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Abstract. The article presents a description of the new CAM16 color appearance model developed by the CIE to
replace the currently acting model CIECAMO2, improved with respect to the correctness of the algorithm for its imple-
mentation, taking into account the approach published in the literature, as well as the corresponding uniform color space
CAM16-UCS designed to replace the CAMO02-UCS space. Examples of quantitative estimates characterizing the prop-
erties of new color space metric with regard to image observation conditions are given..
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AHoTanis. Y CTaTTi IPEACTaBIeHO ONKC HOBOI MoJemi KoibopocnpuitHaTTs CAM16, po3podnenoi MKO Ha 3a-
MiHy ynHHOI HuHI Mozeni CIECAMO02, BrockoHajIeHe 111010 KOPEKTHOCTI aJITOpPUTMY HOTo peanizallii 3 ypaxyBaHHIM
oITy0JIiIKOBaHOTO B JIITEPATypi MiX0/Y, a TAKOXK BIIIIOBIHOIO piBHOKOHTPACTHOTO KoJlipHOTO poctopy CAM16-UCS,
po3pobnenoro Ha 3aminy npoctopy CAMO02-UCS. HaBonsTbesi NpHKIagM KidbKICHUX OLHOK, SIKI XapaKTepHU3yIOTh
BJIACTMBOCTI METPUKH HOBOT'O KOJIIPHOTO MPOCTOPY 3 YpaxyBaHHSIM YMOB CIIOCTEPEKEHHS 300paskeHHSI.

Kir04o0Bi ci10Ba: MOIens KOJBOPOCHPUIHATTS, PIBHOKOHTPACTHUHN KOJIIPHUH TPOCTIp, METPUKa KOJIIPHOTO MPO-
CTOpY, KOJIOpUMeTpu4He sKicth 300paxenHs, CIECAMO02, CAM16, CAM02-UCS, CAM16-UCS

AnHoTanmus. B crathe mpenctaBieHO ommcaHue HOBoW Moxenu nBerooctupustas CAMI16, paspaboranHOM
MKO nHa 3ameny neiictBytomeii B Hactosimee Bpemst mogenn CIECAMO2, ycoBepiieHCTBOBaHHOE B OTHOLIEHUH KOP-
PEKTHOCTH JITOPUTMA €r0 PeaiM3aluy ¢ Y4ETOM ONYyOJIMKOBAaHHOTO B JIMTEpaType MOAXOMA, a TAKKE COOTBETCTBYIO-
LIIEro paBHOKOHTpacTHOro IBeroBoro mpocrpaHctBa CAMI16-UCS, paspaboraHHOro Ha 3aMeHy IPOCTPaHCTBA
CAMO02-UCS. TIpuBoasTcst mpuMephl KOJMYSCTBEHHBIX OIEHOK, XapaKTEPU3YIOIINX CBONCTBa METPUKH HOBOT'O I[BETO-
BOT'O IIPOCTPAHCTBA C YIETOM YCIOBHI HAOIIONCHUS N300paKCHHS .

KunaroueBble c10Ba: MOJICIb [IBETOBOCIIPHSTHS, PABHOKOHTPACTHOE IIBETOBOE MPOCTPAHCTBO, METPHUKA IIBETOBO-
r'0 IPOCTPAHCTBA, KOJIOpUMETPUUIECKoe KauecTBO n3oopakenusi, CIECAMO02, CAM16, CAM02-UCS, CAM16-UCS

85



HU®POBI TEXHOJIOIIL, Ne 21, 2017

Introduction

For present time CIE elaborated new colour appearance model CIECAM16 for replacement
model CIECAMO2 [1] used widely as a best colour appearance model. Presented here description is
based on publication this model named CAM16 [2] together with corresponding uniform colour
space proposed in [3]. The description is made inclusive propositions for algorithmic enhancement
this model [4].

The chromaticity diagram in CAM16-UCS space with consideration its dependence on adapt-
ing luminance and viewing conditions is presented. This diagram is similar to the diagram in
CAMO02-UCS [5] but more critical for highly saturated colours.

The description of CAM16-UCS uniform colour space as the best space for colorimetry eval-
uations is presented. Examples of quantitative estimates characterizing the properties of new color
space metric with regard to image observation conditions are given.

1 CAM16 colour appearance model

Forward conversion equations

Initial data

X,Y,Z — CIE 1931 tristimulus values of the sample;

Xy Yy Z, — CIE 1931 tristimulus values for reference white;
L, .cd-m™ — reference white luminance;

L, ,cd-m~ — surround white luminance;

= Yo L,, —adapting luminance,
YW

S; =L, /L, — surround factor,
Y,, — reference white luminance factor;
Y, — background luminance factor;

C — surround impact factor;
N. — chromatic induction factor;

F — factor for degree of adaptation;

If dataon C, N, and F are unavailable they can be chosen as it is shown in Table 1.

Table 1 — Surround parameters

Sz <0.2 to dim one and S; >0.2 to average one. N. and F are modelled as a function of c, and

Surround type

( Nc F
Average surround 0.69 1.0 1.0
Dim surround 0.59 0.9 0.9
Dark surround 0.525 0.8 0.8

may be defined via S,. The value S, =0 corresponds to dark surround,

their values can be linearly interpolated as shown in Figure 1.
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Figure 1 — Linear interpolation to obtain N and F

Calculate values/parameters independent of the evaluated sample

The cone responses for reference white are:
R‘\N ><W
G, |[=My-| Yo |,
BVV ZW
where
0.401288 0.650173 -0.051461
M, =| —0.250268 1.204414  0.045854 |.
—0.002079 0.048952 0.953127

The degree of adaptation:

o_F {1%}[%5‘2@],

If D is greater than one or less than zero, set it to one or zero, respectively.

D,=D-W .1 D D -DW 41D, DD 41-D.
Ry Gy By

The adaptation transform parameters:

K=y(5-L,+1);  F=02:k*(5-L,)+ 01 (1-K*) - (5-L,)"";

Y 0.2
n=g5 Ny =N, =0725.(yn)""; 2=148+h;
W
Ruve D: - Ry
GWc = DG.GW :
Bue D; - By,

(1)

(@)

(3)

(4)

()

(6)
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(R
100
R, =400 - o ; (7
FRie) 4 9713
100
0.42
( F Gy j
100
G,,, =400 - — ; (8)
(LG"VCJ +27.13
100
( FL BWC j0.42
100
B,y =400 = 0.42 ; )
FiBue +27.13
100
1
AN :(ZRaW+GaW+2_OBaWj'Nbb' (10)
Calculate cone response signals
R X
G|=My-|Y | (11)
B Z
Complete chromatic adaptation
R. D; ‘R
G. |=|Ds;-G|. (12)
Bc D;-B
Calculate chromatic adaptation cone responses (resulting in dynamic range compression)
0.42
( FL |RC |]
100
R! =400sign(R; ) — ; (13)
100
0.42
( FL |GC|J
100
G, =400sign(G,) — ; (14)
RG] G| +27.13
100
0.42
( FL |BC |]
100
B. = 400sign(B,) — (15)
8| +27.13
100
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Calculate redness-greenness (a), yellowness-blueness (b) components, hue angle (h), and
auxiliary variables ( p;,u)

2 1 —
20
Pz ; 1201 R!
a
_ ERRTN Pt (16)
b [T]1 1 2|
u 9 9 9|~
1 1 21
L 20 _
h=arctan(b/a); h, =h-180/7; (17)
h, for a>0&b>0;
h=<h +180 for a<o0; (18)
h,+360 for a>0&b<0;

Eccentricity factor:

e =%-{cos[h-%+2j+3.8}. (19)

Colour quadrature H may be obtained via linear interpolation method:
100-(h"—h)/e,
H=H i+ ; ( I)/el,
(h _hi )/ei +(hi+1_h )/ei+l
using the values of unique hues shown in Table 2 below. Here h'=h+360 if h<h ,and h'=h
elsewise.

(20)

Table 2 — Unique hue data for the calculation of hue quadrature

Red Yellow Green Blue Red
1 2 3 4 5
20.14 90.00 164.25 237.53 380.14
0.8 0.7 1.0 1.2 0.8
0.0 100.0 200.0 300.0 400.0

If i=3 and H =241.2116 for example, then H is between Hz and Hs (see Table 2). Compute
P =H,-H=58.7884;P, =H -H,=41.2116 and round P_ and P, values to values to integers

59 and 41. Thus, according to Table 2, this samples considered as having 59 % of Green and 41 %
of Blue, which is the H_, and can be reported as 59G41B or 41B59G.

Calculate the achromatic response
A=p',Ny,. (21)

89



HU®POBI TEXHOJIOIIL, Ne 21, 2017

Calculate the correlate of lightness

J=100-(A/A, )" (22)
Calculate the correlate of brightness

Q=(4/c)-|/3/100-(A, +4)-F’®. (23)

Calculate the correlates of chroma (C), colorfulness (M), and saturation (S)
. (50000/13)- N¢ Ny, -& a2 +b? ; (24)

u+0.305

a=t(1.64-029")""; (25)
C =a,/3/100; (26)
M =C.-F°®; (27)
s=100-{M/Q. (28)

CAM16 includes three attributes in relation to the chromatic content: chroma (C), colourful-
ness (M) and saturation (s). These attributes together with lightness (J) and hue angle (h) can form
three colour spaces J,a.,b., J,a,.,b, and J,a,b,, where:

a. =C-cos(h) a,, =M -cos(h) a, =s-cos(h)
b. =C-sin(h) by =M -sin(h) b, =s-sin(h)
Inverse conversion equations
Initial data

Different combinations of perceived correlates, that is, J or Q; C, M, or s; and H or h.

Calculate J from Q

(if input is Q):
2
J=625 — Q| (29)
(A, +4)F"
Calculate t
If input is M:
C=M/F’®. (29)
0 if J=0;
2=1_C _ itherwise’ (30)
JJ/100
if inputis s:
az(ij Ay t4. (31)
50 c
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1/0.9
- e , 32
t [(1.64—0.29”)073J 2

Calculate h from H (if input is H)
Use the Table 2. Choose i e{1,2,3,4} such that H, <H <H_,. Compute:

H —H,)(e.h —eh.,)-100he

h’:(

i+l i+l 11+l ’ 33
(H _Hi)(ei+l_ei)_1ooei+l ( )
h'—360° if h’'>360°
h= =S (34)
h' otherwise
Calculate e, A, p;, p, and y
e :%(cos(hﬁ/180°+2)+3.8); (35)
A=A, (3/100)" (39)
pl’ = et 50000 Nchb (36)
p; = A/Nbb ; (37)
23( p,+0.305)t
y = - ( ) - . (38)
23p; +11tcos(h)+108tsin(h)
Calculate a and b
a=ycos(h); (40)
b=ysin(h); (41)
Calculate R!,G!, B!
R! ) 460 451 288 P,
G/ |=——| 460 -891 -261 || a |. (42)
1403
B! 460 -220 -6300)\ b
Calculate R ,G_, B,
100( 27.13]R'| Y
R =sign(R! — 43
100( 27.13G,| """
G, =sign(G,) — (44)
F_ | 400-|G,

1/0.42
100 27.13|Ba|] _ @5)

Bc :Sign(Ba)?(W_|B|
L a
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Calculate R_,G_, B,
R=R /D,;G=G,/D,; B=B,/D,. (46)
Calculate X,Y,Z

X R
Y =M G (47)
z B

2 Uniform colour space: CAM16-USC
Colorimetric assessments may be expressed in J,C,h or Q,M,h and J, M, h spaces.

As it was shown [3], usage of J,M,h space gives more accurate predictions of colour appear-

ance, and this space is proposed in [2] for use. The UCS based on CAM16 is given by next Equa-
tions:

3 1.7J

= m ; (29)

M’ =In(1+0.0228M )/0.0228; (30)
a,, =M'cos(h’); (31)

b, =M’sin(h"); (32)
h'=h, (33)

where J,M,h — correlates of lightness, colorfulness and hue, computed with CAM16.

The color difference between two samples can be computed as the Euclidean distance be-
tween them in CAM16-UCS:

AE' = (A" +(Ad), Y +(Aby, )’ (34)
where AJ’, Aay, ,Aby, arethe J',a,,,b,, differences between the pair of samples, respectively.

The results of testing published to date have shown that predictions obtained by using
CAM16-based colour space best match all available colour appearance data and can be considered
to become a possible base for further research work on development of TV and related video sys-
tems, and on the development of colour appearance models for implementation as the part of image
quality assessment systems, particularly colorimetric quality assessment. CAM16-UCS can be fur-
ther improved by the use of the power correction function, equation proposed by Huang et al [6]:
(35)

0.63

AE =1.41(AE)
3 CAMI16-UCS (ay,,by,) chromaticity diagram

CAM16-UCS (a;,,b;, ) chromaticity diagram is presented in Figures 1 and 2. The figures

demonstrate the dependence of colour appearance on adaptation level La and on surround condi-
tions (dark, dim, average) in CAM16-UCS space.

These changes of colour appearance can be critical for video applications in that viewing con-
ditions substantially differ on transmitting and receiving ends, which results in impairments of col-
our rendition.
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It is possible to give more complete quantitative evaluation of possible colour appearance
changes with change of adapting luminance and surround, by an evaluation of the change of chro-
maticity coordinates in CAM16-UCS space as distance AE between points on the plane of coordi-
nates a,,, by, for different combinations of adapting luminance L, and of surround for the compared

stimuli.
The dependence of perceived colours on L, may be shown with use the criterion:

! ’ 2 ’ 2 , 2
AEZO*ZOO = \/( AJ 20-200 ) + (AaM 20-200 ) + (AbM 20-200 ) ! (36)
where AJg b00s AQY 202001 ABY 20200 — differences of coordinates of colour space J',

ay, , by, for adapting luminance levels L, =20 cd/m? and L, =200 cd/m?.

The values of AE,, ,,, are shown in the Table 1. Data, presented on Table 1 and on Figure 2,

are comparable with this evaluation. A comparison of evaluations confirms that conditions of inde-
pendently changing surround of image and adapting luminance at the transmitting side and on a re-
ceiving side can result in distortions of colour rendition from a level unnoticeable or barely noticea-
ble to the level of unacceptable impairment of image colorimetric quality.

)
1

80

60

495
-20

-40

-60

L,=100 cd/m?>
L,=50cd/m’
L,=20cd/m®
-lUOl-LA=].()cd/m2 1

-80

-60 40 -20 0 20 40 60 80 100

ay
Figure 1 — Chromaticity diagram CAM16-UCS (a;, by, ).Y,, =100,Y =10

93



HU®POBI TEXHOJIOIIL, Ne 21, 2017

Table 1 — Values of distance AE between position of points of monochromatic colours of
chromaticity diagram for combined adapting luminance and surround conditions for stimu-
lus luminance equal 10 cd/m?

Conditions of viewing (adapting luminance (L,.L,,)

and surround) on capturing and reproduction ends 380 485 495 515 550 580 700
L,, =200 cd/m* — average L,, =20 cd/m* —dim 12.39 | 851 8.4 851 | 853 | 859 | 955
L,, = 200 cd/m® — average L., =20 cd/m* —dark | 18,16 | 13.18 | 13.01 | 13.07 | 13.02 | 13.02 | 13.89
L,, =20 cd/m? — average L,, =200 cd/m? —dim 934 | 912 | 9.01 | 915 | 9.03 | 8.63 | 9.12

6() [ T T T T T T ]

0

by
495
20
40
-60
-80 B 1 1 1 1 1 1 1 ]
40 20 0 20 40 60 80
ay

Figure 2 — Chromaticity diagram CAM16-UCS (a;,,b;, ), L, =20 cd/m?, Y,, =100, Y =20
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Table 2 — Correlation of distance AE and colour rendition impairment

AE » CIE units Image impairment evaluation

3 Unnoticeable
5 Barely noticeable
10 Bad
15 Unacceptable

ICEsaver result

Expert evaluation

Usual viewer

AE 1|23 |4|5]|6]7][8]9]w|1]12]13]14]

Visually

: Noticeable but acceptable Unacceptable
unnoticeable

Figure 3 — Occurrence of image impairment in dependence of colour deflection levels AE
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