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ABSTRACT 

The difference limen in one dimension through a single 
point in the I.C.I, chromaticity plane was measured using four 
different psyehophysieal methods and four surround brightness - 
e s with four highly trained« color normal observers. The psycho- 
physical methods were: (a) Method of Constants - judged "same 
or diffe re nt'\(b) Method of Constants - judged''with direction"» 
(c) Method of Paired Comparisons and (d) Method of Adjustments, 
The data were evaluated using a Latin square design and the 
analysis of variance. 

The results showed: (a) differences in the magnitude 
of the D.L. over all methods were significant at the 1% level: 
the smallest D.L.s were obtained with Method of Adjustments 
and Constants "with direction**» (b) inter-ob server differences 
were significant at the 1% level, (c) there was no significant 
variation in the magnitude of the D.L. with variation of surround 
brightness, (d) no significant residual interactions were found, 
(e) comparisons of test-retest variability were made between 
the total within-subclass variance of each pair of methods re« 
suiting in the following order of increasing variability: Ad« 
justments, Constants "with direction", Constants "same or 
different", Paired Comparisons. 

A theoretical relation was derived relating the Constants 
D.L. to the Adjustments measure. 
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PREFACE 

Visual experimentation depends heavily upon the use of 
the eye as a "null" instrument, that is as an instrument which 
detects whether two stimuli are different or not different. It is 
to be expected that of the many possible methods of setting up 
the psychophysical conditions of observation in experiments, 
certain methods would be more economical than others - would 
give more accurate and more stable results or would require 
less time to produce reliable answers to problems. The rela- 
tive merits of the various procedures have been controversial 
for decades. This report presents the results of a direct com- 
parison of four common standard psychophysical procedures 
applied to the judgment of color differences: two methods of 
"constant stimulus", a method of "paired comparisons" and 
a method of "adjustment". 

The results can be applied to the design of laboratory 
and field experiments, to the design and use of optical equip- 
ment and to the comparison of data obtained by the several 
methods. 

This experiment represents the first step in the experi- 
mental determination of scales of perceptual differences of 
chromaticity in the 1931 Standard Observer System. 
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THE DISCRIMINATION OF COLOR 
I, An Experimental Evaluation of Four Methods for Measur- 

ing the Difference Limen of Chromaticity 

INTRODUCTION 
The I.C,I. Standard Observer and Coordinate System, as 

adoptedin 19311, permits the specification of any color in terms 
of a hypothetical three color system based on specified photop- 
ie visibility values and the laws of additive color mixture. The 
chromaticity of a color maybe identified by dominant wave- 
length and purity or by a position in the chromaticity plane in 
terms of the additive mixture of hypothetical red« green and 
blue that the "Standard Observer" would require to match it 
under photo pic conditions. 

Although the I.C.I. system locates the relative position 
(on a diagram) of a color it cannot indicate the perceptual dis- 
tance between colors. Statements such as these can be made 
about the color of a substance; "it is redder", "it is bluer", 
"it is more saturated"; but, the present system does not in- 
clude information which would permit us to say whether two 
color points representative of somewhat different colorimetric 
purities and dominant wavelengths will be perceived as the same 
or different under specified conditions of observation. Nor 
does it permit statements of how much redder, bluer, or more 
saturated one color is than another. 

Several workers have undertaken the experimental study 
of perceptible color differences. Outstanding among these are 
König and Dieterici «Laurens and Hamilton for spectral colors 
and Wright4 and MacAdam for the chromaticity plane. The 
latter two works offer measures which are intended to predict 
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the perceptible difference of any two colors of the same appar- 
ent brightness*. Although the results of Wright and MacAdam's 
studies follow some general relationships, they fail to show 
close quantitative agreement, presumably because of the differ- 
ences in procedures. Different psychophysical techniques and 
surround illuminations were employed. 

There exist numerous results in the psychological lit- 
erature of the effects of instructions, the serial and positional 
arrangement of stimuli and of surround conditions upon psycho- 
physical estimation. The unit of perceptual color difference 
which will eventually enable us to construct a psychological 
color space must be selected with particular reference to these 
factors. It must be defined unambiguously in terms of the con- 
ditions and operations of measurement. In this study we will 
evaluate several psychophysical procedures and viewing con- 
ditions in order to find the way in which they differ in measur- 
ing color sensitivity and will attempt to specify the most stable 
measure of least noticeable color difference. 

Four psychophysical techniques have been selected for 
evaluation.  These are: 

(a) Method of Constant Stimulus Differences with 
judgments of "Same" or '•Different". 

(b) Method of Constant Stimulus Differences with 
"Directional Judgments". 

(c) Method of Paired Comparisons with judgments 
of "Same" or "Different". 

(d) Method of Adjustment to equality. 

*Thework of the O.S.A. committee on the spacing of the Munsell 
Colors", while it deals with color discrimination was designed 
for equating supra-liminal distances and is not comparable to 
the studies of liminal differences. 
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THE PSYCHOPHYSICAL METHODS FOR SENSORY 
DISCRIMINATION 

While it is impossible to give an extensive historical 
discussion of the four psyche-physical methods in this paper, 
it is necessary that we treat some of their controversial as- 
pects» especially where one of alternate procedures is chosen 
for use in this experiment. Extensive treatments may be found 
in Titchener7, Kellogg8, Irwin9 and Guilford10. 

METHOD OF ADJUSTMENTS 
In this method, the observer matches a variable stim- 

ulus to a fixed standard using a means of continuous adjustment. 
From the distribution of errors of match are calculated a meas- 
ure of central tendency and of dispersion or variability around 
the central tendency. The difference in physical stimulus units 
between the standard and the average match yields a measure 
of Constant Error. The measure of dispersion, the Standard 
Deviation, Average Deviation or Probable Error serves as an 
index of the precision or sensitivity of match. 

The following problems concerning Method of Adjust- 
ments have been raised} 

1. Since Method of Adjustments requires matches or 
equality judgments of the observer, it might be expected to yield 
different results from those psychophysical methods which re- 
quire judgments of difference, 

2, The adjustments measure yields no separate estim- 
ates of discrimination and variability of judgments as do the 
other psychophysical methods, since the variability measure, 
S.D. or P.E., must be taken as the measure of discrimination. 
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It is therefore not possible to evaluate the precision of the dis- 

crimination measure as is done using the h or S.D. in Con- 

stants and Paired Comparisons. 

3. It presents an observational task complicated by a 

motor adjustment task, thus confounding motor errors with per- 

ceptual errors11»      , 

4. Method of Adjustments has also been criticized for 

the uncontrolled time of adjustment (Müller11). Other workers 

have attempted more vigorous control of Adjustments but the 

more precise control of conditions would seem to violate the 

spirit of the method (Guilford, 10, p. 67). 

5. Another objection to Adjustments has been that the 

observer may obtain secondary visual, kinaesthetic, or tactual 

cues from the adjustment dial and its starting position» 

In the present experiment every attempt was made to 

minimize the above difficulties. The task was perceptually 

simple, the linkage between adjustments dial and color mixers 

allowed delicate control of the stimulus, and secondary visual, 

tactual or kinaesthetic cues were minimized. The apparatus 

and procedures are described in the following sections. 

METHOD OF CONSTANT STIMULI 

The essential characteristics of the Constants Methods 

are the use of a fixed standard and the verbal estimation of 

comparison stimuli which are presented together with preced- 

ing or following a standard. The comparison stimuli are of 

fixed number and are of equal physical steps from the standard. 

The judgments in studies of intensity discrimination and weight 

lifting are typically "greater", "less" or "equal" (or "doubt- 

ful") to the standard, although many variations of instructions 

have been used. The stimuli are repeated a large number of 

times, usually in random order and yield a distribution of the 
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proportions of "greater", "less" and "doubtful" estimates. 

The "greater" and "less" estimates when plotted usually 

yield ogival distributions. The medians of these two distribu- 

tions are the limens above and below the standard. The stimu- 

lus interval between the two limens is labeled the "interval of 

uncertainty" and an average value of the stimulus distance from 

the point of equal occurrence of "greater" and "less" estim- 

ates to the two limens is taken as the Difference Limen or 

measure of discrimination. The stimulus distance from the 

physical standard to the point of equal occurrence of "greater" 

and "less" judgments (Point of Subjective Equality) is taken 

as a measure of Constant Error, The precision of estimation 

may be obtained from the Average Deviation, Standard Devia- 

tion or Probable Error of each of the "greater" and "less" 

functions. 

The application of Constants to chromaticity discrim- 

ination requires certain changes over the usual procedure. The 

judgment of chromaticity is markedly different from that of 

weights and of auditory and visual intensity stimuli. There ex- 

ists no simple quantitative agreement between sensory impress- 
ions and physical stimulus magnitudes throughout the chroma- 

ticity plane. Stimuli spaced along a line in the chromaticity 

plane vary in both hue and in saturation in such a way that judg- 

ments equivalent to "greater" and "less" are difficult to form- 

ulate. Any series of stimuli through a point about which we 

wish to determine a D.L. may involve two or more hues. Thus, 

if we chose a series of stimuli that fall on a straight line in the 

I.C.I. diagram, an observer must judge in terms not of a grad- 

uated series of perceived magnitudes but of a gradation towards 

two different hue and saturation points. For example, if we 

select a series of stimuli which are equally spaced physical 

-61- 



mixtures of given blue-green and yellow-green chromaticities, 

and select as standard a 50$> mixture of those two colors, the 

observer must judge comparison stimuli which change from 

yellower than the standard to bluer than the standard. We could 

randomize the stimuli on both sides of the standard, and pre- 

sent them in the same series as is done where graduated mag- 

nitudes are dealt with. The judgments, then, would have to be 

"more yellow" or "more blue" than the Standard, By thus in- 

cluding in the same series stimuli in two directions from the 

standard, we would require of the observer two criteria to be 

used together, one for the "more yellow "and one for the "more 

blue". This might not be a more complicated task for the ob- 

server than to judge "heavier" or "lighter" in weight lifting 

if it were true that chromaticity involved the single perceived 

dimension of hue. However, since all points within the spectral 

locus involve changes in saturation as well as hue and since, also, 

hue alone shifts irregularly in some parts of the chromaticity 

plane, it appears unlikely that the observer could successfully 

maintain two criteria simultaneously. 

Therefore, a Constants procedure which seemed better 
suited to chromaticity discrimination than the usual procedure 

was chosen for evaluation in this study. Stimuli in each direc- 

tion from the standard were explored separately. Where the 

D.L. was to be determined on a line which graded from blue- 

green to yellow-green, a point mid-way was chosen and varia- 

ble stimuli judged which were spaced in the yellow direction, 

yielding a psychometric function from which the Limen for the 

perceptible increment in that direction could be calculated. The 

same was then done in the blue direction from the standard. 

The stimulus distance between the two limens became the in- 

terval of uncertainty.   The P.S.E., D.L., and a standard devia- 

-62- 



tion could be calculated from the slope of each psychometric 

function. This technqiue has previously been employed by 

Dimmick1* for color discrimination. It fulfills the original def- 

inition of the D.L. and allows the observer a single criterion 

on which to judge. At the same time the simplicity of the judg- 

ment may be expected to overcome some of the variability due 

to cautious ob servers who tend to make a disproportionately high 

number of *'equal" or "doubtful" responses. 

PAIRED COMPARISONS 

The Method of Paired Comparisons differs from Method 

of Constants in that random pairs of stimuli from the series 

are judged together in such a way that each stimulus is judged 

with each other stimulus an equal number of times. This tech- 

nique was proposed for psychophysics by Culler who offered 

it as a modification of the Method of Constants. Culler com- 

bined the stimuli in difference steps of physical separation and 

accumulated proportions of plus and minus judgments which 

yielded an ogive distribution, just as in Method of Constants. 

Culler used the P.E. of this distribution as the D.L. It is also 

possible to use the median, which measures the stimulus differ- 
ence that is perceived half the time. This method, according to 

Culler, has the following advantages: 

" (1)  A maximum   range  of   differences can  be obtained 

with minimum equipment. 

(2) It guarantees some very high and some very low 

proportions. 

(3) It permits more very small R(stimulus) differences 

and stimulates O's caution. 

(4) It eliminates the error of 'absolute* impression, by 

which is meant a constant judgment tendency due 

to the repeated application of the same standard 

with every pair." (15, p. 206-207). 

-63- 



SURROUND-TARGET CONTRAST 

Each of the psychophysical methods has been studied 
under four conditions of surround illumination in order that 
the effects of brightness contrast upon color discrimination may 
be evaluated. This« as well as being of theoretical interest, is 
of immediate importance since the several previous studies of 
color discrimination have either failed to control surround or 
have arbitrarily chosen a specific surround brightness. 

Further, if we may believe the surround to have any 
effect upon the D,L.,then the result cannot be meaningfully re- 
ported without relation to the surround. 
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APPARATUS 

A projection colorimeter, constructed by the Bausch & 

Lomb Optical Company for this Laboratory, was the apparatus 

used.   It provides the following advantages: 

(a) comfortable observing conditions using large fields 

projected on a screen rather than observed through 

an eyepiece, 

(b) bipartite   comparison  field  and surround projected 

from a single calibrated lamp source« 

(c) additive mixture of two filtered beams for both halves 

of the comparison field, utilizing glass or Wratten 

color filters, 

(d) independent variation of the illuminosity of compari- 

son mixtures and surround, 

(e) variation of comparison and surround fields in size 

over a wide range, 

(f) independent variation of the color of surround. 

(g) ability to set to any mixture of two chromaticities 

for comparison of colors at fixed steps or to adjust 

one mixture field by remote control, 
(h) the chromaticity components of both mixture fields. 

equated for luminosity by appropriate filter selection. 

The optical system of the instrument is illustrated in 

horizontal cross-section in Figure 1, In principle« there are 

three lantern slide projectors combined to project light from a 

single source utilizing a system of mirrors« condensorsand 

projection lenses. Light from the source A, is condensed C j, 

upon the center projection lens Li,and projected directly upon 

the screen. Lenses Lg and L3 received light from A through 

condensers C£and C3 reflected at right angles from front sur- 

face mirrors Mg and M3 through auxiliary lenses L*2 and LS, 

The light from projection lenses L£ and L3 is projected upon 

the screen through color filters located at F^ and F3. 
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Optical System of Projection Colorimeter 



The color filter holders, illustrated in Fig. 2, permit 

the additive mixture upon the screen of light from two filters 

of selected chroma tic ity and the regulation of the brightness of 

the mixture. This is accomplished by the adjacent positioning 

of the two filters in a slide carriage which moves in a straight 

line directly in front of the projection lens. The carriage is 

controlled by a drum through a rack and pinion connection. The 

drum is calibrated from 0 to 100 in equally spaced steps. Since 

the mixture is linear these are read directly as percent mix- 

ture of the two component chromaticities. Luminous trans- 

mittance is equated by varying the thickness of glass filters or 

by combining neutral Wrattens with color W ratten filters. The 

luminance of the mixture fields is controlled by means of var- 

iable rectangular apertures which operate from drums through 

rack and pinion connections. Since these drums are calibrated 

in equal steps from 0 to 100, the apertures are rectangular, and 

the utilized central area of the projected beam is homogeneous, 

the luminance of the mixture on the screen is a linear function 

of the aperture width. 

At positions Hj, H^ and H3 in Figure 1 are illustrated 

3 1/4 by 4 inch slide holders which carry masking slides. These 
are focused by lenses Lj, J->? and L.3 upon the screen. Depend- 

ing upon the pattern on the slides, different shape, size and sep- 

aration of the match field and surround is accomplished. In the 

present work a 2°4* diameter circular comparison field was 

used, divided semicircularly and centered in a square surround 

field 15 10' on a side, illustrated in Fig, 3. The observer sat 

15 feet from the screen and viewed it binocularly at an angle 

of approximately 5 from normal. The center of the screen 

was at eye level. The screen was surfaced with a sphere white 

paint of high, nonselective, diffuse reflectance. 

-66- 



Fig. 2 

FILTER HOLDERS OF PROJECTION COLORIMETER 

a,a   - filters b,b    - aperture jaws 
c - rack and pinion adjustment of filter slide 
d - rack and pinion adjustment of aperture 

L - projection lens 



Figure  3 

Diagram of Bipartite Comparison Field and 
Surround Showing Relative Size and Shapes 



The light source used was a Westinghouse No. 4 Photo - 

flood maintained throughout the experiment at a color tempera- 

ture of 3300°K.   It was matched visually by voltage regulation 

to an NBS standard bulb each 1 to lj hours of burning and burn- 

ed on stabilized voltage. 

Two Corning glass color filters were selected» one in 

the yellow-green region of the chromaticity plane» the other in 

the blue-green region. They were equated for total visual trans- 

mission. Their color characteristics weighted for the illumin- 

ant which was used, are as follows in the I.C.I. notation: 

Filter x y T3300°K 

Yellow-Green .386 .559 .384 

Blue-Green .230 .381 .370 

Only a small portion of the distance from the standard to the 

endpoint chromaticities was found necessary to go from 0% to 

100% different judgments* in each direction from the standard. 

The endpoints and range used are illustrated in Figure 4. 

One of each pair of filters was held in the filter holders 

in front of lenses L£ and L3. Thus any additive mixture of the 

two chroma ticities could be projected on each of the two halves 
of the comparison field. 
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SECTION OF MIXTURE 
DIAGRAM ACCORDING TO THE 
I93| I.C.I. STANDARD OBSERVER 

AND COORDINATE SYSTEM 

X .50 

Figure 4 

I.C.I. Plot Showing End-point Chromaticities A and B, 
Standard S and Stimulus Range 



PROCEDURE 

Each of four observers judged tinder four surround 
brightness conditions and by each of the four psychophysical 
methods. A four by four Latin square design resulted in a 
different combination of method and brightness to each observ- 
er, thus balancing possible remaining practice effects and poss- 
ible extraneous influences from session to session« while per- 
mitting the separate treatment of methods effects, brightness 
effects and intersubject differences, using Analysis of Variance. 

The Latin square design is shown in Table I» Observers 
are represented by arable numerals, surround brightnesses by 
Roman numerals, and psychophysical methods by letters. Each 
box represents the combination of observer, method and sur- 
round brightness under which data for the D.L. were collected. 
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TABLE I. 

Four by four Latin square design employed in study- 

ing effects of psychophysical method, surround contrast and 

observer differences upon the difference limen of chromatici- 

ty. 

Surround to Target Contrast 

I II HI IV 
3:1 2:1 1:1 .05:1 

(0 1 A B C D 

I 2 B A D C u 
0) 
in 3 C D B A 

.0 
O 4 D C A B 

A - Method of Constants - "Same or Different" 

B - Method of Constants - "With Direction" 

C - Method of Paired Comparisons 

D - Method of Adjustments 



The order of presentation for subjects 1 to 4 is read 
from left to right in each row* The entire square was repeated 
once to afford an estimate of test-retest reliability« 

The four psychophysical methods were applied as follows: 

METHOD A 
The Method of Constants Stimuli with Judgments 

of "same" or "different" 
The right half of the comparison field was set at a 50% 

mixture of the two chromaticities and used as a standard. The 
variable mixtures were projected on the left half of the com- 
parison field. Ten equal mixture steps along the line connect- 
ing the two initial chromaticities were used, five on each side 
of the standard. Each step was presented 25 times in predeter- 
mined random order, such that all five were presented before 
being repeated. The five on the blue side of the standard were 
not run together with those on the yellow side. Rather, 25 es- 
timates for the five stimuli on one side of the standard were 
completed before exploring the other direction. From subject 
to subject and condition to condition, the blue and yellow series 

were alternately presented first. The instructions to the ob- 
server were as follows: 

"On the screen in front of you, there appears a circu- 
lar colored area, which is split in half. The right half will al- 
ways remain the same. The left half may appear the same as 
the right or different. On each trial judge whether the left half 
appears the same as or different from the right half; say 'same' 
or 'different*.  Between trials fixate a corner of the screen." 

The observed proportions were treated and the D.L. cal- 
culated using Urban*s Constants Process, 
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METHOD B 

The Method of Constants Stimulus Differences 

"with direction" 

The procedure here was the same as for Method A, ex- 

cept that the observer was given a  specific direction in which 

to judge.   Instructions were: 

"On the screen in front of you there appears a circular 
colored area, which is split in half. The right half will always 
remain the same," 

The observer was then shown the 100% mixture in which- 
ever direction, yellow or blue, was to be explored first and he 
identified the direction of change from the standard. He was 
then instructed, "Your task is to estimate oneach trial whether 
the left side is 'more blue1 or'not more blue' than the right. 
Say 'yes* for it is more blue, 'no* for it is not. Between trials 
fixate a corner of the screen." The same instructions were 
used substituting "more yellow" for the other side of the 
standard. 

The data were treated in the same way as were those 

of Method A. 

METHOD C 

The Method of Paired Comparisons with Judgments of 
"Same" or "Different" 

This method differs from that of Constants in that each 

stimulus is compared with every other  stimulus rather than 

with a fixed standard.   Thus, it yields a D.L. over the interval 

between the endpointchromaticities rather than the D.L. around 

a 50% mixture of the endpoints. The same stimulus series was 

used as for the constants methods.   The instructions were: 

"On the screen in front of you there appears a circular 
colored area which is split in half. On each trial judge whether 
the two halves appear the same or different. Say 'same' or 
'different'.  Between trials fixate a corner of the screen," 
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The proportion of "different" estimates for each differ- 

ence step between the comparison chromaticities was fitted to 

the normal ogive using the Constants Process. 
The D.L. was computed as the median chromaticity 

difference. 

METHOD D 

Method of Adjustment 

Here, the observer makes equality matches to a fixed 

standard and the Probable Error about the mean setting is tak- 
en as the D.L.   One hundred matches were made* from start- 
ing points randomly distributed on either side of the standard 

well outside the range of uncertainty. 
The instructions were: 
"On the screen in front of you appears a circular col- 

ored area which is split in half. The right half will always re- 
main the same. The left half will appear different from the 
right on each trial. Your task is to turn the dial on the chair 
arm in front of you until the two halves appear the same. Then, 
hold the dial in that position until the experimenter says 'ready* 
for the next trial. Between trials fixate a corner of the screen," 

The four brightness conditions used are summarized in 
Table II. 
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TABLE II 

Brightness of Screen in foot lamberts measured with 

bulb at 3300°K after one hour burning. 

Condition       Comparison Field     Surround        Contrast Ratio 

I 3.3 f.l. 10 f.l. 3tl 

II 3.3 U. 6.6 f.l. 2:1 

III 3.3 f.l. 3.3 f.l. 1:1 

IV 3.3 f.l. .17 f.l. 1:05 

-72- 



OBSERVERS 

The four observers used in this experiment had pre- 
vious training in psychophysical judgment. Two had received 
this experience as undergraduate psychology majors as well as 
in subsequent laboratory work. The other two» in addition« re- 
ceived training in graduate school. All observers had normal 
color vision as demonstrated on the American Optical Company 
Pseudo-Isochromatic plates* the Double Wedge Anomaloscope, 
and the Farnsworth-Munsell 100 Hue test. 
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TRAINING AND COLLECTION OF DATA 

The following schedule  of observer training was main- 

tained»   The results to be reported were the measures obtain- 

ed in the first and second experimental sessions. 

(a) Preliminary Training: 
Each observer underwent preliminary training 

with different chromaticities in the blue-yellow-green region. 

This served to familiarize him with the general task of color 

discrimination and with the four psychophysical procedures. 

(b) Training Sessions; 

The Latin square was run through once in en- 

tirety« with the four observers,maintaining the arranged order 

and the chromaticities and brightnesses to be used in data 

collection* 

Step sizes were varied until the data fell approximate- 

ly symmetrically about the 50% point and first order reversals 

were eliminated. Where repititions were necessary they were 

made before going on to the next prescribed session. 

(c) First Experimental Sessions; 
The Latin square was followed with one D.L, de- 

termination per day» falling in the morning, with ten minute 

rest periods between each block of 50 observations. 

(d) Retraining: 

After completing the first experimental sessions 

each observer was run through the square collecting one half the 

previous number of estimates per stimulus value. 

(e) Second Experimental Session: 

With a time elapse of four weeks and following 

the retraining, data was gathered from each observer as de- 

scribed for the first experimental session. 
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RESULTS 
The difference limens are tabulated in the Latin square 

form in Table III. This table presents the summary of the 
difference limens for the inspection of the reader. 

The D.L.s are reported in percent mixture of the end- 
point lights. Thus, a limen of 5 would mean that on the average 
a mixture of 5 percent more of one endpoint light and 5 percent 
less of the other than is included in the standard would be re- 
quired to reach the difference threshold in one direction. The 
D.L.is an average of two values, one in each direction from the 
standard, as computed by the Urban Process. 

The D.L.s reported are those of the Urban Process for 
the Constants Methodsand Paired Comparisons. The probable 
Error is reported as the Adjustments measure. 

The Urban Process was chosen because it is the most 
reliable conventional way of handling Constants data. The P.E. 
was also chosen, at this stage, since it is the conventional 
measure in psychophysics. 

Table IV summarizes the analysis of variance. There it 
may be seen that the error term used in all F tests was in- 
dependent of the residual error term (subclass discrepance) 
and permitted an evaluation of interactions. The error term 
used was the within-subclass variance resulting from varia- 
bility between first and second experimental sessions, with all 
other effects removed. The F test formed between subclass 
discrepance (1*13) and within-subclass variance (,56), given in 
row 5, Table IV, tests the significance of interactions over the 
entire Latin square. The significance is reported in the P col- 
umn. The within-subclass variance is of further value since it 
permits an estimate of the relative reproducibility of the D.L. 
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TABLE III 

COMPLETED LATIN SQUARE 

Difference   limens   for   four   Psychophysical Methods. 

The Urban Process is used for Methods A, B and C, and P.E. 

for Method D. 

Background Contrast 

Os. 
I 

3:1 
II           III          IV 

2:1          1:1       .05:1 
Sum X 

1 - 4 

D.L. 1st Exp. 
1    D.L, 2nd Exp. 

Subclass 
Total 

A5.37 
3.22 

8.59 

"B 
3.04 
2.26 

5.30 

C 
5.12 
2.10 

7.22 

1.15 
1.37 

2.52 

23.63 

D.L. let Exp. 
2   D.L. 2nd Exp. 

Subclass 
Total 

B2.08 
1,72 

3,80 

A3.83 
2.18 

6.01 

D1.08 
1.14 

2.22 

C2.03 

3.74 

15.77 

D.L. 1st Exp. 
3   D.L, 2nd Exp. 

Subclass 
Total 

C 
2.12 
2.60 

4.72 

D 
1.73 
1,69 

3.42 

B 
2.37 
2,65 

5.02 

A 
5.16 
4.98 

10.14 

23,30 

D.L. 1st Exp, 
4    D.L. 2nd Exp, 

Subclass 
Total 

D 
1.47 
1.44 

2.91 

C 
2.28 
2.12 

4.40 

A 
2,03 
2.55 

4.58 

B 
1.04 
1.20 

2.24 

14.13 

Sum x I-IV 20.02      19.13      19.04     18.64 

Sum x A -D A29.32  B 16.36  C20.08  °11.07 

A - Method of Constants - "Same or Different" 

B - Method of Constants - "With Direction" 

C - Method of Paired Comparisons 

D - Method of Adjustments 
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Since it represents the variability from one experimental session 
to the next for each observer under the same conditions» it may 
be broken down and an F test performed between the average 
within-subclass variance of each of the four methods* Where a 
level of confidence is reached» we may state that one method is 
significantly more variable from one te sting to the next, than 
another.  This has been done and is reported in Table V. 
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Table Va 
Within-subclass variance of the D.L. over 4 Psychophysical 

Methods. 

Observer 
1 
2 
3 
4 

Total 
Mean 

A B C D 

2.36 .31 4.56 .03 

1.36 .06 .06 .01 

.02 .04 .11 .00 

.13 .01 .01 .00 

3.87 .42 4.74 .04 

.97 .10 1.19 .01 

Table Vb 
Comparison between methods of within-subclass variance. 

A 

B 

C 
F = 

1.24 

-^U28 

95.50** 

10.50* 

—•   118.50** 

**P< .01 *P< .05 



Table VI 

Significance of Differences Between Mean D.L,s# 

A               B C D 

A -—^4.50** 2.62* 4.85** 

B t^^^ ̂ M3 2.55* 

C N=8 (D.L.s) -~^. 2.87* 

**P<.01 *P<.05 

c/1 
Q 
O 
X 
H a 
2 

# No assumption of homogeneity of variance has been 
made in evaluating the t ratio (Snedecor 15, p. 83). 

The analysis of variance yields the following results: 

1«  There are significant differences at better than the 

,01 confidence level between the four psychophysical methods, 

2. There is no significant variation in the D.L. as a 

function of surround brightness over the brightness range ex- 

plored. 
3, Observers differ significantly and consistently in 

the magnitude of their D.L.s over all methods. 

4, There exist no significant interactions between 

methods, illumination levels and observers. That is, by no sig- 

nificant degree did one or more observers benefit from one or 

more light levels, nor did one or more methods show an advan- 

tage when combined with certain light levels and/or observers. 

5. The comparison of within-subclass variance (Table 

V) by F tests between methods yielded the following: 
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Method of paired comparisons (C) showed the greatest 
test-retest variability, but not significantly greater than Method 
of Constants with "same" or "different" estimates (A). Both 
Method of Adjustments (D) and Method of Constants "with dir- 
ections" (B) showed significantly lower test-retest variability 
than-either of the former. Method of Adjustments showed sig- 
nificantly less test-retest variability than did Constants "with 
directions", 

A breakdown of the contribution of each method to the 
difference between methods may be seen in Figure 6 where mean 
D.L.s for each method are plotted, together with standard devia- 
tions. The significance of differences between individual methods 
are shown in Table VI where the t test between mean D.L.s 
has been employed. The methods arrange themselves in the 
following order with respect to magnitude of the D.L.: A >C > 
B >D with mean differences significant except between methods 
B and C. 

In addition to the Urban D.L.s and 1 P.E. Adjustments 
measure» the standard deviations are reported and analyzed in 
the same fashion in Tables VII, VIII, IX and X. For the Con- 
stants data, these are the combined standard deviations of the 
yellow and blue ogives obtained from the Urban h. The Paired 
Comparisons standard deviations were calculated in the same 
way. The Adjustments S.D. is calculated directly from the 
data by the usual formula. 

In Table VII, the S.D.s are tabulated in the Latin square 
form. Table 8 shows the completed analysis of SJD.s accord- 
ing to the same form used in Table 4 for the Urban D.L.s. 
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AVERAGE   D.L.   FOR 
FOUR   OBSERVERS 

I")    First  Session 

• Second Session 
• After Four Weeks 

METHOD 

Figure   6 

Mean Difference Limens for Four Psychophysical 
Methods. 

(D represents the P.E. of Method of Adjustments; D   rep- 
resents the 1.5 standard deviations of Adjustments;   0" 's 
represent the standard deviations of the distribution   of 
judgments underlying each D.L.) 



TABLE VII 

Completed Latin square of standard deviations 

over four Psychophysical Methods, Background 

contrasts on four observers. 

Surround to Target Contrast 

Os. 
I 

3:1 
II 

2:1 
III 
1:1 

IV 
.05:1 

Sum x 
1 -4 

S.D. 1st Exp. 
1   S.D. 2nd Exp. 

Total 

A3.03 
1.80 
4.83 

B1.65 
1.18 
2.83 

c2.34 
1.51 
3.85 

D1.70 
2.03 
3.73 

15.24 

S.D. 1st Exp. 

2   S.D. 2nd Exp. 

Total 

B  .96 
1.82 

2,78 

A1.89 
1.83 

3.72 

D1.60 

1.69 

3.29 

C2.07 

1.96 

4.03 

13.82 

S.D. 1st Exp. 
3   S.D. 2nd Exp. 

Total 

C2.69 
4.18 
6,87 

D2.57 
2.51 
5.08 

B1.42 
1.37 
2.79 

A1.86 
1.89 
3.75 

18.49 

S.D. 1st Exp. 
4   S.D. 2nd Exp, 

Total 
•    i "••    gsasasss r  ' ' i     eaJ 

D2.18 
2.13 
4.31 1 

C2.43 
2.61 
5.04 

A2.02 
1.71 
3.73 

B 
1.30 
1.11 
2.41 

15.49 

Sum x I-IV 18.79    16.67 13.66       13.92 

Sums 

ZxA 

ZXß 

ZTx^, 

Zx D 

16.03 

10.81 

19.79 

16.41 
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The following relations result: 
1. The standard deviations obtained over all methods 

are significantly different at P <.01, 
2. Variations in surround to target contrast produce 

significant differences in the magnitude of the S.D. at P <.05. 

3. Observers do not differ significantly in the magni- 

tude of the S.D. 
4. The pattern of magnitudes of the S.D. show no sig- 

nificant interactions between the three main variables of Method, 
Contrast and Observers. 

5. The breakdown of intra-subclass variance (Table IX) 
reveals no significant differences in the variability of the S.D. 

from one testing to the next between the Constants and Paired 
Comparisons Methods. Method of Adjustments shov/s signifi- 

cantly less variability of the S.D. from one session to the next 

than do each of the other psychophysical methods. 
6. A breakdown of the contributions of each method to 

the differences in magnitude of the S.D. Table X, reveals no 

significant differences between the S.D.s of Constants "Same 

or Different" and of the other methods. Constants "with direc- 
tion" shows significantly smaller S.D.s than do Paired Com- 
parisons and Adjustments. 

7. The order of magnitudes of the standard deviation 
over psychophysical methods are: 

Paired Comparisons > Adjustments > Constants - "Same 
or Different" >Constants - "with direction". ^(Figure 6) 

Since methods A and I» were variations of the Method 

of Constants, yielded similar distributions and were computed 

identically, it is possible to directly compare their psycho- 
metric functions. These are plotted in Figure 5 for each observ- 

er.   These are of the judgments "different". 
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Table IXa 

Within-subclass variance of the standard deviation(as a meas 

ure) over 4 psychophysical methods. 

Method 

A 

Total (4 O'sf.81 .50 1.48       .06 

Table IXb 

Comparison of within-subclass variance of standard deviations 

between methods. 

A 
B 

C 

A B C            D 

-^1.615 1.831     13.117* 
^956       8,122* 

F= ^^^ 24.011** 

*<.05 **<.01 



Table X 

F  Tests between combined standard deviations*    for each of 

four psychophysical methods. 

A 

B 

C 

**P< .01 

*The unbiased estimate of the combined standard devia- 
tion was found as follows: 

A B C D 

1.49 1.42 1.14 
F^        •— —-^2^11** 1.69** 

Ni=8, N2=8 —   1.25 

*2=N1S12 + N2S2
2 

E?~  Ni + N2 - 2 

see J. F. Kenney, (17, p, 126), 



COMPARISON OF METHODS 

Before evaluating the differences in magnitude, precision 

and reproducibility of the D.L.as determined the four different 

ways, the mathematical basis for comparison should be ascer- 

tained. If it were said that the four methods measured the same 

underlying function and did not differ in their sensitivity to it, 

then would the different ways employed to treat the data and 

compute the D.L. produce identical numerical results? Are 

there mathematical factors present in the methods which alone 

would be expected to produce different size D.L.s? 

The two versions of Constants (Methods A and B) would 

be expected to yield comparable measures since they yielded 

similar distributions which were computed identically. 

The psychometric function of Paired Comparisons would 

be expected to yield the same D.L.as that of Constants provided 

one assumption is made - that the function being measured does 

not change over the range of stimuli employed. Paired Com- 

parisons differ from Constants only in that each stimulus in 

the series is used as a standard in turn rather than the use of 
a fixed standard midway in the series. Thus, if the function 

were the same over the stimuli employed, one of each pair of 

stimuli could be equated to the standard of constants and the 

resulting ogive would be expected, from the mathematical stand- 

point, to be identical with the Constants function. Its median 

would be equivalent to the Constants limen in one direction from 

the standard. Further, since stimulus pairs were presented 

randomly on either side of the 50-50 mixture, the D.L. of Pair- 

ed Comparisons would be equivalent to the D.L. of Constants. 
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The Method of Adjustments does not yield a D.L«, but a 
measure of dispersion. Figure 7 shows that the 1 P.E. dis- 
persion measure includes a much smaller stimulus interval 
than do the medians above and below the standard of Method of 
Constants« In Figure 7, a unit normal curve is drawn to repre- 
sent the distribution of matches in Method of Adjustments* with 
standard units on the abscissa and proportions 0 to 1.00 on the 
ordinate« On the same diagram, the relationship to the version 
of Method of Constants used in this experiment is shown« Start- 
ing at 0 standard units» the mean of the normal curve which is 
assumed to fall at the standard S, symmetrical normal ogives 
are drawn to represent the expected distribution of ''different" 
or "more blue", "more yellow" estimates« Since this dis- 
cussion assumes that the two methods measure the same under- 
lying function and do not differ in their sensitivity to it, it is 
reasonable to assume that the ogive will approach 100% "differ- 
ent" judgments at the same stimulus difference at which the ad- 
justments curve approaches 0 frequency of matches. We have 
chosen the plus and minus 3 standard unit points as cut-offs for 
the Adjustments distribution since both distributions sharply 
approach limits at 0 and 1.00 at these points; only .135% of the 
area of the normal curve is thus excluded. We have extended 
the normal ogives symmetrically between 0 (the standard) and 
+ 3 S.D. of the Adjustments curve. A comparison of the 1 P.E. 
and 1 D.L. shows that where 1 P.E. falls at ,6745 S.D. of the 
Adjustments standard scale, the D.L. of Constants falls at 1,5 
S.D. Thus, if we assume a normal curve for Adjustments, sym- 
metrical normal ogives (Phi-Gamma hypotheses) for Constants 
and make the further assumption of 0 and 1.00 cutoffs at + 3 S.D., 
1.5 S.D. for Adjustments is mathematically equivalent to the D. 
L. of our version of Constants, 
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Standard   Units Constants 

100- 

.90- 

3 -2     -1        0      +1       +2   +3-3    -2-1         0+1+2 
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Figure 7 

Theoretical Distributions for Method of Constants 
and Method of Adjustments 



We find, making the above assumptions, that the 1.5 S.O. 
or adjustments is equivalent mathematically to the Paired Com- 
parisons and Constants D.L.s which are equivalent each to the 
other. In the results we have quoted the P.E. (.6745 S.D.) that 
is generally used for Adjustments. If we revise this now to 
1.5 S.D. and test the significance of the difference between com- 
bined measures by the four methods, we find that the 1.5 S.D. 
of Adjustments D* is not significantly different from the method 
A D.L. and is significantly larger than thoee of methods B and 
C, Table XI. If we substitute the 1.5 S.D. values for the D val- 
ues in the analysis of variance, the sums of squares for methods 
differences reduces from 22,17 to 11.81 yielding an F ratio with 
the within-subclass variance of 6.91 which remains significant 
at P< .01. Thus, the remaining differences are significant and 
may be ascribed to other than mathematical differences be- 
tween methods. Figure 6 shows the average D.L. for each of 
the methods with D' representing the 1.5 S.D. values. 
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Table XI 
Significance of Differences Between Mean D.L.s# 1.5 S.D. (D*) 

Values for Method of Adjustments. 

Methods 

A B C D 

A 4.50** 2.62« 1.25 

B t« ^M3 3.98** 

C N=8   2.87* 

**P< .01 *P<,05 

#No assumption of homogeneity of variance was made 
in evaluating the t ratio.  (16» p. 83) 

The above presents a way of relating Constants, Paired 
Comparisons and Adjustments in a mathematically valid fash- 
ion, using the Müller-Urban D.L.,   We may also define differ- 
ential sensitivity in terms of a measure of dispersion as pro- 
posed by Fechner13, Culler15, and Boring18.   A comparison 
of  the standard deviations of the four methods  has been pres- 
ented in Tables VII, VIII, IX and X for this purpose. 



EVALUATION OF RESULTS 

Three criteria may be chosen upon which to evaluate 
the techniques for measuring color discrimination. These are 
(1) the magnitude of the measure - the smaller the value is, it 
may be argued, the closer it approaches the true discrimina- 
tion of the eye, (2) The precision of the judgments from which 
the limen is calculated - considering a single set of data» the 
more widely dispersed the judgments or matches are the less 
precisely can the D.L. be specified. (3) Reproducibility from 
one session to the next; the more precisely a measure can be 
repeated on subsequent occasions, the more reliable it is. In- 
formation on each of the above three points has been obtained 
from the data. 

The differences between Method of Adjustment and Method 
of Constants were analyzed into two parts. First, it was found 
that the difference in magnitude between the D.L, of Constants 
and the dispersion of Adjustments could be related by a con- 
stant of 1.5 S,D. applied to the Adjustments data. Provided 
that the usually accepted assumptions of the shape of the dis- 
tribution yielded by the two methods were valid, it was possible 
to say that the differences in magnitude due to the mathematics 
alone were reconciled. 

It was then possible to set up the hypothesis that the dif- 
ference in instructions between methods would produce no 
difference between the magnitude of the D.L. and of the Adjust- 
ments disper sion measure, This hypothe sis was te stedby apply- 
ing the 1.5 constant to the Adjustments S.D. and testing the 
significance of the difference between that measure and the two 
Constants D.L.s. It was found that the 1,5 S.D. adjustments 
measure was not significantly larger or smaller than the Con- 
stants "same or different" D.L. We, thus,could not reject the 
hypothesis that the instructions produced no difference sin mag- 
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nitude between the two methods. The Adjustments 1.5 S.D. was 
found significantly larger than the Constants "with direction** 
D.L. We, therefore, reject the hypothesis thatthe "with direc- 
tion" instructions produced no difference in magnitude from 
Adjustments instructions and state that such instructions pro- 
duce smaller measures. 

The Adjustments measure, independently of magnitude 
shows significantly smaller variability, thus greater reproduc- 
ibility from one session to the next than the other methods and 
a small standard deviation as compared with those of the other 
methods. 

Paired Comparisons shows significantly smaller D.L.s 
than Constants "same or different" and the 1,5 S.D. Adjust- 
ments D.L. It shows significantly larger standard deviations 
than each of the other methods. Paired Comparisons also shows 
significantly greater variability from one testing to the next 
than Constants "with direction" and Adjustments. It shows 
higher but not significantly higher variability from one session 
to the next than Constants "same or different". 

Constants "same or different" shows the largest D.L.s 
of the four methods. These are significantly larger than those 
of Constants "with direction", "Paired Comparisons" and the 
1 P.E., Adjustments D.L,, but not significantly different from 
the 1.5 S.D. Adjustments D.L. The magnitude of the Constants 
"same or different" standard deviations is not significantly 
different from those of the other three methods. This method 
shows significantly larger variability from one session to the 
next that Constants "with direction" and Adjustments, not sig- 
nificantly larger than Paired Comparisons. 

-84- 



Constants "with direction" shows significantly small- 
er D.L.s than Constants "same or different" and the 1.5 S.D. 
Adjustment but larger than the 1 P,E, Adjustment and not sig- 
nificantly smaller than the Paired Comparisons D.L. This 
method shows significantly smaller standard deviations than 
Paired Comparisons and Adjustments and smaller standard de- 
viations but not significantly smaller than Constants "same or 
different". Constants "with direction" show variability from 
one session to the next which was larger than that of Adjustments 
but significantly smaller than the other methods. 
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CONCLUSIONS 

1. Method of Constants "with direction*1 yields a small- 
er, more reproducible and more precise D.L, than does Con- 
stants "same or different". This difference may be ascribed 
to the difference in instructions* 

2« Method of Adjustment may be analyzed into two source s 
of difference from the other methods in the magnitude of the 
discrimination measure. The first lies in the mathematical 
difference between the P.E. and D.L. which is reconciled by 
using 1.5 S.D. of the Adjustments data as the measure. The 
second source of difference lies in the procedure and instruc- 
tions. 

3. Adjustments (1.5 S.D.) yielded a measure not signif- 
icantly different in magnitude from that of Constants "same 
or different"but significantly larger than Constants "with dir- 
ection". 

4. Paired Comparisons yielded small D.L.s not signifi- 
cantly different in magnitude from those of Constants "with 
direction", but of the lowest precision and reproducibility. 

5. Variation of surround brightness produced no signif- 
icant change in the magnitude of the D.L, over all methods« It 
does produce a significant variation in the standard deviation 
of the judgments. 

6. Method of Adjustments yields significantly more re- 
producible measures of color discrimination than all other 
methods as well as high precision. Constants "with direction" 
shows considerably better results in these respects than do 
Constants "same or different" and Paired Comparisons. 
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