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Abstract: In this paper, two new von Kries based chromatic adaptation transforms are proposed.
The numerical optimization procedure adopted for deriving them simultaneously exploits the
whole sets of data available and the existing chromatic adaptation transforms. Experimental
results report several statistics to prove the effectiveness of our proposals with respect to the
state-of-the-art.

INTRODUCTION
Chromatic adaptation transforms (CATs) are ableoredict corresponding colors. A pair of
corresponding colors consists of a color observattuone illuminant, and another color that has
the same appearance when observed under a diffdwerihant [5]. This research topic has been
extensively studied given its importance for mamguistrial applications, such as the prediction
of color inconstancy, the evaluation of the colendering property of light sources, and the
achievement of successful color reproduction udiféarent light sources [5],[14].
A survey of several CATs are given by Fairchilchis book [14]. Luo and Hunt [2] proposed a
modified Bradford transform [3], which is includedCIECAM97s. Finlayson and Susstrunk [4]
have derived a transform based on sharpened sehsetsal. [5] derived a transform, known as
CMCCAT2000, by fitting all the available correspamglcolor data sets, instead of just the Lam
and Rigg set. Moroney et al. [6] proposed a modifidMCCAT2000 to be used with the
CIECAMO02 model. In 2004, the CIE TC 1-52 “Chromafidaptation Transforms” [20] tested
thirteen chromatic adaptation transforms indicatfogr possible candidates for future CIE
recommendations giving quite similar performancBse members of the CIE TC 1-52 were
unable to agree to a single CAT as some of themined that the adopted transform must be
theoretically based. Other members still agrediag such objective is desirable, considered that
was important to indicate a single CAT that showldrk as well as possible, even if only
applicable to a limited range of conditions.
In this paper, we propose two von Kries based chtmnadaptation transforms that outperform
or are statistically equivalent to the existing ®nen all the corresponding color datasets
available. These transforms are found by numeragatimization based on Particle Swarm
Optimization. The key idea in our procedure is siraultaneous use of all the corresponding
color data sets available and the predictions ef d¢brresponding colors done using already
defined CATs. One of the reviewers let us know thahy of the datasets used to fit chromatic-
adaptation models are influenced by illuminant-icetl changes of reflected-light tristimulus
values, as well as by the desired measurand oalveaptation. Because several works treat
these data as arising solely from visual adaptatie® will do so here too. In the long run,
however, adaptation models should be derived and&ted by data sets based on experiments
that keep the test-patch tristimulus values constdwen the light is changed in the wider visual
field. Only under such conditions can visual adagteeffects be separately inferred.
For the first CAT proposed, to boost as much asiplesthe performances, objective function

uses both Wilcoxon signed-rank tests and the perakgrror metricAE  andAE,,. As



shown in the experimental results section, the gged CAT outperforms existing solutions. For
the second CAT we add to the above mentioned témntke objective function, @ositivity
constraint on its spectral responses in order to have stadite ratios across illuminants [21].
The fitting results are, in this case, only statésty equivalent to the best available CATSs.

CHROMATIC ADAPTATION TRANSFORMS
Several chromatic adaptation transforms exist i ltterature, most based on the von Kries

model [1]. CIE XYZ tristimulus vaIue%X' Y' Z']T are linearly transformed by a 3x3 matrix
M, to derive the post-adaptation cone responses uheéefirst illuminant. The resulting

values are independently scaled to get the pogtatiian cone responses under the second
illuminant. This transform is usually a diagonal tma based on the post-adaptation cone
responses of the illuminants’ white-point. To obt&IE XYZ tristimulus values under the second

iIIuminant[X" ' Z"]T, the post-adaptation cone responses under thegdtaminant are
then multiplied by the inverse of matik.,; [7]. This model is outlined in Equation (1):

X" R,/R, X'
Y” :[MCAT]_l* GW/GW *[MCAT]* YI (l)
z" B, /B, z

where [RW G, BWJ and [RW G, BWJ are computed from the XYZ tristimulus values of
the first and second illuminants by multiplying ith&YZ tristimulus vaIues[XW' Y, ZW']T
and[X," Y," Z,"]" by M.

All the comparisons made in this work are basethenvon Kries chromatic adaptation model as
outlined in Equation (1), where full adaptationthg human observer is assumed. The chromatic

adaptation transforms used in this work are regoite Table 1, while the corresponding
normalized spectral responses are plotted in Figjure

CAT name CAT entries

0.3897 0.6890 -0.0787
M =1-0.2298 11834 0.0464

1 | von Kries vonKries
0 0 1

08951 02664 -0.1614
2 | Bradford Mgp =|-07502 17135 00367
00389 -00685 1.0296

12694 -0.0988 -0.1706
3 | Sharp Mgu, =| —0.8364 18006 0.0357
0.0297 -0.0315 10018




(07982 03389 -0.1371
=|-05918 15512 0.0406
| 00008 0239 09753

4 | CMCCAT2000| M qyccar

[ 07328 04296 -0.1624]
5| CATO2 M carop =| —0.7036 16975 0.0061
| 00030 00136 09834 |

Table 1. Short names and entries of the chromatic adaptatmsforms used in this work.

EXPERIMENTAL DATA SETS
Luo and Hunt accumulated several data sets basedflestive stimuli and data sets based on
monitor and projected stimuli, that were widely dige derive and to test the performance of
various chromatic adaptation transforms [2] andicabpearance models [15]. These data have
been collected from the Colour Science Associatibdapan (CSAJ) [8], Kuo & Luo [9], Lam
and Rigg [3], Helson et al. [10], LUTCHI [11], Breman [12] and Braun & Fairchild [13], for a
total of 26, subsets which total 671 pairs of cgpanding colors. The main features of these data

sets are summarized in [5] and reported in Tabl@Hese data sets are the same used by
Susstrunk et al. [7].

Data Set S’:\%p()?; Illuminant SaSr.anéIe Medium EXRAereitrrr]lg;tal
Test | Ref.

1 Lam 58 D65 A Large Refl. Memory
2 Helson 59 D65 A Small Refl. Memory
3 CSAJ 87 D65 A Small Refl. Haploscopic
4 Lutchi 43 D65 A Small Refl. Magnitude
5 Lutchi D50 44 D65 D50 Small Refl. Magnitude
6 Lutchi WF 41 D65 WF Small Refl. Magnitude
7 Kuo&Luo 40 D65 A Large Refl. Magnitude
8 Kuo&Luo TL84 41 D65| TL84 Small Refl. Magnitude
9 Braun&Fairchild 1 17 D65 D93 Small Monitor&Refl. Matching
10 | Braun&Fairchild 2 16 D65 D93 Small Monitor&Refl| Matching
11 | Braun&Fairchild 3 17 D65 D30 Small Monitor&Refl| Matching
12 | Braun&Fairchild 4 16 D65 D30 Small Monitor&Refl | Matching
13 | Breneman 1 12 D64 A Small Trans. Magnitude
14 | Breneman 8 12 D64 A Small Trans. Magnitude
15 | Breneman 4 12 D64 A Small Trans. Magnitude
16 | Breneman 6 11 D54 A Small Trans. Magnitude

Table 2. Characteristics of the corresponding color data gs¢d.
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Figure 1. Normalized spectral responses of the chromatictatiap transforms implemented in this work.
A: von Kries ; B: Bradford; C: Sharp; D: CMCCAT200B: CATO02.

DERIVATION OF THE NEW CHROMATIC ADAPTATION TRANSFORMS
In this section, we describe the method adoptetttive the new chromatic adaptation transform.

Let M,,i =1.5 be the five CATSs listed in Table 1.

Let CCDS,, j =1...16be the 16 corresponding color data sets listechlrler2.



Let WSRT,. (QJand WSRT,,,(0)be the Wilcoxon signed-rank test [18] scores, regméng the

number of times a transform performed best or watstcally the same (at the 95 percent
confidence, according to the Wilcoxon signed-raa#t)tas the best transform using respectively

the perceptual error metriddE, , and AE_4,. The Wilcoxon signed-rank test can be used to
test the null hypothesis that two CATs have the esgarformance expressed as the median
values i, and 4, of their error distributionsX and Y, i.e. H,: i, =4 . To testH,, we
consider the difference of independent error pais, —Y,),...,(X, —Y,)for N different
corresponding color pairs. We rank these errorspaficording to their absolute differences. If
H, is correct, the sum of the ranWg will approximate zero. I#Vis much larger or smaller than
zero, the alternative hypothesdhs, : 11, > 4, or 1, < /4, is true. We can test againsH, at a

given significance leveb. We reject and accept if the probability of obssgvthe error
differences we obtained is less than or equat tAs already said before, in this work a
significance levedr = 005has been chose. Comparing every CAT with all theerst we
generated a score representative of the numbemestthat the null hypothedit, has been

rejected for the given CAT, i.e. the number of tinleat the performance of the given CAT has
been considered to be better than the others.

Let AWSRT,.(M)and AWSRT,.,,(M) be the difference between the Wilcoxon signed-rank

score of a generic transforid and the maximum score obtained by the five CAMs i =1..5
considered, i.e.:

AWSRT,: (M) =WSRT,: (M ) - maxWSRT,e (M, ), 2
AWSRTeq,(M) :WAE94(M )_ rigﬁ'g(\qu-rAEM(M i ) ®3)

Let us defineMoM ,. (M) and MoM ,.,,(M ) as the mean values of the median errors obtained

by the generic transform Mon the 16 corresponding color data sets
CCDSJ., j =1...16considered, i.e.:

3" median(aE(CeDS, )

_ A
MoM .. (M) = 1 : (4)
S median(AE94(CCDS, ))
MOM ye4,(M) = = : (5)
16

The objective functionf ;we optimize is given in Equation (6):
fes(M) = (A\NSRTAE(M ) + AWSRT ygo,(M )) - (MOM s (M) + MOM 4,(M )) (6)

The objective functionf,gis composed of two terms. The larger is the forrttes, better is the
estimation of the corresponding colors given by thensformatioiM , according to the



Wilcoxon signed-rank test. The smaller is the fatthe lower are the median errors of the
transformatiorM on the corresponding color data sets. The new dtioradaptation transform

is found using Particle Swarm Optimization (PSOp][bver the setM OO*?of feasible
solutions. PSO is a population based stochastionattion technique which shares many
similarities with evolutionary computation technégu

A population of individuals is initialized as randoguesses to the problem solutions; and a
communication structure is also defined, assigmegyhbours for each individual to interact
with. These individuals are candidate solutions.iténative process to improve these candidate
solutions is set in motion. The particles iterdiivevaluate the fitness of the candidate solutions
and remember the location where they had their figstess. The individual's best solution is
called the particle best or the local best. Eadtigh@ makes this information available to its
neighbours. They are also able to see where theghhours have had success. Movements
through the search space are guided by these sesces

The swarm is typically modelled by particles in tidimensional space that have a position and a
velocity. These particles fly through hyperspacd have two essential reasoning capabilities:
their memory of their own best position and theinowledge of the global or their
neighbourhood’s best position. Members of a swaosmrounicate good positions to each other
and adjust their own position and velocity basedhase good positions.

The new CATM 4 is then defined as
Mg = max (st(M)) , (7

MO0 3x3

with the constraint of being equal-energy balanced.
The M g CAT that satisfies Equation (7) is given in Equat(8), and its normalized spectral

responses are plottedfigure 2

08752 02787 -0.1539
M, =|-08904 18709 0.0195 8)
-0.0061 00162 0.9899

0.8

0.6r

0.4r

Relative Response (%)

0.2r

i 1 L L 1 L L 1 L L
0 §50 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 2. The normalized spectral responses for the BS CAT



Following the same procedure, also a new CAT withmgative lobes is found. To this end, a

positivity constraint on the spectral responsesesponding to the found transform is defined as
follows:

frc(M)=ay, > u(sR(M)),
A channels

whereSR(M ) are the spectral responses of the transformMion is a multiplicative term that
reflects the importance to be given to the positigbnstraint andi_()] is defined as

x if x<0

u_(x) = )

0 otherwise

The new CATM o_c is then defined as

Mes-pc = Max (fos(M)+ fo (M), ©)

with the constraint of being equal-energy balanced.
The Mg o CAT that satisfies Equation (9), fulfilling the ptagity constraint, is given in
Equation (10), and its normalized spectral resppase plotted in Figure 2.
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Figure 3. The normalized spectral responses for the BS-PC CAT



PERFORMANCE EVALUATION

Predicted tristimulus values were calculated fa thference illuminants of all corresponding
color data sets listed in Table 2, using Equatibhand substitutingM .,; according to the

specific chromatic adaptation transform tested. @beial and predicted CIE XYZ tristimulus
values were then converted into the CIE L*a*b* cofpace. Two different perceptual error

metrics, AE , andAE_..,,, were applied. Wilcoxon signed-rank tests [18] aversed to

compare if the variations in errors are statisycalgnificant, as suggested by Susstrunk and
Finlayson [17]. This test is well suited to evali&AT performance because it does not make
any assumption about the underlying error distiim#, and it is easy to find out, using for
example the Lilliefors test [19], that the assumptabout the normality of the error distributions
does not always hold.

Table 3 lists the number of times a transform peném best or was statistically the same as the
best transform at the 95 percent confidence leslprding to the Wilcoxon signed-rank test. The
maximum score for each error metric is 16, sinced@esponding color data sets were tested. As
can be seen, the proposed transform, indicatecGasBperformed existing ones.

Error Metric von Kries BFD Sharp CMCCAT CATO02 BS
AE 4 6 11 11 11 11 16
AEciegs 6 10 11 10 11 14

Table 3. A comparison among state-of-the-art transforntstae first CAT found. The number of times a
transform performed best or was statistically thens (at the 95 percent confidence, according to the
Wilcoxon signed-rank test) as the best transform.

Table 3 reports the same significance test redoltsthe positivity constrained transform
proposed. As can be seen, the proposed positivitgtrained transform, indicated as BS-PC,
performed equally well as the best state-of-thdrartsforms with negative lobes.

Error Metric von Kries BFD Sharp CMCCAT CATO2 BS-PC
AE 6 13 14 14 13 14
AEcigs 6 11 12 9 12 12

Table4. A comparison among state-of-the-art transforntstae second CAT found. The number of times
a transform performed best or was statistically shme (at the 95 percent confidence, accordingpeo t
Wilcoxon signed-rank test) as the best transform.

We report in Table 5 and Table 6 of Appendix A, arendetailed analysis of the error
distribution of the investigated CATs on the cop@sding color data sets considered, compared
with the BS transform. In Table 7 and Table 8 opApdix A, the same detailed error analysis for
the BS-PC transform analysis are reported.

CONCLUSIONS
A pair of corresponding colors consists of a calbserved under one set of viewing conditions
that has the same appearance when observed uratbemgets of conditions. In this paper, we
have proposed:
- anew von Kries based chromatic adaptation transfdhat outperforms existent CATS;



- a new von Kries based CAT without negative lobes th statistically equivalent to the
best available CATSs;
- a new optimization procedure that simultaneoushsuall the corresponding color data
sets available and the predictions of the corredipgncolors done using already defined
CATs.
These transforms and the optimization procedurggsed should be further evaluated both
theoretically and experimentally. Our contributghould be therefore considered just in response
to the needs of practical solutions that shoulthfit experimental data as well as possible [20]. In
the proposed strategy, we used and equally trédheldifferent corresponding color data sets
publicly available and used in other experimenthparisons of CATs [7],[20]. In different
application domains, it could be possible to giverenimportance to some data sets and less to
others in the framework of the optimization prooedor apply the procedure to own datasets.
Further research will include the study of non-dinehromatic adaptation transforms.
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APPENDIX A

von Kries BFD Sharp CMCCAT  CATO02 BS
medianAE 5,92 4,03 419 448 391 4,04
Lam Data Set | meanAE 6,50 443 4,45 451 440 4,40
p-value 0,0000 0,7775 0,6285 0,2198 n/a__ 0,8983
medianAE 5,71 473 491 5,20 5,06 5,16
Helson meanAE 6,89 5,55 533 5,32 522 5,30
p-value 0,0008 n/a  0,3854 02771 05560 0,1695
medianAE 6,38 5,16 4,73 5,16 4,79 457
CSAJ meanAE 6,63 5,36 5,12 5,18 5,02 485
p-value 0,0000 0,0005 0,0042 0,0002  0,0044 nla
medianAE 5,35 572 6,51 5,86 5,98 6,69
Lutchi meanAE 7,05 6,90 6,77 5,98 6,07 6,63
p-value nfa 04255 0,3980 0,0864 0,251  0,3047
medianAE 533 5,82 5,69 5,38 5,38 5,83
Lutchi D50 meanAE 5,82 6,32 6,28 6,01 6,05 6,29
p-value n/a 0,0051 0,0780 0,4765 04008 0,0513
medianAE 9,26 7,22 7,23 6,83 6,53 598
Lutchi WF meanAE 10,55 8,87 7,80 7,54 7,27 688
p-value 0,0000  0,0000 0,0000 0,0000  0,0004 nl/a
medianAE 8,53 6,10 6,78 6,26 6,21 5,40
Kuo & Luo meanAE 9,10 6,37 6,93 7,29 7,02 6,65
p-value 0,0001 0,6671  0,4930 0,0009 0,0193 n/a
medianAE 5,01 4,33 3,92 374 37 3,46
Kuo & Luo TL84 | meanAE 5,76 4,61 4,30 4,40 427 412
p-value 0,0000 0,0001 0,0481 0,0090 0,1345 n/a
medianAE 2,81 334 4,00 347 361 4,00
Braun&Fairchild 1 | meanAE 3,60 3,59 3,76 3,67 3,82 3,86
p-value nfa 05228 04631 04074 02461  0,3088
medianAE 554 5,06 5,02 517 5,50 522
Braun&Fairchild 2 | meanAE 6,30 5,96 5,90 6,06 6,14 6,01
p-value 0,6417  0,4691 n/a 0,1337  0,0131 0,0557




medianAE 7,99 6,97 6,93 7,16 6,99 6,66

Braun&Fairchild 3 | meanAE 9,24 7,07 7,06 7,50 7,24 652
p-value 0,0005 0,0148 0,0395 0,0036 0,0031 nl/a

medianAE 6,69 5,99 6,09 6,01 5,81 5,67

Braun&Fairchild 4 | meanAE 6,72 5,73 5,92 6,05 5,92 5,76
p-value 0,0229 03794 0,1337 0,1208 0,2775 n/a

medianAE 9,70 8,70 10,23 10,04 10,06 8,87

Breneman 1 meanAE 10,72 9,10 10,53 10,14 9,68 9,27
p-value 0,0923 nfa__ 0,1514 0,7334 0,8501  0,9697

medianAE 12,83 14,10 12,06 11,01 11,02 10,88

Breneman 8 meanAE 16,32 14,04 12,05 11,79 11,25 11,64
p-value 0,0161 0,1763  0,2661 0,1294 0,9697 n/a

medianAE 14,62 14,93 11,15 10,20 10,27 10,68

Breneman 4 meanAE 17,35 14,67 12,27 12,01 11,61 12,11
p-value 0,0093 0,2661  0,6772 n/a 0,2661  0,4238

medianAE 6,94 7,13 6,90 6,75 6,76 6,88

Breneman 6 meanAE 7,38 7,73 7,92 6,81 6,83 7,45
p-value 08311 0,1230 _ 0,0068 n/a 0,9658  0,1016

Table 5. Median and meanE color difference of actual and predicted colt@d p-values indicate that
there is 95 percent confidence (according to thieddon signed-rank test) that the transform penfoas

well as the best transform for a given data set.

von Kries BFD Sharp CMCCAT  CATO02 BS
medianAE94 3,98 2,76 2,70 2,84 2,62 2,56
Lam Data Set | meanAE94 4,31 3,00 2,93 3,03 2,97 2,93
p-value 0,0000 0,9660 0,8617 0,1532  0,3630 n/a
medianAE94 4,03 2,77 2,89 3,04 3,02 3,06
Helson meanAE94 4,52 3,49 342 355 345 3,45
p-value 0,0001 n/a  0,8444 0,0463 05409  0,5460
medianAE94 4,56 3,44 3,45 3,58 328 318
CSAJ meanAE94 4,71 3,84 3,72 3,76 3,66 358
p-value 0,0000 0,0004 0,0017 0,0011  0,0117 nl/a
medianAE94 341 3,58 4,30 2,89 3,05 3,39
Lutchi meanAE94 3,47 3,71 4,03 3,10 3,35 3,83
p-value 0,1613 0,0003  0,0000 n/a  0,0000 0,000
medianAE94 2,23 3,20 3,48 3,29 3,41 3,6B
Lutchi D50 meanAE94 311 3,52 3,59 3,40 3,45 3,6L
p-value n/a  0,0003 0,0012 0,0084  0,0042  0,00p6
medianAE94 4,69 4,09 3,93 3,62 348 337
Lutchi WF meanAE94 5,61 4,44 3,97 3,96 3,85 3,60
p-value 0,0000 0,0000 0,0000 0,0000 0,0004 n/a
medianAE94 4,55 4,00 4,18 379 381 3,77
Kuo & Luo meanAE94 5,26 3,87 3,98 3,95 3,99 3,98
p-value 0,0003 04597 0,8297 09464  0,7368 n/a



medianAE94 3,03 2,73 2,66 2,53 2,36 2,18

Kuo & Luo TL84 | meanAE94 3,34 2,79 2,71 2,67 2,64 2,59
p-value 0,0005  0,0004 0,0281  0,2207 05129 n/a

medianAE94 2,24 2552 2,76 2,53 2,64 2,73

Braun&Fairchild 1 | meanAE94 2,72 2,68 2,79 2,71 2,71 2,78
p-value nfa__ 05862  0,3088 0,4925 05228 04348

medianAE94 3,89 338 338 3,46 341 341

Braun&Fairchild 2 | meanAE94 473 453 4,50 4,58 4,63 4,56
p-value 0,8767 n/a__ 06791 0,0052  0,0557 05014

medianAE94 5,95 4,68 4,38 4,88 479 405

Braun&Fairchild 3 | meanAE94 5,99 453 427 4,75 4,59 421
p-value 0,0010  0,0129 0,2659 0,0065  0,0065 n/a

medianAE94 4,42 395 4,06 4,04 392 413

Braun&Fairchild 4 | meanAE94 476 4,03 3,97 4,18 411 4,03
p-value 0,0113 0,2146  0,5695 0,3011 n/a__ 05014

medianAE94 4,10 427 5,09 4,12 431 4,60

Brenemanl | meanAE94 5,46 5,02 5,57 4,97 5,13 5,30
p-value n/a__ 09697  0,7910 09097 08501  0,8501

medianAE94 6,35 6,78 7,18 6,00 5,86 6,00

Breneman8 | meanAE94 848 717 6,83 6,46 6,47 6,58
p-value 0,0210 0,1514  0,3394 0,7334 n/a__ 04238

medianAE94 6,23 6,37 6,38 5,28 517 5,30

Breneman4 | meanAE94 945 786 7,24 7,05 7,01 7,08
p-value 0,0093 00522 05186 0,9697 n/a__ 06221

medianAE94 331 3,69 4,30 3,69 412 390

Breneman 6 | meanAE94 3,68 417 4,66 3,86 4,08 4,39
p-value nfa__ 05771 04131 0,7646  0,6377 _ 0,6377

Table 6. Median and meanE94 color difference of actual and predicted cqltwdd p-values indicate
that there is 95 percent confidence (accordingpédWilcoxon signed-rank test) that the transformiqrens

as well as the best transform for a given data set.

von Kries BFD Sharp CMCCAT CAT02 BS-P

medianAE 5,92 4,03 4,19 4,48 391 4,71

Lam Data Set meanAE 6,50 4,43 4,45 4,51 4,40 5,14
p-value 0,0000 07775 0,6285 0,2198 n/a  0,0004

medianAE 571 4,73 4,91 5,20 5,06 5,89

Helson meanAE 6,89 5,55 5,33 5,32 5,22 6,19
p-value 0,0008 nfa 03854 0,2771 0556  0,0006

medianAE 6,38 5,16 473 5,16 4,79 5,04

CSAJ meanAE 6,63 5,36 512 5,18 5,02 5,34
0,0000 0,2428 n/a 03949  0,0741 0,0790

p-value




medianAE 535 572 6,51 5,86 5,98 5,65

Lutchi meanAE 7,05 6,90 6,77 5,98 6,07 6,81
p-value nfa 04255 0,398 0,0864 0,1251  0,4837

medianAE 5,33 5,82 5,69 5,38 5,38 5,76

Lutchi D50 meanAE 5,82 6,32 6,28 6,01 6,05 6,34
p-value n/a 0,0051 0,0780 0,4765 0,4008  0,0513

medianAE 9,26 7,22 7,23 6,83 6,53 6,05

Lutchi WF meanAE 10,55 8,87 7,80 7,54 7,27 6,50
p-value 0,0000 0,0000  0,0000 0,0000 0,0000 n/a

medianAE 8,53 6,10 6,78 6,26 6,21 6,83

Kuo & Luo meanAE 9,10 6,37 6,93 7,29 7,02 7,80
p-value 0,0000 nfa  0,2532 0,1068 0,3750 0,0783

medianAE 5,01 4,33 3,92 3,74 371 347

Kuo & Luo TL84 meanAE 5,76 4,61 4,30 4,40 4,27 4,27
p-value 0,0000 0,0084 0,7313 0,1124 0,9948 n/a

medianAE 2,81 3,34 4,00 3,47 3,61 3,82

Braun&Fairchild 1 | meanAE 3,60 3,59 3,76 3,67 3,82 381
p-value nfa 05228 0,4631 0,4074 0,2461  0,3318

medianAE 5,54 5,06 5,02 517 5,50 4,94

Braun&Fairchild 2 | meanAE 6,30 5,96 5,90 6,06 6,14 597
p-value 06791 08767 0,9176 0,0627 0,0494 n/a

medianAE 7,99 6,97 6,93 7,16 6,99 6,75

Braun&Fairchild 3 | meanAE 9,24 7,07 7,06 7,50 7,24 7,19
p-value 0,0010 0,6874 0,8313 0,0495  0,4925 n/a

medianAE 6,69 5,99 6,09 6,01 5,81 5,97

Braun&Fairchild 4 | meanAE 6,72 5,73 5,92 6,05 5,92 6,24
p-value 0,0200 03011 0,7564 0,352 n/a 08361

medianAE 9,70 8,70 10,23 10,04 10,06 10,50

Breneman 1 meanAE 10,72 9,10 10,53 10,24 9,68 111
p-value 0,0923 nfa 01514 0,7334 08501 0,2334

medianAE 12,83 14,10 12,06 11,01 11,02 11,17

Breneman 8 meanAE 16,32 14,04 12,05 11,79 11,25 12,29
p-value 0,0342 04238 0,9697 n/a  0,0425 0,2036

medianAE 14,62 14,93 11,15 10,2 10,27 10,39

Breneman 4 meanAE 17,35 14,67 12,27 12,01 11,61 12,23
p-value 0,0093 02661 0,6772 nfa 02661 0,3804

medianAE 6,94 7,13 6,90 6,75 6,76 6,94

Breneman 6 meanAE 7,38 7,73 7,92 6,81 6,83 741
p-value 0,8311 0,123  0,0068 nfa 09658 0,2061

Table 7. Median and meanE94 color difference of actual and predicted cqltwsld p-values indicate
that there is 95 percent confidence (accordingédw/ilcoxon signed-rank test) that the transformiqrens
as well as the best transform for a given data set.



von Kries BFD Sharp CMCCAT CAT02 BS-PC
medianAE94 3,98 2,76 2,70 2,84 2,62 3,32
Lam Data Set | meanAE94 4,31 3 2,93 3,03 2,97 341
p-value 0,0000 10,8861 0,8556 0,1974 n/a  0,0017
medianAE94 4,03 2,77 2,89 3,04 3,02 3,71
Helson meanAE94 4,52 3,49 3,42 3,55 3,45 4,19
p-value 0,0001 nfa 08444 0,0463 05409 0,0000
medianAE94 4,56 3,44 3,45 3,58 3,28 3,51
CSAJ meanAE94 4,71 3,84 372 3,76 3,66 3,85
p-value 0,0000 0,0115 0,2549 0,0003 n/a  0,0010
medianAE94 341 3,58 4,30 2,89 3,05 3,00
Lutchi meanAE94 347 3,71 4,03 3,10 3,35 332
p-value 0,613 0,0003  0,0000 n/a  0,0000 0,1473

medianAE94 2,23 3,20 3,48 3,29 3,41 3,51

Lutchi D50 meanAE94 311 3,52 3,59 3,40 3,45 3,5p

p-value n/a 0,0003 0,0012 0,0084 0,0042  0,001L6

medianAE94 4,69 4,09 3,93 3,62 348 341
Lutchi WF meanAE94 5,61 4,44 3,96 3,96 3,85 3,41
p-value 0,0000 0,0000 0,0000 0,0000 0,0000 n/a
medianAE94 4,55 4,00 4,18 379 381 3,57
Kuo & Luo meanAE94 5,26 3,87 3,98 3,95 3,99 4,02
p-value 0,0046 0,7368  0,8402 0,5724 0,6477 n/a
medianAE94 3,03 2,73 2,66 2,53 236 2,36
Kuo & Luo TL84 | meanAE94 3,34 2,79 2,71 2,67 264 251
p-value 0,0001 0,0003 0,0290 0,0018 0,0214 nl/a
medianAE94 2,24 2,52 2,76 2,53 2,64 2,76
Braun&Fairchild 1 | meanAE94 2,72 2,68 2,79 2,71 2,71 291
p-value n/a 05862 0,3088 0,4925 05228 0,1024
medianAE94 3,89 3,38 3,38 3,46 341 3,45
Braun&Fairchild 2 | meanAE94 4,73 4,53 4,50 4,58 4,63 453
p-value 0,8767 n/a 06791 0,0052  0,0557  0.9999
medianAE94 5,95 4,68 4,38 4,88 4,79 4,66
Braun&Fairchild 3 | meanAE94 5,99 4,53 4,27 4,75 459 4,79
p-value 0,0007 0,0684 n/a 0,0056 0,0840 0,2461
medianAE94 4,42 3,95 4,06 4,04 3,92 4,17
Braun&Fairchild 4 | meanAE94 4,76 4,03 3,97 4,18 411 4,41
p-value 0,0113 10,2146 0,5695 0,3011 nfa 02775
medianAE94 4,10 4,27 5,09 4,12 431 4,81
Breneman 1 meanAE94 5,46 5,02 5,57 4,97 513 521
p-value n/a 09697 0,791 0,9097 0,8501  0,9697
medianAE94 6,35 6,78 7,18 6,00 5,86 6,31
Breneman 8 meanAE94 8,48 717 6,83 6,46 6,47 6,29
p-value 0,0210 10,1514 0,3394 0,7334 n/a 0,791
medianAE94 6,23 6,37 6,38 5,28 517 5,94
Breneman 4 meanAE94 9,45 7,86 7,24 7,05 7,01 6,83
p-value 0,0093 00522 0,5186 0,9697 nfa 06221




medianAE94 331 3,69 4,30 3,69 412 4,01
Breneman 6 meanAE94 3,68 4,17 4,66 3,86 4,08 3,99
p-value nla 05771 04131 0,7646 0,6377 05771

Table 8. Median and meanE94 color difference of actual and predicted cqltwsld p-values indicate
that there is 95 percent confidence (accordingédi/ilcoxon signed-rank test) that the transformiqrens
as well as the best transform for a given data set.



