Colour appearance
assessment

Colour appearance is an
important area of research in
colour science and has been
investigated by many
researchers in the literature.
In this article Ronnier Luo
reviews various assessment
technigues and describes the
LUTCHI data which he

has been involved in
accumulating over the past
eight years, and which has
been used to test various
uniform colour spaces and
colour appearance models.

The colour appearance of an object, or
an image, changes according to different
viewing parameters such as media, light
sources, background colours and fumin-
ance levels. This phenomenon causes
several difficulties in industrial colour
control. For example, in industries in
which colourists have to matching a
surface to a given shade or minimise the
degree of the mismatch between a pair
of samples across a wide range of
illumination conditions. Lighting engin-
eers need to evaluate colour rendering
properties between a test and a
reference illuminants. Colour repro-
ducticn engineers desire to reproduce
the original presented on a different
medium, which might include originail
scenes, transparencies, monitors, photo-
graphs or reflection prints. All these tasks
require visual judgement by very
experienced workers. This process is
very subjective and expensive. Hence
there has long been a great demand by
industrialists for the ability to accurately
quantify changes in colour appearance
to minimise observer dependencies.
Colorimetry is based on the CIE

system and has been refined over the
years. The development of colorimetry
can be divided into three phases:
matching, differences and appearance.
Measures used to indicate whether two
stimuli match each other include
tristimulus values, chromaticity coordin-
ates, dominant wavelength and exci-
tation purity. Methods used to quantify
colour differences (e.g. in lightness,
chroma or hue) are devised so that equal
scale intervals represent approximately
equally perceived differences in the
attributes considered. Some exampies of
these measures are those included in
the CIE L*a*b*, CIE L*u*v*, and CMC(f0)
formulae. However, these techniques are
limited to being used under fixed viewing
conditions: the two stimuli wnder
question should be presented using
identical media and be viewed under the
same daylight viewing conditions defined
by the CIE. Hence they do not provide a
satisfactory way of solving the above-
mentioned problems. The ideal solution
would be to devise a method to repre-
sent the magnitudes of perceived
attributes.

Recently colour scientists such as
Hunt and Nayatani have striven to
achieve models of colour vision that can
achieve such a result for a wide range of
viewing conditions. These models were
derived to fit some experimental findings.
However, most of the data sets were
based on relatively few observations of a
limited number of samples. The latter
were scaled using very different tech-
niques and were viewed under a re-
stricted set of viewing conditions.
Furthermore, evidence shows that the
visual results were strongly influenced by
the experimental methods used. Ob-
viously, more comprehensive and reli-
able experimental data are required to
verify and derive the models of colour
vision.

In this article | review various scaling
techniques used in colour appearance
research and assesses their advantages
and shortcomings. A set of experimental
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data, the LUTCHI colour appearance
data, is also introduced to illustrate how
to accumulate psychophysical data for
evaluating models of colour vision.

Assessing colour
appearance

Many scaling techniques have been
used for describing colour appearance.
These can be divided intc three
categories: haploscopic  matching,
memory matching and magnitude estim-
ation. Each technique can be further
divided accerding to the contents of the
viewing field (simple and complex) and
maoades of colour (aperture and surface
stimuli). In ‘real world" conditions, we
normally look at one object using both
eyes in a complex viewing field. How-
ever, the simple field has been widely
used, particularly in the earlier experi-
ments because it simplifies experimental
conditions and its resuits can be directly
compared between the different viewing
parameters studied. The aperture mode
of colour is defined as the mixed
coloured light perceived as a filled ¢colour
hole against a uniform surround. This
state of adaptation is vastly different from
that using the surface stimulus.

Haploscopic matching

Hapioscopic matching is the most widely
used experimental technique. Most of
the earlier experiments were conducted
using aperture stimulus with a simple
viewing field. This technique requires
specially designed viewing apparatus
which presents a different adapting
stimulus to each of the observer's two
eyes. His or her task is to adjust the
stimuli at one eye to match that at the
other eye. The task is relatively simple
and the results in general have higher
precision than those of the other two
techniques. However, its validity is
dependent on an assumption, for which
the adaptation of one eye does not affect
the sensitivity of the other. The technique




imposes unnatural viewing conditions
with constrained eye movement. In
addition, recent results from Barlow and
Mollon show that when two eyes are
presented with two stimuli under different
adapting fields, observers tend to be
biased towards one of the fields. This is
known as binocular rivalry.

More recent haploscopic experiments
applied surface stimuli with a complex
field. Breneman devised an apparatus to
apply a complex adapting field and to
allow observers to use normal eye
movement. Fairchild also developed a
new technique: successive Ganzfeld
haploscopic matching. The Ganzfeld
viewing device was constructed to allow
one eye to view one adapting field, while
the other eye was blocked with a
spatially uniform neutral colour having
the same luminance and chromaticities
as the second adapting condition. These
techniques retain the advantage and
overcome part of the problems accurring
in the conventional technique.

Memory matching

Memory matching is carried out under
normal viewing conditions using both
eyes and without the interposition of any
optical devices. All experiments have
been conducted using surface stimulus
with a simple adapting field. This
technique provides a steady-state of
adaptation with free eye movement.
Observers are first trained using a colour
order system {say, Munsell) until they are
very familiar with its scales (Munsell
value, chroma and hue in this case). This
means that they are able to describe with
reasonable accuracy and precision the
colour of any object in these terms under
any viewing conditions. However, this is
not a widely used technique and has
the following drawbacks:
* Substantial training period
* Complicated procedures for data
analysis
* Lower precision than that of haplo-
scopic technique
* Limited capacity for
information
+« Memory distortion.

retaining

Magnitude estimation

Magnitude estimation has been used
more recently than the other techniques.
Observers are asked to scale some
visual percepts such as lightness,

colourfulness and hue under fully

adapted viewing conditions. (More

details are given in the next section.) Its

only disadvantage is that it has fower

precision than the haploscopic tech-

nique. Many advantages are associated

with this technique and these are

summarised below:

* Normal viewing conditions using
both eyes

+ Steady-state of adaptation

* Resuits are described in terms of
perceived attributes that can be
directly compared with the colour
appearance models’ predictions

* Shorter ftraining period than for
memaory matching.

LUTCHI colour
appearance data

Two consecutive research projects were
funded under the auspices of the UK
government’s Alvey (1987--89) and
IEATP (1990-92) programmes. The
members of the consortium were Cros-
field Electronics, Coats Viyella, Sigmex
Displays and Loughborough University
of Technology Computer—Human inter-
face (LUTCHI) Research Centre. The
work was actually carried out at the
LUTCHI Research Centre. Cne of the
aims was to develop a colour appear-
ance model capable of predicting
changes in coiour appearance arising
from various viewing parameters. The
detailed experimental results were
described in five papers in the Color
Research and Application journal. The

Table 1 Summary of LUTCHI colour
appearance data

No. of
Experiment Phases Estimations Obs.
Alvey
Surface () 12 23940 6-7
Monitor t1 19 392 6-7
IEATP
Verification 3 2394 7
Surface (Il) 12 5760 4
Cut-sheet 2 10 21784 7-8
35 mm? 9039 56
Alvey + IEATP
Monitor® 1 13 653 5-6
Total 53 95 980 15
a Transparency b Contrast

following part of this article is the

summary of these papers.

A large-scale psychophysical experi-
ment was conducted in which colour
appearance was assessed under a wide
range of viewing conditions. The results
were accumulated to form the LUTCHI
colour appearance data. This includes
seven subsets of experimental results
according to different media used such
as monitor, reflection print, cut-sheet and
35 mm transparencies. Each set con-
tains many phases in which a number of
colours were scaled by a panel of
observers under a set of viewing
conditions in which such as variables as
light source, luminance tevel, back-
ground and media are specified. Table 1
summarises the LUTCHI colour appear-
ance data. in total, 53 phases were
investigated and abcut 100 000 estim-
ations were made. The results obtained
from the simultaneous-contrast experi-
ment using monitor colours will not be
discussed here.

The viewing pattern used is shown in
Figure 1. The colour displayed in the
middle is the test colour to be scaled. A
few decorating colours are located
around the border to form a complex
pattern. In addition, reference white and
coiourfulness samples are presented
as anchor points for scaling lightness
and colourfulness.

The magnitude estimation technique
was used throughout the whole experi-
ment. Observers were asked to scale the
lightness, colourfulness and hue attri-
butes for each test colour. Definitions of
these attributes are given as follows:

* Hue is the attribute of a visual sen-
sation according to which an area
appears to be similar to one, or to
proportions of two, of the perceived
colours red, yellow, green and blue

* Colourfulness is the attribute of a
visual sensation according to which
an area appears to exhibit more or
less of its own hue

* Lightness is the brightness of an
area judged relative to the brightness
of a similarly illuminated area that
appears to be white.

The arithmetic mean values of lightness
and hue for each stimulus were
calculated to represent the mean visual
results. For lightness the results are
between 0 (imaginary black) and 100
(reference white). For the hue scale all
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used in the experiment).

The coefficient of variation C, was
used as a statistical measure to
investigate the agreement between any
two sets of data, say X and Y. The
coefficient of variation is a measure of
the distance along the Y-axis of the
points from the 45° line in the XY plot; it
expresses the root mean square
deviation of the distances of the points
from the line as a percentage of the
mean value of the Y set. This gives
results independent of the size of the
set Y. It can be thought of as relative
percentage error. For a perfect
agreement between two sets of data, the
C, should equal zero (i.e. 0% error).

The deviation between an individual's
and the mean visual results, repre-
senting each individual observer’s
precision, was examined. The C,
measuras for the three attributes scaled
were calculated for each phase between
each observer's results and the mean

and 8 for lightness, colourfulness and
hue respectively. This indicates that ob-
servers scaled hue the most accurate,
followed by lightness, with colourfulness
the worst. This set of figures forms a
basis for testing the performance of
colour spaces and appearance models.

Tabie 2 Summary of observer accuracy
performance

Light-  Ceolour-
Experiment ness fulness Hue
Alvey
Surface + monitor 13 18 9
IEATP
Verification 15 19 6
Surface 10 16 6
Cut-shest 15 17 6
35 mm 16 16 7
Contrast 17 22 9
Mean 14 18 8

Table 3 Summary of colour space/model performance on different

media

Transparency
Space/model  Surface Monitor Cut-sheet 35mm  Mean
Lightness
Hunt 94 12 10 10 12 11
Nayatani etal. 27 21 20 20 22
CIE 24 18 20 18 20
CMC(1:1) a4 39 16 35 34
Chroma
Hunt 94 19 21 16 18 19
Nayatani etal. 26 34 22 35 29
CIE L*a*b” 28 25 22 19 24
CIE L*v*v 30 30 26 25 28
CMC{1:1} 22 22 20 19 21
Hue
Hunt 94 8 8 7 7 8
Nayatani etal. 14 13 8 11 12
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Spaces and models are unlikely to
achieve a better predictive accuracy than
the typical observer accuracy.

Testing colour models’
performance using the
LUTCHI data

Two colour appearance models (those of
Nayatani et al. and Hunt), together with
three uniform colour spaces (CIE L*a*b*,
CIE L*u*v*, and CMC(1:1)), were tested
using the LUTCHI colour appearance
data. Again, the C, values were cal-
culated between the predictions of the
spaces or the models, and mean visual
results in each phase. These were then
averaged for all phases in each media
experiment. The mean C, values are
summarised in Table 3 for the surface,
monitor, cut-sheet and 35 mm trans-
parency media respectively.

The results clearly show that the Hunt
94 colour-appearance model outper-
forms the other spaces and models. This
model was originally derived by Hunt in
1982, and has been further refined over
the years. His later modeis, such as Hunt
91 and Hunt 94, were obtained by
optimising the internal parameters to fit
the LUTCHI colour appearance data.
The mean C, values of 11, 19 and 8 from
the Hunt 94 model are close to the
typical observer variations of 14, 18 and
8 for the lightness, colourfulness and hue
respectively. This performance is con-
sidered to be very satisfactory. Therefore
the model can be recommended for
solving those problems outlined in the
first section of this article.

Ronnier Luo is a reader in colour
science at the Design Research
Centre, University of Derby,
Mackworth Road, Derby DE22 3BL,
UK.




