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whereP is the number of primaries defined in the model
(e.g. 16),\ denotes the wavelength of light()) is the
Abstract predicted spectral reflectance corresponding to a halftone

Parameter estimation is crucial to the accuracy of Neugg?fint, 7i()) is the reflectance of thé" primary,n repre-
bauer model in characterizing digital halftone printers. InS€nts the empirically determinedile-Nielsen(YN) cor-
this paper, a novel total least square (TLS) regression tecH€Ction fa.ctor,. which accounts for the penetration and scat-
nique is proposed for the model parameter estimation prog€ing of lightin paper, known as théile-Nielsen effe¢4,
lem for dot-on-dot screen printers. Compared to the tradi>l: wi denotes the fractional areas of the ﬂ% Neuge-
tional least square (LS) approach, the TLS method is phys2@uer primary. The fractional areas, a function of the
ically more appropriate because it accounts for errors irflot areas of eaph individual colorant, where the functional
both the measured reflectance of the selected primaries af@™ iS determined by the halftone geometry. However,
the modeled reflectance. At the same time, TLS provide§ince the relationship between the actual dot areasy, k-
increased mathematical flexibility in fitting the Neugebaue@nd the digital control values C, M, Y, K is usually nonlin-
model to the experiment data. Both the TLS and LS tech&&' (which is often referred to as the dot area function),
niques are tested on a Xerox color printer with a dot-on-dofOPhisticated procedure needs to be performed to estimate
halftone screen. Compared to the LS based techniques, tife function.
TLS methods yield a more accurate model for the printer. ~ For dot-on-dot screens, because the dots of individual
colorant are on top of each other, at most 5 of the 16 pri-
. Lo maries are active [6]. Fig. 1 shows an example of the ar-
1. Neugebauer model and its variation for  rangement of dots for a dot-on-dot screen. As a result,
dot-on-dot halftone screens if we let p1, p», ps, psa denote the printer colorants in
increasing dot area coverage, ang a., as, a4 the cor-

The Neugebauer model and its variants [1, 2, 3] offer anesponding dot areas, Eq. (1) can be rewritten as [6]:
attractive characterization method for color printer calibra-

tion, where the model parameters can often be determined 5

from a small number of measurements. For halftone color rt/m) = Zwml/"(k) 2)

printers using Cyan (C), Magenta (M), Yellow (Y) and =1

Black (K) colorants, up t@* = 16 different colored re-

gions or primaries are produced on paper through subtrag-, ¢ {7 pipapsps AN Ppapaps (A Ppapa (A)s Tpa (A), 7o (M)}

tive overlap of none, one, two, three or four colorants. Asgenotes the 5 primaries, and € {a1,a> — ay,a3 —

aresult, a halftone print can be expressed as the weightegl o, — 3,1 — a4} are the fractional areas.

average of the tristimuli of these 16 oyerlapping combi- In practice, the printing process is subject to noise and

hations, referred to as Neugebauer primaries. The Weums-registration effects. Therefore, a combination of the

known spectral Neugebauer model can be written as: 0 "¢ (2) and the general model (1) (where the frac-
P tional areasv; are computed by Demichel Equations [7])

r1/n(/\;w) _ Zwiril/"()\), @w s mtroduqed in [6] to improve the predlgtlon accuracy.

pa The combined model represents the predicted reflectance
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as: The above equation at all wavelengfhs, ... \y] can be
r(A) = (1 —a)rqg(A) + arp(N), (3) combined as
wherer4()) is the reflectance predicted by the dot-on-dot p
model (2),7. () is the reflectance predicted by the general r'(w') + €' = Z w;(r; +e;) = (R, + E)w' )
model (1), andx is a “noise factor” (within the range of i=2
(0,1)) which determines the relative contributions of the \yhere each vector represents the corresponding term in
two models to the mixing process. Eq. 6 at all sampling wavelengths.
The above problem is equivalent to “solving” a set of

2. Neugebauer model parameters estimation linear equationstX ~ B. Considering the error associ-

by total least square regression ated with all the measurement terms, it can be solved as a

TLS problem, which seeks to
In the Neugebauer model, dot area function and YN cor-

rection factom need to be estimated, so is the noise factor minimize ||[4; B] — [AB]|| -

a in the combined model( 3). The YN correction param- subjectto AX = B; [A; BleR™* ("t (8)
etern and the noise factar can be estimated by iterat-

ing through a set of candidate values within empiricallywhere ‘F’ denotes the Frobenius norm [8]. The TLS so-
established boundaries. The dot area function can be ebition is computed through singular value decomposition
timated by either least square (LS) or total least squaréSVD). Compared with its LS counterpart, TLS method is
(TLS) approach. The LS approach is based on the obsephysically more appropriate because it accounts for errors
vation that the measurement and the model prediction oih the measured reflectance of both the selected primaries
the reflectance()) is prone to error. Therefore, the repre- and the modeled reflectance. At the same time, it provides

sentation of the Neugebauer model would be more flexibility in fitting the model to the experiment data.
P {w;} and the primary measurement error correction can
Un( )\ w) = Ly A\ 4 be estimated at the same time. The correction to the pri-
rrAiw) ;wlr’ () +e) @ maries can then be utilized to update the primaries. Fig. 2

illustrates graphically the difference between the one di-
wheree()) represents the measurement and model errof,ansional LS and TLS case. The LS method minimizes
(in the YN corrected spectral space). However, it shouldpe squared sum of the vertical distances; whereas the TLS

be noted that the measurement of the primary reflectancg,athod minimizes the squared sum of the perpendicular
r;()) is also subject to error. Therefore, a more accuratgjisiances.

model is the one that allows errors in all measured quanti-
ties, which is given by 2.1. TLS applied to single-colorant step-wedges
P
/P w) +e(\) = Z w; [rg/”()\) +e;(N)]  (5)  Wefirstgive an example of applying TLS to single-colorant
i—1 prints. These prints are generated by stepping through the

wheree()) denotes the measurement and model errors ir‘f“gital values used for driving the printer, typically frdim
the YN-corrected spectral space, and)\) is the error in to 255, and are therefore referred to as step-wedges. Since

the YN-corrected measured reflectance ofitherimary. there is only one colorant in this case, a simplified Neuge-

The solution to the above equation must incorporate,pauer model with onlg primaries (one colorant and paper

the unity sum constraint on the fractional areas of the pri-Wh'te) is applicable. Therefore, forki-step cyan wedge,

maries, e.g.y./_, w; = 1. If we assume that the first with digital valuesh < ¢y < €5 < ... < Ck < 255, the

Neugebauer primary corresponds to paper white with re[nOdeI of (7) reduces to

flectancer; (1)), then, subtracting}/”(/\) from both sides, (tpe +ep)cj =1 +e, j=1,2,...K (9

Eq. (5) can be rewritten as .
wherec; denotes the dot area for the digital step valye

P , .
r, . denotes the cyan primary reflectaneg, denotes the
! \: ! I)\ — i Y by z/\ 6 pc J
rswl) +e) ;w (ri(A) +e(Y) © reflectance of thg" step,e., ande),. denote the measure-
ment error inr’cj andr,,. respectively. Thek equations
where w' = [wy,ws,... w7, in (9) may be combined as
rsw) = g w) =), (rhe +ep)e” =R, + Ef (10)
1/n 1/n
ri(A) = ri/ (A) _7°1/ (N, where ¢ = [c1,¢2,...ck]", RL=[r. 1l ,...1. ],
e(A) = e(\) —wie(N). and E, = [e, ,e,,,...e, ]. By solving these equations
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through the TLS approach discussed in the previous secFhree techniques were tested: 1) LS estimation, employ-
tion, the dot areas of cyanand the correctioe;,. to the  ing single-colorant step-wedges; 2) TLS estimation, em-
cyan primary reflectance can be simultaneously obtainedploying single-colorant step-wedges; 3) TLS estimation,

employing single-colorant and gray step-wedges. Correc-
2.2. TLS applied to multi-colorant step-wedges tion of the primary reflectance was performed in Tech-

niques 2) and 3). Fig. 3 shows the averagyg errors of
Multi-colorant prints can be further employed to enhancethe three color difference metrics. It can be observed that
the accuracy of the estimation. If we follow the same no-the TLS based technique produces smalléf errors in
tation for the dot-on-dot mixing model in Section 2, then 5| three cases than the LS based technique with single-
from (2) and (7), we get: colorant step-wedges. By employing gray step-wedges,
the TLS estimation accuracy were further improved.

(r;1p2p3p4 - r;2P3p4)aJ1 =r' - “21‘})21)31»4 -
! !
(a5 — a2)rpgp, — (aa —az)ry, (1) 4. Conclusions
After incorporating the error terms, we can rewrite the equq— . . .
tion as n this paper, a total least square regression technique was
(. +e Jal =r* +e* (12) proposed to estimate the parameters of the Neugebauer
pa1 par/™1 model for halftone printers with dot-on-dot screen. The
wherery, =T}, . 0ipe — Tpopepsr T =T —a2rp, .. —  TLS approach is better than LS due to its physical appro-

(a3 — az)ry,,, — (a4 — az)r,,, andey, , e* represent priateness and greater mathematical flexibility. The test re-
the corresponding combined errors. This equation set cagults on a Xerox printer have shown that the TLS method
again be solved by TLS approach. yield a more accurate model than its LS counterpart if

In our experiment, the combined model (3) is utilized single-colorant step-wedges were employed. The incor-
to account for the noise in printing process. In order toporation of gray step-wedges into TLS estimation further
estimate the parameters by a linear approach, the combinéshproved the results.

model is modified to

PO = (1— /") +ar/r() (13) Acknowledgments

The authors wish to thank the Invention Opportunity Pro-
where the combination is done in the YN-corrected re-gram Committee and the Production Controller Software
model can be readily developed using [8]. and providing the appropriate facilities.

3. Results Biography

We tested the LS and TLS techniques on a Xerox coloMinghui Xia received his BS degree in Electronic Engi-
printer with dot-on-dot halftone screen. A training chart Neering from Tsinghua University, Beijing, P. R. China
was first printed and measured with a Gretag spectrophdd 1996, and MS degree in Electrical Engineering from
tometer. The chart has four single-colorant and one gray/niversity of Rochester in May, 1998. He is currently a
Step_wedgesl, each with 17 steps even|y distributed be- PhD candidate at the Electrical Englneerlng Department
tween 0 and 255 (0 and 255 included). After the modelof Princeton University. From October 1996 to June 1998,
parameters were estimated from the measurement, a tddg was a consultant on color characterization and render-
chart was generated and measured to test the various algfd in the Systems and Platforms Development Group of
rithms. The test chart contailisx 5 x 5 = 125 samples ~ Xerox Corporation. His research interests include color
evenly distributed throughout the color space. CIELABIMage rendering, image segmentation and understanding,
values [9] were computed (under the CIE viewing lllu- data compression and video sequence analysis.
minant D50) from the spectral measurement of the test
chart andA E differences between the measueth*t*  References
values and the Neugebauer model predictions were calcu- . .

. 1] H. E. J. Neugebauer, “Die theoretischen Grundlagen des
'ated- CFOIOf differences betwe?n the measurements and.thé Mehrfarbenbuchdrucks, Zeitschrift fif wissenschaftiiche
predictions were computed using three common color dif- Photographie Photophysik und Photochemiel. 36, no.
ference metricsAE*, [9], AEX ;. [10], andAEZ, [11]. 4, pp. /3-89, Apr. 1937, reprinted in [12, pp. 194-202].

[2] J. A. S. Viggiano, “The comparison of radiance ratio spec-

1The gray step-wedge which has no black colorant and equal digital tra: Assessing a model’s “goodness of fit",” Adv. Print-
values for the cyan, magenta and yellow colorants, and is therefore a ing of Conf. Summaries: SPSE’s 43rd Annual Conference,
special case of multi-colorant prints. Rochester, NYMay 1990, pp. 222-225.

283



(3]

(4]

(5]

(6]

(7]
(8]

(9]

[10]

[11]

[12]

IS& Ts NIP 14: 1998 International Conference on Digital Printing Technologies

R. Balasubramanian, “Colorimetric modeling of binary
color printers,” inProc. IEEE Intl. Conference on Image
Proc., Nov. 1995, vol. Il, pp. 327-330.

J. A. C. Yule and W. J. Nielsen, “The penetration of light
into paper and its effect on halftone reproduction, TAGA
Proc.,, May 1951, pp. 65-76.

F. R. Clapper and J. A. C. Yule, “Reproduction of color
with halftone images,” ifProc. Seventh Annual Tech. Mtg.
TAGA May 1955, pp. 1-14.

R. Balasubramanian, “A printer model for dot-on-dot
halftone screens,” iProc. SPIE: Color hard copy and
graphic arts 1\ J. Bares, Ed., 1995, vol. 2413, pp. 356—
364.

E. Demichel, inProcédé, 1924, vol. 26, pp. 17-21,26-27.

S. Van Huffel and J. VandewalleThe total least squares
problem : computational aspects and anaglsﬁs)met y for
Industrial and Applied Mathematics, Philadelphia, 1991.

CIE, “Colorimetry,” CIE Publication No. 15.2, Central Bu-
reau of the CIE, Vienna, 1986.

F. J. J. Clarke, R. McDonald, and B. Rigg, “Modifica-
tion to the JPC79 colour-difference formuld,” Soc. Dyers
Colourists vol. 100, pp. 128-132, 1984.

CIE, “Industrial color difference evaluation,” CIE Publi-
cation No. 116-1995, Central Bureau of the CIE, Vienna,
1995.

K. Sayangi, Ed.,Proc. SPIE: Neugebauer Memorial Sem-
inar on Color Reproductlonvol 1184, SPIE, Bellingham,
WA, Dec. 1989.

c = Black Colorant
- Yellow Colorant
R Magenta Colorant

PR Cyan Colorant

PAPER (W)
Figure 1 Example of dot-on-dot screen configuration.
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Figure 2 LS versus TLS. The dashed lines denote LS error and

the solid lines perpendicular to line b=xa denote TLS error.
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Figure 3 AverageAE errors for the test chart - (1) LS and TLS
estimation, employing single-colorant step-wedges; (2) LS and
TLS estlmatlon utilizing combined model £ 0.5), employing
single-colorant and gray step-wedges.
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