differences and percent 

errors for zero separation by basing observations on a 

series of calibrate 1 sample pairs with no line of 

demarcation. Lightness differences are expressed in 

N53 units using Dr. Judd's maximum value of 120 for the 

proximity factor? k ^ . Hie scale relationship is extended 

to other combinations of reflectance difference and 

separation on the assumption that all such combinations 

which yield eoual numbers of errors are equally perceptible 

and hence correspond to equal lightness differences. On 

the basis of the data, the Judd expression equating lightness 

difference to the product of k^ and a function of reflectance 

difference is solved for numerical values of for various 

angular separations. The values of k^ are plotted versus 

separation and a geometrical curve is fitted to the points. 

The corresponding analytic expression yields values of k^ 

as a continuous function of angular separation. The effect 

of rroxirr’ ty on chronaticity discrimination is also examined, 

with no significant chance reported. All data are based 

on one observer and specialized conditions of viewing.
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I. INTHOUUCflOH

The attempt to introduce order into the apparently 

chaotic real-: cf color sensations involves the selection 

of a mode of representation and the formulation of rules 

whereby each color sensation is uniquely associated with 

some element of the representation. 'The gamut of visible 

colors lends itself conveniently to graphical representation 

in three dimensional space by virtue of the three dimensional 

nature of color. lach perceived color can var.y independently 

in three attributes. A given color may appear lighter than 

a reference color while differing from it in no other way, 

or it may be of a different hue without varying otherwise, 

or it may show more or less saturation and yet have the same 

hue a' mi 1 i ghtnc s s .
Starting, then, with a given color as a reference 

r.c'nt, the entire range of visible colors mav he described 

by manipulation of these three attributes alone. Consequently 

the use cf physic-1 s~ace as a medium for the .graphical 

representation of the color gamut suggests itself 

immediately.
Less obvious is the metric to be established for 

this representation for, aside from its tridimensional 

nature there is no characteristic inherent in color to 

suggest the geometrical properties which a color space 

should possess. Numerous color u ^ c o s  have been devised 
since the time of Helmholtz, all differing in metric, and 

the number of color spaces which it is possible to devise

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



is limited only by the ingenuity and ambition of workers 
in the field.

The absence of a single, universally adopted 

color system throughout all of science, art, aad industry 

indicates that no one system fulfills all the needs of 

these diverse branches of endeavor. The situation is not 

of great conseouence however, since each color system 

possesses its oxm characteristics x^hich render it useful 

for some one phase of color work.

In the problem of specifying color tolerances, 

the desirable features of a color space are homogeneity and 

isotropy with regard to visual distances between colors. 

That is to say, equidistant pairs of points in the color 

srace should represent equal visual distances betxyeen 

the nairs of colors represented by the points. With a 

visually uniform color scale, color tolerances would be 

conveniently and unambiguously specifiable. The color of 

a given standard would he designated by the coordinates 

of a noint in color space, and the permissible tolerance 

would be specified by the magnitude of the concentrifi 

sphere within which all permissible departures were to 

fall.
Becaxase of the convenience afforded by plane 

diagrams over solid figures in graphical representations, 

the manifold of colors, with the lightness dimension 

suppressed, is often represented by a cbromaticity 
diagram. Since the terms hue and saturation refer to
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sensation as experienced subjectively, the physically 

measurable Quantities dominant wavelength and nurity 
are often to be preferred in the designation cf color, 

bach roint in the chronaticity diagram represents some 

combination of dominant wavelength (or complementary 

•wavelength for purple colors) and purity, thereby 

designating by a pair of coordinates a complete set of 

colors 'which differ only in lightness from one another.

A third specification, lightness, is necessary in order to 

single out a particular color from the set.

Lest the psychological import of the cbromaticity 

diagram be overlooked by the rea’-er, it is pointed out 

that such diagrams arc constructed on the basis of color 

matching experiments and are obviously bound utj with the 

color matching characteristics of the human eye. Hie 

nos sib! e geometrical arrangements of chromaticity diagrams 

are nearly as diverse as are those of color space.

A chromaticity scale -possessing visual uniformity 

has not yet been satisfactorily achieved, although in 

the nast two decades perhaps a dozen noteworthy strides 

have been made in this direction (burnham, 19h-9 ). The 

general procedure is to modify the existing C.I.b. 

system (Commission Internationale de 1 1Lclairnge, 1931: 

Judd, 1933) by a transformation of coordinates, amounting 

to a change of rrinaries, which seeks to reduce in the

C.I.b. twofold the distortions which are present in any 

manning of visual distances (Mac Ad am, 19iil!-)» ^i10 first
successful color two-fold which -was visually uniform
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is just such a transformation and is due to Judd (193b 

liore difficult of achievement is a uniform 

color three-space, in which the third dimension relates 

to l'nhtness. Visually uniform, color three-folds have been 

devised by Hickerson (1936), Balinkin (1939). Judd (1939), 

Adams (19)* 0), Hunter (19i'r2), and others. It is the color 

smace clue to Judd with which this research Is concerned.
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II. THEORY

The geometry of a color- srace is comuleto?i.y 

described by its metric, which is the expression for 

the souare of the distance between two roints in terns 
of the coordinates used, i'or a visually unifora color 

srace, the metric should obvious I’17' be identified with' w
J l  •  a| •  . « •  ^  *—aa. »'vi s u m  0.1 scarce it: Cite nanii oio.. m e  siprcsiion i or 

the metric then becomes a formula for color difference.

It is well hnown that the visual distance between 
a given rair of snnrles dementis uron a multitude of 

variables, both physical and psychological. Chief among 
these are:

1 . 'the spectral reflectance characteristics 

of the sauries.
2. 'the spectral energy distribution of the 

illuminant.

3. The illuminance level.

1|.. Tlio spatial rroximity of the samples, 

p. The angular subtense of the samples at the 

eye of the observer.

6. The mart of the retina affected.

7. The nature of the background against which 

the sarmies are viewed.

3. The rroperties and state of the visual 

mechanism.

9. The duration of exrosure to the eye.
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Of those, the first three are of the most immediate 

significance and are the par acne ter s generally taken into 
account in the color difference equations extant. The 

fourth is a natter of some significance in the evaluation 

cf lightness differences, as pointed out by Judd C1939), 

and has been incoroorated 'nto a coior difference formula 

of wide applicability. This formula treats a color 

difference, (AE), as the sun of two mutually pcrnondicular 

vectors in euclidean suace, one vector representing a 

lightness difference, (AL), and the other a cbromaticity 

•■ifference, (AC):

(Ah)2 = (Al)2 -t- ( A O 2 (1 )

where cbromaticity is a combination of the dominant x^avelength 
and purity attributes of a colored surface under a given 

illuminant. 'The seoaration of a color difference into 

a lightness difference and a chromaticity difference is 

v/arranted by the evidence of several psychophysical 

experiments (Brown and .Mac Adam, 1939; Hecht, ire skin, 

and ?att, 193c) and is a matter of common procedure in 

the treatment of color differences. The psychological 

aspects of this procedure are discussed at length by

Bouma (I9)f7, p^ • 35-37).
The cbromaticity difference, AG. is proportional 

to the separation of the given colors on the unifc-rm- 

chromaticity-scale triangle derived by Judd (1935).
The U.C.S. Triangle was derived so as to provide uniform 

spacing for eoually perceptible differences between colors
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of equal lightness and hence does not take lightness 

differences into account.

At this point a distinction should bo node between 

lightness, which is a psychological phenomenon, and 

luminous directional reflectance, which is psychophysical 

(physically/ me a sure d , psychologically significant). The 

luminous reflectance of a sample is the ratio of the amount 

of light reflected by it to the amount incident upon it 

when •• ensured by an instrument whose spectral sensitivity 

is adjusted to that of the normal, human eye. It is known 

experimentally that under ordinary viewing conditions and 

•with samnios against a light bad.ground, the psychological 
experience of lightness is correlated quite well with the 

square root of reflectance. Thus, a sample having four 

tines the reflectance of a given standard will/brdinarily 

appear twice as bright.

The addition of a third dimension to the U.C.S. 

Triangle, normal to its plane and accounting for colors 

of varying lightness, completed the color solid which is 

partially described by t i n. (l). To describe the solid 

completely it is necessary to establish the visual 

relationship between a given reflectance difference and 

a given cbromaticity difference. That Is, a unit of 

length along the lightness axis should correspond to a 

visu.pl distance equal to that represented by a unit length 

on the chrcmaticity plane. The adjustment of units Is 

based on the average estimates of a large number of observ.-rs 

as to what sices of stimulus difference yield equal visual
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li"htness and chromat i c i t y differences respectively.

The ultimate basis for this comparison is of course 

psychological and has little appeal for the physicist.

It is difficult to envision n lightness difference which 

can always "be said to be e^ual in wa~ni tude to a riven 

cbromaticity difference. The compartson has real moaning, 

however, in terms of sensation differences experienced by 

the observer. This is evidenced by the consistency shovm 

in the results of large numbers of observers in such 

experiments. It was shewn by Bnlinkin (1939) that very 

rood agreement may be expected among observers in estimating 

the relative sizes of color differences, be they predominantly 

li yhtness differences or predominantly cbromaticity 

dif f ei’onces .

Provision must be made, then, in the formula for 

Ah, for weighting the AC and AL terms appropriately so as 

to ensure the proper visual relationship of one to the other. 

Several features of this relationship are noteworthy. Tlie 

first is its dependence upon the average reflectance of 

the samples being compared. for dark samples, a miven 
separation on the B.C.S. Triangle is not as significant 

visually as t is for In ”ht samples. Tlie AC term, then, in 

add?, tion to being proportional to the separation on the

II. 1.3. Triangle, varies with the reflectance also. denoting 

a given length on the B.C.S. Triangle by AS, it is assumed 

by Judd that the visual importance of a given AS varies 

with the fourth root of the reflectance, which we denote 

by A.
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Tnus :
AC oc A*AS (2)

The lightness of a given sample is related to the 

reflectance through the s o u p re root relationship referred 
to above. Thus:

1
L oc Ar

or the visua 1 lightness difference in two s armies varies 

as the difference of the scuare roots of the respective 

reflectances:

A L  cc A (A^ ) (3)

In addition, if is assur.ied by Judd that tlie 

perceptibility of the lightness component of a given 

color difference is affected significantly by the width 

of the line or area separating the samples and that 

separation has only a slight effect upon chrom.aticity 

discrimination.*'' It is the change in lightness discrimination 

as a function of separation which is the subject of the 

present research. The width of the dividing line ’will.
i

therefore change the relative importance of A^AS and
l.

A(A:') in 2n. (1). The vectorial combination of the two 

need involve only one coefficient in order to adjust their 

relative importance in the formula. This coefficient is 

called the "proximity factor", k^, and with it at our 

disposal we are able to adjust the relative significance

''■‘This distinction between the discrimination of chronaticities 
and of lightnesses is not generally recognized in the field 
ana it is one object of this work to verify Judd's statement.
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of the reflectance difference as dividing line width is 

varied. It is this factor for which a fe-vi tentative 

values have been as si.an eh by Judd and for which a, 

continuous function is here sought. V/c write Lq . (3 ) 
then as:

AL = kqAUbf) (U)

r.-.avj.ny aj-loweu 1 or aoyus'cneni; of one reir-.rive 

sizes of units of AL and AC we must make nrovision for 

adjustment of absolute sizes so that the units of AL into 

which they arc combined will be of such size as to be

useful in '•■ractical work. This Is accomplished through
x

a second coefficient which renders A*AS canable of 

adjustment. Equation (2 ) is no\< written:

AC = k 2A'4AS (5)

whereupon the complete Judd color difference formula 

becomes:
r -1 2 r . 1- .1 2 . 1^12 ...[ALj r [k1A(A-)j -h [k2A*ASj (6)

'The ratio of the factors k-̂  and k2 Is a function of 

the dividino line width, while their sum establishes the 

size of the unit of color difference. 'The numerical 

values of 120 for k-̂  and 600 for k2 have been assigned 
by Judd so that the unit of color difference is large 

enough to be perceived visually and yet small enough to 

be neglected in -ost commercial transactions. It is 

ecuivrlent to one-fourth the cbromaticity difference 

between the components of the sodium D line. The unit
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is designated the "TIBS Uni1 of Color i)iffer---nce" or as 

su••’rested by Halinkin (lb39) the "iudf" as it ••.'ill be 

referred to here.

The ratio 120:600 for the factors k^:kp was 

established for the case of colors in close rroxim.ity, 

that is. se^ar^ted by a very narrow or non-existent 

dividing line. As lightness difference becomes less 

conspicuous with increased, dividinr: line width, the 

numerical value assigned to k^:kp decreases to about 

lj.0:600 as found by Judd.
The exact behavior of this ratio as a function 

of dividing line width is not known and, as stated above, 

is the ob.iect of search in this investigation. On the 

basis of rsychophysical data, a relationship will be determined 

between the nroxinity factor, k^, and the angular subtense 

of the dividing line so that color differences predicted by 

the Judd formula will accord with the average of visual 

estimates.
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III. UA.1" bn I n  i 'i‘Ai > !\dC -li ' fJlbj

The experiment Is a series of dichoto.nous tests 

in which the observer is asked to identify the darker cf 

two colors under various conditions of separation.
n, 2the 1 cn. tost colors are -presented side by side against 

a dark back around at an a vernre viermny distance of six 

feet. Unrestricted binocular vision is used. At each 

observation the darker sample may be either on tlie right 

or the left and the observer indicates his decision by 

depressing one of a pair of push-button switches at his 

disrosal. Vision is interrupted for a period of one 

second during which the observer's rcnort is .judged 

electrically and recorded as correct or incorrect, and 

the procedure is then repeated. Since the reflectance 

differences for the pairs of paper samples are liminal, 

the observer is expected to be in error a part of the time. 

After one hundred judgments hove been made, the number of 
errors is noted ano the procedure is repeated for a new 

value of separation. 'Dae variation of percent error with 

separation for each sanole pair is the basis on which the 

■^roximity function is deduced.

The procedure employed is known by psychologists 

as the method of constant stimulus differences. The 

presentation of a stimulus difference, such as a reflectance 

difference, under a set cf conditions which modify the 

perceived magnitude of that difference, such as at varying 

separations, is akin to the -well known psychometric
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experiment with lifted weights. In such an experiment a 

group of weiahts, varying in email stenc about a standard, 

is comp'’red one at a time v;itb the standard, the observer 

indicatinv whether each weight feels heavier than, equal 

to, or lighter than the standard. Interpretation of the 

data leads to the difference linen for lifted weights 

(■jui If ord. 1016. n . 186). In the present, exneriment the 

equal-cnte.~ory is excluded and it is other information than 

the difference limen which is of interest.

the method, of constant stimulus differences is to 

be distinguished from the method of minimal changes which 

is used frequently in rhctcmetric work with liminal 

differences. In this method the set of constant comparison 

stimuli is replaced by a single variable stimulus which 

is adjusted until it smears, to the observer as just equal 

to or just different from, a given standard.

A. To sting Apparatus

The colors to be used in the experiments consisted 

of small souares of colored papers mounted in pairs on cards 

of two by three inch heavy black paper. The colors of each 

pair differed essentially in lightness, and during the course 

of the experiments various means ’were developed for producing 

color rsira with the desired characteristics. It was 

essential that the cbromaticity difference in any sample pair 

be much less than the reflectance difference, perceptually, 

since the latter alone was being studied. Reflectance

(
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differences vjere to be lininal under the experimental 

conditions employed: reflectance differences which could 
be identified either "positively or not at nil under these 

conditions would yield no useful information in the 
experiment.

fie first method consisted of selecting pairs of 

graded iiunscll color chips which differed only in value, 
the Hunsell equivalent of lightness. 'Hie value steps available 

however, corresponded to supra-lininal differences. A 

second method employed the nixing of pigments which 

were then sprayed on smooth white paper. It was found 

that the addition of a small amount of black to a 

given pigment in order to darken it slightly resulted 

very often in a hue change, and the metho ; yielded few 

acceptable sample pairs. Uniform rectangles of colored 

"aner were then masked over half of their areas and subjected 

to a very fine spray of black poster naint without 

nuch improvement over the mixture method. An alternate 

method was the selection of snmole pairs from a large 

number of prepared colored sample oarers available 

from vaint manufacturers. Selections were .made visually 

and examined colorimetrically by means of a Hunter 

I-iultipuroose Reflectoneter but again yielded few sample 
pairs which differed predominantly in lightness. Single 

rectangular paint sonnies were then masked and rubbed "with 

cotton wadding which had been charged with pulverized 

pencil graohmlte but the results too often were non-uniformity 

of i he darkened area and a chan.ve in the gloss characteristics.
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■«hen extensive psychometric data had shown no 

PT-nrent dependence of the proximity function unon 

hue or saturation of sscnr-les, the decision was made to 

confine the study to achromatic, samples, '̂'or this purpose, 
uniform saxTd.es of any desired degree of reflectance 

difference ana no chro, inticity difference were produced 

by exposing appropriately mashed sheets of photographic 

rarer to controlled illumination. The develored sheets 

were trimmed to size and call bra ted on a Hunter Color and 

Color difference Keter and rrovided most of the data upon 

which the prese?^t result is based.

Actual samples prepared by various methods are 

shown below. Those a.re a few of the several hurdled sample 

r - - v e y  cy >;ere pr or area and rejected for various reasons 

including hue shift with dnrhenino', non-uniformity of 

durban?nr, and too great or too small a lightness step.

I 
! 
t\

■Tor each series of tests, a sample pair was 

mounted in a 2 x 3 inch frame which was fixed centrally 
to the end of a rotor so that it could be made to rotate 

in its own plane. A small shaft mounted in ball bearings 

comprised the rotor. A solenoid was so disposed as to
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provide an angular impulse to the rotor at a predetermined 

tine. Thereafter the rotor spun relatively freely until 

con.i’ g to rest with the frame oriented randomly in one of two 

possible horizontal positions. The horizontal equilibrium 

position of the frame was achieved through the action of 

a permanent magnetic field on an elliptical soft iron
"P1  R 1 0  0  (i. S  "VT7!*'1G "t 2? X O .'11 "1 "v* OTI ^ 1 x 0  T3 G tj, O T* GlXil C-G*! n

to its axis.

Various separations for the halves of the test 

field v;ere achieved by a series of black cardboard masks, 

each mask with a mair of 1 x 1 cm. apertures. The series 

of seven masks provided separations from zero cm. to 

2.oO cm. Provision was made for each mask at a time to 

be mounted directly in front of the somnle pair under test, 

the dividing strips aligned with the dividing line between 

samples, during observation the mask was drawn up against 

the samnle pair by solenoidal action but was pushed outward 

by spring action while the samnle pair was spinning.

A pair of push-button switches -was the only control 

at the disposal of the observer, bach judgment consisted 

of an identification of the darker patch as to "right" or 

"left" by pressing the corresponding push-button.

The electrical impulse arising from momentary 

degression of either push-button initiated a one second 

semience of events controlled by a timing plate. The timing 

plate was driven by a 60 r.p.m. 1/200 hp. Tclechron motor.

The motor was continuously energized during the testing
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pro cc dure but rotation of the timing plate was impeded 

mechar.iend I y at the end of each cycle when a protuberance 

from its rim struck an electrically operated plumper. The 

c*-Tcle began with activation of the plunder which released 
the tin ins- nlate and motor.

A schematic circuit diagram is shovm as Fig. I, 

p. 20. The observer's push-button switches are shown as 

a D.P.D.f. switch. A. Denression of either switch activates 

the motor release plunger. F, which frees the timing plate,

E, allowing it to rotate under the action of the motor, D. 

Immediately thereafter a pair of solenoids, G. Is de-activated 

allowing the cardboard mash to return to Its original position. 

Within one-eighth of a second an evaluation is made of the 

observer’s judgment as relay II closes a set of four contacts 
shown in routing circuit 3. A short Impulse to solenoid J 

then imparts the rotational motion to the rotor which spins 

three or four times and comes to rest by the end of the 

timing plate cycle. The observer having relea.sed switch A. 

the cycle is concluded when the timing nlate is stopped 

mechanically and the mask solenoids G are activated. 'The 

timing plate is shown in the rest position in Fig. I.

Evaluation of the observer's judgment is performed 

by routing circuit B which consists of five button contacts 

set into a strip of elastic sheet and wired as shown. The 

rectangular clastic strip is mounted symmetrically and 

perpendicularly on the back end of the rotor and, as with 

the frame on the front end, comes to rest in one of two 

nossiblc positions. The position shown in Fig. I corresponds
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Svj

Fig. I. Schematic circuit diagram of apparatus showing
A. Observer control switch F.
B. Renting circuit G.
0. Impulse counters II.
D. Synchronous motor J.
R. Timing plate K.

Hotor release 
Ilask solenoids 
Indicator relay 
Spinner plunger 
Drooping resistor
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to that position of the frame for which the darker sarvnle 

is on the right. momentary degression of either push­

button, in addition to energizing plunger F, results in 

n.n impulse along one or the other of the parallel circuits 

to impulse counters C. Since the four contacts of routine 

circuit B are closed almost immediately, the innulse is 

directed to one of the two counters according as the 

position of the elastic strip is as shovm or reversed. For 

each position of the strip, or darker sarmle, there :i s the 

possibility of either a correct or an incorrect judgment 

being Indicated, depending upon which of the rush-buttons 

is depressed. It is apparent that the card bearing the 

sannle rsir must be inserted in a Particular position 

relative to the frame in order for correct judgments to 

bo evaluated as correct.
The apparatus is enclosed in n cabinet of about 

ten inches square and six inches high and weighs about 

six pounds. A general view, with sarnie pair and na.sk 

in position, is shovm in Pla.te 1. At the side of the 

cabinet are power svritch, pilot light, and outlets for 

inpulse counters and push-button switches. In Plate 2 

the assembly is shovm with the lid and nasi: removed. The 

mask, with a rectangular section removed from the lower 
edrre, slides into slots at the top a m  sides of the rectangular 

plate seen, just below the sample nair. Plate 3 shews the 

inrulse counters and observer's control box. In practice the 

counters are not in the observer's view.
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Plate 1. General view of apparatus viith sample 
•oair and mask in rosition.

'4̂S{
•<“ ■'k

Plate 2 removed
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Plate 3« Impulse counters and control box.

Plate ]{.. General view of apparatus.
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The annaratus is seen fro:' a different angle in 

Plate h with the sample pair removed. At the rear can he 

seen the timing rlatc in the rest nosition, with the snail 

arc iectien from, the rin resting against the ^lunger wh:> ch 

impedes it.

The timing "late and its three sliding contacts 

are seen in Plate p. The outermost tract' on the face of 

the pinto v/rs oriainally used to control the tininr nlate 

no tor, the contact being brolren and the plate coming to 

rest with the contact arm touching the g n n . A momentary 

innul.se from the observer’s controls would then start the 

motor for a new cycle. Overshooting of the gap end other 

conn!ications resulted in the abandonment of this method 

of motor control.
Also visible in Plate 5 is the plastic strip at 

the end of the rotor with its five interconnected button 

contacts, as well as the four contact arms, the relay 

which closes them, and the strip of foam rubber fixed to 

all four arms in or'.er to reduce contact bounce.
Plate 6 shows a ton view of the rotor and allied 

rarts, the slotted mask sun^ort and retracting arm, the 

rubber-tinned spinner niungor which strikes eitlier end of 

a stud passing through the rotor, the short rod magnets 

which align the elliptical nlate between them, and a tuft 

of cotton wad-’in.g against the elliptical plate which damps 

vibration of the rotor as it comes to equilibrium.

A side view of the ranparatus is shown in Plate 7,
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Plate 5. Detailed view of mechanism.

x-late 6. Forward mart of apparatus, too view.
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t,

flnte Y. Side view of apparatus showing 
mask in open position.
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with the mask In the released or open position. Illumination 
is rrovided by a hacbeth C . I . L.. Illuminant C source, 

resembling average daylight, which is shovm in one of 

the positions which were used. Forty-five degree ilium? nation 

and normal vict;in,g were the rule throughout. The lamp was 
•positioned at various tines for illuminations in the range^ 

from 10 to 3n foot candles.

B. Testing Conditions

It was originally intended to base results upon 

a large number of observers. The results of preliminary 

tests made on many observers, including the author, 

revealed the lightness discrimination characteristics 

of the latter to be fairly representative, that Is, within 

the ranr*e of observer fluctuation encountered in the tests, 

^ince the annaratus was conrletely automatic and required 

no attention during any one series of observations, it 

was convenient for the author to be the principle observer 

and the final results are based imon his observations alone.

Observation was made at viewing distances in the 

range from )i to 10 feet, most of the present data being 

obtained at from 5 to 7 feet. It is known that discrimination 
Is largely affected by angular field size, but the variation 

in the 1| to 10 foot range was not extreme in the case of 

the few data used here which were obtained from these limits. 

No significant vari.ation is noticed in the 5 to 7 foot range, 

and the weighted average of 6 feet is used as the basis for
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commuting. angul or dividing lino widths.

Various amounts of illumination viere explored 

for comfort of seeing and acuity of discrimination. It war. 

found that illuminations in the range from 10 to 35 foot 
candles were suitable, with most of the observations made at 

15 to 20 foot candles. For very light or white sample pairs, 
the corresponding mean field brightness would be somewhat 

less than the 25 n l . lower limit found by Lowry (1931) for 

maxirnun photometric sensitivity. The data reported here are 

based on an illuminant of spectral composition similar to

C.I.:u Illuminant C. iio other light source was used during 
te stin^.

Angular field winth at the averaye viewing distance

was confined to the re-ion immediately surrounding the fovea,

where maximum retinal sensitivity to luminance differences is

known to exist. The maximum separation of 28 ram. for the 
2two 1 cm. apertures at the minimum viewing distance of four 

feet corresponds to a total angular field width of 2.26 degrees.

A series of seven ' x n h  was used to provide separations 

of 0, 1, 3, 7, 12, 20, and 2o mm. The reflectance of the 

masks for forty-five degree illumination and normal viewing 

measured lir.5w on a Hunter Color and Color Difference Meter.

The eight sample pairs on which the results are based range 

:i n reflectance from 33= to ft Op as measured on the same 

instrument.

r'or each sample pair, 100 observations were made at 

each of the above separations. The succession of masks was
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from naxinun to minimum se^nrntion for each series, 

although random order war occasionally omuleyed when 

repetitions of each series •■■ere undertaken as a check 
on the data.

For each set of 100 observations a point was 

rlottod des"anaeing the number of errors versus separation. 

A snoot’-! curve was drawn throw mh the noints for each sanr1 e 

rair when enough of the points were obtained to show 

regularity. Airing the course of the exreriments, the 

error curves bo,pan to assure a characteristic form and 

the necessity of us5 ng all seven masks was obviated.

S or a m  t ion s were then confined to 0, 3, 12, and 28 mm. , 
with oce.asJ oral chocks us in?; one or two other masks.

Since the enual category was excluded, a judgment 

of "ecmal" was relegated to one or the other of the 

rush-buttons, resulting in an enual likelihood of a correct 

or an incorrect score. Since there is actually a -renter 

ros~ibi'> ity of correct than incorrect judgments '.'hen the 

observer is forced to guess (Borina, 1-939), the observer 

attitude ad or ted vxas that one side of the test field vxas 

certainly darker then the other, whether visibly so or 

not, and that guessing would be renaved with a higher} . ->  - -. V r

score of correct judgments. As a natter of fact it vxas 

found that after the observer had become accustomed to 

the lininal stimuli’.'- differences used, it was not difficult 

to envision a lightness difference, be it actual or imagined 

The presence of imagined lightness differences where none
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was actually seen was often verified by the larye number 

of incorrect ;iud~-icnts which were scored on individual 

trials node for this nunose. fhe effect of irmrin^tion 

thereby largely reduced the need for an eyual category, 

ai thru"h this neerl was not entirely eliminated.

fhe observer vras not limited ns to lenyth of 

ohserv''tir-n for each iucnncnt. It was found that a decision 

could be reached within a '■'iximum neriod of about two 

seconds after the field w a s r e s e n t e d  to the observer at 

the end of each c-vcle, this limit embracinr the cases of 

real, inayined. or zero sensation differonc.es. Observations 

were thus made at a fairly constant rate of about one 

every three seconds so that a set of 100 iudr-ments eculd 

be •■’.ace in about five minutes.
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IV. RESULTS

Tests of" either a rrc’1 ininary or a final ne.tv.re

•.■.•ere n a ;e on r.ore than sixty snr.nle pairs, involving

over IOC, 000 separate i u d m e n t s . From the data, about

thirty reasonably "rood" error curves were available, the

condition of " m o d "  be in a; fulfilled by those curve s

1 ch shoved a consistent increase in error with senarat.io

fairly snail sure ads arena r.ercent errors at corre soending

separations, and whose heights arid shapes fell into some
.1

sort of lc~io.nl order when curves for various A(A^) were 

ex-'mined.

Fron these curves eight have been selected as

renresentntive of the group and are here designated by

the letters A through H. Using A equal to unity for 100;j
i .

reflectance, the values of A(A'j) for the corresronding 

sanrlc nairs are giver below:

Fair: A B  C D E F 9 H
i

A(Ar'): 0.010 .Oil]. .016 .016 .019 .020 .03k .0l(.l

In these curves, nercent error was first clotted 

versus linear separation in millimeters. The linear 

values were then converted to angular separation in 

decrees on the basis of an average six foot viewing 

distance. A typical set of data, arising from sample 

pair D. is shown in Fig. 2 with error plotted, versus 

angular secaration, 9.
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A better graphical illustration of tbe change in 

l'ghtres.? discrirr.' nation with G is rerhnrs pained by 

replacing the concent of "crc-eut error with the concept 

of mercertibility in nercent. This can be dene an’ roxim.ately 

if it is assuncd that subliminal stimulus differences arc 

ecu.ally likely to result in correct and incorrect iiidgmonts.

A stimulus difference which is seen X j of the time in 100 

trials will result in at least x correct judgments. The 

remaining (100 - x) observations will then be distributed 

eanally, statistically speaking, among correct and incorrect 

judgments. The number of errors, y, will be (100 - x) or, 

solving for perceptibility in terms of error,

x = 100 - 2 y

or perceptibility in percent is equal to 100m minus twice 

the percent error.

The perceptibility thus computed is not an actual 

measure of the percentage of trials in which a stimulus 

difference will be correctly perceived. It is known that 

when the observer Is forced to guess, his .answers are more 

often right than wrong and will fall proportionately rather 

than enually among correct and Incorrect judgments. However, 

in the ensuing treatment of the data, it will become evident that 

the above transformation of error to perceptibility is 

superfluous, it having been performed as an intermediate 

step for graphical reasons.
The data for sample pair D have been plotted as
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perc.eptibility versus © in Fig. 3 and nay be compared 
with Fig. 2.

The assumption is now made that visual equality 

exists between all stimulus differences which yield 

equal value~ of perceptibility. As applied to the
l .

data, all combinations of A(A") and 9 -which result in 

equal numbers of errors, implying equal perceptibility, 

constitute stimulus differences which are perceptual.!y 

equal. ‘Thus if the eight error curves referred to arc 

superimposed on a single graph and a horizontal line is 

drawn on the graph at an arbitrary height, the intersections 

of the line with the curves ’will yield rnirs of values
l.

of A(A' ) and © which combine to yield equal lightness 
differences. The next Question is, "What is the magnitude 

of the lightness difference (in judds) to which these 

combinations are equal?" 1-lore generally speaking, the 

problem is a correlation of the perceptibility scale with 

the lightness difference scale so that the lightness 

difference corres’--one!inp to any abscissa crossing the 

curves wil.1 be known. The question might be stated:

"Vihat is the value of lightness difference in judds which 

will be seen correctly 2pm of t'-e time? 50w of the time?
75 3 of the time?" etc. In the absence of an independent 

answer to these Questions, data arising in these experiments 
were relied upon, as well as the as simption that k-̂  = 120 

for zero dividing line width was valid under the testing 

conditions used. The data were examined with snecial attention
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piven to the results obtained with zero separation. From 

the data of 36 sets of 100 trials each, the percent errors
l.

were notes which corresponded to the various values of A{ A'*). 

The percent errors were transformed to percent perceptibility 

through the relationship piven on rape 32 in order to accord 

with the form in which the eiyht curves, A through II. have been 
plotted. It is at this point that any error due to the 

non-rigorous definition of perceptibility cancels out, for 

it is ultimately the values of percent error pained directly
l .

from experiment that are relied upon. The values of A ( A " ) 

referred to above were converted to judds by the multiplying 

factor 120. The thirty-six pairs of corresponding values 

are "iven below:

AIi c'o Percep­ AL ;j Ferc.<
judds tibility judds tibili'

0 .30 0 1 .92 82
0. 36 0 2 .2 k 96
0.  6k 12 2.39 9k
0 .70 ko 2 .39 78
1.03 7)| 2 .39 83

1.03 33 2.39 821.08 5k 2.39 981.08 6k 2.39 9k
i  .on 2 2.39 98
1.10 6k 2 J l8 95

1.?! '  •a. * r 7k 2 .60 96
1.63 8k 2.63 9k
1.91 72 3 .12 97
1 .92 80 3 .20 8kT OP — • / — 92 3 .5o 96

1 . ° 2 68 k . o k 100
1*92 72 k .9 7 100
1 .92 76 5 .21 100
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The first 3k value onirs are plotted in Pip. 1.

The variability of the observer is readily noticeable. The 

curve which is dravni through the points is taken as the 

criterion for rolatiny uercentibility values to lightness 

differences in judds. Cn the basis of this curve. the 

perceptibility scale is replaced by the lightness difference 

scale. Using the latter, the curves representing the eight 

sets of data. A through II. have been ulotted in Pic. k.

Each curve indicates the manner in which perceptibility 

falls off with increasing separation, and the series of 

curves taken together gives sonc Idea of how perceptibility
i.

falls off with diminishing A(A;’).

Each of the curves is assumed to satisfy

AL = kjMA*') (k)

where k^ = k^(0). The information relating A L  and G is

tn’-en from Pig. );. at seven points on each curve. The 
Jkvalue of A (A;J) for each corresponding sample nair is 

known from photometric measurements and the eight values
3,

are tabulated on Page 31. Since AL, G, and A(A~) are known 

for each noint, eight values of k-^(G) can be found for each 

value of G by satisfying E q . (I|.). It is to be noted that 

the intersections of the eight curves with the vertical 

axis have been a.d’u^ted to accord with the smooth curve 

of Pig. 1. Solution of Eq. (k) for 0 = 0  will therefore 

y* eld no information other than k-, = 120.

A typical set of equations to be satisfied, arising
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Pig. 1. Perceptibility vs. lightness difference at zero separation.
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pig. 2. Example of a well-behaved set of data, Set D.
lercentage errors vs. angular separation 0 . 
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show aver'-ges at each value of separation.
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Fig. 3. Perceptibility vs. separation 9 for Curve D, Fig. 2.
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Fig. 5- Proximity factor k-,(9) vs. angular separation 9 assuming 
k-j_(Oc) = 120. Shovm for eight curves of Fig. Ij.. Solid
line indicates numerical average of all curves.
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from Curve A for which A(A” ) = 0.0103. is given bolow 
a 3 well as the values of k-j_(G) vs. 9 which result 
therefrnn:

lc1 (.025f)(.0103) = 0.90 judd kx( .o?3°) = 87
^(.050°) (.0103) = OCi'•o ki( . o f ) s 77.6
^(.100°) (.0103) = o • —I o kx (. 10°) 8

f nDO
kjt .20Cf)(. 0103) - 0.63 :i (. 20 / = 60
k-̂  ( Ji-OO0) ( .0103 ) = 0.63 " k]_ ( .br0°) = 61.6
kx( .600°) (.0103) = 0.66 " kx ( .60°) = )J-
k] (.8 0 0 °) (.0103 ) s 0.37 " hi (.8 0°) = 36

The -proximity function is embodied in the second set of 
equations above. On the basis of Curves B through H, 
seven more sets of proxinity data arc found. The data 
from each curve are r,lotted and labelled in i'ia. 5 , the 
aver-aue of a"11 data being indicated by the heavy line.
The average data aro shovm again in i'ig. 6 as dashed linos. 
The smooth curve is the locus of the analytic expression:

kl (e) - 30 +  7 T T 1 S  (7)

where Q is expressed in degrees.
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* -i-'- -  yin. • no o;.uu

The nethod of constant stimulus differences cmnloyod 

here is a departure fron the more customary method of minimal 

changes which is likewise used, in investigations of liminal 

visual differences. In the latter case, one or more 

variable stimuli in combination are adji.isted by the observer 

until the combination appears just (or just not) noticeably 

different from, a given standard. The data are then Interpreted 

according to the usual methods of statistical probability.

'while the nethod of minimal changes is adaptable 

to investigations of aperture colors, whiola can be made 

continuously variable, the method used here is more suited 

to the study of surface colors, to which the Judd formula 
anplies strictly. The test colors are presented in a 

mode of appearance similar to that for which the formula 

is intended. This mode of annearance precludes any 

provision for continuous variation of the stimulus at 

the will of the observer. Considering the stimulus 

difference rrovided by a given sample pair at a given 

separation, then as the stimulus difference decreases to 

subliminal values with increasing separation, no provision 

is mode for the observer to increase the reflectance 

difference until the stimulus difference is again noticeable. 

Rather, he must indicate its relative magnitude as is, 

in terms of errors of identification.
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'Hie tendency of test procedures in recent years, 

in the investigation of psychophys i c al ohenomena, has been 

toward a closer approach to actual conditions encountered 

in ’‘ractice. An attitude shared by nan?' investigators is 

summarised by Dimmick (19^3) in speaking of color vision 
tests: " . . practice usually derands that the test

setting bear an obvious relation to the oractical r.roblem 

to which the tost results arc to be an-lied. this factor 

militates against laboratory techniques and apparatus 

that would otherwise rake excelLent tests of color vision."

The test nethod adopted here is a compromise 

between the generality of actual conditions and sore of the 

sneer a! ization from which laboratory conditions cannot 

escape if the test conditions are to be at all reproducible. 

The use of surface colors rather than aperture colors is a 

sine qua non in this case, even though the specialized 

conditions of !pp degree illumination, perpendicular viewing, 

and dark surround nay detract from the strictly surf ace 

appearance of the sauries. Some restriction of generality 

is introduced by the small field sizes and the limitations 

of viewing distance. Actual conditions would allow the 

observer greater freedom of examination. AAowever. the 

observer's freedom of vision was not otherwise hampered, 

as would be the case with the head or chin su^orts, 

monocular vision, or artificial pupils which are often 

characteristic of eyepiece instruments. The abrupt 

presentation and interruption of the stimuli, peculiar to 

this exneriment, intersr.ersod with one second ’waiting periods,
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are certainly a deviation from actual conditions. It ir- 

ares’iner1 that these factors, as well as prolonged fixation, 

contribute to the effect of fatigue tov;ard the end of a 

lon^ sensi on. Successive stimulation, on the other hand, 

is known and was observed here to increase the acuity of the 

observer for the first half hour or so of each session.

The effects of fatigue and nractice, however, are averaged 

out with the ’well known observer fluctuations due to 

unknoi-m causes (Woodworth, 193o, on. 39'j.-5). The difference 
threshold is a transitory phenomenon, varying from moment 

to moment, and is influenced variously by fatigue, practice, 

systemic and metabolic conditions, and indeterminate causes. 

The most minute stimulus difference will sometimes elicit 

a response if it is presented at a moment when the observer 

hardens to be favorably disnoscd toward perceiving it. It 

is only through the averaging of large numbers of data that 

the relationship, between n s ychonhvsica 1 stimulus and sensation 

has pnv meaniny.

B. The Proximity Function 

The analytic expression which fits the data,

ki (e) * 30 +  - A  (7>

is seen to yield values of k^(@) ranging from 120 to 30. 
The upper limit is predetermined by Dr. Judd's maximum 

value of 120 for k-j and the present experiment dees not 

ald.ow an independent determination of this quantity.
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The lower limit is b^scd on the rrosent data and is 

thus determined independently. In practice the value 

of k-^(oo) = 30 has no meaning, but a lower limit of

JlO is reached before 9 Increases to 2.6 degrees. The 

magnitude of the lower limit accords with Judd's estimate 

of = 30 or J!.0 for samples separated by a broad patterned 

area. The ^areonent may be accidental since there are 

several differences between the nresent experimental 

conditions and actual conditions for which the Judd 

formula

[4S]2 = fk1A( A^)] “ 4- [k2A7i’As]2 (6)

is intended.

'The perceptibility of .a lightness difference is 

known to be influenced by background contrast. Jiven a 

certain reflectance difference, any specification of the 
linhtness difference which will be experienced by an 

observer must include reference to the lightness of the 

background. Such reference is included in the Judd
i_

assumption that lightness varies with Az , for it is

stated explicitly that the relationship is most accurate

for white .and light grey backgrounds. As background

reflectance diminishes, the lightness difference between

a nair of light samples diminishes also. Lightness

differences for the present samples were computed on
A

the basis of L «  A a . An empirical formula given by 

uodlove (1933) predicts that for middle grey backgrounds
9 g.

of 19)) reflectance, L varies as (1.1;_7A - 0. L? A 1-) .
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Tlie backgrounds used in the present investigation showed 

a k.;f j reflectance. Five of the sauries on which results 

are based shewed reflectances exceedin" 70. n The calculated 

linhtness difTerences, assuniny a liyht background, nay be 

assumed to be somewhat larger than these actually perceived 

arrainst a dark background.

At lar^o ser-arct ‘ ons. lightness "erce^tion is 

influenced by the uniformity of the background as well as

its 1'i ~htn.es s . A conspicuous catterned area between samples

will reduce linhtness differences nore than a uniform 

background of the same size. This consideration suyaests 

that the value of (2.6°) = li-0, as predicted by y . (7) 

for a uniforn. background, will be somewhat reduced by 

substitution of a patterned area of trie sane width.

The limitation of field width to two incites at 

six feet is a departure from the usual comparison of 

lnv.~er samples at the normal vicwiny distance, for which

Jndd’s formula is intended.
Another limitation imposed by experiment is the

i
snnl 1 rnnye of A(A :- ) which was adaptable. While Fir. 5

l.
shows no orderly chan/re in the proximity function as A(A:') 

increases from 0.01 for curve A to 0.0k for curve II, 

there is no assurance that the derivative of k^ with
i.

respect to A(A:: ) will remain zero for much laryer linhtness 

differences.
The data reported here as well as all previous 

data showed no orderly variation in liyhtness discrimination
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as a function of dominant nave length or -purity of sarnies.

On this basis, 1'Jq. (7) is eouallv applicable to sancles of 

various chro; :aticities.

G. Ghro:iipticity Djscrlralnatlon

The error curves obtained in the experiments 

ir.d:' cate def initel-/ that the perception of lightness 

differences depends urjon spatial proximity. -w'rloratory 

experiments were conducted with snnnl.es differing sliyhtly 

in chromaticity alone to detemine how chromati city 

discrimination was affected by proximity. The conditions 

of experiment were identical to those of the lightness 

discrininnt5.on studies, although less data were taken.

Pour sarmle nairs were invest!,'rated under various conditions 

of i 1 lumination and viewing distance, ar,d nine sets of 

error datn were obtained. Three of these sets, which are 

representative, are shown in Fiy. 7 where they are plotted 

as percent error versus rnyular separation. hithin the 

limits of observer fluctuation, no consistent chanr-e in 

chrovi°t'i city discrimm nabil. ity as a. function of separation 

is indicated. Comparison of Fiy. 7 with Fiy. 2, which is 

lyrical of the lightness difference curves, shows a striking 

dissimilarity between the perception of lightness difference: 

and the perception of ch.romati.city differences as separation 

varie s.
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’ Figi 7

0 IN DEGREES

Typical discrimination data for chronaticity 
differences alone. I'crcentngo of errors vs. 
angular separation 9.
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In the 1 ntter case, it was eunwcted that sone 
ch^n^'e, however sr.?111 , would be noted (Judd. 1950). It 
is noscible that the en^ected chan<*c lias been obscured by 
observer fluctuation or other conditions of o?:reririont.

A sinmlar feature of the data for chr-o: inti city 
di ''crimination is a tendency for the rercent error values 
to reach a neck at the first non-scro value of separation 
used, that of 3 m .  which correnronds to O.OvA devrec 
at sin feet.

It is to be noted that any influence of separation 
on chro”aticity chisorimri"tion would have to be accounted 
for by the factor k 0 of rip. (6) and would not affect 
the behavior of the rroxim' ly factor for lisjvtncss, k-, .
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