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ABSTRACT

The number of stimulus colors which can be absolutely identified by
normal subjects when viewed against various colorad backgrounds was
investigated, Additive mixtures of light passed through narrow-band and
Il1luminant~C filters were projected onto a viewing screen by a device
which permitted independent control of target and background characteristics.,
The stimulus parameters of hue, luminance, purity, target size, and target
shape were varied, and the effects of such factors as training and the
presence of a distracting task were studied. With target. luminance above
background luminance, about nine hues Plus white, three luminance levels, and
two purity levels, are estimated to be useful for operational coding, if no
more than about 30 of the possible comblnations are included in the set.
Under optimal working conditions and with protracted training, the maximum
size of an identifiable set is estimated to be about 60. Reduction of
target luminance below the luminance of a colored background was found to
make identification very d4ifficult. No slgnificant effect of target shape
was found.
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Technical Director,
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AB3OLUTZ IDZNTIFICATION OF COLOR FOR TARGETS PRESENTED
AGAINST WHITE AlD COLORED BaCKGROUNDS

INTRCDUCTION

The importance of visual coding is enhsnced by the current eluboration of
visual displays, and by the increasing volume of informetion trensmitted by such
displays. GColor is one dimension which cen be used for coding, but its limits are
jmperfectly known. The determination of these limits is therefore a matter of
practical concern,

In the study here reported, the number of colors which can be identified when
presented singly was investigated. Such absolute identification is quite differ-
ent from the compsrative judgment called for when two colors are presented simule
taneously in a classical discrimination experiment, By the latter procedure,
about 150 colors cen be discriminated in the spectrum to the conventional criterion
of 50% accuracy. The number which can be identified to a high level of accuracy
when presented singly is obdviously much smaller,

Practical coding systems currently in use employ relctively few colors.
For railway signal systems it is tiree or four, Whether or not more colors would
be desiruble in such & system, the outdoor environment irposes severe limitations
through color chunges produced by atmospheric haze interacting with distance.
Electricel resistors are coded in 12 surface colors. For this type of applicetion,
limits are imposed, not only by the users! visual capacities, but also by distor-
tions resulting from different types of illuminetion, accumulation of dirt, and
aging. For such reasons these applications are not calculated to exploit the
operators' full potentialities.

The classical literature records a certain amount of work on absolute judg-
ments, liuch of it is with non-visual stimulus materials, but it serves to high-
light the process of establishing a subjective frame of reference in lack of an
external standurd, and to raise the question of the stability of the frame of
reference under the impact of such factors as distraction snd intervals of disuse,

a4 few recent studies ure more directly concerned with the identification of
colors, The most relevant are those by Halsey and Chapanis (1951), Conover (1959},
Conover and Kraeft (1958), and Hanes and Rhozdes {1959). Halsey and Chapanis used
spectral light and concluded that 10 to 12 hues can be discriminated to nearly
100y accuracy. Conover, and Conover and Kraft, used Munsell color patches and
concluded that not more than eight maximally saturated surface colors can be iden-
tified by most subjects, a more realistic figure for operational conditions being
five to seven. (Baeker and Grether, 1954, on the busis of existing literature,
concluded tihat nine is a practical number.) BHanes and Rhoades found that 50 Munsell
¢olors, varying in hue, chromea, and value, could be identified after five months of
practice,

The present study wus designed to investigste the question on a broad basis,
varying stimuli in hue, luminance, and purity, testing the effect of colored back-
grounds, evaluating the eff'ect of training, and comparing performence under
optimal and none-optimal working conditions. Formal experimentation was preceded




by an extensive exploratory period in which procedures were tried out, the apparatus
wag progressively improved, and limits of performence were tested., It was necessary
to decide whether to distribute the available experimental time in a way to gather
limited data on & large mumber of variables or fuller dats on a small number. The
decision favored the broader coverage. The results obteained in this way present a
generally intelligible pattern, and conclusions are based as much on mutuaslly
reinforcing indications in the pattern as on evalustions of particular sets of scores.

APPARATUS

A, General Plan of the Optical System

The subject faced a rear-projection screen on which he viewed & target image
centered in a circular background area about 5 in. in diameter. The tuarget could
be varied in size and shape, Luminance and chromatic characteristics of target
and background could be independently controlled. The general arrangements were
as follows. The target image was obtained by the projection of an aperture of the
desired shape cut in a diaphragm and illuminated from behind., The diaphragm was
& reflecting plate set in the target beam st an angle to allow projection of illum=~
ination from & separate source as background, The background system provided for
the presentation of a light mixture made up of white and any one color component in
any desired ratio. The target system was more flexible, providing for mixtures of
white and three color components,

The detailed plan of the apparstus is shown schematically in Figure l. The
optical elements were arranged on two levels. The lower level (see top view in 1-A}
incorporated the itwo component paths of the background system, originating with
lamps L2 and Lb, and two components of the target system, the white path originting
with lemp Le and one color path originating with lamp L1, The shaded areas in the
figure indicate optical puths of the background system. Lamp Ll was on the main
optical axis, in line with the target aperture T, projection lens PL, and viewing
screen V3. Figure 1-B shows a side view of the main axis and the two remaining
component paths of the target system, originating with lamps L3 znd L4 on the upper
level. In the physical construction the optical components from L3 to R4 inclusive
were aligned at a horizontal angle of about 50° to the direction of the mein axis,

411 optical paths were provided with filter racks FR for narrow-band, Illumin-
ant C, or neutral filters as required. In addition, each of the paths 1, 3, 4 and a
{comprising the target system) included two filter wheels FW in which neutral
filters of gradusted densities were mounted. Rapid chnange of filters was accon-
plished by rotation of the wheels. All paths had neutral wedges W. FPaths with
750-watt lamps were provided with water cells WC faced with heat-absorbing glass.

In operation, & blue target stimulus was produced by light from lamp L1, which
was converged by the double condenser DO, through the water cell WC, a blue filter
in the rack FR, and a neutral filter when required in the wheel FW, to & narrow
beam in the plane of the wedge W; from here the beam diverged through the partial
reflectors Rl and R2 to the single condenser 3C, which converged it agein through
the target aperture T to & narrow beam et the projection lens FlL. The projection
lens wes positioned to produce an image of the target aperture on the viewing
screen VS. Green light proceeded in & corresponding manner from lamp L3 to the
wedge W; from here it was directed by the partial reflector R4 to the second double
condenser DC, which converged it to & narrow bemm at the partial reflector Rl,
where it entered the primary optical axis. HRed light proceeded similarly by way
of the reflector K5 to the partial reflector Rl. Desaturation light from the
lemp La, through an Illuminent ¢ filter in the reck FR, could be added to any mixture
of the color components by way of the partial reflector R2. 4 colored background
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Figure 1. Apparatus, The optical elements are arranged on two levels, A top
view of the lower level is shown in 1-A, with the main optical axis on the line
from lamp L1 to the viewing screen V3. A side view of the main axis and addi-
tional components on the upper level is shown in 1-3, The subject S views the
target-background configuraticn on the rear-projection viewing screen VS. The
target is defined by an aperture in the reflecting plate at T, with an image of
the aperture formed on the screen by the projection lens PL, Light reflected
from the plate at T forms the background on the screen. Color components of
the target light come from lamps L1, L3, and Lk, through selective filters in
the filter racks FR; the desaturation component comes from lamp La through an
I1lwminant C filter. The color component of the background light comes from
lamp 12; the desaturation component comes from lamp Lb. The shaded areas indi-
cate background light paths. Other optical elements are labeled as follows:

DC = double condenser; WC = water cell; FW = filter wheel; W = wedge; R1, B2, R3,
and Rl = partial reflectors; RS = total reflector; SC = single condenser; HS =
hand shutter, K labels knobs used for response signals, (For detailed descrip-
tion see text.)



was produced by light from lamp L2 through a color filter in the rack FR; the
converging beam from the single condenser SC was directed by the reflecting plate
at T to the projection lens FL, which formed the background imege on the screen.
Desaturation light from lamp Lb could be mixed with the colored light st the
partial reflector R3. The hand shutter H3 provided exposure control. The knobs K
were for subjects' responses.

B. Light Sources

The 750-watt projection lemps L1, L2, L3 and L4 were rated at 120 volts, but
were operated at 115 volts from constant-voltage transformers, La and Lb were
500~watt, 120-volt, projection lamps operated at 96 volts through a constant-
voltuge transformer and a variac; this provided Illuminant A color temperature
which was corrected to Illuminant ¢ by appropriate filters mounted in the racks FR.

C. Cooling Svstem

Lamps were mounted in specially designed housings and air cocled with blowers,
Filters and wedges were protected both by the water cells WC in all 750-watt peths
and by small blowers (not shown).

D. Filters end wedgres

The color filters, all but one from the Corning and iratten narrow-band series,
are listed below. For blue it was necessary to chcose a filter with a relatively
broad transmission band (Corning No. 5-60 below) to obtein the maximum luminance
desired. The dominant-wave~length specifications are for light trunsmitted in the
system.

Catalog Dominent Zxcitation
Color Designation wave-Lenpth Purity
Red Corning 2-78 63C up 100%
Orange Wratten 72B 606 100
Yellow Corning 3-110 588 100
G-Yellow Wratten 73 574 100
Y-Green 1 Corning 4-102 552 100
Y-Green 2 Wratten Th 538 96
Green Corning 4-105 521 82
B-Green Corning 4-104 500 92
G-Blue Wratten 75 42 88
Blue Corning 5=60 461 97

The "neutral" filters were partial reflectors of aluminum-coated glass,
These were obtained in graducted steps of reflectance, Their wave-length select-
ivity, while not quite negligible in the higher densities, was very small. They
had the added adventage of low breakage from heat absorption. To minimize
multiple reflections in the system, the denser of the coated filters were mounted
so that normals to their surfaces made a slight engle with the optical axis.

The "neutral” wedges were made from exposed photographic plates. Their
density was considerably more dependent on wave-length than was the case with the
reflecting filters, but less so than with gelatin wedges.

E. Fixed Ref'lectors

Partial reflectors R2 and R3 were uncoated glass platesto permit high transmis-
slon of the colored light. The low reflectance of these plates created no problem
because ample light was available in the desaturation paths. Reflector R5 was
a totally reflecting first-surface mirror. Partial reflectors Rl and R4 were
specially prepared for a 50/50 reflectance/transmittance ratio, with & minimum of
absorption loss. They consisted of line gratings on glass with alternate lines
aluminum coated for full reflectance. There were approximately 50 coated lines
per inch.

4




F. Targets

The target apertures were cut in pieces of hard transparent plastic, which
were then aluminum coated for total reflectunce. Though most of the apertures
were elliptical, to produce round images on the screen, the plastic made it
practicel to cut other shapes, and this was done for one experiment. Edges of the
apertures were beveled to knife-edge sharpness.

G. Viewing Screen and Visuasl Field

The rear-projection viewing screen V3 was a fine~-grained ground glass plate,

H. Head Position

Viewing wes binocular, at 20 inches, with natural pupils. A plywcod screen
with an aperture for the nose and a rectangular eye slot restricted head position
within narrow limits,

I. liegponse Indicators

The knobs K were the controls for operating dial indicators {not shown)
visible to the experimenter, by which a subject could make a silent report. This
device insured independent responses when subjects were serving in pairs.

J. Ambient Lisht

The subject sat in a booth which was flooded with faint bluish light from a
bulb about 32 in. above and 6 in., forward of the eye position. This provided
illuminance of 0.2 ft-¢ on a horizontal surface a little below the eye position,
sufficient for reading large type or meking notes, Interior walls of the booth
were flat bl sk except for an area of white cardboard surrounding the stimulus
field. With the subject in his most relaxed position, the visual angle spanned by
the cardboard was approximetely 40° vertically and 100° horizontally. Luminance
of this area varied from sbout 0.06 ft-L near the laterzl edges to 0.1 fi-L at the
top center where not blocked by the flat black positioning screen. The bleck
screen spanned approximately 30° by 30° in the central region of the light ares,
With the subject in the viewing position (eyes close to the positioning screen),

a dark rectangle 35° high by 23° wide wus seen, flanked by sections of the light
cardboerd approximately the same height but extending lateranlly to approximately
55° on each side. The stimulus was presented within the dark rectangle. With this
arrangement, the effective adaptation luminance of the surrounds was in the
neighborhood of that of the stimulus background.

X. The Photocell

Initially all luminance calibrations were done by visual matching. Later a
Weston Photronic cell (Type 3, Model 594ER) with a Viscor filter was used at the
projection lens. The sensitivity curve of this combination, a&s represented in the
catalogue, approximates the photopic curve of the eye, but shows minor deviations,
As 1t was desired to use the cell with colored lights involving narrow wave-length
regions, a sensitivity curve for the individual cell-filter combination wes obtained
from an electrical testing laboratory. It was then possible to make an approvriate
correction in the calibration wherever the photocell curve deviated from that of
the standard observer.

L. Calibration of Wedge and Filter Transmittance

On each wedge, a transmittence curve was determined for each of the selective
filters used with it, In the background path (path 2) the filters were red, green
and blue (see page 4); in peth 1 they were all of those listed on page 4; in paths
3 and 4 they were the several filters used as primaries for mixtures; end in paths
8 and b they were the Illuminant C filters, 1In each case, the iacbeth illuminometer
was used with a gelatin filter before the standard lamp to provide an approximately
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homochromatic matching situation. With a given wedge, the curves for colors well
separated in spectral locus differed somewhat, but for colors close together the
differences were negligible. In practice, therefore, a small number of curves
representing linited wave-length regions were used.

Step filters were calibrated from the wedges, using the Macbeth illuminometer
as a null indicator. The illuminometer was pre-set, and wedge settings were
obtained which gave matches with and without a step filter in the path. Where
appropriate, transmittances were determined for different colors, again using
gelatin filters before the standard to give homochromatic matches, but the wave-
length selectivity of the neutral filters was very small so it was necessary to do
only red, green and blue in this way., Filter density vwas found to vary slightly as
8 result of interaction with wedge density; therefore, use of the wedge for both
calibration and experimentsl work was limited as much as possible to the mid-section
of the wedge range.

M. Calibration of Luminsance

The visual photometry used for luminance calibrations in the early part of
the study was cumbersome and, in view of the necessity for frequent lamp replace-
ment, inefficient in terms of experimental time., The photoelectric technique
subsequently adopted was successful in minimizing this preblem.

Cutput of the 750-watt lamps used in the color paths was found to incresse for
approximately two hours after instazlletion, then gradually decline. Under con-
ditions of use in the project the average life was over 40 hours, but premature
failure of an occasional lamp made routine replacement st about 30 hours advisable,
Calibration was done during the initial warm-up period, which gave a value somewhat
greater than would have been obtained at the mid-point of the pericd of use.
Judging from typlcal output curves, and check measurements made during use, lumin-
ance output remeained constant within plus or minus 7% of the calibration value over
the life of the lamp. When the initial calibretion value for a new bulb differed
by more than plus or minus 2% from that of the bulb it replaced, wedge settings
used for luminance control were adjusted accordingly. In the regular routine, all
of the lamps in the color paths were changed at the same time, so their fatigue
curves were usually in phase, and errors in the mixture computations produced by
decline in output were minimized.

Because tihe 500-watt lamps used in the dessturation pnths were operszted much
below their rated voltege, they lasted several times as long &s the lamps in the
color paths, and their output changed very slowly., They were checked regularly and
replaced at approximately $0-hour intervals, Their output values were within plus
or minus 2% of calibration values.

1. Visual Calibration

Visual calibration dats were used only with subject ZG, and all of the
visual metches entering into the celibrations were done by this individual. The
first step was to establish a wedge setting in the background path 2 which gave
2.5 ft=L of luminence on the screen when no color filter wes used, This wes done
with the Macbeth illuminometer. The next step was to match the luminances of the
target paths 1, 3, and 4, using blue, green and red color filters, respectively,
to the luminance of path 2 by flicker photometry. This wes done by means of &
plastic sectored disc, aluminum-~coated to make it a first-surfacc mirror, which was
rotated in the plane of the target aperture by & variasble-speed motor. The viewing
screen was masked to a 1/2-in. circular area, end the flicker-photometric judgments
vere made from the subject's viewing position 20 in. from the screen, The wedge
settings determined for paths 1, 3, and 4 in this way were not the finel calibration
values, but were used in the next step. For the next step, the blue, green and red
color filters were put in path 2 in turn end the luminances homochromatically
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matched against those of paths 1, 3, and 4 respectively. This gave path-2 wedge
settings for emci of the three colors, 4s a Purther step, the luminance of each
target path wes metched by flicker photometry with thet of each of the non-
corresponding colors in path 2, This gave severul wedge settings for each of the
paths 1, 3, and &4 (including the original setting against white), a8ll correspond-
ing to the reference luminance of 2.5 ft-L., The mean of the several settings

for each puth was tuken ss the cslibrution value. In all ceses, the mean was
within 9% of esch of the empirical values on which it wes based. Final celibration
values for the colors in path 2 were then esteblished by homochrometically matching
the luminances in that path, with blue, green, and red filters in place, with those
producod by the mean settings in paths 1, 3, and 4 respectively.

Path a, with an Illuminant C filter in place, was calibrated by matching its
lumirence by flicker photometry to thet of path 2 with no color filter, and path b
wes then homochromatically mateched with path a.

2., Photoelectric Calibration

The Photreonic cell was used in connection with a micreammeter, the scale
of which had been calibrated for luminance with Illuminant-C light sz measured by
visual photometry. Uhen cclorsd light wes measured with the coll, corrcctions for
differences between the sensitivity curve of the cell and the curve of the standard
observer wers made as follows, Ior the bandwidth passed by the filter, tns relative
sensitivity of the cell was multiplied by the relative transmittance cof the filter
a6t 5 mmu intervals, and the products summated. 4 similar process was carried out
using the curve for the standard observer instead of the naoctocell curve. The ratio
of the two sums geve the correction fector which was ap.lied to the measured value
for the filter.

N. Calibration of VWave-Length

Dominant wave-lengths and excitation purities associated with the filters were
computed from the spectral distribution curves of the lamps, the transmittance curve
of' the heat-absorbing glaess, and the transmittance curves of the filters. The
menufacturer's cclor-temperature specification for the 750-watt lamps operated et
115 volts was 3200°K, For the dominant-wave-length computation, 2243°K wes used,
&5 the best approximetion in the available tables. Transmitiance curves for the
filters and the heat-absorbing glass wers determined with a Beckman spectrophoto-
weter. Trichromatic coefficients were computed by the weighted ordinate method,
using 1C mmu intervals, and dominant wave-length and purity were obtained grephic-
ally from the ICI chromsticity diagram. For mixtures, the desired points were
located on the diagram and the proportions of the components then computed by
formula.

SUBJECTS

Subjects fell inte the fcllowing three categories:

(1) Cne female research assistant (Z0). Most of the exploratory work
was done with this subject and she continued to serve through the formal experiments.

(2) A "sophisticated" category consisting of two female staff members,
ihree male graduate assistants, and one male undergraduate.

(3) 4 "naive" category consisting of five male undergraduates. Eight
individuals started in this category but three dropped out before completing
initial training. 7
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41l subjects had normzl coler vision on the Ishihera and american Optical Co.
tests, and normal near-vision acuity with or without correction.

GENERsL PRCCEDURE &sND DESIGN

A, Training and Heview

A4ll subjects were given extended training with the basic set of 28 stimuli,
to be described below, prosented on & 0.5-ft-L wiite background. Initisally, &
learning criterion of 100% correct identifications on successive days wes held to.
Prectical consideraticns forced tne ecceotence of a lesser criterion in a few in-
dividual cases, For one of these (subjeet DL, Zxp. 1) the finel score was 9l%
correct over the lust two days; in all octhers a finzl level of 9847 was attcined,

A refresher run, consisting of one presentation of tie busic stimulus set,
followed by a review of errors, was civen in the firsit »ericd of each week of ex-
L & .
perimenteation, except as noted below, for xveriment 1.

B. Testing woutine

In the weekly routine {except for Exveriment 1)} a subject ordinarily had one
to three experimentnl veriods per duy for four successive days, The taree day
weck-end was lef't c¢lear for calibrution checks. In Experiment 1, subjects ordi-
narily haed one exverimental periocdé ver dzy for five successive days. an exveri-
mentul period usually included one run, consisting of o single presentution of &ll
tne stimuli in & set. In the later exveriwents, one tc three runs were given,
depending upon conditjons, “henever scnedules ullowed, subjects were run in
pairs, 48 euch stimulus wes nresented the two individuals observed it in turn,
and responded independently. Zxperimentul periods lested from aoproximztely 40
to 70 minutes, tihe exact time varying cs & function of such fuetors &as numter of
subjects, number of stimuli in the series, and difficulty level of the tosting
conditions,

In most experiments, 0.5-in. circular turgets wvere used, subtending 1° 26!
of viswal angle, Jubjects were asked to identifly the stimulus with resnect to
et.ch dimension in which it wes varied, Hues were desisnated by code numbers,
progressing in sequence through the spectrum, starting with red. Thus in &
series including & range of hues and luminances (but one level of purity), & red
stimulus at 10 ft-L wuas reported as "No., 1 st 10." This mzde unnecessary an
extensive list ol code nuumbers, with its attendant risk of memory errors,

At the beginning of a sesszion, subjecis were sested in the isolation booth
and allowed to dark adapt for five or more minutes while the experimenter prepared
the apparatus, dets sheets, and stimulus guide curds. The guide cards carried
the apparatus settings for the stimulus conditions, and these were snufiled
before euch run to provide a random order of vpresentaticn, Yiith the shutter
occluding the projection lens, the experimenter set up the first stimulus. He
then gave the recdy signal cond opened the sautter. Iunediately after the sub-
ject's response the experimenter closed the shutter, entered his record, and
prepared the next stimulus. ¥o time limit was imposed, but subjects were cou-
tioned to aveld excessive delay. Resnonse times veried widely, with an esti-
mated modal value of approximately 10 seconds. Intervuls between stimuli were
30-60 seconds.
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puring training the stendurd procedure wes to review errors at the end of
each run, after criterion wus aclievad and the subjects were participating in .
&n exceriment tihey were not informed of errors except after refresher runs. The
subjects did have internzl feedback, nowever, and were awaere that an experimental
run included one presentation of eech stimulus in a set. Theref'ore they were
instructed to make an independent judgment on euch item.

C. Design

In the designs for individual cXoveriments, it was found impraciical to in-
clude all combinations of variables or to provide lor extended treining under a
sin;le set of conditions, In most cases, experiments were plamned to evaluate the
effect of one variable under a sampling of secondary conditions; target size, for
exemple, wus tested at selected combinations of tarpget vurity and background purity.

In lack of substential training under the specific conditions, some learning
could cccur in the course of un experiment. For this reuson, conditions within
an experiment were generslly arranged to procecd from least to most difficult.
Subject to this restriction, counterbalanced series were used when ovrectical.

Lxperiment 1, the most complex und in some respects the most systematic of
tne experiments, waes done with one »resentation of the stimulus seot for most sub-
Jects under most conditions, and conditions progressed from targets of maximum
purity on a white background (easy) to targets of ninimum nurity on beckerounds of
meximum purity (difficult).

In later experiments, which were lisble to more disturbances such as irregu-
larity of schedules, an attempt was made to include two presentations per condition,
and greater use was made of counterbalanced designs.

Toward the end of the program, scheduling beceme an increasing problem and e
round of' more or less fragmentary testing was done on variables not previously
covered.

THE DATA RECORDS

The main performence deta are in terms of errors, but in Experiment 4 time
scores were also recorded. The data are presented in tables and graphs, with
the gravhs showing selected features of the results. The curves in the graphs
were fitted by inspection.

The unit for testing was the stimulus set, usually containing 28 items. The
sel was presented one or more times under esch exverimental condition, the number
of presentations (or "runs") being indicated in the tables. The per cent errors
are therefore based on the total number of test items for each condition, usually
a multiple of 28. An occasional set, averaping not more than one per table, is
incomvlete; these cases are not identified unless the miscing items in a set
exceed two. Scores for combined individuals or combined experimental conditions
(identified a® "pooled" scores in the tables), designate the total errors in the
combined distributions as a percentage of the total items.



In most experiments the designs were incomplete, and the omissions are in-
dicated by dashes in the tables., Certain sets of data, e.g., for trials in a
learning sequence, are not reported in detail.

Total errors are used throughout except where otherwise specified, For a
set of stimuli differing, for example, in hue and luminance, total errors can bs
broken down into those involving hue only, luminance only, and mixed. The break-
down is used in special cases, e.g., for the detailed analysis of hue; it should
be noted that in this case the "hue" and "mixed" categories are combined to include
all errors involving hue.

EXPERIMENTS

A, Preliminery

The main body of experimentation presented below was nreceded by & long period
of exploratory work with the subject ZC. During this period =& number of sets of
stimuli which differed with respect to the number of chromatic and luminence steps
vwere tested with various combinations of target and background purities. The af-
fects of such variables as stimulus size, ambient light, and stimulus/background
luminance ratio were probed, and the effect of training was investigated.

A primary goal was the determination of & set of stimuli, varied in hue and
luminance, which approached the maximum mumber absclutely identifiable within the
dimensional limits adopted. For the background, a luminance of 0.5 ft-L was chosen,
as a valus in the range encountered in operational devices and one which made it
possible for the apparatus to provide & considerable spread of stimulus luminances
brighter than the ground. The latter ranged from one to 100 ft-L (i.e., from twice
to 200 times the background luminance)., Reducing target luminance to 0.75 fi-L
was found to produce a definite incresse in errors,

The problem of determining hue steps was approached by a methed of succeasively
splitting stimulus intervals, For example, starting with red, blue, and green
primaries, a stimulus falling between red and green and one falling between green
and blue were added. On the basis of test scores obtained, asdditional stimuli were
interpolated and some intervals adjusted, end the set was tested again. This pro-
cess was continued until adjacent stimuli were on the borderline of confusability
throughout the set.

During this period it was found that purple stimuli posed special problems re=-
lated to chromatic aberration, and a&lso that stimulus purity was of limited useful«
ness as a criterjon for identification. Furthermore, it was found that maximum
performance could be attained only by & large investment of training time. For
these reasons the qualified goal was adopted of establishing a set, including hues
of high purity and white, varying primarily in hue and luminance, which would not
be the maximum attainable, but which could be learned with reasonsble rapidity to a

falr level of stsbility. This would constitute the basic set for the investigation
ef other varisbles, The dimension of stimulus purity, and purple as a possible
stimulus hue, were deferred to a later stage in the program.

The stimuli used during the greater part of the exploratory work consisted of
mixtures of primaries, With these it was found that the maximum useful number was
about 10 (including white). But the use of mixtures was cumbersome in the experi-
mental routine, requiring a great deal of preparatory work and imposing an exacting
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tagk on the experimenter. In an sttempt to increase efficiency, attention was
directed toward the problem of approximating with single filters the distribution
of hues previously arrived at. From this effort, the hues for the basic set used
in the formal experimentation to be described vere developed,

The "basic set" in its final form consisted of 10 colors at each of twe lumi-
nance levels, plus eight of these at a third luminance level, for a total of 28,
The colors were white and nine others determined by the single filters listed in
Section II-D above (the Wratten 74 being omitted)., For reporting and recording in
the experimental routine, identification numbers were assigned in spectral order as
follows: #l = R, #2 = 0, #3 = Y, #4 = GY, #5 = YG, #6 = G, #7 = BG, #8 = GB, #9 =
B, #10 = W. The three luminance levels of 1, 10, and 100 ft-L were retained.
Yellow-green was excessively confused with ed jacent stimuli at 100 ft-L, presumably
because of saturation loss, blue-green could not be obtained at this level; these
twe combinations were therefore not used.

Error distribution on the basic set obtained in this way by single filters was
slightly less uniform than with the mixture colors, and it was also found to vary
somewhat between subjects.

A "reduced set" of 18 stimuli, which consisted of the basic set with the 10-
ft-L eliminaeted, was used in certsin instances when the full conmplement was not
required,

When the set was at maximum purity, each of the nine hues was at the maximum
its filter would produce - five at 100%, and four ranging from 82 to 97% (see table
in Section II-D). When at "90%" purity, G eand GB were at their maxima, 82 and 88%
respectively, while the others were desaturated to 90%. At lower purities, all
hues were desaturated to the gpecified value,

B. Experiment 1 . Color Properties of Targets
1. Problem

The purpose of Experiment 1 was to determine the effect of variation in
target purity, background color, and background purity, on the identification of a
set of colored targets which had been learned under fixed conditions of these variables
(meximum terget purity, white background). Tests done on *he throe grouze of oube
Jects differed in detail, but were treated as parts of & single experiment because
of their common goal.

2. Subjects

The three groups of subjects corresponded to the cotegories described in
the general section above,

(1) Group 1 consisted of ZC only.

(2) Group 2 included the female steff member FG, two male graduate asgis-
tants DL and PL, and the male undergraduste GB, from the “sophisticated” category.

(3) Group 3 included the five male undergraduates £D, DG, LH, DM and RT.
5+ Variables

Target purities were 10%, 20%, 30%, 50%, 70%, "90%", and maximum; back-
greund colors were red, green, blue, and white; background purities were 0% (white),
205, 255, 60%, 75, and maximum,
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4, Design
The three groups were tested under somewhat different circumstances.

For the subject ZC, the Experiment 1 runs wers interspersed to some extent
with other more exploratory tests. She received two runs on most conditions, the
two being counterbalanced with respect to sequence of trials,

The subjects of Group 2 were assigned to scattered spots within the matrix of
Experiment 1 conditions, with the goal of obtaining & broad coverage with a minimum
expenditure of individual time, Ag a further economy, the reduced stimulus set,
from which the middle luminance level had been eliminated, wcs used. Subjects who
remained evailable after their coriginal assignments had been completed were used to
i1l gaps and augment scanty data. In most instances one run per condition was
given.

Group % wes used to test seversl varisbles in & single more comprehensive design
with the full stimulus set, In this design, two sub-groups were given alternate
steps of target purity, except that all had maximum purity. Subjects had one run
under most conditions. Seqguence was from minimum to meximum difficulty.

Se Procedure

Subject ZC hed received extensive previcus practice. All others were
trained to ihe standard criterion of 100% or nesrly 100% correct on two successive
days before formul experimentation started. The usual schedule for a subject cone
sisted of one period per day, including one or two runs per condition, for five days
a week instead of four days &as in later exvperiments.

The refresher run was given to the subjects of Groups 1 and 2 cccasicnelly, on
request, and to the subjects of Group 3 regularly &t the beginning of a week.

Other features of procedure were as outlined in the generzl section above.
6. Results

Results in terms of per cent errors for the three groups of subjecis appear
in Tables 1, 2, and 3 {in the Appendix). Each score is based on all of the runs
pooled for the particular condition.

Figures 2, 3, and 4 show per cent errors as a function of target purity for
each background purity level. Examination of the tables and individuel plots in-
dicated no systematic differences in general level associated with background hue.
Therefore data for the background hues were pcoled at each purlty, and the scores
derived in this way were plotted. Scores for separate background hues are shown as
the scattering of individual points ebout each pooled data point.

For white backgrounds, the primery curves (solid lines) are based on data ob-
tained in the regular runs ss with other beackgrounds.  Additional deta were avail-
eble for targets of maximum purity on white backgrounds from the interpolated re-
fresher runs. As these typically came after intervals of inactivity, errors on
them were a little high., All scores for meximum target purities on white back-
grounds were pooled, and the dotted branches of the curves were drawn to represent
these values, It is possible that the dotted curves provide the more valid basis
of comparison with scores on other btackgrounds, because all backgrounds except white
were unfemiliar when tested, and were therefore &t a relative disadventape as com-
pared with white in its reguler sexperimental run.
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The general pattern is gquite similar for all grou}s. As target purity de-
creases (from r.ght to left) errors increase in & positively accelerated manner,
This trend obtains for ell levels of bacgreound purity. There is some tendency for
the groups of subjects to differ slightly in general level of errors, with Group 1
lowest and Group 2 highest.

General error level increases also as background purity incresses. In this
connection, it is necessary to take cognizance of the fact that targets ordinarily
were presented first on a white background, then on colored backgrounds of increasing
purity. The oppeortunity for additional learning as the series progressed may have
introduced s slight bias, making errors on the white background appear reletively
too high.

For white background, error scores rise slowly as target purity decreases from
maximum to something less than 40% (right to left on the graphs), and then rise more
rapidly. One effect of incressed background purity is to initiste the more rapid
rise of errors et higher target purities (farther toward the right in the graphs).

Though background color had little effect on mean scores for complete stimulus
sets, some effects can be observed on individual stimuli. In Figure 5, per cent
errors ares shown by identification colors. These date are samples, for a variety
of conditions, from results obtained with Group 3 subjects. All hue errors (both
hue alone and hue and luminance mixed) are included in the counts, and data points
represent pooled results for all subjects serving under the specified conditions.
Two types of error patterns are shown; points joined by the broken line represent
stimulus errors, i.e., stimuli incorrectly identified; points connected by solid
lines indicate response errors, i.e., the incorrect responses given. Though colors
on the abscissa do not constitute an interval scale, line graphs were plotted in-
stead of column diagrams because they give a better picture of the relation between
the error patterns. The data points for white targets were not joined to the curves
because they do not fall on the spectral continuum.

Graph 5-C shows an exceptionally clear exsmple of the effect of background hue,
and may be used to clarify the two types of errors being considered. At its simplest,
classical induction theory would predict that the effect of a green background is
equivalent to the addition of a red {(purple) component to the stimulus, The results
in Graph 5-C suggest that this does occur., The stimulil in the ¥G to O region were
difficult to identify corrcetly, while the red was alwuys identified correctly.

The response "red," howev r, was used incorrectly a pgreat deal as were ine responses
through GY (solid line). The similerity of the two petterns, with the response
error pattern shifted toward the red, suggests that perceptually the effect of the
green background was to shift the apparent colors of the stimuli toward red.

In genersal, although the total error level is gquite similar for sll background
hues, it may be seen that the different hues do result in different patterns of
errors, and patterns tend to fall in line with classical inductiocon theory. It can
be judged from the data, moreover, (though the selected graphs of Fig, 5 do not
happen to illustrate it) that the effects of background hue tend to be more clesrly
reflected in error patterns as target purity is decreansed or as buckground vurity is
increased,

Zrrors by target luminance level were analyzed for Group 3. In peneral the

lower luminances were judged less accurately. “Jhen examined in relstion to purity
of buckground, & systematic relation appeared; with backgrounds of 20% purity, the
error difference between luminance levels was not significent by Friedmen's test.

With backgrounds of 60% purity it was significant at the 0.02 level, and with back-
grounds of maximum purity it was significant at the 0.0l level, The 100-ft-L
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level was at some sdvantage from the elimination of two hues, but this did not
result in significantly fewer errors with the 20% backgrounds, It appears that
the targets of low luminance suffered relatively more from induction when back-
ground purity was increased.

A further aspect of the results deserves comment. Examination of individual
data records suggested the operation of some kind of order effect operating to re-
duce errors in the later part of & run. accordingly the data obtained from Group
3 were selected for further study. The 29 trials were divided into serial quarters,
and errors made in each guarter were computed. With all data pooled, the errors
for successive quarters were found to be 21%, 16%, 14%, and 11%. The same pattern
was found to obtain for the several subdivisions of the data, The reduction in
errors could be attributed to simple elimination if (1) an sxternal set of standard
stimuli had been available for matching, and {2) the subjects had feedback on their
performanca, In the present situastion, only an internal frame of reference and
internal feedback were available. Subjective reports suggested that a process of
reestablisning the freme of reference for the run was carried through during the
early trials, It seems probable that this vlayed a larger part in the regression
of errors than did simple elimination.

C. IExperiment 2 = Training
1. Problem

In the first experiment, conditions over a considerable range of difficulty
had been tested, but with a small number of runs per condition, end with systematic
training only on the relatively easy condition of tergets of high purity on a white
background. This resulted in relatively poor scores for the more difficult condi-
tione. The primary goal of Experiment 2 was to obtain information about the effect
of further training on additional conditions for which initial performance had been
relatively poor. The investigation of treining was not intended to be exhaustive.
For practical reasons the more limited plan was adopted of obtaining evidence on
the effect of a moderate degree of training, and probing the limits of difficulty
for which training could compensate, 4 secondary goal was to evaluate the effect of
a ¢ontinucusly visible reference standurd consisting of Munsell chips.

2. Subjects

Four subjects from Category 2 participated. Of these, DL and FL had
experience in Experiment l; the others (a female siaff member CD and the male grad-
uate assistant JH) were given at least 35 practice runs with the basic stimulus set
on & white baclground, This was well beyond the amount necessary to meet the
criterion of 100% correct on two successive days.

5. Variables

Three target purity levels were used, 30%, 50%, and maximum; and three
backgrounds, red at 50%, red st maximum, and white. The two new subjects worked
with the reference standard of Munsell chips.

4, Design

All subjects were trained with targets of 50% and maximum purity on all
three backgrounds. Subjects DL and PL were trained also with targets of 30% purity
on all backgrounds,

5. Procedure

General training procedure, with a review of errors after each run, was
standard, but a fixed criterion for termination of practice on a particular exper-
imental condition was not held to. The decision to terminate was made for a given
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subject in the context of problems at the moment end in light of the general trend
of hls scores under the condition in question. In most cases, however, the subjects
passed through the primary lemrning phase and obtained perfect or near-perfect
scores before termination. )

6. Kesults

Figure 6 shows per cent errors as a function of number of practice runs.
The curves represent ebout half the data, selected to show both individual differ-
ences and effect of experimental conditions.

All subjects had previously received practice well beyond the primary training
criterion. The phase of initiel learning was therefore wall past, and the curves
of Figure 6 reflect only supplementary learning as new conditions were introduced.
With few exceptions, error scores for a new condition started relatively high and
then declined, This was true even of the relatively difficult condition of
desaturated targets on backgrounds of meximum purity, Problems of scheduling
resulted in substantial interruptions of training in some instances, Delays in
number of days for these cases are indicated on the graphs. It can be observed
that such a delay was usually followed by & high error score. The curves for
subject DL in Graphs 6-B and 6-C were plotted through 10 trials only, though train-
ing extended beyond that. With targets of 50% purity on backgrounds of maximum
purity (6-B), DL was terminated on the twelfth run when he had attained a perfect
score. With targets of meximum purity on backgrounds of 50% purity (6«C), he was
continued through 20 runs, with a somewhat irreguler but generzlly low error level
on the last 10 runs, and & terminal scors of approximately 2%.

Comparison of the curves of CD and JH who used the reference standard with
those of DL and PL who did not suggests that the stendard was of no help in stimulus
identificetion. Reports from the subjects supported this interpretation,

D. Experiment 3 -~ Target Size
l. Problenm

The problem in Experiment 3 was to determine the effect of target size
upon identifiecation of colors.

2. Subjects

The subjects were ZC {(Category 1), with extensive previous prectice, and
CD (Category 2), with experience in Experiment 2.

3. Variables

Four target sizes were used, cirecles 0,06, 0.12, C.50,and 2.0 in. in
diameter, Viewed at 20 in,, these subtended visual angles of avproximately 107,
21", 1°26' and 5°44',respective1y. These targets, at 50%, 70%, and meximum purity,
were presented on red backgrounds of 20% and EO% purity and on white.

4. Design

An incomplete design counterbalanced for serial position was used. Data
were obtained from both subjects with 0.06- and 2.0-in. targets; the other two
sizes were split between the subjects. Both subjects had all combinations of target
and background purity.

5. Procedure
Procedure was standard as previously outlined.
6. Results

Per cent errors are shown in Table 4 (see Appendix) and Figure 7. The
pPlotted data points represent the several target purity levels, with subjects
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pooled. The curves represent the general trend with both subjects and purity levels
pocled. Frobably because of the subjects' extensive experience, error levels were
fairly similar for most conditions of target and background purity; the most deviant
condition was targets of 50% purity on backgrounds of 60% purity, for which errors
tended to be a little high. In relation to target size the two subjects showed
somewhat different patterns, but so far as the three grephs of pooled data permit

& generalization, errors were least in the range from 0.12 to somewhere above 0.50 in.
The 0.06-in. targets (1C') were of & size generally found to meke color identifi-
cation more difficult, and the 2.0-in, targets transcended the fovea and therefore
presented & non-homogeneous appearance.

E. Experiment 4 - Distraction
1. Problem

The problem was to determine the effect of a moderately demanding
distraction task upon the subjects' ability to carry out the primary task of color
identification.

2. Subjects
Two experienced subjects from Category 2, DL and JH, participated.
5. Variables

Targets of 50% and meximum purity were presented on red backgrounds of
20% and 60% purity and on white. The distracting task was simple mental arithmetic;
sub jects were asked to perform continuous verbal multiplication of numbers from
10 to0 20 by numbers from 2 to 9.

4, Design

Scores were obtained from both subjects with and without distraction at
all combinations of target and background purity.

5. Procedure

Preliminary to the experiment, subjects were given several runs with
targets of maximum purity on & white background to familiarize them with the task
and operating procedure. 8tandard routine was used for presenting targets.

The procedure for distraction was as follows. Immediately prior to opening
the shutter, the experimenter gave the subject & two-number multiplication problem
es his starting point. The number was chosen at random from the ranges indicated
above. The subject began to multiply aloud, the experimenter opened the shutter,
and the subject continued his multiplication, teking numbers in serial order, until
he identified the color and the experimenter closed the shutter. In addition to
the subject's identification report, his response time to the nearest second wes
recorded,

é. Results

Per cent errors and response times appear in Table 5 (see Appendix).
Figure 8 shows per cent errors as a function of background purity, for the two
target purities separately, with distraction as the parameter. Response time is
plotted similarly in Figure 9, The data points are based on individuals, the
curves on the two subjects pooled, There were no statistically significant differ-
ences assignable to either target purity or backpground purity, which probably
reflects, as in the preceding experiment, the extensive previous practics,

Distraction produced a significant impairment of both error and time scores
(by Friedmen's X2 test), the effect on the former being relatively small, on the
latter, relatively large. Errors made in the multiplication %task were not recorded.
A few impressions, however, should be noted. The sub jects were prone to multipli-

cation errors of a type to suggest that the two tasks were mutually interfering,
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The experimenter’s impression from the response patterns, furthermore, was that the
subjects alternated sttention from task to task, with a tendency to automatize
multiplication while attending to target identification. The small effect of
distraction on identification errors, therefore, may have resulted from the tendency
to assign priority to accuracy of identification at the expenre of multiplication.

F. Experiment 5 - Target Shape
l, Problem

In Experiment 5 the problem was to compare color identificetion of
circular and line targets of equal area.

2. Subjects

Two subjects, ZC from Category 1 and CD from Category 2, participated,.

3. Variables

The targets were a circle 0.25 in, (43') in diamster and & 0,06~ by
0.78-in. (10' by 2°14') line equated to the circle in ares. Targei puritiec were
5Chy 50%, and maximum. Beckgrounds were red at 20% and 60% purities, and white,

L4, Design

All 18 combinations of varisbles were used with both subjects in a
counterbalanced design,

5. Procedure
Standard procedure for stimulus presentation was followed,
6. EResults

Scores appear in Table 6 (see Appendix) and Figure 10. The latter shows
per cent error as a function of target purity for each of the backgrounds. Data
points represent individuals; the curves are based on the two subjects pooled, the
broken line for circular targets, the solid line for line targets.

The only consistent effect of shape is the slightly lower errors for line
targets than for circulaer targets at 30% purity. Induction from a colored back-
ground might be expected to affect the line targeti more than the circle, as all
points on the former are relatively close to & boundary. This could be expected to
increase errors, especially at low target ssturation. OQur data for 30% purity show
the contrary effect. Though too limited to be conclusive, the data at least
suggest that, with equal area, the narrow targets were at no disadvantage,

A comparison is possible between these results and those for the same subjects
in Experiment > on target size. By appropriate interpolation, we can match 0.25-in.
circular targets at the pooled purities of 50% and maximum in Experiment 3 with the
same conditions in Experiment 5. For these conditions agreement is good, the
estimated error level in EZxperiment 3 being 7.5% and in Experiment 5, 5.6%. We
can therefore accept the comparisons within either experiment with more confidence,
We cen also infer that, relative to the 0.06~in. round target of Experiment 3, &
17-f'old Increase in area, at the higher purities, produces about the same improve=
ment in errors regardless of shape.

SUPPLEMENTARY TESTS

In addition to the reaults of the more formsl experiments sbove, limited data
were gathered on a number of additional variables.
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A, A Third Stimulus Dimension

It wes mentioned previously that, in the develooment of the basic set,
target purity had been found to be of little help as a stimulus dimension and was
therefore temporerily omitted. Later in the program the feasibility of increasing
the number of stimuli in the set by the use of purity was again considered.

A triel and error attzck was mede on the problem, This required a considerable
time investment and resulted in substantizl ¢larification, but was not conducted on
& sufficiently regular schedule to justify reporting the scores in detail, To ap~
proximate tihe rznge »resumed to be attainable in the typical operational system,
purities were limited to 70% and below.

The two female subjects, ZC and CL, were first civen practice on an extended
set walch included tae basic set, with wiite omitted, at 50, and 704 purities, for
& totul of 50 itemws. These werc nresented on & white background. For initisl
truining the set was broken down by luminance levels into three separate sets,
anc the subjects ~ere ziven four training runs on cuch. Sixteen stimuli were
eliminuted at tals point on the busis of relative frecusncy of confusion. The
remcining %4 stinmuli were tien combined into a single set and presented in seven
practice runs. Learning took place slowly during tnis oeriod, with a drop in
errors from aubout 185 to T&.

To widen the differences in the puriiy dimension a new set was constructed
by revlucing the 50% purities with their 30% equivalents, Wita this set, errors
dropped in two proctiee runs from 5% to 2%, Three new 30% stimuli were then added
to tne set znd two more nractice runs given. Both subjects achieved 100% correct
identificatione on the last run. The finel set of 37 included the 25 of the basic
wev (white omitted) at 70 purity, plus the followins at 30% purity: R, Y, YG and
86 et 1 ft-L; O, GY, B¢ and B at 10 ft-L; R, GY, G and GB at 100 ft-L.

In these tests, white was omitted to economize time, &nd beczuse the two
sub jects ZC and CD had oreviously scored 100% on targets of 30% purity, with e
white target included, on a white background, 1itn less extensive practice, or
wits celored backgrounds, some confusion between the 30% purities and wiite could
be expected.

In swmmary, the results indicate that, with well practiced subjects, purity
can be uged to & limited extent as a dimension for coding, at least with white
backsrounds. The implication for colored backgrounds will be considered in the
Discussion.

B. Size of Stimulus Set

During the exploratory phase of the study a quesiion arose s to the relation
between stimulus range (length of set) and size of intervals between absolutely
identifiable stimuli. Fragmentary data suggested, for example, that more colors
could be identified in the red to green vart of the spectrum when the totul renge
of colors was limited to this regionm,

To test tinis point, the 10 colors of the basic set were augnented by the
addition of eight colors, and wes then split inte two sub-sets of nine items each,
one ranging from R to YG and the other from G to B with white added.

lwo subjects, JH and CD, were given seven or eight practice runs with each
sub-set separately, at maximum target purity, at 10 ft-L, on & wiite background.
The two sub-sets were then cowbined and two of the supplementary stimuli deleted,
one because of high errors and the other becuuse it ceme at the end of the first
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sub-set, and, with the two combined, would have doublse its oripinel confusion
potential.  The subjects were then given nine practice runs with the combined
set.

at the end of initial truining with the sub-sets, the error score wes 10%
for sub-sets and subjects pooled. On the first run with the combined set, errors
jumped to 30%, though on a per item basis the tssk chould have been easier because
of the deletions. This tended to confirm the hypothesis that increasing size of
the sot incresses difficulty in local regions. On the last run with the combined
set, however, errors were reduced to 6%, indicating that the adverse effect of the
enlarged set could be compensated for by additional training.

a furtner implication of these results is tnat, with extended training, the
number of absolutely identifiable hues might be in the neighborhoed of 15, This is
in contrust to the nine hues (white excluded) of our basic set, but it will be re-
called that the basic set was developed for use with a limited investment in
training.

G. High Background Luminance

The three target luminances used in tne main cxperiments, 1, 10, and 100 ft-L
(providing target/buckground ratios of 2/1, 20/1, und 200/1 against the background
luminence of 0.5 ft-L) had been established in the sarly exploratory work with ZC.
At that time, data were gathered with & 0.75-ft-L target on a 0,5-ft-L background
(ratio 1.5/1}. When the background was white, reduction in target luminance from
1 to 0.75 ft-L had no effect on errors. With colored beckgrounds, however, there
was some increase in errors. It was desirable to explore the effect of furtier
decreasing target/background ratio wnd tihereby bring ing luminance contrust more ef-
Tectively into play slong with color contrast,

For this purpose, & linited amount of duta was gatinered for & sampling of
experinental conditions with three subjects, CD, JH and DL. Targets of 70% and
maximum purity were used in combinztion with red backgrounds of maximum purity.
Target luminance wes set st 10 ft-L, and baeckground luminence was incressed to 1c,
20, and 3C ft-L, producing terget/background ratios of 1/1, 1/2 and 1/5.

cxperimental conditions were suvlit between two of the subjects; &ll were
presented to the third subject. Two to nine runs were given per subject per
condition, with stendard target-presentation procedure.

Hesults were charccterized by wide individusl differences, with JH snowing
much lover error scores timn the other two subjects. With targets of maximum
purity, error levels for the group of subjects on the first two runs siowved a
central tendency of approximately 40% for all background luminances. The targets
of 70% purity were used only with the 10- and 20-ft-L backgrounds, and vroduced
initial error levels of 45% and 60% respectively.

Practice through nine runs produced little improvement for targets of maximum
purity on the 50-ft-l. background, the terminal error level being aprroximately
0%, Practice through four runs pvroduced somewhat more improvement for targets
of maximum purity on the 10-ft-L background, the terminal error level being
approximately 20%,

For compariscn, it can be noted thet in experiment 2, with target/b&ckground
luninance ratios of 2/1, the condition of maximum purity in both components pro-
duced initial and final error scores of approximately 20% and 8% resvectively.

In summary, it appears that performance deteriorates as the target/background
luminence ratio drops below 2/1. The deterioration becomes marked as the ratio
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goes below 1/1, especially if color induction is pr:sent, end in this rezion
practice becomes correspondingly less nelpful.

D. Delay Intervals

The effect of short interruptions of the exnerimentsl routine was vointed
cut in Experiment 2, In a number of cases oprortunity was nrovided for checking
the effect of intervals ranging from avnrorimetely 2 to 21 wesks. Comparative
scorcs for these cases for turgets of meximum purity against & wiaite beckground,
are listed below. The pre-delay scores are ticse which the subject attzined on
his lest run under tie svecified conditions before delay, The dslay interval is
counted from the date of that score, but the subjeet mey huve had up to five days
of further prectice under other conditiona.

Subjects £, DM, LH, DG an¢ BT constituted the original Category 3. nach
returned for a recall test after summer vecation. Subject ED returned twice,
once after 52 days and the second time after en udditional interval of Q0 days.
The 52-day test provided ihe prs-delay score for the %0-dey interval; this pre-
delay score was unique, however, because it was obtuined from & single isclated
test, whereas &ll other vre-delay scores were obtuined toward the end of & sub-
stantial block of testing. Data for the 142-duy interval, during wiich only this
one review occurred, are therefore shown for subject ED in purentheses.

Sub iect Pre-Lelay Post«lelay
220080% score Intervsl acore

% errors (days} ((o errors)
FG 7 12 14
FL 11 19 C
FG 4 21 18
ED 0 52 18
ED 18 Q0 12
PL 0 121 6
DM 0 134 7
LH 0 142 28
(gg) (8) (iﬁ;) (1§)
BT 0 145 25

The scores reflect a pood dexl of varisbility, but indiccte better nerformsnce
on the average after extended delays then might have been vredicted from the dis-
ruption cuused by short delays during training, and supgest that an occasionel re-
view might suffice to insure retention.

E. Ambient Light

Conceivably, in the operational situstion there mey be a demand for the in-
terpreter to carry on tasks involving resding snd writing., The use of "normel"
room lighting, however, razises new problems, Cereful arrencement and snielding of
light sources mey avoid those problems arising from illuminence on the screen. &
primary considerution, then, is the effzet of the subject's state of visual adaptation.

In the exploratory work with ZC, limited tests were run with ambient light at
& low "normel" room level. These date suggested that the resulting stute of
adaptation wes somewhat unfavereble., A solution for the problem would be to keep
ambient light down to & level just sufficient to permit the carrying on of tasks
demanding slightly more than minimal acuity.
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A small study of the problem wus sccomplished with one subject, FG. Error
scores were obtained on 0.50~ and 0.06-in. circular targets st several combinations
of target and background purity. The subject acted as her own control and was
tested with standard illuminance of 0,2 ft-¢ on & surface near the eye position,
and also with 2 ft-c.

The results indicated no significant differences in error sssignable to
embient light within the limits tests,.

F. Purples

Non-spsctral hues (nurples) were found to be of limited usefulness irn the
besic plan of the study, becsuse aberration produced chromatic rings which afforded
additional cues. an effort to solve this problem with lenses was unsuccessful.

A smell-scale test was run in which purples with dominant wave-lengths of 500 n p
and 565 m p, &t approximately 90% purity, were presented in & set with blue and
red. Accurscy of identification was 100%, Subjects said they were judging by
color, not by aberration rings, but this could not be objectively demonstrated,
Aside from the question of cues, it seems possible that one or two purples in
addition to those tested could be added with appropriate training.

G. Ref'erence Standard

In Lxperiment 2 it was noted that the subjects CD and JH had available a
reference standard made up of 9 Munsell hue chips. These had been selected on the
basis of visual comparison with the 9 hues of the basic set at 10 ft-L and maximm
purity. Exact metches were impossible; +the chips, therefore, were chosen to
provide a parallel, but not an identical, sequence of stimuli.

These subjects, who had not participated in Experiment 1, were given their
training routine in preparation for Zxperiment 2. It required 10 to 14 runs for a
subject to attain the criterion of approximately 100% accuracy on two successive
days, but CD and JH were given additional training runs for a total of 35. During
this process, as well as in the experiment proper, CD and JH used the reference
standard, They were instructed that the standard was to be used as an aid to,
rather than a means of avoiding, learning.

The resultant learning curves were nct noticeably different from those of
the Experiment 1 subjects. Conflicking impressions were reported by the indivi-
duals. One subject thought the stendard may have helped a little in the early
stages of learning, but not after that. The other regarded it as more of & hin-
derance than a help at any stage.

DISCUSSION

The absolute identification of a stimulus involves a procesa different from
that used in a comparison judgment of two stimuli. In comparing the two halves
of a photometric field, for example, the eye functions as a null indicetor, and is
capable of relatively high precision; as an absoclute indicator, it is known to be
much less efficient. In the present study, identification of colors was found to
be of limited accuracy as expected.

Inefficiency might menifest itself not only in low accurascy, but also in poor
stebility. Evidence for poor stability could take the form of liability to
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disturbence from cther activities, and poor retention over intervels of disuse,
Various observations in the present study were consistent with this charscteriza-
tion. In the experimental routine, it was found advisable to include a refresher
run from time to time, and the data of Lxperiment 2 show a rise in errors after
shert delay intervals, When a distracting task was imposed, time for identifice-
tion judgments showed & marked increase.

Though the project as a wiole did not constitute a unified training study,
the sum totzl of training was extensive for subject ZC, and substantial for most
of the others. It was possible to conclude from the records that learning is a
mé jor factor in absolute judgments. imong the relevant cues were (1) the impor-
tance of training when a maximum set of stimuli was being initially sought; (2)
the fact that Z0, with the most experience under a variety of conditions, got the
best scores in sxperiment 1; (3) the Tinding that conditions which proved diffi-
cult when first presented to a practised subject could be mastered with training;
and (4) the experimenter's impression that performence tended to improve in all
respects, including stability, with extended practice,

Whetever the neurclogicsl basis for it may be, the internzl standard of re-
ference is a helpful construct. For & comparison judgment, the standzrd of
reference is external and independent of what happens in the organism. For an
absolute. judgment it is internal, and sophisticeted subjscts cen observe the pro-
cess of reestablishing the standard during the early triasls of an experimental
period, When two small stimulus sets wre combined into = larger set, as they
were in one of our tests, the temporary loss in accuracy cun be thought of as
resulting from a disturbance of the existing standard, end recovery as resulting
from the establisning of a new stindard. It would seem to follow that vagaries
of judgment should be reduced if an externul stendsrd is provided. This did not
happen in Experiment 2, where an externzl standerd proved to be of little help
either in preliminary training or in the sxperiment proper. In that instance,
however, the Munsell chips were not much more than an analogue for the set of
stinulus colors, and the results hardly justify a prediction for & standard well
mutched to the test stimuli.

The besic stimulus set wos developed as & compromise when it became apparent
that an exbaustive search for the maximum set would be too time consuming. The
basic set at maximum purity on & white background could be learned in 10 to 14
runs. At this level of learning, conditions which tended to attenuate the colors
resulted in poor scores, but it was found thet subjects could learn to identify
tarpets of purities as low as 0%, presented on colored backgrounds of purities as
high as 50%, with only & moderate amount of additional practice, Learning could
be pushed to still more difficult conditions, but at the cost of more extensive
practice. Analysis of stimulus and response errors (Figure 5) and sub jects!
comwents and reports suggests that the process of adjusting to the induction
produced by colored backgrounds consists, in effect, of learning to attach the
same set of responses to slightly different sets of colors.

The basic stimulus set contained nine hues plus white, These are comperable
in number to the nine colors conservatively estimated ;iven by Conover and Kraft
(1958) as available for coding and the 10 hues indicated by Helsey and Chapanis
(1951). Neither of these studies included relative luminance nor stimulus purity
as an independently controlled color dimension; furthermore, neither considered
the effect of extended practice.
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In the present study the three luminances in the range of 1 to 100 ft-L were
identified with satisfactory accuracy., An easily discriminable step above 100 ‘
would come to several hundred ft-L; this would be undesirable both because of the
adverse effect of glare on discrimination of stimuli at lower levels, and because
of the difficulty of attaining such a luminsnce in an operationael system,

Turning to the lower end of the luminance range, alimiting condition is the
ratio of target to background luminance. OQur l-ft-L targets were twice the back-
ground luminance. In the exploratory phase of the study & target/luminance ratio
of 1.5/1 was found to be more difficult than 2/1 with colored backgrounds, and in
the later suvplementary tests with 10-ft-L targets and varying backgrounds, reducing
the ratio below 1/1 produced a rapid rise in errors. Assuming the barrier of
background luminance, then, the target-luminance range could not readily be extended
at elther end, and the approximately equal confusion at 10 -fi-L with 1 and 100 ft-L
indicated that the 10-ft-L level made & reasonable division of the total range.

In testing the purity dimension, 70% wes the highest level included, as more
likely then meximum purity to be epprosched by an operational system, Only two
steps of purity were found to be definitely usable, (Inclusion of maximum purity
would, at & minimum, have required considerable additicnal training.)

Assuming these limits for number of luminence and purity steps, we can estimate
& maximum stimulus set for a thoroughly trained subject under optimum conditions,
The basic set provides 28 stimuli. It was found that, with the basic set at T0%
purity, against a white background, four colors could be added at 30% purity for each
of the three luminances, This gave 12 new stimuli, increasing the set to 40.
(At low purity levels fewer hues can be used because conf'ufions increase, It should
also be mentioned that 30% purity is on the verge of confusion with white, and 50%
is not sufficiently distinguishable from 70%. Forty per cent, which had not been
included in our experimental designs, would probably be better than either.) In
the test for size of stimulus set, six new hues were interspersed among the original
nine, for a total of 15. If we add three purples, goinpg one beyond the two
actually tested, the figure becomes 18, and white makes 19. This compares with
the 10 items (nine hues plus white) on which the basic set was built., We saw
above that expansion of the basic set in the purity dimension gave an estimated
total of 40 items. One way to predict the size of the maximum set is to increase
40 in the ratio of 19/10, which gives 76, But this estimate makes no allowance
for new confusions which are likely to occur when new colors sare added, therefore
it should be considered an upper limit not likely to be atteined. We have for
comparison the finding of Hanes and Rhoades (1959) thet 50 Munsell colors could be
identified after five months of training, If we teke this as a lower limit, =
"best guess" would give us & figure between 50 end 76, perhaps 60, for the number
of items in the maximum set that could be identified ageinst & white backpground
by thoroughly trained subjects under optimum conditions, assuming no more than
three luminance and two purity steps, and an upper target-purity limit of 70%.

There remains the question of colored backgrounds.  Assuming & background of
a particuler color at not over 50% purity, the estimate would not be radically
changed, for the following reasons, Results of Experiment 2 showed thet, after
training to criterion with a white background, additional training would produce
a8 good or nearly as good performance with s colored background. For example,
for targets of 50% purity on a background of 50% purity, errors dropped to zero
quite rapidly (see Figure 6, Graph D), The stimuli look different with a colored
background, and slightly different selections of stimulue colors might be optimal
for different backgrounds, but the results here reported sugpest that the task is
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not much more difficult with a beckground of intermedlate purity than with white,
It seems proboble thet, if initial training had been with a colored buckground,
edditional training would have been required to bring performance with a white
background up to criterion, In light of these considerations, it seems recsonable
to infer that the maximum number would be not much smaller for backgrounds of
purities up to 50% than for white. For use agoinst interchangeable backgrounds of
any color, since the stimuli look different on different backgrounds, a given sti=-
mulus set would undoubtedly require still further training, and the maximum number
would probably be still smaller.

For an operational set, the pructical size would depend in part on how much
training could be given in the particular situation. Qur originel set of 28,
about nalf of the hypothetical meximum, might be reusonable for target purities at
70%, colored backgrounds at not more than 50%, fairly extensive training, no ex-
cessive work load on the operstor, end a small allowance for variability in the
display system. Identifiability could probubly be maximized by setting alternate
hues in the spectral sequence et purities of 70% end L40%; odjacent hues would then
be differentiated in purity also, and the size of the set would remain unchanged.
The safety margin could be increased by reducing the set, by elimination either of
alternste hues or the intermediste luminencs level. Moving in the other direction,
$f it should be desirable to increase the size of the set, two nurples at the tarse
luminances, for & total of six new items, night be the least confusing addition.

As a further step, scattered intermediete hues, with purities stagrered so that
ad jacent hues were always differentimted in two resnvects, could be added.

Two hypothetical examples of the application of color ceding to a distunce
scale are given below. It is assumed that information about the distance of ob-
jects in the field is provided by some appropriute sensor (e.p., radur). It is
assumed, furthermore, that a color cede will be leurned most reudily and used with
the least chance of error if the colors progress in their spectrel order ulong the
coded dimension, The first example is bzsed on two primories, and the five code
colors, at maximum purity, are from the basic stimulus set used in this study.

The numerical vulues for the primeries specify vroportional parts of unit luminance.

TWO PRIMsRIES

Red, x = 0.7095, y ~ 0.2905 Green, x - 0,2203, y - 0.7481
(Corning 2-78) (Wratten 74)
Point on
Distence Primary
Color Dimension Red Green
R 1 .99 .0l
0 2 .71 «29
Y 3 A9 5l
GY 4 30 .70
G 5 .01 99

Luminance could be used as & multiplicetion key in conjunction with five colors
such es the above to code & considerable range of distances. For examnle, the
coleors at 1 f4-L might be used to code one-mile intervals within the first five
miles, at 10 ft-L, five-mile intervals up to 25 miles, end at 100 fit-L, 25 nile
intervales up to 125 miles.
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As 8 second example, & more extensive code might be based on three primsries.
The colors here ayuin are from our basic set, but at two levels of reduced purity.

THREE PRIMARIES

Red, x - 0.7095, y - 0.2905 Green, x - 0,1268, y - 0.7313
(Corning 2.78) (Corning 4.105)
Blue, x - 0.1482, y - 0.0404
{Corning 5-60)

Color Point on Color Point on

Purity Distance Primary Purity Distance Primary

Hue 55 Dimension R G B Hue (%) Dimension R G B

R 70 1 6 .22 .02 G 70 11 02 .98 -
R 30 2 A7 49 04 G 30 12 .11 .87 .02
0 70 3 L1 .38 .01 BG 70 13 -— .98 .02
0 30 4 A2 54 o4 BG 30 14 .10 .86 .04
Y 70 5 A4 55 L0l GB 70 15 - .94 .06
Y 30 6 36 61,03 GB 30 16 14 .80 .06
GY 70 7 31,68 .01 B 70 17 .20 .50 .30
GY 30 8 .29 .68 .03 B 30 18 26 6L 10
YG 70 9 A6 .84 o P 70 19 L1 .34 .05
YG 30 10 21 76 .03 P 30 20 .33 64 03

With this set also the luminsnce levels could be uced as & multiplication key. An
clternctive, if large runge is not a primary goal, would be to include the luminance
level steps in the codins continuum. One vrogression, for example, might be as
follows:

R 704 1 ft-L
R 704 10 ft-L
R 70% 100 fi-L
R 30% 1 ft-L
R 306 10 ft-L
R 30% 100 f4-L
0 70% 1 ft-L

~ OV P\ O

Other »roblems can be illustrated with color coding fer infre-red. A con~
ceptually simple conversion from near infra-red (800-1400 m mp) to visible (400-
700 m mp) raciation would be one involving a straightforward point-to-point relation.
The relative distribution of energy in the infra-red from a target complex being
sconned would be reproduced as a relative distribution of energy in the visible
renge. This might be mccomplished, for example, by meens of three selective
sensors with sensitivities in the low, middle, and high regions of the infra-red
spectrum. Each of these would control phosphors with meximum radiation in the
corresronding regions of the visible spectrum, i.e., the phosphors chosen for the
visual »rimeries. Preetically, this system would be quite demending in technique.
Dominant weve-length (hue) is a complex non-lineer function of relative energies
from the chosen primaries, and at best the point-towpocint transformation indicated
above would imply & complex conversion from infra-red output to phosphor output.

Further probtlems arise when visual display factors are considered, Displays
would presumably appeer as complex schemetic or pictorial representations, with
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Juxtaposed and perheps overlapping images of target objects. Color discrimination
in the more common sence of simultanecus comparison would be available to the
operator for tarpget separation, but the sbsclute identification of colors would

be affected adversely by induction and afterimages as the display wes scanned.

Assuping that the above type of wave-length trensformaiion could be satis—
factorily accomvlished, the resultant visual effect would not necessarily be ade-
guate, If, for exzmple, two types of target object had similar (but not identicel)
distributions of radiant cnerpy, the visuml separation of the display color symbols
mipht not be sufficient for identification. In view of these consideraticns, a
wore efficient approach might be to empiricully code critical objects and materimls
by absolutely identifiable colors. Then colors which were visually well separated
could be assigned to objects wiich showed only small differences in energy dis-
tribution, if that arrangement proved advantageous,

To minimize the effects of induction and afterimeges, marked disparities in
luminence level betwesn different elements of the display should be avoided.
This would limit the use of luminance as & coding dimension. In the atsence of
luminence variation, the purity dimension would be helpful in increasing the
number of colors in & set. 4 practical set, for exemple, might be the nine ori-
ginal hues used in this study, plus purple and white, at the mexinum available
purity (presumably in the neighborhood of 70%), plus five hues in alternate posi-
tions around the spectrum et the reduced purity of 40%, for z total of 16, To
compensate for reduced purity, the luminance of the 40% elements might be made
noticeably higher than that of the 70% elements, the luminance increment being
&d justed to provide some enheancement of the low-purity elements, but not to contri-
bute appreciubly to the adverse effect of afterimages or induction.
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CONCLUSIONS

There are probzbly 50 to 7C colors varying in e, purity, and luminance
in the range between 2 and 200 times the background lumirance, which can be
identified absolutely with extensive training under laboratory conditions.

There are approximately 30 colors usabtle in an operational system, assuming
moderate training and reasonably favorable working conditions,

Tdentification of 28 colors at maximum purity, varying in hue, and in
luminance in the above range, against a white background, can be learmed in 10
to 1L practice runs through the set.

Such factors as colered backgrounds and reduced target purity increase the
difficulty of identification,

After targets at maximum purity against a white background have been learned,
targets at no less than 50% purity combined with colored backgrounds of no more
than 50% purity can be learned with a moderate amount of additional practice,

More severe conditions require extensive training,

About 10 hues (with white) are likely to be usable in an operational set,
3 luminances, and 2 purity levels (other than zero purity), though only about
half of the possible combinations can be safely used without excessive training,

Background purity interacts with target luminance, high purity producing
increased errors at the lower luminances,

Colored targets at luminances below that of a colored background cannot be
identified with satisfactory accuracy,

Target size in the range from 0,12 in, (217 of visual angle) to somewhere
above 0,5 in, (5° L') is not a significant factor, tut a decrease in diameter of
round targets from 0,12 in, (21') to 0,06 in, (10') impairs identification,

Conditions which appear to interfere with the subjective
] reference standard
such as distracting tasks, lapse of time, and increase in the number of items
tested in a set, tend to impair color identification,

-
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