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curve. (2) As well, for this inherently nonlinear polyno-
Abstract , . :
) . , mial regression model one can in fact almost exactly map
The White-Point Preserving Least Squares (WPPLS) aline entire achromatic curve in a constrained regression.
gorithm is a method for colour correction that constrainstpen, with little effect on the overall performance of such
the white point to be exactly mapped into its correct XYZ 5 regression, neutrals are reproduced almost exactly. We

equivalent. For printers, however, the mapping is from degenote this new method as a Greyspace Preserving Least
vice coordinates to colorimetric densities: the device whitegqares (GSPLS) transform.

is thus mapped into a zero vector and the WPPLS method
cannot go forward. Here we use a polynomial regression
model and specify that both white (the zero vector) and an 2. Polynomial Regression
average grey be exactly mapped. Moreover we extend the

method to accurately but approximately map a subspacgor concreteness, throughout we study the behaviour of a
of the entire achromatic curve, thus reproducing the neupewett-Packard DeskJet 850C inkjet printer, characteriz-

tral tones with far greater accuracy. ing the device separately for plain and glossy paper. For
this printer, one cannot directly set CMYK values, but in-
1. Introduction stead one can supply a file of device coordinates consisting

of RGB values. Thus for the printer white point, we sup-

An important consideration in colour printer calibration is Ply values RGB=(1,1,1) (normalizing to scale1) and the
finding an effective model for colour correction, i.e., map- Printer responds by depositing no colour for that pixel. We
ping device RGB’s or CMYK’s to XYZ's. Of course, a find that in fact this printer displays a reasonably linear
lookup table provides the most straightforward method forelationship between RGB and the colorimetric densities
characterizing colour printers; however one is still left with log(X/X), whereX is the set of measured XYZ values
the problem of choosing an interpolation method, as welland X, are those for the printer white (see Fig.1). We start
as possible storage problems. A simple printer model als@y finding a mapping from RGB to XYZ, since then we
has the advantage of capturing salient features of printefan use a perceptualE measure to evaluate the mapping.
behaviour in model parameters. Understanding the strucfhe more practical mapping from desired XYZ to device
ture of the model amounts to a better understanding of th@GB will be accurate if the reverse direction is accurate.
device itself. , _ The WPPLS transform is based on performing a least

Luo et al.[1] showed that for a Cromalin proofing sys- squares regression from RGB'’s to XYZ's, but constrain-

tem, a Mitsubishi wax thermal-transfer printer, and an Irising the white point to be mapped exactly. It is based on a
inkjet printer a third-order maSking model performed bestsimp|e Least Squares (LS) regression_

for the colour correction task. In this paper, we show that

a similar model can be adapted to the paradigm of con-

strained regression applied to printer models. We show.1. Least Squares

the following: (1) Although one cannot apply the White- ] )

Point Preserving Least Squares (WPPLS) method[2, 3] diSuppose we calibrate withiax< 5 x 5 colour chart, and col-
rectly to models based on colorimetric densities rather thafect all§ = log(Xo/X ) measurements into anx 3 matrix
tristimulus values, the method can be changed to preservEl wheren = 125, and collect all RGB values into a sim-
both the white point and a grey point as well, resultingilar matrix @ . Here we wish to carry out a polynomial
in a Grey Point Preserving Least Squares (GPPLS) algoregression fronf(RGB) to XY Z. We form an 18-vector
rithm. The utility of this constrained regression is that er-from each RGB triple, consisting of valués G, B, R?,
rors along the curve of grey patches are reduced to zero &, B?, RG, RB, GB, R?, G3, B?, R*G, R’>B, RG?,
two locations, and diminished along the remainder of theG?B, RB?, GB?. Thus matrixQ is n x 18. Then the
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best least squares mati is that for which! Now, here we are mapping an 18-vecfy to a colori-
H ~QM (1) metric density 3-vectofc. The problem is that we are
- representing white with both vectors equal to zero, and the

whereM is 18 x 3. WPPLS method cannot go forward. Subtracting each from

The LS solution is, of course, unity will not be correct either, since then the model will

have an offset. Instead, a simple approach is to insist that a
p— T —1 T L
M =@Q'Q)"Q H (2) distinguished point, thaverage greybe mapped exactly.

Since we note that eq.(2) is linear, it will map zero values!n this way both the white point as well as one grey point
into zero. However, colorimetric densitid® are zero at  Will be exactly mapped. _ _ _
black. Therefore we alter the meaning of mai)xso as  onal matrix relatingdc to &¢; it consists of the pseudoin-
to mean the 18-vector composed from val(ies- RG B). verse ofj operating Orfci

Then white is zero, and is always exactly mapped using the

LS transform. Note, however, that greys are not mapped D = ﬁc[(ﬁc)Tﬁc]_l(gc)T
exactly. ’
The first two rows of Table 1 show results for a LS (7)TD = év (4)

transform for this printer, expressed as CIELABY error
values for recovered XYZ tristimulus values, with white We can further break matrif into a partZ that auto-
given by the paper white, for plain paper. Regression wasnatically preserves the distinguished pointand an arbitrary
performed on & x 5 x 5 color chart, and the resulting ma- partiV ,

trix was also applied to a separately measured achromatic E =ZN (5)

scale consisting of 14 paches. Then the job of the regression is to establish the best least

Algorithm Min | Median| Mean| Max squaresv .

LS (5x5%5) 0 620 698 24.77 The projector

LS (greys) 0 749] 8.01]| 17.49 T

GPPLS (5x5x5)] 0| 683| 7.54] 24.64 P = pel(po)” pel™ (Fo) ()
GPPLS (greys)| 0 443 6.11] 1361 is the 18 x 18 matrix projecting onto the 1-dimensional
GSPLS (5x5x5) 0 7.98| 8.59]| 27.27 subspace spanned by 18-vecior. We need a8 x 17
GSPLS (greys) 0 220 276] 5.02 matrix Z orthogonal toj, and for this we can take the

_ o ] set of eigenvectors d? spanning the complementary sub-
Table 1 Plain paper. Statistics for CIELARE" values com-  gpace.P has one eigenvalue equalto 1, and the rest 0. The
paring Least Squares (LS), Grey Point Preserving Least Squaregigenvectors for eigenvalues 0 make up ma#ix Then

(GPPLS), and Greyspace Preserving Least Squares (GSPL$he solution for the best7 x 3 matrix N that minimizes
methods for 125 samples and 14 achromatic patches. least squares under the constraint is [3]

. : . . =[z2'Q"Qz|'[z"Q"|H -QD
Errors are not insubstantial, and Fig.2(a) shows the his- [Z7e ez]"Z Q] QD] (7)
togram for these errors. Errors for the 14 achromatic patches preserving grey, then, in this GPPLS model, takes the
shown as vertical lines — errors for the grey scale aryerage (1-RGB) colour specifier, made into an 18-vector,

widely distributed. into the average colorimetric density for the achromatic
patches? The 3rd and 4th rows of Table 1 show the results
2.2. Preserving a Grey Point: GPPLS for this GPPLS method. As expected, overall GPPLS re-

sults are slightly worse (after all, LS necessarily produces
Yhe least squared error). However, errors for the achro-

. . Ghktic patch bstantially reduced Iso b
variables, we would like to apply a WPPLS [2, 3] approac lc paiches are substantially reduced, as can also be seen

to such printer models. In [3] a method for constrainingm Fig.2(b).

the regression for higher dimensional models is presented. )

Matrix M is broken into two pieces, one denotBd that 3. Preserving Greyspace: GSPLS

takes a constraint RGB poipt: into the correct tristim-

ulus vector, and a second denotEd that preserves the Suppose we denote b§ the set of 18-vectors formed

Although white is preserved automatically above, since i
is represented as zero for both dependent and independ

constraint thap is mapped exactly: from (1-RGB) values for a set af achromatic patches.
ThenG is ann x 18 matrix. We can ask the question:
M =D +FE (3)  Is it possible to map all such grey values to their correct

LErrors in this printer model might be amenable to further reduction COrresponding 3-vectog2 Of course, the answer must be
by the technique of finding error vectors for the achromatic scale and ther
remapping based on these corrections with gradually less influence as a 20nce the average grey is calculated for any particular printer, units
function of chroma (cf. [4]); however in this work only the uncorrected can be remapped so that that grey has ytitd, 1?1 (cf.[2]); then matrix
results from regression are shown. Z is fixed and need not be recalculated for each printer.
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negative since there are not enough dimensions in the reédgain, we need thé&8 x 18 projectorP , which is here the
gression to allow for so many constraints. And in fact theprojector onto the greyspace:

more constraints the poorer overall should we expect the

regression results to be, since we are pinning down more P=G"G =vv’” (13)
and more of matrixM . Nevertheless we can expect to
be able to approximately map a small subset of the gre
patches if we are not too ambitious with respect to dimen
sionn of preserved greys.

A reasonable size for our greyspace might be 5, sinc
we here started with& x 5 x 5 RGB cube; let us take for
the greyspace s&F five evenly-spaced grey patches not
including white. (The reason for excluding white is that
white is represented in matri@ and in matrixH as all
zeros.) Thus we try using = 5 and a5 x 18 matrix G .

Then matrixZ is the set of 18 — r) = 15 eigenvec-
tors of P which are orthogonal to the grey subspace. The
solution for matrix/N is again given by the same equation
é?), where nowZ is 18 x 15 and N is 15 x 3. They
combine as in eqs.(3, 5) to form a8 x 3 matrix M .

The last two rows of Table 1 show the results for this
GSPLS method, for plain paper. Again, the overall perfor-
mance is slightly degraded, as expected, since this trans-
form is not the ‘least’ possible. Nevertheless the perfor-
However, we cannot expe@ to have full rank, and in tmhg?(fzgrf%éh'éF?F,SLPSL%rqgeth%?éﬁ %?égﬁsgg ;hgﬂ]%?g g?er?/
fact |t. t-urnﬁs out to bé Dgnote byL the set of colorimetric point. However, there is a great improvement in the ac-
densitiest corresponding to these grey patches. Tlen cyracy of mapping the achromatic patches, as can be seen
IS ann x 3 matrix. in Fig.2(c).

If G isrankr, a Singular Value Decomposition (SVD)
of G can be written

4. Glossy Paper
T
G =UAV () Results for glossy paper are given in Table 2. As can be
seen, these results are not much different than those for
plain paper except that the error reduction for achromatic
patches is somewhat better than for plain paper.

whereU andV are orthogonal matrice&] isn x r and
V isr x 18. Matrix A is diagonal and x r. The Moore-
Penrose pseudoinverse@f is denotedz T, and is given

by N R Algorithm Min | Median| Mean| Max
GT=VATU 9) LS (5x5x5) 0 8.36| 9.08| 27.00

Then we have that LS (greys) 0 7.83| 8.70| 16.40
GPPLS (5x5x5) 0 9.33| 10.50| 27.42

GGT =UvuUu"”T (10) GPPLS (greys) 0 3.83| 3.78| 7.19

GSPLS (5x5x5) 0 8.92 | 10.54| 27.69

Now note that although we must have thatther matrix GSPLS (greys) 0 213 2.22| 479

U TU) equals ther x r identity matrix I ,. (which is

I 3, here), matrixXU U T) is not the identity matrixI ,
(whichisI 5, here), but is only close to the identity. How
close depends on how rank-reduced mai#ixs.

Here, we could in fact simply select 3 grey patches out
of matrix G such that the subset produces a new rank-3 .
matrix G . Then we would be mapping those three greys 5. Conclusion
exactlyin the GSPLS transform developed in the next three o ) ]
equations. However, that would leave part of the greyWVe have shown that it is possible to adapt the constrained
curve uncontrolled. Therefore here we keep all five patche&egression method, based on mapping colour values to tris-

in matrix G and consequently map those patches not extimulus values, to printer models for mapping device co-
actly but only approximately. ordinates to colorimetric densities. Moreover, we have

To carry out a GSPLS, we again form matiix akin ~ Shown how to generalize the constrained regression method
to thatin eq.(4), but now form it by application of the pseu- SO as to accurately map part or all of the achromatic curve

doinverse of the grey spac, *, to the colorimetric den- 1OF & printer. . .
sities for the greys, which form matri - Of course, one could instead attempt to simply carry

out a standard grey balancing of RGB values. But this
D —-GTL (11) is too coarse a coordinate change, even having a nonlin-
ear polynomial regression at one’s disposal following the

grey balance: here a grey patch lfas= G = B so there

is only one tone curve. For plain paper, we found that

grey balancing followed by regression produced a maxi-
3Matrix rank can be obtained using a QR decomposition[5] rankmum AE* value of 48, and the minimunAE* even for

r = 3. Any collection of 3 or more 18-vectors made from distinct patches th€ neutrals was 5.2: these values are much better for the

with R = G = B will have rank 3, barring noise. GSPLS method, as seen in Table 1.

Table 2 Glossy paper. CIELARE™ values comparing LS, GP-
PLS, and GSPLS methods for 125 samples and 14 achromatic
patches.

so that
GD ~L (12)
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The preseih methal involves mary tradedfs, ard it
shoutl be investigate to wha degree one can increase
the rark of the accurate) mappel greyspae without too
greatly decreasig overal accuray. Also, the third-order
modd empbyed may not be the beg to use in conjunc-
tion with the constraind regressim method Finally, the
choice of just which grey patche to use shoutl be fur-
ther explored — we have found that this choice does make
a difference and possiby a substantihone Clearl, one
shoutl choo® patche tha broadl span the printerstone
range but just how to do so is an open question E.g.,
it may be beg to choo® greys that lie on the mog linear
portion of theachromait curve The problamissomething
like choosimg knotsin aspline curvefit: if knotsaretoo far
from sone dafa points unexpectal variatiors in the curve
can result What is required is a compromig striking the
beg balane@ and choices mack in thisrepott are likely not
yet optimal Neverthelessthe methal as presentd does
wha it ses out to do, which isto more accuratef map the

greys.

Colorimetric densitities: Plain paper
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Figure 1. Colorimetric densities as a function of input RGB file
values (for fixed Blue), 850C printer, plain pape.
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Least squares: CIELAB errors

5 10 15 20

deltaEs

@)

Grey point mapping: CIELAB errors

\W

deltaEs

(b)

Greyspace mapping: CIELAB errors

WIIIIII- -
" T T T T
0 5 10 15 2 2

1
5

30

25

20

15

10

| B

0

30

25

20

15

10

ol

0

15 20 25

deltaEs
©

Figure 2. Plain pape. Histogram of CIELAB errors for (a) LS,
(b) GPPLS and (c) GSPLS regressions Resuls for regression
matrices applied to a sepaately measued achromatic scak are
shown as verticd lines.
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LS

Best LS map from 18-vector colour specifiers p
to 3-vector Colorimetric Densities € :

LSminimizes rms error for P — &
White 18-vector W = 0 maps to 3-vector W =0

—_ —=

222

P :(ﬁ,é,ﬁ,ﬁ,é,ﬁ,...,é,?), § =log(Xy/X)
18 x 1, 125 patches R=1-R 3x 1, 125 patches

Figure 3. LS Leag Squaes method.
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GPPLS

Best Constrained-L S map from 18-vectors p
to 3-vector densities &
White 18-vector W = 0 maps to 3-vector W=0

Also, mean grey maps to mean grey 3-vector

P =(R.G,B,RGB,...,G B2), & =log (Xo/X)
18 x 1, 125 patches R=1-R 3x 1, 125 patches
Figure 4. GPPLS Grey Point Preservimg Leag Squaes method.
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Greyspace Preserving -- GSPLS

Best Constrained-L S map from 18-vectors P
to 3-vector densities ¢

White 18-vector W = 0 maps to 3-vector W =0

Also, selected 18-vector greys approximately map to
3-vector grey densities

Wl W)

——_—— - _ el __ =T

Errorsin mapping Greyspace: D pG - EG

Correct Greyspace EG Greyspace E(3. Error

1.44 1.43 1.47 -0.02 -0.02 -0.06
1.28 1.27 1.17 0.04 004 0.1
1.05 1.01 1.02 -0.03 -0.03 -0.04
0.58 0.58 0.62 0.02 0.01 -0.01
0.12 0.12 0.14 -0.01 000 0.03

Figure 5. GSPLS Greyspae Preservirg Leag Squaies method.
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LS. LAB errors. ‘'g'==greys
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Figure 6a p . LS method: CIELAB errors (in a-b plpfue modelel XYZs. Plain pape.
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GPPLS. LAB errors. ‘g'==greys
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Figure 7a b GPPLS method: CIELAB errirs (in a-b plaite modelel XYZs. Plain pape-.



Copyright 1998, IS&T

GSPLS. LAB errors. ‘g'==greys
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Figure 8. GSPLSmethod CIELAB errors (in a—b planég for modele XYZs. Plain pape.
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Glossy paper, Least squares: CIELAB errors
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Figure 9. Glosy Pape. LSmethod CIELAB errors and errors for achromattc patches.
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Glossy paper, Grey point mapping: CIELAB errors
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Figure 10. Glosy Papa. GPPLSmethod CIELAB errors and errors for achromatic patches.
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Glossy paper, Greyspace mapping: CIELAB errors
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Figure 11 Glosy Papea. GSPLSmethod CIELAB errors and errors for achromatic patches.
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Tone Curve, RGB-driven HP850C
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Figure 12. Tone curve for 850C printer. Plain pape.



