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I. FPRELIMINARY DISCUSSTON

4, THE PROBLEM

Will the épeed and aéburacy of controls seiéctionlbe improved
by the addition of color coding ‘toila'b'e'ls9 or by substitution of |
color coding for labels? | .

Ten years ago, ﬁhen the first textbook in the field of human
factors enginéering'wanpublished (12), authors Chapanis, Garner
and Morgén appeafed qﬁite certain that color would indeed improve
th;”distinguishabilitjkmf controlsal "Painting different controls
different qoiorsvis anothef obvious way of;making controls disfin—
guishable®, they wrote. |

' Inherent in that stateﬁent,»hcwever, was the fact that it con=
stituted an hypothesis; not a-écientifically proven prihciple of
ps&chophysicso Aware of the_hypoéhetiéal nature of their postﬁlate,
they added this cémmentoh WDespite the fact that coldr'coding would
be an obvious édvantage, tﬁere hasvbeen relativeiy little research on
the problem, and'relatiVelj 1itt1e_use has been made of color ced=-
"ing of controls. . - o Only systematic reseérch on this problem, how=-
ever, can tell us how to usé»color coding of controls most effectively.®

Also writing of the problem in 1949, Stellar (41) postulated

“Controls should be made as distinctive as possible". He cites



the early work of Weitz (45) and oomments,

Although these results clearly show that shape -and oolor cod==
ing or shape alone help reduce confusion errors when the pos=
itions of controls are interchanged, it should be pointed out that

- further work on this problem is necessary....Further work must be
done on the use of size coding and the use of shape and color code
ing on controls other than levers..e. where the overall efficiency
of the operator can be measured with and without the benefit of
coding, 4 »

Ten years later if is still true that relatively littlé use has

Abeen made of color codlng controlsg The control panels of the elect-
ronics field, the motor vehicle field, the aircraft field and now the
mlss1le,f1eld remain generally monochromatic as to controls codlng¢

While color has been introduced for aeéthetic effect into auto-

mobile dashboards, with matching steering wheels and seat covers, color
has not been used to particularly imgrore the ‘discriminability of conw
trols &

. Ten years later it-also is true that relatively 1ittle re-

_search on the color cod1ng problem has been accompllsheda -While ime
. portant amounts of human factors research time has been 1nvested in an-
thropometrics, in the 1eg1b111ty of dials and radar scopes, in symbolic
and pictorial diSplays, in controls knobs, switches, handwheels, cranks,
levers, footpedals, covers'and?cases,,as well as in factors of ambient
environment, hazards and safety, there are to date perhaps less than ten
studies reéorted in the literature which déal directly with the basic
problems of color ooding oohtrols and indicators@ SubseQuent.sections
of this paper will offer review and comment on the few studies found

to have been concerned with those- problems ¢
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B. INDICES THAT COLOR COULD ‘BE PARAMOUNT IN CONTROLS AND INDICATOR

CODING

.  Studies of.{hé_psychophysicé:bf vision may be said_by neW to
, havé rather firmly‘ésfabliShed sevefai fundamental human capabili»r
ties as tébcoior pefcaﬁtion9 A review of the literature reveals
considerable agreemenf on certain basic data pertinént to cdlor
cpding problems. |
| For'ex_ample, persons with eolor=noﬁna1 vision can distinguish
a very large number 6f différeﬁt_eqlors,'recognizing-quite subtle
vafiationS'dn three levels, namély hue, brightness and sa;;i:urafion0
Judd (28):rep6rts ®about 10 million surface colors can 59 distin-.
guishedvby’the normal humaniéye under optimum observing conditions
o o o perhaps half a million considered to be commercially-differa
enf;“~ » | ‘ ' ]
. Boring, Langfeld and Weldlﬁg) indicate some SO0,000'diffefent ,

coior$ can be»distinguished by the human eye, Maerz and Paul (33)

list 7000 colors in their Dictionary of Color, Kelly and Judd (29),
using thé ISCC»NBS method of designating colors, hévevnamed\7500 :
colors’in_their Bureaﬁ of Standards Circular No. 553

While recognizing the marked spread of these statistics, there
is no doubt that coior perception‘fbr fﬁé normal human eye has
"great ranges of discriminability, Furthermore, studies pf menory
for color, (25) and (11), have demohstrated that subjects with

normal color vision can be trained to distinguish and identify



colofs from'mémary with higﬁ deérees of éﬁcuracyo

At least two studies, (19‘) and (43), offer evidence that color
- used as a cue for discrimination of controls produces 31gn1flcant1y
faster RT than cues of form, s1ze, or brlghtnesse

Research r?ported in this paper presents evidence that controls
using polychromaticyoodiﬁg érbdu@e significantly faster selection
Rfs than controls using monochromatie«labels only.

In summary, 1t seems clear that the capablllty of the normal
human eye to recognlze and dlstlngvlsh differences in color, ine ‘
cluding the varlatlonsiof hueg brlghtness and saturation, 1s'a para=
mount capability whigh can be‘of prime imeftance to human factors ‘
engineering. It is also clear that the usefulness of this capa-
biiity has yet to be fully reéégnized‘and thoroughly studied, In
fact, the area of color coding is perhaps.oné of the poorest
studied‘in human factors researche

It is likely that a good deal of the resistance to color'cbdiﬁg
visual diéplayé‘has stemmed from the difficulties inherent in con-
trolling fronf illumination of aircraft pilotéi cockpits. At night,
~ with his. requirements to tékéaoff‘, fly end land as efficiently and

'sé.fely as during the day, the pilot'ne‘eds control paﬁel illumination
- of the lowest 1ével consistent with legibilityo‘ |

Howeﬁer, there is little reason to condemn all othef controls
-and indicator panels to monochr&ﬁatic designs_mgrely because of the
pilot's special problem. Indeed, éboard aircraft having multi=-

membered crews, there is no need to treat all control stations as
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being similar in limitations to the pilét's cockpit@.iihe'navigator,'
the engineer, the radio operator, as well as the bombardier, perform
Atheir resPeotive functions by use of instruments only, have no operanv
tional need for daylight or windows., Théir stations can be arti-
ficiallyrlighted and held under steady-state controlled illumination
without impairing in any way their operational duties, |

Qﬁce the designer's attention moves from 2ircraft to the hun-
dreds of other_fields wherein the yisual_disPlay is a standard item, .
it should be obvious that the special limitations of the pilot's
eookﬁit aré ﬁo%,presento Thus,'in any situation which pefmits panel
'ilimmination to be contrélled, and cogtrolled 1ighting'is possible
' iﬁ the great'majority'of situations, color coding of coﬁtrbls and
indicators can be undertaken without fear of color distertion due to
lighting changes.,

At this point in the development of human factors engineering,
it is true that:the body of validated data oﬁ:color coding is small,
incoﬁplete, and beset with ancillary'ﬁrObiemskof vision and percep=-
tion also in need of further research.

But there are now on record probably enough indepéndently coﬁ«
‘ducted étﬁdies.of controls and indicator color coding to reveal more
than a trend or inclinatién favoring the use of color as a coding
method, The data established by the major studies reviewed in this
paper are sufficiently firm to permit the following prognositication

to be made:

Color-codihg may be thé'superior method for coding controls and



6

indicators, both as to speed and accuraéy of discriminability, for the

majority of instrumentation in the ma jority of:visual display applic-

ations.,

C. SOME STUDIES RELATED TO THE’PROBLEM

1. USAF Published Data

a. The Aero Medical iaboratory Reports

A human factors engineer reviewing the literature to evalugte
the effectiveness of color as a codiﬁg device for'visuai displays
will discover contradictory feportsgr |

If he turns to the file of research published by Wright Air.
Development Center Aero Medical I@Borafony he will note,; for ex-
ample, that WADC TR 55-472 (38) and WADC TR 86-226 (B) both report
color coding was found inferior to other types of coding. Again in
WADC TR 53-221 (26) and WADC TR 55-471 (15) he will find sizable
lists of reasons why color coding is disadvantagéous. V

Yihen he reviews publiéations of the Air Force Ballistic
Missile Division, such as AFBM EXhibit‘57=8A (1) and the weighty
tomes of the Air Research and Development CommandgiARDCM 80-5 (3}
and 80-6 (4); he may not find much greater enlightenment., Missiles
‘engineers concerned with human factors are advised to use AFBM
'EXhibit'57~8A‘virtﬁally as a "Bible®., Thus, thé color coding of o
contfpls_currently permitted in the huge USAF missile program is

zgenerally restricted to the requirements of a few s?arse para=
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graphs léying down color coding paféﬁeters, An examination of those
paragraphs, therefore, becomes particularly,pertiﬁent to the problem
under investigation. For instance, AFBM Exhibit 57-8A, paragraph

3.1.2, Control Coding, reads:

Common coding methods will be used when available. The appli-
cability" (advantages and disadvantages) of each coding method will
be determined in accordance w1th Table IITI, pp. 32-33 WADC TR
56-172 (18)..

3o1:252 The five most common methods of codlng are: Location,
Shape, Size, Labeling, Color.

3610202:5 Color Coding. Presently, no standard color code for
missile controls exists, If color coding is selected as a cod=-

- ing scheme for controls, the integrating authority will insure
uniform application of the.code throughout the system. In gen-
eral only four colors (in addition to the customary black or gray
control color) will be used for control coding: red, green, amber
(yellow), and white, Additional colors should be used only if
necessary and should be selected fromt hose 1lsted in WADC IR

' 54»160 (8); po 96,

Referring to WADC TR 56-172 (18), as required above, onewill
finds

. 2.3,6 Color Codings Color coding is most effective when a
specific meaning can be attached to the color {(eogs red for
danger). The color of the control depends largely upon the col-
or of the illuminant; controls will reflect their own colors
only if illuminated by a white light. 4s intensity of illume
ination is reduced, the color of the control changes and is grad=-
ually lost. Hence, for color coding, at least a moderate amount of
- white light must be used, In general, color should not be used as

the primary method for coding controls, it is effective when comsi
‘bined with other methods,

In general; only five colors should be used: red, orange, yel=-
“low, green, blue.

Even under ideal conditions, an operator has difficulty in using
effectlvely more than 10 or 12 colors., He can recognize many more
but is limited primarily by his ability to attach a name to each.#

The asterisk refeis the reader of WADC TR 56-172 +to the 1949

volume of Chapanis, Garher, and Morgan (12), as well as to WADC TR



53=221v(26) which also refers back to this same volume for authority
for thaf statexﬁentoj
Aﬁvexéminatiog of the original text reveals, however, that
WADC 56=-1T2 has miéquoted Chapanis, Garner, and Morgan who aqtually.‘
wroﬁes | |
it is conéelvable, for example, that four or five colers would
be the: optimal number of colors for color coding and that such a.
largé humber as 10 or 12 colers would be too many for most oper
"ators to keep.in mind and use effectively. ©Only systematic re=
search on’ this: problem, however, can tell us how to use color cod=
ing of. controls most effectlvelys
By omlttlng the phrase, "It is concelvable“ the WADC document
 gives the 1mpre831on that Chapanls, Garner and Morgan had conducted ree
search to prove their colof codiné postulates@ Rather, their position
in 1949 Wéé s’cric‘k];y:thebreticél9 as the phraseology of their writing
makes ciear&’ |
- The effect of that omission, however, is to give the impres-
sioﬁ that fouf or five coloré are indeed the “optimai“ 1imiﬁ for cplor
coding, backed ﬁy the authority of the most widely kanown testbook in
the field, Thus Wefaré pfeSent1y geﬁfing iﬁqour new missilé control
panels, for inétaﬁce, color qédgng that overiaps to an aﬁsurd extente
When the 652 ATIAS missiie launching pad-mobile roof is drawn to the
closed position, .an indicator.light illuminates ¥greenW, Then the
- mobile roof is moved tb the fully open posifion, an indicator light -is

‘illuminated the same Wgreen%®,

©f course, this may result in some confusion on the part of
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the launch control officer who cannot seé the 1éuﬁcher from his blockm
house console. But the color coding requirémﬁnts of Air Force
Ballistic Missile Exhibit 57=8A have not been violéfed& Unfortunately,
to correct this confusion-producing coding is not at all a simple
matter inasmuch as there aré no alternate %Wgot colors permitted, -

If the aﬁthéfs of WADC- TR 56»172 had wished to quote experi=-
mental evidence of the number of absolutely idenfifiable'spectral
hues, the résearéh of Halsey and Chapanis conduc%ed in 1951 (23)
could have been cited, That study is reviewed iater in this paper,
as is a 1958 research of the:same probiem conducted by Conover and
Kraft (15), The reports of both investigating teams indicate, howe
ever, that further study is required before the éfactieal number of
absolutely identifiable SPéétfal hues can be established. It would
be advisable, therefore, to word government dictates to designers on
the subject of color coding in ﬁerms more coﬁsistent with experi«
mental findings and avoid absolute statements which in effect pre=~

vent advances in the state of the art.

bo The ARDC Manuals

‘ @urvearnest.éearcher for human factors engineering advice on
» Colof.coding will no daubt be referred, soéner or 1ater; to another
‘group of UBAF @ublications'considered highly authorative, the ARDC
Manuals for desiéners¢ Served on the missiles industry as the top
governing documents of ARBC and of dits Ballistic-Missile Bivision,

AFBM, they arez HIAR, ARDC Manual 80-1, Vol, II. Handbook of
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Tnstructions for Aircraft Desigher& (Guided Missiles) (2); HIGED,
ARDC Manual 8045, Handbook of Inétructiansvfor Group Equipment De-
signers (3); and HIAG&EB, ARDC Manual 80-6, Handbook of Tnstructions
for Alrcraft Ground Eguipment D631gners (4)5 |

of the three, HIGED -contains the most exten81ve and pertinent
‘data regardlng use of color ceding for visual displays., Yet here
agaln,'che human factors englneer way bg less than satlsfieda  For
although HIGED carries a 374page seqtioﬂ headed Huwman Engineering,
there afe‘but thrée15rief pafagfaphs dealing with color coding of
controls: i |

7+:3.8 Controls IYdentification. B : '
7:3.8,3 Identification by Color. Identification of controls
may be established through the assignment of different colors te
each control or group of controls having different functions.
However, colors seen by reflected light may lose their identity
cat low levels of illumination or’ under colored lighting condie
tions (such as photographic dark-room safe~lighting) and should
not be employed for coding when such conditions are anticipated.
Te3e803,1 Distinguishable Colors. Approximately 11 or 12
 colors are clearly distinguishable in the visible color spec
trum, but four or five is the maximum number recommended for
use at one time when immediate discrimination is desired, White,
yellow, red, blue and green are colors most readily distinguished
from each other., The difference betweeén black and‘brown, in
certain plastics swuch-as phenollcs, is negllglble for purposes
of identification.
TeB68.3:2 Color Codlng Method., No one method of color cod-
ing is recommended since each situation requires an application
- of color especially" suited to it.

* These paragraphs on Qolor coding reveal the pfesentiy,accepé
‘ ted philoSoPhy‘of the US&FTfegarding coding by color, and amount to
“law“ as far as controls and 1ndlcator codlng is conecerned, beth for

the huge mlss11es 1ndustry and for the aircraft 1ndustry$
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The influence of the_previouSly discussed WADC Technical Re=
pof{s shows up in the WDistinguishable Cblors“vparagraph, compléte
with postuiate_distofted inte facfa,_Buf HiGEﬁ's color coding paraw
graphs éhow other signs of weakness as well, particularly in the
matter of how colors can beqvaried to accemplish distinguishability
and in the matter of color speéification, Indeed, it must be ob-
vious thaf neither color nor vision experts could have been consul=
ted in fﬁe preparation of thié %Controls Identification® seétione
| -Té anyone properly backgrounded inlthe'sciende of color, it is
obvioﬁs.fhat many combinations of colors other than the five chosen
'by HIGED‘and its WADC antecedent reports can be so spaced in hue,
brightness, and Satumafibn as to be.distinguished from each other as
.easily'as ﬁwhite;lyéllowg fed blnéAand'gféén“f Avain’it is obvious-
that perfectly dlstlngulshable differences can be glven the two
colors9 black and brown, whether phenollc plastlc or any of several
, other materials is the m.edmme
To specify colors merely by naming generic hues is a practicé
which ought to be replaced, oflcourse,'wiﬁhAproper tristimulus spece
ification, Whether the 1929 Mﬁnsell>methdd or the 1951 CIE method
is employed, authors of color coding sections could specify with
scientific awareness'ﬁhich-ranges of variation-in hue, brightness
and saturation are acceptable for the “white“; Ryellow!, Rredh,
Yolue®, and "greenwg_ |
Also.regreftabie is the tendeﬁcy of’ publicétiéns such as HIGED

to give the air of finality to their philosophies of color codings
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This kind‘of criticism.épplies,’of cou%se, to many:areas qf‘engin~
éering documentation other than colorcodingo @ne-explanafion,
not é defense, of the pfacticg lies iﬁ {heiﬁacffgﬁat felatively ’i

little basiclresearch has been conducted on color coding per se,

Authors of controlling documents really do net possess; as‘yet,..: '

enough experimentally proven data to establish a valid, comprehen=

sive philosophy of color coding.

¢, Two Laboratory of Aviation Psycholegy Investigations

Two:significant étudieé of-éoléf éoding‘nof feferenced in the
previousiy,discuséed:USAF ére,'howevef, producté of USAF commission=
ed research, Contracted for by'WADC's Aero Medical Laboratory, the ‘
two étudies'were’béth éérriéd out by the Laboratory of Aviation
Psychology at Ohio State University and published as WADC TR 55=-

. 875 (85) and WADC TR 55-471 (15),

The earlier report by Muller, Sidorsky, Slivinske, Alluisi &
Fitts,x(BB),)reports_the results of a sefies of eleven s tudies of
the feasibility~of several different typés of symbols for the coding
of information oﬁ‘cathode ray tubes and Similar displays for use in
future air traffic control and related systems.

.Experimeﬁi.g was designed to measure the efficiency of check=
readiﬁg as a function of the type of code and the number of targets
to be checked, The contrasted codes were (l)’ihclination, consisting
iof 1/4-in, diameter outline 6ircles each containing a'single radius

line at ome of the 12 major clock positions, and (2) color, consist=
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ing of 12 1/8-in, diameter color circles obtained by transilluminated
Wratten filters.

Bach target was one of 12 symbolss The task Wés to rebort as
conflictS’aﬁy two or more targets that were similarly coded,
| Procedures weré such thaf information processing time could. be
measured by a Standard Eléctric Timer, "“Results demonstrated that
the color code- was markedly éuperior to the inclination code.® AThe
-Muller.et al research thus constitutes another piece of evidence
supporting‘the resﬁlfg bbtainéa by Eriksen (19) wherein color was
found superior tovform:in comparable tasks of viéualvdisplay symbol
selection, , | »

The more recent iaboratory,of Aviation Psychology study by
Conover & Kraft, (15),~Octob§rv1958, had a three-fold purpose: (a)
to determine the maximm nuuber of absolutely identifiable stimilus
categories in the dimension of hue, (b) to construct a‘scale of equal-
discriminability for hue, and (é) to validate the scale on an inde-
pendent population samples | |

‘Ten célor=nérma1 sﬁbjects were teéted with a set of 25 Munsell
maximum saturation coler.patches, TheAcolofs were viewed through a
3° aﬁerfure of a neutral mask and illuminated by 2194 ftoes of 6800°
K. lighte | o | o

Test results,éhowed thaf the number of absolutely discriminable
hues ranged from‘S to.iG, depending upon the individual tested,
Under idealized viewing conditions, half of the subjects tested could

discriminate “without appreciable error® nine maximally saturated
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colors,

In the interest of réﬁdering the proposéd color code usable by
"somewhat:mare than half the population®, the experimenters proposed
reduction of the numbér of colors to eight, The set of 8‘surfaée
colors nominated for their scgle of equal diseriminability for hue
is'as~f011§wsg‘ (notations are Munsell Company coler standards) IR
999, 9R,892, 1Y 946, 76Y 960, 9¢ 1099, 5B 1087, 1P 1135, 3RP 1003,

o ‘iRécognizinglthat‘ideal illumination might net prevail under
some vieﬁiﬁg conditions, the experimenters offeréd three alternate
sets of colers for coding use coﬁprised of 7;6 and 5 colors resPeetivea.
1y. -The recommeﬁdation for colored phosphors, used to color code
'CRT.dispiays, prescribes holdiﬁg the numbef of colors to 4, Trans=-
illuminated, filter-controlled colored indicators. should not number
more tban‘6 colors to insure absolutely identifiable code symbols,
Although the Conover & Kraft sﬁudyﬂwas not concerhed.with testing
éolor,codiﬁg versus,othef.coding'for visual displays, it is sig-
nificant as evidence of a .continuing concern by the USAF With the
problems of colorncodingc The senior ih.iréstigater,bo W;>Cono§er9
‘Ahad made this study the subjec‘i: of his doctoral thesis, and-because
of the high value placed ﬁpon the‘work by the Aero Mediéal iaborw
atory, a*secoﬂd, more detailed repbrt.of the research is to be
published, - Listed as WADC Technical:Npte 58-=-262s the report is to
comprise the complete content'of the PhD thesis inéluding the tech-
niques and camputations involved in the development of a scale for

equal discrimination for hue, and in the estimation of the amount
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of information that can be transmitted per symbol by the use of'sura

face colorse

20 U.Se Navy and Other Research Related to the Problem

’l‘he;U,° S;;Navy through ité.@ffieé of Naval Research éléo.has been
concerned with color as a diScriﬁinatién cue in visual displays. - One
of the most pertinent studies commissiéned.by ONR was that of Eriksen
. (19) who conceived a meéns of testing. the relative merits of form,
hue, éize and brightness as VisualrdiSPIay’cuesb That study is re=
#iewed,in detaii-iater in this sectionqr Bﬁt as prefacé‘to'considerw
‘ ation of‘Erikseg's wérk,.tﬁe results of an earlier experiment which
ﬁroduéed‘eviden¢e contrér& to his desefves disc;ﬁssione Indeédg,it.
is possible that ONR could have been pfompted‘to start Eriksen on his
expériment partly because of that chalienging‘early study entitled
"The relative difficuliy of the number, form and color concepts of a

Weigletype problem,® by Grant, Jones, and Tallantis (20).

a, Grant, Jones and Tallantis
7 Using fﬁe Wisconsin Card Sorting Test, the experimenters under«
took Wto determine the relative diffiéulty of the three sorting cate=-
gories, color, number, and form.® Their procedure and discussion
was as follows .

Procedure: Briefly stated,.thefe were 64 response cards each
tcéfrying‘one to four figures of a;singie color. There were four
colors, red,_gfeen,vyellow and‘blueg  foun figures, stars, erossésg

triangles and eircles, Thus,; each card could be sorted according to
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form, color, numbera.

8s had 4 double-compartment sorting boxes, with stimulus cards
placed in the respectivé’upper halves of the compartmentss one red
‘tfianglé,-fwo gréenASfars, three yellow érosses and'foﬁr blue cir-
cles, 8s were told to saft the 64'cards intd:?our boxes according
"to Ss' concept of what the stimulus cards respective categories :
were, |

Only instructions were ‘right' or 'wrong' after each sort,

Initidlly,'the-categor& of color was the correct key, but after
S. had sorted 10 correctly by color, E., shifted category to form (but
without warning S.), and after 10 dorrect,form sorfs, category was

-changed to number,:

Experimenial désign% -categories Were'successively color, form,
numbef,-cqlor, form, numbérf Resulté were tabulated for‘each‘cate—‘
gory: total errors, éerSevérative errors, non-perseverative errors,
and total correct answers.

: Results of this expérimanf showed that 8s were able
to sort selectively fcf number most easily, for form next most
’.eaéily, while selecting:for color was most difficult, HoWevery thé
only scores b@ Which:ﬁhe differences between sorting categories were
statistically different were the totél correct resbonses_and the
perseverative errors Qﬁ fhe sqeceéding cafegorya In other words, it
required less reinfor@ément to acqﬁire the number=sortiﬁg're5ponse
and, once learned, the response of sorting nunber tendédAto pere

severate more than from form or color sorting respomses,
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| Configuratioﬁai aspecté are involvedo The number one consisted .
of a single figure, centered; two consisted of two figures, one in
upper leét~hénd corner, the othor in lower right; three consisted of
three figures fofming an inverted équilateral triangle; and iggg‘con-
sisted of four figures forming a square,

Thus the Ss oould sort according to configuration rather than
m@w,mdmﬂﬂrwwmimmﬁe&msmeﬁtMmﬁm

" If the results reported by Grant et olvwere considered valid,
evidénce of the relative diffioulty of sorting would seem.td'estab»
lish color as fhe most difficultqy.Furthermore, this conclusion couid
be taken as proof that color Would be the least efficient method of

‘codlng a visual display as agalnst codlng by form or by nunmber.

Careful evaluatlon of the apparatus and procedure will reveal, .
howevor, that the Grant methodology was not designed to cleanly iso-
1ate the color varlable from those of form.and nunber, Théuoame card
which was sorted for number was also sorted for form, Furthermore,
there was no change of cards~when the test for color sorting was made,
Color was present at allvtimes on eaoh card, hence it caanot be
assunmed that color_had absolutely‘no effect upon Ss sorting for num-
ber Or f‘onﬁe Again, both form and number cues were present om cards
'sorted for color, henoe it cannot be demonstrated that form and nu~
 ber had no effect on color sortlngo
: bg Eriksen

?@heny.‘Eriksen began his study some three years later (19), his
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annoﬁnced purpose was. to determine the speed with which objects
could be-located'on a visual display under the following conditionss

“a) when the various classes of objects on the disPIay differed
from one another om only oﬁe of the four visual dimensions, formg--
hue, size,;and brightness,

- b) when classes differedlon two, and, on threé of these dimen-
sions, |

Methods DiSpiay was a 3=ft. square, flat Whité in color, ruled
into 81 4-inch squares with ﬁlack lines; only the 49 central group
of squares were used, Within each square an object-card was hungs
each square mounted a %-in. glectrode contact, Illuminatioh was
an overhead Macbeth Daylight lamp, mounted so as to provide even,
shadow=free light, | |

Seven classes of objects were useds circles, hexagons, diamonds,
triangles, crossés, stars, sQuaresB These forms were cut from
. paper and made to look phenomenally the:saﬁe.éize, all circum-
scribable by a l-inch circle, Colors were Munsell standards:
R, YR, Y, GY, G, BG, B, with brightness varied from N 8/ to n 1/
'respectivelyy and with Sizés varied from 4/8 ino‘tO 10/8 in, re=
spectively (note inversion of size and brightness}. The ten
patterns used were pfeatested and found to be of equal difficulty,

Procedure: A saméle'card was placed at left of the display. S.
was told to look at‘éample then find six object-cards that matched.
’WhenS° located the matching card in the display he touched the

contact under card with electrode probe in hand.. This provided
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acéurate‘timing of the S's discrimination operation. Speed was
'streséed, but Ss were cautioned against making errors.
Subjectss N=60, ages 19-35, fouﬁd to have normal color #ision
by test.

» Resultss Fof}singie dimensions of discrimination, hue (coior)A
is‘signifipantly fastér than form,’and;bbth hue and form are sig-
nificéﬁtly faster than brighfness,ofsizeo Locatién is fastest
when classes differ in hue-form; hue, ahd, hue-fqrmybrightnessc

| The multidimensional 1o§éfion times obtained by compounding
dimensions fail to show any coﬁsistent advantages ove?rsingie
dimension location times.. Hue-form is the only case where a
compound gives an even slightiy faster location time than the
: bést of the single dimensigns of Wﬁich it is compesed,
Compounding differenéés in hue and formiwitﬁ differénces in
- brightness or size feéulﬁs»in slower location than is obtained |
for differences in ei%her~hu§ or form alone, Also, the coﬁp
pounding of brightness and size with hue and form does nbt-yield
'uhiform_resultso Brightness or size, whén combined with hue .
yields much quicker locéfioﬁ %hgn do éither brightness_or size
singly. | | |

' ‘There is a'marked degrée of"copsistency in the location times

fér the cémpoundso Tﬁe compounds of two, as well as fhose of
three dimensions tend to fénk‘ihAthé‘séﬁe order, with respect to
location time, as do the single diﬁensions of which they are

composed,
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It may be noted that in thls study Ss could have located tar-

get obgects for compounds on theé bas1s of any one of the dimens

A3'1ons 1n the sampleq i*orexample,, in the formpbrlghtness~31ze-

compound; target objects could have been oorrectly located on the
~ basis of form dlfferences only, 1rresPect1ve of brlghtness or 51ze°
The Ss were not aware of th15,~however¢ Their 1nstruct;ons were
‘to locate '51x obgects that matched ﬁhe sample,=

Th1s argument seems plau31ble, but there are two 1mp§rtant
"p01nts agalnst it in- the data0 If the argument were valld, we
ng;éiéxPect”compounds of three dlmen51ons to glve slower‘lo~
cation timés than compoundsgpfjtwoo Alsg, ‘the compouﬁd bright=-
nesg—sizé ﬁould'be more difficﬁltito locate fhén ei{hgr bright=
'ness”dr size singlygﬂ Both of these deductions are contradicted
by the”d‘atéo |

| ,The finding that color is significaﬁtiy faster than form, bright-

ness br size fof single dimensioﬁs'of diécriminétion reversed the
éolor resvltsrreported by Gfant»and>55300iates (20)e It is also of
.pertlnent 1nterest to note that 1ocat10n tlmes obtalned by compound«,
1ng dlmen31ons (1°ea cues) failed to show any een51stent advantages
over 31ngle dlmension locatlon times, However, Erlksen adds that the
compound of hué-form géve‘a slightly faster.location time than either
hue or form-singly@ | . | |

Finally, it .is.significan“t"’that Eriksen's findings in the use of

compound cues did not result in-significantly slower location times,
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c. Other Related Studies

Another reversal of:‘thé Grant and associates findings was reporte
ed in 1955 by Wohwill (48) who used the Wisconsin Card'Sorting Test and
essentially the séme procedures followed by Granta Bmploying the
same four kinds of stimulus cards, and the same double-compartment .
sgrtingiboxés, Hohwill's only deviation was to narrow the number of
cards to be sorted from_é4 to 48,f‘ﬁis results demonstrated that forﬁ
was less readiiy abstracted than'éoloriorAnumbere He a}so reported
' thaf speed of discrimination: was fgstest'when’color was the sorting
cue, | | |

Two Massachusetts Institute of Technology studies of color
coding in a visual search task conducted at the Lincoln laboratory,
(21), and (22), also reported superiority of coior coding. - The
earlier study, 1953, conducted by Green, McGill and Jenkins (22),
employed a display of transilluminated symbels comprised of 8-digit
‘numbers ‘randomly arranged. Half the numbers were blue, half were
yellow, @s were giveﬁ a targét number to locate and the time re-
quired for findiﬁg the - target was recorded. Results shéwed that
0s who were told the‘color‘of the target number found the target in
about half the time required by ©s who were not told theVCOIQro

In 1956; Green and Anderson_(Zl) conduofed_a variatiop of the
1953 MIT experimenf@ Usingva display of transilluminated symbols
comprised of 2-digit numbers in the range 10-69, arranged in random
order in a matrix of 10 rows and 6 columns,‘the symbols were coded

either red or green; Results showed that when 0s knew the target
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number color, search time was broportipnél;to the number of symbolé
having fhe same color. as the target., When the target color was not
known, search time was proportional to total number of symbols on the
matrixe

| Another investigation can be noted here aithough its ﬁrimany
concern was with reaction time for a serijes of correct responses rather
than with color coding per se, Reed (39) set up a.submarine “"Christmas
Tree® indiéator panel, comprised of 24 red and green lights randoﬁly
arranged, and recorded the respective speed of identification for two
groupé of 0s, one group color-normal, the other group partially color-
blind., He found that the color-blind Os were slower to identify target
indicators than were thé'color-normal° He also reported, however, that
when speed was rendered irrelevant, the color-blind were able to iden~
tify indicators as well as the color—normalg

While these results imply color coding is advantageous, it would
be inaccurate to offer Reed's work as clearly supportive of the hypoth=
eses tested by the present investigation@ o ‘

More fecently, in a*dial.reading experiment by Bartz (8), at=-
tention value as a function of illuminant color change was tested, Two
panels we;e employed, 16 dials mounted on each panel in identical lay-
outs, One panel was illumined by a steady red light; the other panel, ‘
~alse illumined'red at the outset, permitted individual dials to il=-
lumined green when pdinters‘deviatedg Rééults shoﬁed that deviations
weré‘respbnded to faster and more accurately for dials given color

" change than for dials permitted mo color change,
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D. INDICATIONS OF NEED FOR THE PRESENT STUDY

As #he precedieg sections have indicated, the amount of basic
research accomplished to'date dealing with color ceding has been rather
spasmo&ic, scatterséd, and iackingiin planned continuity. Without in
any way disparaging the several studies>carried out on color coding
during the past 15.years, the human factors engineer in need'of a
comprehensive body of validafe&vdaba for the subject cannot but admit
meny lacks and gaps ekist, deficiencies which stand out in glaring
- relief when fhe’entire 1ite?ature of color eoding is gathered into a
single collectioh and reVieﬁe& as’a ﬁholeg After due analysis of
that body of data, it seems evident that one of the most fundamental
questlons in the field of color codlng of controls and 1ndlcators

still has need of exper1menual valldatlon, namely, is color a POSie

tive aid when used either as an addition to 1abels or used alone for

controls and indicator identification?

Intimately related with that question is another, also in need

of experimental validations How many variations of hue, brightness

and saturation can be glven to a controls or 1nd1cator codlng system

Wlthout presenting operators indiscriminable color differences?

Specific research areas relating to these questions are dlscussed
at the conclusion of thls paper together with some recommendations
as to studies which need fo_be underfaken in order to provide experi-
mental validation for anewers pioneer”research has so lightly estab-

lished, Also noted are several other areas of study which are as yet'
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almost unfouphed_in the field of.color coding,

At thié juncture there is,‘héweVer?‘a very simple query to
aﬁswer: why was theApresent study undérfaken?

Examination of the literature revealedﬂman& basic questions
in need of study and~validatioﬁ;nsome éf-those queStioné have been
stated‘previously; Viéwing the spread’bf umproven postulates, this
investigatof fina11y>;e1écted the presént'étudy as one which would
provide, perhaps as much as any other, s ome .of the basic ezperlmental
data upon which several corollary postulates essential to the philos-

ophy of color coding depend.

E. HYPOTHESES TESTED

Two hypotheses were tesﬁed?4 Gi#en“a control panel prdblem, it
s postulated that: - | |

1. Speed and accuracy of comtrols selection will be signifi-
CQntly"impro§ed if polyéhromafié rather than ménochromatic
color coding ofvlabels ié'empléye'dQ v |

2, Speed and accuracy of controls seléction will be signifi-
cantly impnoved'if polychromatic color’eoding only, without

labels, is employed to identify controls.



II. DESCRIFTION OF APPARATUS AND PROCEDURES

A, APPARATUS AND TESTING MATERIALS

1. The Control Panel and Electronic Chronoscope

As shown in Figure 2, é group of five pushbutton microswitches
were moﬁnted in é sing1é row 3790 inchesAfromvfhe floor,  Bui1t:by
the Micro Switch Division of Miﬁneapolis—Honneywell, the pushbutton
switches were spgbed 1,75 inches apart; émployed black plastic caps
0,50 iﬁches‘in diaheter, required an'oéerating force of 5 0z, maXa,
permitted a total travel of 0,25 inches, had a minimum breaking
distance of b0010 inches,

Custom built.iébel hblders designed to carn} sténdard Munséll
1.5x 300 in. color patches were fabricated to fit imto metal pockets
,centered.ﬁnder each pushbuttoﬁQ Adequate clearance pepmitted the |
label helder to be'feadily inférchanged'during administration of the
tests, a technique Which prevénted sﬁbject; from using position as a
selection cueo

As seen in Figure 1, the apparatus provided a screen Which; in
prentrial position, mésked the pushbutton centrois and allowed the
experimenterAto'change the 1abel-positions without their being
viewed by fheVsubject@ The«screen WaS’of,0¢25 ipo Masonite, 2440
x 20,0 inches, mounted in channéls 84,0 in, in front of the control

panel, Painted the same neutral gray as the controi panel, the

25
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screen Wés held in the‘preatrialnposition by pull-pins mounted on
the channels, | |

Squeézing a hand-~held intercom switch, visible ih Figure 1,
the subject was able to close the circuit activating a solenoid,
mounted on thé back of the cdntrol panel, vwhich would withdraw
the pull-pins and drop the screen to the post-trial position as
shoﬁn in Figure 2,

As the screen dropped it activated é microswitch that started
the electfonio‘chronoscoﬁé countingiseléctioh time, cut off by de=-
pression of the'target'pushbutton@ The eﬁronoscope start switch
was so placed.that thevscreen weﬁld not activate the counter until
'the upper'edgeyofvthe screen had fallen.three’inches below the
bottom level bf ‘the pusﬁiout’con ia”beiso This design feature meant
that start of RT was not couﬁted until the controls and their labels
wers fﬁlly &n views.

Line voltage variation aﬁd timé lag of the electronic chrono=
scope and aésoéiated eircuitry were measured by depressing a control
: pushbuttbn then releasing the screen. Duringvrepeated tests of this
kind on different days, the shortest system lag time recorded was 5,6
msec, longest was 9,1 msec, Maximum line voltage variation thus
amounted té the difference, 3.5 msec, while the average system lag time
amounted to the mean, 7.3 msec,

Had the'priﬁeiobjective‘been the recording of absolute select-
ion RTs, with iﬁtenﬁ to precisely esfablish the speed of 0610r percept=

ion and hand tfavel, the error factors represented by the line voltage
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Figure 1* Subject at control

panel, screen up#

travel. (Part of electronic
chronoscope is seen in back-

ground.)
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'variation and the system lag time could have assumed impor‘tancee Bﬁt
here the focus of investigation was the relative amount of improvement
in selection RT which celor coding of controls would provideo Each
subgect was competing with his own scores, not with scores achleved by
other subjectse. Consequently, since 11ne voltage varlatlons reached a
maximumn of only 3.5 msec, this error factor was considered negllglbleo‘
System time lag, belng relatively constant for all subgects was not
“fed 1nto,the raw data of Figures 7=14, but was subtracted from recorded

RTs of hand-travel time in the compilation of Tablée 12,

.20 Command Cards

'A command card Wiﬁdow, 2,0 x 4.0 iﬁ9, was cut in the control
panel to theksubject'slleft; on liﬁe‘with the top edge of the screene
The window was so @csitienedwes to provide unobstructed visibility to
the seated subjectaj | | |

Five command Werds'ih Ryko lettering were inked one each on 5
comﬁand cards respectively, Letters were 09015 in. high, the same
in size and style as the eorreeponding‘command words carried by the
5 pushbutton labels., Command words were: BOMB, FIRE, HOLD, DE-ICE,
’CHGP,'vocabulary typically employed in defense aviation squadrons.

4In selecting the commandAwords, some danger conditions were
included, 1ending dynamics to the commands employed. The icing
threat was injected by the use of DEEICEQ- Since several kinds of
danger to an alrcralt 1n flight eall for cutting off motors, the
word CHOP was 1ntroduced, short for aircrew slang chop the gas"

HOLD was chosen in view of the heavy use to Whlch the vord is put
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during flight,‘viza'hold beafing, hold altitude, hold airsPeed,'efc;
FIRE and BOMB were “naturals“ -inasmuch -as “modern military planes typ~

1ca11y carry controls 1abeled with these command words.

3. Cue fébs

Three configufatibns‘of cue‘tabs were employed, S tabs per set:

(1) Mbnochromatic with labels (Moné;L), Figure 3,

(2) Polychfomatic with labels (PolyaL), Fiéure 4,

(3) Polychrométic Withbut'labels (Poly no-L), Figﬁre 5o
labeds: read:: BOMB, FIRE, HOLD, DE-ICE, CHOP. The worés were inked
~ on whife paper.the game size and ﬁith the.same.Ryko‘lettéring as were
the command card ﬁordsgy-The Whité'paper 1abel§ with black lettering
" were cemented to the.toﬁ,of the 1°5 x 3.0 in, cue tébs.sd that no tab
background showed abové~£he labélse ,This brought the label upper edge
to approximately 0.4 iﬁp below‘the pushbutton rimkwhen the cue fab was

in position ready for testing.

4, Determination of Color Cues

Tébs.carrying 1@bel§'for the monochromatic cues were of a 6/0
neutral gray, approximdtely the same in hue, value and chroma as the
gray face of the con‘trélﬁpanelo I1llumination was provided by distor-
. tion=free déylight, as detaiied on pages 37-38, insuring normal color
aspect of cue tabs., | J.

TabSAcérrying labels for the § polychromatic cuésiwere'colored
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papers which can be specified in Munsell notation as 10,0 RP 4/4,
7.5 GY 8/6, .5 R 6/10, 2.5 PB 3/6 and 1000 R 3/6,

Polyohromatic cue tabs Wlthouﬁ labels were comprised of a set
- of 5 of the same‘éolored paperso

Determinafion éf color §pacing'prbvided-by the polychromatic
cue tabs was made aftéf-rﬂnning a biiot test of more than 500 trials
u51ng as tabs a conventlonal set of Munsell color patches matched for
chroma and value, each hue being in the 5/6 bracket. The hues were
2,5 R, SP, 5 BG, GY, and 7.5YR, When transposed and plotted in -
terms'éf:CIE chromaticity coordinates, it was found that these five
hues were approximately equally spaced.

During testing, however, éubjecvastated that the 5 BG seemed
"more intense® than therther hues. .One subject repeatedly made
slightly faster scores when this hue was the target cue., In effect,
the 5 BG became a R‘f‘avcr:d,e color", seeming to have more dynamlc
v1sual_appeal than the other polychromatic cue tabs,

At least two studies of the unequal luminance of équally bright
colors, one by MacAdam (32), aﬁother by Chapanis and Halsey (13),
provide explanation of this effect, Their findings demomstrated
that equally 1uminoﬁs hﬁes'do not all appear to'have'equal satu=
vrationp and that,equaily saturated hues dq not all appear to have
equal brightness, Iﬁ the experimantal testing hoted above, the
5BG, although of the same saturation and brighthéss as the other
hues, appeared to héve greater saturation; an efféct which was

heightened when the 5BG was placed between the 7.5YR and the 2.5 Ro
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Figure 3. Pushbutton controls
with mono-L cue tabs. (Labels

mounted on 6/0 gray.)

Figure 4. Pushbutton controls
with poly-L cue tabs. (Left to
right: 7.5 R 6/10, 10.0 R 3/6,
2.5 PB 3/6, 7.5 GY 8/6, 10.0 RP

414.)

Figure 5. Pushbutton controls
with poly no-L cue tabs. (Left to
right: 7.5 R6/10, 10.0 R 3/6, 2.5

PB 3/6, 7.5 GY 8/6, 10.0 RP 4/4.)
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To avoid this effect in the finél‘testing,-colored papers were
chosen Tor distinguishability of all three characteristics, hue, value
and chroma, At the same time, care was exerted to achieve psychologic
cal‘balance',-ioé° a balance in which no sipgle color tab appeared more
luminous or more saturated than other tabS in the set, |
iﬂxamination of the séecifications §f‘the color tabs finally
chosen will reveal that while the same chroma or saturation /6 was
characteristic of three hues, 2¢5 PB, 7.5 GY, 10,0 R, the other twov
hues varied in v51Ue, /4 and /10, Viewing the five color tabs as a
group, it is seén that contrast, basic ingredient of distinguishability,

was heightened by using tabs of high,'medium'andrlow'key or value,

5a Assignment of Hues to Color Cue Tabs

For the pilot tfialsg assignment of éémﬁand words to color tabs
was essentially arbitrary, the only deference té colérwword associa=
tion being that BOMB was given the hue 205 R;l Since this was the ogly
"réd“‘among fhe 5 cqlor tabs; the remaihing 4 cdiors were assigned fo
the remaining 4 command words without spécial design, FIRE being |
- coded GY, |

Almost from.the-outset during polychromatic trials, subjects
showed a tendency to reach fér the red éq;or tab when the command
FIRE was the stimulus. Sometimes the subject would actually hit the
red cued pushﬁutton despite its label, BOMB sometimes he would al-
most hit BOMB then move across to the GY cued FIRE pushbutton, If

he hit the red cued button he scored an error; if he started to hit
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it but swerved, his hand was délayed and he scored a hesitation with
attendant longer RT.

‘This result exposed the factor of word-color association, ob=
viously a problem affecting choice of coior’tabs-for the control
 panel experiment. Lﬁcéordingly, a sepafate study:of c ommand-word
color associatiou, detgiled in another report (14), was undertaken,
That étudy may be summarized as follows: |

" A group of 28 college Air Force ROTC upperclassmen, all of
whom had been tested by the USAF and fouﬁd'to ﬁave color=normal
vision, were used as subjects., Phase I of the egperiment presented
each subject with a list of é@ command words drawn from ferminology
commonly employed by military airebreﬁs,'theﬁsubject requested to
write dﬁwn names of colors stimulated by the -command words. Phase
II of the experiment presented the subjects Wifh'é set of 30 paper
color tabs selected for their disfinguiéhability, Ss being in-
structed to write down whateﬁer coﬁﬁand Wofd came to mind when
viewing the individual color tab. |

While results for a majority of_the'eemmandaword color assoC=
iations were inconclusive, as was expééféd,;there were a group of
four which ranked in the top 5 for both Phase I and for Phase IT
tests, | - |

Colors evoked by comménd words- compared with command words
evoked by colors revealgd that virtual unanimity prevailed between
the two tests for ranks 1 to 5, Phase I rank order, first‘tﬁfough

fifth, was: FIRE-RED, GO~GREEN, STOP-RED, HEAT-RED, SLOW-YELLOW,
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Phase II rank order, first through fifth was: GREEN-GO, RED-FIRE,
RED-STOP, BLUE~UP, YELLOW-SLOW.

E(cepting for the 4th ranked item, the Word_,-color associations
are the samea',Factfthat FIRE and GO are 1lst, 2nd and 2nd, 1st re=
spectively, is not éignificant;A It is'significant thaf correl-
ation betwéen the above noted Phase I ranking 4 word-color assoc-
iations and the Phase II ranking 4 color-word associations was 1,0,

Implication of these results is' that designers of color coding
for controls'and/pf.indicatofs can expect errors or hesitation or
both if Qperators‘afe'féquired to!ﬁse code colors markedly dis-
similar to red, green, yellow, red; for the comnands fire, go, slow,
stop, respectively.

It may be postulated, of course, that operators could be trained
to ignore previously learned cémmand word dolor.associations when
being taught a new code, Experimental evidence offers testimony,
however,’that sﬁch re~traiﬁing may not always eradicate 1ong stand=
ing, habitual commandmwofd coior~association such as STOP-RED, GO-
GREEN, FIRE-RED, and SLQW—YELL@W°< The experience of this experi—
menter cited previously is a case in point wherein subjécts repeated=-
1y veered éway from.GY‘when searching for FIRE even though the green-
yellow tab was élainly labeled FIRE,gand the men had thoroughly
mastered the color coding,sys’;emo |

| Explanation of this resuitjmay iie‘in an analysis of color
code training which young subjects_normally-undergo as they progress
toward maturity in'the‘tYpical framework of_American cuiiureg Most

¥
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of our children begin 1earniﬁg'the color coding of traffic lights
as soon as they are old enough to cross the street alone. Thus they
arrive at adulthoéd with some fifteen years of eXperience in assoc=
iating go with green, stop with red, Likewise, all their training
with fire signs; alarm boxes, fire-engines and fire-extinguishers
has repeatedly taught red as the color for fire.

‘The coding of g&gg‘as yvellow has usually come firmly into’fhe
.training as teen-agers learn to drive aqtomobiles, with most traffic
signals using a yellow light as thé Warnihg signal between the go
light's extinguishment and the stop light's illumination. Again, in
most states of the UsSoha, motor vehicle warning signs used by high-
ways typically employ yellqw as backgfoun&s@ ‘ |

Further research investigating c¢ommand-word color association is
required. before any final lisf of words and colors that haﬁe become
géneraily associated can be established énd validated. Results'of
theAstudy noted here suggest there may be seﬁeral moré than 4 word-
coler aséociations established by the culture which can effect con-
trols and indicafor coding.,

Applying command-word colof association principles indiéated by
the above noted experiment, there was déliberate evaluafion employed
in assigning the command, FIRE, color 10,0 RP 4/4 for the control
- panel color coding sfudyﬁ Selection of a color suitable for the
command BOMB Wasfndtféé~easi1yiaccoﬁplishéa; however o

Results of;thevcommanduword coiofiéssbciation test found color . -

associations for BOMB to be varied, with black and gray as well as
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red listed. While red was first chéice of‘2856% of the‘subjécts‘fOr
BOMB in the Phase I test, (ioeo colors evokedlby command words), re-
Sponses to the Phase II test, (ioe,'comﬁand words evoked by colors),
failed to find BOMB listed as a response to red by as many as 3 sub-
jects. The latter result may net be taken as significant from one
point of view, howavér; Subjects tested W¢re as yet withouf any bﬁt
academic‘knowledge,of military action, néne'of them having had even
a single day of combat training nor any‘firsf-hand contact with bombe
ing missions, similated or real.. | |

When queried as toiwhy coiors such as black and gray were listed
for BOMB, subgects admltted thelr knowledge of bombing derived essent-
. dially from motion plCLureS of bomb detonatlon, with most of said - |
movies being viewed on telev151on screens of the nonmcolpr variety.

It can be assumed that coler association listed Ey'veteran
combat crews for the command BOMB would show a far higher unanimity
of choice, with the colors probably nominated from the ®“hot" side of
the spectrum, hues typical of‘firé~balls‘produced by the initial
blasts of'detonating bombsg' |

Since the ;ontrol panel color coding tesfs were to be run with
- subjects who had sPent several years in actlve duty with the USAR as
fighter pllots and interceptor radio operators, it was no assumption
that these men knew the detonation colors of live bombs and live.
rockets. Thus the'"orange“‘hue‘of ;) R-é/io chosen er codihg”BQMB
was considered a color which was Wéll réiated rather than at variance

with the subjects' word-color association experience.
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Reasoning behind.selectién(of the ofher three cue tab colors
included the following, It was the brownish stain of dried airplane
‘fuel that suggested the use of “brown®, 10,0 R 3/6, used to code
CHOP; the coolness of the high key Wgreen“,.7°5.GY 8/6, seemed a
logical reason to so code DE“ICEn' The *blue® of 2.5 PB 3/6 used to
code HOLD was séleeted because the hue possessed none of the stop,
go, or Warning associations charaeterisfic’Of red, green, yellow,
respectively, Since the airborne operator finds the word HOLD most
frequently used inlconnection"with neutral, non-emergency types of
commands; the 2.5 PB 3/6 was selected as béing relatively:neutral
and word-association free.

'ste of’"orange“ T.5 R 6/10 and %red" 10,0 RP 4/4 together in a
set of controls color cues was deliberately done as a test of the :
possible confusion which might result from the two "hot" colers
being seen in the same groﬁp~of cue tabs. With sﬁbjects éxerting
maximal effort to search for and depress the targét pushbutton in
theAshorfeét possible time, there was a condition presenfed by these
"neighbor® hues which Woﬁld test their distinguishability¢ 

vExperiméntal evidence of the degree of distinguishability
afforded by use of the “redﬂand‘“orange"»due tabs'is preéented in -
the Resul‘ts section.o:f‘ this papér, and anélyzed in the section

headed Discussion.

6. Illumination of the Control Panel

To insure distortion-free illumination of the colored cue tabs,
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the testing was conducted in a room with windows reaching to the
ceiling and admitting north light only. No artificial light was
employed; tésting was conducted duriﬁg hours which were clearly free
of sunrise and sunset Spéétral limitations. Barliest tes{ing begén
no earlier than 1.5 hours after sunrise; latest testing ended no later
than 2,0 hours before sunset,

.Measurement of incident daylight reaching the control panel

gave readings of approximately 130 ft. candles illumination,

7, Establishing Random Presentation of Color Coding

In order to thoroughly eliminate any use of position as a cue
for distinguishability;, the location of the five cue tabs was changed
for each trial, whether monochromatic or polychromatic., Systematic

randomization of the relocation was determined by use of a 5x5 Latin

Square fandomly:selected from Fishef and«Yates‘Statistical Tables,
Twenty. permutations proﬁided fuffhér rén&bm.seiection of the order in
which theicué tabs were to be placed., .In actual use during more than
2000 trials, the random order thus dérived wés nevervsuccessfully
anticipated by any subjecte

The order of presentation of qammand cards was also randomized
by use Qf fhe 5x5 Latin Square, this procedure supplying.still aﬁother
discouragement to ¥set® or advance knoﬁledge,of the command to be
employed. Thus, although the variety of cemménds was limited to 5,
dﬁring testing subjects never knew which of the commands would.appear

next,
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B. PROCEDURE

Experimenter placed a command card in>the ééntrbl panel window.
Subject was instructed not to hurry while feading the'command since
timing of his réSponse was not- begun ﬁntil‘thé.écreen dropped clear
of the control pushbuttoné and their cue tabs; |

This proéedﬁré elimiﬁated‘the addition of another variable,
namely, RT required for viewing and perceiving the meaning of the
command word. |

Thus, the subject was able to transfer his gaze from the window
and command card to a point on the screen approximately opposite the -
cluster of pushbuttons, concentrate upon the command word and the
problem of finding the'corre5ponding cue tab, then squeéze the infere
cdﬁ switch releasing the scréen at the”instant he himsélf elected,
| This meant the tests were self-paced by the subject; rather
than experimenter paced, a factor which gndéubtedly contributed té
the. very fast RTs recorded. (See Tables 2 through 10),

| With the pushbuttons‘énd cue tabs in view, the subject sought
out the target button and hit it in the shortest time he could,
Electronic timing of his.reSPQnée cut off when the target button was
depressed, opening the counfer circuit, Since all pushbuttons were
wired in parallel, depression of any bufton stopped the counter; an
apparatus feature which perﬁitted timing of wrong button hits as
well as correct hits. |

The order of testing was altered for each of three groups to
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permit aﬁalysis of order effect. Group I subjects were tested‘in the
order: ’(1) Mono~L (2) Poly-L (3) Poly No-Ls Gfoup II subjects
were tested in the orders: (1) Poly;L (2) Poly No-L (8) Mono=L,

Group IIT subjects were tested in the orders- (1) Poly No-L (2) Mono-L
-(3) Poly-Le.

When Mono-L cue tabs were the fifst fe.be tested, orientation
trials consisted in running once each of the 5 command cards, with
_the subgect instructed to release the screen when he felt ready to
select the target pushbutton. Recording of RT began after these 5
orientation trials,

When Poly-L cﬁe tabs were fhe first to beAtested, orientation
-consisted of a five minute ﬁraining‘period during which the subjecf
learned which colors coded which command labels. During the first
ten recorded trials, the subject was allowed toirepeat aioud the col-
or cue to be sought when he dropped the screen; a technique which
proﬁed adequate fof firming-up colof code learning,

When Poly NofL cue taBs were the first'to‘be'tested, orientation

- was also held to five minu{es9 and egaie the subject was allowed to |
repeat aloud the dolor to be sought'wﬁeﬁ he dropped fhe screen,
Comparison of tesf,resulis for the fifst ten trials bf Poly-L first
subjects with the results of ‘the Poly'ﬁo;z first subjecifs showed

that the iatter group were Slowef‘to reace their mean RT, seemed fo '
‘require 1onger Wafmpupo Thls suggests the orlentat1on for Poly-No-
L-first subjects should have been longer than for the Poly-L first,

With subjects exerting maximum effort for each trial in the
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‘attempt to reach peak performance; the firstVSO:trials usually con-
sumed a full hour of testing time, At this point, subjects were
given a five mlnuie break before beginning the second block of 30
trlalsa Subjects typically approached ﬁhelr mean RT during the perioed
of trials 20 to 40, hence warm-up effect was considered essentially
’negligible,5if.preseﬁf‘af all, during the final 20 trials of the éO
given for each cue cypeo ‘
. Notation of the RT of each trial was. made on raw data sheets
after qonfirmatlon of the chronosaope readlng had been verlfled by
- both subjectAénd experimentéfQ vRecords.inclqded observatioﬁs on
hesitations as well as errors;zand on hoﬁ the éearch task was per-
formed i.e. left to right, rlght to left, or center starté
| Subject was seated in a writing-arm chair whose seat was 18 0 in,
'from.the floor. Direct-line dlstance from the'front edge~pf thegrm
to the pushbuttons was 18,5 inchesg At the stértAof a trial, thé
- subject was required to keép the rigﬁt hand resting on the arm $o
that pglm and fingers were behind:the arm's front edge; thereby
esfablishing 1845 in. as the minimal réach reqqiredéA |
With the‘pushbutfons mounted in 1ine‘37.,0"i‘n° from the floor,
- there was an easyflift.fqr the hand rising from the éécg\ino ele~
vation of the Writiﬁg>arm to the-tafgef;v‘Aecnrding tmyanthropo=b
metry tables established.by USAF records, (39), the reach required
.wés well within fhe~meén anterior arm reach of aviation cadets:

- e
3562 . 1,68 inches,
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Subjects were members of a USAF flghter=1nterceptor squadron on
actlve duty flying two-place jet alrcrafte Individuals selected
comprised 4 pllots and 5 radio operators. These were divided into
three groups; Group>I and Group II each had one pilot and two R@s,
Group III had two pilots and oﬁe-ROG '

Ages varied from 22 through 26,‘a11 sﬁbjecté were marfiédQ Six
8s, including the 4 pilots, were USAF career menj; the remaihing three
were non-carecer RBs.

Training within the USAF varied Wi£h length of service. The
youngest member of the group ﬁad more than Zé-yéars Air Torce exper=
ience; the oldest had slightly more than 5 years,

A Age'and training did not seem to have a measureablé effect on
. RT scores, however, as Table ¥ shews; Ranked in terms of RT59
Pilot Mc, age 25, placed lst RO M., age 22 placed 2nd.

| Biggest 51ng1e factor affecting RT speed seemed to be motiva-

tion; :Iﬁ general, the career men appéared more eager to rack up
fast scores than did the non-career meno_.Ihdividual differences_in
persénality;alsa'may have been a factor, although there was no attemptr
made tqlevaluate personality systematically. -

| Individﬁal differences were very marked during'tésté of hande-
A travel RT, tlmlng of which was accompllshed by hav1ng &s drop the
screen and hit any button, no search for a given target being re-

quired, Table 12 lists the reSults of this phase of the testing,



while the significancé of hand-travel time for over-all results is

discussed in Section IV,
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III. RESULTS

A, TYPICALITY OF TRIALS ON WHICH RESULTS ARE BASED

Nine sﬁbjects went threugh exactly 180 trials each, making a
grand total of 1620 trials, Each subject was tested Wifh 60 triéis
for each of the three cue typés, monochromatic with labels (mono~L),

4 polychromatic with labels (poly-L), and‘polychromatic without labels
(poly no-L). )

Siince the core objéctive of the experiment was to test whéther
the addition of’color coding to controls labels would improve the
speéd and accuracy of $e1ection‘rather than to test absolute speed
and accuracy, it was considered‘irrelevanﬁ to indulge in an extended
series of practice trials, EXamination of Table 11 and the columﬁ of
‘mean RTs scored for thé:monpaL cue type will show a result which was
expected: the great‘méjority of subjects (8 out of 9)9 were unaﬁle
.to bring their selectién sPeed‘ander 600 milliseconds,

_ This result was expected in recegnition of the fact that with
monochromatic cues, sub jects Wefe forced to search and find the tar-
get pushbutton bj reading the labels,  This operation might not have
been too diffiecult if tﬁe spread of the 5 labels had not been 9@6 ine
ches, which rendered impossible reading them as a single block by
focusing on the cénter label, Réther, it was found that each laﬁél

- had to be read oﬁe at.é time, aﬁd sinde the positions of the labels

were altered after each trial, the test became a matter of develqping'

44
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maximai speed of search ﬁith reading, accompanied by recognition,
understanding, or perception.

Yihen the subjects tried to increase sélectionrspeed,by reading
faster, they often scanned past the target label, seeing but not
percéiving, then had to scan back until they located it, The delay -
due to Scaﬁnpast invariably caused a longer RT, often equal to a full
standard deviation, |

The problem of optimal scan speed for search requiring reading
is discussed in some detail in the next section. This problem ob-
vioﬁsly had to be solved instinctively by each subject as he tried
to avoid scan-past yet read with maximal speed.

Group I subjects, starting with mono-L cues, had to discover by
trial and error their individual reading speed thresholds during the
firs{ trials undertaken, While struggling to reduce the errors and/
or hesitations dué to scan-past they may be considered to have been
undergoing warm-up. Typically, Warmpﬁp extended through the first
20 to 30 trials at the end of which subjects were given a 5 minute
bréako Returning for the second hour of testing, $s usually hit their
maximal performance during trials 31 to 40,

Thus, performence during the final 20 trials of the mono=L. cue
type found subjects essentially free of warm-up. Orientation was
well behind them, they seemed to have made friehds with the appar=
atus., It was therefore considered best to use the final 20 trials
as the most typical performance, and these scores comprise the raw

data resulis reported,



| »4é~,,
Similarly with the poly=-L and pqiy no-L tests,; it was found.that
the final 20 trials repreéented the most typiéal'pefformancea
Accordingly, derived data presented in the tables and reported
in the results are based on raw data recorded for the final 20 trials
of each cue “type. Preéared in graphic férm compriséd of curves for
. performance with each of fhe cue types for each of the 9 subject&,
the actual scores have been aitached to thls paper in the Appendlx,

Figures 6 through l4e

B, MAJOR RESULTS

Resulfs obtained in this control‘cclorvcoding test @rogram
amount to unusually strong support for the postulate that polychro=
matic coding is supérior to monochromatic coding. As Table 1 reveals,
the combined grand mean percent of improveﬁent over monochromatic
scnred by use of polychromatic cues was found to be 57.17% with
poly-L mean 1mprovement amountlng to 54,667 and poly no-L mean im=
provement rising to 59,68%.

The‘mean RTs and SDS for each subject for each of tﬁe three cué
types during the final 20 trials are presénted in Tables 2 through
10. | .
| Minimal mean percent improvement for poly no-L was 21.79%
scored by Pilot S. pf Group III, tested with poly-L cues_first in
- the Serieég which‘meant 1east amount of!benefit from practice, ‘(This
migimal.figure was calculated by ﬁse of the mono;L mean RT ggggg one

Sb, a remainder comsidered representative of maximal or fastest
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mono-L mean RT speed, and usé 6f§the‘poiy no~L mean RT plus one SB,
'cbnsidered repfésentative éf the minimal or slowest poly no-L mean
RT é?eedg)'

Combined minimailbercentApolychromatic improvement for all
subjects amounted to 29047%, a figure far;étronger than borderline

significance,



 TABIE 1; . COMBINED MBAN % H&PRQVEMBNT FOR ALL SUBJECTS

Mean . Grand Mean
Cue Type % Improvement % Improvement

ALI, GROUPS . Over Mono=L Poly Gver Mono
- Combined : ‘ o
Results  Poly-L 54,66

) 57,17
Poly no~L 59,68



TABIE 24 GROUP I ORDER OF TESTING

Cue Type | frder of

Testing
Mono-%: 1
Group I Poly-L 2
Poly no=L 3

TABIE 3., GROUP I INDIVIDUAL MEAN RTs, SBs, % TDMPROVEMENT

Subject | Cue Type ~ Mean RT S“;ta,ndard: % Impgiigment
C (msec.) Beviation Over Mono-L
Mono=L SN 671j ’ 228
Pilot ‘Hio  Poly-L o 342 | 80 49,03
| Poly no-L 245 : 48 . 68,46
| Mono-L 8o 212
| RO No Poly-L 538 171 33,42
Poly no-1L 310 - 107 . 61,63
Mono-1 701 B 182
RO T, Poly-L 353 86 49,64
| Poly mo-L, 281 35 59,91

Mean RTs are those for final 20 trials for each cue type.

TABIE 4, GROUP I COMBINED MEAN % IMPROVEMENT
. . ) Grand Mean

Cue Type % Improvement % Improvement
' Over Mono=i Poly Over Mono
GROUP I~ Poly-L 44,08
Gombined , 52,85

Results Poly no-L . 6167

49
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TABIE: .5, GROUP IT ORDER OF TESTING

Cue Type brder of

’ Testing
Group II  Poly-L 1
Poly no-L 2
Mono-L 3

TABLE 6. GROUP II INDIVIDUAL MEAN RTs, SDs, % IMPROVEMENT

, Standard Mean
Sub ject Cue Type Mean RT Deviation % Improvement
{msec,) (msec.) . QOver Mono=L

Mono=1L 864 171 A

Pilot Ha. Poly-L. 348 29 47,59
Pbly no<L 295 38 55,57
Mono-L. . 860 285

RO K. Poly-L - 473 116 45,00
Poly no-L 313 61 | 63060;
Mono-L 844 201

RO L. Poly-L | 251 47 - 61.02
Poly no-L 231 37' 64,13

Mean RTs are those for final 20 trials for each cue types

TABLE 7, GROUP II COMBINED MBAN % TMPROVEMENT

Mean Grand Mean
Cue Type % Improvement % Improvement
Over Mono-L Poly Over Mono

GROUP IX Poly-L 51.20 _
Combined ‘ ' 56,15 -
Results Poly no<L 61,10
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TABLE 8, GROUP III ORDER OF TESTING

Cue Type Order of

Testing
Group ITT Poly noeL : 1
| Mono=L - 2
Poly-L 3

TABLE 9, GROUP IIT INDIVIDUAL MEAN RTs, SDs, % IMPROVEMENT

, Standard Mean
Subject Cue Type Mean RT Deviation % Improvement
' {msec,)  (msec.} ~ Qver Mono-L
Mono-L 465 202
Pilot Mc. PoiyuL 113 82 75,70
Poly no—L- 233 ‘, ‘95 ’ 49.89
Mono=L 609 R 128 | |
RO M. Poly-L 198 25 67049
o Poly no-L 217 29 6437
Mono-L 623 146
Pilot S. PoiyuL 230 136 63,08
Poly no-L 281 | 92 ‘ 54,92

Mean RTs are those for final 20 trials for each cue types

TABLE 10, - GROUP ITI COMBINED MEAN % IMPROVEMENT

Mean ' Grand Mean

Cue. Type % Improvement % Improvement
' » Qver Mono-%L Poly Over Mono
- GRQUP IIT Poly-L 68,76
. Combined : v 62,57

Results Poly no-L - 56439
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“''C.. ORDER EFFECT AND INTERACTION ANALYSIS

. Tabulation of mean test scores for poly-i and poiy no-L, Table

14, provides visibility of ﬁhatever order effect and interactions may
haﬁe been present during the testingo‘ | |

At first glance, it would appear that since 6 of ‘the 9 subjects .‘
démonstrated.significant imprévemeht wﬁen given polyéhromatic cues
Without‘labels, é conclusien couid be drawn that seleétioﬁ speed is
faster when controls are coded by colof only than when coded by
' color plus ;abele |

Examination of the scores recorded for Group III, however seems
té show a reversal of that principle. Group iII Subjects}scored sig=
nificantly faster RTs for poly-L than for poly no=Le “

Consideration of fhe variance in‘feéting order suggests a differ-
.eni:'cbﬁqlusion0 The fastest mean scores were invariably made on the

second polychromatic cues testing session by all three groups,

whether the cue type was poly-L or poly no=L. Thus, the indications
are that some degree oprfactiée effect was at worke |
-Yet, if practice effect per se;was of significant force through=

out the'testing, suﬁjeété should have made faster‘RTé‘for‘mQﬁOChro-
matie label codinggwhén this cue type was the third and last test of

the series, as if wasijr é;oup II; Stud& éf the mean RT§ for Mmono=k
i# Table 11 reveals, howe#er, that'fhere Waé no significant difference
between the mono-L scores of Group IT and the mono-L scores of Group

I which began with mono-L cues.
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* "T4BIE 11, MEAN RT RANK ORDER FCR ALL SUBJECTS

Group  Subject

Pilot Hi
I RON,
RO T,
_ Pilot Ha
II  ROK.
RO L
RO M,
III  Pilot Mc

Pilot 3.

Order of Testing
Group I
Group IT

Group III

Mean RT. (msecs,) Rank Mean Group

Fastest Rank

Mono~L Poly-l. Poly no-L Grder Rank Order

871

808

T0L

664

860
644
'609
465

623

Mono-L

Poly=1, -

342 245
538 310
353 281
348 295
473 313
251 231
198 217
113 233
230 281
Poly-L

Poly noQL Mono i

645,4 5
8,9,8 8 3
7,7,6 T
5,6,7 6
9,8,9 9 2
4y4,2 4
2,2;1 2
1,1,3 1 1
3,3,6 3
3
Poly no-L

Poly nd—L- Mono=I

Polyéi
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TABIE 12, WﬂAN RT FOR HAND TRAVEL, ALL SUBJECTS

Mean RT for Hand Travel Grand Mean VVRT Group

Group Subject . (msec.) Hand Travel Rank Rank
' Mono=L Poly=L Poly no-L (msec.)
Pilot Hi, = — 73 82. 7 8
I  RON. — 109 20 64 4 2
RO To — 39 29 39 2
Pilot Ha, 37 93 33 54 . 3
II RO X, a2 127 60 90 9 3
RO L, 8 .61 61, o 70 - 7
RO M, 6 54 61 s |
III Pilot Mc,  =—— 03 19 11 ‘ﬂ. 1 1
Pilot S. 62 62 82 69 6
Order of Testing 1 2 3
Gfo‘up r o Mono-1. Poly-L. . . Poly no=L
 Group IT |  Poly-L “Poly no-L Mono=L

Growp III  Poly no-L Mono-L Poly-L



TABLE 13, ERRORS AND HESITATIONS RECORD, ALL SUBJECTS

| Group Subject

Pilot Hi.

I RO No
RO T

Filot Ha,

IT  ROK,
RO Lo
RO M,

IIT+  Pilot Mc.

Pilot S °

Totals

55

Brrors Hesitations
Mono-L Poly-L Poly no-L Mono-L Poly-L Poly no=L
S 1w
2 (s) 1 (c) 0 1 (s) 2 (s) 1 {(c)
2 {(h) 1 (w}) 38 (u) 3 (u)
, 2 (h)
0 0 3 (c) 3 (s) 38 (c) 1 (c)
' 2 fu) 1 (s) 2 (u)
2 () 1() 1() 1() 1 (u) 1 (c)
. 1 (s) 2 (w) 2 (s) 1 (u)
1.(s) - 2 (¢c) 0 5 (u) 38 (u) 1 (c)
- 1 (u)
gt 1 (s)
0 0 0 2 (b)) 2 (¢) 2 (u)
S 3 (w) 2 ()
2 (s) 0 0 1(s) 1 (c) 1 (¢)
1 (h) 2 (u) 8 (w) 1 (u)
3 (s) 1 (c) 1 (c) 3(s) © 2 (c)
1 (u)
3(h) O 50 1(s) © 1 (s)
1 (u) 1 (h)
4 () 2 (c) 1 (c) 1 (s) 1 (¢)
2 (u) 1 (w) 1 (u)
- 5 (s) 7 (c)
12 (s) 7 (c) 1 (s)
8 (s) 6 (c) 6 (¢c) 18 (u) 2 (h) 1 (h)
12 (h) 1 (s) 1 (s) 3 (h) 138 {u) 12 (u)
20 7 7 33 27 21

#Notes Group IIT was tested With'polwa cue tabs last, wltereas the
other groups were tested with poly no=L cue tabs last.

.Symbolso (s)= scan or reading (c)= color confu31on
{(h)= hand travel

(u)= undetermined

Mean hesitation improvement= 27.27%

BError improvement= 286%
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TABIE 14, ORDER EFFECT & INTERACTION ANALYSIS

Mean RT (msec,) Msecs % Group %
Group Subject Gain Over Gain Over Gain Over
Poly-i; Poly no-L 1st Poly 1st Poly 1st Poly

Pilot Hi, 342 245 o7 28 436

I RON. 538 310 188 34,94 27,89
RO T, 353 281.' 72 20,39
Pilot Ha, 348 295 53 15,23

II RO K. 473 313 160 33,80 18,99
RO Lo 251 . . 231 20 - 7,96
RO M. 198 217 19 51,50

ITT* pilot Mc. 113 233 120 8,75 29,13

Pilot S. 230 281 51 18,14

#Notes Group IIL was tested with Poly—ft: as the 2nd polychromatic
_ocue type; other groups had Poly-L as the 1st polychromatic cue °

types
Order 'of Testing -1 2 : 3
Group I Mono=~L Poly=L Eolyv no=-L
Group II - Poly-L Poly no-L  Mono=L

Group- III. Poly no=L  Mono=i, Poly=L
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" Viewing the scores of Group III in Table 11 for practice effects

calls for recognition of stiil another factor affecting gfaup perfor m=
ances, namely, individual differencesg Group III happened toibe éomp"
 prised 6f the three subjects whose superior scores caused them to raﬁk
1st, 2nd and Sra in the rank order for fastest mean RTs. Since the
assignmen{ of subjecﬁs to the respective groups was made by an @ﬁera-
tions folcer whose only concern was the convenience of his squadron‘s
regular duties rather than suitability of 1nd1v1duals for the control
panel experlment, there was no reason to assume that the men of Group
IIT were not raﬁdomlyvselectéd@

®hile it could be érguedfthat bilots are typically faster than
ROs and Group III had two pilots while the otﬁer groups had but one_‘
each, examination of Table 11 and-the rank ordef of pilofs versus
ROs will reveal that ROs placed 2nd and 4th with two pllocs below
.them, 5th and 6th° Fastest mean score for poly no=L was 217 MSeCS o g
racked uwp by an RO, not by a pllota

In view of thése'facts, it would be fallacious to pursuevthe
assumption that pilots are typically faster and accépt the assump-
tion as an explanation af Group III's superior performance. At
best it can only be safely conclgded that Group IIT hapﬁened to
héve the fhree fastest,individuals‘among the niﬁe-men'testedf
” | Table 12, Mean RT for Héﬁd Travel, All Subjects, présénts
another gfoup of reéﬁlts bearihg onn the matter of group interac;
tions and the effect of individual capabilities. A comparison of

_Table 12 with Table 11 shows that correlation between hand travel
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speed and performance speed is nil for all but one subject, Pilot Mc.,
who ranked 1st in both, .Subjeqts ranking 2nd and 3rd in perfermance
ranked 5th and 6th in hand travel; subjects ranking 2nd and 3rd in
haﬁd travel ranked Tth and éth in performance,

Cérrelations befween group rank order also fail to appear,rwith‘
the exception bf Group III which ranked first in both hand travel and
performance, But Grouwp ¥, which ranked 3rd in performance; ranked
2nd in hand‘travel; Group iI, which ranked 2nd in ﬁerformange, ranked
3rd in hand traveio
~ In summary, . evidence péints to three conclusions regarding order
éffect:; K

1s Ordgr of presentation had no significant effect on RT for
controls selecfion when coded by monochromatic labels., Reading
sPeed'did not improve significantly with practice.

2, Order of‘presentation had a significant effect on RT for
controls selection when coded by polychromatié cues, préctice effects
appearing to have affected the mean percent of improvement, as Table
14 reveals, As subjects gained in practice with the color coding,
they improved in selection speedo

3., Inconclusive data are provided By present results as to
the relative superiority of polychromatic cues without labels over
polych?omatic cﬁes with 1abéls° While:tﬁeré was reason to_bélieve
that labels became of no use to subjects>of Group IIT in Scoring the
fastest mean RTs when using the poly-L cue tabs, further testing is

indicated to validate this conclusion,



IV. DISCUSSION

A, MOTOR RESPONSE VS. PERCEPTUAL RESPONSE

Comparison of Table 11, Mean RT for Hand Travel, with Table 12,
Mean RT Rank Qrder for All Subjects; permits a View of motor res?onse
;efsus perceptuél response and of how‘oné effects the other in RT
"tests of the kind investiga.‘cé'd0

It might have been expected that subjects showing thé faster
performance RTS would have proved to be those with the faster motor
reSponée or hand travel RTs., However, testing results proved other-
wise, with subjects ranking 2nd and 3rd in performance speed scoring
5th and 6th in hand-travel speed, fo} example, Again, subjects rank-
ing 4th and 5th in performance ranked 7th and 8th in hgnd travel,

It is also noteworthy that motor response mean RT varied from
cue type to cue type for the same subject. This result SuggestsA
that maximal speed of motor response is not always present, particu=
larly if the problem of controls selection is less than perfectly
encompassed by the perceﬁtual processes, For example, most subjects
Adecreased their hand travel time as they progressed from oné cue
type to the next, but some subjects did not. Pilot Hi.'s last_'
group of trials found his mean hand travel speed slowed to 82 mseésq
from the 72 msecs. mean RT scored in the 2ad group of trials although

 his performance mean RT for the final trials'was faster by 97 msecs,
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A similar slowing of hand travel speed in the final trials was record-
ed for RO M., while at the same time épeeding up his perférmance RT.
Evaluation of the proportion of performance time consumed by
hand travel ﬁrings fofth the fact that motor response time varied
from 9.83% (Pilot Mc.) to 33.88% (RO M.). If it can be assumed that
the balance of time consumed was purely perceptual, the conclusion
may bé drawn that individual differendes in perception speed consti-
tute the most critical conditiening factors in éontrols selection
performance scores.
whilé the actual mean RTs for hand travel varied from 11 to 90
MSECS o among the nine subjects, the actual mean RTs for fastest
performance varied from 113 to 313 msecsa' Other experimental designs
then that employed in this investigation no doubt would be better
suited to a study of perception time. However, this area is vaious-
, ly of vital concern to controls selection training as well as to the
design of coding controls and indieatorsm-
‘in_the folléwing section a more detailed discussion of the per=-

ceptual problems involved in controls selection is presented,

B, ERRORS AND HESITATIONS ANALYSIS

- Table 13, Errors and Hesitations Recofd, A1l Subjects, presents
results of the errors andihééitaﬁions analysis. Mﬁst dramatic
difference appéars'in_the errors totals, with monochromatic cue tabs
bausiné 285%»more errors than the polychromatic cue tabsav

Study'of the errors columns reveals that polychromatic cue tabs
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caused no errors whatsoever of the hand travel type, whereas mono~ -
cﬁromatic ;ue tabs errors were 60% cdmprised of hand travel mistakes;
While scanning errors comprised 40% of the monochromatic cue tab mis-
takes, polychromatic cue tab scanning errors comprised only 14.3% of
the mistakes.

As noted preViouély, the potential of coler qonfusion between
the %red" 10,0 RP'4/4 and fﬁe “oréﬁge?‘7;5 R 6/10 Wés'deliberately.,
introduced info the polyéhromatic‘cge tébsg “Results show that all
but 14,8%‘of the errors caused by this cue fype were due-to color
7c§nfusiono' Hence'fhé.coﬁclusion may be drawn that color coding de-
‘sign should'gvoiaruse of colors as clgéely related as the "red® and
“orange" employed in “thigiel}'cperimén‘t@

One 'explanation of the color confusion found in this testing
program.may be derived ?rom authoritative studies of color percep=
'tlon, including that of the OSA Committee on Colorimetry (88), which
report that fall-off of red-orange receptor sensitivity has been
found outside a relatlvely small foveal area of the retina. Coler
confusion errors and hesitations were more often recorded whefe the
vred® and Worange".cue tabé were ét opposite ends of the cue tab
line, This meant their images reached the perpheral areas of the
retina rather tham the fovea when 3. used center‘start scanning as
most Ss. did with polychromatic’cue tabs. It is therefore indi-
catéd that “red" vs, Morange" distinctions of the kind required by
the cué tabs employed present psychophysicai»perceptual limitations

which are basic and fundamental, Implications of these color .



62
perception limitations are many, and obviously, each.impliCation re=
guires individual investigation,'andrwith the research design dictated
by the end needs of the color coding designer.

A further conclusion is also apparent. ‘If the “orahgé* had been
. replaced by another color which would not arouse color confusion with
the “red®, there would very likely héve 5éen markedly fewer érrors
_recorded fqr“the polychromatic cue_typésq In that event, the degree
of accuracy affordedAby'color coding as against monochromatic coding
could have mounted from the present 286% improvement to perhaps 400%
~or better, Further testing should reveal how valid this conclusion
may be,

Examination of the hesitations columns of Table 13 reveals that
color coﬁfﬁsion was. also a prominentlfactor in the production of de-
layed RTs. With polﬁwL cue tabs, color confusion hesitations amounted
to 25,9%,and with poly no-L cue tabs 33.0%. |

Elimination'qr sharp reduction of this kind of RT delay could
mean -that hesitatipné iﬁprévemént resulting from color coding ﬁight
reach 60%, an importaﬁt advance particuiariy significant for the com~
trol panels of hy?ersonic aircraft and manned missiles Whefein.a 60%
delay in search time could spell the difference between survival and
disasters.

Préctice_effect could be ascribed to the apparent errors improve-
“ment shown by Group.II subjects who were tested with mono-L cue tabs
iast and scored 33% fewer errors than Grbup I subjects who began with

mono=L. Affecting this situation, however, is the factor of indivi-



63

dual differences, tabulated in Table'llg The 6 errors made by Group I
.subjects were recorded for men'fankingIS%ﬁ and Tth in mean RT speed
hence if:cannot be assumed fhey ﬁefefequally capable as the two men of
Group IT who ranked 4th and 6th and scored only 4 errors.

Another query maybe aroused when examining the performance of
Group III subjects for mono-L errorso‘ Their testing with the mono-
chromatic cue tabs came 2nd, 'rather than 1st, yet their errors total
was 10, highest of all the thrée éroupso Since no labels were used
during Group III's first tests, poly no-L cue tabs being the cue
fype, a re-learning task was imposed on this group by the mono-L cue
type not required of Group I whicéh began with mono=L. Fhrther.genn B
sideréfion»of the‘iﬁtergfoup testing sequences showé, howéver, that
Group II also faced a re-learning task when given their mono-L tests
following poly no-L testing. Thus; both Group III‘and Group II had
the same -re-=learning conditions imposed upon them when tested with |
mono-L cue tabs, yet Group IT scored only 4 errors against Group
ITT's 10, | |

These results are sufficiently contradictory that no clean-cut
conclusion may be drawn as to the presence or lack of prabtice
effect, or, as to what may have caused the marked differences in
error totals recorded by the respective groups. Further'tésting
with perhaps several hﬁndfed subjects involved may be required before
.definitiye coﬁclﬁsionslcbﬁld be validated.

Looking ahead to further testing and analysis of hééitation de-

lays in controls and indicator selection, it is the opinion .of this
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inveétigator that only gross deviations can be satisfactorily noted
by the primitive method of naked eye observation. With hand travel
consuming elapsed time spans as small as 632 seconds, * 0.1, there is
far too short a period in which the human eye can function,effi¢ient»
1y as a recording instrument. The pfoper instrument to employ here
is the high-speed motion picture camera or the television camera using
electronic tape fecording, thesé equipments permitting projection and
analysis of recorded hénd travel action at importantLy slower speed,

Since hesitations have now become almost as critical for
efficient operation of certain types of control panels as have Qut—
right errors, careful studies of hesitations are very much in’order,
with expensive recording equipment not merely justified but actually
,essential to solving.thélquestions of how hesitation originates.
Khowledge'of hesitations causes are required, of courSé, not oﬁly by
control panel designers but also by designers of training programs.
At present it would seem that too few fundamentals of learning
;imitations on. the perceptual and‘fisual levéls, on scanning speed
thresholds and onvacuity of color peréépfioﬁ,have been made avail-
able to training commandéy and educatdrs'in‘generalc Why this is so
- may very Weli constitute the subject of a sepafate and extensive
investigation. In the following section of this paper, some addi-
tional comment is offered regarding these interrelated factors of
perceptioﬁ, learning, and 6peratipnél efficiency. " |

Viewing the hesitation record of Tablé 13 at the totals level,

‘it may be noted that hesitations were most'numerous for the
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monochromatic cue tabs; with significantly less hesitations appearing
when polychromatic cue tabs were employed. 7Practice effect, while
unclear for moneL.tests, is rather positive for polychromatic tests.
4s sﬁbjects progressed f?om their first testing with polychromatic
cue tabs to their second polychromatic testing, their RTs invariably
improved, |

Indications of the teeting progress_recerded points to the
likelihoodAthat with additional polychromatic cue tab training,
subjects would continue to reduce the number of hesitatioasl
widening further the significant gap between hesitations committed
© during monochrematic~trials and those committed during polychromatic
trials, |

In summary, fhevfollowing conclusions may be drawn:

1, Polychromatic cue tabs reduced the number of errers by an
extraordinarily high degree, averaging 286% improvement ever MoRnO=- |
chromatic cue tabs,

20 Polychromatlc cue tabs rednced the number of hesitations by
T a very signlflcant degree, averaging 27@37 improvement over monochro=
matic cue tabs.

é° ‘If color confusion, the cause of 85,7% of the color
selection errors, ‘were reduced or eliminated it is quite 1ikely that
vlmprovement of selectloﬂ ~accuracy due to color codlng controls would
rise: from.the 286/ found in -this 1nvest1gat10n to. perhaps 400% or

better,
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C. COMMENT ON THE STATISTICAL METHOD

At first glance, the experiméntél'désign of this investigation
would seem to lend itself .to parametric Sfatiétics with classie
analysis of variance methodology neatly appllcable to the study of
order effect and 1nteraot10nS¢

There are three cue types, tgrée groupé, éﬁdhthree'ofders of
testing; The'balancea number of dataArecorded sgeﬁskréadyamade for.
blocks of cells into which derived results could be dropﬁed, pio;
ducing theqkind of mathematical setfing,thaf would permit full scale
use of formulae and nicely'réfiﬁed caleuia‘l:ionso

HQWever,'little‘moré fhan a casual giance at the actual scores
and atqfhe mean RTs recorded for each subject will reveal that the
data do not dlsplay evidence of normal dlstrlbutlona Rather, the
results are severely skewed and therefore unsulted to statlstlcal
‘anaLy51s by parametrlc techniques. |

For ewample, Table 11 reveals that the mean RTs scored for
mono-L, cue tabs are dlstrlbuted over a range of 465 msecs., (Pllot
Mc.), to 860 msecs., (RO K.), a difference amounting to 84.9%.

| ﬂgéin, distribution of the mean RTs for the poly-L configuration
soars from 113 msecs., (Pilot Mc.) to 538 msecs., (RO N. ), a
difference of 476% |

Also, the mean RIs for poly no-L vary from 217 msecs., (RO M,),

to 313 msecs., (RO K.), a difference of-éQQS%o -

. A review of Table 12, Mean RT for Hand Travel, All Subjects,
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provideé evidénce of another seriously skewed distribution: mean hand
travel speed ranged from 11 msecs., (Pilot Mc.), to 90 msecs.,

(RO K)o

In view of these several evidences of skewness, it was felt
unwise to attempt manipulation of the data -into fofm.whioh would
permit parametric handling of.the statisticai analysis.

Thus,‘statistical calculations reqﬁiring normal distributien
were reﬁ&efed(iﬁapplicaﬁle@ Instead, the data were studied on the
basis of nonparametric statistics, with each gubject“s performance
measured against his éwnyrecord; This tedhnique provided pefcent of
improvement factors and allowed domparisons of the percentages, both
on‘thevindividuél level and on the groupflevele

Since each subject was competing againét his own scores
rather than against the scores of his squadron mategg and since each
.manvwas tested sinély, interaption effects existed only in the matter
of pracfipe or training, not betwéen subjects but for each S,
individually. (Thevanalysis of‘these effects as presented in the

previous section of this paper will not be reviewed here,).

D, SIGNIFICANCE OF SUPPORT FOR THE HYPOTHESES

To reqapituléte, the two hypothéses,tesfed were,‘as‘follows°
Given a control paﬁgl problem, it is postulated that:
1. Speed and accuracy of cdnifols:séléction will be
significantl& improvédAif polychfomatic~ré£her than monochroma£ic

. color éoding of labels is employedo
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2. Speed‘ahd adcﬁrgé& pf controls selection will be signifi-
cantly imprbved if polychromatic color_codiﬁg only, without labels,
is employed to identify'controlsaA

As Table 1 shows, the mean.improvement in speed of controls
selection when polychro@atic color cbding of 1abels_wés employed
amounted to 57.17 perCeﬁto‘ ’

With poly—L'results showing 54,66% improvement, and poly no-L
results reading 59.68% improvement, there seems to be nothing but
highly significant Supportyfor both hypotheées as to spéed;

Ay Table 13v§howé, use of‘polychromatic.color coding of labels
reduced the errors by 286 percent, a figufe several times more
positive thanbrequired of éxperimental'réSults-to qualify as
sigpificanto> Color éoding‘also‘significantl& reduced'hesitations by
27,3 percent, | -

| In summary, therefore, it can be stated without qualification
that both hypotheses‘were~sﬁ§ported for speed and accurzcy to a very

significant degree by.the experimental results,



V. CONCLUSIONS

A. IMPLICATIENS IF RESULTS ARE VALID

If the results demonstrated by this investigation are valid,
and if they prove to be confirmed by further experimental testing,
then several areas of human factors engineefing Willyfihd need of
the advantages deﬁonstra‘ted by use of. color coding controls and
indicators,

Whenever speed aﬁd accuracy of cqntrols selection is of vital
importance, codihg of controls with color ﬁill become a matter of
first cdnsidergtion for the control panel,désigﬁer; ‘AsAsoon as it
is detérmined that the panel can be operatéd under steady-state con-
trolled illuminétiqn, the question Wiil-ﬂot.be?'is color coding
advisable, 5ut, how can colorfcodiné principles be used most
effectively.

With present evidence demonstrating controls selection speed to
be better than twice as fast when coding is polychromatic rather
than monbchromatic, and with selection errors reduced by more than
250 percent due to color coding; contr§1 panels are certaihftoipro=
vide greatef efficiency and greater safety if théy have been given
color coded coantrols and indicators,

In applications where the control panels have critical functiéhs

to perform, when, for example, the selection of a wrong coantrol -
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through operator error can cause serioué damage to equipment,
bulldlngs, or perSOnnel, the spec1f1c advantages of color codlng will
become a first concern o:E‘ the panel designers,

Certain branches of therchemlcals and petroleum industries have
already made use of color coding controls and indicatéré, of course.
- Many process englneerlnv de51gners have employed color codlng not
only for control panels but for 1dent1flcatlon of p1pes, tubes9 and
receptacles, as well as for process componen“tse The production of
explosive liquids, gases, and of solid explosives has called for ut~
-most use of all safety methods cqnceivableg Among these, color coding
“has beche'a primary safety device, |

. Without making a special study of the origins and basic -
principles of color coding eﬁployed by process engineering, however,
it can be only conjecture as.to how much the celor cod1ng customs
- oW fallowed in that englneerlng field have been founded on the
fundamental data of psychophy5103'and of color perceptlon and how
‘much founded on coiof practice which had no reason for its design
other than tradition or haﬁitm In some process plants studied by
this iﬁvestigator, for instance, the color coding seemed to have been
determined by iittle mﬁré than a Simple need to render one chemical
line or control distinguishable from another. There had been built
up within a single industry a'rather elaborate célor coding system
which the‘personnél of that inéustry came to know and recognize, but .
there were arbitrary uses made of green and yellow; for example,

7.

which violated the color-word association findings noted
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previougly (14). Such practices could have negative effeqté, on
occasion defeating the veryvsafety conditioﬁs they were set up to
protect.

" Viewing the several major fields in which visual displays of
controls and'indiéators are functional, essential components, it is.
easily demonstrated that coior'coding is as yét largely not
practiced, Yet ﬁhenever and wherever control panels are reéquired, .
color coding is due te become a major design oonsideration.from the
outset, Likewise, indicator displays which are to function with
maximal efficiehcy, providing 6peratorSAWith thejmost‘readily
recognized and interpreted kind of  coding, are cef%ain'to require
color coding, Such are the general implications of results found
dominant in the experimeﬁtal testing"reported herein,

Specific applications of color;codingfare indicated for:
Virtuaily all kinds of véhicles, whether they éarry<personne1 and
cargo vié air,iwater, land, or combinations thereof. Aircraft,
missiles, satellites and space vehicleé, including the now elaborate
ground support equipment necessary for their control, all have speed
and accuracy requirements among their several kinds of control and
indicator paﬁelsa Perhaps the majority of these have need of color
coding, for the majority of panels used by the vehicles in our air-
borne and space-traversing categories demand split-second decisions
of the creﬁs who operate them.

Aithough the irend is toward increasing use of automatic controls,

with electronic computers and servomechanisms now performing guidance
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and navigétionél‘computing formerly suppliédiby the huma;nlbraixil9
désigners of fhe h&personic aircraft, and of manned missiles,
satellites and space vehicles, still find need for the monitoring
and decision making capabilities of the live pilot and his fellow
crewﬁana &s long és man is to be placed in control of a vehicle
just so long'will the ﬁeed rémain to proyide bhim with the most
superior type of controls and indicator coding, |

Wa{ercraft, like aireraft, also have need for clearly coded
controls and indicators, and, as the craft becomes larger, ranging
from boat to ship, small ship to large ship to aircraft carrier and
supercargo ship,>the control préblems nmultiply in beth number and
complexity. For the vessels which qualify as ships, with seven seas
navigational requirements to be met under allweather .conditions,

‘ éontrols may become extended from a few panels in number to racks.éf
'panels;- Abéard the larger naval_Vessels and passenger liners, when
the éontrol room becomes a céntrol center with several operators |
manning several contrel stationé, the coding problems are extenéiveg
With suech control centers typically placed amidships to affofd'the
gréatest possible protection for the ship if under attack, there is
no problem.wha{soever as t§ controlled iliuminationo Thus ; color
coding can be employed without iimit, the fully enclosed control
center being under a steady-state illumination the spectral composi-
rtion of which can be specified to suit the needs of the color coding

techniques employed.
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Wefe a'eompreheneive list prepared of control panel fields |
wherein color coding is indicated, ﬁerhaps sevefal thousandAwofds
would be required'befere the listings were all-embrawive. While it
is outside the purpose of this paper to attempt eny such list, thefe
is reason, at least, to note that the list WOﬁld be large- rather than
small, its size being one measure of the importance which must be

given the matter of‘contrbls and indicator color coding, -

B, OTHER AREAS OF RESEARCH AFFECTING COLOR CODING

At least seven other areas of psychological research directly
affect the field of color coding, and‘no‘doubt more than se#en could
be named were a separate study of the wide scope of visual and
'perceptqal problems 1nvolved undertakena At this early stage in the
research of human factors govefning optimalApse.of color coding, an
investiéétorAcannot but feel the enormify of this field whose un=-
solved problems are stlll S0 numerous he he31tates to presume a
capablllty for env151on1ng them alla

| The followmng seven related research areas are dlscussed here-
with not because they are necessarlly the ‘seven most important to
the colorvcodlng,field, but because they happen to have had reports
published in the literature. This is not at all meant to imply, on
the other hand, that these reports dealrwith factors unimpbrtant to
colop cedingé' Rathefg fﬁe‘comment~is intended to make the readerv
aware that to date there has not been eetablished a full& eompren

hensive research program for the study of color coding, and untii
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such a long-range program iS carried out, no single investigator caﬁ
assume that the scattered studies of the field completed thus far
represent a balanced and thoroughly falidated body of experimeﬁtal

data upon_which major applications of color coding can be founded.

1, Unidimensional vs. Multidimensional Absolute Judgments

For ekample, while the 1iterature reports sevefal~studieé of the
number éf absolutely identifiable c¢olors, such as the study by
Halseyvaﬁd Chapapié i@ 1951:(23) and the study by Conover and Kraft
in 1958 (15), itvmay be noted that only_gnidimensional'absolufe
judgmeﬁts were tested, Multidimensional absolute judgments gener;lly
remain, even today, largely untested and hence unknown as to the
limits ﬁhich humanfperception will place upon them, . Clearly this is
a matter of direct concern to color coding, and to the designers Sf
visual displays ﬁho typically Begin their coding with labels coﬁposed
of digits or letters or combinations thereof and who now, with color
coding becoming aﬁ added feature for distinguishability,‘are actﬁally
at this very moment dealing with mﬁltidimensional rather than
unidimensional coding systems.

. ‘Pérhapé~0ne of the most provocative repoérts published in recent
years toﬁching on this area was the paper by Ge Ko Miller::“The
Magical Number Seven, Plus or Miﬁus Twos some limits on our capacity
fof processing information,“ pﬁblished in 1956 (34), After'traciné
the studies of both unidimensional and of_multidiménsional‘absoiufe

judgments he notes: "It seems by adding more‘dimensions, and
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requiring- crude, binaryé yes=no judgments on each attriﬁute we can
eﬁten& the span of absolute judgment’ffom.7 to at least 150c“
| This positioﬁ is quife different from that of Chapanis, Garner
and Morgan in 1949 who postulated that %10 to 12 colors would be- too
many for most operators to keep in mind and use effecfively" (12)0
Two years later Chapaﬁis‘and Halsey éspmed>to have confirmed that

postulate with a étﬁdwaon the Number.(s% Absolutely Identifiable
| Séectral Hues# (28)s | | |
Technically, therée can be no complaint to the effect that
;Halsey and-Chapanis:Werg‘testing any but unidimensional absolute
| § judgmentso But the application ofltheir research, clearly re=-
fleoted in the governmeﬁt‘human engineerihg publiqations reviewed
.'“, in the Preliminery Biscussion sectibn of this paper, has assumed
" that color éodingvmust be désighed as if it were unidimensipnai at
all ’ciﬁes° Yet, the moment a label is added to a color cue tﬁere is
no longer a single, unidimensional factor for distinguishability,.
‘Controls and indicators identified by polychromatic labels are
poséeséed:of multidiﬁenéibnal cues, not‘unidimensiqnai cues, " Thus,
B the limitations of unidimensional absolute judgments no longer applye.
‘ insiead, the 1éws of multidimensional absolute judgments becéme the
proper laws to épply@ |
' At this writing it is doubtful if the human factors engineer
f_.qan gather together gﬁough validated experimental data to suﬁport a

full set of laws for multidimensional cbntrols and indicator
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 ddentifying cues. He has studies which establish trends and indi-
cations of those laws, but not enough follow=up, experimentally
validated conclusions updn which to pro¢eed with authority. Miller
reviews (34) two studies by Eriksen, "Absolute Judgments as a
Function of Stimulus Range and Number of Stimulus and Response
Categoriest, 1955, and “Mnltidimensional Stimilus Diffefencés and
Accuracy of Dlscrlmlnatlon“ 1955, notings

, Eriksen found that when size, brightness and hue were all
varied together in perfect correlation, the transmitted ine
formation is 4.1 bits as compared with an average of about-
2.7 bits when those variables were varied one at a time. By
compounding three attributes, Eriksen increased the diménsions
ality of the input without. increasing the amount of dinput in-
formation, The result was a marked increase in the channel
capaclty for dlscrimlnaflon@

In a further penetrat1on of the dlscr1m1nailon problems of
coding dlsplays Mlller p01nts to the 81gn1f1cant part played by
 the memory. (Use of the term "blt“ derives from his likening
the»human observer to a commmication system with certain channel
capacities comparable to those of the electronic circuit. The
Whit® is considered “the amount of<information we need to make a
decision between two equally likely alternatiﬁes"é) He states:

- The span ‘of - immediate memory and the span of absolute ' :

" judgment are quite different kinds of limitations that are .
imposed‘upon our ability to process information. Absolute
Judgment is limited by the amount of information. Immediate
memory is limited by the number of items.

In order to capture this distinetion in somewhat pictur=
esque terms I have fallen into the custom of distinguishing



between bits of information and chunks of information. Then I
can say that the number of bits of information is constant for
absolute judgment, and the number of chunks of information for
immediate memory is constant. The span of immediate memory
seems. to be almost independent of the number of bits per chunk,
at least over the range that has been examined to date,

For the above to have full méaning, it. is necessary to note
- that the formation of a “chunk" of information involves a recoding
process, with Wbits" of information first coded. then renamed and
remorized as a single “chunk®, This permits storing in the memory
siﬁgle units of information so coded as to include quite large num-.
" bers of individual details, obviating the need to memorize the
original inputs Se@arately@ Recoding thus constitutes an extremes
1y powerful weapon for increasing the amount of information that we
can deal with. - In one form or another, we use recoding constant-
ly in our daily behavior,

While Miller would seem to deprecate, perhaps, his treating

the subject in electronic and computer terminology when he terms it
Wpicturesque®, the aptness of that terminology. is perhaps more des=

criptive’than'mosta Physiological psychology seems more certain than

ever before that mental activity is essentially an intricate electron-

e

ic process invoiving the principles of feed-back and go no-go impulses -

common to the modern-day electronic "brain®e It is therefore a-highe
1y provocative and penetrating approach to pursue, but, as Miller
points out, there is yet a good deal more to be discovered about

recoding and memory. Thé~factors dealt with by Miller in the



preceding paragraphs are fhe same faétofs vwhich were at work céndi—
tioning the errors and hesitations bf tﬁe aircrew subjects tested for
the controls coding techmiques reported hére°; Ten years hence,; when
the'prgféséién has come to understand much more about multidimensional
ébsolute judgments, it is 1ike1y thatbthe comment of fered néw in
explanation of tﬁe controls selection errofs and hesitations per-

formance will seem rudimentary, perhaps even primitive,

2. Photoreceptor Sensitivity

Although recent studies of the psychophy31cs of color per-
ception have generally supported the ﬁrlstlmulus principles laid down
by Grassman in 1853, several 1nvest1gators have noted that the
photosens1t1ve‘receptors of the eye respond with more than trlstlmulus
activity; The microphysiology of the ret;na has now become an area of
study in which the photorebeptofé are notkﬁearly>so well understoocd as
in the days ofVHelmholtz and Grassman, One hundred yearé ago, early
investigatoré in the psychophysiés'of vision were quite positive thét
'fhé hﬁman retina was composed of only three major groups of receptors,
- one group sensitive to blue, one to green, and one to orangearedg Buf

by 1950, when Morgan and Stellar brought out the second edition of

their textbook, Physiologibal Psychology, there was a sufficiently
~1arge amount of researéh data as td'cenfuse the issue and cause them
to ﬁriteé | | |

| It is hard fo‘say just how many different receptors might

function in significantly different ways in color vision....ket
us say, then, that there are at least four distinct kinds of

78
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‘receptors: the bliue of 440 to 460 mu, the green of 520 to 540 -
mu, the yellow of 580 mug and the red of 600 mu, Perhaps future
research will give us grounds for further subdividing these
groups, but for the present these four appear to be the 'hest
bets’. .

Five years later, some of the expected future research was
- under way“aﬁd new iﬁformatioﬁ became available, One of the most pro-
#ocative réports camé from MaéAdamA(BZ)-of the Research Iaboratofies
of Rastman Kodak. After an‘éxtended series of experiments wifh chro-
metic adaptation, he offered this conclusion: "Appérently, the visual
nervous system provides only.threé channels té the perceptual centers
‘capable of handling. only threévindependent responses for color-per-
ception; ABut each of fhese responses appearé to Dbe stimuléted'by:a cbm;i
bination of two or more different photosensitive brocesses in éhe eyet,

Again in 1956, a study condﬁcted by Boynton (10) on the
sensi{ivify functions of‘human color vision provided eﬁperimental
results indiéating Suppoft‘fér é 4sqompbnenf theory of color visiong_
While recoghizing the vefy severe reséarch problém posed by

the microscopic photoreceptors, with some 125 million rods and 6.8
million cones per human retina,vpresent knowledge has grown consid-
erably. beyond the scope envisioned by-Grassman and Helmholtz. The
relatlvely recent technlques of perimetry and studles of the retinal
color zomes have both 1ncreased our comprehension of color
vision and complicated our color theories as we add to the record
temporal patterning and subjective hué responses. The trireceptor

law %does not adequately predict corresponding colors for different
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chroma%ic adaptations.: The.discrepancies_between.the bredictioné ofv
;that law and the observed colors seems to bé systematic®, points out
Mchdam.(32); |

Withqut carrying”this commentary deeper into the photoreceptdr
question, it can be;éeeﬁ that there are important new fundamentals to
be validated-as'tQ fhe-manner~iﬁ Which color perceptibn takes place,
and fhesevfundamentals are of immediate concern to the desiéner of-

color codinge.

3. Iuminance of Equally Bright Colors

A‘métter of simple practicaiity devolves from.thé problem of
color choice whenvdesigning color coding: how should the balance of
appearance or equality.of color asPeéf be determined?

Until relatively recent investigations'were ﬁade known, it was
assumed that the CIE method of plotting‘equally bright colors with a
polar coofdinateis&stem vhich pefmitted spacing equal hue differences
by equal angles.and équal safﬁratioﬁydiffereﬁces by equal radial
distancesvwould allcwir§édy ée]ection of balanced colors, If the
coiors chosen were equally sééced in-the CIE chromaticity diagram,
they were assumed to have equal steps of color differences on either
side and therefore were possessed of maximal diétinguishabilityq

In 1955, Chapanis and Halsayvpublished the resul{s of their
study (13) which'invéstigated the fact that edually Spaced_cdlors of

mathematically equal,luminahce do not always appear to have equal
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brightness. They c1ted.work of MacAdam.whlch demonstrated that as
color mixtures increase in saturatlon, 1ess luminance is requlred for
the mlxtures to appear equally brlghte

To test thls phenomenal fact in an effort to determine if there
were‘systematic differences between perceived balance and the CIE
chromaticity diagram derived balance of coleors, Chapanis and Halsey
employed a set of 50 color samples produced by transilluminating
standard Cornana and ﬂratten color filters so chosen as to match the
balanced CIE figures fo? equal spacing and equal luminance, To

achieve true psychological balance wherein all 50 colors appeared

equally bright, the experimenteré added masks of neutral film having
graded, measured degrees of density.

Their conclﬁsionsz. Mith the excepfioﬁ of a reversal in the -
area of the yeliow region, it appears that for celors of equal
- brightness, saturated colors require less luminance than desaturated
ones M

When Hurvich and Jameson published the results of the fourth
phaseﬁdf an.extended research conducted at Fastman Kodak under thé
title, “Some quantitative aspects of an opponent-colors theory® in
1956 (27), they also included findings to the effect that “equal
distances in the CIE chromaticity diagram do neot represent equal
psychological.differenceso“ To insure-their meaning would not be
misconstrued, they defined their use of the ierm "psychological® as

denoting “perceptualoOO thus psychologlcal color differences are |



82
changes perceived in terms of brightness, hue and saturation,"

Findings of this nature at once p@se the question, if the CIE
chromaficify diagraﬁs cannét be ﬁsed to formulate choices of coloré
equally spaced as to hue, brightness, and saturation, what sources
can be employed with confidence by the color coding de51gner when
spe01fy1ng controls and 1ndlcator polychromatic ecues?

At this writing 1t wculd appear that as yet, no new standard has
been established, suggesting that additional research is required
hefore the most suitable corrections can be agreed upon. Since the
matter of color perception is inherently characterized by a sub-
jective element, with the attendant variations due to individual
differences to be reconciled after proper testing of large population
samples, it cannot be‘assﬁmed the task of providing.the necessary new.
color standards will be either<short~terméd; inéxéensive, or easily
accomplished,

| Meanwhile; the human factors engineer is'obliéed«to achiéve
'“psychological color balance~és-bést he can using his own devices for
testing and contrelling the differences between hue, brightness and

saturation.

4, Absolutely IdentifiablevSpectral Hues

While it would be, reassuring to accept the statement that
"recent expeﬁiﬁental'evidenée,has provided an estimate of the

number of colors the average person can discriminate absolutely"
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written by Conover and Kraft (15) and published in WADC TR 55-471,
October 1958, an examination of the three repbrts cited therein as
evideﬁce proves the matter is less than definite, with some important
variables untested and some only. partially investigated.'

Two of the three studies listed by Conover and Kraft for suﬁ?ort
of that statement are actually concérned with the same experimental
data, namely, results obtained by Halsey and Chépanis in 1951, first
published under the title; 9n the number of absolutely.identifiable
spectral hues®, (23)0._Fi§e'y¢ars 1ater, the same experimental data
was usedﬂig(a short report'entitled "Absolute judgments of spectrum
chors“;AWith Chapanis taking his turn for\being 1istéd first, hence
the entry appeared as Chapanis and Halsey. Since the data of the
1SSé reportidid not change or augment the 1951 finéings; there ére no:
grounds for listing the later report as offering furthef evidence'on
the question°  | |

iﬂe third study fepérted is thus actually only the second stﬁdy
of the subject listed, itself the Wofk of co-author Conover. Briefly
described, Conover's procedureywas as follows.

V.Ten color-normal dbservérs were used, the experimenters employ-
ing a set of 25 Munsell maximum safﬁration color patchesﬁ. Jubjects
viéWed the color patches through a 30 aperture of a neutral mask,
with 21l.4 £t. ¢, of 68000 illumination reaching the color under test.
Presentation of the 25 colors was made in random order to total 75

trials, the task being to identify the color with the number learned



84~

as the code during pracﬁiceltrialsof
| Resulfs showed that the number‘of'absolutely discriminable

hues ﬁay range from 5 to 16, depending upon the~individua1 tested,
Under idealized viewing éonditiéns,'hélf the observers tested could
discriminate, without appreciable’gffor; 9 meximally sa{urated
surface colOréo Therefore, if opera%ors are required to make
absolute identifications of cdlofed‘code symbols with an arbitrarily
.small number of errors, tﬁe'code must Be usable by somewhgtdmore
“than half”the populationoi If colors are to be recognized on fhe:basis
of hue alone under a liﬁited range of viewing conditions, then 8
surface colors would appear to be the‘maximum number of color symbols
that shoﬁld be used; a smaller number (5,6, or 7)‘Wi11 probably be
necessary for;most practical purposes; |

While the Conover and Kraft report does not SPebificaily so
state, it is likely that thé Munsell maximum saturation colof patches
were nét only matched for safuratioh~but‘also for value,‘hence vafied,
as to hue alone,

If this were the condition, then Conover's subjects were making
- unidimensional judgments, not multidimensional ones., In the light of

Miller's penetration of the problems. of human perception and the capa=

,,‘bilities'thereqf in making discriminations when more than one dimension
of differénce is préseht (34); if seems clear that Conover's experi;
. mentation shou1d be considered only one phaée of several required to
determine the'numbéfvof absolutely ideﬁtifiable colors. His work,

. 1like that of Halsey and Chapanis (28) seems to have tested only the
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number of absolutely 1dent1f1ab1e colors dlstlngulshable when
dlfferences were unmdlmens:tonalw ) o
| Thus, it would appegr thaf beforé hﬁman factors engineers can
be»adviéed on thé true limits of absolutely identifiabie colors,
further inveétigations are réquired Whefein the,colqrs Qary not only
for hue, but for brightness and for saturation as well.

: The.work of Halsey and-Chapanis reported in 1951, "dn thé
nﬁmber~of ébéolutely identifiable sPecfrai hues® (23) involved tuse
6f four gets of colors, matched for value and satﬁration (or
intenéity)? comprised of”17,-15; 12 andle'cplors respectively.
Their results weres ‘ '
17 hue seriess 7244% identified cofrectly
15 hue seriés£  94@8%vidéntifiedveorréctly
12 hue series? 96,0% idéntified correctly
10 hue gefies: 97.5% identified cerrectly'
A significant comment included in that report containslindica—
tion of the benefit which muifidimensional differeﬁces might édd-to
1th§‘discriminability'decblorso As long as:1951‘0hapanis and |
Halsey statéd: "It is bﬁssible that if intensity (saturatioh) were
allowed to vary througﬁoﬁt the sériéé, nore hues would be dis-
criminable according'td §uf criteria,®
In 1954 the same 1nvest1gators publlshed the results of another
study deallng w1th color dlscriminablllty under the tltle,

"Chromat1clty confusion contours in a complex v1ewing 31tuat10n" (24)¢



Again holding {he differences to unidimensioﬁal variations of hue
only, they employed 58 standard colors distributed throughout the
CIE constant-luminance chfomaficity diagram. Colored'lights were
the media, the test display carr&ing a total of 171 lights
surroﬁnding a central light which was the standard to be matched,
There were 80 vériations of colored light test displays, and every
siandard was comparéd with every other standard twicé° A bomplete
éet of observationsvfor-any subjept required 12 to 24 hours of
testing0 :(This suggests there was no requirement that the sub-
jects COmplefe their matching in'{hé shortest possible time).

Results revealed that the maxiﬁum number of color standards
‘f ound at the 10% level of discriminabiiity was 15, but the authors
note the theoretical maximum.may’bé 18, At the 20% level, 19

Standérds were selected,

86

At the 5% level, 11 nonoverlapping coler standards were dis- ‘

criminated. Again,'the investigators believe that if more complete
tésting were conducted, 14 colers would prove to be discriminable.

In summary it can be stated:

1, Experimental testing of the number of absolutely
identifiable coloré seems to have been limited to unidimensional
differences of hue While holding brightnéss and saturation comstant,
Further testing "of colors Witﬁ differences of hue, brightness and
saturation is required before the full scope of color dis-

criminability‘can be established,
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.‘2;. Hﬁﬁan"faétérs éﬁgineers mnét keep iﬁ mind that the
iimitations‘on the number of colors pgrnﬁtted eolortcoding controls
and indicafors by mosf>govérnmenf handboéks and specifications aré
limitations réflecting fesearéh of unidimensional color testing. If
colors used for coding ﬁary in hue only, then the limitations found
by Halsey and Chapanié and by Congver are probably valid.

8s Since equally bright colors often éppear ﬁnequal in

saturation, although they are scientifically mat§hed for brightness
and,saturation‘accofding to.the CIE constant-luminahde chromaticity
diagrams, adjustmeﬁt of both brightness.and saturation may be re=
quired to accomplish pSybhologically balanced hues. Thus, in
selecting color for ceding, empirical testing for balance is

required,

5, Reaction-Time Considerations

‘Singe the response to a cbmmand or situation which requires
immediate action byAthe>operatof is a matterrof reaction-time
speed, certain fundamental precepts concerning the sPéed with which
humaﬁ responses’ can be expected to functién become pfecepts of con=-
cern to the coler coding designer,

Previous comment has dealt with the precepts and limitations of
color perception, bu‘t an almost separate set of limitations and
capabilitieé become importaﬁt when speed of perception and speed of
motor response are factors Qf prim.e‘i‘mpor‘tance0 Under the general

heading of reaction-time, human factors engineers may find a sizable
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body of experimentai data bearing difectly on the operation of con-
trols and response to indicators, data that support certain laws of
human reaction‘essentia;‘tb human factors engineering,

One of the mbst'cémprehensive stﬁdies of reaction-time prgblems
is that by Teichner (42), published in 1954, who surveyed a wide
field of RT repofts and provided his paper with a bibliography of
163 references, Limiting the study to "simple reéction time", hi#
w¢rk includes the foliowing'findings0

Most RT studies have foﬁnd reaction t ime faster in response to
. sound stimuli_than to othér stimuli. Most studies have also found
faster RTs with tactual than with visual stimulia A table by
Robinson shows median RTs compared thusly: audition RT 0,142 msécse,
~ touch RT 0,155 msécso, vision RT 0,194 msecs, |

Combined stimuli, such as light, sound and electric shock, if
presented simultanepusly were found to elicit faster RTs .than if the
stimuli were presented singly. Successive stimﬁlation of different
sense modalifies produced slower RTs fhan when the stimuli were
present singly. |

Ariong right handed subjects, it was found that RT for the left
hénd was slower than for the right hand, ‘Again, the sum of RTs for
each handiwas 1arger when the S, tried to respond with both hands at
once than when he moved them successively,

Teichner comments that "the cerebral factors involved have not -
begn studied in a way to make»them applicable to this discussion,

bcoThe condition of the receptor and of the responding member are
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stlll among the cond1t10ns whléh have recelved insufficient attentlong“

Another phase of RT research has been concerned W1th the psychow
physical relationship between stimulus intensity and reaction time,
For instance, a study by ﬁartlett and MacLeod (7) undertook to
' establlsh relatlonshlps between RT and s1gna1 and field 1um1nance,
.bfor both foveal and permpheral stlmulatlon over. a Wlde stlmulus range
under precisely pontrolled cond:Lt:Lons°
| The_investigatofs tested two major'experimen%al conditions:
field luminance‘1evé1‘heldlconstant while flash luminance was varied,
. and, flash 1nﬁinance‘fixed-ﬁhile field 1ﬁﬁinance-was varied. .Results
of testing variable‘flash at three fiei? parameters confirmed Lemmon
and Geisinger's finding that peripheralfstimulationlyields shorter
RIs for a dlm flash and also an agreement with the data of Galifret
and Pleron who found, in the case of a relatively bright flash, that
foveal latencies are shorter than peripheral,
| Results of testing variable field at three flash parameters re-
véaled that thé iatehcy—ldg field functions are charac%eristicalky
flat, exhibiting little or no increases in RT over log luminance
'ranges whefe the field is clearly discriminaﬁle from the flash,
Eventua11y5 hoﬁever}‘RT ingfeasés precipitpusly, becoming very large,
.-as the field‘iuminance épproéches a level where the'flash becomes
indiseriminables TheAs{udy also statess -

Two trends may be noted in anyldne family of functions, as

the flash parameter is decreased from 1500 to 0,15 mLs - latency
values become increasingly elevated over the flat portion of
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the'Curve; and the threshold.upturn of each function occurs soonef,
ie28., at a smaller field luminance value, As the flash is moved
from the fovea to the periphery, the same two trends are in evi=-
dence, i.e., an elevation of latency, and threshold upturn at a
dimmer field level,

This Vrief note on the problemAqf stimulus intensity provides‘
indication of a key facfor_affectingAthe efficiency of color coding
for controls énd indicatbfse Intensity of fronf illumination for surw
face colors combined with the factors §f‘saturatibn and brightness of
the colors themselves may be recognized as{ihséparably interrelated
considerations for the color'éoding designera ' 5till another kind of L
,stimulus intensity factor appears with use of transilluminated indica«
forsﬁ Where the qperator'is given é‘ﬁide console to monitor, ﬁith
indicators to be watchedﬂnot'oﬁly;by-fhe foveal dreaé of the eye but
by tﬁe periphefal;as well, findings such as those reported by Barte
lett énd'MacLeod becomne direcfly.apblicableo Indeed, careless plane.
ning of the illumination of control panelé ey result in sharply in-
creased numbers of‘operafor errors particulérly with color coded con-
trolsQ‘. | | | |

6, Search and Scaaning Thresholds

'While observing the performance éf pilots and ROs during the
“color coding tests reported herewith, this investigator Wasibrought
up against the problems poéed by the rgqﬁiremeﬁt to scan and search
With maximal speed for the target control and contact it without
ﬁaking an error or scoring a slow RT dué tO’hesitatioﬁa

From the outset, Eeginning with the practice trials, it became

apparent that an operator must discover his scan and search speed

I
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threshold before he can settle down to an errof-ffeevand hesitation
reduced performance, In every case, wheﬁ the subjeect exceeded his
séan speed threshold,hiS'eyes Woulé sweep past the target push-button,
its presence seen bﬁt nét perceived, The resuli‘of the sweep-past
was either an error or a hesitation. |

For exampie, the performance of RO K. as shown in Table 18,
reveals him to be the only subject who scored no errors for any of
the fhree cue types during the final 20 trials. Indeed, his full-
iength record contains only one error during 180 trials., Accordingly
At might be éoncluded that he was the most réliable of all operators
tested. Study of his‘oyerall performance, however, shows that his
' RTS‘were,the‘siowest, his hesitéfiéns score Was next to.greatest,
-andAhis mean hand travel RT wés slowests

In. the opefation of hypersomic aircraft, mgnﬁed missiles and
satelliteé, a hesitation could be tantamount to an errer. Thus, if
_cggﬁs were being selected for such vehicles, RO K. might be a far
‘poorer choice than several others of the fighter squadron tesfed;
| Prgferable Wouid be the men of Group IIT who scored some errors but
whose hesitation scores were lowest,. ranking them lst, 2nd and an;
while their performance meén RTs were fastest, ranking them,lét, 2nd,
and 3rd.

Ideélly, the best sperators are those who learn eafly what their
individual scaﬁ speed thresholds,are and never exéeed them. What
seems tb be neeéed; however,Aié a‘better method for teachigg oﬁerators

how to determine their scan speéd thresholds, Under the conditions



92
employed in this experiment, it was obvious that some subjects learned
to sense their scan speed limitations faster and more effectively
than others, but thé awaréness was much more a matter of feeling,
almost.instinct:perhaps, rather than of scientific timing,

Looking &t the problem from the human factors engineering‘viewm
point, it is evident that the planning of hypersonic and faster
vehicular control requires accurate knowledge of human scan speed
norms so as not to. build control instrumentation that requires
responses faster than operators can be expected to deliver with
éccuracy. Agaiﬁ, it is also a training command concern, with the
need to avoid training programs that demand Sevéral hundred hours in
the attempt to develop max1malfresponse Speeds at control stations,

The need,ﬁlt would sgem, is to ;nvestlgate with use of precision
timing devices how fast scaﬁ»an& search with pérception can be, At
least‘th methods are reportedly Eeing‘used,in this direction: the
Miles technique of oculomyegraphy, and, the highespeed motion picture
cameraé recently developed for missilé firing documentation capéble
of precise, calibrated images recorded at spee&s up to 2000 frames
per second, It is hoped that the results of these studies now in
progress by thevUSAF‘ahdlthe Navy“ﬁill be published soon.

.76 Integration. of Human Engineerihg and Training Research

In a Journal of Aviation Medicine afticle, Klein and Gall (30)
point out that integration of human engineering research with train-
ing research is necessary, even mandatory, if the opefational

efficiéncy of control and indicator panels is to be insured, TWhile a
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special study probably wéuld,be required to determine how much or how
littile ihtegfation of the kind Klein and Gall call forvaétually exists,
the fact that theyé in>their poéifions, Were‘impelled to make the plea
would indicate the need is realq

While some of our more advanced engineering teams may not have
ignored training command problems in their human factors engineering,
it is probably true that the majority of .control and indicétors
'paﬁels are put into production Withéut.bgqéfit of advice from train-
ing specialists?' (Indeed, it is doubtful if 50 percent even have
bénefif of humén enéineering advice, )

Looking‘ahead to tﬁe time when color coding has become a stand-
<érd feature of visual displays, it seems certain that iraining re- .
 search should be regularly part of‘the color coding designer's con-
cern as he iries to avoid introduction of codiﬁg systems too difficult
or too compléx to permit reasonably short traiﬁing programs being
accomplished.

Ferhaps the ideal human factors engineering team will prove to
be’one having a training'Specialist as a fegularg permanent member
part of his assignﬁeﬁt being to insure training research data was
prémptly made available to humen factors engineering and to insure
that human factors research pertinent to trainihg problems was made
known to training commands,

One suspects that training is still considered by many top

planning bodies as a service operation whose only mission is to take
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whatever eqﬁipment is “bought, then teach persomnel to operate it as
best they can;. Human factors engineers also may be prone, sometimes,
tq‘ignére,tréining'difficulﬁies which Control and indidator panels
present;>for eXampiea e

: Considering human factors engineering in its fullest range of
 functions and r§3ponsibilities,-is not a basic part of the job aimed
at anticipation of {raining as well as_df eperational problems? If a
éontrél panel is given so great a complexity of design that iti
threatens to require a tybe of monitoring and motor responée border-
‘ing on the upper limits of operator capabilities, is not that panel
also apt to require a training program overlong and o&erstrenuous?

| Analysis of the visual display while still on the draftiné
board, scrﬁtinizgd both by human factors engineers and training
Specialists, would appear to be the preferable procedure; In this
event, training difficulties as well as operational difficulties
would be discussed, tested, and redesign instituted on the advice of
, 3pecia1ists before the display went into produétionG

In>short, it can be considered only good practice improving the

stdte of the visual displﬁy art if dntegration of human factors
engineering aﬁd’training research is made a routine requirement.
Zince effec{ive training techniques éan‘bé‘easily negated by
ineffecfivély designed equipment, péorllearning or slow'learﬁing‘is
not necessarily a fault of the training prograﬁa Indeed, if follow=-

through by engineers were to include observation ef their eqﬁipment
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effectiveness during training, it is likely that many ifems giving
trouble during operational use coﬁld be caught in the training period
and redesigned before produetion had béen completed and delivery made
‘on the entire allotﬁenta

Color coding, 1like many other visual display,featﬁre33 will
prove to be wel}rdesigned or poorly designéd only when put to the
operational test, Fellow-through observation of color coding
effectiveness during training could wéll prove an important part of
the overall checkout given the ﬁew disPIaye‘ Testing ih the.engineer-
ing lab may produce quitevacceptable results, yet the same disPlay
prove difficuli or slow when actually in used by operator personnei
duriﬁg training, |

As a-generai rule it could be said_that if a visual display
Aproves difficult to master by operato? personnel during training, the
display needs redesign by human engineering and training SPecialists,<
In view of the-now severely reduced lengths of time permitted the
operator during flight to make command decisiéns aﬁd adjust the.
correcf series of controls without error of hesitation, there is more
need than ever before to so design)thé controls and indicator panels
as to avoid any iayout, céding,.illumination, or anthropémetfic
features which can cause operator Gonfusién or hesitation however <.
slighte | |

In 2‘secondé}_thé average time required to observe an impending
auto crésh and push the bréke that will avoid the accident, thé 2000 -

mph aircraft travels more than one mile, while the manned satellite
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moving at orbital speed of 18,470 mph, travels more than 10 miles ia
the same 2 seconds,

| This means that the training commands must so perfectly instruct
the personnel who Wiil man these“hypersonic aircraft and satellites
they will become aware of the significant danger which hesitations as
small as 50 milliseconds couid make o Accérdingly, it will be
eésential that control and indicator panels be so carefully
engineered as to layout; coding, dials, kanobs, switches, anthropo-
metrics and illumination that né operator heSitatioﬁs or errors can
be traced to poor design. It would seem clear, therefore, that
_ designers of all kinds involved, including human factors engineers,
would need the benefit of training specialists' consultation during

design of the visual displays of these fastest of manned vehicles,

C. FURTHER STUDIES INDICATED

1. The Big Picture

Before proceeding with fhe séveral necessary further studies
indicated, iﬁ.seems to this investigator that a first essential would
- be the completion of a big picture, comprehensive survey of the en-
tire field of color coding, with careful evaluation made of whatever
research has been d one that bears either directly or indirectly on
tﬁis field,

Systematic analysis is needed of all experimental work under-
taken to date, the end purpose being to evaluate each study as to

~the logic of procedures and basic assumptions, with consideration of
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possible flaws in its experimental design, and finally to reassess
the ﬁalidity of its conclusions. The report resulting fromswuch a
survey would provide the pfofession with probably the first compre-
hénsive‘overview of the color coding field, It would allow new
assessment of the presently disconnected and intermittent group of
studies which comprise the presently known scope of research .on color
‘coding. If would provide visibility of the gaps, overlap,‘and fringe
vareas which require additional experimental work in order to imsure a .
full spread of infegrated research in color coding to be completed,

© 8o far as this Writer.has been able to defermine, there has not
been instituted as yet any long range, comprehensively designed pro-
gram of experimental research on coler coding of controls and indica=-
tors which would thoroughly explore all the'problems of psychophysics,
* color perception, reaction time, scan threshold,; multidimensional
absolute judgments} photoreceptor sensitivity, luminance of equally
ﬁright colors, the number of ab301u£e1§ identifiéble colors, and
other ancilliary.proﬁlems which must be ehpompassed by the color
»doding designer, If the paragraphé on color coding published in the
ARDC Pubiicafions (1), (é), (3) and (4), are aﬁ-index to what the
. profession now officially recognizes on the subject, then the field
‘is in what amounts to desperate need of the big picture survey out-
lined,

' Lacking that comprehensive survey there is no scientific way to
determine‘which further s£udies of -color coding should be undertaken

first, no>way to be certain how large the gaps visible at this
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writing actualiy are, no way to insure thét the work going forward in
neighboring‘fiélds such as vision and percebtion, reéction time et al
inciudes study of the parficular facéts of those fields bearing

directly on the problems'of'color coding visual displays.

2, TImmediate Follow-up Indicated

Since the broad, big picture type of survey is one that may not
be commissioned until a good deal}of preparatory work has been spent
in conferences with perhaps several high level agencies,'involving
time, travel and money, there are certainAfollowaup studies indicated
by the testing results obtained in this éxperiment which could be
placed on the immediate list without much risk of robbing the big
piéture program that may one day be iﬁsti’cuféde

Since the objeétives of these imiediate follow-up studies have
already been discussed in some detdilQ the notations which are offered
ﬁere’méy be brief, amounting tQ little more than tabulationé vhich
would require detailed ampliﬁidation béforé:actual research would
logically beginz | | |

 ae Repgét thé presently repofted c91or codiﬁg of controls
. exﬁeriment using a large population Saﬁple, festing the results
'obfained‘witﬁ the initial small sample; Experimental apparatus for
the large sample tests should employ mechanized changing of cue tébs
and eleétronic recordiﬁg components that would allow beth immediate
read-aut of RT and pérmanent recording of the data without need for

RT notations by the experimenter,
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bq- Répéat the commandiword—colof association experiment with
large sample populations to determine if other word-color associations
should be added to the list of the four noted herein, (Section iI, A5),

ce. Initiate a series'of étudies Which would explore the number
of absolutely iden{ifiable colors‘resﬁlting‘from varying hue, bright-
néSs and saturatioﬁ; | | - |

| de Iﬁitiatera study compariﬁg the discriminability range of

transilluminated colored lights and indicators with the discrimin-
ability réngé of‘surface colors. -

e, Initiate a study of control and indicator panel designs
employing color coding for systems aS'Well as for individual knobs,i
controls dials, switchés, and indicators. |

£, Initiafe a study of the optimal size of color tabs used for
coding confrols~énd indicé‘coréa 4

 g» Initiate -a study of errors and'hesitationé, using motion-
picture or television cameras to record testing of subjects during
the repeat experiment of theécolor coding of controls noted in (a)
abo#e;

he Initiate a study of specific areas andjlevels on which
training research and human factors res;arch affecting the operational

use of control and indicator panels, can or should be integrated.
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VI, SUMMARY -

Subjects using control pushbuttons coded with monochromatic,
labeled cue tabs were tiﬁed electronically for search RTs, trials
being numerous enough to demonstrate maximal speed for éearch, percep=
tion.aﬂd motor response in hitting target buttons, Apparatus design
prevented subjects learning target button location by position, the
cue tab positioﬁ being randomlywvaried for each triale 'Tﬁo.additional
series of téstS'were run using polychromatic cue tabs, one series
having labeis, the other series having no labels, Results showed se=
lection mean RT was 54.6% faster with polychromatic, labeled cue tabs
than with monochromatic labeled cue tabs, and 59.T faster with poly=
chromafic unlabeled cue’fabsﬁ Mean improvement in speed Whén poly=
«chrométic,cue tabs were used amounted to 57e2%. Hesitatiéns andv
errors'anélysis sﬁowed that use of polychromatic cue fgbs fedubedvthe
mean number of hesitations by 27.3%, while the polychromatic coded

cue tabs reduced the mean nqmber of errors by'286%'e
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HOC
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AN
700
41 42 43 44 N5 46 47 48 49 50 51 52 53 54 55 56 57 58 58 60
Group | Subject: 6l 1”7, 25 yrs, career, married.

Order of Testing

and Symbols? Mono-L (---), Poly-L (- ), Poly no-L (-—-- )

Error: O Hesitation: ~ o

Figure 6. PILOT Hi. ACTUAL SCORES: Final 20 for Each Cue Type
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Figure 7* RO N. ACTUAL SCORES: Final 20 for Each Cue Type
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Figure g. RO T. ACTUAL SCORES: Final 20 for Each Cue Type
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41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
Group Il Subject: 5* 10", 26 yrs, career, married

Order of Testing
and Symbols: Poly-L Poly no-L (---), Mono-L (-—-- )

Error: Q Hesitation: o o

Figure 9* PILOT Ha. ACTUAL SCORES: Final 20 for Each Cue Type



| Z0O
1 100
1000
41 47 43 44 45 46 47 48 49 SO 51 52
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Group Il Subject: 6' 0, 22 yrs, career, married

Order of Testing

and Symbols: Poly-L (-----), Poly no-L (-----), Mono-L (-—-)
Error: O Hesitation: <7 0

Figure 11. RO L. ACTUAL SCORES: Final 20 for Each Cue Type
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Figure 12. PILOT S. ACTUAL SCORES: Final 20 for Each Cue Type
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41 42 43 44 45 46 47 46 49 50 51 62 53 54 55 56 57 56 59 60
Group 11l Subject: 5" 10”, 22 yrs, career, married

Order of Testing
and Symbols? Poly no-L (-----), Mono-L (----- ®, Poly-L, (---)

Error: o Hesitation: ~ o

Figure 13. RO M. ACTUAL SCORES: Final 20 for Each Cue Type
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