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Colour progression scales balanced to constant depth colours

This paper proposes a solution to the problem of colour map designing on CRT monitors.
Colour progression scales and ranges of constant depth colours are computed using the basic cell of
colour processing which is a combination of the new colour appearance model CIECAMO2 and the
colorimetric model of monitor (Berns’ GOG).

This paper also presents practical side of designing colour progression scales balanced to
constant depth colours, defining parameter of vivid level of projecting scales and showing
CIECAMO02 model calculation formulas in reverse mode.

The new colour appearance space connected with JCh colour attribute correlates
(lightness — J, chroma — C, and colour — 4) determined in colour appearance model
CIECAMO2 * is an useful tool which makes it possible to design colour progression scales
and ranges of constant depth colours characterized by high homogeneity. Homogeneity of
scales means that equal changes of colour attribute correlates correspond to equal changes
of colour appearance.

Colour progression scales balanced to constant depth colours are scales for which
corresponding with each other steps of scales create ranges of constant depth colours
perceived as lying at the same level of visibility.

Cartography usually assumes that quantitative (and sometimes ordering) information is
well passed on by means of colour progression scales and qualitative information by means
of constant depth colours (A. Robinson, 1995). Change of colour progression is being
achieved by simultaneous change of lightness and chroma — along with the decrease of the
level of lightness the value of chroma increases. Constant depth colours characterize by
changeability of only one colour attribute — hue (A. Makowski, 1966). Combination of
colours of the same depth and colour progression scales make possible to create complex

*) CIECAMO2 — Color Appearance model (CAM) approved in 2003 by CIE (Commision Internationale
d’Leclerage) — International Light Commission — an institution brought into existence to ensure standardization of
phenomenon sonnected with the nature of light.
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hierarchic images combining possibility of differentiation and ordering the elements of an
image. In this way, it is possible to create thematic maps of complex information
concerning qualitative as well as quantitative features of objects and phenomenon being
presented.

Makowski 1n his ,Podstawa technologii...” (1976) described how to create colour
progression scales deriving from the circle of constant depth colours. According to assumed
by him cylindrical space of colours interpretation creating colour progression scales based
on the circle of constant depth colours amounts to describing truncated cone with axis of
rotation covering axis of rotation of the cylinder (Fig. 1).

CIECAMO?2 colour appearance model is out of necessity a simplification of colour
perception. Not every phenomenon connected with the process of perception has been
recognized so well to be presented as a model. The main function of CIECAMO02 model
is to give possibility to predict the colour appearance (which means to define it in the
perceptual colour space) at variable conditions of observation. Each colour stimulus
being observed appears in specific context. In this case context means every parameter
which influences on the appearance of colour generated by stimulus being observed.
Sometimes the psychological context can be distinguished as a separate thing defining
cognitive factors, determining the colour appearance, and observational context which
includes following parameters: size and shape of the stimulus, local and global
environment. state of adaptation of observer’s eye and other. CIECAMO02 model respects
only the observational context.

Possibility of examining a colour stimulus in connection with a context in which it
appears is very useful in graphical map designing. Colours appear on the map in complex
configurations. The map itself can be printed on various substrates or displayed on a screen
with particular characteristics and seen at different lighting in changeable environment. All
of these contributes to the inconstancy of the context in which a particular colour stimulus is
perceived and influences the final colour appearance.

In CIECAMO2 model structure two distinct stages of conducting the calculation can be
distinguished: determining reaction of cones after adaptation at transition from conditions
of map observation context to conditions of reference context and determining correlates of
perceiving colour attributes. Therefore CIECAMO2 in forward mode allows making CIE
XYZ (or derivatives) tristimulus values conversion to correlates of colour attributes. In
reverse mode on basis of attribute colour correlates it is possible to determine CIE XYZ the
tristimulus values generating such colour appearance. However. in forward mode as well as
in reverse mode only the observational context is respected. Determining CIE XYZ the
tristimulus values guaranteeing equal colour appearance makes it possible to execute
a colour via different imaging mediums (screens, printers etc.) if the values fit into the
colour gamut of them. It is practical useful to make certain about the ability to execute
a particular colour without any distortion (which is determined by colour gamut of the
imaging medium) before designing the scale of colours. Model calculation formulas in
reverse mode, which has application in determining colour scales as well as boundaries of
colour gamut are shown in appendix 1.



Fig. 1. Geometric interpretation of position of colour progression scales points deriving from equal depth colours
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Fig. 3. Logical diagram of stages of conducting GBD points calculation using iterative method for given value
of hue angle i in CIEMCAMO2 model
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Determining the colour gamut of source monitor

The source monitor is the one on which the map project is being created. In case of
designing the colour progression scale specific situation is being dealt with. Colours of
every scale are located exactly in half-plane of constant value of hue angle 2 in CIECAMO02
colour appearance model. In this case it is essential to determine colour gamut boundaries
exactly in those half-planes.

To do so it is necessary to define two models: CIECAMO?2 colour appearance model in
which observation context is connected with conditions of observation on particular
monitor and colorimetric model of monitor. Simplified Berns® GOG model * was assumed
which was expanded with colour temperature of screen white point (7,). In this expanded
Berns” model the essential parameters were determined with proper calibration and
spectrophotometric measurements.

GBD points®*. located in half-planes of constant hue angle of developed colour
scales (Ah = 20°). were determined exact to change of lightness attribute correlate
AJ =1 and chroma attribute correlate AC = 1. It means that for each value of
colour angle 7 maximum values of chroma attribute correlate C (exact to integer
values of chroma attribute correlate) were found for values of lightness attribute
correlate J from O to 100 with unitary change. Determining maximum values of
chroma attribute correlate C consists in calculation compatible with scheme of digital
values input needed to project equal colour appearance shown on Fig. 2. This
process is iterative lead in accordance with the scheme shown on Fig. 3.

That is how colour gamut boundaries were determined for the source monitor (ECOMO
Elsa 850 calibrated to 7. = 6500 K). However, so-called source monitor is the one on which
the original map is being created. The locus of colour gamut boundaries of this monitor is
shown on figures from Fig.5 to Fig.7 in the form of red lines — progression scales with
maximum intensity.

Practical side of designing colour progression scales balanced to constant depth colours

In perceptional colour space [JCh] of CIECAMO2 model colour progression scales
are executed through choosing points equally placed on straight line lying in half-plane of
constant hue angle . Gradient of this line in relation to lightness axis (angle &) can be
recognized as a measure of colour scale vivid level (Fig. 4).

*) Berns” GOG model — (Gain-Offset-Gamma model) — colorimetric model of a monitor. It includes two
stages. The first stage is nonlinear transformation of digital values DC inputs to DAC (digital to analog converter)
to values of device dependent stimulus — RGB monitor — using parameters: gain «, offset & and nonlinear
relationship ¥ for cach of three RGB channels. The second stage is linear transformation in which RGB stimulus
values dependent on a device are being transformed to device independent tristimulus CIE XYZ values. First stage
is called determining tone reproduction curve (KRT) and second stage is called determining transferring matrix
(MT). Due to proper calibration (setting optimal level of offset and gain) this model undergoes convenient
simplfication. Additional parameter has been assumed — colour temperature 7, of monitor screen white point.

##) GBD points — (Gamut Boundary Descriptors) — points of colour gamut boundary discreet recording.
Intermediate values are interpolated in various ways.
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The first level of each designed colour progression scale is white colour (J, = 100,
C, =0). where J, and C, are initial values of lightness attribute correlate and chroma
attribute correlate. respectively (see Fig. 4). Since human optical system is the most
sensitive to changes of lightness of perceiving colour, an assumption was made that scale
levels are defined with decimal changes of lightness attribute correlate J. As a result,
besides zero lightness (black), nine levels of chromatic scales and white colour (J = 100)
were distinguished. Changing the final value of chroma attribute correlate C, of the last
scale step it 1s possible to influence the angle of gradient « thereby creating for the same
numerical hue attribute correlate i scale of higher and lower colour vivid.

Figures from Fig.5 to Fig.7 present CJ graphs of three scales: scale 1, scale 2, scale
3 which differ with angle of gradient & of straight line due to which they were determined.
Scale 1 runs from the initial point (Fig. 4) to point J = 10. C = 50, scale 2 to point J = 10,
C =70 and scale 3 to point J/ = 10, C = 90. The illustration has been presented for three
different colour angels: i = 0°, h = 120° and i = 260°. Those values were chosen in order
to present diversity of locus of colour gamut boundaries (progression scale with maximum
intensity is shown with red colour). Boundary for /1 = 0° characterize with maximum value
of chroma being achieved for medium level of lightness. boundary for & = 120° for high
level of lightness and boundary for & = 260° for low level of lightness. Illustration of
colours lying on the boundary of colour gamut with the same lightness values as for
progression scales (J = 90, 80, 70. 60, 50, 40, 30, 20 and 10) has been placed on the left side
of the graph. Illustration of the three had designed colour progression scales have been
placed on the right side of the graph.

Maximum value of chroma attribute correlate C for colour progression scale for i1 = 0°
(Fig. 5) is being achieved for medium values of lightness attribute correlate (/ is equal to
about 45). Colours of scale 1 do not achieve significant vivid (comparing to the scale of
maximum intensity for particular monitor presented on the left side of the figure). However,
in natural way. it can have higher number of degrees. For instance for changes of lightness
attribute correlate of AJ = 10 it will include 8 degrees of change of colour progression scale
possible to execute on the monitor. Scale 2 is the one with medium level of vivid. The scale
colours are more attractive to an observer. However. less degrees of the scale can be
executed on the monitor. Scale 3 is the one with relatively high level of vivid. Degrees of
colour of high lightness values are similar to colours of colour gamut boundaries, but then
the scale begins to move away from the maximum values. This scale 1s the shortest and
includes 6 degrees of colour. The higher the degree of vivid the bigger differences occurs
between its next levels. It makes it easier to distinguish them.

Maximum value of chroma C for colour progression scale of 1 = 120° (Fig. 0) is being
achieved for high lightness values (J is equal to more less 80). In this case, like before (for
h = 0°). the scale with the lowest level of vivid includes more degrees of colours and the
scale with highest level of vivid includes less of them. Colours in scale 3 are generally
speaking more vivid and more attractive visually and colour differences between them are
bigger. Because of the high level of maximum value of chroma. none of the scales does not
significantly bring closer to colours of maximum chroma scale. To balance colour
progression scale of hue i = 120° to equal depth colours with equivalent colours of



100

0

80

70

80

40

30

20

10

\\
W
AR
NN
A \ max. intensity scale
-\\ \\ \ p Ekstf.
‘\\ /
NEEN
7
Scale 1 Scale 2{ Scale3
//
0 10 20 30 40 50 60 70 80 80 100

[

W
>

Fig. 5. Colour progression scales at colour hue angle 2= 0°. Additionally locus of a colour gamut bondary of source
monitor in half-plane of hue angle defining maximum possible values to execute chroma is shown by red line
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Fig. 6. Colour progression scales at colour hue angle = 120°. Additionally locus of a colour gamut boundary of
source monitor in half-plane of hue angle defining maximum possible values to execute chroma is shown
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Fig. 7. Colour progression scales at colour hue angle & = 260°. Additionally locus of a colour gamut boundary of
source monitor in half-plane of hue angle defining maximum possible values to execute chroma is shown
by red line
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Fig. 8. Colour progression scales balanced to constant depth colours at hue angle changes A/t = 20° calculated for
the last scale step at point J = 10, C = 50 (& = 29.05°)
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Fig. 9. Colour progression scales balanced to constant depth colours at hue angle changes A = 20° calculated for
the last scale step at point J = 10, C = 70 (o= 37.87°)
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Fig. 10. Colour progression scale balanced to constant depth colour at hue angle changes Ah = 20° calculated for
the last scale step at point J = 10, C = 90 (& = 45.00°)



Fig. 1. Choropleth maps based on colour progression scale balanced to constant depth colours

Fig. 12. Choropleth maps based on colour progression scale not balanced to constant depth colours



Colour progression scales balanced... 183

progression scales for other values of hue angle /1 — colours of that scale had to be reduced of
some chroma.

For h = 260° (Fig. 7) extreme value of chroma lies relatively low (for J equal to more
less 20). Thanks to this fact colour progression scales do not move far away from the colours
of maximum intensity. In this case scale 2 becomes definitely the best. It consists of
8 degrees retaining high level of colour vivid at the same time. Scale 3 is most similar to the
colours of maximum chroma values possible to execute on particular monitor. However, it
is limited to 5 degrees of lightness scale. Generally speaking low level of extreme value of
chroma can be regarded as favourable situation in creating colour progression scales.

lustration of colour progression scales balanced to equal depth colours has been
presented on following figures (from Fig.8 to Fig.10). Number of levels of each scale is
defined by the locus of the gamut boundary of colour source monitor. The boundary was
determined in half-plane of hue angle 4 with respect to which particular scale was created.

Colour progression scales and series of equal depth colours find application in most
methods of cartographic presentations because they make it possible to differ and order the
elements of a picture of a map.

Figure 11 presents an example of applying colour progression scales balanced to equal
depth colours in case of creating a cartogram To emphasize the difference similar picture of
the map has been presented (Fig. 12) but created with applying colour progression scales not
balanced to equal depth colours.

CONCLUSION

Combination of CIECAMO02 colour appearance model and colorimetric model of
monitor (Berns’ GOG) make it possible to display designed colour scales on monitor screen
without disturbing of displayed colours appearance according the bit depth precision.
Scales designed in homogencous perceptional colour space connected with CIECAMO2
model guarantee retaining viewing levels and constant appearance of perceived colours.
Moreover they make it possible to execute graphic project of a map properly. Now
Cartographer’s knowledge can be illustrated on a map in easy and effective way giving
surety of receiving proper colour effect.
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APPENDIX 1

CIECAMO02 — formulas of the reverse model:

|

Input Data:
QorJ
Mor C
Horh
Xw, Yw, Zy
B Vo &
Xwre Ywr, Zy,
Ly
Yyl Y
QOw — calculated from a forward model
Ay — calculated from a forward model
surround parameters:

C F | Nc

Average 0,69 |1.00{1,00

Dim 0,59 10,900,95

Dark 0,52510.80(0,80

Mcare: = —0.7036  1.6975 0.0061

Another Data:

0.7328  0.4296 -0.1624 { 0.38971 0.68898 —0.07868
; My =1-022981 1.18340 0.04641
0.003 0.0136 0.9834 | L 0 0 1

S|

k=1/(5Ls + 1); F; =02k*(5L,) + 0.1(1 — kH(5L)"Y; n=7Y,/ Yy

Nl)b = N,-b = (0.725 (1/71)0'2; z=148 + l’lllz
Rw | | Xu
Ow and Ay should be counted using forward model: | G, |=Mcarz| ¥y |3
BH/ Z“/A

1_\~42)) L
s

1 92
Iy = F(l ——exp( 2
3.6

' D D
Ry, = {(YW *) + (1 - D)} Ry; Gy, = |:(Yw _) + L — D)} Gw;
Rw GW
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. From Q obtain J = (

r,D H‘W; TRH’( 1
/ D | ‘
By, = [ Yw — |+ =D)|By;|Vw |= I\[HI\’IC\TO’ G”f ‘
\ By | | \
Lﬁ\vi L BW
400(F . pw/ 100)%+ 400 (F, yw/100)°4
D = (FLpy ) L00: Y= (FLyw ) L 0.1

[2713 F (FL/),\W/lOO)O'”u]

400(F;. 1w/ 100) %+

Be= [27.13 + (F. B/ 100)°2

Qw = (4/c)Aw + 4)FP™:

[2713 + (FL 1/w/ IOO)O'“]

1
] +0.1; AW = {2 p“h + Y wa -+ 7—0 ﬂ“'ﬂ - 0.305 Nb[,;

Determined these values allow starting calculates of forward model

2.5 QcF;wjz_
Ay + 4 ’

T e
From J obtain A = Ay| — "
100

CIECAM97s model;

. Using H determine values: k), h,, e, e, — in analogical way to calculations in forward

Calculate h — in analogical way to calculations in forward CIECAM97s model;

12500

Calculate C = MF;*%;

Calculate r = {

C
VJ/100

Calculate a and b

t(A/ Ny, + 0.305)

T
. Calculate e = (T N, Nrb) {cos(k 180 + 2) + 3.8} :

1/0.9
(1.04 - 0.29”)} ;

; where V1 + tan*(h)

a =

eV1 + tan?(h) + t(l—l + @tan(h))

23

is positive for: 1 € (0°.90°) U (270°,360°); and negative for: h € (90°,270°)

b = a-tan(h)
Calculate p,.7. B

ZO(A _) 4111
=— +0305( +——ua
0l \Nbb 4 6123

288 1
()1 23

20

A t
o= —(—— + 0.305

61\ Ny,

20 8111 261 1
e Y, = +o ¢ ] IRt et Y,

61 61 7“ 61 23
20 11 20315
61 7? 61 23



186 Joanna Jaroszewicz

10. Calculate p.y. S

1 1 1
100[27.13(0,-0.1) |2 100[27.13(-0.1y] 0= 100[27.13(8,-0.1y] "o

T F, | 400.1-p, TEE | 4001, ‘ﬁ‘TL 400.1- 8,
R | I
11. Calculate R(;_G(.,B(_;‘ &L i: MCATOzMHI‘ y 1
|
5] n
YwD ¥uD
12. Calculate R,G,B: R = R, Y+ -D)|: G =0, vZ L1 -D)l:
W w

YwD

B =B, +(1-D)

W

XW 'R

13. Calculate X, Y, Z: | y | = MZhton

\_Z_)
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Joanna Jaroszewicz

Skale natezenia barwy zréwnowazone do barw jednakowej glebi

Streszczenie

Nowa przestzefi barw zwiazana z percepcyjnym modelem barwy CIECAMO2 pozwala na opracowanie skal
natezenia barwy zréwnowazonych do barw jednakowe;j glebi charakteryzujacych sie bardzo wysoka jednorodnos-
cia. Jednorodno$¢ ta oznacza, iz réwnym zmianom odpowiednika liczbowego atrybutu barwy odpowiadaja réwne
zmiany spostrzezen barwy. Ponadto odpowiadajace sobie stopnie tych skal tworza szeregi barw jednakowe;j glebi,
postrzegane jako lezace na tym samym poziomie widocznosci. Pozwala to na tworzenie map o ztozonym
hierarchicznym obrazie prezentujacym zaréwno ilo§ciowa jak i jako$ciowa informacje. Percepcyjny model barw
CIECAMO2 jest modelowym uproszczeniem percepcji barw. Jego gldwnym zadaniem jest mozliwo$¢
przewidywania odbioru barwy (a wiec okreslania jej w percepcyjnej przestrzeni barw) przy zmiennych warunkach
obserwacji. Jest to bardzo cenna cecha, gdyz obraz kartograficzny i jego reprodukcje charakteryzuja si¢ znaczna
niestabilno$cia warunkéw obserwacji.

Opracowany odwrotny model CIECAMO2 wraz z kolorymetrycznym modelem monitora (uproszczony na
drodze wtasciwej kalibracji model GOG Bernsa) pozwala na opracowanie skal nat¢zenia barwy zréwnowazonych
do barw jednakowej glgbi przystosowanych do réwnowaznej reprodukeji barw na ekranie monitora CRT. Skale te
moga r6zni¢ si¢ wyprowadzona z modelu miara intensywnosci. Potaczenie obydwu modeli pozwala réwniez na
prawidlowe uwzglednienie granic zakresu barwowego monitora juz na etapie projektowania barw mapy.

Takie opracowanie barw mapy pozwala na wlaSciwa realizacje projektu graficznego mapy. Wiedza kartografa
moze by¢ teraz zobrazowana na mapic w prosty 1 skuteczny sposéb dajacy gwarancje otrzymania wiasciwego
efektu kolorystycznego.

Hoanna Apowesuu

Ypumumcmemu,le IHKAJIbI IBETOB K z]'rpuﬁyry HOCTOSIHHOIT F.‘lyGllllLI 1BETOB

Peszome

HoBoe 1BeTOBOE NpOCTPANCTBO, CBA3aHHOE C mepuenuuoHunoil moaemo usetos CIECAMO2,
paspewaceT pa3padaTLiBaTL WKAILI MHTEHCHBHOCTH OKPACKH YPABHOBEIICHHDBIE K UBCTAM OAMHAKOBOIL
rAyOHHDI, XapaKTEPH3YIOWHECs O4eHL BLICOKOH OAHOPOAHOCTLIO. DTd OAHOPOAHOCTL 0003HAYAET, YTO
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PaBHLIM M3MEHEHHAM KOMMYECTBEHHOTO 3KBHMBajseHTa aTpuOyTa uUBcTa COOTBETCTBYIOT paBHLIC
u3MeHeHns nabnioaenuit (3amedannit) useta. Kpome Toro cOOTBETCTBYIOMINE CeOE CTYNEHM 3TUX LKA
CO30al0T PsAbl UBETOB OAMHAKOBON TayOMHLI, BOCIIPHHHMACMDIE KaK JIEKAlIME Ha TOM JXKe ypOBHE
BHOANMOCTH. OTO 4aéT BO3MOXHOCTL pa3pabaTLiBaThb KapThi €O CJAOKHLIM - HEPAPXHYCCKHM
H300paKeHHEM, MPEACTAB/SIIOUINM  KAK KOJHMYECTBEHHYIO, TaK M KaueCTBCHHYIO HHGMOpMALHIO.
IMepuenunonunas mopenn usetos CIECAMO2 aBnseTCs MOAENLHLIM YIIPOLIEHHEM BOCIPHSITHS LIBETOB.
Eé rnasHoii 3anauedt sIBAsIETCS BO3MOXKHOCTL NPEABHAEHUS NpUEMa LBETa (TO €CTL ONPEAENICHHs Ero
B MEPUENMUHOHHOM LBETOBOM MPOCTPAHCTBE) MpPH MEPEMEHHBIX yCIOBIsAX Habmoaenns. DTO OYEHD
LEHHAs 4epT4, T. K. HEPAPXHUYECKOE N300pakeHHe H ero PENpPOAYKUHH XapaKTEPH3YIOTCA 3HAYUTENLHON
HeCcTabMALHOCTLIO yeaoBuit Habmoaenui.

Pa3spaGoraunnas o6patnast monen, CIECAMO2 BMecTe ¢ KOTOPHUMETPUYECKOH MOIENIO MOHHTOPA
(ynpouwenHast myTéM mpaBMIILHON kannbposku moaens GOG Bernsa) pa3peiraeT pa3paboTaTh WKAJILL
HMHTEHCMBHOCTH OKDAaCKH, YPaBHOBELIECHHLIE K LBETAaM OAMHAKOBOH rayOuubl, npucnocobienHnie
K 9KBHBAJIEHTHOII peNpOAyKLMI LBETOB Ha 3kpane MoHHTopa CRT. llIKann 3TH MOryT OT/IHYATLCS MEPOH
VHTEHCHBHOCTH, BbIBEAECHHOH 13 Moaenu. CoennHeHne 00EUX MOMENIEH Pa3PeIlaeT TakKe MPaBUILHO
YYUTBLIBATL FPAHMLLI AMANA30Hd UBETOBOO MOHUTOPA YX€ Ha 3Tane NPOEKTHPOBAHUA UBETOB KapThi.

Takas pa3paboTka UBETOB KaPTLI AAET BO3MOXKHOCTD MPABHIILHO OCYIECTBAATL rPadH4ECKHH TPOEKT
KapTbl. 3HaHUS KapTorpada MOryT ObITh MPEACTABIEHBl CEHYac Ha KapTe MPOCTLIM H 3PPEKTHBHLIM
CnocobOoM, rapaHTHPYIOLIMM MOy4EHHE COOTBETCTBYIOIETO KOJOPUCTHYECKOTO pe3ybTaTa.



