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Abstract Charge
We create a computer based numerical model to predict the (\

color spectra of printed patches on dry toner electropho-
tographic printers. The goal of this research is to obtain
a simplified model describing the input-output behavior of
the printers based on the physical characteristics of the dif-
ferent printing process steps and the interactions between
them. This leads to a better understanding of the factors
that have an impact on printing quality. Furthermore, by
modeling the non-linearities of the electrophotographic pro-
cess, the prediction model will allow the creation of device
calibration data with a minimal effort.

In order to avoid the additional optical non-linearities
prqduced by light rgflectiqns on paper (dot-gain), we havq:igure 1 The electrophotographic process.
limited the present investigation to transparency prints. In
its current version, the proposed model is capable of pre-

dicting the transmittance spectra of a printed monochrome ) .
wedge down to a mean deviation less than CIELABCan be randomly covered by small toner particles looking
AE!, = 1.5. like background noise.

a

The proposed simulation incorporates sub-models of

the electrophotographic process [1, 2] shown in Fig. 1, 2. Mode"ng e|ectr0ph0tographic dOtS,

such as the exposure of the photoreceptor, the generated monochrome prints and their spectra
electrostatic field, the toner’s charge and diameter distri-

dojaaaqg

butions, as well as the transfer and the fusing steps. To account for the mentioned prediction difficulties it is es-
sential to take the microscopic density modulation into ac-
1. Introduction count. This is done by basing the predictions on an image

analysis and processing approach at a microscopic scale.

The main difficulty in estimating the color in electropho- The basic idea of the prediction model is to simulate the
tography is the high distortion of the printed dots and thedensity modulation of the electrophotographic printer by
large area where the neighboring effects can’t be neglecstarting from the input page bitmap. The final goal is to
ted. In spite of the printed dot distortion, virtually all clas- match the predicted with the measured color spectra of a
sical color prediction models are still based on the assumpprinted gradient.
tion that the print consist of uniform dots with either a soft  The investigated printer has an addressability of
or even a hard dot density profile. 600dpi. To simulate the micro density distribution of

Observed under the microscope the general shape dfie prints, a high resolution grid is introduced compris-
electrophotographically printed dots are mostly like cloudsing 42 x 42 input bitmap element&dots). The chosen
of randomly distributed, more or less uniform colored to- grid-spacing of6.0um represents a lower average size of
ner particles. In general, these particles are spread beyoradsingle toner particle. This leads to an image forming a
their theoretical target area which leads to extremely ragsquare patch of.76 x 1.76mm consisting 0f294 x 294
ged edges. And finally, even the non printed image areakigh resolutiorpixels
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The formed image is passed from one sub-model to ¥ :ex_posed line frequency _
an other to simulate the effect of each significant process L2 :thickness of the electrophotographic plate
step. The methods presented in this paper are illustrated:  :distance between the development electrode and

step by step on the base of Fig. 2. It shovg@x 210um the plate
magnified section of a bitmap with a printing intensity of #  :function of L, drift mobility, trapping time and
32%. the initial plate voltage
n :dielectric constant of the plate
z :average distance of the charges above the plate.
5 The MTF C(k) was initially developed to describe
the field assuming an exposure made by a superposition
4 of sinusoidal lines. However, we apply this MTF to
. approximate a convolution kernél, (u, v) describing the
:g 3 perpendicular field component of a single exposed dot in
the proximity of a development electrode; assuming an
2 exposurel (x) with a saturated Gaussian intensity profile
based on [1, eq. 5.5]:
1
Texp cx € [x1, 29
L2 d3 £ Iw) = { Tpe=05(2/2) ; otherwise @
ots
Figure 2 Enlarged section of a printed bitmap. where

T : spatial coordinate=£ 1/27k)
Texp - Saturation
The surface of the electrophotographic plate is as- 1,2 :solution of the relationship(z) = 7.

sumed to be homogeneously charged in the charging steplo, o :constants dependent on the exposure unit.
This surface charge is considered to be neither dependent \y;:, o(z)
on the current bitmap nor on the previously printed onesc(k)
Therefore, to predict the monochrome color spectra, theg,
first significant process step is the constitution of the elec-
trostatic field formed by the latent bitmap image.

, the inverseFourier-Transformof the MTF
, the line convolution kernek’, (x) can than be writ-
as:

E,(z) =I(z)*c(x) 3)

By substitutingz with vu? + v2, the line profile in
eg. 3 leads to our approximation of the perpendicular com-
2.1. Modeling the electrostatic field of a latentimage  ponent of the electrostatic field: the circular convolution

kernelE, (u,v). An example of the resulting dot field ap-
Past investigations have shown that the density of the elegroximation is shown in Fig. 3.

trophotographic images is essentially given by the perpen-
dicular component of the electrostatic field above the pho-
toconductive plate. Neugebauer [3, eq. 4-5] introduced
C (k) Describing Function D.F., given in the following
eg. 1 relating the perpendicular component of the electro-
static field to the exposure in the presence of a develop-
ment electrode. In his later work[4] he justified the approx-
imate usage of the D.F adviodulation Transfer Function
MTF, for pictorial electrophotography.

Wy

_ A g

Ck) = Bk cosh(k(Ly — z)) (1) :,4",'1'.#’:0.@& f 2
where: 2 s 0

A(k) = sinh(kLa) — - (cosh(kLs) — e~ fo -2 4

= sin 2 kL CcOos 9 e dots -2 ots
B(k) = (cosh(kLy)sinh(kLz)+ - Figure 3 Convolution kerneE’. (u, v) used to model the perpen-

psinh(kLy) cosh(kL))(1 — (£)2) dicular electrostatic field component of a single dot.
2
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Figure 4 further shows the electrostatic field of the la-to Bouguer-Lambert’s layb, p. 30-31] which we apply on
tent image derived by the superposition of the exposed dat microscopic scale as follows:
fields. This is done by using a convolution 8 (u,v) ra
with a high resolution grid containing zeros except at the ) = [1900‘)] ‘0 (6)
center of the exposed input bitmap dots. where
:wavelength of light
9,9 :spectral transmittance of a new and a measured
layer of the same color
d,dy :thickness of the new and the original layers.

If we refer J(\) to a transmittance spectrum of a
solid patchd,qq9 (A) measured using a macroscopic spec-
trophotometer, thad, would represent an average thick-
ness of the fused toner layer. On a microscopic scale
and under the condition that the color transmittance of

] ? J the fused toner particles obeys the Bouguer-Lambert’s law,
6@2& eg. 6 can be written as:
§
1 2 3 4 3 190\) = [19100%()\)] (7)
dots

with

Fi 4. Cont lot of th dicul t of th . . .
gure ontour piot o1 fhe perpendicuiar component of ;€ - 5 :relative diameter of the toner particles.

simulated electrostatic field. The plate is assumed to be imaged

ith the bi h in Fig. 2. . . .
with the bitmap shown in Fig In the presented simulations the distributions of the

size and charge of the particles are assumed to be indepen-
dent. The chargegare approximated by random numbers
from a lognormal distribution havingRrobability Density
Function pdf,, like:

In the developing step, the formed electrostatic latent im- 1 —(nr—p)?

age is developed in the vicinity of the developer roll pdfy(k) =7 = A 8)

with charged toner particles. Roughly, according to theWhereas thepdfs of the relative particles diametéris

Coul_omb force, the electrostatic force is given by a Imearbased on the Rayleigh distribution:
relationship between the charge and the acting electrostatic

2.2. Modeling the developed and transferred image

. _ k2
field B B pdfs(k) = a+ b% e27 9)
F=qE 4)
where

where v, 0, > constants dependent on the toner’s charge char-
F : electrostatic force acteristics
q :point charge a,b :constants dependent on the toner’'s diameter
E : electrostatic field. characteristics

For simplicity, it is assumed that the electrostatic force ~ These distributions were selected to match the general
is essentially driven by the perpendicular electrostatic fieldshapes reported in various measurements found in litera-
component, and that development occurs as soon as théure (for example [6]). The development condition (eq. 5)
attracting electrostatic force is strong enough to overcomés evaluated at each pixel of the simulation frame with a
the impeding adhesion forces. In our simulation we substifandom charge according talf,. If the condition is ful-
tute an unknownhresholdr;,,,, constant for the impeding filled, the pixel which initially equals zero, is replaced by

adhesion forces; i.e. according to [2, eq. 9.1], development particle having a random diameter accordingdfy.
occurs when Since we restrict ourselves to the prediction of

( monochrome spectra, the transfer mechanism can be sim-

plified and assumed as an independent process of the im-
Due to the grinding and charging process, the developedged bitmap. In this present investigation, the transfer step
particles’ size and charge are distributed in a statistiis modeled by rejecting randomly chosen toner particles
cal manner. The charge distribution definitely influencesfrom the previously transferred image. Figure 5 illustrates
the development behavior, whereas the size distributiom simulation result of the developed and transferred latent
mainly affects the micro transmittance structure accordingmage.

qEz > Timp
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Figure 5 Simulation of the developed and transferred toner par- pixels
ticles. The gray levels indicates the diameter variations. Figure 7. Enlarged section of a simulated fused image.
2.3. Modeling the fusing step 2.4. Calculating the transmittance spectra

The main effects due to the fixing heat and pressure withif e obtained image of the last section consists of a thick-
the fuser nip, such as toner flow, spread, join and penetrdiess profiled; of the simulated fused bitmap. This pro-
tion etc., are simulated using a low pass filtering convo-ile can be converted to a transmittance spectra profile us-

lution kernel based on the following polynomial approaching eq. 7 directly. To collect this profile to a simulated

(see Fig. 6): spectruni’(A) which would be obtained by a macroscopic
measuring spectrophotometer, the average of the simulated
1— (L) pel—0y,0 micro-spectra has to be taken as follows:
Hip) = (&) . [=oy,04] (10)
0 : otherwise N
1
with ¥ 2 [P0z (A (12)
z:l

oy :average fuser spreading width.

3. Experimental

Color wedgeg 0% — 100% ] consisting of sixty six inten-
sities of each process color were printed on transparencies
using aTektronix Phaser560 EThe input bitmap of the
patches were saved in numerical files to serve as simula-
WW' tion input for the predictions. The transmittance spectrum

1

of each patch was measured withGaetag Spectroscan
Transmissiomeasurement instrument.

From each color, up to five arbitrary chosen spectra
were selected as a learning-set to fit the various model con-
stants applying a constrained non-linear optimization, im-
plemented in MTLAB [7]. The optimization goal was the
average deviation between the measured and the simulated
spectra in terms of CIELAB\E, [5, p. 166-168].

Figure 6. Convolution kernel simulating the effect of the fuseron ~ The model constants were optimized for each process

the transferred toner particles. color separately except the ones which are color indepen-
dent. These color independent parameters, such as the
ones of the exposure step were optimized using only the

The spreading width of the fuser is further consideredspectra of the Magenta wedge. Finally, after a completed
to be dependent on the average gap size between the trarmgtimization run, all optimized parameters were fixed and
ferred particles. This imply that the spreadingis a func-  the model was tested using the testing-set consisting of the
tion of the printed bitmap. remaining sixty spectra of each color.
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4. Prediction results M 32.2%

microscopic image

M 32.2%
simulated image

The prediction was tested twenty independent times whi

resetting each time the random generator to a differeT rhe ey 1 du'd
seed. Figure 8 shows a color deviation histogram illus A R e S b AP0 B Tl SR
trating the obtained prediction performance. < SRR FF 0 Th e g, Sow AN
5 ! o
8 60 . - " y 4 fl‘!.-
S 30 i e W PR SN e T Al P e
S i
3 — .
QS
0 AE Figure 9 Comparison between weakly magnified sections of a
0 1 2 3 4 ab simulated and a true image of a printed magenta patch.

Figure 8 Prediction performance histogram.

The following table summarize the obtained prediction 6. Biography
errors of each color separately. The process noise giveg

in the last line, states the average color deviation betweenafer Mourad received the M.S. degree in electrical engi-
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different measurements of the same patch. Itis hard for theology (ETH), Zurich. From 1993 to 1997, he developed

human eye to distinguish a color deviation in the range of 1009 . . . o ST

. . o real-time video tracking and high precision surveying in-
the obtained mean prediction error. In addition, the upper ; -
L i o struments at Leica Geosystems. In January 1998 he joined
limit of the obtained deviation is close to the level of the

(0CesS noise the Media Technology Department at the EMPA, St. Gallen
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