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SUMMARY PAGE

PROBLEM

To “etermine the effects on search performance of
color-coding synbols on geographical situation (CEOSIT)
displays.

FINDINGS

The appnlication of a fully redundant color code to the
threat dimension resulted in highly significant reductions
in search and counting times when the target contact was one
of the three threat levels. Color had no =2ffect on response
tim2s for the nlatform dimension that was not color-coded.
Response times were significantly faster for the Surface
symbols than for either the Submcrged or Airborne symbols.

APPLICATICN

This study proves that one possible application of a color
code to CENSIT displays of submarines sonar and fire control
systems can significantly imbrove performance on a search
task, without interfering with non-color-coded information.

ADMINISTRATIVE IHNFCRMATION

This research was conducted as part of the Naval Medical
Research and Development Command %Work Unit NMOLCA.001-1722 --
"Enhanced performanc2 with visual sonar displays*". This
ra2port was submitt2d for roview on 5 August 1935, approved
for nublication on 12 Sentember 1985 and designated as lSMRL
Renort No., 1751,

PUBLISHED BY THE NAVAL SUPMARINLC MEDICAL RESEARCH LABORATCRY
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ABSTRACT

\%he effect of color-coding symbols in geoqgraphical
situation (GEOSIT) displays on response time was studied
using 12 observers. Three levels of the threat dimznsion
(Friendly, Unknown, and Hostile) were redundantly codsd by

: both color and shave, while the three levels of the platfornm
dimension (Submerged, Surface, and Airborne) were coded ornly
by shape. Compared to the standard monochtrome ceding

: scheme, resvonse time on the color-coded thrzat dimension
was enhanced by over 190%. Performance on the
non-color-codec platform dimension was unaffected by
color-coding of the threat dimension. Saveral other
significant effects were also found. This study
demonstrates that the use of color in GEOSIT displays can
dramatically improve performance without any decrament in
performance on non-color-coded information.
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In recent years there has been an increasing amcunt of
interest in, and research on, the application of color to
cathode-ray tube (CRT) displays. Christ (1975) reviewed a
larqye body of this literature. In general, ne concluded
that color-coding is superior to other coding schames in
search type tasks where observers must locate and/or count
instances of a vavticular item when these items ax
displayed among many others (Carter, 1982; Cook, 1974;
Hocns, 1984). 2Ps pointed out by Christ, this supariority is
found whether color-coding is radundant or not.

The addition of coler to a display is not always
advantageous, however and has, in fact, been reported to
decreas2 performance in some situtations (Xeri & Zannelli,
1924)., For example, color nas been reported to interfere
with non-color-coded dimensions when it is irrelevant
(Eriksen, 1954; Smith & Thomas, 1264), and sometimes even
when it is relevant {Creen & Anderson, 1956). «ora
recently, Luder and Barber (1984) have suggestad that where
two kinds of information are separately encoded, a
radundantly color-coded dimension may interfere with a
non-color-coded dd:inension, due to an observer's inability to
inhibit the color attribute even when it is irrelevant.

These issuez are especially pertinent to the possible
color-coding cf symbcls on geographical situation (GEOSIT)
displays. Thase displays are uséd in submarines to provicde
pictorial summaries of the types of contacts in the vicinity
of the vessel. Cperators using a GECSIT display often
verform search a=nd cecunting tasks that are similar to
classical search and counting tasks. This suggests that
color-coding of the symbols might be one application of
color in sonar and fire-control displays that would most
likely enhance performance cver that obtained with
monochrcme displays.

In the oresent stundy, symbols were used to provide
information about contacts on three levels of two
dimensions: (1) threat cateqory (Friendly, Unknown, and
Hostile) and (2) typve of platform (Submerged, Surface, 73IndG
Airborne). The possible number of colors that can b=
employed in color-coding these symbols is three or ninz.
depesnding con whether one or both dimensions are color-coded.
Although recent studies in our lahoratory have shown that
more than ten colors are ecasily discriminable and accurately
identifiable {Jacobsen & Neri, 198%; Jacobsen, 1295; Luria,
Neri & Jacobsen, in press) color-coding of all nine symbols
may introduce too much visual clutter in the GEQSIT
displays. 1In this study we, therefore, decided to
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color-code only the threat dimsnsion as it is arguahly tne
more imporvant dimension to be identified quickly and
accurately by the operator. Hence cnly three coiors were
employed in the color-coding scheme.

Another question that arises is whether to simply add
color to the coding scheme (redundant color-coding) or use
color alone to code thr=at leavel (nen-redundant
color-coding). Thero has been concern that the introduction
of non-redundant color-coding would result in s=arious
operability problems should cone or two of the three z2lactron
guns in the CRT fail, rasulting, respectively, in a sever=ly
altered chromatic, or completely monochromatic display. 1t
would then become difficult, if not impossible, to
2istinguish between symbols that were vreviously only
color-coded, without the capability to instantly change the
display to a strictly shapz~-coded or alphanumeric-coded one.
These concarns have led us to initially examine color as a
fully redundant code, thereby rataining all information
currently provided to the onerator, and simply adding color
information as anothar tool for the opnerator to use in
internrzting Aata.

A decision also must he nade as to the three <¢olors to
use, Neri & Zannelli ({1%24) have argued for the "traffic
light" scheme of cyan (olue-green), vellow, and red for the
color-coding of the threat dimension as these seem to have a
natural associative bias to the threat l:vels Gf Friendly,
Unknown, and Hostile. COther colors coul” then b2 used to
zncode other pisces of information in these displays, such
as own ship, land masses, =tc.

In aoplying this redundant color-coding scheme of cyan,
y2llow, and red to the threat levels, we addressed three
hasic issues. First, what, if any, enhancsm2nt in
performance on a search and counting task is obtained when
threat levels are coded by color? As mentioned above, our
orediction, based on the literature, is for some
anhancament, but the amount is not clear.

A second, equallv important, but less obvious quastion
is, what, if any, is the effact on the non-color-coded
dimension of nlatform type? Since color has hezen shown to
sometimes have an interfering effect when irr=lavant (as is
the case here, with color being irrelsvant to the olatform
dimension), will color-coding threat level actually causc a
decrzase in verformonce when scarching for contacts of s
carticular platform type?




A final guestion concerns cthe possible interaction
between the density of the target contacts and the effzact of
color-coding. <Cahill & Carter (1976) have suggested that
color readily facilitates a percentual grouping or "Gsstalt"
of items which stands out from the background. This
nerceptual elfect may depend on the target contact density,
however. The present study made use of a search and
counting task in which the display was divided into four
guadrants. Observers were asked to locate the aquadrant that
contained the wmost of a specific type of contact category.
The question of &z density by color-coding interaction was
studied by varying the difference in number of tarqget
contacts among the quadrants. In high target density
quadrants, where the target quadrant had at lesast four mora
target contacts than any other gquadrant, it was believzd
that shape alone might be salient erough to form a Gestalt.
In low target density guadrants, however, where the
difference in number of target contacts was only one or two,
shape alone might not be sufficient to form a.Gestalt. In
these $Situations color might have a stronger =zffect on
performance as it would permit the formation of a CGestalt.
Hence, it was thouaht that colsr-coding might interact
differently with the high versus low target density
guadrants.,.

The present study was désigned to answer all of these
questions by commaring a redundant application of color to
GEANSIT Adisplays with the existing monochrome-coding scheme,
and analyzing its cffects on hoth the color- and
non~color-coded dimensions, for high and low tarqget density
auadrants.

METHOD

Subjects

Twelve Navy Seamen and Petty Officers at the Naval
Submarine Base, New London, served as vocluntary observers.
All had normal color vision as Jdetermined hy the
Hardy-Rand-Rittler rssaudo-isochromatic plates. Those who
normally wore corrective lonses did so during the
exnerimant,

Anparatus

Simulated CFOSIT displays werzs nresented on an Advancsd
Nlectronics Design Model 512 Color Graphics and Imaging
Terminal, driven by a Digital PoP 11/24 Laboratory Computcor.,
Observers were seated anproximately 50 cm from the t2rminal




screen placed at eye level. Responses were recorded via a
nad with four microswitchaes mountad in a sguare pattern and
wired to the computer. A fluorescent light, situated above
and henind the obsarver, cast 2.7 lux of illumination on the
CRT screen. This is th2 highest amount of light typically
illuminating sonar egquipment under operational conditions
(Kinney, Luria, Neri, Kindn2ss, & Schlichting, 1981). &
Kodak Carousel 82( projector was used to present slides on a
white cardboard screen during an initial training phase.

Stimuli

Ther=2 were 16 sinulated GE2SIT disvlavs. All had the
same fictitious land and sea man, with the land outlined in
qreen. Llach display was divided into four quadrants by a
white crosshair with contacts app=2aring in various
locations. The 16 cdisplays differed in the distribution of
the contact symbols in the quadrants.

fach contact was coded both as a given platform tyoe
(Surface, Airborne, Submerged) and a givan threat level
(Friendly, Hostile, Unknown). Eacn of the nine types of
contacts (three platforms X three threat levels) was
nresented in four Aifferent locations. This resulted in a
total of 36 contacts in each display. Chservers were
instructed to search for a type of contact that was defined
on cnly one dimension. Thus they were never asked to search
for "Friendly Airbkorne" contacts, for example, but miqght be
asxed to scarch for "Friendly" contacts or for "Airbhorne"
contacts.

The ~ontacts were presented in random locations exc.pt
for these constraints: thare were nine contacts in each
quadrant, thoy could not overlap each other or the
crosshairs, and, of course, only the Alrborne contacts could
appear over land. In each display the quadrant that
contained a nlurality of a given type of target category was
designated as the "target" quadrant, for which the observer
was instructed to search. The displays had both low and
high target density quadrants. A low target density
auadrant was one in which therz were only one or two more
target contacts thar any other quadrant. In a high target
density auadrant, tne difference was at least four.
Tynically, low targest density cuadrants contained four or
five tarqgat contacts while high target density quadrants
contained eight or nine target contacts. Fach screzen was
usad in mors than one condition. TFor example, the samo
disnlay scresn might bo used for a low target density
Alirborne display with quadrant one as the target quadrant
and . Figh terget ~Aensity Submorged display with cuadrant




four as the target quadrant.
Procedure

The testing was opreceded by a training session in wnhich
the observers learned the symbology employesd ia the
experiment. They were first shown a color slide of the
coding scheme and given an explanation of it. The color
green was used for all symbols in the monochromes schame
because it is different from any of the colors used in the
color-code and because green is the color usad in most
monochrome CRTs currently on submarines. During this
training, observers were also presented with four slides of
2ach of the nine symbols utilizing the two codes of color
and monochrom=, for a total of 72. After viewing the coding
scheme slide for as long as they desired, observers were
then shown the monochrome set of 36 slides in a random
order, asked to name the contact displayed and told if they
were correct. Following this, they were shown the coding
scheme slide again and then the 36 color-coded slides were
presented with the same instructions. Virtually all
observers responded correctly to all of the slides, with an
occasional error occurring toward the heginning of training.
The time taken hy observers to respond decreased as they
learned the code. By the end of the training, all of the
observers could easily name the type of contact with either
code.

In the exveriment, 6 of the 12 observers started with
the color-cod=d displays, 6 with the monochrome. The
observaer was told what target category to look for in a
given set of trials (=2.g9. "Airborne", or "Hostile"). The
sea and land masses of the display were then drawn by the
computer, and, after a warning signal, the 36 contacts
appeared simultancously. The observer: looked for the
quadrant which contained the most target contacts and
nressed the corresvonding switch on the response nanel as
guickly as ne could without sacrificing accuracy. The
computer recorded the reaction time of the ra=spvonse and its
correctness.

The order of przsentation of the six target categorizs
({three threat levels and three platform types) was
countarbalanced such that each of the six observars that
started with the monochrome condition, for example, startzd
with a different category. Each of the six categories
occuried each nresentation position across the six
observers. The target category presentation order was the
same when thesa observars viewed the color-coded disvlays.,
The same procedure was usad for thoss six observers viewing
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the color-coded displays first. There were eight sequential
trials for each of the six target categories, resulting in a
total of 48 trials in each of the color and monochrome
conditions. The two target densities (low or high) were
randomized within the eight trials for a target category
block, with four low target densities, and four high target
densities appearing in each block. 1In the second code
nresentation condition (monochrome vs. color), this random
order was raversed. The four nresentations of esach taruet
density allowed for the counterbalancing of "target
quadrants" across the four nossible quadrant locations.

This procedure resulted in a total of 96 trials pvor
observer. The entire session, including training, took
approximately one hour.

RESULTS

In order to expose any unwanted effect of target
quadrant, mean resvonse times were initially analyzed via a
four-way (Code X Target Density X Target Category X
Ouadrant) repeated measures ANCVA. Trials on which
observers had made errors were omitted from this analysis
and these missing data were renlaced with the means for that
narticular cell generated by all other observers. There
were 37 2rrors out of a totsl of 1152 rasvonses for an
overall corror rate of 3.2%. The ANOVA r:vealsd no
significant effect of quadrant and hence this factor was
collapsed in all subsequent 2nalyses.

There was a significant interaction between Code and
Target Category according to a three-way (Code X Target
Density X Target Category) repeated measures ANOVA
(F(5,55)=13.53; p<.91). This interaction is depicted in
Figure 1. -

Simple main effects tests revealed that the three
threat target categories were responded to significantly
faster when they were color-coded than when they were not
(F(1,66)=25.31, 32.53, and 33.13, respectively; p<.%l). “he
three platform types, that were not color-coded in either
condition, showed no significant difference in response
times bhetwesen the two coding conditions.

These simnle effects tests also revealed significant
dAifferences among the respcnse times to the six target
categories under the color and monochroms condicions
consideraed separately (F(5,60)=27.12 and 3.67, respvectively;
n<.01). Newman-Keuls means tests revealed that, under th:
color-coding condition, the three color-codad threat
cateqgories yielded significantly faster response times than
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Figure 1. Mean search times for the six target categories
using both codes, color and monochrome. The threat
dimension was rodundantly color-ceded with shape in the
color code condition, while the platform dimension was only
shape-~coded.
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the three platform categories. In addition, of the platform
categories, the Surface category was responded to
significantly faster than either the Airborne or Submzrged
cataqgories. Under the monochrome-coding condition it wz2s
found that only the Surface category was responded to
significantly faster than all of the other target
categories.

Another way of looking at the Code X Target Category
interaction, shown in Figure 1, is to collapse tbe six
target categories into the two tyves of coding dimensions:
threat and platform. This was done in order to more clearly
show the effect of redundant color-coding vearsus
non-redundant shape-coding. (It should he remembered that
with the color-coding condition, the threat dimension was
redundantly color-coded with shape while the olatform
dimension was not). Figure 2 depicts the results of poolina
the categories into the two dimensions. A three-way (Code X
Target Density X Dimension) repeated measurss ANOVA revealad
a significant interaction between Code and Dim=nsion
(F(1,11)=21.12; p<.Tl). Simple effects tests revcaled that
the threat dimension was responded to significantly faster
whan it was color-coded, than when it was not
(F(1,22)=49.74; n<.0l). OCn the other hand, the platform
Aimension did not diffsr significantly batween the
monochrome and color-coding conditions. The mean response
times underlying this interaction are shown in Table 1. The
only significant comparison was that undsr the color-coding
condition, the threat dimension resulted in significantly
faster response times than the »nlatform dimension
(F(1,22)=56,37; p<.0l).

Table 1. Mean resnonse times, in seconds, for the platform
and threat dimenions obtained under the color and monochrome
conditions.

Color Monochrone
Platform 7.97 T7.43
Threat 2.86 7.66

The &threz-way Anova also revealed a significant
interaction between Target Density end Dimansion
(F(1,11)=13.29; p<.91). This interaction was not analyzed
f.rther since the Target Density X Target Category analysis
more precisely shows the cause of this interaction.




%)

~ PLATFORM

= $

'_..

S

& 6

<

w

n

2 -

<I4

w

= ®
THREAT

2 l ]
COLOR MONOCHROME
CODE

Figure 2. Mean search times for the threat and platform
dimensions, collapsed across levels, using either color or
monochrome coding. See Figure 1 for further details.
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This interaction between Target Density and Target
Category (F(5,55)=6.25; n<.01) collarsed across the two
coding schemes is shown in Figure 3. Simnle cffects tests
revealed that all six target categories rasultad in
significantly faster response times under the high targot
density condition than under the low target density
condition. 211 of these differences were significant at the
n<.31 level except for the Friendly category which was
significant at the p<.025 level. The simple effects tests
also revealed that there were significant differences among
the six target categories under both the low and high target
density conditions (F(5,110)=26.95 and 8.94, respectively;
p<.01). The Surface, Hostile, Friendly, and Unknown
categories were all responded to significantly faster than
the Airborne and Submerged categories undar both high and
low target density conditions, according to the Newman-Keuls
test. The Airborne and Submerqged categories, that were
responded to the slowest under the high target density
condition, became even more difficult, relative to the other
target categories, under the low target density condition.

DISCUSSIOCON

Coler vs. Monochrome

In qeneral, the =2ffects of color-coding were dramatic.
Response times for items of the redundantly color-coded
threat dim2nsion were readuced by over 14C%, with an average
time of 7.66 s with the monochrome code versus 2.86 s with
color-coding. This finding is consistent with much other
ra2search on color-coding of information in searching and
counting tasks, where color has been found to be the most
officient type of coding scheme. The notion that color
might improve performance more with low target Agénsity
auadrants than with high target density quadrants was nct
substantiated by the data as no interaction between Code and
Target Density was found.

Effects of Color-Coding on the Non-Color-Coded Dimension

~ Color-coding of the threat dimension had no significant
effect on the non-color-coded platform dimansion. It had
been anticipated, based on previous research, that
cclor-coding only one dimension might interfere with the
other dimension. This interference effect was not found in
the present study as seen by the absence of any significant
difference in response timzs for the non-color-coded
nlatform categories between the color-coded and monochrome
conditions. Luder and Barber (1984) have suggested that

10
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color as a redundant code may interfere with a
non-color-coded dimension because color has a strong
psychological precedence over other dimensions such as
shane. The present results demonstrate, however, that
perfcrmance on a non-color-coded dimensicon is not always
adversely affzcted by a second color-codad dimension. In
the present study, observers viere required to count the
number of times a contact appeared in each of the four
quadrants. %“hen counting one of the platform cateqories,
Airborne for 2xample, it is conceivable that observers might
first count all of the Hostile Airborne in a guadrant, then
all of the Unknown Airborne and finally all of the Friendly
Airhorne. Color-coding should not interfere with the
non-color-coded dimension with this type of strateqy, even
if the color-code is more orcminent than the other cods.
Conseguently, although color-coding may interfere with
performance on non-color-coded dimensions in some tasks, the
effect depends on the type of task.

Effect of Target Density

Response times were significantly faster for displays
with high target density than for those with low target
density quadrants for both color-coded and monochrome
conditions., At first glance this may apnaar
counter-intuitive, but one should note that the observers
were actually being asked to detect a diffcrence between
nquadrants., Hence, a high target density quadrant was more
Aifferent from the other quadrants than a low target density
guadrant and therefore easier to detect.

Although all rasponse times were faster with high
target density quadrants, the Airborne and Submeraged
cateqgories always vielded significantly slower response
times than tue other four types of categories--Surface,
Hostile, Unknown, and Friendly. In additiocon, it appears
that the relative difficuity with the Airborne and Submesrged
categories becamg more pronounced when the task was morz
difficult, i.e2., with low target density quadrants than with
high target density aquadrants.

Differences Between Target Categories

A final finding was that, in tha monochrome condition,
the Surface catagory vyielded the fastest resnonse times,
2ven faster than the threat categories (sg2e Figure 1). 1In
addition, with coleor-coding, the Surface catagory still
vielded faster resnonse times than either the Submerged or
Airborne catagoriss. %e believe this may be due to tne
sizes of the particular shapnes employed. This unexrectad

12




ReTd finding is worthy of further investigation.

These findings clearly show that color can be
successfully applied to GEOSIT displays, and have brought up
several issues requiring further investigation. First, it
is worth determining the effects of color-coding on search

. for contacts defined two-dimensionally, such as Hostile

7 Submsrged, or Friendly Airberne, rathet than 6n only dne
5 dimension, as in the présent study. Second, what are the
iﬁ , effects of non-redundant color-coding? #ith only color, and
g§§ ﬂot shape, to code threat level, the reduction in display
B "noise" may tesult in faster Séarch times. Third, are there
_gg ways of improving performance on the platform dimension,
i particularly for Airborne and Submerged symbols? Perhaps
i minor modifications can reduce the performance def1c1t for
oo these symb6lS§. FEourth, pérhaps both threat level and
i%ﬁ platform type can be redundantly color-coded without
'ﬁé unnccessary disvlay clutter by using different lightnesses
% g or saturations of the same three colors used in the present
-5 study to code platform typs. Work is continuing on these

issues.
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