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David H. Foster and Kamila Żychaluk; School of Electrical and Electronic Engineering, University of Manchester, Manchester
M60 1QD, UK

Abstract
The effect on cone excitations of a change in illuminant on

a scene may be predicted by von Kries scaling, but these predic-
tions are not perfectly accurate. Here, a non-parametric method
was used instead, but which preserved the principle of indepen-
dence of activity in cone or cone-opponent mechanisms. Per-
formance was evaluated over samples taken from 50 hyperspec-
tral images of vegetated and non-vegetated natural scenes under
large changes in daylight illuminant. Taking due account of dif-
ferences in degrees of freedom, the non-parametric model gave
significantly better predictions than von Kries scaling of cone or
cone-opponent activity.

Introduction
Von Kries scaling refers generally to the idea that the spec-

tral effects of the prevailing light on the sensitivity of each class
of cone receptor of the eye depend only on activity in that cone
class [1, 2]. Although originally conceived for the adaptation
of the eye to stimulus lights, many models of colour constancy,
including Land’s Retinex models [3, 4], have assumed that von
Kries scaling applies also to cone activity in response to lights
reflected from surfaces. Thus, if l, m, and s are the excitations of
long-, medium-, and short-wavelength-sensitive cones for light
reflected from a surface under one illuminant and l′, m′, and s′
are the corresponding excitations for another illuminant, then von
Kries scaling models their relationship by a simple multiplica-
tion; that is,

l′ = kL l,

m′ = kM m, (1)

s′ = kS s,

where the coefficients kL,kM,kS are constants, which are depen-
dent only on activity in the corresponding cone class, and which
may be estimated from the data by ordinary least squares or from
the ratio of excitations of a spectrally neutral surface. [The er-
ror terms representing random variation, which would normally
be included on the right-hand side of (1), have been omitted for
clarity.]

It is emphasized that the statement (1) is not about chro-
matic adaptation (e.g. [5, 6, 7]) but about how activity in a given
cone class—or sensor type—varies with the spectrum of the il-
lumination on a scene [8, 9]. In principle, the latter provides
a recipe for the former. Because interactions between different
cone classes are not involved in (1), this form of von Kries scal-
ing is referred to as a diagonal-matrix transformation [10].

When tested in computer simulations, von Kries scaling has
indeed been found to give a good description of the effects of
daylight illuminant change on natural scenes [11], and also with
other surfaces and illuminants [12]. The predictions are not,
however, perfectly accurate. Figure 1 (left panel) shows an exam-
ple of the excitations of medium-wavelength-sensitive cones for
light reflected from 100 surfaces drawn randomly from a natural

vegetated scene under a daylight of correlated colour temperature
4000 K plotted against the corresponding excitations for light
reflected from the same surfaces under a daylight of correlated
colour temperature 25000 K. Similar distributions were obtained
for short- and long-wavelength-sensitive cones. The straight line
is a linear regression passing through zero. Although the fit is
good, there are regions where there appears to be a local bias
with the data mainly on one side of the curve, as the expanded
section in the right panel of Fig. 1 makes clear. Figure 2 shows
the scene from which these excitations were calculated.
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Figure 1. Modelling cone excitations by von Kries scaling. Left panel

shows a linear fit with zero intercept. The right panel is an expanded section

near the origin revealing local bias. Data for medium-wavelength-sensitive

cones.

Figure 2. Image of the scene from which the cone excitations plotted in

Fig. 1 were calculated. The small grey sphere at the bottom left was masked

in the calculation of cone excitations.

There are two ways in which the performance of von Kries
scaling may be improved (for non-von-Kries approaches, see
e.g. [9, 13]). The first way is to generalize the principle of in-
dependence of activity in cone mechanisms [1] so that it ap-
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plies after opponent interactions between cone signals have taken
place [14, 15]. Thus, activity within a cone-opponent mechanism
is assumed to be affected only by activity within that mecha-
nism [16, 17]. The accuracy of predictions is usually increased
[14, 18], owing to the sharpening of spectral sensitivities that
occurs with opponency [16, 19, 17]. For non-biological applica-
tions, spectral sensitivities may be optimized directly [20, 21].

The second way of improving performance, but still pre-
serving independence, is to generalize the scaling transforma-
tion. This has been done by introducing a non-zero offset so that
the multiplications in (1) become affine transformations, which
can give a better fit to some post-receptoral combinations of cone
excitations [22, 23].

The aim of the present work was to develop the second way
of improving performance by allowing the transformations to be
any smooth function of the individual cone excitations l, m, s;
that is, the excitations l′, m′, s′ are modelled by

l′ = fL(l),

m′ = fM(m), (2)

s′ = fS(s),

where fL, fM, fS are smooth, not necessarily linear, functions of
cone excitations, each function dependent only on activity in the
corresponding cone class. [As in (1), the error terms that would
normally be included on the right-hand side of (2) have been
omitted for clarity.] An analogous approach may be taken to
predicting cone-opponent excitations.

The problem then is to estimate these smooth functions fQ
in (2) for Q = L, M, S. One possible approach is to model the
functions by polynomial regression [24], but it is known to have
several disadvantages [25], including the fact that degree of the
polynomial cannot be controlled continuously.

The approach taken here was non-parametric, that is, not de-
pendent on any particular model of the functions fL, fM, and fS,
and was based on local linear regression [26, 25], as explained
later. It was found that for both cone and cone-opponent excita-
tions, local linear regression provided a more accurate descrip-
tion than scaling, without violating the independence principle.

To avoid confusion, a distinction should be drawn between
this local linear approach to modelling the effects of illuminant
change on cone excitations and a previous study of von Kries
scaling [27] which used local linear models of surface reflectance
and which was concerned with finding the illuminants for which
von Kries scaling holds perfectly.

Methods
In computer simulations, spectral reflectances were drawn

from 50 hyperspectral images of natural scenes [11]. Each scene
was assumed to be illuminated by a spatially uniform daylight
illuminant with incident spectral radiance E(λ ) or E ′(λ ), with
correlated color temperatures 25000 K and 4000 K, respectively.
Wavelength λ ranged over 400–720 nm in 10-nm steps. Exci-
tations of the long-, medium-, and short-wavelength-sensitive
cones at each selected surface in a scene were calculated for
the Smith and Pokorny fundamentals [28, 29], L(λ ), M(λ ), and
S(λ ). Excitations of the corresponding cone-opponent mech-
anisms with sharpened spectral sensitivities [30, 16] L#(λ ),
M#(λ ), and S#(λ ) were calculated [17] as linear combina-
tions L#(λ ) = 2.46L(λ ) − 1.97M(λ ) + 0.075S(λ ), M#(λ ) =
−0.66L(λ ) + 1.58M(λ )− 0.12S(λ ), and S#(λ ) = 0.09L(λ )−
0.14M(λ )+1.00S(λ ). This particular choice of coefficients was
not critical, however, as von Kries scaling and the non-parametric

method were applied at the same level, that is, either to cone ex-
citations or to cone-opponent excitations.

Thus, if the effective spectral reflectance [31] of the selected
surface was R(λ ), then the individual cone excitations q = l, m,
s for illuminant E(λ ), and q′ = l′, m′, s′ for illuminant E ′(λ ),
were obtained from

q =
∫

Q(λ )E(λ )R(λ )dλ , (3)

and

q′ =
∫

Q(λ )E ′(λ )R(λ )dλ , (4)

where Q(λ ) = L(λ ), M(λ ), S(λ ). Analogously, cone-opponent
excitations q# = l#, m#, s# for illuminant E(λ ), and q# ′ = l# ′,
m# ′, s# ′ for illuminant E ′(λ ), were obtained from

q# =
∫

Q#(λ )E(λ )R(λ )dλ , (5)

and

q# ′ =
∫

Q#(λ )E ′(λ )R(λ )dλ , (6)

where Q#(λ ) = L#(λ ), M#(λ ), S#(λ ).
Data for analysis therefore consisted of pairs of cone exci-

tations (qi,q′i) as in (3) and (4), or pairs of cone-opponent excita-
tions (q#

i ,q
#
i
′) as in (5) and (6), for light reflected from N = 100

surfaces, i = 1,2, . . . ,N, drawn randomly from each scene under
the two daylight illuminants. The value of N is not critical pro-
viding that it is large enough for the distribution of excitations
not to be sparse, and similar results were obtained with much
larger values of N.

Fitting was based on local linear regression [25], which as-
sumes that the function fQ relating q to q′ in (2) can be ade-
quately approximated locally by a Taylor expansion (here of de-
gree one); that is, the value of the function fQ at the point q in
the neighbourhood of q0 is approximated by

fQ(q)≈ a0 +a1 (q−q0) ,

where the coefficients a j , j = 0,1, are related to the zero- and
first-order derivatives of the corresponding excitation; in partic-
ular a0 = fQ(q0).

For each q, estimates â j of the coefficients a j were obtained
by minimizing the locally weighted sum of squares,

N

∑
i=1

wh(q−qi)
[
q′i− (a0 +a1 (qi−q))

]2
,

where wh is the weight function, which is characterized by a
bandwidth h and which governs the influence of each point qi
on the local linear estimate. The local linear regression estimate
f̂Q(q) of q′ is then â0. The weight function used here is expressed
in terms of a kernel K, so that wh(q− qi) = K((q− qi)/h). As
there were regions where data were sparse, a Gaussian func-
tion, K(u) = (2π)−1/2 exp(−u2/2), which has unbounded sup-
port, was used.

The bandwidth h controls the spread of the weight function.
A small bandwidth results in a variable estimate which follows
the data very closely, whereas a large bandwidth gives a smooth
but biased estimate, with the data falling mainly on one side of
the curve. Thus the choice of the bandwidth is crucial. The mean
integrated squared error, MISE =

∫
( fQ − f̂Q)2dq, is a way to
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balance the bias against the variance. This loss function, how-
ever, depends on the unknown fQ and therefore cannot be used
directly. By the bootstrap principle [32], the unknown quantities
can be approximated by re-sampling from the estimated distribu-
tion of the data.

This approach was used here to find an estimate of the band-
width that minimized MISE [33]. Accordingly, 200 bootstrap
samples were obtained by the wild bootstrap [34] and for each of
these samples the local linear estimate was calculated as a func-
tion of the bandwidth h. An approximation of the MISE was then
calculated from these estimates and the value of h that minimized
this approximation was used as the estimate of the MISE-optimal
bandwidth.

A bootstrap test, based on 500 bootstrap samples, was also
used for the comparison of the local linear regression with von
Kries scaling. The test statistic was the scaled difference between
the residual sums of squares for the two models. It is asymptoti-
cally F-distributed with degrees of freedom corresponding to the
difference between the degrees of freedom of the local and von
Kries scaling models, and the residual degrees of freedom of the
local model [35].

Exactly analogous calculations were performed for pairs of
cone-opponent excitations (q#

i ,q
#
i
′), as in (5) and (6).

Results
Figure 3 shows the fit obtained by local linear regression

(continuous line), which apart from the deviation from linearity
at larger excitations, looks similar to the fit by von Kries scaling
(dotted line), here shown for long-wavelength-sensitive cones.
Similar results were obtained for medium- and short-wavelength-
sensitive cones. The adjusted R2 was very high, over 99% with
more than 42 of the 50 scenes for von Kries scaling, and more
than 46 of the 50 scenes for local linear regression. But these
R2 values are relatively insensitive to local biases, and, on an ex-
panded scale, marked differences between the fits obtained by
von Kries scaling and local linear regression become evident.
Figure 4 shows two expanded regions of the same graph. No-
tice that there is little offset near zero excitations (left panel) and
that the direction of the bias reverses at large excitations (right
panel).

This improvement is more than would have been expected
by the simple increase in the degrees of freedom associated with
the local model. A summary χ2 measure of the difference be-
tween the local and von Kries scaling estimates over all 50 scenes
and each of the three cone classes was calculated based on the p-
values derived from the F-statistics. This yielded χ2 > 335 with
d.f. = 50. For cone-opponent mechanisms, the corresponding
difference between local and von Kries scaling estimates yielded
χ2 > 359 with d.f. = 50. For both types of excitations, local lin-
ear regression was significantly better than von Kries scaling.

Discussion
As a procedure for predicting changes in cone excitations

due to changes in reflected light, von Kries scaling is efficient:
with just one degree of freedom for each cone class, it accounts
for much of the variance in receptor excitations due to changes
in illuminant. Nevertheless, as demonstrated here, it does show
small but statistically significant failures that can be compensated
for by local linear regression, in a way which preserves the prin-
ciple of independence of cone excitations or cone-opponent ex-
citations. Thus for applications where accurate predictions of
excitations under wide ranges of illuminant changes are impor-
tant, it may be useful to consider methods of fitting other than
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Figure 3. Modelling cone excitations by local fitting (solid line) and by von

Kries scaling (dotted line). Data for long-wavelength-sensitive cones.

44 46 48 50 52
48

50

52

54

56

58

0 1 2 3 4 5
0

1

2

3

4

5

excitation at 25000 K

 

 

 excitation at 25000 K

ex
ci

ta
tio

n 
at

 4
00

0 
K

 

 

Figure 4. Expanded sections of Fig. 3.

linear transformations.
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Kamila Żychaluk (kamila.zychaluk@manchester.ac.uk) re-
ceived an M.Sc. from the Wrocław University of Technology in
2000 and a Ph.D. from the University of Birmingham in 2004,
both in statistics. She was a Research Associate at Sheffield Uni-
versity from 2003 to 2005 and then at Manchester University
from 2005. She is a member of the Royal Statistical Society. Her
research interests are in non-parametric and Bayesian statistics
with applications in biology and vision.

44 ©2008 Society for Imaging Science and Technology


	CGIV2008__ABSTRACTS
	Conference Sponsors
	Copyright 2008
	Welcome to CGIV 2008 and MCS'08!
	Organising Committee
	IS&T Board of Directors
	Conference At-a-Glance
	Maps
	Technical Papers Program
	Tuesday Keynote
	Lammens, Applications of Color Science...pg.1

	Colour Science
	Shamey, Performance of Recent Color Difference...pg.7
	Lee, Evaluating Colour Differences for Images...pg.12
	Szabo, Experimental Investigation...pg.16
	Zolliker, Modeling Interference Color...pg.20
	Sormaz, Predicting Spectral Halftone...pg.25
	Ezquerro, Analysing Observer Metamerism...pg.31
	Park, Correcting Veiling Glare of Refined...pg.36

	Interactive Session I
	Foster, Is There a Better Non-Parametric...pg.41
	Martinez, Challenges of Embedding...pg.45
	Fu, Optimised Parameters for CIECAM02 Based...pg.49
	van_Dalen, Colour Analysis of  Inhomogeneous...pg.53
	Li, A Study of Office Lighting and Indoor...pg.58
	Tremeau, A Measure of Colour Contrast...pg.61
	Steder, Training Data Selection Study...pg.67
	Chorro, Analysing the Color Uniformity...pg.71
	Rich, The Effect of Spectrocolorimeter...pg.77
	Perales, Calculation of Number...pg.80
	Huertas, Assessing Large Color Differences...pg.85
	Wang, Evaluation of  Colour-Difference...pg.89
	Csuti, Colour Matches Using RGB LEDs...pg.93
	Reed, Watermark Detection with Digital...pg.96
	Quintard, No-Reference Metric Based...pg.98
	Negueruela, Reconstruction of  Surface...pg.104
	Rosselli, Objective Quality Measurement...pg.108
	Wang, Experimental Filters for Estimating...pg.112
	Yasukawa, Quantification of Color Motion...pg.116
	Pedersen, Rank Order and Image Difference...pg.120
	Choi, Modelling Image Naturalness...pg.126
	Berrier, The Wall of Inspiration:...pg.132
	Horiuchi, HDR Image Rendering...pg.138
	Yano, Efficient Light Field Measurement...pg.144
	Garcia_Domen, Simulating Images Perceived...pg.149

	Colour Image Quality
	Larabi, Quality Assessment...pg.153
	Xiao, Investigation of Image Immersive...pg.158
	Kim, Effect of TV's Physical Controls...pg.162
	Perez_Aguila, Orthogonal Polyhedra in 3D...pg.167
	Kim, Colour Difference Modelling for Moving...pg.173

	Colour in Computer Graphics
	McCann, Appearance of High-Dynamic Range...pg.177
	Coppel, Modelling the Effect of Simultaneous...pg.183

	Wednesday Keynote
	Caivano, The Representation of the Visual...pg.189

	Colour Vision/Psychophysics
	Bodrogi, Psycho-Physical Evaluation...pg.194
	Lucassen, Comparing Objective and Subjective...pg.198
	Fischer, WhitebalPR ƒ A New Method...pg.202
	Mochizuki, Color-Weakness Correction...pg.208
	Gouiffes, Evaluation and Modelization...pg.214
	Parraga, Modelling Inter-Colour Regions...pg.218
	Amano, Effect of Spatial Uncertainty...pg.223
	Jetsu, Color Classification Using Color...pg.227

	Interactive Session II
	Gijsenij, Edge Classification for Color...pg.231
	Wei, Impacts of  Package Colour on Preferred...pg.235
	Hong, The Realistic Texture Reconstruction...pg.239
	Tokunaga, Measuring Colour Dissimilarities...pg.245
	Rizzi, A Modified Algorithm...pg.249
	Pedersen, Evaluation of Contrast Measures...pg.253
	Shi, Dichromatic Illumination Estimation Via...pg.259
	Ling, Surface Chromaticity Distributions...pg.263
	Matsushiro, Consideration on Crispening...pg.268
	Heikkinen, Estimation of Reflectance Spectra...pg.272
	Chao, Riemann Geometry for Color...pg.277
	Carmona, Assessment of Affine Transforms...pg.283
	Connah, A Novel Approach to Hue Ordering...pg.287
	Rizzi, A Mixed Perceptual and...pg.292
	Ghinea, Influence of the Size...pg.296
	Vurpillot, Automatic Color Patch Selection...pg.300
	Marin_Franch, Distribution of Information...pg.303
	Luo, Assessing Gloss of Tooth Using Digital...pg.307
	Martinez_Uso, Unsupervised Image...pg.312
	Porebski, Neighborhood and Haralick Feature...pg.316
	Petit, Underwater Images Enhancement...pg.322
	Feng, Improving the Gray Tracking...pg.327
	Kamimigaki, Compensation for Projected Image...pg.331
	Park, Time-Stable RGB LED Backlighting...pg.336
	Bonnier, Improvements in Spatial and Color...pg.341

	Computational Colour
	Qiu, Contrast Maximizing and Brightness...pg.347
	Muselet, Compact Color Descriptor for Object...pg.352
	Charrier, Multi-Resolution Image VQ...pg.357
	Montagna, Histogram Compression and Image...pg.362
	Solli, Color Emotions for Image...pg.367
	Vazquez, Towards a Psychophysical Evaluation...pg.372
	van_de_Sande, Color Descriptors for Object...pg.378

	Thursday Keynote
	Susstrunk, Retinal Modeling in Digital...pg.382

	Colour Image Processing
	Vazquez, Colour Image Segmentation...pg.383
	Robert_Inaci, Contour and Detail Detection...pg.388
	Dubois, Addition of Noise to a Color...pg.394
	Lugiez, Spatiotemporal Extension...pg.399
	Gouiffes, A Color Topographic Map Based on...pg.405
	Gouiffes, Adaptive Spatio-Colorimetric...pg.411
	Angulo, Quaternion Colour Representations...pg.417
	Koeppen, A Color Morphology Based...pg.423

	Interactive Session III
	Vilaseca, Measuring and Analyzing the Colour...pg.427
	Abe, Color Correction of Red Blood Cell Area...pg.432
	de_Lasarte, Influence of the Size...pg.437
	Linhares, The Number of Colours Perceived...pg.441
	de_Lasarte, Influence of  Colour Ranges...pg.444
	Shyu, Multispectral Analysis of the Oriental...pg.450
	Zhang, Adaptive FPGA NoC-based...pg.451
	Baribeau, NRC Robot-Based Gonioreflectometer...pg.457
	Oliveras, MTF Spectral-Variation Comparison...pg.461
	Bochko, Spectral Color Image Segmentation...pg.467
	Noyel, Classification-Driven Stochastic...pg.471
	Hawkins, Spectral Characterization...pg.477
	Nippolainen, Computer Controlled Set...pg.481
	Berns, Spectral Color Reproduction...pg.484
	Koirala, Accurate Reflectance Prediction...pg.489
	Li, Kernel Based Spectral Image Segmentation...pg.494
	Andriyashin, NTF vs. PCA Features...pg.499
	Pinto, Illuminant Spectrum Maximizing...pg.505
	Martinkauppi, Near-Infrared Images of Skin...pg.508
	Simmons, Advantages of JPEG 2000...pg.512
	Plata, Combining Spectral and Photometric...pg.516
	Plata, Supervised Training Sample Selection...pg.519
	Valero, Unsupervised Classification...pg.523
	Krasavin, Robustness of Watermarking...pg.527
	Helling, Broadband Filter Selection...pg.533
	Hashimoto, Two-Shot Type 6-Band Still Image...pg.538

	Colour Reproduction
	Nystrom, A Micro-Scale View on Color...pg.542
	Urban, Spectral Gamut Mapping Framework...pg.548
	Rosen, Imaging Flesh: Skin-Customized...pg.554
	Cattarinussi, Multilevel Vector Error...pg.558
	Mutanen, New Method for Reproducing...pg.564
	Hunter, Six Color Scanning...pg.570
	Bardsnes, Verification and Extension...pg.575

	MCS'08 Keynote
	Hirakawa, Beyond the "Bag of Pixels"...pg.580

	Multispectral Colour Science (MCS'08)
	Nishi, Spectral Reflection Modeling...pg.581
	Kotera, Image Color Mapping...pg.585
	Murakami, Comparison of Spectral Image...pg.591
	Alsam, Robust Averaged Projections...pg.597
	Hironaga, Colorimetric Evaluation of a Set...pg.602
	Brauers, Multispectral Imaging with Flash...pg.608
	Lopez_Alvare, Building an Optimum Computer...pg.613

	Author Index
	imaging.org Corporate Members





