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THREE-INPUT, THREE-OUTPUT FUZZY LOGIC
PRINT QUALITY CONTROLLER FOR AN
ELECTROPHOTOGRAPHIC PRINTER

This application incorporates by reference U.S. pa-
tent Ser. No. 08/143,610, filed Nov. 1, 1993, entitled
“Two-input, Two-output Fuzzy Logic Print Quality
Controller for an Electrophotographic Printer,” by the
inventor hereof and assigned to the assignee hereof.

The present invention relates to a control system for
maintaining print quality in an electrophotographic
printer. More specifically, the present invention relates
to a control system which uses “fuzzy logic” techniques
whereby easily-measured output parameters of a printer
may be used to adjust a small number of key input pa-
rameters in a system.

If very precise control of an electrophotographic
process is desired, a designer of a high-precision system
is confronted with a large number of process variables
which individually and collectively have a profound
effect on ultimate copy or print quality. Among these
variables are the initial electrostatic charge placed on a
charge-retentive surface, and the output power of a
laser or other exposing device; these variables can gen-
erally be either set in advance or accurately controlled
in the course of use of a printer. Other process variables
similarly have significant effects on ultimate print qual-
ity, but are not so readily adjusted. Such variables in-
clude the dark-discharge properties of the charge-reten-
tive surface, the interaction between the power of the
initial charging device and the retention of that charge
on the charge-retentive surface, and the variables asso-
ciated with the complex interaction of charges in the
development stage. These other important variables are
not only difficult to control in an existing system, but
the actual effect of any variable on the ultimate print
quality may not be perfectly understood by the de-
signer.

Further, the very idea of “print quality” is a flexible
concept. What is considered high-quality in one print-
ing context (very high black and white contrast, for
example) may be unacceptable in another printing con-
text. Generally, however, print quality can usually be
satisfactorily expressed as two values, the optical den-
sity (i.e. darkness) of an area intended to be entirely
covered with toner (the “solid-area demsity”), and
“halftone density,” which is the correlation between an
observed optical density of a half-tone screen of toner
and the intended proportion of toner coverage on the
surface, such as 50%. Even if these two print quality
concepts are precisely defined, however, a translation
from a theoretically optimal set of process variables to
an optimal set of solid-area and half-tone image densities
is not easily obtained, and may not in fact exist. To
adapt the system to optimize solid-area optical density
may be at cross purposes with half-tone density. There
may thus be forced a compromise between the two
types of print quality. In addition to this basic compro-
mise, a designer of a printer has only a limited number
of process variables which may be meaningfully ad-
justed in the course of use of the machine. Thus, the
control of even a relatively simple electrophotographic
printer presents a designer with only a very small num-
ber of opportunities to control the system to obtain the
elusive goal of optimal print quality across a range of
conditions.
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In recent years the mathematical technique of “fuzzy
logic has been theorized to obviate the complex, and
probably imperfectly understood, multi-variable con-
trol of complicated processes such as electrophotogra-
phy. The article by C. C. Lee, “Fuzzy Logic in Control
Systems: Fuzzy Logic Controller, Parts I and II” in
IEEE Transactions in Systems, Man, and Cybernetics,
Vol. 20, No. 2, March/April 1990, pp. 404-435, demon-
strates some basic mathematical principles underlying
the “fuzzy logic” technique.

U.S. Pat. No. 5,204,718 discloses a process control
device which uses fuzzy logic; however, this system
uses a neural network responsive to a relatively large
number of measured physical variables within the sys-
tem, such as surface potential, degree of continuous use,
and temperature and humidity, as inputs to obtain a
theoretically optimal control over the toner supply.

U.S. Pat. No. 5,204,935 discloses a fuzzy logic circuit
having an operations section memory unit in which the
result of an operation to be outputted in response to an
input is stored in an address specified by the input. The
result of the operation is rewritable, so that the change
in the contents of a fuzzy logic operation can be handled
merely by rewriting the contents of the memory unit.

U.S. Pat. No. 5,214,476 discloses a fuzzy-logic con-
trol system for an image forming apparatus in which
one measured input of the system includes the toner
concentration in the developing unit sensed by a mag-
netic sensor.

According to one aspect of the present invention,
there is provided a method of controlling a electropho-
tographic printing machine having a plurality of pro-
cessing stations wherein toner is applied to a charge-
retentive surface. Successive measurements of an opti-
cal density of applied toner on the charge-retentive
surface, in areas thereof intended to have a predeter-
mined toner coverage thereon, are accepted as inputs.
Each input is assigned to at least one error subset. An
adjustment parameter, relating to at least one process-
ing station, is derived at least in part from an extent of
joint membership of a plurality of inputs in an error
subset.

According to another aspect of the present invention,
there is provided a method of controlling a electropho-
tographic printing machine having a plurality of pro-
cessing stations wherein toner is applied to a charge-
retentive surface. A first control program accepts as
inputs a first optical density of applied toner on the
charge-retentive surface in a first area thereof intended
to have complete toner coverage thereon, and a second
optical density of applied toner on the charge-retentive
surface in a second area thereof intended to have a first
predetermined partial toner coverage thereon. The first
control program outputs first and second adjustment
parameters in response to the inputs to the first control
program, each adjustment parameter relating to at least
one developing station. A second control program ac-
cepts as inputs successive measurements of a third opti-
cal density of applied toner on the charge-retentive
surface in a third area thereof intended to have a second
predetermined partial toner coverage thereon. Each
input to the second control program is assigned to at
least one error subset. A third adjustment parameter,
relating to at least one developing station, is derived at
least in part from an extent of joint membership of a
plurality of inputs in an error subset.

In the drawings:
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FIG. 1 is a simplified elevational view of the basic
elements of an electrophotographic printer;

FIG. 2 is a graph showing the relative potentials on a
portion of a charge-retentive surface in an electrophoto-
graphic printer as it passes through a variety of stations;

FIG. 3 is a systems diagram showing the interrela-
tionship of various functions and potentials within the
representative electrophotographic printer of FIG. 1;

FIG. 4 is a systems diagram showing the control
system according to the present invention;

FIG. 5 is a graph illustrating the principle of assign-
ing a scalar error value to one or more error subsets,
according to the present invention;

FIG. 6 is an example of a two-input fuzzy-logic table
usable with the control system of the present invention;
and

FIG. 7 is an example of a conversion table by which
correction values derived from a table such as that
shown in FIG. 5 may be converted to actual voltage
values in an electrophotographic printer incoporating
the control system of the present invention.

FIG. 1 shows the basic elements of the well-known
system by which an electrophotographic printer, gener-
ally known as a “laser printer,” uses digital image data
to create a dry-toner image on plain paper. There is
provided in the printer a photoreceptor 10, which may
be in the form of a belt or drum, and which comprises a
charge-retentive surface. The photoreceptor 10 is here
entrained on a set of rollers and caused to move through
process direction P. Moving from left to right in FIG. 1,
there is illustrated the basic series of steps by which an
electrostatic latent image according to a desired image
to be printed is created on the photoreceptor 10, how
this latent image is subsequently developed with dry
toner, and how the developed image is transferred to a
sheet of plain paper. The first step in the electrophoto-
graphic process is the general charging of the relevant
photoreceptor surface. As seen at the far left of FIG. 1,
this initial charging is performed by a charge source
known as a “scorotron,” indicated as 12. The scorotron
12 typically includes an ion-generating structure, such
as a hot wire, to impart an electrostatic charge on the
surface of the photoreceptor 10 moving past it. The
charged portions of the photoreceptor 10 are then selec-
tively discharged in a configuration corresponding to
the desired image to be printed, by a raster output scan-
ner or ROS, which generally comprises a laser source
14 and a rotatable mirror 16 which act together, in a
manner known in the art, to discharge certain areas of
the charged photoreceptor 10. Although the Figure
shows a laser source to selectively discharge the
charge-retentive surface, other apparatus that can be
used for this purpose include an LED bar, or, conceiv-
ably, a light-lens system wherein the light intensity is
readily controllable; as used in the claims herein, such a
device is indicated as an “exposer.” The laser source 14
is modulated (turned on and off) in accordance with
digital image data fed into it, and the rotating mirror 16
causes the modulated beam from laser source 14 to
move in a fast-scan direction perpendicular to the pro-
cess direction P of the photoreceptor 10. The laser
source 14 outputs a laser beam having a specific power
level, here shown as Py, associated therewith.

After certain areas of the photoreceptor 10 are dis-
charged by the laser source 14, the remaining charged
areas are developed by a development unit such as 18
causing a supply of dry toner to contact the service of
photoreceptor 10. In the present example, which shows

10

20

25

30

40

45

50

55

60

65

4

“discharge-area development,” the toner 18 will adhere
only to those areas on the photoreceptor 10 which do
not have a significant electrostatic charge thereon. The
developed image is then advanced, by the motion of
photoreceptor 10, to a transfer station including a trans-
fer scorotron such as 20, which causes the toner adher-
ing to the photoreceptor 10 to be electrically trans-
ferred to a print sheet, which is typically a sheet of plain
paper, to form the image thereon. The sheet of plain
paper, with the toner image thereon, is then passed
through a fuser 22, which causes the toner to melt, or
fuse, into the sheet of paper to create the permanent
image. Some of the system elements of the printer
shown in FIG. 1 are controlled by a control system 100,
the operation of which will be described in detail below.
As used in the claims herein, the term “processing sta-
tions” shall apply to any unit which affects the applica-
tion of toner to the photoreceptor, such as (but not
limited to) scorotron 12, laser source 14, or develop-
ment unit 18.

Looking now at FIG. 2 and with continuing refer-
ence to FIG. 1, the electrostatic “history” of the repre-
sentative small area on the photoreceptor 10 as it moves
through the various stations in the electrophotographic
process is described in detail. Here, the charge on the
particular area of photoreceptor 10 is expressed in terms
of an electrostatic potential (voltage) on that particular
area of the surface. Starting with the initial charging of
the surface by scorotron 12, an initial high potential
Vgrizis placed on the given area; in this example Vg zis
240 volts, but this is by way of example and not of
limitation. Once an initial charge is placed on photore-
ceptor 10, this charge begins to decay immediately, to
the extent that, by the time the representative area
reaches the ROS, the potential is slightly decreased to a
“dark decay potential,” or Vggp, in this example to 230
volts. At the exposure step, if the particular area in
question is to be discharged by the action of the laser 14,
the potential on that particular area will be markedly
reduced, in this example to a value of Ve, of 50 volts,
which is low enough to ensure that toner will be at-
tracted thereto, particularly relative to highly charged
areas thereon.

Also associated with a system such as this is a bias
voltage, Vpiss, which is the voltage applied to the devel-
oper housing; Vs is a parameter which can be readily
adjusted in the course of use of the printer. The differ-
ence between the dark decay potential Vg4, and the bias
voltage Vpissis known as the “cleaning voltage” Viean.
Also shown in FIG. 2 is the development voltage V gy,
which is the difference between Vpips and Veyxp The
relevance of these values to print quality will be de-
scribed in detail below.

Another important parameter in an electrophoto-
graphic printer is the “saturation” voltage Vg, which is
the theoretical maximum possible discharge when the
laser source 14 is operating at full power. In the present
example, Vg is 30 volts, which is to say that it is gener-
ally impossible for a laser of any practical strength to
discharge a photoreceptor completely. The value of
Vsaris generally dependent on the nature of the photore-
ceptor 10 itself, and the maximum output of the particu-
lar laser 14 in the system has a generally asymptotic
effect on the value of V. In many instances, the value
of Vs may be considered a constant, because even a
great increase in the power of laser source 14 will not
have a substantial effect on the value of V.
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The various values of potentials at different stages of
the electrophotographic process all have an effect on
the overall quality of a print made with the entire sys-
tem. The idea of “print quality”” can be quantified in a
number of ways, but the system of the present invention
relies on three distinct performance measurements on
which to base a print-quality determination. These key
measurements of print quality are (1) the solid area
density, which is the darkness of a representative devel-
oped area intended to be completely covered by toner,
(2) the halftone area density, which is the copy quality
of a representative area which is intended to be approxi-
mately 409%-60% covered with toner, and (3) the light-
area density, which is the copy quality of a representa-
tive area intended to be approximately 5%-25% cov-
ered with toner. The halftone is typically created by
virtue of a dot-screen of a particular resolution, and
although the nature of such a screen will have a great
effect on the absolute appearance of the halftone, as
long as the same type of haiftone screen is used for each
test, any common halftone screen may be used. Both the
solid area and halftone density may be readily measured
by optical sensing systems which are familiar in the art.
As shown in the Figure, a densitometer generally indi-
cated as 24 is used after the developing step to measure
the optical density of a halftone test patch (marked
HD), a light test patch (marked LD), and a solid test
patch (marked SD) created on the photoreceptor 10 in
a manner known in the art. Systems for measuring the
true optical density of a test patch are shown in, for
example, U.S. Pat. No. 4,989,985 or U.S. Pat. No.
5,204,538, both assigned to the assignee hereof and in-
corporated by reference herein.

Various potential values which affect print quality do
so in many ways which are not fully understood. More
subtly, there is evidence that certain values of potential
incidental to the printing process may have effects on
other potential values as well, again in ways which are
imperfectly understood. The present invention pro-
poses a system which uses “fuzzy logic™ techniques to
control this complicated, multi-variable process while
using as inputs three readily-measurable output parame-
ters, solid area density, halftone density, and light-area
density, and thereby controlling three of the more
readily-controlled system inputs, namely the charge
voltage of the scorotron 12, the bias voltage Vs asso-
ciated with the devlopment unit 18, and the laser power
P of laser source 14.

FIG. 3 is a systems diagram showing the basic inter-
actions among the various potentials that are relevant to
the electrophotographic process. In the diagram it may
be seen that certain relationships between relevant po-
tentials are neatly mathematically related, while more
subtle or complicated relationships, such as the relation-
ship of Vgrig to V4gp, are shown as empirical relation-
ships such as f1, 2, f3, g1, g2, and g3. Certain relation-
ships of interest that may be seen in FIG. 3 include the
development voltage V4, Which is the difference be-
tween Vpigsand Vxp, shown at the box indicated as 90,
and which has been shown to have an empirical rela-
tionship, through a function f; in box 92, to the solid
area density SD; and the value of Vi eqn, Which is the
difference between V 4y and Vpias, has an empirically-
determinable relationship f3 to the value of LD. Also
significant is the concept of the “discharge ratio” DR,
which is theorized to have a highly correlative relation-
ship, such as through a function g3 in box 96, to the
halftone density HD. This discharge ratio indicated in
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box 94 is given as a ratio shown in FIG. 3, which takes
into account the saturation voltage Vg, of the particular
photoreceptor, which, incidentally, is also related some-
what to the laser power Pz by a relationship g; indicated
in box 95, although the value of Vi has been found to
be substantiaily constant for a given apparatus.

It will be noted that the complex interactions among
the various potentials in the electrophotographic pro-
cess are here organized into a single “black box” indi-
cated as 99, with the relevant inputs and outputs being
limited to those outputs which may be readily mea-
sured, and those inputs which may be readily con-
trolled. Namely, the relevant outputs of black box 99
are the solid area density SD, the halftone density HD,
and the light density LD. By the same token, the inputs
to the black box 99 are: the voltage associated with the
scorotron 12, shown as Vg, and the power of laser
source 14, here shown as Py; and the bias voltage Vg
which is associated with the development unit 18.

Co-pending U.S. patent application Ser. No.
08/143,610, incorporated herein by reference, discloses
a fuzzy-logic system which accepts as input two mea-
sured densities, the solid density SD, and the halftone
density HD. In response to combinations of such read-
ings, the system outputs values for the adjustments of
Vgrig and Py, forming a two-input, two-output fuzzy
logic controller. As described in that application, the
two measured inputs of SD and HD are submitted to
fuzzy-logic analysis. First, the respective measurements
are assigned to joint membership in error subsets. These
joint memberships are then used to calculate extents of
joint membership in a set of possible error subset spaces.
The joint memberships are then fed into a multi-dimen-
sional set of correction values for an adjustable physical
parameter, such as Vg or Pr. The extents of joint
membership of a solid-density error value SD and the
halftone density error value HD in each error subset
space are applied as weighted inputs to the set of correc-
tion values to yield a weighted correction value each
adjustable physical parameter, and the parameter is then
adjusted according to the correction value.

In the two-input, two-output fuzzy-logic controller
described in detail in the referenced application, each of
the two inputs (HD or SD, or error values relating
thereto) are applied to seven error subsets, typically
with each error read having membership in two such
error subsets. The seven error subsets for each of the
two input readings are combined to form a 7X7 error
subset matrix, and, in the embodiment described in the
referenced application, each correction value on the
7X 7 matrix is on a scale from —5 to 5, making in all 11
possible fuzzy actuation correction subsets, which are
ultimately converted and applied to the actual controls
of Vgrigand Pr.

A two-input fuzzy-logic controller as described in the
referenced application requires at least one two-dimen-
sional matrix for an understanding and application of
joint memberships of the error subsets in the row and
column of each matrix. That is, in a typical matrix, the
error subsets of one input such as HD form the rows of
the matrix, while the error subsets of the other input
such as SD form the columns. Each individual slot in
the matrix will therefore represent a unique combina-
tion of HD and SD error subsets, and will thus have
assigned thereto a “correction value” responsive to that
unique combination. While two-dimensional matrices
are easily comprehended and converted to usable look-
up tables, the situation may become burdensome in the
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case of a three-input fuzzy-logic controller. In any kind
of three-input fuzzy-logic controller, joint memberships
in three sets of error subsets must be determined, which
requires the use of three-dimensional matrices. While
three-dimensional matrices do not present a serious
problem in the sense of consuming space for a look-up
table in a computer memory, a more pressing problem is
the original creation of such a look-up table, such as
based on empirical data.

Although many techniques are currently available for
complex empirical evaluation of multivariable systems,
such as genetic algorithms, the system of the present
invention proposes a three-input, three-output system,
particularly suited for control of electrophotographic
printers, which does not require the construction of a
three-dimensional empirical matrix of correction val-
ues. According to a preferred embodiment of the pres-
ent invention, certain measurement inputs, particularly
the density values of SD and HD test patches (or error
values based on comparison with actual measurements
with ideal values), are fed into a two-input fuzzy-logic
control program, such as that described in the applica-
tion incorporated herein. At the same time, the third
mmput, which in this case is the light density LD mea-
surement, is fed into a separate fuzzy-logic analysis
program. Two values of the LD measurement are taken
into account: an LD reading from a first print, and an
LD reading from a subsequent print. In this way, a
three-input system is in effect rendered as two separate
two-input systems, in which one of the two-input sys-
tems receives two measurements of the same type of
density, separated in time.

FIG. 4 is a simplified systems diagram giving an over-
view of the three-input, three-output fuzzy-logic system
according to the present invention. As can be seen with
a comparison with FIG. 1, the system as the whole is
indicated by the box 100. The inputs to the control
system 100 are given as the measured values of SD, HD,
and LD. The outputs of the control system 100 are
given as Py, Vg, and V piaq, all of which are parameters
which can be fairly directly controlled in real time in an
electrophotographic printer, by, for example, adjusting
a potentiometer operatively associated with, respec-
tively, the the laser source 14, corotron 12, or the devel-
opment unit 18. ’

Within the control system generally indicated as 100
are two distinct programs, here generally indicated as
120 and 140. The word “program,” as used herein, is
intended to mean a program, such as can be embodied in
an independent computer or a portion of a computer,
which may include the use of look-up tables and other
algorithms which are used to respond to certain inputs
thereto with certain outputs. Although, in the preferred
embodiment hereof, these programs incorporate fuzzy-
logic techniques, it is intended within the scope of the
present invention that such functions need not actually
carry out the technique in real time: that is, it is conceiv-
able that the programs such as 120 and 140 could consist
essentially entirely of look-up tables wherein unique
combinations of inputs are responded to with a unique
combination of outputs, the actual values of the possible
outputs having been calculated beforehand and merely
placed in a look-up table.

At any rate, in the preferred embodiment of the in-
vention shown, it can be seen, looking first at program
120, that the input readings of SD and HD, which may
also be input as error values when such values of SD
and HD are compared with ideal values, are entered
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into fuzzification functions shown as 122 and 124; in
either case, what occurs is that the error values of SD
and HD are assigned to one or more error subsets such
as no error, low negative, high negative, medium nega-
tive, medium positive, etc., in a manner which will be
described in detail below. The memberships in these
error subsets are then in turn applied to two-dimen-
sional look-up tables, as represented by functions 126
and 128, in order to determine the extent of joint mem-
berships of the various error subsets and derive there-
from correction values based on the extent of joint
membership in unique combinations of error sets from
the fuzzification functions 122 and 124. Finally, the
correction values from the respective look-up tables 126
and 128 are “defuzzified” and converted to real-world
parameter adjustments in functions 130 and 132, yield-
ing, as shown, an adjustment to Pz, and an adjustment
10 Vpias. The illustrated technique carried out in pro-
gram 120, as applied to electrophotographic printing, is
taught in the application incorporated by reference, or
else the teaching of that application could be adapted
for the purpose here described. In the referenced patent
application, the desired output parameters were P and
Vgrid, as opposed to Vpigs, but it will be apparent to one
skilled in the art that an empirical function, particularly
as relating to the two-dimensional look-up table 128,
may be created in order to effect the proper output
value of Vpizsin the context of the system of the present
invention.

In addition to the two-input, two-output program 120
within the general control system 100, there is also
provided a program 140, which accepts two inputs, the
measured reflectivity value of a light density LD test
patch, and, the value of a previous measurement of an
LD test patch in a series of prints. In other words, the
two inputs to program 140 are two successive measure-
ments of different light-density test patches, i.e., mea- .
surements which are separated in time, but preferably in
the course of making a series of prints in a single “run”
of the apparatus. (Once again, the value of LD can be
converted to an error value of LD, by comparison of
the actual measured value of LD with an ideal value; it
is to be understood that, for purposes of the claims
herein, a “measurement” could also imply an error
value based on comparing the measurement with an
ideal.) The time delay is preferably effected by a func-
tion such as 142 which may separate the input values by
one Or more prints.

The successive LD values are applied to a fuzzifica-
tion function 144, wherein each individual measure-
ment, whether directly from the most recent LD read-
ing, or from delay function 142. FIG. 5 is shown as a
possible example of how a scalar error is assigned to a
plurality of error subsets in a fuzzy-logic technique. The
scale of possible error values are divided into usable
ranges, such as no error, small positive, smail negative,
medium positive, medium negative, large positive, and
large negative. Whereas a straightforward scalar system
may begin one error range where another ends (such as
between a medium positive and a large positive), the
fuzzy logic technique proposes that the various error
ranges, known as error subsets, overlap to usually sym-
metrical extents. Thus, a single scalar value of an error
may be construed as being partially within one error
subset, and partially within another error subset.

The horizontal axis of the graph of FIG. 5 shows a
range relative to zero error, in which a measured error
value may fall, from a large negative to a large positive.
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The vertical axis of the graph represents a proportion,
from 0 to 1, of how much a given value on the horizon-
tal axis will be disposed within a number of error subset
spaces. The variety of diagonal lines superimposed on
the graph indicate, in a linear sense, how much a mea-
sured error on the horizontal axis will be within each
error subset. The center triangle, corresponding to the
error value of —0.75 to +0.75, is in this example con-
strued as being the “no error” NE subset. The measured
error need not be exactly zero to place the measured
error to some extent in the “no error” subset; however,
as a measured error “moves away from” scalar zero, the
measurement is considered to be less and less in the
no-error subset. Further in this example, the error value
from O to 0.25 is considered the “small positive” (SP)
error subset, from 0.075 to 0.6 the “medium positive”
(MP) error subset, and above 0.25 the “large positive”
(LP) subset. As can be seen in FIG. 5, a symmetrical
arrangement exists for the negative portion of the
graph. It will further be noticed that a decreasing extent
of one error set is matched by a complementary increase
in a neighboring set for the same location along the
horizontal axis; for example, for a horizontal value from
0.075 to 0.25, as the extent of the SP error subset de-
creases, the extent of the MP error subset increases in an
exactly complementary fashion.

Thus, to take one example, a typical LD error read-
ing which is somewhat positive, as shown as +0.2, will
be rendered as, for example, 70% in the small-positive
subset and 30% in the medium-positive subset, the com-
bined memberships in the two subsets adding to 1.
Other examples, relating to other scalar errors, are
shown as well in FIG. 5. The two error subset values
from the fuzzification function 144, weighted as neces-
sary among multiple error subsets, are then applied to a
two-dimensional look-up table 146.

FIG. 6 shows a typical representative look-up table to
which error subset values can be applied. As can be
seen, the table of FIG. 6 is a two-dimensional matrix
wherein the column headings represent the error sub-
sets of the current LD reading, while the row headings
represent the possible error subsets of a previous LD
reading, such as would come from delay function 142.
Each slot in the two-dimensional matrix represents a
unique combination of error subsets, and in each slot in
the matrix of FIG. 6 can be found a correction value on
ascale from —5 to 5. These correction values ultimately
relate to actual real~-world adjustments to a parameter of
the machine. The table of FIG. 7, which will be de-
scribed in detail below, shows one possible example of a
conversion table between correction values in the left
column, and actual cleaning field magnitude correction
values, in the right column.

Applying general principles of fuzzy-logic control to
the table of FIG. 6, assume for example that the present
error reading fed through fuzzification function 144 is
0.7 in the small negative subset, and 0.3 in the medium
negative subset. Further assume that in the previous
low density LD error, the error subsets were 0.5 in
small negative and 0.5 in medium negative (and, of
course, zero for all other subsets). These distributions
are shown in the margins of the table. Thus, the error
subsets of interest in the two-dimensional look-up table
in FIG. 6 are those in the shaded areas. Weights are
assigned to each of these four slots in the matrix on the
basis of the joint membership of the two errors in the
indicated conditions, obtained by taking the minimum
of the two memberships. So:
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10
Joint membership (present error=MED NEG, previ-
ous error=MED NEG)=minimum (0.3, 0.5)=0.3
Joint membership (present error=SMALL NEG, pre-
vious error=MED NEG)=minimum (0.7, 0.5)=0.5
Joint membership (present error=MED NEG, previ-
ous error=SMALL NEG)=minimum (0.3, 0.5)=0.3
Joint membership (present error=SMALL NEG, pre-

vious error=SMALL NEG)=minimum (0.7,

0.5)=0.5.

After all four have been computed, the values are
weighted so that the sum of all the joint memberships is
1.00. In such a case, all of the joint memberships are
divided by 1.6 (i.e.,, 0.340.54-0.3+0.5). The fuzzy actu-
ation adjustments for this example can then be extracted
from the two-dimensional look-up table of FIG. 7, by
multiplying the correction values in the relevant slots in
the two-dimensional matrix by coefficients based on the
normalized joint membership of the error subsets in the
relevant slots. The individual correction values in the
respective slots within the two-dimensional matrix each
correspond to actual real-world cleaning field magni-
tude correction values expressed in volts, as can be
found in the conversion table of FIG. 7; so that, for
example, a correction value of 3 from the table of FIG.
3 is converted to 0.45 volts and a correction value of 1
is converted to 0.05 volts.

Converting the basic fuzzy correction values to ac-
tual voltage values, and applying these values to a
weighted equation, the actual voltage correction can be
calculated:

[(0.45)0.34(0.05)0.5+(0.5)0.3-+(0.05)0.5)/1.6=0.1-
25 volts

wherein the terms in parentheses are the voltage correc-
tion values and the values not in parentheses are the
extents of joint memberships in particular slots, all nor-
malized by the normalization factor 1.6, the sum of the
joint memberships. Therefore, under these particular
conditions, the cleaning field voltage should be in-
creased by 0.125 volts.

Of course, the value of the V¢jeqnadjustment, which is
ultimately derived from program 140, is in fact the
difference between the values of Vs and Vg Of
these, only Vg, wWhich is ultimately related to Vg,
can be readily adjusted in the course of operating a
printing machine. There thus may be provided some
sort of function within function 100, and here generally
indicated as 160, to take the calculated correction val-
ues for Vpjpsand Vejesn and derive therefrom, through a
simple algorithm, appropriate adjustment values for
Vgrid. Alternately, the program 120 could be so de-
signed that one of the outputs therefrom is not V4, but
Vgrid, such as in the referenced patent application, and
derive therefrom a suitable adjustment to Vs which
could be applied directly to development umit 18.

In addition to simplifying the setup of an empirically-
based fuzzy-logic control system having three inputs,
the particular “short-cut” represented by the system of
the present invention retains certain unique advantages.
It has been observed that, in the main, light halftone
densities such as LD are closely related to the values of
V ciean, but are also fairly well decoupled from (that is,
generally independent of) the physical factors having
most effect on the values of SD and HD. Thus, decou-
pling the Vi pq, correction by program 140 does not
have much of an effect on the behavior of the program
120, which responds to the SD and HD values. In large
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part, the correction system responsive to SD and HD
remains fairly independent of the control system which
responds to LD.
The program 140 relies on a relatively long time

constant based on using separated-in-time readings of 5

LD in the course of printing a number of prints. It is
part of the design of the system of the present invention
that the LD halftone errors are simply corrected more
slowly; this design is convenient because low-density
errors are less noticeable, over a succession of prints,
than errors in SD and HD. Another reason for correct-
ing the LD errors more slowly, and separately from the
other density errors, is that the range over which V ey
may vary is comparatively small, and the ability of
adjustments to Ve, to change the LD density is corre-
spondingly limited. Even when there are significant
errors in the LD halftone density, if there are also errors
in the higher densities, it is most convenient to hold the
value of Vjean constant until the values of the higher
densities SD and HD are fairly stabilized. That is, for
the best print quality over time, it is better to allow the
higher density corrections to take place first, because
such higher density corrections are more noticeable,
and then allow the LD-responsive aspects of the system
to adapt to the system afterwards. Nevertheless, appro-
priately changing the value of V ¢jeqr, has been shown to
hold the response of the entire printing system at the
low-density end constant over a fairly wide range of
normal xerographic conditions.
While this invention has been described in conjunc-
tion with various embodiments, it is evident that many
alternatives, modifications, and variations will be appar-
ent to those skilled in the art. Accordingly, it is intended
to embrace all such alternatives, modifications, and
variations as fall within the spirit and broad scope of the
appended claims.
I claim:
1. A method of controlling an electrophotographic
printing machine having a plurality of processing sta-
tions wherein toner is applied to a charge-retentive
surface, comprising the steps of:
accepting as inputs successive measurements of an
optical density of applied toner on the charge-
retentive surface in areas thereof intended to have
a predetermined toner coverage thereon;

assigning each input to at least one error subset; and

deriving an adjustment parameter relating to at least
one processing station, at least in part from an ex-
tent of joint membership of a plurality of inputs in
an error subset.

2. The method of claim 1, wherein the deriving step
includes deriving an adjustment parameter for control-
ling at least one of a charge source for placing an initial
charge on the charge-retentive surface, an exposer for
selectably discharging portions of the charge-retentive
surface, and a development unit for electrostatically
applying toner on the charge-retentive surface.

3. The method of claim 1, wherein the accepting step
includes accepting inputs to the control program relat-
ing to successive measurements of an optical density of
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applied toner on the charge-retentive surface in areas
thereof intended to have a predetermined toner cover-
age thereon of less than 25%.

4. The method of claim 3, wherein the deriving step
includes deriving an adjustment parameter relating to a
cleaning voltage associated with the charge-retentive
surface and a processing station.

5. A method of controlling a electrophotographic
printing machine having a plurality of processing sta-
tions wherein toner is applied to a charge-retentive
surface, comprising the steps of:

accepting as inputs in a first control program, a first

optical density of applied toner on the charge-
retentive surface in a first area thereof intended to
have complete toner coverage thereon, and a sec-
ond optical density of applied toner on the charge-
retentive surface in a second area thereof intended
to have a first predetermined partial toner cover-
age thereon;

outputting first and second adjustment parameters in

response to the inputs to the first control program,
each adjustment parameter relating to at least one
processing station;
accepting as inputs in a second control program,
successive measurements of a third optical density
of applied toner on the charge-retentive surface in
a third area thereof intended to have a second pre-
determined partial toner coverage thereon;

assigning each input to the second control program to
at least one error subset; and

deriving a third adjustment parameter, relating to at

least one processing station, at least in part from an
extent of joint membership of a plurality of inputs
in an error subset.

6. The method of claim 5, wherein the step of deriv-
ing a third adjustment parameter includes deriving an
adjustment parameter for controlling at least one of a
charge source for placing an initial charge on the
charge-retentive surface, an exposer for selectably dis-
charging portions of the charge-retentive surface, and a
development unit for electrostatically applying toner on
the charge-retentive surface.

7. The method of claim 6, wherein the step of output-
ting first and second adjustment parameters includes
outputting an adjustment parameter relating to a power
value associated with the exposer.

8. The method of claim 7, wherein the step of output-
ting first and second adjustment parameters includes
outputting an adjustment parameter relating to a bias
voltage associated with the development unit.

9. The method of claim 8, wherein the deriving step
includes deriving a third adjustment parameter relating
to a cleaning voltage associated with the charge-reten-
tive surface and the development unit.

10. The method of claim 9, further comprising the
step of combining the bias voltage and cleaning voltage
to yield a fourth adjustment parameter relating to a

voltage associated with the charge source.
* ¥ *x * X



