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Output Linearization Method OLM16 for Displays, Offset, and Printers

This technical paper describes the application of the Output Linearization Method 2016 (OLM16). It covers the
device hue output according to IEC 61966-2-1 and the device-independent elementary hue output for displays,
offset, and printers according to proposals in the Reportership Report CIE R1-47:2009. There is a former
method OLMO04 for device hue output which has been used in ISO/IEC TR 19797:2004 for printers. The OLM04
method has been used for display output in ISO 9241-306:2008 for eight ambient reflections at work places.
The revision of ISO 9241-306:2008 which is under work in TC159/SC4/WG2 Ergonomics - Visual Display
Requirements may use the OLM16 for both the eight ambient reflections at work places and the device-
independent hue output.

Author: Klaus Richter
email: klaus.richter@mac.com,
Internet: Berlin University of Technology (TUB), see:

http://farbe.li.tu-berlin.de or a second TUB server http://130.149.60.45/~farbmetrik
for this paper see for example http://farbe.li.tu-berlin.de/OUTLIN16_01.PDF

Application examples of the Output Linearization Method OLM16

In 2012 a publication Colour and Colour Vision - Elementary colours in colour image technology was published
by K. Richter. This TUB publication has applied the OLM16 for the sRGB display output, the offset print output,
and the laser printer output. Many colorimetric results of the publication Colour and Colour Vision are included
now in this present paper.

Free offset prints of the paper Colour and Colour Vision may be ordered by email to
klaus.richter@mac.com.

For many people the real output is much more impressive compared to the technical matter in the present
paper which is intended for people with some technical knowledge in the colour area.

In addition the paper Colour and Colour Vision - Elementary colours in colour image technology is available
in different PDF file versions for mobile reading (format AS5), for monitor, offset, and printer output (format A4),
and in the different languages German, English, French, Spanish, Italian, and Norwegian, see
http://farbe.li.tu-berlin.de/color

In addition the OLM16 was used to print the colour atlas Relative Elementary Colour System (RECS) with 16
step colour scales and about 2000 colour samples. The offset print file includes the OLM16 within a Frame File
which steers the output of all pages (compare Table 7 on page 42). The following file output shows 8 RECS
example pages and the layout and the 4 separations for the undercolor removel method (grey is printed by the
black colorant only), see (15 pages, 4,5 MB, format A4)

http://www.ps.bam.de/Fe46/10L/L46e00FP.PDF

The RECS atlas is produced with standard offset inks, on standard offset paper (APCO II), for the CIE standard
illuminant D65, and for the CIE 2-degree observer, see for short information (1 page, 50KB)
http://farbe.li.tu-berlin.de/RECS08.PDF

Free examples of Colour and Colour Vision and one example of the RECS colour atlas are available by the
author at the CIE and some ISO meetings.

One can find a so called white standard document which includes some first technical information compared to
this paper, and more information about output linearization on the web site
http://farbe.li.tu-berlin.de/outlin

Technical remark about the availability of figures and tables of the present and similar papers in the internet.
Any figure and table includes usually a code of two letters followed by a number between 00 and 99, for example
the code “ME08”, One can find the figures and tables and similar ones on the above two TUB servers by adding
this code, and the code “/index.html” to the server adress, for example
http://farbe.li.tu-berlin.de/MEQ8/index.html
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1 Summary

The Output Linearization Method OLM16 is appropriate for the rgb data output on printers, in offset
printing, on displays, and data projectors with different reflections on the projection screen.

The rgb file data are interpreted in a special colorimetric manner with a linear relation to the CIELAB
data L* C*,, and h,,. If a colour output device interprets the »gb data according to

OLM]16, then it is called an rgh* colour device. Any two rgb* colour devices produce a colorimetric
affine match in CIELAB with equal hue angles 4, and usually different values in lightness L* and
chroma C*,;.. This colorimetric affine match is different compared to the usual colorimetric match with
equal CIELAB data on different devices. The usual colorimetric match produces a clipping of colour
areas and this disadvantage disappears with the colorimetric affine match.

In colorimetry there is the term colorimetric appearance match, for example of samples of equal ap-
pearance in different chromatic surrounds. These samples have usually different CIELAB data. Similar
the samples of the colorimetric affine match have usually different CIELAB data (in lightness and chro-
ma). However, the CIELAB hue data are the same for this colorimetric affine match. The hue is often
considered as the most important colour attribute and remains constant on different »gb* output devic-
es.

The consideration of basic colour device properties and visual ergonomic requirements lead to this col-
orimetric affine match. In applications three device colours white, black and the maximum chroma
colour of any hue defines a hue triangle in CIELAB. The hue triangles of 48 hues are used in OLM16.
They cover approximately all device colours on any device. The CIELAB lightness and chroma is usu-
ally different on two devices. The rgb* file data, for example the rgb* data sets (0, 0, 0), (1/8, 0, 0), (2/
8,0,0),...,(8/8,0,0) produce equally spaced colour series between Black and Red on any device. How-
ever, the CIELAB difference of black and red may be different on two rgb* devices. Similar equally
spaced colour series are produced on any device for this and other »gb* data series. However, the max-
imum chroma and the corresponding lightness is still device-dependent.

There are several advantages of the colorimetric affine match with the rgb* colour devices:

1. The whole device gamut is used on any rgb* device.

2. The hue output remains constant on any »gb* device.

3. The elementary hue, for example Red as neither yellowish nor bluish, is produced for »gb*=(1,0,0)
4. Equal relative spacing in CIELAB is realized on any rgb* device.

5. There is no clipping of colour areas on any rgb* device and the output may be called a trusted output.

If the colorimetric affine match is realized for any rgb* device according to OLM16, then

1. many user wishes of DIN 33872-X are solved

2. the undefined colour output properties change to the »gb* device output property.

3. according to ISO/IEC 19797 the intended startup stage for colour management is reached.

4. the output accuracy is by a factor 5 higher compared to the ICC encoding with 8 bit in CIELAB.

A disadvantage may be the usually different chroma and lightness on two rgb* devices. However, the
colour gamut of two colour devices is usually different. Based on this device property the colorimetric

affine match seems an appropriate solution which solves for example the many user wishes of DIN
33872-X.
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2 Terms and definitions

21
rgb* device
output device which produces a colorimetric affine match in the CIELAB space on any device.

NOTE: The colorimetric affine match in CIELAB space is a colorimetric match in hue (equal CIELAB values h,)
and produces usually different CIELAB lightness L* and different CIELAB chroma C*,, on two devices
compared to the CIELAB data of a most chromatic hue circle and the CIELAB data of white and black.

2.2
colorimetric affine match
three colour data rgb* have a defined and linear relation to the standard CIELAB data LCh*= L*, C*,,, h,p

NOTE: The linear relation between rghb* and LCh* data is defined in OLM16 by 48 hue triangles. The three corners of these
triangles are defined by white and black and the colour with the largest chroma of the device. For any hue the maximum
chroma colour is usually produced if one of the three rgb values is one and another zero.

2.3

CIELAB uniform colour space

three-dimensional space for the geometrical representation of colorimetric data with rectangle or cylindrical
standard or adapted CIELAB coordinates, see ISO 11664-4.

NOTE: The terms “linearity”, “uniformity”, and "evenness” of the equally spaced output series of the OLM16 colorimetric
affine match are under discussion.

NOTE: ISO/IEC 15775 defines a regularity index for the deviation of the intended equally spaced output series of the
OLM16 colorimetric affine match. This index is 100 if the 15 colour differences of the 16 steps are equal, and the index is
zero if at least one pair of neighboring colours is not distinguishable.

24

device system colours

Output colours of a device system which are dependent on the hard and software properties including the
viewing illumination.

NOTE 1: Examples are the reflective colours of standard offset printing (ORS18, Y=2,5, L*=18 for black), the luminous
colours of a sSRGB monitor (TLS18 with the standard screen luminance reflection L,=2,5% in offices) or the projected

colours of a data projector (with 8 L, reflections between 0% and 40% in offices according to ISO 9241-306).

25
Colour difference
Amount of the perceived difference between two colours.

NOTE: The colour difference AE*,;, between two colours is calculated according to ISO 11664-4 with the CIELAB colour
difference formula.

NOTE 2: In the standard series DIN 33872-X (X=1 to 6) the colour difference of 3-, 5-, 9-, 16-, and 17-step colour series is
evaluated visually and/or specified by colorimetry.

26
Colour order system
Three-dimensional order of colours by visual and/or colorimetric criteria.

NOTE 1: Examples for the order according to visual criteria are the colour order systems: Natural Colour System (NCS),
Ostwald, Munsell, and of the Optical Society of America (OSA), compare [1].

NOTE 2: Examples for the order according to colorimetric criteria are the colour order systems according to DIN 6164-1 and
the RAL Design System with a regular cylindric order in the CIELAB colour space for the CIE standard illuminant D65 and
the CIE 10 degree observer, compare [1].
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3 Symbols (and abbreviated terms)

PS
PDF

ORS18
TLS00
TLS18

RYGCBMj

RYGCBM,

Lab*
LCh*

RGB*
=RGB*,
rgb*

*

=rgb*e
ICE*

*

ice

D65

Ostwald
colours

PostScript (programming language which allows colour operators with rgb and cmyk data)
Portable Document Format (file format)

Offset Reflective System with lightness L*, = 18 for Black N
Television Light System with lightness L*; = 0 for Black N
Television Light System with lightness L*, = 18 for Black N (standard for offset and displays)

Device (d) colours (Colours of the device hue hexagon):

Red (Ry), Yellow (Yq4), Green (Gy), Cyan blue (Cyq), Blue (By), and Magenta (My)
Elementary (e) colours (Colours of the elementary hue hexagon):

Red (R,), Yellow (Y,), Green (G,), Cyan blue (C,), Blue (B,), and Magenta (M,)

coordinates lightness L*, RG-chroma a*and YB-chroma b* of the CIELAB uniform colour space
coordinates lightness L*, chroma C*,, and hue h,, of the CIELAB uniform colour space

coordinates redness R* greenness G*, and blueness B* (in the value range 0 to 100).
The coordinates RGB* have a linear relation to the coordinates LCh* of CIELAB.

relative coordinates redness r*, greenness g* and blueness b* (in the value range 0 to 1).
The coordinates rgb™* have a linear relation to the coordinates LCh* of CIELAB.

coordinates brilliance /*,, chroma C*,, and hue E*; of the device-independent

visual elementary (index e) colour system. All coordinates are in the range 0 to 100.
relative coordinates brilliance I*,, chroma c*,, elementary hue e*, of the device-independent
visual elementary (index €) colour system The ice* coordinates are in the range 0 to 1.

Daylight with correlated colour temperature 6500° Kelvin
(CIE Standard illuminant according to CIE 15.2)

special complementary optimal colours. Any complementary pair of Ostwald colour mix to white.
It can be assumed that the human visual system divides the reference white in separate parts
Y-B and R-G. Therefore appropriate elementary Ostwald colours may be used as reference
colours of a complete device-independent RGB* colour system (see CIE R1-57 and

Fig. 23 on page 26 and Table 9 on page 58)

3.1 Key issues for the Output Linearization Method OLM16

start

48 step
device
hue angles

360 step
device
hue angles

any
elementary
hue angle

result:
elementary
hue circle

any colour

produce and measure or calculate (for standard sRGB display) the output of a TUB test chart.

The TUB test chart produces 1080 output colours. A 48 step continuous hue circle is included
Fig. 39 on page 43, Fig. 49 on page 54, Fig. 51 on page 56, and Fig. 52 on page 57
show for the 48 device hues (index d) in column 2 the continuous rgby and measured LCh*, data.

By interpolation of the 48 output hue angles h,, 4 (known from previous step)
the rgby; and LCh*y; data are calculated for 360 device hue angles (i =0, 1, 2, ..., 360).
This table is used as index based table for calculations of the rgby and LCh*; data for any hue hyy,.

For any given elementary hue angle h,, ., for example h,, = 26, 92, 162, 272 for RYGB,,
and any hue angle h,,, the index based table of the previous step includes the new input data.
For the output of the 48 elementary hues column 3 includes the necessary new input data.

If the 48 start input data are transferred to the new input data, called rgb’*, in Fig. 31 on page 32,
then the result is the intended elementary hue circle LCh*.. The real output data LCh™, have
usually a colour difference AE*,, < 1 compared to the intended LCh*, data given in column 3.

For the interpolation of any intended colour LCh* within the hue triangle see Fig. 22 on page 25.
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4 Proposals for future work on standard documents in the colour area

1. Three experts may apply and further develop the content in 3 separate standard documents for linearized
output on displays, in offset and on printers.

2. Two experts may apply the linearized output of the TUB test chart with 1080 colours for linearized input with
scanners and digital cameras. This completes the whole colour loop Output - Input - Output by the colorimetric
affine match.

3. CIE Division 1 may decide on a public Reportership which may study the demands of users and ISO commit-
tees in the colour area. The reporter may propose solutions for a device-independent visual RGB* colour
space. This space may be based on the proposals in CIE R1-47 and CIE R1-57.

Table 1 - Possible Time scale related to International Standardization of DIN 33872-X

Posible time scale related to international standardization of DIN 33872—X|
possible standard and market developments between 2009 and 2026

Time scale for Standard Development or technical publications
2009120162021 | 2026
o DIN 33872-1 to —6:2009 User wish satisfied (Yes/No)?

o CIE R1-47:2009 with the four hue angles /4 = 26, 92, 162, and 271.
CIE R1-57:2013 with rgb* coordinates for Ostwald colours.

Paper: Output Linearization OLM16 for displays, offset and printers.
CIE? Technical report with four elementary hue angles /b . of RYGBe.
CIE? Technical Report with definition of visual »gb* colour coordinates
ISO/CIE Standard with four elementary hue angles /4y . of RYGB..
ISO/CIE Standard with definition of the visual RGB* colour space.
ISO/CIE Standards: Output Linearization for displays, offset, printers.
ISO/CIE Standards: Input Linearization for scanners and cameras.

Time scale for Market Development with the motivation of fast solutions for user wishes

1. Use of DIN-test charts and the above documents within new rgb* workflow.

2. Production of reference test charts with OLM16 for many output devices.

3. Use of reference test charts for colour calibration of scanners and cameras.

4. Optimizing the output-input-output linearization loop for rgbh* colour management.

5. 5-fold higher accuracy (triangle coding) for Profile Connection Space RGB* instead of CIELAB.

2009 [ 2016|2018 | 2020
[ Device Output Linearization, and production of test charts rgh—>rgb*.
o Linearized reference test charts for calibration of scanners & cameras.
() Colour workflow loop output-input-output and calculation of accuracy.
® | Advantages & disadvantages of rgbh*; smooth transfer rghsrga—>rgb*.
1-003030-L0 UE161-7N

The proposals of the Author are based on the present Technology and the recent Standard Development. Many
users and companies seem not to be happy with the present implementation of colour in the computer
operating system. The device-independent methods of OLM16 are based on the colorimetic affine match. Any
rgb* device includes by definition this colorimetric affine match and solves many user wishes of the standard
series DIN 33872-X, see Fig. 4 on page 11 up to Fig. 9 on page 14.
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Table 2 - Device colours and elementary colours with visual criteria

Achromatic colours, Chromatic colours, Chromatic colours,
intermediate colours Elementary colours Device colours

five achromatic colours: '"'Neither-nor'-colours TV, Print (PR), Photo (PH)
N black (French noir) four elementary (e) colours:  six device (d) colours:

D dark grey R =R red C=Cq cyan blue (cyan)

Z central grey G _”éither yellowish nor bluish — pr— pr magenta red (magenta)
Hlight grey nefthgeffe)/ee?lowish nor bluish Y=Yq yellow

W white B = B, blue O =Rq orange red (red)
two intermediate colours: neither greenish nor reddish [, = Gq leaf green (green)
Ce = G50B, green-blue J = 1;2i%qeelrlgzeg;rheggrllr%gz) V=Bq violet blue (blue)
Me = B50R¢ blue-red

1-003130-L0O 1-003130-F0 ME080—-10

Table 2 shows the device colours (index d) and the elementary colours (index e) and the visual criteria for the
elementary colours. ISO/IEC 15775 uses for example the letters O, L and V instead of Ry, G4, and By which
indicate the difference to the letters R, G, and B. However, in this paper we prefer to use the index d or e to
distinguish between device end elementary colours or hues. The elementary hues are one basis for a device-
independent colorimetry and the definition of the rgb* devices. The devices produce a device-independent hue
match on any device. Further steps will be discussed later in this paper.

Output — Input — Output: A loop for colour fidelity with the visual rgb* and LCh* CIELAB data

Produce a reference test chart with 729 CIELAB colours Use reference test chart with 729 CIELAB colours
or buy one, or use PG4311L of Colour and Colour Vision,

> . Colour scanners or cameras produce 729 rgb data.
see http://farbe.li.tu-berlin.de/color

Transfer the 729 rgb data to the 729 rgb* data.

After the linearized input the 729 colour data »gb*
may be used again for the linearized output.

rgb=rgb*—>LCh*

Example: Linearized output in offset print

Output linearization produces for 729=9-9-9 rgb input data
the 729 LCh* CIELAB output colours.

Produce the linearized output of page 2 of the file

http://farbe.li.tu-berlin.de/RE68/RE68LONP.PDF ___,  OLMI6 rgb*
qutput
Use the Output Liniearisation Method OLM16 linearjization
of this paper for all colour devices, or see image process image process
http://130.149.60.45/~farbmetrik/outlin or digital — analog digital — digital
http://farbe.li.tu-berlin.de/outlin hardware software
i ICC Look_Uj
Offset rgb* data input and LCh* data output meter, Offs.et’ table or Si;nﬂl;r
Color rob* LCh* display, projector
8 rgb* —>LCh* rgh —>rgb*
R clementary red 100 47,74, 26 input
Ig elementary yellOW 110 86, 88, 92 image process lin:)arization
G, elementary green 010 53,57, 164 . LCh* analog —> digital 5 reb—>rgb*
B, elementary blue 001 42, 45,271 visual test hardware rs
N black 000 18.0. 0 elementary hue (Y/N)? )
Wb 11 95, 0, 0 equal spacing (Y/N)?  |colour scanner,
white . > U, use colours in colour camera
(data according to test chart DIN 33872-2, p. 9-12) .olum b to j LCh* —>rgh

UE201-7

Fig. 1 - Output - Input - Output: A loop for colour fidelity with the visual rgb* and LCh* data

Fig. 2 includes the available information for output and input linearization based on measured CIE data. It takes

below one hour to measure the 1080 output colours of a display, of offset, or of a printer. A first test chart in off-
set (PG4311L) with 729 reference colours is available within a free booklet. Standard documents will allow the

colorimetric affine match for the output and input of 16 step colour series.
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Multifunctional device high colour fidelity in copier mode
with the following modes: LCh* —>rgh —> rgh* —> rgh*—>LCh*
— copier — scanner —> printer
— scanner v
— printer user wish: user wish:
rgh—>rgb* rghb* —> LCh*
File output File input
— lower colour fidelity rélf ou rpglll)* rg:)e mfgb*
UE190-3

Fig. 2 - File output and file input of multifunctional devices
Fig. 2 shows components of a multifunctional device which usually can be used as copier, scanner, and printer.

If for example the reference test chart with the 1080 colours printed in offset is copied then the reproduction
quality is usually evaluated high compared with the original. The copier function is shown by a green rectangle.

However, if the reference test chart is scanned and the scan file is printed, then the reproduction quality is often
not acceptable. This method is shown by a red line.

The solution is simple. One must transfer the undefined rgb data of the scan file to the reference data rgb* of
the original. If in addition the printer part is an rgb* device, then the result is very similar to the original. This
method is shown by a green line.

The filter or the profiles which allow the transfer include tables for the transfer of 729 rgb colour data to rgb™ or
cmyk* colour data. For intermediate rgb data an appropriate interpolation method is used.

For digital cameras a similar colorimetric calibration method is possible. However, good results need a fixed
exposure of the camera. Many cameras allow to fix the exposure, for example if at first a viewing field with the
tristimulus value Y=18 (mean grey) is used.

The accuracy of colour measuring instrument can be improved with the 729 reference colours and their
CIELAB LCh* data. If for example instead of a Macbeth Colour Checker with much less colour samples the
analogue TUB-test chart RE69 is used for the calibration, then the accuracy will increase.

The 1080 colours can be measured within an hour on a displays or in the print output. This allows to produces
appropriate filters or profiles (for example of /CC) to reach the intended colorimetric results.

Fig. 2 has been included here because many users like to see more applications.

For example the calibration of scanners based on the analogue output of an rgb* device (in this paper the avail-
able analogue test chart in offset print produced with an rgb* offset device) is an essential part of the loop Input
- Output - Input in image technology.

The properties of this loop Input - Output - Input may be one key issue for a future colorimetric colour
management. The other key issue is the international definition and the agreement of a simple and effective
visual device-independent RGB* human colour space.

The properties of the rgb* devices described in this paper are not dependent on the loop properties and the
definition of the RGB* human colour space. However, in this paper many solutions appear based on the proper-
ties of the rgb* devices.

The following sections background and introduction include more application examples.
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5 Background

5.1 History of this paper

This work is based on requests of both ISO TC159/ SC4/WG2 Ergonomics - Visual display require-
ments and ISO/ISC JTC1 SC28 Office systems for work within CIE Division 8 and 1 to support the
solutions of ISO problems in the field of colour. The two reports CIE R1- 47: 2009 and CIE R1-57:
2013, see for free download under MINUTES & REPORTS on the CIE Division 1 web site http:/
www.cie.co.at

and this paper support the ISO requests for a device-independent visual RGB* colour space for many
applications.

The two reports of CIE Division 1 propose CIELAB data and elementary hue angles which are to a
high degree applied in the paper. Technically there are many device dependent RGB colour spaces, for
example sSRGB, ROM RGB, Adobe RGB, and others.

The device-independent colour space may use rgb* coordinates which have a /inear relation to the
CIELAB coordinates of the Ostwald optimal colours. All surface colours are within the Ostwald colour
solid. Table 1 in CIE R1-57 includes the CIELAB data of maximum chroma C*,, . , and the lightness
L*,, of a 16 step elementary hue circle. For any CIELAB hue angle these colours form a hue triangle
together with the data for white /" and black V. Table 9 on page 58 include all necessary rgb* and LCh*
data.

5.2 Standard documents with visual evaluation of output/input and colorimetric specification
Table 3 - Standard documents which use CIE colorimetry for the specification of output and input

Input |Output|Input and output media and applications Technical Report  Method & Test:
Input media Output media | Application |(TR) or Standard | Linearization
- - - - Basis ISO/IEC TR 24705 {g}g ;gggg:i
ISO/IEC-ﬁ%e
series equally spaced in rgb + —
analog |analog |ISO/IEC-test chart (hardcopy)| Hardcopy Copier ISO/IEC 15775 ?IISN }g ?;gg ?
series equally spaced in LC% *

ISO/IEC-test chart (hardcopy) | ;e

series equally spaced in Leh™ Scanner ISO/TEC TR 24705 | DIN 33866—4

analog |digital

_ {DIN 338663
ISO/IEC-test chart (File) {Hafdcopy Printer |\ISO/IEC TR 24705 || pyN 3387224

Softcopy Display ISO/TEC TR 24705 {DIN 33866—5

digital - |analog series equally spaced in rgb

ISO 9241-306:2008 [{ DIN 33872—2,4

The ISO/IEC-input linearisation method produces an ISO/IEC-file from an ISO/IEC-original scene:
Flower motiv with 16 equidistant grey steps, and 14 CIE-test colours according to CIE 13.3

The ISO/IEC-output linearisation method produces from an ISO/IEC-file a linearized display, offset or printer output:

ISO/IEC-input linearisation method ISO/TEC-output linearisation method
Input |Output |Application |Technical Report |Input Output |Application | Standard document
(TR) or Standard media Technical Paper
Original |[ISO/IEC |Reference |[ISO/IEC 15775 ISO/IEC | Hardcopy |Printer ISO/IEC TR 19797
scene  |Image Image ISO/IEC TR 24705 |File
+ CIE [File File ISO/IEC | Softcopy |Display ISO 9241-306:2008
colours File 8 viewing conditions
SO/EC) Softcopy |[Display ISO?/CIE?: intended
ISO/TE device space +
TUB Files Hardeopy |Offset device-independent

Hardcopy |Printer visual RGB* space
SE200-7N

Table 3 shows many International and National Standards and Technical Reports of ISO, IEC, DIN, and JIS.
The common basis is the input or output evaluation or colorimetric specification based on CIE colorimetry.
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In the different application fields the standard document overview is highly based on CIE colorimetry. Most of
the standard documents are directed to only one application, for example copiers, scanners, printers, or
displays. However there are multifunctional devices (a copier may be at the same time a scanner and a printer)
which need in addition separate evaluations or specifications.

Table 3 shows that the OLM16 of this paper includes the three devices display, offset, and printer in one

standard document. This paper covers the device-dependent colour output, and in addition the device-
independent elementary colour output.

5.3 Test chart with equally spaced rgb colour data

_— v L O 1
Titp-//130.149.60 45/~ farbmetik/REGO/REGOLONA TXT /.PS; transter ouiput ‘ -:I RE6900s
ﬁ§ N: no 3D-linearization (OL) in file (F) or PS-startup (S), page 2/1 ﬂ&
@) )

Sd'/ LXL'VNOT699¥/699d-1020€ 10T :Uonensisar gL

INLH 695/69 4 AIOWAIBY~/S 109" 61 "0 1 //-ANY :So[Ly Te[Iuls 99s
(gD) 931 uoneredss ou ndino Aejdsip Jo juowainseaw Joj uonjedrjdde

AHIOWAIE~/SH"09" 65 1"0€ [//:ANY 10 Op"treq'sd-mam,/:d11 {HONEULIOJUT [EOIUYO9)

B}BYI=POD [BLIOJeW ()]

' ﬁa‘ E690-70 1-003134-L0 ﬁa i

Qy TUB-test chart RE69; 1080 standard colours, ¢f=1 input: rgb/cmyk —> rgbq “y
- Test chart according to DIN 33872, 3D=0, de=0, rgb output: transfer to rgbq S
-6 Y 0] T -6

Fig. 3 - 1080 colours including 729 (=9x9x9) colours of the rgb cube and other series

Fig. 3 includes 1080 colours including 729 (=9x9x9) colours of the rgb cube, colour opponent series
in opponent hue triangles Ry - Cy, Yy - By, and G4 - My and 9 and 16 step achromatic series. For down-
load, see http://farbe.li.tu-berlin.de/RE69/REGILONP.PDF

The intention is to make the 9 step colour series, for example between the three series W-Ry, N-Ry, and
W-N equally spaced in CIELAB. For example the remaining colour difference is AE*,,=0,6 for dis-
plays and 2,0 for offset, if the OLM16 is applied.

5.4 Examples of DIN 33872-2 and -5 and advantages of the OLM16

The German Standard Series DIN 33872-1 to -6:2010, see
http://www.ps.bam.de/33872E
has defined user wishes for colour output. These wishes lead to the output properties of the rgb* de-

10
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vices. The properties of these devices will be defined in the following. Example outputs of the file with
rgb data and Yes/No-Output questions of DIN 33872-X are used in the following to show the user
wishes. The OLM16 allows to realize most of the user wishes related to the colour output of printers
and displays.

5.5 File output examples DIN 33872-2 and Yes/No-questions according to the hue output

- v L [0 Y M C =8
-—l www.ps.bam.de/De15/10L/L15¢00NP.PDF; start output -:I
ﬁ}\\ N: No Output Linearization (OL) data in File (F), Startup (S) or Device (D)

with rgb data of the (ORS18a; adapted (a) CIELAB data with hue number IORS18a; adapted (a) CIELAB data
L=L* a*  bY Crba B =00 to 19 L*=L* a*  b%  Chpa h*agl

Oy 47.94 50.52 82.63 Oppa 47.94 5 5052 8263
100=Red R Y 9037 : 91.75 9232 00 =Red R Y 9037 10, 9232
110=YellowJ Lna 509 ! 3 7ot 05 = Yellow J Lia 509
ChMa 58.62 . . 543 Cpa 58.62
010=Green G Vi 2572 . ' 10 = Green G Vi 2572
001=Blue B Mo 48.13 » . 5 15=Blue B Mo 48.13
Nnma 18.01 . . . Nia 18.01
'Wia 95.41 . X . 'Wia95.41

Beg 3057 z . By 30.57

N

four elementary hues

Yellow J Yellow J
greenish redish greenish redish

AAd dN00?S 17T/T01/S12d-10£0800T :Uonensisar Nveg

yellowish yellowish

yellowish yellowish

Green G Red R Green G Red R

swysAs 1ojurid 10 ‘10309(o1d eyEp “I0j1UOW JO Indino J0] UOnEII|dde

bluish bluish bluish bluish

[°1=01 ‘['Z UOISIO A HZ,8E€/op wieq sd mma//:dny UOHBULIOFUI [BIIUYIS],

LH 2q/op weq-sd mmm /g [aq/op weq sd mmm//:dpy o[y Te[rwrs 10§ 998

greenish redish greenish redish
Blue B 3 Blue B

BIHRYI=0POO :[ELIIRW NV

001

[V]
‘k Del50-7N, 20 slef hue circle with elementary colours R, J, G, B (left) 20 step hue circle with elementary colours R, J, G, B (right)

Test chart 1 according to DIN 338725, Page 1/2 input: rgh (—>olv*) setrgbcolor -:I
Elementary hue agreement and discrimination, ORS18a output: no change compared to input
Fig. 4 - Test chart 1 with rgb colour data according to DIN 33872-5

Fig. 4 shows the test chart 1 with rgb data according to DIN 33872-5 which produces the output of a 20 step
hue circle.The four elementary colours RYGB, with the rgb data (1 0 0), (11 0), (0 1 0), and (0 0 1) given in the

last part shall produce for example the elementary Red R, according to the visual criteria as neither yellowish
nor bluish on the right side.

The appropriate hue output is often considered as more important compared to the lightness and chroma out-
put. In colorimetry CIELAB is defined as a uniform colour space. The CIELAB data hue angle h,,, chroma C*,,
and lightness L* are used. The average colour differences AE*,, of the intended (ideal) and a real rgb* colour
device are used to specify the colorimetric output properties.

5.6 File output examples of DIN 33872-2 and Yes/No-questions

DIN 33872-5 comes with questions about the output properties. Users evaluate in Fig. 5 and 6 on page 12 the
output properties of Fig. 4 by Yes/No-questions.

11
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Agreement with elementary hues (Yes/No decision) Example PostScript Printer
Layout Example: agreement with elementary hues Test chart 1 (rgh) according to DIN 338725

There are four elementary hues on each page: Red
R, Yellow J (=french Jaune), Green G, and Blue B.

Input data 1 0 0 should produce Red R=Re.
Input data 0 1 0 should produce Green G=Ge.
Input data 0 0 1 should produce Blue B=Be.
Input data 1 1 0 should produce Yellow J=Ye.

The elementary hues Red R and Green G
should locate on the horizontal axis.

The elementary hues Yellow J and Blue B
should locate on the vertical axis.

This test uses a hue circle with
20 hues.

No. 00 and 10 should be Red R and Green G.
No. 05 and 15 should be Yellow J and Blue B.

Are no. 00, 05, 10, and 15 the four elementary hues R, J, G and B?  underline: Yes/No
Only in case of "No'": inapplicable

Elementary Red R is hue step no. (e. g. 00, 01, 19) ........ (neither yellowish nor blueish)
Elementary Yellow J is hue step no. (e. g. 05, 04, 00) ........ (neither reddish nor greenish)
Elementary Green G is hue step no. (e. g. 10,09, 11) ........ (neither yellowish nor blueish)
Elementary Blue B is hue step no. (e. g. 15, 14, 16) ........ (neither reddish nor greenish)
Result: Of the 4 elementary hues (e.g. three) ......... are at the intended location

VEG650-3, Del50-3
Fig. 5 - Agreement with elementary hues (Yes/No decision)
Fig. 5 shows the Yes/No-questions of DIN 33872-5 about the agreement of the samples no. 0, 5, 10, and 15

with the elementary hues. It is intended that the samples with the given input data produce the elementary col-
ours. DIN 33872-5 uses the letters RJGB for the elementary colours instead of the letters RYGB, in this paper.

In Fig. 5 the example PostScript printer produces for the samples no. 00, 05, 10, and 15 the four elementary
colours R,, Y,, Gg, and B,. In this case all user wishes are fulfilled.

Discriminability of colours with 20 hues (Yes/No decision) Example PostScript Printer|
Layout example: discriminability of 20 hues Test chart 1 (rgh) according to DIN 33872—5

There are four elementary hues on each page: Red
R, Yellow J (=french Jaune), Green G, and Blue B.

Input data 1 0 0 should produce Red R=Re.
Input data 0 1 0 should produce Green G=Ge.
Input data 0 0 1 should produce Blue B=Be.
Input data 1 1 0 should produce Yellow J=Ye.

Four hue steps are between:
Red R and Yellow J, Yellow J and Green G,
Green G and Blue B, and Blue B and Red R.

This test uses a hue circle with 20 hues.

All 20 hues should be distinguishable.

For this test it is not necessary:

1. All 20 differences are visually equal.

2. Elementary hues locate at 00, 05, 10, and 15.

Are all 20 colours of the 20 hues distinguishable? underline: Yes/No
Only in case of "No'":
The colours of the two hue steps no. (e. g. 00 and 01) ....00,.01. are not distinguishable
The colours of the two hue steps no. (e. g. 14 and 15) ....10,.11. are not distinguishable
The colours of the two hue steps no. (e. g. 15 and 16) ....15,.16. are not distinguishable
List other pairs: ........
Result: Of the 20 hue differences (e.g. 18) ..17... differences are visible.

VEG650—7, Del51-3
Fig. 6 - Discriminability of colours with 20 hues (Yes/No decision)

Fig. 6 shows the Yes/No-questions of DIN 33872-5 about the discriminability of the colours with the 20 hues. It
is intended that all the 20 samples are distinguishable. The answers show, that only 17 of 20 samples are dis-
tinguashable. Especially near the elementary colours 0, 10 and 15 problems of the output appear.
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Remark: the question is weaker than a question: Are the 20 steps equally spaced? For many users the spacing

question seems too complicated. However by colorimetric measurement this question can be solved with the

measurement of the colour differences AE™,;,.

5.7 File output examples DIN 33872-5 and Yes/No-questions according to the 16 step spacing

Y M C

—_— v O
www.ps.bam.de/De12/10L/L12e00NP.PDF; start output
ﬁa N: No Output Linearization (OL) data in File (F), Startup (S) or Device (D)

Input: Colorimetric Offset Reflective System ORS18a

for hue h* = lab*h = 38/360 = 0.105 ORLsis_z,*adallted (a)bClELAc?*data for hue h* = lab*h = 38/360 = 0.105 ORlegizv*adﬂP'ed (8)bClELAB data
lab*tch and lab*nch 2 9 b2 a lab*tch and lab*nch o

Ona 47.94 Ong 47.94
D65: hue O Y nia 9037 D65: hue O Y Ma 9037
LCH*Ma: 48 83 38 Lvia 309 LCH*Ma: 48 83 38 Lvia 309

Chja 58.62 . . Chia 58.62
olv¥*Ma: 1.0 0.0 0.0 Vi 25.72 olv¥Ma: 1.0 0.0 0.0 Vi 2572

triangle lightness 7* My, 48.13 triangle lightness 7* My, 48.13

%Gamut Ny . . 0 %Gamut
u¥r =93 g U¥r =93
Y%Regularity B, ) Y%Regularity
€*Hpel =57

g*crel =59

AAd dN009T1T/101/212A-10£0800T ‘Uonensisar NV

n*=0,00
n*=0,00

swdysAs 1ojurid 1o “10309f01d eyEp ‘JOj1UOW JO Indno 10y uoneordde

n*=0,20

‘/

*=().2 0,25 n*=0,40
n*=025 ‘/ blackness n*

blackness n*

O ‘|"7 UOISIOA  HZL8EE/Ap weq sd mma//:dyjy (UOIIBUWLIOFUT [BOIUYDD ],

LH 2(/op weq-sd mma ¢/ [3/op weqsd° mamm//:dpy :$o[1y re[rurs 10§ 39S

Il

BIYRYI=0POD :[ELIDIEW AV

n*=0,60
n*=0,50
n*=0,80

n*310,75 > 0,00 >

0,25 ,5 0,75 1,00 0,00 0,20 X ,6 0,80 1,00

relative chroma c* n*=1,00 relative chroma c*

[V]
‘L De120 /N, 5_siep scales for constant CIELAB huc 38/360 6 stcp scales for constant CIELAB hue 38 o ‘\

NS -:LlTest chart 1 according to DIN 338722, Hue O, Page 1/11 input: rgh (~>olv¥) setrgbcolor )
< Discrimination of 5 and 16 step colour scales ORS18a output: no change compared to input S
-6 M Y 0] L V

Fig. 7 - Test chart 1 with rgb colour data according to DIN 33872-2

Fig. 7 show the test chart 1 with rgb data according to DIN 33872-2 which produces the output of 5 and 16 step
colour scales, for example of the equal red hue and the three corners White, Black and the most chromatic de-

vice Red Ry (page 1) or the most chromatic elementary Red R,.

The horizontal axes is the relative chroma c* with values between 0 for achromatic colour and the value 1 for

the most chromatic colour. Similar the triangle lightness t* varies between 0 and 1 on the vertical axis. In addition

an attribute relative blackness n* with values between cero and 1 is defined in Fig. 4.

The test file of DIN 33872-2 produces the output of 5 and 16 step colour scales defined by the six device hues

RYGCBMy, and the four elementary hues RYGB,. The output properties of all pages are evaluated by users.

13
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Discriminability of 16 step colour series (Yes/No decision)
Layout example: three 16 step colour series Example PostScript printer
White W There are three basic colours on each page:
Black N, White W and Chromatic X.
Ten pages include 10 hue planes
Chromatic X X=OYLCVM=(RYGCBM)q and RIGB=(RYGB).

16 steps, 15 differences

16 steps There are at maximum 45 distinguashable steps.
. PDF test chart 1 (rgh —>rgb*a or —>rgb*e)
Black N 16 steps, 15 differences  ,cording to DIN 33872-2, file — PS printer

All steps of the three series N—W, W—X and X—N should be distinguishable on all pages.
Are the three 16step series distinguishable on all pages? underline: Yes/No

in case of No: Are the three 16 step series on Page x of 10 pages distinguishable?
Underline Yes/No and give in case of No the number of distinguishable steps?

Page 1: Yes/No, if No 40/45 step differences are distinguashable of O = Orange Red

Page 2:Yes/No, if No 40/45 step differences are distinguashable of Y = Yellow

Page 3: Yes/No, if No 38/45 step differences are distinguashable of L = Leaf green

Page 4: Yes/No, if No 40/45 step differences are distinguashable of C = Cyan blue

Page 5:Yes/No, if No 36/45 step differences are distinguashable of V = Violett blue

Page 6: Yes/No, if No 40/45 step differences are distinguashable of M = Magenta Red
Page 7:Yes/No, if No 40/45 step differences are distinguashable of R = Elementary Red
Page 8: Yes/No, if No 40/45 step differences are distinguashable of ] = Elementary yellow
Page 9: Yes/No, if No 39/45 step differences are distinguashable of G = Elemantary Green

Page 10: Yes/No, if No 39/45 step differences are distinguashable of B = Elementary blue
Sum: 0 /10 Yes-Pages and 392 /450 step differences are distingishable.
VE651-3, Del21-3

Fig. 8 - Discriminability of 16 step colour series (Yes/No decision) for a PS printer

Fig. 8 shows the discriminability of the 16 step colour output by an example PostScript printer. On all of the 10
pages some samples are not distinguishable. About 10% of the neighbouring samples are not distinguishable.
This question is weaker compared to the question: Are the colour series equally spaced? Usually only colori-
metric measurement can produce an appropriate answer of this question.

Discriminability of 16 step colour series (Yes/No decision)
Layout example: three 16 step colour series RECS colour atlas, R8—09 linearized offset print
White W There are three basic colours on each page:
Black N, White W and Chromatic X.
Ten pages include 10 hue planes
Chromatic X X=0YLCVM=(RYGCBM)q and RIGB=(RYGB),

16 steps, 15 differences

16 steps There are at maximum 45 distinguashable steps.
. PDF test chart 1 (rgb —>rgb*q or —>rgbh*e)
Black N 16 steps, 15 differences according to DIN 33872-2, file —> offset print

All steps of the three series N—W, W—X and X—N should be distinguishable on all pages.
Are the three 16step series distinguishable on all pages? underline: Yes/No

in case of No: Are the three 16 step series on Page x of 10 pages distinguishable? inapplicable
Underline Yes/No and give in case of No the number of distinguishable steps?

Page 1: Yes/No, if No ../45 step differences are distinguashable of O = Orange Red

Page 2: Yes/No, if No ../45 step differences are distinguashable of Y = Yellow

Page 3: Yes/No, if No ../45 step differences are distinguashable of L = Leaf green

Page 4: Yes/No, if No ../45 step differences are distinguashable of C = Cyan blue

Page 5: Yes/No, if No ../45 step differences are distinguashable of V = Violett blue

Page 6: Yes/No, if No ../45 step differences are distinguashable of M = Magenta Red
Page 7: Yes/No, if No ../45 step differences are distinguashable of R = Elementary Red
Page 8: Yes/No, if No ../45 step differences are distinguashable of J = Elementary yellow
Page 9: Yes/No, if No ../45 step differences are distinguashable of G = Elemantary Green

Page 10: Yes/No, if No ../45 step differences are distinguashable of B = Elementary blue

Sum: ../10 Yes-Pages and .../450 step differences are distingishable

VE651—7, Del21-3
Fig. 9 - Discriminability of 16 step colour series (Yes/No decision) for linearized offset print

Fig. 9 shows the discriminability of the 16 step colour output by an example offset print which is linearized by
the OLM16 method. On all of the 10 pages all samples are distinguishable. This question is weaker compared
to the question: Are the colour series equally spaced? Colorimetric measurement has produced an appropriate
answer of this question for the samples of the Relative Elementary Colour System (RECS) with about 2000
samples. The CIELAB data are defined by the colorants of the standard offset process on standard offset paper
for the CIE 2 degree observer, for the CIE D65 illuminant and for the CIE 45/0 measurement geometry.
Examples of this atlas, see http://farbe.li.tu-berlin.de/RECS08.PDF are available by the author.


http://farbe.li.tu-berlin.de/RECS08.PDF
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5.8 ISO/IEC requests to the CIE for a human visual RGB system and work results within CIE

Conclusion 31/2007 ISO TC159/SC4/WG2

Ergonomics — Visual Display Requirements

ISO TC159/SC4/WG@?2 realizes that the colour spaces CIELAB and CIELUV of CIE Division I will soon become
ISO/CIE standards. In applications we use these CIE colour spaces and device—dependent relative RGB colour
spaces. For users of visual display systems a device—independent RGB colour space is useful. This produces

via software the elementary hues Red, Green and Blue for the RGB data 100, 010 and 001 and equally spaced
output in CIE colour spaces for equally spaced RGB input. We recommend that CIE Division 1 study the
colorimetric definition of such a space, which can be used in visual display applications.

Remark: We have realized that an example colour space of this type is published in CIE X030:2006, p. 139—144.
Note: For this table text compare the identical content on page 2 of the public document CIE R1-47.

SE380-1

Fig. 10 - Conclusion of ISO TC159/SG4/SC2 for a device-independent RGB colour space

Fig. 10 shows a conclusion of ISO TC159 which includes a request of the ISO committee Visual Display
Requirements for the definition of the elementary hues by CIE Division 1 Colour and Vision. Different 1ISO
committees have problems with the application of colour in ISO International Standards and Technical Reports.
CIE Division 1 is the appropriate body to study the colour problems and to produce guidance.

Resolution Busan 18/2009 of ISO/IEC JTC1/SC28 "Office Equipment"
SC28 Review of the AWG recommendation on jn28n1280 (DIN 33872—1 to 6)

The German proposal included the concept of a human visual RGB. SC28 recognizes the importance of correct
understanding of the human visual system and the potential importance and application of this understanding
to office equipment and office systems. SC28 welcomes the German plan to continue development of the
human visual RGB within CIE Division I and Division 8.

In addition SC28 welcomes a new proposal from Germany in the future based on this CIE human
visual RGB work, potentially in relation to AWG/PWGS NWI-9
(Office colour space).

SE380-5

Fig. 11 - Resolution on a human visual RGB of ISO/IEC JTC1/SC28 Office Equipment

Fig. 11 shows the Resolution Busan 18/2008 of ISO/IEC JTC1/SC28 Office Equipment. An English translation
of the German Standard series DIN 33872-1 to 6, see http://www.ps.bam.de/33872E, has been discussed in
SC28. According to Fig. 7 further ISO processing in SC28 has been stopped until a human visual RGB system
is developed within CIE Division 1 and 8.

The German standard series DIN 33872-1 to -6 is addressed to many applications of different specialized ISO
committees, for example TC 42 (Photography), TC 130 (Graphic Technology), TC 159 (Displays), and ISO TC
171 (Document Management). Therefore there are many possibilities to proceed in this standard area by
further national DIN-documents or for example international standard documents within ISO or CIE.
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At the CIE meeting in South Africa, June 2011, CIE Division 1 decided to establish the Reportership
CIE R1-57 Border between Luminous and Blackish Colours by Thorstein Seim (Norway)
in response to the resolution 18/2009 of ISO/IEC JTC1/SC28.

The Reportership Report CIE R1-57:2013 Border between Luminous and Blackish Colours
is based on a surface colour property:

All surface colours define a hue circle of maximum chroma located within the CIE (x,y) chromaticity diagram.
CIE R1-57 proposes to use the CIELAB chroma C#%}, and the lightness L* of this circle as function of hue hgp
as reference points for a device-independent visual RGB*e system
The C*}, L* hue circles of the Natural Colour System NCS and of the sRGB standard IEC 61966-2-1 are similar.
For the text of the CIE decision, the terms of reference, and free download of CIE R1-57 see the CIE web site
http://www cie.co.at under Division 1 and MINUTES & REPORTS

SE380-7

Fig. 12 - Work in CIE Division 1 and 8 to solve the request of ISO/IEC JTC1/SC28

Fig. 12 indicates that a larger step towards a human visual and device-independent RGB*, system may be
reached with the available Reportership Report CIE R1-57:2013.

According to Fig. 11 ISO/IEC SC28 has asked Germany to produce the output according to a human visual
RGB system. The present paper tries to include some steps in this direction. In addition this paper allows to
realize a lot of the user wishes according to DIN 33872-1 to -6 for display, offset, and printer output. For
examples of the output of these test charts for eight ambient display reflections, see

http://farbe.li.tu-berlin.de/OE.HTM and study the TUB test charts and the output of the pages OE70 to OE99

At the CIE meeting in Stockholm, June 2008, CIE Division 1 decided to establish the CIE Reportership R1-47
Hue Angles of Elementary Colours by Thorstein Seim (Norway) in respose to a request of ISO TC 159
SC4/WG@G2 Visual Display Requirements and to present the result at the next CIE meeting in Budapest 2009.

The report CIE R1-47:2009 Hue Angles of Elementary Colours
lists in chapter 3.6 the average CIELAB hue angles 26, 92, 166, and 270 of Miescher, NCS, and the CIE.

CIE R1-47 defines the CIELAB hue angles 25, 92, 162 and 271 of the CIE test colours no. 9 to 12
according to CIE 13.3 for the four elementary colours Re, Ye, Ge, and Be.

For the text of the request of ISO TC159/SC4/WG2, the text of the decisions of CIE Division 1, the result,
and the free download of CIE R1—47 see the CIE Division 1 web site

http://cie.co.at under MINUTES & REPORTS

SE380-3

Fig. 13 - Decision of CIE Division 1 and Report CIE R1-47 with definition of elementary hue angles
Fig. 13 shows the decision and answer of CIE Division 1 on the request of ISO TC159. The four CIELAB hue
angles h,, . = 25, 92, 162 and 271 of the CIE test colours no. 9 to 12 according to CIE 13.3 are proposed for
the four elementary colours R, Y,, Ge, and B,. This is a CIE basis to define the device-independent rgb,
coordinates which produce the visual elementary hues. The report includes the standard deviation of the
elementary hue angles. For R,, Y., and G, the values h,, .=+/-4, and for B, the value h,, =+/-8 is given.
However, for example the standard sSRGB colour space produces h,y, =305 and an example printer of a leading
printer company h,, 4=260. The hue angle h,, 4=305 is far outside the visual range h,y, ,=271+/-8. For the two
example devices the shift is in the display case towards the reddish and in the printer case towards the
greenish side. Therefore, if the proposal hy,, .=271+/-8 of CIE R1-47 is reached on most devices, this will be a
large improvement for users.


http://farbe.li.tu-berlin.de/OE.HTM
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One must consider that there are hundreds of RGB colour spaces, including the IEC standard space sRGB,
and the ISO spaces RIM RGB, ROM RGB, Adobe RGB, ECI RGB. All are device specific and not related to the
visual elementary hue proposals of CIE R1-47.

5.9 Further ISO/IEC request to the CIE for a human visual RGB system (2014)

Before and during the Plenary of ISO/IEC JTC1 SC28 Office Systems in Berlin (June 2014) about 15 ISO doc-
uments and two ISO resolutions were produced in the colour field of Image Technology. The starting point of
this activity was a decision of the German National Body to discuss the German intention to start an ISO Fast
Track Procedure on DIN 33872-1 to -6:2010

Finally the following two resolutions were adopted at the SC28 Plenary:

Resolution Berlin 1/2014 Human Visual RGB development

SC 28 welcomes the German plan to continue development of the human visual RGB within CIE
Division 1 and CIE Division 8 (Unanimous).

Resolution Berlin 2/2014 N1805 Fast Track Recommendation for DIN 33872-X

SC 28 recommends DIN not to initiate the fast track process based upon the work described in N1805 prior to
the publication of a CIE International Standard

(Unanimous).

5.10 Summary of this section Background

The series DIN 33872-X is based on visual evaluations and allows colorimetric specifications according to ISO/
IEC 15775. In future there is a wish to have colorimetric specifications based on CIE colorimetry. The present
CIE documents CIE R1-47, and CIE R1-57 show pieces towards this goal. Both CIE documents are not CIE
recommendations or CIE standards. Therefore only new developments within the CIE Divisions 1 and 8 and
other standard groups may reach the ISO/IEC JTC1 SC28 goal of a International Standard in the colour field of
Colour Image Technology, see Table 1 on page 6.

A device-independent RGB* colour space (coordinates in the range 0 to 100) and the device-independent rgb*
colour data (coordinates in the range 0 to 1) may be one solution in this direction.

The long background section and the following long introduction are based on wishes of users to have much
background information and application examples. After the following introduction the development of the
colorimetric affine match with the OLM16 will be described and discussed.

17



ﬁ K. Richter Output Linearization Method OLM16 for Displays, Offset, and Printers 18

6 Introduction

The colour output is an important part of our digital world. The CIE has the Division 1 Vision and Colour and the
Division 8 Image Technology which are producing basic International Technical Reports and Standards in the
colour area.

ISO 15076-1 defines a colour management method which uses for example 729 (9x9x9) colours as basis for
the colour management of devices. ISO 15076-1 is a basic standard for ICC colour management.

The OLM16 uses a colour test file with 1080 colours (TUB RE69, see Fig. 3 on page 10) and there is a subset
of 729 colours in the test chart output. The three (unspecified) rgb data in this file are changed in 9 steps
between 0, 1/8, 2/8, ..7/8, 1. This results in 729 (9x9x9) output colours.

Colour devices produce usually the most chromatic colours, if one of the three rgb values is 1 and one is zero.
There are 48 such cases out of the 729 colours, which produce a 48 step hue circle, usually with maximum

CIELAB chroma on any device (sometimes only with colour management OFF). The CIELAB data LCh* of this
circle are usually different on any device. The OLM16 produces the same CIELAB hue angle h,, on any device

and a colorimetric affine match for lightness L* and chroma C*,.

This paper uses the CIELAB device data of a 48 step colour circle and white and black. These data and in addi-
tion the four elementary hue angles RYGB, according to CIE R1-47 allow to steer the output according to the
user wishes defined by ISO TC 159/SC4/WG2 Ergonomic - Visual display requirements to the CIE Division 1
(see Fig. 10 on page 15) and in DIN 33872-5 (see Fig. 5 on page 12).

Offset rgh* input data and LCh* output data 9 step offset colours in CIELAB colour space

LCh*w =95. 0. 0 ICC encoding space
Color rgh* LCh* b W 1 1’ 1’ . o (C*p, L%
R clementaryred 100  47,74,26 BYW LD TCIIE“LAB ligthness L* "_ 1'% "100)
Y elementary yellow 110 86, 88,92 White W o100 hp= 26
G, clementary green. 010 53,57, 164 =75
Be elementary blue 001 42,45,271
N black 000 18,0,0 9 steps red R
W white 111 95,0,0 Black N LCI;*R =4, 74,26
(data according to test chart DIN 33872-2, p. 9-12) LCh* =alc8 0.0 9 steps rgh*r = 1,0, 0
(CIELAB hue angles according to CIE R1—47) rgb *NN= 0, 0” o [CFap=37 190

rgh*p =0,75, 0,25, 0 CIELAB chroma C%;,

UE190-7
Fig. 14 - Elementary hue data of offset print and triangle and square colour encoding

Fig. 14 (left) shows the rgb* and the intended CIELAB LCh* output data of an example offset print. The hue
angles of the four elementary colours (bold numbers) are proposed in CIE R1-47 and are identical to the four
hue angles of the CIE-test colours no. 9 to 12, according to CIE 13.

Fig. 14 (right) shows the CIELAB hue plane h,,=26 with the corresponding rgb* data and the CIELAB LCh*
data at the three corners of a triangle. The 8 steps between the corners of a triangle indicate equally spaced
rgb* data.

For example between black rgb*y = (0, 0, 0) and red rgb*z = (1, 0, 0) the r* value changes between 0 and i/8
(i=1 to 8). For these values the CIELAB chroma C*,, changes linearly between 0 and 74 in 9 steps or between
C*,b=0 and C*,,=i*74/8 (i=1 to 8). Similar L* changes in 9 steps are between L*=18 and L*=18+i(47-18)/8 (i=1
to 8).
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In this paper this linear relation between the rgb* data and the LCh* data produces a table with corresponding
rgb*and LCh* data, in this example only for the lower boundary of the triangle. Fig. 14 on page 18 shows an
example how the rgb* data and the corresponding LCh* data are calculated within the triangle. By linear equa-
tions for any of the 729 rgb* data the corresponding LCh* data can by calculated.

In any application the intended (index i) CIELAB LCh* data set are needed. One can find the device dependent
rgby data to output this intended LCh* data, for example on a display or a printer. Based on the file device data
rgbq and the corresponding measured CIELAB LCh*, data, the OLM16 uses a search method for the
neighboring 4 device LCh*, - rghy4 data of any LCh* data. A 3-dimensional interpolation method, similar to the
method given in IEC 61996-2-1 (sRGB standard), calculates the rgb; data to produce the intended LCh* data.
For more information see Fig. 22 on page 25.

The accuracy of the output depends on the efficiency of the encoding. Fig. 14 on page 18 allows us to guess
the efficiency of the encoding method. The ICC method encodes the CIELAB value range
-127 <= a* and b* <=128 towards the range 0<= rgb <=1.

For offset printing the average chroma may be only 64 (compare Fig. 30 on page 32). The triangle area include
only half of the rectangle encoding area towards a*=+/-64. In addition the encoding is more ineffective in the
diagonal directions, with C*;,=90 (=64*1,41).

Therefore the standard ICC method may use only 20% of the encoding space. This reduces the accuracy by a
factor 5, compared to OLM16, which fills by the triangle encoding 100% of the encoding space for any hue tri-
angle.

There is an additional method to understand the difference of the accuracy. If the lightness between L*=0 and
L*=100 (100%) is encoded by 8 bit then the quantification error (only integer values are allowed) is 0,4 (=100/
255). If only 20% of this range is used, then the quantification error is 5 times larger. This happens in the L*
direction of the CIELAB space in offices. The actual L* range is L*=18 to L*=95

For the data projector output in an office with daylight reflection on the screen, the L* range sometimes shrinks
by a factor 3 and not only by 20%, and similar for the C*,, range. Then the ICC-coding efficiency may decrease
by an additional factor 27 (=3°). In offices for the standard display with the luminance reflection L,=2,5% (light-
ness L*=18) compared to the white screen the lightness range decreases to 80% and the colour gamut
decreases by a factor 2 (=1,25%) and similar the efficiency.

For example for a photo printer and for the 729 colours an average colour difference of AE*;,=0,4 is reached
with the OLM16, see Witt (2006), Table 6.3. The measured accuracy (or the inverse value of the average colour
difference) was 4 times higher compared to ICC colour management with a similar test chart.
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In applications OLM16 interprets the 1080 rgb data in the test file as the rgb* data.
Possible applications are:

1. ICC-colour management can use the 729 table data rgb™ - rgbye as a rgb_DeviceLink Profile
to produce an output according to the rgb* coordinates of the OLM16.

2. If a device manufacturer uses the 729 table data rgb* - rgby. then an rgb* device is produced.
In addition this device has an appropriate linearized setup_stage for colour management according to
ISO/IEC TR 19797.

3. A colour display manufacturer can use eight tables rgbh* - rgbg, for his display to offer eight
rgb*-display devices on the market with 8 appropriate setup_stages for colour management
according to the 8 display reflections of ISO 9241-306:2008 at work places.

4. The test file TUB REG9 or similar ones with the 1080 rgb data is programmed in the programming language
PostScript and includes the OLM16 interpolation code. Input of the 729 LCh* data and a
Yes-Parameter produces the intended output automatically.

5. In the Professional Graphics area of TC130 a PS-frame file, which includes the OLM16
Interpolation code, can steer the output for example in offset printing. This method has been
used to produce a booklet of K. Richter (2012) with an rgb* - LCh* reference test chart, see Table
7 on page 42.

6. A trusted output may be defined as an output with no loss of the equal spacing of colour series.
The OLM16 realizes such a need for example for medical diagnostics.

According to ISO 9241-306:2008, Annex D, and for example at (office) work places the following

achromatic test file can be used to look at first for the most ergonomic output. The most ergonomic output out
of 8 possibilities of the file output is given, if the 16 grey steps are visually approximately equally spaced. This
ISO test file has the following URL (16 pages, 1,7MB)

http://www.ps.bam.de/ME15/10L/L15EO0FP.PDF
A similar test file for colour with an image has the URL (8 pages, 20MB)
http://farbe.li.tu-berlin.de/OE58/OE58D1P0.PDF

One application is for example a data projector output on a screen with 8 possible luminance reflections
between Lr=0%, 1,3%, 2,5%, 5%, 10%, 20%, 40% compared to the projector luminance of white. With these 8
reflections the luminance contrast between white W and black N (L/Ly) changes between 288:1 via 36:1

(standard for Lr=2,5%) to 2.25:1.

One can output the file and look for the one equally spaced output out of 8 spacing possibilities. If the gamma
of the output display is adjusted according to the standard sRGB display with the gamma=1/2,4, then in offices
the contrast 36:1 is the visual ergonomic solution for both the achromatic and the chromatic output. Otherwise
the gamma has to be changed.

For the ISO methods to create the best ergonomic visibility at work places see ISO 9241-306:2008. At present
ISO TC159/SC4/WG2 works on a revision, see the ISO web site
http://www.iso.org

and for many achromatic and chromatic draft ISO-test charts for the revision on the page
http://farbe.li.tu-berlin.de/AE.HTM
Summary: The output intention of the ISO-files according to ISO 9241-306 and the OLM16 is identical.
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7 Start and linearized output on displays and in print

The basic ideas and different applications of the OLM16 will be discussed in the following. The elementary
hues (see definition in Table 2 on page 7) will play a special role towards the intended device-independent out-
put.

The OLM16 output of elementary hues and the equal spacing of colour series can be proofed visually without
devices to measure colours. In this case the direct use of the human visual system is an advantage compared
to the existing measurement methods of ICC-colour management.

7.1 Output of a 16 step device colour circle and definition of elementary colours

Input and output: Standard Display System sRGB (TLS00a)

. SRGB (TLS00a); adapted (a) CIELAB SRGB (TLS00a); adapted (a) CIELAB
Data for any device (d) g L*=L*a*  b* C'wpah*aa N L*=L*a*  b*  C¥wpa h*wa
or elementary (e) colour: ROOY_100_1004 50.4 76.9 64.5 100.4 40 \ 3 504 769 64.5 100.4 40

HIC%g R25Y_100_1004 53.7 67.6 65.8 94.4 44 ; 92.6 -20.790.7  93.0 102

Hue text for the 16 hues RS0Y 100 100; 63.6 413 710 822 59 G, 83.6 -827798 1150 136
6T g R75Y 100 100, 782 7.8 80.6 810 84 ¥ 868 —46.1 ~13.5 48.1 196
g . Y00G_100_1004 92.6 —20.7 90.7 93.0 ; 303 760 —103.5128.5 306
H*a=R00Yq, R25Yy, .., BT5Rq Y25G_100 1004 88.7 —43.3 862 96.5 : 572 943 -584 1109 328
Y50G 100 1004 85.7 —65.2 82.4 105.1 128 , 00 00 00 00 0
Y75G_100 1004 840 —78.7 804 112.5 134 0% Gamut Mo 954 00 00 00 0
GOOB_100_1004 §3.6 ~82.779.8 1150 136 (SRR 399 587 279 650 25
G25B_100 100, 84.3 —73.7449 864 148 Ure1 =158 812 —28 715 716 92
GS0B_100 100, 86.8 —46.1 ~13.5 48.1 196 YoRegularity , 522 424136 445 162
G75B_100_100; 51.7 183 —68.3 70.7 285 g*H,rel = 19 ; 305 14 —464 464 271
BOOR_100_1004 303 76.0 —103.5128.5 306 |\ Fikdan i1/
B25R_100 100, 38.5 79.8 —89.7 120.0 311
BSOR_100 100, 57.2 943 —58.4 110.9 328

. . . B75R_100 1004 52.0 81.1 41 812 2
Yellow Yd
greenish redish

yellowish yellowish

Green Gd

bluish bluish

greenish redish
Blue Bd

RE880-70 1-003134-L0  1-003134-F0 http://130.149.60.45/~farbmetrik/RE88/RES800NP.PDF & http://130.149.60.45/~farbmetrik/RE88/RE8800NP.TXT & http://130.149.60.45/~farbmetrik/RES8/RE88.HTM

Fig. 15 - Hue circle with 16 colour steps and with device (d) colours

Fig. 15 shows a 16 step hue circle of device (d) colours. The four colours Red Ry, Yellow Yy, Green Gy, and
Blue By are produced by the rgby data (1, 0, 0)4, (1, 1, 0)4, (0, 1, 0)4, and (0, O, 1)4. The CIELAB data L* a* b*
C*,p and hy, are given in the right table. The hue angles h,, 4 40, 102, 136, 306 belong to the output colours on
the standard sRGB display. For comparison the elementary hue angles h,, . of the CIE test colours 9 to 12 of
CIE 13.3 are given. These four colours with the elementary hue angles hy;, o = 25, 92, 162, and 271 represent
the CIE elementary hue angles proposed in CIE R1-47. The standard deviation of the hue angle is +/-4 for Ry,
Y., and G, and +/-8 for B,.

Fig. 15 includes a special colour code HIC*,, for example HIC*3=R00Y_100_100 for device red. According to
DIN 33872-1 the three colour coordinates HIC*; are called hue text H*y, Brilliance /*; and Chroma C*;.
Brilliance /*4 is equal to 100 times the relative brilliance iy and Chroma C*; is equal to 100 times of the relative
chroma c*;.
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In addition the CIELAB data L* a* b* C*,, and h,, are given. For many real applications for black N and white
W there is a small difference compared to the ideal values (a*\=0, b*\=0) and (a*,=0, b*,=0). Then some
“adaptation” (index a) is necessary for a useful calculation of the hue angles. For the standard (ideal) sSRGB
device the coordinates L*a* b* C*,,,h,, and (L*a*b*C*,,h,p), are identical, compare Fig. 29 on page 31.

Usually for the values rgb_ (index _ unspecified) the device blue is produced and this colour appears reddish
blue. The sRGB hue angle is h,, 4 = 305. However the elementary hue angle is hy, (=272

Device and elementary colours Device and elementary colours, Yy,=100
525 525 w
0,8 T of the sSRGB colour space for D65 0,8 T of the offset colour space for D50
in chromaticity diagram (x, y) in the chromaticity diagram (x, y)
y Device colours, Yy;,=88,6 y 550 Name of the device colour
Rgsrgp x=0,64 y=0,33 RgRrECS YaRECS
0,6 1 GasrgB X=0,30 y=0,60 0,6 1 575 GdRECS C4,RECS
500 575 Bgsrg x=0,15 y=0,06 500 By reCs Mg RECS
04 T 04 T
625 625
700 700
0,2 T 0,2 +
500c,E 500c,E
525¢,F 525¢,E
475 550¢,E CIE 1931 X 475 550¢,E CIE 1931 X
0,0 : + + + | 0,0 : + + + |
0,0 4002 0,4 0,6 0,8 1,0 0,0 400 ¢, 0,4 0,6 0,8 1,0
1-013130-L0O 1-013130-F0 RE811-1N/ME491-61 1-013130-L0O 1-013130-F0 ME491-81

Fig. 16 - sRGB and offset device colours and elementary colours in the CIE (x,y) chromaticity diagram

Fig. 16 shows the six device colours (black balls) and the four elementary colours in the CIE chromaticity
diagram. The left diagram shows the device colours of the standard sRGB display according to IEC 61966-2-1.
The right diagram shows the device colours of offset printing according to ISO/IEC 15775.

Fig. 16 shows that both the six device colours RYGCBM, of the sRGB display and of offset printing have
different chromaticities. Both devices can produce the elementary hues RYGB, with the intended hue angles
h,p, in CIELAB However, the chromaticities (and the lightness and chroma) of these elementary hues are

different.
0,80 —3%5 Munsell V=2.5.8 0.06 012 0,18 024 030 |
C=428, ..
‘ o samples 0,001 55 330 575 600 =700
0.6 ciE108°Y ciEgo
300 —0,0671 CIE11
0,41 b’ 5G 500c
)5 500
0 0,124 CIE12
0,24 Munsell V=2,5,8 5PB
s a’=0,2191[x/y]""3
0.0\ 550" CIE1931  x b'=-0,08376[zy]"3  *7
0,040002 04 06 0,8 1,0 CIELAB 1976
1-003130-L0 1-003130-F0 ME480-30 1-003130-L0 1-003130-F0 ME480—40

Fig. 17 - The elementary colours CIE test colours no. 9 to 12 and model for RYGB,

Fig.17 (left) shows the four CIE test colours no. 9 to 12 which represent the elementary hues together with the
samples of the hues 5R, 5Y, 5G and 5PB of the Munsell colour order system for the three Values V=2, 5, and 8
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(approximately L*=20, 50, 80 in CIELAB). Yellow and blue are opposite in the chromaticity diagram. This is not
the case for red and green.

Similar Fig. 17 (right) shows the same data in the cube root chromaticity diagram (a’, b’). Fig. 17 includes the
definition of the coordinates a’ and b’. Yellow and blue are opposite in this diagram. This is again not the case
for red and green. However, now the hue angles of RYGB; are identical to the CIELAB hue angles h,,=26, 92,
162, and 272 of CIE R1-47.

For the device colour series between red R of maximum chroma towards black N the chromaticity remains con-
stant. This is a physical relation for sSRGB displays. Only the luminance of the red device primary changes from
zero to a maximum. In offset printing the device primary is usually overprinted by the black primary. Near black
there is some change of the chromaticity if both are overprinted. However, in applications at black only the
black colorant shall be used and therefore the chromaticity of black will occur. This is reached by the so called
complete undercolor removal for offset print and for printers.

If complete undercolor removal is not used then the printing cost per page increase a lot. The chromatic color-
ant is often three time more expensive than the black colorant. If black is printed with three chromatic colorants
then the cost per page may increase by a factor 9. Any increase is not intended and therefore the chromaticity
is constant between the most chromatic red and black for printers and for offset print.

Therefore for displays and in print in a CIELAB hue plane all the device colours are approximately on a line
between black and the most chromatic colour. This line forms the lower part of the hue triangle. All achromatic
colours of both the displays and the printers, and for offset printing are on a line in the CIELAB space.

The colours between for example the red of maximum chroma and white are produced by an additive mixture
and are located on a line in any linear colour space. The nonlinearity of the CIELAB space seem not to change
this property by an considerable amount. This is therefore no problem for the application of the OLM16.

A(M) relative RG-chromatic values B()\) relative YB-chromatic values
linear sensitivity of radiation 4 linear sensitivity of radiation

red red
yellow

AN =xA) -y () BA)=04[y(h)-z(A) ]

blue

500 600 400 500 600 700
wavelength A/nm wavelength A/nm
1-003130-L0 1-003130-F0 ME030-80, B2_22 1-003030-L0 MEO031-1N, B2_24

Fig. 18 - RG-chromatic values and YB-chromatic values

Fig. 18 shows a model for the relation of colorimetry and physiology. Hurvich and Jameson (1955) calculated a
yellow-blue and a red-green process from the colorimetric spectral tristimulus values. The mathematical rela-
tion is given in the figure. Only one yellow-blue response exists according to this model with the cut points
“elementary green G.” at the wavelength 503nm and the “opposite elementary red G,” 503c nm.

However, this model of Hurvich and Jameson could not describe an appropriate hue location for the experi-
mental elementary hues red R, and green G, which are not opposite in the chromaticity diagram. It is expected
that the present Technical Committee CIE TC1-76 Unique Hues will come with a CIE recommendation for the
elementary hue angles h,,. Up to now we have only the proposal in CIE R1-47. The present values of the
CIELAB hue angles are h,,=26, 92, 162, and 272 for RYGB,. This corresponds approximately to the dominant
wavelength 700nm, 572nm, 515nm, and 472nm, see also Fig. 17 on page 22 and Fig. 28 on page 30.
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Colours of the Munsell System _
08 T 3 MmMunsell Chroma C=2 b 0’;0 0’;8 1’;6 2’;4 3’:2
y Munsell Value V=1,2,5,8,9 oot 7. _g MLy s7s 60 625  a=x/y
! =
0,6 1 500
500
—0.8 190
L X Parame-
625 .
ter: V -1,6T
0,2 =
>
S
F 1
CIE 1931 X S | Colours of the M
0,0 =23 ; ; ; - Il | Munsell Chroma G=2
0,0 40 0,2 0,4 0,6 0.8 1,0 = | Munsell Value V=1)2, 5,
VE631-1A 1 VE6312A 1

Fig. 19 - Yellow-blue and red-green visual processes according to Hurvich and Jameson (1955)

Fig. 19 (left and right) shows a simple model which uses the responses of the 3 fundamental cone sensitivities
L, M, and S with maximum (m) sensitivities near 570, 540 and 450nm. Elementary green G is located near
510nm at the same spectral response of the cone sensitivities L and S (with an appropriate normalisation). Ele-
mentary red R is located near 700nm (complementary to 495c nm) at the same spectral response of the cone
sensitivities M and S.

This explanation shows a model relation of colorimetry and physiology. Valberg and Seim (2008) have shown,
that especially two blue-yellow response combinations are found in the retina: L - Sand M - S. The combination
(L+M) - S which is usually assumed according to Hurvich and Jameson (with the difference Y - Z in colorimetry)
seems not present in physiology.

The publication CIE 170-2:2015 of the Technical Committee CIE TC1-36 has now defined a fundamental chro-
maticity diagram based on the cone sensitivities. The coordinates are calculated in luminance units, for exam-
ple L/(L+M) and S/(L+M) with appropriate normalizations. These coordinates are called cone excitations. In
colorimetry similar ratios in luminance units are used. The chromaticity ratios in luminance units are used in
Fig. 19 (right) and Fig. 17 on page 22 which is connected to the CIELAB space, see Richter (2012). Fig. 19
(right) shows similar hue angles compared to the CIELAB colour space and Fig. 17 on page 22. In addition
Munsell colours of chroma 2 are approximately on circles (the diameter changes with the cube root of the lumi-
nance factor of the Munsell samples).

Therefore the model shown here may be one basis for a device independent human RGB* colour space to be
developed by the CIE Division 1 Vision and Colour.

7.2 Device output colours in elementary hue triangles

rgb* input and LCh* output of SRGB colours sRGB colours (9 steps) in CIELAB colour space
Color rgh* LCh* | ' CIELAB ligthness L*
R clementary red 100  53,80,26 e :V;;“g’(’)’ 3100 o s
Y clementary yellow 110 84, 78,92 :rgb*w\il - oty p green Ge
G, elementary green 010 85, 65,162 | o | B LiTGi)g? 25, 162
B, elementary blue 001 61, 54,272 : ' 1897Ge™ L
N black 000  18,0,0 ! 9 steps
W white 111 95,0,0 . 5 cieps
(data according to IEC 61966-2-1, IS0 9241-306),, . "acp ©
(CIELAB hue angles proposed in CIE R1—47) :rgb*NIiO, 0.0 0] 190
0 CIELAB chroma C%j,

VE980-5N
Fig. 20 - rgb* input and LCh* output data of sRGB display colours
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Fig. 20 (left) shows rgb* input and LCh* output data of the standard sRGB display colours with the luminance
reflection L,=2,5% compared to the white screen. More data are given in Table 4 on page 33. Fig. 20 (right)
shows the 9 colours of the three series by balls in a CIELAB hue triangle with the real data LCh* and rgb* at the
three corners. The data for the elementary green colour with the hue angle h,,=162 are given.

rgb* input and LCh* output of Offset colours | Offset colours (9 steps) in CIELAB colour space
Color rgh* LCh* : CIELAB ligthness L*
R elementary red 100 47,74, 26 | white glOO
Y clementary yellow 110  86,88,92  1EC""w93.0.0 -
4 vy , 88, rgbry=1, 1, 1 . LCh¥Gy=74,28,162
G, elementary green 010 53, 57,162 | oS \_i_rgb*Ge,W:()'Sv 1.0,0.5
B, elementary blue 001 42, 45,272 I ' N
N black 000 18,0,0 | 9 steps fi’:*afia f)% 162
W white 111 95,0,0 | bk LCh*Geizg 25, 162
(data according to test chart DIN 33872-2, p'9_12)'LCh*N=18 0.0 rgb*gex=0.0,0.5, 0.0
(CIELAB hue angles proposed in CIE R1—47) ! rgb =0, O: 0 0 190
0 CIELAB chroma C%;,
VE991-5N

Fig. 21 - rgb* input and LCh* output data of offset printing colours

Fig. 21 (left) shows rgb* input and LCh* output data of the standard offset printing colours. The 9 colours of the
three series are shown by balls in a CIELAB hue triangle with the real data at the three corners. The data for
the elementary green colour with the hue angle h,,=262 are given.

In addition to Fig. 20 (right) the Fig. 21 (right) includes the data of the colours located intermediate between
black and green, and between green and white. As expected the three rgb* and LCh* data are the intermediate
data. Therefore Fig. 21 (right) matches the intended linear relationship between the rgb* and LCh* data.

Offset colours (9 steps) in CIELAB colour space
CIELAB ligthness L*

white W
LCh#y=95,0, 0
rgb*w=1,1,1

9 steps LCh*G,=53, 57, 162
rgh*G.=0, 1,0

black N
LCh*=18,0,0
rgb*=0, 0, 0 100

CIELAB chroma C%y,,

Offset colours (9 steps) in CIELAB colour space

CIELAB ligthness L*
white W
= 100
LCh*y=95,0,0 g LCh*G,=54, 28, 162
rgb*y=1,1,1 )

P e / rgh*5.=0,25,0,75, 0,25
LCh*G,=53, 57,162

9 steps
rgh*;.=0,1,0
black N
LCh*=18,0,0
rgb*=0,0,0 0] 100
0 CIELAB chroma C%;,

WEO001-5N

WE001-6N

Fig. 22 - Offset colours (9 steps) in CIELAB hue triangle and rgb* interpolation method

Fig. 22 (left) shows additional black balls within the green hue triangle. The order is regular. One can find this
arrangement also in the test chart with the 1080 colours, see column b to j and line 19 to 27 and in Fig. 3 on
page 10.

If a device is offered as an rgh* device on the market then a user can output the TUB REG9 reference test chart
with the 1080 colours, and can proof visually if a colorimetric affine match is produced. A user will first evaluate
if the elementary green G, (visually neither yellowish nor bluish) is produced. Then he will check according to a
weaker criteria if all colours in the hue triangle can be distinguished. In addition an expert user may evaluate if
all the relative differences (about AE*,,=5 between all steps) are approximately equal. There may be larger dif-
ferences between two rgb* devices for this strong visual criteria, For example the colorimetric regularity index 4
of two devices according to ISO/IEC 15775 may be 0,2 (low value, 1<AE*,,<9 for all steps) or 0,9 (best value 1,
4,5<AE*,,<5,5 for all steps). In both cases it may be possible to distinguish visually all the colours in the trian-

gle.

Fig. 22 (right) shows as example an intended (i) CIELAB colour with LCh* and rgb* data by a square. There
are of course for output colours in the CIELAB space, out of the 729 output colours in the neighbourhood. Four
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colours of the 729 are shown by black balls in Fig. 22 (right). They have four lowest colour differences AE™*,, ;
(i=1,2,3,4) to the intended colour LCh*¥,. In an ideal case the intended colour LCh*is in the middle of a 3-dimen-

sional regular tetrahedron with the same CIELAB difference to the four corners of the tetrahedron. Then the
rgb;input data for the output of the intended LCh* can be calculated by linear interpolation of the rgb; data of the

four neighbouring colours. In any case the intended colour LCh* is somewhere within an irregular tetrahedron.
However, in any case the input rgb; data can be calculated for the intended output data LCh*. This is of course
possible for any of the 729 intended LCh* output data.

The OLM16 interpolation method may produce one of the rgb* data larger one or below zero, if the intended
output data LCh* is outside the device range. However, this is forbidden and then one of the the rgb data is
reduced to one or to cero by any real output device.

rgb* input and LCh* output of Ostwald colours,Ostwald colours (9 steps) in CIELAB colour space

Color rgh* LCh* : ) CIELAB ligthness L*
R clementary red 100  70,79,26 yo,, White W 100 LCh*Ge =91, 62, 162
Y clementary yellow 110 93,142,92  1ECHw100,0.0 —  __ 78b%Gew=05,10,0.5

1rgh*w=1,1,1 —
|
|

—_—

LCh*5=83, 125,162

G clementary green 010 83, 125,162
S rgh*G.=0, 1,0

|
B, clementary blue 001 50, 85,272 :
N black 000 0,0,0 |
I
|
|

9 steps
W white 111 100, 0, 0 LCh*G,N=41, 62,162
(Ostwald colour data proposed in CIE R1—57) o :l:)lagkON rgb*Gex=0.0, 0.5, 0.0
(CIELAB hue angles proposed in CIE R1—47) :rgb*NZO, 0’0 0 190
CIELAB chroma C%;,

VE990—-5N
Fig. 23 - rgb* input and LCh* output data of Ostwald optimal colours

Fig. 23 (left) shows the rgb* input and LCh* output data of Ostwald optimal colour with the elementary hue
angle h,, = 162 of elementary green G..

Fig. 23 (right) gives in addition to Fig. 23 (left) the data of the colours located intermediate between black and
green, and between green and white. The three rgb* and LCh* data are the intermediate data. Therefore Fig.
23 (right) matches the intended linear relationship between the rgb* and LCh* data.

For the intended standard documents which describe a complete device-independent human RGB™* colour
space the Ostwald colours may play a special role. The colorimetric affine match produces a device-independ-
ent hue match. However, lightness L* and chroma C*,, are usually different on any two devices. In other words:

*

the reference values (L*, C*,,) differ usually for any two devices and in addition for any hue.

R()) reflection factor n

R()) reflection factor; optimal colour: n
green G-

undefined green G-

1,0
0,8
0,6
0,4
0,2
0,0

400 500 600 500 600

wavelength A/nm wavelength A/nm
1-003030-L0 ME040-1N, B2_29_4 1-003030-L0 ME050-4N, B2_49_2

green Go—, m:
"maximum"
CIELAB
chroma C*gp

=
570

Fig. 24 - Elementary green surface colour and Ostwald optimal colour

Fig 24 (left) shows a green surface colour of high chroma C*,,. Fig. 24 (right) shows an Ostwald optimal colour
which has a much higher chroma. Both have the elementary hue green (CIELAB hue angle near h,,=162). The
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chroma of the Ostwald optimal colour is much higher compared to the surface colour. In addition the lightness
L*is larger.

Two complementary Ostwald colours with the wavelength limits A;=470nm and A,=570nm and vice versa
A4=570nm and A,=470nm mix together to the reference white of colorimetry. The first has the dominant wave-
length 520nm and the second is labelled by 520c nm (c = complementary).

According to some vision models the visual system divides the reference white in nature in two complementary
pairs: Red - Green and Yellow - Blue. The Human Visual System may produce for any Ostwald colour pair the
same chroma (because they mix to the achromatic white). The CIELAB data for the Ostwald colour do not
include this property. However, the chromatic moment of the linear Hurvich and Jameson model, see Fig. 18 on
page 23, produce the same chromatic value for complementary Ostwald colours. In other words the Ostwald
colour may be used as reference colours similar as the elementary hues.

Ostwald colours (9 steps) in CIELAB colour space Ostwald colours (9 steps) in CIELAB colour space
CIELAB ligthness L* CIELAB ligthness L*
white W white W
LCh*y=100, 0, 0 100 9 steps ICE*, =100, 0, - $\101 brilliapce 7+ 10
rgb*w=1,1, 1 o o Th—e ice*, G=1,0,~ " . P ¢ 100
® 9 ® 9
® . o o : ® ® o o o : ®
® e, % = ® e, * =
9 steps oo . LC}; =83, 125,162 =0 oo n . ICE*, =100, 100, 50
° o rgh*G.=0, 1,0 ° o ice*, g.=1, 1, 0,50
black N . 9 ste black N C* =50
ps °
LCh#*.=0.0.0 ICE*. ~.=0.0. — elementary chroma C*,
N 100 ele T 100 “100
rgh*\=0,0,0 0 : icee 6e=0,0,— 0 —
0 CIELAB chroma C%y, 0 CIELAB chroma C*,y,
WEO010-5N WE030-7R

Fig. 25 - Visual attributes ICE* (brilliance, chroma, elementary hue)

Fig. 25 (left) shows additional black balls within the green hue triangle. The order is regular. One can produce
these colour only by a spectral colour integrator. This special optical instrument mix (integrates) different parts
of the spectrum. All parts of the spectrum mix to white.

Fig. 25 (right) shows the special visual attributes ICE* (brilliance, chroma, elementary hue). The brilliance is
more important, especially in art and design, compared to the lightness. The Swedish Natural Colour System
(NCS) use already a similar coordinate which is called blackness N*=100 - /* and counts therefore in the oppo-
site direction. The NCS system uses virtual reference colours for any hue triangle. The Reportership Report
CIE R1-57 has shown that the CIELAB data of the Ostwald colours and the CIELAB data of the NCS colours
are similar. Therefore colours of equal elementary (e) brilliance I*, are shown in the right side of Fig. 25. In
addition the relative coordinates ice* are given.

7.3 Application: Colorimetric filter transfer with rgb* devices

Colorimetric filter transfer n =3
c¥ =ac* with a =1,00; b= 0,50

Colorimetric filter transfer n =3
c§ =ac*® with a = 1,005 b = 0,50

rgh —>rgb* rgb* —>rgb?
1 S steps
X
C %
i
WE0405N. 3 WEQ40-6N. 31

Fig. 26 - Colorimetric filter-transfer example
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Fig. 26 (left) shows a hue triangle with 5 steps of the colour series. For an rgb* device, the output series will be
equally spaced. If there is for example a wish to change the relative chroma c* by a potential colorimetric for-
mula

c*=ac® (a=1, b=0,5, i=1 to 8)

then the shift according to the red arrows is the colorimetric solution for the parameters a=1 and b=0,5. This
transfer is therefore defined by a colorimetric equation and produces the same chroma shift for all hues.

Fig. 26 (right) shows the original output (left) and the transfer (right). All colours are more chromatic except the
red with the maximum chroma and the achromatic colours.

This colorimetric filter may be applied if an image shall look more chromatic. No colour is shifted outside the
device colour space.

For users this is a large advantage of this colorimetric transfer. By the change of the parameters a and b an
image can be made more or less chromatic and also achromatic. For more examples look visually at the six file
output pages

http://farbe.li.tu-berlin.de/WE04/WEQ4LOFP.PDF

7.4 Application: Output of the elementary colour circle with rgb* devices

The output of the elementary colour circle on a standard sRGB display needs hue shifts, compare Fig. 49 on
page 54. For example the three rgb, values (0 0 1)4 (d=device) produce the hue angle h,, ;=305 and the three
rgb, values (0 0 1), produce the hue angle h,, ,=271.

For a 16 step device and a elementary hue circle the hue angles h,, 4 and h,, ¢ are given in the tables of Fig. 15
on page 21 and Fig. 27 respectively. For example for the device hue YO0G, and the elementary hue YO0G, the
hue angles are h,, 4=102 and h,, ,=92. The device hue angle h,, =102 produces a greenish yellow compared
to the elementary hue angle h,;, =92 with the standard deviation +/-4.

The colour code YOOG_100_100, belongs to the rgb values rgb,=(1 1 0),. The first value YO00G, is called the

hue text, the following two values are 100 times the relative brilliance i* and the relative chroma c¢*. One can
use the capital letters /*= 100 j*and C*= 100 c*.

There are two equations which allow to transform between values of rgb* and ¢* and i* for both the device and
the elementary colours:

c*= max (rgb*) - min (rgb®)
i* = max (rgh*)

Example: For a greyish red with rgb* = (0,75, 0,50 0,25) it is valid ¢*= 0,5 and j/* = 0,75 (compare also Fig. 34
on page 36).
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Input and output: Standard Display System sRGB (TLS00a) RE8811s
. SRGB (TLS00a); adapted (a) CIELAB SRGB (TLS00a); adapted (a) CIELAB
Data for any device (d) H*, L*=L* a* —b* C*pah*pa L*=L*a%  b*% C*pa h*wpa
or elementary (e) colour: ROOY_100_100, 50.9 78.3 373 86.7 . 509 783 373 867 25
HIC% R25Y_100_100, 51.3 74.4 64.8 98.7 ! 83.7 —3.4 845 845 92
Hue text for the 16 hues R50Y_100_100, 63.1 427 70.8 82.7 ! 85.1 —64.620.7 679 162
of this page: R75Y_100_100, 73.5 183 77.7 79.8 ; 79.0 —342-25.7 428 216
e . 7 Y00G_100_100, 83.7 —3.4 84.5 84.5 592 1.7 -56.6 56.6 271
* = 5 / . — e )
H =R00Ye, R25Ye Y25G_100_100, 91.0 —29.9 88.9 93.8 : 1 941 -57.4 1103 328
Y50G_100_100, 85.9 —63.0 82.8 104.1 | 0 00 00 00 0
Y75G_100_100, 84.1 —76.0 51.4 91.8 o, Gamut ; 4 00 00 00 0
GOOB_100_100, 85.1 —64.620.7 67.9 . - 587 27.9 650 25
. 86.5 —49.9 -8.4 50.6 - re“IS’_}, 2 28 715 716 92
79.0 —34.2 -25.7 42.8 “oRegularity ! 2 —424 136 445 162
70.0 —19.0 —39.6 43.9 g H,rel =19 . .5 14 464 464 271
592 1.7 —56.6 56.6 g*C rel =37
B25R_100_100, 382 52.7 —90.7 104.9 300 =
B50R_100_100, 57.1 94.1 —57.4 110.3 328

B75R_100_100. 52.9 83.6 —11.6 84.4 352

Yellow Ye
greenish redish

yellowish yellowish

Green Ge

greenish redish
Blue Be

RE880-73 1-113134-L0  1-113134-F0 http://130.149.60.45/~farbmetrik/RES88/RE8811FP.PDF & http://130.149.60.45/~farbmetrik/RES88/RE8811FP.TXT & http://130.149.60.45/~farbmetrik/RES88/RE88.HTM

Fig. 27 - 16 step hue circle of elementary (e) colours

Fig. 27 shows a 16 step hue circle which shall produce the elementary colours R, Y, G, and B, according to
the criteria given in the figure. There may be a small visual difference on the grey and white background. One
may realize that Yellow Y,=Y00G, is visually darker compared to the next greenish step Y25G,. This is a

special disadvantage of the sRGB display system, Usually both printers and standard offset produce a lighter
and more natural yellow.
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7.5 Application: Equal chroma steps between white and chromatic for ORS18 and TLS00

Linear relation CIELAB (L%, a*, b*) and adapted (a) CIELAB (C*,y, 5, L¥)

System: ORS18a P = (L*— L*) | (L*w - L*)

a*y=a*—a*N ~Fpx [a¥w —a*y ]

b*y =b* = b*N = Iap+ [ b*w — b*N ]
2,172

CIELAB hue angles:
habd [37, 96, 150, 236, 305, 353] b*

2
= [26, 92, 162, 217, 272, 329] & CHapa=la*y" +b%" ]

Yt

abe

L — %
a*,=C ab,a COS hyy,

b*a = C*ab,a sin hab

chroma a*

?.9————>

SE270-3N

Fig. 28 - Device and elementary colours of standard offset according to ISO/IEC 15775

Fig. 28 shows the device colours RYGCBMj of standard offset according to ISO/IEC 15775 and the elementary
colours RYGB, which are produced in standard offset for the four elementary hue angles h,, . = 25, 92, 162,
and 271. In addition the mean hue angles h,, c. = 217 = 162+(271-162)/2 and hyy, e = 329 = 271+(385-271)/2
are given for C, and M,. Most of the so called RGB and CMYK printers use similar device colours compared to
offset. The colour difference is about AE*,, = 20 compared to the standard sRGB display colours.

Fig. 28 shows some equations to calculate the CIELAB coordinates with the index a (= adapted). If the CIELAB
coordinates of black N (a*\, b*y) and white W (a*y, b*y) are all zero (which is not true for standard offset and
most printers) then the coordinates with the index a are identical to the coordinates without the index. In any
case the adapted coordinates (index a) have the values 0 for both the black N and white W. For the calculation
of the hue angle this property is necessary.

If the CIELAB (a* b*) coordinates of black N and W are known one can transfer to the adapted coordinates and
backwards.
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Linear relation CIELAB (L%, a*, b*) and adapted (a) CIELAB (C*,y, 5, L¥)
System: TLS00a Piane = (L% = L*y) [ (L*w—-L*N)
a*y=a* = a*N = Fp+ [a¥w —a*y ]

b*y =b* = b*N = Mjap+ [ b*w — b*N ]
2172

CIELAB hue angles:
hap,a = [40, 102, 136, 196, 306, 328] a
hap e = [26, 92,162, 217, 272, 329] C*apa =l a*, +b%,

* — *
a*,=C ab,a COS hyy

b*,=C *ab,a sin hy),

SE270—-7N

Fig. 29 - Device and elementary colours of the standard sRGB display according to IEC 61966-2-1

Fig. 29 shows the device colours RYGCBM, of the standard sRGB display according to IEC 61966-2-1. The
elementary colours RYGB, have the four elementary hue angles h,, . = 25, 92, 162, and 271. In addition the
colours C, and M, are shown for the hue angles hyy, co = 217 = 162+(271-162)/2 and

hapme = 329 = 271+(385-271)/2.

Fig. 29 shows some equations to calculate the CIELAB coordinates with the index a (= adapted), similar as Fig.
28. The standard sRGB device produces the colours By and My with a high chroma. This is the case in a dark

room without reflection on the display. In offices with a standard luminance reflection of L,=2,5% (CIE
tristimulus value Y=2,5 compared to the white reference) the chroma C*,, , decreases by about 10% and is still
much larger compared to the chroma C*,, , of standard offset ORS18a, compare Fig. 28 on page 30.

The different chroma of standard offset ORS18a and the standard display sRGB indicate that a colorimetric
reproduction with the same L*C*,,h,, values on the display and in print is not possible.

A comparison of Fig. 28 on page 30 and Fig. 29 shows similar chroma C,, , for the elementary blue B,.

However, the lightness L* on the screen is larger. Both values (L*C*,;, 5). are needed for the comparison and
the reproduction.
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7.6 Colour double cone and basics of output linearization

Three device (d) coordinates rgh*; describe 8 device colours RGB3q, CMYq, and NW.
Hexagon-triangle system based on device (d) colours: rgh*j
with linear relations between rgb*y — LCHY
5 equal (compare approximately linear relations between rgbsrGp and L*)
steps

*

: Equations rgb*; — LCH*j in both directions have been published, see:
WA\D*1r* Richter, CIE-Proceedings, Beijing, 2008, Volume 3 und DIN 33872-1
- Three equations (tables) are needed for office applications:

a*  rgbq— LCH*)y for a 9x9x9 grid of equally spaced rghq input data
rgb*y — LCH%; a9x9x9 grid of equally spaced data rgb¥j and LCH™
rgh’%y — LCH’*j ~ LCH*y device linearization: rgbq—>rgb’*j=rgbqd

SE201-5N
Fig. 30 - Six chromatic device colours RGB4 and CMY, and black N, and white W

Fig. 30 shows the device coordinates rgb*4 which can describe six chromatic device colours RGB; and CMYy,

and the achromatic colours black N and white W. They are all located on the border of a three dimensional
colour cone with a hexagon basis. Usually display systems use additive mixture of a most chromatic primary,
for example red Ry, with different amounts of the opponent colour C4 to produce for example the five step scale

between red Ry and white W.

It is the goal to define both equally spaced rgb*; coordinates, in this case rgby = (1,00 0,00 0,00),4 (1,00 0,25
0,25)4, (1,00 0,50 0,50)4, (1,00 0,75 0,75)4, and (1,00 1,00 1,00)4, and equally spaced relative CIELAB
coordinates tcu*; = (0,50 1,00 RO0Y)y, (0,625 0,75 RO0Y)y, (0,75 0,50 RO0Y)y4, (0,875 0,25 R0O0Y)y, and (1,00
0,00 ROOY)4. The coordinates tcu*y are called device triangle lightness t*4, device relative chroma c¢*y, and
device hue text u*y (=R00Y ) according to DIN 33872-1. For the 5 step colour series between red R, and white
W there is by definition a linear relation between the coordinates rgb*; and LCh*,. Therefore for any rgh*; value
the LCh*4 values can be calculated in both directions, if the LCh*; data for the colours of maximum chroma are
given. In applications instead of 6 steps 48 steps of a chromatic circle are used.

Three elementary (e) coordinates rgh* describe 8 colours RGBe, CMY,, and NW.
Hexagon-triangle system based on elementary (e) colours: rgh*
with linear relations between rgh*% — LCH*%,
5 equal (compare approximately linear relations between rgbsrGp and L*)
steps

*

Equations rgb*% — LCH?% in both directions have been published, see:
"  Richter, CIE-Proceedings, Beijing, 2008, Volume 3 und DIN 33872-1
Three equations (tables) are needed for office applications:

rgbq — LCH*qy for a 9x9x9 grid of equally spaced rgbg-input data
rgb*— LCH% a9x9x9 grid of equally spaced data rgh* and LCH*,
rgh’%—LCH’*%~LCH?* elementary linearization: rghq—>rgbh’*=rgbge

SE201-7N

Fig. 31 - Six chromatic elementary colours RGB, and CMY,, and black N, and white W

Fig. 31 shows the elementary coordinates rgb*, which can describe six chromatic elementary colours RGB,
and CMY,, and the achromatic colours black N and white W. The equations are similar compared to Fig. 30.
The coordinates star-dash (*’) and dash-star (**) are defined in ISO/IEC 15775. A Frame_File_Linearization
Method (FF_LM) allows to steer the output of files with the transformation of the tables rgbq - rgb™, and will be

applied in clause 8.3 on page 42. The real data LCh™, have for the sRGB display colours an average colour
difference AE*,;,=0,6 compared to the intended data LCh*,.
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Table 4 - Coordinates rgb*, and CIELAB (L*a*b*C*,,h,,). of a 16 step hue circle and mixture colours

rgb* and CIE data of a elementary (e) hue circle rgb* and CIE data of a elementary (e) hue circle

according to CIE R1-47:2009 for sRGB display L, =2,5% according to CIE R1-47:2009 for sRGB display L, =2,5%

16 step elementary hue circle with hues: hyy, 5 o = 25.4, 92.3,162.2, 271.7 | [ 3 colours of the elementary hues RYGB,: hyp, 5 ¢ = 25.4, 92.3,162.2, 271.7
Code L¥e a%e b¥e Chbae Mabe 18b% Code L¥*e a%e b¥e Chabae Mabe 18b%

ROOY. =R, 53.0 72.6 345 80.4 254 1.00 0.00 0.00 | [ ROOY., =R, 53.0 72.6 345 80.4 254 1.00 0.00 0.00

R25Y, 57.1 59.5 53.9 80.3 42.1 1.00 0.25 0.00 0,5R. + 0,5N, 35.5 36.3 17.2 40.2 254 0.50 0.00 0.00

R50Y, 65.7 37.3 61.7 72.1 58.8 1.00 0.50 0.00 0,5R. + 0,5W, 74.2 36.3 17.2 40.2 254 1.00 0.50 0.50
R75Y, 74.0 17.7 69.0 71.2 75.6 1.00 0.75 0.00

Y00G, =Y, 83.8 -3.0 77.4 71.5 92.2 1.00 1.00 0.00 Y00G.=Y, 838 -3.0 77.4 71.5 92.2 1.00 1.00 0.00
Y25G, 91.2 -29.9 83.0 88.2 109.8  0.751.00 0.00 0,5Y, + 0,5N, 50.9 -1.5 38.7 38.7 92.2 0.50 0.50 0.00
Y50G, 86.5 =587 711 96.9 127.2 0.501.000.00 | | 0,5Y.+ 0,5W, 89.6 -1.5 38.7 38.7 92.2 1.00 1.00 0.50
Y75G, 84.4 -73.5 519 90.0 144.7  0.251.00 0.00

GO00B. =G, 854 -61.5 19.7 64.6 162.1  0.001.000.00 || GOOB,=G, 854  —615 19.7 64.6 162.1  0.00 1.00 0.00
G25B, 87.4 —4777 -8.0 484 189.5 0.001.000.50 | | 0,5G. + 0,5N, 51.7 -30.7 9.8 323 162.1  0.00 0.50 0.00
G50B, 79.7 -32.6 -24.6 408 217.0  0.00 1.00 1.00 0,5G, + 0,5W, 90.4 -30.7 9.8 323 162.1  0.50 1.00 0.50
G75B, 71.1 -18.0 375 416 2443 0.00 0.50 1.00

BOOR, =B, 60.9 1.6 -535 53.6 271.7  0.000.00 1.00 [ | BOOR,=B, 60.9 1.6 —53.5 536 271.7  0.00 0.00 1.00

B25R, 40.5 50.3 —-86.6 100.2  300.1 0.50 0.00 1.00 0,5B, + 0,5N, 39.4 0.8 —26.7 268 2717 0.00 0.00 0.50
B50R, 59.0 89.1 —54.4 1044 328.6 1.000.001.00|( 0,5B.+0,5W, 78.1 0.8 -26.7 268 2717 0.50 0.50 1.00

B75R, 54.5 77.1 —40 712 357.0  1.00 0.00 0.50

5 step equidistant grey scale: L*, = 18.0, 37.3, 56.7, 76.0, 95.4 5 step equidistant grey scale: L*, =18.0, 37.3, 56.7, 76.0, 95.4

Code L *a,e a *a,e b*a,e C*ab,a,e hab,e rgh*, Code L *a,e a*a,e b *a,e C*ab,a,e hah,e rgh*,

NOOOW, =N, 18.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00 | | NOOOW,=N, 18.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00

NO25W, 37.3 0.0 0.0 0.0 3253 0.250.250.25(| NO25W, 373 0.0 0.0 0.0 3253 0.250.250.25

NO50W, 56.7 0.0 0.0 0.0 3248  0.500.50 0.50 | [ NOsSOW, 56.7 0.0 0.0 0.0 324.8  0.50 0.50 0.50
NO75W, 76.1 0.0 0.0 0.0 3237 0.750.750.75 | | NO75W, 76.1 0.0 0.0 0.0 3237 0.750.750.75

NIOOW, =W, 95.4 0.0 0.0 0.0 0.0 1.00 1.00 1.00 | | N100OW, =W, 95.4 0.0 0.0 0.0 0.0 1.00 1.00 1.00
SE301-7N, LAB*la3, adapted=not adapted SE301-8N, LAB*1a3, adapted=not adapted

Table 4 shows the coordinates rgb*, and the corresponding CIELAB data (L*a*b*C*,,h,p)e for the standard
SRGB colour space with the standard luminance reflection L,=2,5% according to ISO 9241-306 in offices. On

the left side the data are given for a 16 step elementary hue circle and on the right side for mixture colours
between the most chromatic colours and both black N and white W. On both sides a 5 step grey scale is added.
For the normalization of the data for white W the standard L*, data of the standard offset paper according to

ISO/IEC 15775 are used (Y=88,6, L*=95,4). In addition for L,=2,5% the CIELAB L* data for black N are equal.
It is very essential to understand the goal of this report which uses the term output linearization. For output
linearization a regular double cone forms the colour space with a circular instead of the hexagon basis, and
with the coordinates tcu™* to be defined. The next two figures will include some example data and the definitions
of this coordinates which can be calculated either from the data rgb*, or (L*C*,phzp)e-

Table 4 shows the data L*, o = L*, for the 16 step hue circle. The largest value L*,=91,2 is reached for Y25G,
and the lowest value L*,=40,5 for B25R,. The coordinate triangle lightness t*, for only the most chromatic
colour circle in Table 4 is defined as

t*e=05(L* /L% n) (=0,5for L*= L% n)
For the achromatic colour series the triangle lightness t*, is equal to the relative CIELAB lightness L*
e = (L*- L'\N) / (L*w - L*\)
Relative chroma c* is defined as relative CIELAB chroma C*,, compared to the maximum chroma C*, v

C*e = C*ab,e/ C*ab,e,M (:1 for C*ab,e = C*ab,e,M)
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Therefore the most chromatic colour circle of Table 4 (left) has the coordinates t*,=0,5 and c¢*,=1 for any hue.

What is Output Linearization? (For the elemetary hues, see CIE R1-47:2009.)
The colour space of a double cone includes 6 colours. The six colours can be the
device-dependent device colours (index d): (R, Y, G, B, N, W)q

or the device-independent elementary colours (index e): (R, Y, G, B, N, W)e.
Elementary red appears neither yellowish nor bluish. The hue angle is hap e = 26.

For example for the sSRGB colours according to [EC 61966—2—1 it is valid:
Device red R has the coordinates rgh*Rrq and LCh*Ra=(L*, C*p, hab)Rd
Elementary red Re has the coordinates rgh*Rre and LCh*Re=(L*, C*p, hab)Re

Corresponding data are given in the following for Rq, Re, and W=Wq=W

rgbw = (111w rgb*ra = (1 0 O)rd
LCh*W=(L*, C¥%p, hab)w = (95,0,-)w  LCh*Ra = (50, 100, 40)rd

rgbre = (1 0 O)re

LCh*Re = (50, 87, 26)Re
Output Linearization Method OLM]I6
produces for the hue angle hab,Re = 26
the CIELAB data L*Re =50 and C*ap,Re = 87.
These CIELAB data are produced with the
device to elementary input data (de)

rgbge,Re = (1 0 0,26)de Re

A calculated table for 360 hue angles includes:
hap LCh*ge rgbge

26 50 87 26 100,26

1-010030-L SE201-3N

Fig. 32 - Answer of the Question: What is Output Linearization?
Fig. 32 tries to answer the question: What is output linearization? With Fig. 31 on page 32 it was possible to
understand the transfer from the coordinates L*C*,,h,, to the double cone coordinates fce™ with a circular
basis. For a mean grey and the most chromatic colours the value of the triangle lightness is t*,=0,5. For the
circle the relative chroma is ¢*,=1. Both the device colours and the elementary colours are located on this
circle. However, they have different CIELAB hue angles, for example h,, rq = 40 and hy,p, ge = 26.

Fig. 32 shows that the data rgby. (index de = device to elementary) are needed to produce the output of the
elementary hue red R, with the calculated CIELAB data LCh*y, = (50, 87, 26). Fig. 39 on page 43 includes in
the second column the 48 equally spaced device data rgby and the corresponding sRGB output data LCh*,.
The output data of the first line are for Ry and agree with the data for Ryin Fig. 32.

In the last column of Fig. 39 on page 43 the table data for the 4 elementary hue angles R,, Y., G¢, and B, are
within the data for the 48 step elementary hue circle. The first line is for the elementary hue angle h,, g, = 26
and includes in this line the data rgbg = (1, 0, 0,26) and LCh*y, = (50, 87, 26) of Fig 32.

The next figure will give more example data how to transfer between the different coordinates. The user friendly
coordinates are based on the request of ISO TC 159 Ergonomics - Visual Display Requirements (compare Fig.
10 on page 15).

At the same time a further step seem to be reached towards a human visual RGB*, colour space. This

development of the CIE Division 1 was requested by ISO/IEC JTC1/SC28 (Fig. 11 on page 15) and in
Section 5.9 on page 17

34



35 ﬁ K. Richter Output Linearization Method OLM16 for Displays, Offset, and Printers

7.7 Colour in daily life and definition of user friendly relative colour coordinates

Application of colour in daily life or in Colour Information Technology (IT)

Design, architecture, art, industrial products JColour Information Technology
Measured for CIE standard illuminant D65 Measured for CIE illuminants D65 and D50

colour order system; name and coordinates: Device system name and coordinates:

RAL Design System (CIELAB) Printer system (illuminants D50 or D65):
L*C*%phap, lightness, chroma, hue angle cmyq, content of "cyan, magenta, yellow"
Munsell Colour System

Display system (standard illuminant D65):

VCH, lightness (Value), Chroma, Hue text reba/sRGBg, content of "red, green, blue"

Natural Colour System (NCS) ) i
ncu*,: relative blackness, relative chroma No user friendly colour coordinates
relative elementary hue text Nearly no connection to colour order systems

Aim: define user friendly connection
New: Interpretation of the rgb colour data in the range 0 to 1 as elementary colour data rgb*

Linear relations between relative and absolute coordinates lab*j — LAB*j and lab* — LAB*,
rgh*y — (L*a*b*C¥%phap)q and rgh* — (L*a*b*C¥%phap)e (CIELAB)
rghq — cmyg, rgb*; — cmy*y and rgbe — cmye, rgh* — cmy* ("'1-minus"-relation)
rgh*y — nce*y, rgb*) — ncu*y and rgh* — nce*, rgh* — ncu*,
relative coordinates lab*: elementary redness r%, greenness g%, blueness b*%, blackness n%
chroma c*y, elementary hue e*%, elementary hue text u*

SE251-3

Fig. 33 - Application of colour in daily life or in colour information technology (IT)

Fig. 33 shows colour coordinates used in daily life in the field of colour order systems, for example the CIELAB
coordinates L*C*;,h,,. There are other coordinates used in information technology, for example rgby of the
SRGB colour space. There seems to be nearly no user friendly colour coordinates in information technology, for
example those requested by ISO TC159 Ergonomics - Visual display requirements. The coordinates rgb, of
Fig. 33 and the coordinates cmy™*, used in offset printing seem to fill this gap. Both are connected by the so
called 1-Minus-Relation (1MR) which is based on the three equations

C*e=1'r*e m*e=1'g*e y*e=1'b*e

It is one main goal of this paper to define more user friendly coordinates for image technology and a user
friendly connection to CIELAB and other colorimetric systems based on CIE colour measurement and colour
appearance.

Usually the colour considered here are presented either on a white display surround or on a white paper. This
presentation mode is called surface colour mode in CIE colorimetry. The standard illuminance on the white
paper is 500 lux in offices. For the white standard offset paper with the standard reflection of 88,6% this
produces the luminance L = 142 cd/m?. The same luminance is possible on many modern sRGB or other
devices.

There are many real device arrangements where it is hard to answer the question if the output of a test chart is
produced by the reflection of light on paper or by the emission of light on a screen. So we may have surface
colour mode either by the reflection of light or by the emission of light. Both are in many cases physically (by
measurement) and visually equivalent. In addition there are screen technologies which produce the colours by
both the emitting of light in a dark environment, and the reflection of light in sunshine
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User friendly colorimetric CIE colour notation ncu®, or uic* or nce* and linear relation to rgh¥ data

n*. relative blackness
i*e=1— n*, relative brilliance
c*. relative chroma
u* elementary (unique) hue text
e* elementary hue number
n%=0;i%=1
c*%=0
White W

5 steps

n%=0,25 Chromatic
i*=0,75 X
5 steps =0;i%=1
5steps =1
Black V ¢
nt=1;i%=0 relative chroma c%
ce=0 c*%=10,50

examples for user colour notation:

or
nce* =0,25 0,50 0,0625 (=0,25/4)

rgh% =010
hap,g = 162 degree

ncu* = 0,25 0,50 R25Y, or uic* =R25Y_0,75_0,50,

rgb%p=001; hyp=272degree c*=r%—b%=0,50

relative opponent (r* , y*) chroma
uhy = Yoocefy*e

ety = 0,25
ey o u% = R25Y,
e% = 0,0625
e = GOOB, wir = ROOY,
%G = 10,50 TR= 0,00 7

u*p=BOOR,
e*eB = 0,75

relative CIELAB ( a*, b%) chroma

b%  rgbix=10250

hapx =42 degree

=(25+0,25%67) degree

rgh%y=110
hap,y =92 degree

e

rgb%g=100
hap,R = 25 degree

colour F:  @%

rgb = 0,75 0,375 0,25
nt=1-r%=0.25or
it =1-n%=0,75

SE251-7

Fig. 34 - User friendly colorimetric CIE colour notations ncu*,, uic*, or nce*,

Fig. 34 shows user friendly colorimetric CIE colour notations ncu*,, uic*,, and nce*,. Some examples show the
transfer between the many possible data sets rgb*,, ncu*,, uic*,, and nce*,. The CIELAB hue angles for the
four elementary colours RYGB, are given. Instead of the CIELAB coordinates (a*,, b*,) and the CIELAB hue
angle hg, the relative opponent coordinates (r*,, y*;) and the relative elementary hue e*, in the range between

0 to 1 may be used.

On the front cover of the book Colour and Colour Vision, see also the next figure, the coordinates rgb*, and
HIC*, are given. These coordinates are shown above and below with some examples.

It is valid
*.=100 /%, and
*. =100 c*,
Then in Fig. 34 the colour notation
uic*, = R25Y_0,75_0,50,
changes to (without any comma)

HIC*, = R25Y_075_050,
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1,00_1,00_0,00% PE7011s
0,75_1,00_0,00% 1,00_0,75_0,00%

m
Y00G_100_100%
0,50_1,00_0,00% o 1,00_0,50_0,00%
Y25G_100_100% R75Y_100_100%,

0,75_0,75_0,25%
Y50G_100_100% R50Y_100_100%

_100_100%
0,25_1,00_0,00% 1,00_0,25_0,00%
0,50_0,75_0,25% 0,75_0,50_0,25%

- ~

Y00G_075_050%

Y75G_100_100% R25Y_100_100%,
S Y50G_075_050% R50Y_075_050%, -y
0,00_1,00_0,00% 0,25_0,75_0,25% 0,50_0,50_0,50% 0,75_0,25_0,25% 1,00_0,00_0,00%

GOO0B_100_100%, GOOB_075_050%, RO0Y_075_050% ROOY_100_100%
0,25_0,75_0,75% 0,75_0,25_0,75%
0,00_1,00_0,50% 2= St 1,00_0,00_0,50%

0,25_0,25_0,75%

B50R_075_050%

G50B_075_050%,
G25B_100_100% S B75R_100_100%
0,00_1,00_1,00% 1,00_0,00_1,00%

BOOR_075_050%

0,00_0,50_1,00% 0,50_0,00_1,00%
G50B_100_100% B50R_100_100%
0,000,001,00% _100_100%

— —
http://130.149.60.45/~farbmetrik

1-113130-L0 1-113130-F0 PE700-73 http://130.149.60.45/~farbmetrik/PE70/PE701 1FP.PDF & http://130.149.60.45/~farbmetrik/PE70/PE701 1FP.TXT & http://130.149.60.45/~farbmetrik/PE70/PE70.HTM

Fig. 35 - Elementary colour circle with 16 samples and colorimetric coordinates rgb*, and HIC*,

Fig. 35 shows the 16 step elementary colour circle together with the CIE colorimetric coordinates rgb*, on the
top and HIC*, on the bottom. This colour circle is on the top cover of a book and available in offset print. The
inner circle has half the CIELAB chroma C*,, . of the outer circle. The grey is in CIELAB lightness L* in the
middle between the lightness L* of black N and the lightness L*, of white W.

The four elementary colours shall have the CIELAB hue angles h,, o = 26, 92, 162, and 271. The visual test
shall clearly show that for example R25Y,, appears yellowish red and B75R, appears bluish red.

Output linearization has been used to produce this colour circle on displays and as offset output.

For the linearized elementary output of the 25 samples and for the standard sRGB display the calculations
show an average colour difference 4E*,, = 0,4 for the outer circle and of 4E*,,, = 0,7 for the inner circle. The
largest difference appears for the sample Y50G_075_050,.

The calculated data are available as tables on the page 52 (page 19 of second series) of the file output
http://farbe.li.tu-berlin.de/RE69/RE69LOFP.PDF

Measurement of the linearized device and elementary output for the 25 samples, and for the offset output,
show between the intended and measured colours the colour differences AE*,;, 34=2,0 and AE*,;, 4o=2,4, see

page 19 (series 1 and 2) of the file output
http://farbe.li.tu-berlin.de/RE83/RE83LOFA.PDF

The file outputs show many additional data and figures, for example the device colours on page 8 and the data
rgbge and (L*a*b*C*yp, )e for the 360 hue angles hy, o between zero and 360 in steps of Ahy, o=1.
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7.8 Device and Elementary colour circles

hue circle 24 steps, names

Y50Gq . ‘ d‘ R50Yq

1-003130-L0 1-003130-F0 MEO081-10, B2_14

hue circle 16 steps, names
125G @ R75Y

Y50Ge ‘ R50Y,

hue circle 24 steps, rghq

0,510d.‘1 0d. 10,504
010q 100q

010,59 100,5q

0114 1014
0014

005 1q 0,501a

1-003130-L0 1-003130—-F0 MEO081-20, B2 _14

hue circle 16 steps, rgbe
07510 @ 10,75 0c

0,50 1 0, . 10,50 0c

38

Y75Ge \H R25Y 0,25 1 0e 10,25 0
010,5¢ 10,5 0

011 110

Be
0051 gg;, 0310
ME081-71, B2_14 1-013130-L0  1-013130-F0
Fig. 36 - Device hue circle with 24 steps and elementary hue circle with 16 steps

Fig. 36 shows two device hue circles with 24 steps on the top. The hue text H*; is given on the left side, and the
rgby data are given on the right side.

1-013130-L0 1-013130-F0 MEO081-61,B2_14

Fig. 36 shows two elementary hue circles with 16 steps on the bottom. The hue text H*, is given on the left side,
and the rgb, data are given on the right side.

A comparison of the device and elementary hue circle (top and bottom) shows an increase of the hue angle
range from 60 to 90 for the sectors R, to Y, and Y, to G.. This is the lighter side of the colour circle.

At the same time there is a decrease of the hue angle range form 120 to 90 for the ranges between G via Cy4 to
By, and By via My to Ry. This is the darker side of the colour circle.

This change is used in the Natural Colour System NCS, and is appropriate for applications by at least two
reasons:

- The CIELAB chroma of surface colours is for the darker side between G, via B, to R, roughly half compared
to the lighter side. Therefore the ratio colour difference/hue angle difference AE*,,/Ah,, is roughly half for the

darker side. Therefore it is appropriate to reduce the hue angle range from 120 to 90 for the darker side and to
increase the hue angle range form 60 to 90 for the lighter side.

- in many applications, for example house and wall paintings, clothes and advertising, the lighter colour side is

much more important compared to the darker colour side. Therefore the elementary (e) hue scaling by rgb*, is
more appropriate compared to the present device (d) colour scaling by rgb*y.
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8 Equivalent relative coordinates rgbh and cmyk for digital and analogue colours
8.1 Test chart output with 1080 colours on a displays with different software

By CIE colorimetry and according to the PostScript Reference Manual there are many equivalent relative
coordinates rgb and cmyk which describe colours in digital files and for example display colours

AY L [e) Y M C I
-_l http://130.149.60.45/~farbmetrik/RE68/RE68LONA.TXT /.PS; start output -:l
N: no 3D-linearization (OL) in file (F) or PS-startup (S), page 1/1
ol & o =
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680-7N_RGB__1-003034-L0 Test chart G with 40x27=1080 colours; equidistant 9 or 16 step colour scales; Colour data in column (A—n): rgb (A_j + k26_n27), 000n (k), w (1), nnn0 (m), www (n), cofo
TUB-test chart RE68; 1080 standard colours, ¢/=1 input: rgb/cmyk —> rgb/cmyk
- Test chart according to DIN 33872 output: no change >
-6 C M Y [0] L v -6

Fig. 37 - TUB RE68 colour test chart with 1080 colours defined by rgb and equivalent data

Fig. 37 shows the TUB RE68 colour test chart with 1080 colours. The left 729 (=9x9x9) colours (columns Ato a
and rows 01 to 27) show a standard grid (Grid G) which is often used for output colour measurement.

The following 243 (=3x9x9) colours (columns b to j, and rows 01 to 27) show opponent colour planes Ry - Cy,
Yy - By, and Gy - My with three times the achromatic series in the diagonal.

At least there are 9 step grey scales (columns k to n, rows 01 to 09) and 16 step grey scales (columns k to n,
rows 10 to 25) and the six most chromatic device colours and black and white (columns k to n, rows 26 and 27).
There are two equivalent definitions for chromatic colours by two PostScript operators:

r g b setrgbcolor

¢ my 0 setcmykcolor
The output looks usually different and the difference is device-dependent. The two version are realized in Fig.
37. The large square sample colour are defined with the PS operator r g b setrgbcolor and the inner square
colours are defined by the PS operator ¢ m y 0 setcmykcolor.

All values of rgb and cmyk are in the range 0 to 1, otherwise a negative value is set to zero, and for values
larger 1 the value is set to one. There is the so called 1-Minus-Relation (1MR) between rgb and cymk which is
given by

c=1-r m=1-g y=1-b k=n=1-w=0.
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If the lowest value w = min (r g b) which is called the white value w of the three is larger than zero then the
following relations are equivalent:
c=1-r-w m=1-g-w y=1-b-w k=n=1-w.

There are four equivalent definitions for achromatic (grey) colours with r=g=b=w by the PS operators

w w w setrgbcolor

n n n 0 setcmykcolor

0 0 0 n setcmykcolor

w setgray
These definitions are used in the four rows k to n of the TUB RE68 test chart. The output looks usually different
and is device-dependent.

8.2 Screen shot of the display output with the software Adobe FrameMaker

Eﬂ,r CIE colorimetry and sccording to the PosiSconpl Refersnce Manusl there are manmy sguivalent relati'.leé
coordinates b and cmyd to describe colours in digital files and the (analog or visual) surface or display colourd] :
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Fig. 38 - Screen shot of the 1080 colour output by the software Adobe Frame Maker

Fig. 38 shows a screen shot of the output of the 1080 standard colours defined by the four PS operators:
- rg b setrgbcolor
- ¢ my 0 setcmykcolor (always in addition as the inner square with half of the diameter for any colour)
- 0 0 0 n setcmykcolor
- w setgray

with corresponding values defined by the 1-Minus-Relation. The output is equal with Adobe Frame Maker.

Therefore the display output of Fig. 38 (a screen shot produces a {iff- or pdf-file) is equal. However, the printer
output of Fig. 38 (based on the PDF-file created by the software Adobe Frame Maker Version 8) shows up to
four different colour outputs for the four equivalent PS operators, similar as the present version of the software
Adobe Reader
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The software Adobe Frame Maker produces for the four PS operators
- equal output on the screen as intended for the four equivalent PS operators by CIE colorimetry,
- and a PDF file for later print if requested.

The software Adobe Reader produces with the same PDF-file (which includes the four PS-operators)
- a different device-dependent output on the screen and in print for the four equivalent PS operators.

It is obvious that a device-independent standard of ISO, IEC or the CIE is needed. At present many of the
devices produce for values around cmyy = (0,45 0,32 0,32) a mean grey and not for cmy, = cmy4 =(0,5 0,5

0,5). There is a historic basis for this strange cmyy values. A special offset process has produced for the values
cmyy = (0,45 0,32 0,32) a mean grey. However, by many reasons grey shall now be produced by the black
colorant N (K) only, if the device has a black colorant (and for example the three additional colours CMY).

Note: The software Preview of the Mac operating system OSX up to Version 10.2 includes the 1-Minus-Relation and has
produced equal colour output for equivalent colour definitions. Since Version 10.3 the output is different.

Note: In addition the software Preview of the Mac operating system OSX changes any PS file to a PDF file by a double click
on the PS file. Therefore output linearization is possible with the software Preview of the Mac operating system OSX without
additional software. For this purpose usually the software Adobe Distiller on a Mac or on a Windows operating system is
used.

Table 5 - Equivalent PS operators for grey colours by CIE colorimetry and PostScript

5 steps of grey series Colour space, colour space coordinates and PostScript operator
black — white (Ng — Wq) calculations according to ISO/IEC 15775:1999-12

Linear mixture between relative CIELAB

black and white lab*w* lab*000n*3=000n%*y | lab*cmy0*=cmy0% |lab*rgb*=rgb*y
in CIELAB colour space setgray | 000n*y setcmykcolor| cmy0% setcmykcolor|rgb*3 setrgbcolor
1,00Ng+0,00W4 (Black Ng) 0,00 0,00 0,00 0,00 1,00|1,00 1,00 1,00 0,00{0,00 0,00 0,00
0,75Nq+0,25W4 0,25 {0,00 0,00 0,00 0,75/0,75 0,75 0,75 0,00|0,25 0,25 0,25
0,50Ngq+0,50W4 0,50 (0,00 0,00 0,00 0,50|0,50 0,50 0,50 0,00{0,50 0,50 0,50
0,25N4+0,75W4 0,75 (0,00 0,00 0,00 0,25|0,25 0,25 0,25 0,00|0,75 0,75 0,75
0,00Ng+1,00W4 (white Wy) 1,00 {0,00 0,00 0,00 0,00(0,00 0,00 0,00 0,00|1,00 1,00 1,00

SE250—-1

Table 6 - Equivalent PS operators for cyan blue colours C by CIE colorimetry and PostScript

5 steps of colour series
cyan blue — white (Cq — Wy)

Colour space, colour space coordinates and PostScript operator
calculations according to ISO/IEC 15775:1999-12

Linear mixture between

Standard CIELAB

relative CIELAB

relative CIELAB

cyan blue and white
in CIELAB colour space

LAB*LAB* = LAB%
LAB?*§ setcolor

lab*cmy0% = cmy0%
cmy0%; setcmykcolor

lab*rgb*y =rgb%
rgb*y setrgbcolor

1,00Cq +0,00W4 (cyan blue Cyq)
0,75C4 +0,25 Wy

0,50Cq +0,50W4

0,25C4q +0,75W4

0,00Cq +1,00W4 (white Wy)

58,62 -30,62 -42,74
67,82 -2321 -30,86
77,02 -15,80 -18,98
86,21 -839 -7,11
9541 -098 4,76

1,00 0,00 0,00 0,00
0,75 0,00 0,00 0,00
0,50 0,00 0,00 0,00
0,25 0,00 0,00 0,00
0,00 0,00 0,00 0,00

0,00 1,00 1,00
0,25 1,00 1,00
0,50 1,00 1,00
0,75 1,00 1,00
1,00 1,00 1,00

SE250-5

Table 5 and Table 6 show equivalent PS operators for grey colour series between black N and white W, and for
a 5 step colour series between cyan blue C4 and white W. The output with the four standard PS operators shall

be the same by CIE colorimetry and the PostScript programming language, see PostScript Reference Manual.
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8.3 PostScript Frame File code with output linearization method (FF_LM)

42

Table 7 - Frame File Postscript code (FF_PS) with three loops

Frame File PostScript Code (FF_PS) with three loops (important parts)
and line 05 (%line 139) to include different transfer PS codes
and line 20 (%line 239) to include the PS code of an ISO or DIN ftest file

01 %!PS-Adobe-3.0 EPSF-3.0 SE34LMFF.PS 20110801

02 %%BoundingBox: 0 0 842 595

03

04 %linel69 %BEG INCLUDE TRANSFER PS CODES

05

06 %END INCLUDE TRANSFERS PS CODES

07 %%EndProlog

08 gsave

09

10 colormlO0Of 1 colorm20f {/colormf exch def %colormlOf,colorm20f
11 gsave

12

13 xcolorlOf 1 xcolor20f {/xcolorf exch def %xcolorlOf,xcolor20f
14 gsave

15

16 xchartl0f 1 xchart20f {/xchartf exch def %xchartlOf,xchart20f
17 gsave

18

19 %line 239 %BEG INCLUDE TEST FILE PS CODE

20

21 %END INCLUDE TEST FILE PS CODE

22

23 68 MM 1.5 MM moveto

24 (http://130.149.60.45/~farbmetrik/SE34/SE34LMFF.PDF) showde
25

26 showpage

27 grestore

28

29 } for %end for xchartf=xchartlOf,xchart20f

30 grestore

31 } for %end for xcolorf=xcolorl0Of,xcolor20f

32 grestore

34 } for %end for colormf=colormlOf,colorm20f

35 %%Trailer

Remarks:
The outer loop 10 to 34 is without and with a Linearization Method

colormf=0 or I without and with Frame File Linearization Method (FF LM)

The middle loop 13 to 31 is for the amount of Room Reflections
xcolorf=0 to 7 for 8 display luminance reflections

The inner loop 16 to 29 is for the amount of ISO test pages
xchartf=0to 11 for I to 12 ISO and DIN test file pages

Inclusion of TRANSFER PS CODE, for example 1MR, DEH, at line 05
Inclusion of TEST FILE PS CODE, for example ME16 of ISO 9241-306

SE340-7N
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Table 7 shows an example PS code with three loops. A similar code is used to produce for example the output
of many pages, see the file PS text (9 300 lines!)
http://farbe.li.tu-berlin.de/RE69/REGILOFP.TXT

If one changes the extension from “.TXT” to “.PS” then for example the software Mac Preview produces a PDF
file with 64 pages within a minute. This file includes according to line 5 of Fig. 23 the 1-Minus-Relation and
calculates 1080 measurement data from the rgb data according to IEC 61966-2-1. This produces a table with a
cloud of 729 rgby and corresponding (L*a*b*C*,,h4p)q data. The CIELAB data fill a double cone with the L*C*,,
data of a 48 step colour circle as basis.

On the pages 20 to 32 (first series) for the 1080 colours of the standard display the above file shows the tables
rgb*y - LCh*4 (intended relation) and the tables rgb™y - LCh™ (relation with dash-star coordinates for output
linearization). The following two coordinates are identical: rgb™y = rgbyy (device to device output). The colour
difference AE™,, 4 between intended and real output is the difference between LCh*y and LCh™.

On the pages 42 to 64 (second series) for the 1080 colours of the standard display the above file shows the
tables rgb*, - LCh*, (intended relation) and the tables rgb’*, - LCh™, (relation with dash-star coordinates for
output linearization). The following two coordinates are identical: rgh™, = rgb. (device to elementary output).
The colour difference AE*,, . between intended and real output is the difference between LCh*, and LCh™,.

Both tables are listed in Fig. 30 on page 32 (device output) and Fig. 31 on page 32 (elementary output).

8.4 Hue and colour output and accuracy for the sRGB display colours

u Y M
-:l http://130.149.60.45/~farbmetrik/RE69/RE69LONA.TXT /.PS; transfer output -_I
N: no 3D-linearization (OL) in file (F) or PS-startup (S), page 9/1
Data of Maximum color M in colorimetric system Offset standard print; separation cmyn6*, D65 for input or output; Six hue angles of the 60 degree standard colours RYGCBMy: Iy, g5 = 30.0, 90.0, 150.0, 210.0, 270.0, 330.0;
Six hue angles of the device colours RYGCBMyg: hyp g = 40.0, 102.9, 136.0, 196.4, 306.3, 328.2; Six hue angles of the elementary colours RYGCBM,: hyy, o = 25.5, 92.3, 162.2, 217.0, 271.7, 328.6

hab,a fab,s Mab,e P80 *ade4m LAB*34x64M (x=LabCh) 7eb*dex361M  LAB*qex361M rgbreb s reb gl
400 300 254 |10 00 00 504 769 64.5 1004 40.0 gm\ 10 00 0263509 783 373 867 25
413 375 338 |10 012500 SIS 739 649 983 413 10 00 0156507 77.7 510 929 33
446 450 421 |10 025 00 540 667 659 938 44.6 10 015700 522 720 653 972 42
507 525 505 |10 037500 582 554 67.9 877 507 | S07]10 035800 577 S69 67.8 886 49
507 600 588 [L0 0.5 00 636 413 710 822 597 | 97]10 048800 631 428 709 828 S8
710 675 672 [L0 062500 70.1 257 750 793 710 o]0 057700 676 318 739 805 66
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1105 975 101.0[0.875 1.0 00 904 331881 941 1105 1o 10 096700 906 -16489.5 910 100
1176 1050 1097[0.75 1.0 00 885 449858 968 117.6 11040888 1.0 0.0 90.7 ~31.7885 94.0 109
1236 1125 11850.625 1.0 00 869 558839 1007 123.6 [1236 174074310 00 885 454858 971 117
1283 1200 127205 1.0 00 857 652824 1051 1283 [1283 0520 1.0 00 860 629829 104.1 127
1318 127.5 13600375 1.0 00 847 728812 109.1 131.8 [131 13210 0.0 §38 -81280.1 1141 135
1341 1350 1447[025 1.0 00 841 782805 1122 1341 [1341 =200 1.0 041 841 768543 941 144

135.5 142.5 153.4[0.125 1.0 0.0 837 -81.480.0 1142 1355 % =00 1.0 0573846 -709363 798 152
1360 150.0 162200 1.0 0.0 83.6 -82.779.8 1150 1360 m.e/ Tos 00 10 0706852 646207 67.9 162
137.0 157.5 169.0[0.0 1.0 0.12583.6 -82.176.6 1123 137.0 / 2900 1.0 0778855 -60.612.2 619 168
139.3 165.0 175900 1.0 025 83.8 -80.569.1 106.1 139.3 uﬁ/ 17300 10 0847859 56440 567 175
1432 1725 1827[0.0 1.0 0375840 —77.858.1 97.1 1432 00 1.0 09 862 -532-20 533 182
148.6 180.0 189.6[0.0 1.0 0.5 843 ~73.7449 864 1486 //EOU 10 0952866 —49.8-83 50.6 189
155.8 187.5 1964 (0.0 1.0 0.625847 —68.530.6 75.0 1558 |i55 1963400 1.0 0997869 —463-13.2483 195
165.6 195.0 2032[0.0 1.0 0.75 853 —62.0159 640 1656 //00 0963 1.0 843 —42.5-182464 203
178.8 202.5 2101 [0.0 1.0 0875860 —5451.0 545 1788 / 0.0 092910 818 —388-22.1447 209

196.3 210.0 2169000 1.0 1.0 86.8 —46.1 -13.548.1 196.3 0.0 089 1.0 79.1 —342-257429 216
219.8 217.5 223.810.0 0875 1.0 779 -323-27.042.1 2198 219 0.0 0859 1.0 769 -30.7-29.042.4 223

247.2 225.0 230.60.0 0.75 1.0 69.1 —17.0-40.744.1 2472 0.0 0826 1.0 745 -27.1-33.143.0 230
269.8 232.5 237.500.0 0.6251.0 603 —0.1 —54.654.6 2698 M&N 0.0 0797 1.0 724 -23.5-36343.4 237
285.0 240.0 2443000 05 1.0 51.7 183 —68370.7 285.0 5.0 \4-7—20'0 0.763 1.0 70.1 —18.9-39.544.0 244
294.8 2475 251.200.0 0375 1.0 438 37.6 —81.289.5 294.8 4.8 0.0 0731 1.0 678 —15.0-43.1458 250

301.1 255.0 258.0]0.0 025 1.0 37.1 559 -923107.9 301.1 11 00 0.69 1.0 649 -10.1-48.049.2 258
304.8 262.5 264.80.0 0.125 1.0 324 69.5 —100.0121.8 304.8 4.8 00 0.6551.0 624 —-5.0 —51.852.1 264

306.2 270.0 271.710.0 0.0 1.0 303 76.0 —103.5128. 6.2 \u .0 0.6091.0 593 1.7 -56556.6 271
306.6 277.5 278.80.125 0.0 1.0 31.0 76.2 —102.4127. 6.6 00 055510 555 93 —62963.7 278
307.5 285.0 28591025 0.0 1.0 32,6 768 —99.8125.9 307.5 7.5 0 04881.0 510 199 -69.672.5 285
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3116 3000 300.1 0.5 00 10 385 798 -89.7 1200 311.6 m% Sel00 027 10 382 528 906 1050 300 o
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59070 1003834 10 TABTa0, YN=07, XY Znw=0.0, 0.0, 0.0, §4.2, 88.6, 6.3, LAB*nw=0.0, 0.0, 0.0, 954, 0.0, 0.0, not adaptcd=adapted Output.
TUB-test chart RE69; 1080 standard colours, cf=1 input: rgb/cmyk —> rgbq
- (a* b*): 48 step hue circles; rgh—LabCh*tables output: transfer to rgbg y
-6 C M Y 0] L Vv -6

Fig. 39 - rgb and CIELAB data of a 48 step hue circle for the device and elementary sRGB colours
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Fig. 39 shows rgb and CIELAB data of a 48 step hue circle for the device and elementary colours. For the
SRGB display colours near the hue angle h,, .=306 a large range of rgby data with a hue angle range of 30
degree (h,, 4=300 to h,, 4=330) produce only a small change of the visual rgb, data with a hue angle range of
only 10 degree (h,, =300 to h,, ,=310).

- s v . 0o = =
Tiip://130.149.60 45/~ farbmetrik/PE10/PETOLONP.PDF /.PS; Transfer output ‘ -:l PE1000s
ﬁa N: No 3D-Output Linearization (OL) data in File (F), Startup (S) or Device (D), Page 2/1
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-:lTUB -test chart PE10; Colour rendering in image technology ~ input: rgb/cmyk —> rgbq -:l
- 54 standard colours colorm—O deintp=0, sRG output: Transfer to rghyq <
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Fig. 40 - HIC*4 data of the TUB test chart PE10 for colour rendering with a 16 step device hue circle

Fig. 40 shows the HIC*; data of the TUB test chart PE10 for colour rendering with a 16 step device hue circle.
In addition there are three 8 step colour circles: whitish, central (greyish), and blackish. Finally there is a 9 step
grey scale. The first and last colour of the 16 and 8 step colour circles are the same. This reduces difficulties for
visual evaluations of the colour differences between the first and last step.

The following Fig. 41 shows the HIC*, data of the TUB test chart PE10 for colour rendering with a 16 step
elementary hue circle. The colour samples in the first two lines have maximum chroma and create a 16 step
colour circle. The colour samples in the following three lines have half of the maximum chroma and create
three 8 step colour circles (with high lightness, mean lightness, and low lightness) and a 9 step equally spaced
grey scale. With this property the TUB test chart PE10 may be more appropriate for colour rendering
applications compared to other test charts with a similar amount of samples.

There are several reasons for this assumption:

1. The hue circle is visually spaced and based on the elementary hues. Any hue change may be evaluated
visually without any reference colours.

2. Three additional 8 step hue circles fill the natural colour space.

3. The four hue circle cover the natural lightness of the colours, for example a light yellow and a dark blue.

4. The TUB test chart PE10 for colour rendering includes a 9 step grey scale which is important for images.
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2 e e 4 1
http://130.149.60.45/~farbmetrik/PE10/PE 10LOFP.PDF /.PS; 3D-Tincarized output -:l PEIO1S
(7 F: 3D-Output Linearization (OL) data PE10/PE10LE30FP.DAT in File (F), Page 2/1
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Fig. 41 - HIC*, data of the TUB test chart PE10 for colour rendering with a 16 step elementary hue circle

Fig. 41 shows the HIC*, data of the TUB test chart PE10 for colour rendering with a 16 step elementary hue
circle.

Table 8 - CIELAB colour differences AE*,;, of start and linearized output of the standard sRGB display

Calculation of display output by Display output transfer and linearization

files and series of sSRGB display according to IEC 61966—2—1

files, colour amount, page, and serie test colours | colour difference AL, (real-intended)
file and output colours| page, serie | content hue transfer 3D-linearization
code (d, e, dd, de) d (de=0) | e (de=1)| dd (de=0)| de (de=1)
RE69LONP.PDF 57 18,1 and 2 | hue circle 0,9 26,3 0,1 0,4
(output of d, e) 53 19,1 and2 |testchart1 6,5 21,3 0,8 0,8

and 81 28,1and2 |planeR—C |7,3 11,2 0,8 0,7
RE69LOFP.PDF 81 29,1and2 |plane Y-B |87 27,1 0,7 0,6
(output of dd, de) 81 30,1and2 |plane G-M |114 22,0 0,6 0,6

SE360-1

Table 8 shows the CIELAB colour differences between real and intended colours on a sRGB display for no
room light reflection on the display (L,=0). For the 48 steps of a hue circle and the 9 grey steps (57 colours) the
CIELAB colour difference is AE*,, 4 = 0,9. However, the colour difference is AE™,;, . = 26,3 for the start output of
the sRGB elementary colours. These differences are reduced to AE*,, 49 = 0,1 and AE™,, 4o = 0,4 by output
linearization. The remaining difference is therefore below threshold (AE*,,=1). This is similar for the colours of
the test chart PE10 for colour rendering. This test chart is shown in Fig. 40 on page 44 for the intended device
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colour output and in Fig. 41 for the intended elementary colour output. Again the mean difference is below
threshold and similar for the 81 colours in the hue planes R-C, Y-B, and G-M for the two intentions device
colour and elementary colour output.

Compared to other output methods the accuracy is by a factor 10 higher, for example compared to ICC colour
management according to 1ISO 15076-1. This difference occurs if the triangle encoding of this paper is
compared with the usual 8 bit CIELAB encoding of ICC-colour management, compare the encoding space in a
hue triangle in Fig. 14 on page 18.

According to CIE 168 the sRGB colour space fills only 20% of the CIELAB coding space.

The standard sRGB space according to 1ISO 9241-306 with 2,5% room light reflection fills half of the space
defined by no room light reflection.

Therefore the coding of the for example 729 measurement data between -128 to 127 (8 bit) for CIELAB a* and
b* and between 0 and 100 for L* produces at least coding errors of AE*,,=1. These errors are here avoided,

because only the L*a*h* data of a 48 step colour circle are used with for example two digits after the comma for
the three CIELAB data L*a*b*.

Similar tables compared to Table 8 on page 45 with the colour differences 4E*,,, are available

- for different room light reflections on the screen or

- for different CMY and CMYK printers with only rgb input or

- for different CMY and CMYK printers with the additional cmyk input or
- for CMYK offset print with rgb or cymk input.

In these cases the standard deviation of the general colour output plays a larger role and increases the colour
differences AE*,, between the intended and the real output.

For example the 6 basic colours RYGCBM are 3fold on the test chart with the 1080 colours (Fig. 3 on page 10).
A digital photo printer with rgb or cmy0 input data has shown a standard deviation near AE*,,=0,5.

For two laser printers no. 1 and 2, and offset print, all with cmyk input data in the file, the output colour depends
often on the colours of the neighborhood and is between AE*,,=2 and 5.

In addition for the laser printer no. 2 with only rgb data in the file the very irregular start output produces
problems and irregular output, see Fig. 49 on page 54.

Therefore, and in addition, the colour differences AE*,, are dependent on device specific properties of printers
and offset print.

The accuracy of the proposed method OLM16 for output linearization of this paper is given in Table 8 and is

below
AE*,, <=1. This is in the range of the visual threshold.
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9 Methods of affine and minimum colour difference output for displays and prints

9.1 Definition of affine colour reproduction between displays and printers or offset print

AE*=2.61 L* AE*=2.51
95
(

AE*=5.18

AE*=5.08

Part 1 SE281-1 Part 2 SE281-2

Part 3 SE281-3 Part 4 SE281—4

Fig. 42 - Affine (linear) colour transfer between linearized display and printer or offset print output

Fig. 42 shows the affine (linear) colour transfer between the standard linearized display and the offset output. In
the top figure (left and right) 16 steps of the display (yellow balls) and printer (black balls) are shown. The
display differs by the output of black with the lightness L*=0 (left) and L*=18 (right). The standard lightness
L*=18 is defined for standard offset output according to ISO/IEC 15775 and for standard display output
according to ISO 9241-306. The standard display output of IEC 61966-2-1 is in a dark room without any display
reflection and has the lightness L*=0 for black. This case is shown in the left bottom figure in yellow.

The two bottom figures show a complex transfer on the left side and the more simple on the right side. Any
colour of the yellow triangle is shifted to a colour of the black triangle. Therefore any colour on the display
transfers to a reproducible colour on the printer. The whole triangle gamut of both the display and the printer is
used.

However, the lightness L* of all cyan colours on the printer is lower compared to the lightness of the display
colours (bottom right).
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9.2 Definition for minimum colour difference reproduction between displays and printers

S b~
%

Part 1 SE281-5 Part 2 SE281-6

Fig. 43 - “Minimum colour difference” transfer between linearized display and printer output

Fig. 43 shows the “Minimum colour difference” transfer between linearized display and printer output. Again the
16 steps of the display (yellow balls) and printer (black balls) are shown. Both transfers (left and right) show a
shift of the light colours. In addition the darker colour series is shifted on the right side. The minimum colour
difference AE*,, according to CIELAB is only reached on the left side. However, the “standard” ISO 15076-1
(ICC colour management) allows many proprietary solutions, which many companies use to a high degree.
They are all called colour management according to ISO 15076-1.

In Fig. 43 for both cases of the colour transfer any colour of the yellow triangle is shifted to a colour of the black
triangle. Therefore any colour on the display transfers to a reproducible colour on the printer.

However, the whole triangle gamut of the printer is not used, only about 70% for the cyan hue. Many colours
which differ on the display are equal on the printer. There is loss of colour information for about 20% of the light
display colours for the cyan hue. However, up to now many printer companies seem to favor this kind of
reproduction. This method is especially used for the so called RGB printers with the usual rgb input. These
printers need rgb data in the files. In the case that cmyk data are in the file, there at first a device-dependent
and software-dependent change to rgb values is used. However within the printer or the driver again a change
to cmyk values is necessary.

In addition some companies produce the output according to company specific user wishes or preferences.
Usually companies produce lighter colours compared to the colorimetric affine match. An example of an RGB
printer will be shown later in Fig. 48 on page 53.

The different device colours, the “Minimum colour difference” criteria, and the company specific consider of
user wishes produce colours which are not distinguishable on the printer output for many very different colours
on the screen. This may be called a colour chaos in the colour reproduction area. Some colour differences of
the 16 step series on the display with a value AE*,, = 5 are in this case reduced below the colour threshold with

AE*,, =1 and are not distinguishable. There is a large variety of outputs on the market.

However, for the affine transfer there is only one solution. The output properties can be evaluated visually for
the display or printer output without any measurement equipment, for example with the test charts of DIN
33872-2 to -6, see

http://www.ps.bam.de/33872E

For the 16 step series the value AE*,, = 5 may vary depending on the display or the printer. Fig. 42 on page 47
shows for the series between white and cyan and between white and red differences between AE*;,=2,51 and
5,18. (right). Therefore all the steps are visible (AE*,,>1) on both devices and there is no loss of colour
difference information.
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10 Start and linearized output of printers with CMY and CMYK device colours

10.1 Linearization of a CMY photo printer with rgb data in the file

Linear relation CIELAB (L*, a*, b*) and adapted (a) CIELAB (C*%j, ,, L*)
System: SE45_FRS09_92_D65_00%_G0 P=(L*—LY)/(Liy-LY)

Hue: oy gooya=38/360; hap Gsopa=236/360 e g e aty — |
bY=b*— bR — 1% [ by — b ]
Chpa=lat? +5%7 112

lightness L *I

ivgma L&D, ,

=

SE450-1N
Linear relation CIELAB (L% a*, b*) and adapted (a) CIELAB (C%p, 5, L*)
System: SE45_FRS09_92_D65_00%_G0 P=(L*—LY)/ (L% —-L%K)
Hue: 71,p, v9Ga=96/360; hyy, goora=305/360 ah=at—ak - 1% [ @iy — aX |
bi=b*— b —I*[b{y —bK ]

i w2y pe2 12
Cipa=lay + 5571

lightness L*I

Linear relation CIELAB (L*, a* b*) and adapted (a) CIELAB (C%p, 5, L*)
System: SE45_FRS09_92_D65_00%_G1 P=(L*—LY)/ (L —-L%Y)
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Fig. 44 - Start and linearized output in CIELAB hue planes Ry - C4, and Yy - By

Fig. 44 and many of the following figures show the start output on the left side and the linearized output on the
right side. The examples in Fig. 44 and Fig. 45 on page 50 are for a photo printer which holds the 1-Minus-
Relation. Both PS operator rgb setrgbcolor and 1-r -1g 1-b 0 setcmykcolor produce the same output.

The 1-Minus-Relation is for example valid for Adobe FrameMaker 8 on Windows. It is for example usually valid
for the operating system Unix. All the PS figures on the servers

http://www.ps.bam.de and http://farbe.li.tu-berlin.de

have been developed with the software Decwrite on the operating system Compac VMS which holds the
colorimetric 1-Minus-Relation. The 1-Minus-Relation was valid for the software Preview on the operating
system Mac OSX until version 10.2 (about 2004). At that time the colour output switched to a colour output
which is similar to the output of the software Adobe Reader. The output of this software differs according to the
version. A larger change in the gamma function appeared between Adobe Reader, Version 3 and 4 (about
2004).

In Fig. 44 the start output (left) of the photo printer produces a colorimetric tint (AE*,, about 5) for many grey
steps. The grey axis is defined by the CIELAB data (a*y, b*y) of white and (a*y, b*\) of black and differs only
slightly from the intended zero values for all these data.

In Fig. 44 the linearized output of the photo printer produces a regular spacing within the hue planes
R4-C4 and Y4-By. The grey scale is now equally spaced in L*. The grey scale is now achromatic and in that
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case printed by the CMY photo colorants. All the plots of Fig. 27 are based on real measurements of the start
and linearized output. The colour difference between the intended and real colour is near the value AE*,,=0,5.

Linear relation CIELAB (L*, a* b*) and adapted (a) CIELAB (C%p, 5, L*)
System: SE45_FRS09_92_D65_00%_G0 F=(L*—LY)/(Liy—-LY)
Hue: h,p, Goopa=151/360; h,p, gsora=354/360 P . %
> s a% v—ay|
bi=b* = b~ I* [ by — b ]
2 2,12
aba=lay + 67571

lightness L *I

(Cb,a,M> LW
chroma C¥ ,
i

SE450-3N

Linear relation CIELAB (L*, a*, b*) and adapted (a) CIELAB (C%, ,

System: SE45_FRS09_92_D65_00%_G1
Hue: higp, Goopa=151/360; hiyp, psora=354/360

P=(L* = LX) /(L
a1 aty - ak ]
—bN by —bN ]
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b=l @y + %]

lightness L *I

(Cap,a,M> LMD
chroma C¥ ,
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Linear relation CIELAB (L%, a*, b*) and adapted (a) CIELAB (C%,, ,, L¥)

System: SE45_FRS09 92 D65_00%_G0 P=(L*—~ LK)/ Ly~ LK)
CIELAB hue angles: e Y -
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Fig. 45 - Start and linearized output in CIELAB hue planes G, - My, and for hue circle

Fig. 45 shows again the start output on the left side and the linearized output on the right side for the photo
printer. The two top figures for the hue plane G4 - My show similar properties compared to Fig. 44 on page 49.

The two bottom figures show the six series between white and the most chromatic colours in a CIELAB (a* b¥)
diagram. The start output shows some change of the CIELAB hue angle h,,. The linearized output shows the

samples on straight lines as intended.

NOTE: In Fig. 45 it was intended to produce the colours on a hexagon, for examples on a line between Yy and Gy in the
diagram (a* b*). The present software version OLM16 uses the maximum chroma for 48 hue angles. The older software
version OLMO04 of ISO/IEC TR 19797:2004 uses the maximum chroma for 06 hue angles. In this case the 6 device colours
and the colours on the black connection lines are used as reference for the colours of maximum chroma. For the OLM16
the chroma is between Y4 and Gy larger compared to the black connecting line between Yy and Gg.
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10.2 Linearization of a CYMK laser printer no. 1 with two transfers rgb - cmyk in the file

Linear relation CIELAB (L* a*, b*) and adapted (a) CIELAB (C%p, 5, L*)
System: R_LRS25 Z47N_N4 P=(L*—LY)/L¥y—L%)
Hue: hyp, rooya=38/3605 Ay, Gsopa=236/360

Linear relation CIELAB (L*, a*, b*) and adapted (a) CIELAB (C*,}, ,, L*)
Hue: 7,y pg = 38/360; hyp, cq = 236/360

ad=a*—a—I*[a{y—ay] System: ORS18a
B=b* = b —1* [ by~ bX ]
tna=lay’ +571 "

lightness L*I
lightness L*

I C
/ < \

(C¥ap,a,m0 L)
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%
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-

*
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Fig. 46 - Two start outputs with the separations cmyn4* and cmyn5* on a CMYK laser printer

Fig. 46 shows start outputs with the separation methods cmyn4* and cmyn5* for a CMYK laser printer with
cmyk data in the file. There are many method to transfer rgb data in the file to cmyk data in the file. CIE
colorimetry and PostScript define the 1-Minus-Relation which transfers the

PS operator r g b setrgbcolor to the

PS operator ¢ m y k setcmykcolor.

For the most chromatic colours itis valid ¢ = 1-r, m = 1-g, y = 1-b, and k=0.
For all colours it is valid w = min(r g b), ¢ = 1-r-w, m = 1-g-w, y = 1-b-w, and k = w.

The value w is subtracted from the original three values cmy. This method is called undercolor removal and has
the property that for all grey colours with r=g=b only black is used for the print. Therefore the printed black (for
example in colour figures) is always printed only by the black colorant. This reduces the printing costs
compared to the overprint of three colorants to produce black.

However, Fig. 29 (left) shows that many dark chromatic colours can not be not printed. This unwanted case is
avoided in Fig. 29 (right). Here different amounts of black between 0 and 100% are printed on top of Ry or Cy.
However this output produces a black with a reddish tint or cyan tint. Both colours have a lightness lower
compared to the lightness of the black colorant and in addition there is a gap near black N produced by only the
black colorant.

For the intention to produce all the colours up to the triangle line between black N (only) and Ry or Cy, there is
the following solution. For example if 50% cyan and 50% black are overprinted the result is a whitish cyan. The
explanation is as follows. If 50% cyan is printed then 50% of the white paper is now cyan. If in addition 50% of
black is printed, then 25% is cyan, 25% is black, 25% is the overprint cyan and black, and 25% is still white.
The result is a shift of the output colour 0,5(C4+Ny) towards the white point, compare Fig. 46 (left).

For example this shift towards white can be avoided if for example 50% cyan and 75% black are overprinted
which reduces the shift towards white. According to Fig. 46 some shift towards white is allowed because the
colours are below the line Ry-N or C4-N for complete overprint.

Instead of the colour separation cmyn4* defined by the 1-Minus-Relation the colour separations called cmyn5*
and cmyn6* have been used for output separation in this report. The lines R4-N and C4-N are reached by the
start output of the fixed transfer rgb -> cmyn5™* of this laser printer with a cmyk input channel.

The start and linearized output properties of such a printer will be discussed in the following.
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10.3 Linearization of a CYMK laser printer no. 1 with a special transfer rgb - cmyk in the file

Linear relation CIELAB (L*, a*, b*) and adapted (a) CIELAB (C*%j, ,, L*)
System: R_LRS24_7Z48N_N5 *=(L¥—LY)/ L¥y—L%)
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Fig. 47 - Two start and linearized outputs Ry - C4 and G4 - My with the separation cmyn5*

Fig. 47 shows two start and linearized outputs in the hue planes R4-C4 and G4-M4 on a CMYK laser printer with

cmyk data in the file.

The cmyk data in the file are computed by a fixed separation equation called cmyn5*. This equation transfers
the rgb data in the file to cmyk data, and for example all data withr=g=btoonly a k=w =1 - k value.

This equation cmyn5* is different compared to the separation cmyn4* which can not produce the output colours
on the line Ry-N and C4-N, compare Fig. 46 on page 51 (left).

The output shows a reasonable spacing. However there is some more scatter of the results (right) compared to
the photo printer in Fig. 44 on page 49 and Fig. 45 on page 50.

In addition the lightness L* of black is near L*=24 instead of L*=9 for the photo printer.
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10.4 Linearization of a CMYK laser printer no. 2 with only rgb data in the file

Linear relation CIELAB (L*, a*, b*) and adapted (a) CIELAB (C%y ,, L*)
System: SE417HRS]67967D65700%7G0 ]*=( L*— L~JN ) / (L i{v = LiN )
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Fig. 48 - Start and linearized output in hue plane Ry - C4 and in CIELAB diagram (a*,, b*,)

Fig. 48 shows the start and linearized output of a low cost PostScript laser printer of a leading printer company.
This Postscript printer has two input channels for rgb and cmyk data in the file.

For equivalent rgb and cmyk data in the file the output on this PS printer is very different. This is similar for the
output of the TUB test chart RE69 with 1080 colours in Fig. 37 on page 39.

Fig. 48 (left) shows an example output, similar to the output of many RGB printers on the market. For many
different rgb data in the TUB file RE69 with the 1080 colours many output colours appear equal, for example
many light cyan colours.

This result may be based on the usual ICC-colour management method which often produce clipping in some
colour areas. This property is expected by the Minimum Colour Difference Method of Fig. 43 on page 48.
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10.5 Hue transfer of a CMYK laser printer no. 2 with only rgb data in the file

- v L (] Y M X
-:l http://130.149.60.45/~farbmetrik/RE61/RE61LONA.TXT /.PS; transfer output -:l

N: no 3D-linearization (OL) in file (F) or PS-startup (S), page 9/1

Data of Maximum color M in colorimetric system Offset standard print; separation cmyn6*, D65 for input or output; Six hue angles of the 60 degree standard colours RYGCBMy: hyp, 4 = 30.0, 90.0, 150.0, 210.0, 270.0, 330.0;

Six hue angles of the device colours RYGCBMg: hqap g = 33.9, 100.4, 145.5, 208.3, 264.1, 351.6; Six hue angles of the elementary colours RYGCBM,: hgp, o = 25.5, 92.3, 162.2, 217.0, 271.7, 328.6 |
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Fig. 49 - rgb and CIELAB data of a 48 step hue circle of a laser printer with only rgb data in the file
Fig. 49 shows the rgbh- and CIELAB data for the standard 48 step hue circle of a CMYK laser printer no. 2. Only
rgb data are used in the file. This is now the common method to describe colours in files, on the desktop, and in
the internet. Column 2 includes 48 different rgb input values in the file with a continues spacing of eight steps,
for example between rgby g=(1 0 0)4 and rgby y=(1 1 0)4. The 48 steps are distributed in the standard file with

the 1080 colours. For the position see for example the page 18 of the file
http://farbe.li.tu-berlin.de/RE69/RE6GILOFP.PDF

In column 2 for any rgb data set one of the three rgb data has the value 0 and another the value 1. This
indicates that the 48 steps produce the maximum (M) chroma which is possible with this printer. Real
measurement data in CIELAB of the output are included in column 2. Usually there is a continues change of the
CIELAB hue angle for a continues change of the rgb data. However, the laser printer 2 shows some hue
changes backwards near rgb4=(0,125 1 0)4 and rgb4=(0 0,125 1)4. In addition a large range of rgb input values
produce nearly the same hue output colours near h,,=152 (roughly near G, with h,, .=162), and near h,,=264
(roughly near B, with h,, ¢=271), and near h,,=33 (roughly near R, with h,, .=26). Therefore many steps of the
output circle look very similar, and especially near the elementary colours R,, G,, and B,.

It is the intention of the OLM16 to produce an equally spaced colour circle output between the four elementary
colours RYGB,. The hue angles h,, . of this circle are known, see the values in third column between h,;, ;=25

towards h,p, =385 (=25). The data in column 2 include a continues hue change h,, 4 of the device colours and
the corresponding rgby and (L*C*,p)4 data. For the h,y, o data listed in column 3 the corresponding rgb, and
(L*C*;p)e data are calculated by linear interpolation. Pages 7 to 16 of the file
http://farbe.li.tu-berlin.de/RE69/RE6GILOFP.PDF

include the corresponding data for h,y, ¢ in the range between 0 and 360 degree, and in steps of 1 degree. This
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table allows a fast calculation for any hue angle of any rgb data. The indices dd (= device to device hue) and de
(=device to elementary hue) and M (maximum chroma) are used for the rgb and L*a*b*C*,,h,, data of the two
colour circles in column 2 and 3.

hue circle 24 steps, rghq

0,51 0q ‘.1 0 10,509
d
0104 100q

hue circle _ — 24 steps, rghq
0,510(”3,‘;" Ll 10,504
= 1 40q

0104 11004

010,5q - 100,5q

b
.

011d. 1014
001q

00,51q 0,501q

100,5q

101q

0,501q

1-003030-L0 UE190-5N, B2_14 1-003030-L0O UE190-6N, B2_14

Fig. 50 - Amount of three device colorants CMY for the output of a hue circle

Fig. 50 (left) shows a hue circle produced with rgby device data. If the output is steered according to the rgby
device data, then the three device colorants CMY will be printed directly for the cmy, values (1, 0, 0)4, (0, 1, 0)4,
and (0, 0, 1)4. According to the 1-Minus-Relation this corresponds to the rgby data (0, 1, 1)4, (1, 0, 1)4, and (1,
1, 0)g4.

Fig. 50 (right) shows the amount of colorants to produce the different hue steps. For the colours cyan, magenta,
and yellow only one colorant is printed on the paper. For the colours red, green and blue two colorants on top of
each other are printed on the paper.

According to Fig. 5 on page 12 (hue agreement according to DIN 33872-5) the example printer produces the
elementary hues according to an rgb* device, for example R, with a hue angle within the range h,,=272+/-8

and not near h,,=305 defined by the sRGB standard IEC 61966-2-1.

However, both Fig. 6 on page 12 and Fig. 49 on page 54 shows that three neighbouring hue steps near R,, G,
and B, are not distinguishable.

If in a worse case for example 5 steps are not distinguishable near G4 with rgby = (0 1 0)4, then the red part
within the figure shows the additional amount of colorant needed in the print.

So a user may be disappointed that three steps are not distinguishable. In addition the cost per page wiill
increase, because the printer produces more overprint colours as visually needed. Both cases happen for the
example printer.

The visual output evaluation of the test chart DIN 33872-5 produces this result without any measuring equip-
ment.

If for the same printer an rgb* device is made according to the OLM16, then the following Fig. 51 on page 56
shows both the intended hue spacing in the output which in addition reduces the cost per page.

Therefore this study shows an example case where an RGB printer of the market, which may disappoint the
user by the test result according to DIN 33872-5, is changed to an rgb* printer with the OLM16. Then this and
most of the other tests of DIN 33872-X will pass.
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10.6 Hue transfer of CMYK laser printer no. 2 with a transfer rgb -> cmyk data in the file

v L [¢] Y M
-:l http://130.149.60.45/~farbmetrik/RE63/RE63LONA.TXT /.PS; transfer output -:l
N: no 3D-linearization (OL) in file (F) or PS-startup (S), page 9/1
Data of Maximum color M in colorimetric system Offset standard print; separation cmyn6*, D65 for input or output; Six hue angles of the 60 degree standard colours RYGCBMy: hyp, 4 = 30.0, 90.0, 150.0, 210.0, 270.0, 330.0;
Six hue angles of the device colours RYGCBMg: hqp g = 33.7,99.8, 153.4, 230.8, 299.6, 351.2; Six hue angles of the elementary colours RYGCBM,: hgp o = 25.5, 92.3, 162.2, 217.0, 271.7, 328.6

ab,d ab,s Hab.e |85 *ad6am LAB*3dx64M (x=LabCh) rgb*dex3eiM  LAB*gex3e1m
337 300 254 [0 00 0.0 469 598 399 719 337 [ 10 00 0245463 592 282 656 25

449 375 338 L0 012500 528 S4d Sad 770 440 e 33710 0.0 0017469 598 392 715 33
574 450 421 [0 025 0.0 603 393 617 732 574 m\\ﬁw_lu 009400 514 561 509 758 42
680 525 50.5 [0 037500 667 273 67.8 73.1 68.0 10 017500 559 485 57.8 755 49
76.7 60.0 588 [1.0 05 00 722 17.1 72.8 748 76.7 éM\\iﬂ-lu 02670.0 612 378 627 732 58
823 675 672 [0 062500 760 103 767 774 823 §N10 035900 659 290 672 732 66

907 750 756 |10 075 00 827 -1.0 79.6 796 907 2&7\_\—7&1”] 048400 715 185 722 746 75
954 825 8§39 [0 087500 869 -7.0 738 741 954 m\\&z—‘-“} 064100 769 89 772 717 83

99.7 90.0 923 |10 1.0 00 913 -14484.1 854 99.7 - 1.0 0.7920.0 842 -3.0 77.7 778 92
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rebg e g 72h e

104.0 105.0 109.700.75 1.0 0.0 89.2 —22.0884 91.1 1040 |l040 0.656 1.0 0.0 833 283789 838 109
111.6 1125 118.500.625 1.0 0.0 81.2 -30.075.6 81.4 1116 |LLl& 204]0.535 1.0 0.0 76.1 -36.0680 77.0 117
1204 120.0 1272005 1.0 0.0 739 -38064.8 752 1204 (1204 J0.38 1.0 0.0 69.6 —43.7575 723 127
127.5 127.5 136.010.375 1.0 0.0 69.3 —44.057.2 72.1 1275 |12 140 0298 1.0 0.0 649 -50249.6 70.7 135
140.2 1350 14470025 1.0 0.0 622 —53.644.5 69.7 1402 1402 | LI81 1.0 0.0 60.0 —57.140.4 70.0 144
1483 142.5 153.400.125 1.0 0.0 581 —59.836.8 703 1483 |4 0011 1.0 0.0 555 —642329 722 152
153.3 150.0 162.2]0.0 1.0 0.0 552 —64.7324 724 1533 [L .0 1.0 0153547 —62.620.1 659 162
160.6 157.5 169.010.0 1.0 0.125 545 —63.4222 672 160.6 |60 .0 1.0 0267551 —59.211.9 604 168
167.5 165.0 175.900.0 1.0 025 549 -59.713.1 61.1 1675 |l& 0.0 1.0 0382556 —5534.0 555 175
Y 1753 1725 1827000 1.0 0375555 —55.64.5 558 1753 |L 0.0 1.0 0463563 -51.9-2.0 52.1 182 )
185.1 180.0 189.60.0 1.0 05 565 —-503-45 50.5 185.1 |L851 0.0 1.0 0549 56.8 —483-8.1 49.1 189
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35113300 3286|1000 10 477 704 -109712 351 Ef\\m}o%x 00 10 353 489 297573 328
3524 3375 3357|1000 0.87547.1 700 92 706 3524 %\ 0.608 0.0 10 384 547 251603 335
3573 3450 3428|1000 075 462 677 30 617 3573 L:\ 076500 10 421 608 187636 342
364.1 3525 349910 0.0 0.625462 650 47 651 364.1 1 \&um 00 0o1sare 01 53 S0k 1
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F630-70 1-003830-L0 TAB a0, YN=0%, XYZnw=2.1, 2.2, 2.2, 85.7,90.7,95.0, LAB*nw=16.4, 0.0, 0.0, 9.3, 0.0, 0.0, not adapted—adapte Output: OTTsct standard print; separation cmyn6*, D63, page 9,
TUB-test chart RE63; 1080 standard colours, ¢/=1 input: rgb/cmyk —> rgbq
(a* b*): 48 step hue circles; rgh—LabCh*tables output: transfer to cmykq
C T Y [0] T

Fig. 51 - rgb and CIELAB data of a 48 step hue circle with cmyn6* separation

Fig. 51 shows the rgb- and CIELAB data of the CMYK laser printer no. 2 for the standard 48 step hue circle.
Now the rgb data in the file have been changed by the separation method cmyn6* to cmyk data. This method
uses complete undercolor removal and therefore the grey scale is only printed by the black colorant.

Fig. 49 on page 54 and Fig. 51 shows the hue circle output of the same laser printer no. 2 which look very
different. Fig. 49 on page 54 is based on only rgb data in the file and Fig. 51 is based on a fixed transfer of rgb
to cmyk data within the file or by the Frame File Linearization Method (FF_LM), see Table 7 on page 42. The
hue output is much more regular except near h,, =100 (roughly near Y, with h,, .=92). The interpolation
methods for the calculation of the rgby. and (L*a*b*C*,p)4e data as function of h,, o are the same in Fig. 49 on
page 54 and Fig. 51. A higher accuracy of the intended hue is expected because of the much more regular
spacing of the start output as function of hy, ¢.

The intended larger hue angle differences Ah,, for the dark output area between green via blue towards red is
indicated by producing only every second step in colour in this region, see the last vertical colour circle. The
lines in Fig. 51 show a trend for the intended larger hue angle difference of the dark output area between green
via blue towards red. This already helps to produce a colour circle similar to an elementary colour circle which
is visually equally spaced.

10.7 Summary for start and linearized printer output

There are printers on the market with the same output for rgb and cmyk data according to the 1-Minus-Rela-
tion. It is hard to linearize at least some of the printers on the market with only rgb input data in the file and no
transfer to cmyk data within the file. However, this is the common use of many of the printers which usually
have no cmyk input channel.
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For any PostScript printer there is according to the PS Reference Manual a cmyk input channel. Here a user
can change the rgb data in the file by different methods, for example by the Frame File Linearization Method
(FF_LM). FF_LM changes the rgb data at least of any figure of this paper towards cmyk data usually at the
moment of the device output. The result is a linearized output which fulfils all the user wishes of DIN 33872-2 to
-6. The transfer from the rgb data in the file to the four data sets rgby, rgb., rgbyy, Or rgbye data is possible within
the file or the workflow.

11 Start and linearized output for CMYK offset print

11.1 Hue transfer of CMYK offset print with transfer rgb -> cmyk in the file

8 v L (6] Y M
-:l http://130.149.60.45/~farbmetrik/RE83/RE83LONA.TXT /.PS; transfer output -:l
N: no 3D-linearization (OL) in file (F) or PS-startup (S), page 9/1
Data of Maximum color M in colorimetric system Offset standard print; separation cmyn6*, D65 for input or output; Six hue angles of the 60 degree standard colours RYGCBMy: hyp, 45 = 30.0, 90.0, 150.0, 210.0, 270.0, 330.0;
Six hue angles of the device colours RYGCBMg: hqp g = 31.7, 100.0, 153.0, 232.9, 299.7, 350.8; Six hue angles of the elementary colours RYGCBM,: hgp, o = 25.5, 92.3, 162.2, 217.0, 271.7, 328.6
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768 600 588 [0 05 0.0 726 166 709 728 768 [ 64}l 025300 619 367 608 70 58
83.0 675 672 [0 062500 767 92 759 764 83.0 %Nm 038600 666 279 64.7 704 66
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377.2 3675 364110 0.0 0375459 610 189 638 377.2 1.0 00 0683459 67.7 —0.1 67.7 359
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ES30-70 1-003830-L0 TAB a0, YN=0%, XYZnw=1.8, 1.9, 1.9, 838,908, 95.2, LAB*nw=14.7, 0.0, 0.0, 9.3, 0.0, 0.0, not adapted—adapte Output: OTTset standard print; separation cmyn6*, D63, page 9,
TUB-test chart RE83; 16 step hue circle, cf=1 input: rgb/cmyk —> rgbq

- a* b*): 48 step hue circles; rgh—LabCh*tables output: transfer to cmykq :

-6 Y [0] T -6

Fig. 52 - rgb and CIELAB data of a 48 step hue circle for the device and elementary offset colours

Fig. 52 shows the rgh- and CIELAB data of the CMYK offset print for the standard 48 step hue circle. Similar as
in Fig. 51 on page 56 the rgb data in the file have been changed by the separation method cmyn6* to cmyk
data. This method uses complete undercolor removal and therefore the grey scale is only printed by the black
colorant.

Fig. 52 and Fig. 51 on page 56 look very similar. Many printer manufacturers use inks and toners which have
roughly similar spectral reflection curves compared to the inks used in standard offset print. Therefore the con-
clusions for the laser printer no. 2 and offset with rgb data in the file and the separation method cmyn6* in the
file are similar. In most cases the user wishes according to DIN 33872-1 to -6 are fulfilled by output linearization
and the use of the 1-Minus-relation. A visual user test with Yes/No criteria is sufficient and effective. No mea-
suring equipment is needed.

The accuracy of the printer output, and of the standard offset output depends on different factors. Any output of
the standard offset process is usually proofed at least by four 5 step colour scales. This visual evaluation or col-
orimetric specification uses equally spaced cmyk data between white and CMYNy in the test file. If there are
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visual differences for the offset print output, then the offset machine is usually adjusted to reach this goal.
Therefore to a high degree the start offset output of the 16 step series is already visually equally spaced. Fig.
40 on page 44 shows the 54 colours of the test chart 1 for colour rendering. For this test chart the colour differ-
ences between the intended and measured colours are AE*,;, 44=2,0 and AE*, 4o=2,4, see page 19 (series 1
and 2) of the file

http://farbe.li.tu-berlin.de/RE83/RE83LOFA.PDF

12 Future device-independent visual RGB* colour space

This last part considers the recent report CIE R1-57:2013 Border between luminous and blackish colours.

Table 9 - The colorimetric coordinates of the Ostwald colours for CIE standard illuminant D65

rgb*e and CIE data of a elementary hue circle according to CIE R1-47 for Ostwald colours
XYZ, xy, YAB, and Lab* data for relative spacing of elementary hue /4, of CIELAB
16 step elementary hue circle with intended elementary hues: A, = 25.4, 92.3, 162.2, 271.7 of CIELAB
X Y zZ X y A B Cag hag L* a* b* C*;yp hay rgh—>rgh*,
ROOY=R,, 66.0 41.1 209 0.515 0.321 269 9.5 285 195 703 709 334 784 252 1.000.000.00

R25Y,, 64.0 415 6.4 0.571 0371 245 155 29.0 323 705 651 714 96.6 47.6 1.000.250.00
R50Y,, 62.6 41.7 1.0 0.593 0396 22.8 17.7 289 37.8 70.7 61.2 106.3 122.7 60.0 1.000.50 0.00
R75Y,. 71.1 587 0.1 0.546 0.451 153 255 29.7 59.0 81.1 352 1373 141.7 75.6 1.000.750.00
Y00G=Y,, 76.8 839 13 0.473 0517 =29 36.0 36.1 94.7 934 -59 141.9 142.0 92.3 1.001.00 0.00
Y25G,e 659 89.6 6.7 0.406 0.552 —19.2 36.3 41.1 117.8 958 —39.4 113.6 120.3 109.1 0.75 1.00 0.00
Y50G,, 437 79.6 81 0.3320.605 -31.9314 447 1354915 —77.3 101.2 127.3 127.3 0.50 1.00 0.00
Y75G,e 264 6777 12.4 0.247 0.635 —38.0 24.5 452 147.1 859 -113.078.6 137.7 145.1 0.251.00 0.00
G00B=G,,21.8 61.8 31.6 0.189 0.536 —36.9 142 39.5 158.8 82.8 —119.537.9 125.4 162.3 0.00 1.00 0.00
G25B,. 27.8 589 815 0.165 0.349 —28.1 6.9 289 1939 81.2 —-86.9 —13.9 88.0 189.1 0.00 1.00 0.50
G50B,e 25.6 454 108.70.142 0.252 —17.5 -23.729.5 233.5 73.1 —-61.3 —46.1 76.7 216.9 0.00 1.00 1.00
G75B,e 202 293 108.40.128 0.185 —7.6 —30.6 31.5 256.0 61.0 —33.4 —66.8 74.7 243.4 0.00 0.50 1.00
BOOR=B,. 184 187 107.70.127 0.129 0.6 —-34.934.9 271.0 504 33 —84.8 84.9 272.2 0.000.00 1.00
B25R,. 18.0 8.8 105.20.136 0.067 9.5 —38.239.4 284.0 35.7 642 -108.5126.1 300.6 0.50 0.00 1.00
B50R,. 61.7 263 994 0329 0.14 36.7 —28.3 463 3223 583 112.5 —65.8 130.3 329.6 1.00 0.00 1.00
B75R,e 712 40.6 51.0 0.437 0.249 325 -2.6 32.6 3552 699 83.6 —7.1 83.9 355.1 1.000.00 0.50

5 step equidistant grey scale with intended lightness: L* = 0.0, 25.0, 50.0, 75.0, 100.0

NOOOW=NOO 00 00 00 00 00 00 00 00 00 00 00 00 0.0 0.000.000.00
NO25w 41 44 48 03120329 00 00 00 775 250 00 0.0 00 00 0.250.250.25
NOsow 175 184 200 03120329 00 0.0 0.0 553 500 00 00 0.0 0.0 0.500.500.50
NO75W 458 482 525 03120329 00 00 00 210 750 00 00 00 0.0 0.750.750.75
NI100W=Ww95.0 100.0 108.80.312 0.329 0.0 0.0 0.0 00 100000 0.0 00 00 1.001.001.00

TE090—3N Lab*, page 1/2

Table 9 shows the colorimetric coordinates of the Ostwald colours for a 16 step elementary hue circle
and a 5 step grey scale, compare Table 1 of CIE R1-57:2013.

In Table 9 in general the CIELAB chroma C*,, . is much larger compared to the data in Table 4 on page 33 for
the sRGB colour space. For the red colour RO0Y, the chroma is C*, ,.=78,4 and C*,;, sreee=80,4.

One can expect that the sum of the chroma of the opponent colours Red R, and Cyan C, in the sRGB colour

space (80,4+40,8=121,1) is less compared to the sum of the chroma of the opponent colours in the Ostwald
colour space (78,4+76,7=155,1). For highest colour contrast the display manufacturers and printer companies
may try to fill the Ostwald colour gamut to reach the highest chromatic image contrast.

Table 9 uses special rgb*,, data (Index oe for the Ostwald (o) elementary (e) colours). Again a linear relation
between any CIELAB data and these rgb*,, data may be used in both directions, compare Table 4 on page 33
(left and right) and Fig. 23 on page 26. However, in Fig. 25 on page 27 the rgb*,, data have now a visual
definition and the values are related to visual appearance.
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For example, if one of the three rgb*,. data has the value 1, then the colour appears neither luminous nor
blackish according to CIE R1-57. Therefore any of the colours in Table 9 has the relative blackness n*,=0, (or
brilliance i*,=1), and the relative chroma c¢*,=1.

The relative elementary hue e*(an Index o is not necessary) changes by the value Ae*=0,0625 for one step of
the 16 step colour circle. It is for example e*=0,00 for R, €*=0,25 for Y., €*=0,50 for G, and e*=0,75 for B,

If one compares the colour triangles based on Table 9 with the triangles in Fig. 42 on page 47 or Fig. 20 on
page 24 or Fig. 21 on page 25 then in general any device triangle (of the sSRGB display, of the offset print, or of
a laser printer) is smaller compared to the triangle of the Ostwald colours.

For applications it may be appropriate to adapt the tristimulus values of the Ostwald colours to the tristimulus
values Y=88,6 for white and Y=2,5 for black of both standard offset and displays according ISO/IEC 15775 and
ISO 9241-306. In general the Ostwald triangles are much larger compared to the application triangles.
Therefore one can expect that any surface colour will have rgb*,. data between zero and 1, and in addition with

a linear relation to the CIELAB data for all surface colours in both directions.

If the CIELAB data are outside the Ostwald gamut then still there is a linear relation in both directions, However,
in this case for example one of three rgb*,. data has a value larger one, and this may happen for fluorescent
red colours. In applications a larger colour gamut can be used as reference, if for example wide gamut rgb*,,
data with values between -0,5 and 1,5 are possible in a CIE document. This agreement seems to be useful for
highlight and/or fluorescent colours.

An example for the calculation of the rgb*, data for the given data (L*, C*,p, hap)o.ye @nd (L*, C*ap, Nap)sras,ve OF
yellow Y, is given in Annex E of the paper
http://farbe.li.tu-berlin.de/OUTLIN13_02.PDF

The following three set of colour coordinates are equivalent:
(L* C*aps hap)sroB,ve = (83,6 84,3 92,3), nce*,y. =(0,250,59 0,25), and rgb*,y. = (0,75 0,75 0,16)

The colour coordinates nce*,, are the mostly used colour coordinates in the area of art, design, and
architecture, compare the Swedish Natural Colour System NCS.

The coordinates rgb*,,, which are now applied for the area of image technology, are connected by linear
equations to nce*,,.

By affine colorimetric equations the coordinate systems used in the areas of art/design and of image
technology are connected with the CIELAB coordinates of colorimetry

In addition the example shows a weak point of the SRGB display colour system. The blackness n*, y, = 0,25 of
the elementary yellow Y, on sRGB displays is too high (elementary yellow appears too dark) for many users in
the area of art, design and architecture. For example the Company Sharp produces in addition to the usual
RGB displays RGBY displays with a fourth primary near the elementary yellow which produces less relative
blackness.
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13 Normative and other references

CIE 15:2004, Colorimetry

CIE S 017:2011, ILV, International lighting vocabulary (see also elLV online at CIE Web site)

CIE 168:2005: Criteria for the Evaluation of Extended-Gamut Colour Encoding

CIE 170-1:2006 and 170-2:2015 Fundamental chromaticity diagram with physiological axis — Part 2: Spectral
Luminous Efficiency Functions and Chromaticity Diagrams

CIE R1-47:2009, Hue angles of elementary colours, see for download in the MLA format (two options)
[http://files.cie.co.at/526.pdf]._Internet Archive_.
[http://web.archive.org/web/20160304130704/http://files.cie.co.at/526.pdf].

CIE R1-57:2013, Border between luminous and blackish colours, see download in the MLA fomat (two options)
[http:/ffiles.cie.co.at/716_CIE%20R1-57%20Report%20Jul-13%20v.2.pdf]._Internet Archive_.
[http://web.archive.org/web/20150413002133/http://files.cie.co.at/716_CIE%20R1-57%20Report%20Jul-
13%20v.2.pdf].

DIN 33872-1 to 6:2010, Information technology - Office machines - Method of specifying relative colour repro-
duction with YES/NO criteria, see for download of test charts http://www.ps.bam.de/33872E,
For DIN-test charts for 8 viewing conditions, see http://farbe.li.tu-berlin.de/OE.HTM see pages OE70_OE99

ISO EN DIN 9241-306:2008, Ergonomics of human system interaction — Part 306: Field Assessment methods
for electronic visual displays, For TUB-test charts for a revision, see http://130.149.60.45/~farbmetrik/ AE.HTM
ISO 8995; CIE S 008:2002-05, Lighting of indoor work places

ISO 11664-4:2008(E)/CIE S 014-4/E:2007: Joint ISO/CIE Standard: CIE Colorimetry — Part 4: 1976 L*a*b*
Colour Space (CIELAB)

ISO 15076-1:2010, Image technology colour management -- Architecture, profile format and data structure --
Part 1: Based on ICC.1:2010

ISO/IEC 15775:1999, Information Technology — Office machines — Method of specifying image reproduction of
colour copying machines by analog test charts — Realization and application

ISO/IEC 15775/Amd.1, Information technology — Office machines — Machines for colour image reproduction —
Method of specifying image reproduction of colour copying machines by analog test charts — Realization and
application — Amendment 1

ISO/IEC TR 19797:2004, Information technology — Office machines — Machines for colour image reproduction
— Device output for 16-step colour scales, output linearization method (LM) and specification of the
reproduction properties

ISO/IEC TR 24705:2005, Information technology — Office machines — Machines for colour image reproduction
— Method of specifying image reproduction of colour devices by digital and analog test charts, see for download
of test chart

http://www.ps.bam.de/24705TE

SS 019100:1997, Colour notation system, and SS 019102:2004, NCS ATLAS (NCS Colour atlas)

Author publications

Hurvich and Jameson (1955), JOSA 45, 546-552 and 602-616.

Richter, K.(2012), Colour and Colour Vision, Berlin University of Technology, see
http://farbe.li.tu-berlin.de/color

Richter, K. (2014), Trends for CIE-ISO-colour standards for input and output of all colour devices with relative
CIELAB colour coordinates rgb*, see http://farbe.li.tu-berlin.de/CIE_TC42_DFWG_14.PDF

Valberg, A and T. Seim (2008), Neural mechanisms of chromatic and achromatic vision, CR&A 33, 433-443.

J. Witt (2006) Colorimetric methods for the production of test charts for colour copiers, colour scanners and
colour monitors, PhD thesis, TU Berlin (8 MB, in German, see linearization accuracy in Table 6.3, page 138)
http://opus4.kobv.de/opus4-tuberlin/frontdoor/index/index/docld/1320

For more information on output linearization, seet the web site

http://farbe.li.tu-berlin.de/outlin
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