The standard method of teaching color theory is cumbersome at best.
Computer graphics can solve problems of time and tedium
and cover much more material as well,
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Tradiuunal methods for learning color theory ane
time-consuming and labor-intensive, Much nime is spent
on exercises that involve mixing pigments and paiming
various geometric designs, It s dilficult 1o see the effects of
using partkular colors in an exercise until it is completely
painted. Since the painting process is tedious, students are
unlikely 1o improve apy pan of an exercise once they have
finished it—n fae, a typical course covers only a lew
exercises, because cach s repeated several times, Mixing
pigments in sel proportions and making cvenly spaced
color scales & also difficult, since pigments are made in
differem strengths. While this exercise may be worthwhile
10 a painter. karning celor theory should not depend on
these skills. Some of the problems arsing through the use
of pigment can be eliminated by using colored paper in=
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stead; however, paper is available in only a small
niimber of colors, In additon, becawse both pigment and
paper are examplesof rellected color, courses tend Lo
emphasies this aspect of color theory, while devoting only
a small amoeunt of time o emitted color. Even when
cininted solor is discussed. students rarely have an
OppOTIUmEY (o work with o exnensively.

Previous work

Computer graphigs has beem used to alleyviale some of the
problems inherent en lernimg color theery the truditional
wary, Coler spiaees and nodations kave been discussed. and
varksus programs kase been weitten 1o explam them, These
include works by Joblove and Cireenberg,’ Smitl: and
Mever and Greenberg. ) Colortheary has been studzed from
the psychologicn] and physiclogical points of view by
Gt e, Beamiv, amd BRasquinha® and vanious phemromenia
buive been esxpliined by Trockenbiod e help desigoers and
programmers chooese colom for graphics programs.® Mot
af the soliwire asseciated with this werk las taben the
form of demonstrations for rescarchers, Although some
tnsdibulicons arc l..l!'iiTlF sl pcnmna1 COHM PITC TS lor hasic
calor lhq.'-:rr:.' CREMCISES % r:l.i:mpiif:u:n:[ h:.' Bloncs * 1the
Lierated calor ralette wrd o ::p:ll:i..'ll resalution of moest
small computer color displays mukes some celor theary
exercises dillvcult or impessible o implement,

BUCOLIC

RECON [, orehe Brown aversay OO Lo InsomlCior,
o program for teaching eolor theory oo am saadents,
Einlike most previoes color theosy sork in compaler
graphics, BUCCH 1O s directed toward an students who
kave no experiznce with computers. The idea of wnting
BT BT was suggested by Bozer Mayer of Brown's A
Diepartment, who was inspired by the work of Brown's
computer graphics growp. Al that ome the group had
wrllen a few demonsiration programs for illostrating color
principles 10 eomputer graphics students. Maver saw the
potential of vsiing compuier graphics (o implement
exercises in his traditional colar theory course. He
deseribedthe pigment and colored-paper exercses, and we
discussed wavs to adapt and expand them for use in a
computer graphics system.

We tanght the color thenry cowrse in the fall of 1983,
using BUCOLIC in addition to the pigment exercises.
Twenty students attended four hours of lecture and
discussien and one hour of supervised work —in groups of
four—with BUCOLIC each week. They were able towork
wilh the BUCOLIC exercises and the hinal project
independently autsede of class for a limited time [becigss
the equipment wis shired with the graphics group), The
BUCOLIC exercises roughly Tollowed the sequence of the
course fraterial; thus, cach exercie was performed bath

b

with pigment of colored paper and wah BUCOLIC,
HUCLH L added a new dimensien e the course, because
students worked extensively with emitted color mstead of
having one or two solated demonsirations

Exercises

BUCOLIC consists of six exercses amd o Large Dl
prisject, which shire a commuon wser interfice, The menu
ul exercises that the student szes whenemenng BUCOLIC
15 shora in Figuare |,

Flgore 1. BUCOLIC meno of color theory everdse,

In the Goethe Triamgle excrene, based on Geetae's color
tricngle,” students work with dilferent systemes of color
primarics and several color-maxing schemes, A studens
begine the Goethe Triangle exercize by sclocning s won
fromm the exercise menu, cavsang the soreen 10 appear as in
I-'igur: Jin), Within the large trinngle, the three small
trizngles at the vertices 2re the primary colors, Inigially
these nre red, green, and blue, the primary colors of light.
b= triangl= n between the prmaries are the secondary
coelors = h:.' mi:-:mF_ ihe primariﬂ o sither sids, The
n-m.'linir% three tnangles are the terury colors made by
mixing the adjcent prmary and appesite secondary
colors. In this exercise, stucents chiange the color of the
primary traamgles; BUCOLIC automatically changes the
secomdary and tertiary colors when a pomary s changed.

The primary colors mav be modified in esther the ROGH
(red, green, blued color space or the HSY (hue, saturtion,
vitlued color space. We included the BOGE spuce because we
wanted students to become familiar with properies of
emitted color by mixing the Ieght primaries. The HEY color
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Figure X. The {iecthe Triangle exercises: The triangles at the
vertice are initially the light primaries: red, green, and hloe (a).
The boltom left trinnple hes been made velllow by adding green
{b). The hue and satoration of the top riangle has beem
chinmged {c). The saturation of tke bttom right trimngle has
breen luwened {d )

A i pu"-i"l't'i|:|-tﬂ i additian sinee it considered maone
natural for artses® The red, geecn. and Blie Raes w0 e
battam lelt of the sereen are wsed for the RGH coleor space,
and they show how much red. green, snd Blae the current
triangle contains. For example, ia Figare 2iap the red
Lraangle 15 the current triangle, since it is highlighted by the
sma’l black peinter Lo its left. The BROGE bars show that this
trangle comtans (Wl red. and oo green or blue. The sed
triamgle ¢in ke chanpged by selecting a location on one of the
RGE Bars In Foynare Xhia poont on the green bar ks been
selected, the red has changed Lo goldd, and the secondary and
tertiary colon bave changed sppropranch

The HEY Bars on the right side of the soreen ane wsed in
the same way. The three bars represent the hue, satugation
{punty o whitzness), and value (intensity or hlackness)
indicated by the black pointers underneath the bars for the
current triangle. In Figure 2(c), the top primary irangle has
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Becn changed 1o pink by lowering the saturation and
chang g the hwe In Fgure M), the saturation has been
levaered an the blue primarny iriangle onotbe pghe. The RGHE
anr HRY hars always represent the curient colar

The color-mixing scheme nsed in this example is RGR
imterpolation, Several others, including ROGE additive and
subtractive and HEY interpolation. may also be explonsd.
The vser anterfaee for changing colors s consistend
throneghoud the BUCOLIC exercises and final proged.

The simultancous Contrast exercise introduces the work
of Josel Albers One of the phenomens that Albers
explored is the relanoeshps of coloms when presemed
various comests. Foe cxample, one color may be made to
ok Lke twa very different colam or tao differsnt colors
can be made w ook like the same color when they ane
placed in different contexts. {Various Albers exercises have
been implemented previouslv’ ™) This exercise has a

B



Fipure X, Albers's Simultaneous Condrast
exercises; The interior sqpuares have been
made 1o look different by choming different
background colors fa). The skow Bar button
hizs Been selecied 1o show that the interior
squarss are really the same clor (b,

femture that allows <o denis 10 1n3£lll.= hetwren twa modes
Ay shown in F'-I‘r_“ll'l' 1. o mewde di-:-pln:.q. ihe small S| 1 e
palated on the hackgrownd rectangles (Figure 3alh. and
the other mode displays bars of the small squares spanning
acpiss botk ha-;.:l:gr-:_:n.lnn:l rechiinges to showe the relahon-
hhirl'h Btween the L anes and bevween the SSIres amd
1herr -i,:l[IFH_'h'i[t |'|.1-;:lpn:|u nels [Figu'rl.‘ ][h]}

The next two exeecises demwnstrate valie and igtensity
gif hfi;.:h!lh:m The Valise ¢ xereise prresconls "-L"‘-'Ih,: al |.'-::-|-.rr
fram black 1o a particalar colos to whice, The color of the
scale 15 chosen with the RGE and HSY bars, and the
student may toggle between a linear scale and a gamma-
corrected sca’e. The Intensity 1o Yalue Correlation exercse
presenls @ problem posed by len™ The pomary and

i)

secondury colar seales are presented i columns along with

ong enlumn devated s ik seale Sradents .'.|.|‘|_i:n[ the
-a.i|I|:|rali|;::n and! valiie ::-I-l:.in;.'h of l;lflc rtl.‘l;ll!lgh.".'. ]-.n.:]'!l:n;: | %3
same b, o that when cach row i vissed by iself, the
perceived brrghtness of cach rectangle in the row is the
same. The ons for these exercies may be seenin Figure L

The Trans parency exercise models foerstrips of ar
acerate-like material on a hphtbowsd (Fignee 5. The color
and epacity of cach strip can be ckapged. BUCOLIC
determines the “transparent™ colors where the strips
overlap, The epzaity ranges from completcly opague 1o
tramslucent. where the sinps behave like colar filters. The
steips may be perceptually stacked, using the pud on fop
reny bution.
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Figure 4. The Transparency exereice:
Students may choose the color and (rans-
pareney of four colored strips,

The last exercise is the Bezold Effect, originally
dscovered by M.E. Chevreul but named for Wilhelm von
Bezold, a ragmaker who wanted to make a few rug designs
ina small number of colors look like many, Berold found
that if he used the same rug design, but changed one or two
colors only, the design looked different. ™" Inthis exercise
students create a composition on the left hall of the screen
by drawing outlines and {illing them in from the five paint
pots underneath (Figure 5). The colors in the paint pots
may be changed. When the composition is finished,
BUCOLIC will copy the image onto the right side of the
screen. At this point, the student changes the color in one of
the five pant pots underneath the copicd composition to
creats the Berald elfed.
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Figare & The Berald Effect ixercise:
Students change ore colof in two identical
cormipemsitions (0 make them kool different.

‘Final project

The final project of the color theary course, which was
designed by Roger Mayer and was previously done in
pigment. ties together all of the exercises. Finished
examples of the modular project are shown in Figure &
The purpose of the project wis primarily to integrate 1he
exercises but also to create an aesthetic work. The design is
madz of a 12-by-12 grid of repeated modules or quililike
syuares. Each module is colored differently to achieve
witrious effects, such as the ones described in the cxercises,
There are two steps in ereating a modular project: first,
designing the moedule, and second, coloring the modulss in
L grich
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Designing the module

Ihe medule is designed using & pixel editor, as shown in
Figure &{a). An actual size version of the module is shown
on the leit side af the seresn. Colors {or the module ane
chosenirom |ﬁp“i|:|; pobs at the bottom of the sereen. Asin
the Bezold Effect exercise, the student chonses the colors
for the paint pots, Since the module 15 a prototype loreach
of the &8 medules inthe finished work, the paint pois servie
oaly as a coding mechansm; the acuel colers do not
matter, bul the pixels colored from each paint pot designate

a [perhaps noncontinuows) region of the module. Figuie
&bl shows a later stage m designing the meduleand Figuiz
Gio) shows the finshed maduie

Coloring the grid

When the module i completad, it i saved and the user
returns tothe grid menu. HUCOLIC automatically repeats
a modube inthe grid as showe in Figure 6d); then coloring
aperations are perlommed. The simplest operation is

Figure &, The BUCOLIE final project: The madulk: s desipmed
with & pivel editor. The module b shown in its actusl size an
the left of the screen (a) through (o). The Gaished meodule is
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coloring an individual region of a module by sclecting it
with the cursor and choosing a new color uang the RGR
and HSY bars, Inaddition, BUCOLIC avtomatically
interpolates the color of 2 regicn across the modules in part
of 4 row or column. Only similar regions can be nter-
polated: this s the reason for having color-coded regions i
the provotype medule, To interpolats across part or allofa
row, first the simpele rgesp menu button s selected, Next,
the region at one end of the row s selegted, and then the
region at the other end of the row i selected, BUCOLIC
changes the color of the regiens of the mtervenmg modules

repeated in w 12-by-12 goid fd). Regloem o the grid are colored
individually and in groups usdng the arip and repear hattons (7]
through (g). The finished projeer thi.
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io display a smooth interpolaton between the colors of the
selected moduls.

I'his Teature can be carried lurther o nterpalate many
rows of columns in one operation, [he fesull o5 many
ample ramps perlormed over o reclangilar arca, either by
row of by column. To do this, the repeat rows 0f Fepeat cols
{columns) button s selected, The upper lelt and lower right
corners of a rectangular area are chosen. Clearly these
aperations can save the large amaunt of lime Necessary to
color cach region individually.

A grid is eolored using these primitives. Figures t{e) to
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£ g)show several stages in coloring a grid, and the limshed
project i shown in Figure &h). Two more projecls are
shown in Figure 7.

Student reactions

Students reacted very faverably 1o working with
BUCOLIC, They especially liked the speed with which they
could complete many repetitions of an exercse, The ability
te sketch ideas in a short tme was particularly wselul
during the final project. The studems were allowed 1o
cxecure the final preject using either pigment or BUCOLIC
Imitually, halfl of the siudents chose 1o work in plgment, but
they all used BUCOLIC for planning their desigrs, Some
of those whoe onginally chose o work in pigment deceded
not 1o do so after sketching their idens with BUCQLIC,
stating that they would not lewrn anything more by painting
what they had already created.

BUCOLIC allowed students to create more complex
disigns than they woukl have made il they had had
LI:!-I'HFIII:IL‘ Lheae prr-im,:h In pagrent, 'I':|.|.-|.J:i1i1:||:|u|l'_|.', sludents
wiortked with grds of 2d-by-24 o0 30-ba-30 pood wles. 1§ cach
mesdule had had 16 parts, they would have had 1o o
thousands of different colors, With BUCOLIC they could
cxperiment by using the same modules but coloring them
dilferently in each of several grids. They could also
cxpenment by saving a grid of o pamicular point and then
irving different branches to finash i Dy speading less time
iedsously poiniing the moedular projects, students wene shle
te lam more by trpng mamy idens

Ien the cxercises teadinenally perfommed with colored
pitper. students enpoved being able to adjust colors sublly
mstead of being brmed o a small numbser of options, Since
BUCDLIC was being written only a few steps ahead of the
stipdents” work, their feedback was invaluable in helping us
provide enough funcionally and a good wser interface.
Likewise, they enjoyved seeing their ideas materialize from
week 1o weoh.

Future work

From experience in teaching the coifre, we Tell that
some of the exercises should be reworked to Torce solutions
to depend more actively on student input, Some exercses,
for instance, could have o “maneal™ and an “aulomate”
made. Inthe manual mode the students would haveto find
selutions to the exercises, while the aetomatw mode would
eilfer BUCOLIC s selulion, As BUCOLIC replaces some of
the pigment exercises, o af beast reduces the number of
times thai each pigment exercise i3 pesformed, morc
exercises could be introduced inte the coure

For BUCOLIC to work to its best advantage, compufcr
graphics eguipment should be much more accessible to
studcnts than is usually possible 2i prescrit. We hispe that
this problem will ke allovnted with the decrensing price of
coler frame buffers designed for small, alfordablz com-
puters, In the nterim, we would like to rely mare heavily on
hnrd COpY Im the form of shdes, but ﬂ:‘FIIJiIIJL"inEII‘JI: caloms
of Ehe monitor on film s difficu |, because Mmany vartables
cannod t-;l.':ll:.- he contralled, W

Figure 7. Two madoelar projects: Arn Fischer and Erica Hten (o) ard Dians Rothborme (B
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Implementation

BUCOLIC is written in O under Berkeley Unix 4,2 on g
DEC VAX 1178 and a Lexidats 380 graphics system,
Phe petures were imaged on a Matnix [nstrements
QUR D402 0Em recorder
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