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TONE REPRODUCTION CURVE ERROR REDUCTION

BACKGROUND

Printing devices include electrophotographic (EP) (i.e., xerographic)
printing devices, such as laser printing devices like laser printers. EP and other
types of printing devices use halftoning as a way to reproduce continuous-tone
images using binary tones. For example, each part of a digital image to be
printed may have for a given color a particular tone, or intensity, of this color,
ranging from a minimum tone or intensity to a maximum tone or intensity.
However, most types of printing devices can actually output colorant such as
toner in just a binary manner: for a given color, each part — such as each pixel,
each portion of each pixel, or other picture element location —is printed at a
maximum tone or intensity or is not printed at all.

Halftoning reproduces continuous-tone images using binary tones. A tone
reproduction curve (TRC) corrects the tones of an image prior to halftoning being
performed. The TRC may also be referred to as a tone response curve. A TRC
is applied to a desired tone value, to adjust for dot gain and other characteristics
of a given printing device and/or a given printing device type. More specifically, a
TRC is applied to a digital image prior to printing, so that the tone or intensity of
each part of the printed image optimally approximates the tone or intensity of the
corresponding part of the original digital image. Using a TRC thus ensures that
the printed image optimally better reflects the digital image, from the perspective

of the human visual system (HVS).
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart of a method for calibrating a printing device to reduce
tone reproduction curve (TRC) errors, according to an embodiment of the
disclosure.

FIG. 2 is a flowchart of a method for optimizing control parameters of a
printing device using a process model to reduce a process TRC error, and which
can be performed as one part of the method of FIG. 1, according to an
embodiment of the disclosure.

FIG. 3 is a flowchart of a method for generating tone-corrected halftone
levels for a printing device using a sensor model to reduce a printing device TRC
error, and which can be performed as another part of the method of FIG. 1,
according to an embodiment of the disclosure.

FIG. 4 is a block diagram of a printing device, according to an embodiment
of the disclosure.

FIG. 5 is a flowchart of a method that can be performed by a printing
device for calibrating the printing device to minimize TRC errors, according to an
embodiment of the disclosure.

DETAILED DESCRIPTION

As noted in the background section, halftoning is an approach to
reproduce continuous-tone images using binary tones, where a tone reproduction
curve (TRC) is applied to correct the tones of an image before halftoning is
performed. Desirably, a given type of printing device is able to print in
accordance with a desired TRC regardless of different environmental and other
factors. However, in actuality, this is not the case. Temperature and humidity,
among other factors, can all affect whether a particular printing device can print
in accordance with a desired TRC.

Embodiments of the disclosure provide for a two-part calibration process
so that the TRC of a printing device, such as an electrophotographic (EP) printing
device, matches as closely as possible a desired TRC. In the first part of the

process, control parameters of the printing device are optimized using a process
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model to reduce a process TRC error between a process TRC and the desired
TRC. This part can be performed external to the printing device, before the
printing device is even manufactured, for a particular type of printing device.
That is, for a given range of environmental and other factors, how various control
parameters of the printing device are to be adjusted can be determined a priori,
and then programmed into the device.

The process TRC can be considered as the TRC that takes into account
the control parameters of the printing device without taking into account anything
that the printing device has actually printed, and can be determined even before
the printing device has been manufactured. The process TRC error is thus the
error between the desired TRC and the process TRC that results from the
process model. This model is a process model in the sense that it models the
process by which the printing device will print an image on media without taking
into account anything that the printing device has actually printed.

In the second part of the calibration process, tone-corrected halftone
levels for the printing device are generated using a sensor model to reduce a
printing device TRC error between the printing device’s TRC and the desired
TRC. This part is performed based on color patches printed by the printing
device itself, using the optimized control parameters, where the color patches are
measured by one or more sensors of the printing device. The tone-corrected
halftone levels are then used by the printing device to print desired digital
images, including graphics and/or text, on media like paper, in accordance
with a halftoning approach.

The printing device’s TRC is the actual TRC of the printing device, and
takes into consideration the control patches printed by the printing device, as
have been measured by the sensors of the printing device. The printing device
TRC error can thus be considered as the error between the desired TRC and the
printing device’s TRC that results from the sensor model. This model is a sensor
model in that it takes as input the actual intensity or tone values of the color
patches printed by the printing device, as measured by the sensors of the
printing device. It is noted that the printing device’'s TRC differs from the process
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TRC, in that the process TRC does not take into account the color patches
printed by the printing device, as have been measured by the sensors of the
printing device, whereas the printing device’'s TRC does.

The first part of the calibration process can be considering as imparting a
coarse reduction in TRC error, specifically the process TRC error between the
process TRC and the desired TRC. By comparison, the second part of the
process can be considered as imparting a further, fine reduction in TRC error,
specifically the printing device TRC error between the printing device’s TRC and
the desired TRC. In one embodiment, even before the printing device is
manufactured, the control parameters for the printing device can be optimized
using the process model to achieve a reduction in the process TRC error. The
halftone levels used during halftoning are tone-corrected at the printing device
itself using a sensor model that takes as input sensor measurements of color
patches printed by the device using these control parameters, to then achieve a
reduction in the printing device TRC error.

FIG. 1 shows a method 100 for calibrating a printing device to reduce TRC
errors, according to an embodiment of the disclosure. The printing device may
be an EP printing device, such as a laser printing device like a laser printer.
Control parameters of the printing device are optimized using a process model to
reduce the process TRC error between a process TRC and a desired TRC (102).
The manner by which part 102 of the method 100 can be performed is described
in more detail later in the detailed description. The desired TRC may also be
referred to as the target TRC, and is the TRC that the printing device should
desirably and ultimately achieve when printing images on media.

The model is a process model in the sense that it models the process by
which the printing device prints an image on media, without considering anything
— such as color patches — that the printing device has printed. The process
model receives as input one or more disturbances and current values of the
printing device’s control parameters, and outputs the resulting process TRC. The
control parameters can then be adjusted so that the process TRC more closely
matches the desired TRC. The process TRC can be considered as the TRC that
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takes into consideration the control parameters of the printing device, and does
not take into consideration anything the printing device has printed. For instance,
the process TRC can take into account the control parameters of the printing
device even before the printing device is actually manufactured.

The control parameters of the printing device are parameters that govern
the output of colorant, such as toner, on media by the device. For example, in
the context of an EP printing device, the control parameters can include the bias
voltage of the printing device development subsystem. Other control parameters
for an EP printing device include photoreceptor charge level, laser discharge
energy, and toner tribo-charge level. Still other control parameters for an EP
printing device include the laser intensity or energy output, or similar parameters
that control the transfer or development field strengths.

The disturbances that are also input into the process model are
environmental and other factors that affect the ability of the printing device to
realize the desired TRC. Some environmental factors include operating
temperature and humidity of the printing device. Other such factors include the
remaining life of the cartridge that includes or stores the colorant, such as toner,
that the printing device uses to form images on media like paper. In this respect,
the remaining life of the cartridge encompasses and/or is representative of the
amount of colorant, such as toner, remaining, as well as the conditions of various
parts within the cartridge, such as the optical photoconductor (OPC) drum, and
so on, which can affect the ability of the printing device to realize the desired
TRC. These parts degrade or wear over time. In general, the amount of
colorant, such as toner, can be used as representative of the general state or
condition of the materials within the cartridge that are associated with
development and transfer of colorant onto media like paper.

Once the control parameters of the printing device have been optimized, a
number of color patches are printed by the printing device, in accordance with
(i.e., using) the optimized control parameters (104). The control parameters
have been optimized in the sense that their values have been adjusted so that
the process TRC as closely as possible matches the desired TRC. The color
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patches may be printed on media installed or transported within the printing
device, such as paper, or on an internal belt or other mechanism permanently
installed within the printing device.

The color patches may be a series of patches of each color of colorant,
such as toner, of the printing device, including cyan, magenta, yellow, and black
in the case of a four-colorant color printing device, and a single color such as
black in the case of a one-colorant printing device. For example, for each
colorant color, a number of patches from least intensity or tone to maximum
intensity or tone may be printed, using the printing device’s internal halftoning
algorithm. The color patches that have been printed by the printing device are
then measured using one or more sensors of the printing device (106).

Measuring the color patches by the printing device’s sensors yields the
actual intensity or tone of each color patch of each color of colorant. Therefore,
how the printing device actually reproduces tone can be compared with how the
printing device was expected to reproduce tone. As one example, for a given
color of colorant, one color patch may correspond to 50% intensity or tone of the
color, but the sensor measurement of the color patch may show that in actuality
45% intensity or tone was achieved.

Therefore, tone-corrected halftone levels for the printing device are
generated using a sensor model, to reduce the printing device TRC error
between the printing device’s TRC and the desired TRC (108), based on the
printed color patches as have been measured by the sensors. Halftone levels —
and thus the tone-corrected halftone levels — are used by the printing device
during halftoning so that images are printed by the printing device accurately.

In the example of the previous paragraph, the printing device’s TRC is adjusted,
using the sensor model, so that when 50% intensity or tone of a color is desired
to be printed, in actuality as close to 50% intensity or tone of the color is in

fact printed.

The printing device’s TRC is thus the TRC that takes into consideration
the color patches printed by the printing device, as have been measured by
the sensors of the printing device. In this respect, the printing device’s TRC
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differs from the process TRC. Specifically, the process TRC does not take
into consideration the color patches printed by the printing device, as have
been measured by the sensors of the printing device. Indeed, as noted
above, the process TRC can be determined even before the printing device
has been manufactured.

The model is a sensor model in the sense that it takes as input the actual
intensity or tone values of the printed color patches measured by the sensors of
the printing device, along with one or more disturbances, examples of which
have been described above. The model may further be considered a sensor
model in the sense that it models the sensors themselves, so that inaccuracies
and other characteristics of the sensors of the printing device are properly
reflected within the model. Examples of sensors in this respect include optical
sensors, for instance. The manner by which part 108 of the method 100 can be
performed is described in more detail later in the detailed description. The
sensor model thus differs from the process model at least in that the sensor
model takes into account the actual intensity or tone values of the color patches
printed by the printing device, whereas the process model does not.

In the method 100, part 102 can be considered as providing a coarse
reduction in TRC error — specifically the process TRC error between the process
TRC and the desired TRC — even before the printing device has been used, and
thus even before the printing device has been manufactured. By comparison,
part 108 can be considered as providing a finer reduction in TRC error —
specifically the printing device TRC error between the printing device’s TRC and
the desired TRC — so that the printing device’s TRC even more closely matches
the desired TRC than the process TRC does. This two-part process therefore
results in a better calibration of the printing device as compared to if just a one-
part process were performed.

Once the tone-corrected halftone levels have been generated, a desired
image can be printed on media like paper by the printing device (110). The result
of the calibration process of parts 102 through 108 of the method 100 is that the
desired image is printed with better accuracy than if the calibration process had
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not been performed. The printing device uses the optimized control parameters
generated in part 102, and the tone-corrected halftone levels generated in part
108, when printing the desired image. The desired image may include text,
graphics, or a combination of text and graphics.

FIG. 2 shows a method 200 for optimizing the control parameters of a
printing device using a process model to reduce process TRC error, according
to an embodiment of the disclosure. The method 200 can be performed in
part 102 of the method 100 of FIG. 1. The process TRC is first generated
using a process model (202).

The process model receives as input the current values of the printing
device’s control parameters, and current values of one or more disturbances. As
output, the process model generates the process TRC based on these control
parameters and disturbances. Mathematically, a process model f provides a

process TRC y from control parameters u and uncontrollable but measurable

disturbances d.

More specifically, u=[u;j] e R™ denote the control parameters, where R™
is the set of all such control parameters. Similarly, d = [d,-] e R" denotes the

disturbances, where R is the set of all such disturbances. The process TRC
can be approximated as its response at a finite number of halftone levels. For
example, where an eight-bit integer is used to represent a halftone level, zero

can represent no tone, and 28 4= 255 can represent maximum tone.
Therefore, y =[y;] e RY denotes the tone values measured on output

media from color patches printed at halftone levels h=[h;], where h; €[0,255]

for halftone levels represented by eight-bit integers, and where RY is the set of
all tone values. In one embodiment, a tone value may be defined as a Euclidean
distance in the CIE L*a*b color space between the measured color and the

appearance color of the underlying media. As such, a larger tone value
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corresponds to a stronger color intensity. It is noted that tone values defined in
this embodiment can be represented by the CIE unit AE*.

The process model f is thus f:R"™*" _s R9  and can be expressed as
2 (u,d,h1)
g=flud)=| | (1)
fy (u.d.hg )

In one embodiment, the predetermined halftone levels h do not change. As
such, these predetermined halftone levels can be omitted from the expression
of equation (1).
Furthermore, the process model f can be a quadratic polynomial
response-surface model in one embodiment, the general form of which is:
Ji = Bio + LBjx; + D Byxs + Z%ﬁijkxjxk- (2)
J J J

In equation (2), y; is the predicted tone level at halftone level h;, and x is an
explanatory variable that is either a control parameter u; or a disturbance d; .
The various [ 's are coefficients that are identified through regression analysis.

It is noted, however, that in other embodiments, the process model can be a
polynomial response-surface model that is not quadratic, and in still other
embodiments, the process model can be a model that is not a polynomial
response-surface model.

Once the process TRC has been generated using the process model, the
desired TRC is subtracted from the process TRC to yield the process TRC error
between the process TRC and the desired TRC (204). The desired TRC may be

referred to as r =[r;]e RY, and specified at the same halftone levels as the
predetermined halftone levels h of the process TRC. The process TRC error is

thus referred to as é e RY, and can be determined from the process model f as

é=f(ud)-r.
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Next, a cost function based on the process TRC error is determined (206).
The cost function is ultimately minimized to minimize the process TRC error
between the process TRC and the desired TRC. In one embodiment, the cost
function is a quadratic cost function, expressed as s € R, and can be defined as:
s(éu)=[eg +|ul =67 Qs +uvu. (3)
In equation (3), Q and V are symmetric positive semi-definite weighting and
scaling matrices with appropriate dimensions, and T is the transpose operator
for a matrix. Furthermore, a set of optimal control parameters u* that minimize
the cost function s can be expressed as:
u*=arg lrpelﬂs (4)
In equation (4), U< R, which is a finite set of allowable control parameters. It
is noted, however, that in other embodiments, the cost function can be a function
that is not quadratic.
Given the set of allowable control parameters U, the desired TRC r, and
the weighting matrices Q and V, a locally optimized u* that minimizes the cost
function s satisfies a second-order sufficient condition (SOSC). The SOSC can

be expressed as:

{Vs(u*)o )

st(u*)>0 '

In equation (5), Vs(u*) e R? and st(u *)e R9*9. Furthermore, st(u *)>0

means that st(u *) is positive definite.

The gradient and the Hessian of the cost function are determined (208).
Specifically, the gradient can be expressed as:
is_,(ud)
au au
The Hessian can be expressed as:

T 2
vzsza(VS):28f(u,d)Q£8f(u,d)] L 00 f(u,d)Q(f(u,d)_r)ﬂv_ @)
ou auz

Vs = Q(f(ud)-r)+2Vu. (6)

ou ou

10
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In equations (6) and (7), S—f is a g xm Jacobian matrix.
u

The optimized control parameters that minimize the cost function are thus
determined, using the gradient and the Hessian of the cost function (210). That
is, the control parameters of the printing device are optimized by minimizing the
cost function. This can be accomplished by solving equation (4) such that the
SOSC of equation (5) is satisfied, using the gradient of equation (6) and the
Hessian of equation (7). The result of the method 200 is, therefore, a set of
optimized control parameters u*, which are the optimized values of the control
parameters u that minimize the cost function s, and thus that minimize the
process TRC error & between the process TRC of the printing device
and the desired TRC.

As noted above, part 102 of the method 100 of FIG. 1 and thus the
method 200 of FIG. 2 can be performed before the printing device in question
is used or even manufactured. That is, part 102 and thus the method 200 can
be performed offline. The results of part 102 and thus the method 200 can then
be stored in look-up tables for reference by the printing device when the printing

device is actually used.

For instance, D e R" can denote the finite set of measurable disturbances
that covers all admissible environmental conditions and consumable colorant
factors in typical user usage. The optimal control parameters u* for this
admissible disturbance set D can be determined a priori and stored. When the
printing device is to be calibrated, the optimal control parameters u* are then
looked up within the tables based on the current measured disturbances d.
Performing part 102 of the method 100 and thus the method 200 in this manner
expedites calibration of the printing device.

FIG. 3 shows a method 300 for generating tone-corrected halftone levels
for a printing device using a sensor model to reduce printing device TRC error,
according to an embodiment of the disclosure. The method 300 can be
performed in part 108 of the method 100 of FIG. 1. The printing device’'s TRC is
first generated using a sensor model (302).

11
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The sensor model receives as input the values of color patches printed by
the printing device, where these values are measured by one or more sensors of
the printing device. The sensor model also receives as input current values of
one or more disturbances. As output, the sensor model generates the printing
device’s TRC based on these measured color patch values and disturbances.
Mathematically, a sensor model g provides the printing device’s TRC y from
color patch values (i.e., sensor values) w and uncontrollable but measurable

disturbances d.

More specifically, w =[w;] < RP denotes the color patch values as

measured by the sensors, where RP is the set of all such values. As before,
d=[d;]e R" denotes the disturbances, where R is the set of all such

pxn

disturbances. The sensor model g is thus g: R — RY, and can be

expressed as
g1(w.d,hq)
y= g(w,d) = : : (8)
gq(w.d.hg)
In one embodiment, as in the process model, the predetermined halftone levels

h do not change, and can be omitted from the expression of equation (8).

Furthermore, in one embodiment, the sensor model g is a principal component

regression model.

Once the printing device’s TRC has been generated using the sensor
model, the desired TRC is subtracted from the printing device’s TRC to yield the
printing device TRC error between the printing device’s TRC and the desired
TRC (304). As in the method 200, the printing device TRC error may be referred

to as é e RY. As such, the printing device TRC error can be determined from

the sensor model g as & =g(w,d)-r, where as before r =[r;]e RY represents

the desired TRC.

12
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Tone-corrected halftone levels that reduce (e.g., minimize) the printing
device TRC error are then determined (306). This can be achieved for each tone
level of the desired TRC by selecting a corresponding tone-corrected halftone
level that minimizes the printing device TRC error. In one embodiment, a look-up
table (LUT) is employed to look up each tone-corrected halftone level, based on
a corresponding tone level of the desired TRC. That is, the LUT is a mapping,

LUT : hj — h;, which relates desired halftone levels h; to tone-corrected halftone
levels h;, where h;j €[0,255] when each halftone level is represented by an
eight-bit integer.

Tone correction can be considered as a model inverse to the desired
TRC. A tone-corrected halftone level f_7, is thus determined by identifying a

halftone level at which the tone value error is minimized. That s,

hj = arg min(‘g(w,d,ﬁ,-)—r,-‘). (9)
In one embodiment, just a limited subset of halftone levels is tracked within the

printing device’s TRC. As such, the tone-corrected halftone levels h can be
determined by interpolating between two neighboring halftone levels.
For example, interpolation, such as linear interpolation, can be applied.

Specifically, a tone-corrected halftone level h; corresponding to a target or

desired tone value r; can be determined by:

= ngj(wdh)
" gji(wdhjig)-gj(w.dh;)

(hj+1—hj)+hj. (10)
In equation (10), h; and h; 4 are the two halftone levels associated with the
neighboring tone values gj (w,d,hj) and gj+1(w,d,hj+1) of the target or desired

tone value r;. In other words, g; (w,d,hj) <ri< gj+1(w,d,hj+1).

FIG. 4 shows a printing device 400, according to an embodiment of the
disclosure. The printing device 400 includes at least a printing mechanism 402,
a computer-readable data storage medium 404, a calibration mechanism 406,

13
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and one or more sensors 407. The printing device 400 may be a printer. The
printing mechanism 402 can be an EP printing mechanism, such as a laser-
printing mechanism. The printing mechanism 402 prints an image on media,
such as paper.

The computer-readable data storage medium 404 may be a
semiconductor memory, such as a flash memory or a read-only memory, a
magnetic medium, such as a hard disk drive, or another type of medium. The
data storage medium 404 stores optimized control parameters 408 for the
printing device 400, and tone-corrected halftone levels 410. As described
above, the optimized control parameters 408 may be stored within one or
more tables, and encompass the optimized control parameters for the
permissible values of the disturbances that are likely to be encountered
during normal usage of the printing device 400 by a user. That s, the
control parameters 408 can be optimized externally — that is, offline or a priori —
and stored in one or more tables.

The calibration mechanism 406 calibrates the printing device 400,
and more specifically the printing mechanism 402. In particular, calibration
mechanism 406 retrieves the optimized control parameters 408 for the current
values of the disturbances. The calibration mechanism 406 then causes the
printing mechanism 402 to print a series of color patches, and causes the
sensors 407 to measure the printed color patches. On the basis of the
disturbances and the printed color patches as measured, the calibration
mechanism 406 generates the tone-corrected halftone levels 410 and stores
them in the computer-readable data storage medium 404.

The printing mechanism 402 therefore subsequently prints a desired
image on media, using the optimized control parameters 408 and the tone-
corrected halftone levels 410. The calibration mechanism 406 itself can be
implemented as software, hardware, or a combination of software and hardware.
For instance, the calibration mechanism 406 may be one or more computer
programs (i.e., firmware) stored on the computer-readable data storage medium
404 for execution by a processor, or the mechanism 406 may have its logic
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implemented as an application-specification integrated circuit (ASIC), a field-
programmable device such as a field-programmable gate array (FPGA), and so
on. Furthermore, the sensors 407 may be optical sensors in one embodiment.

In conclusion, FIG. 5 shows a method 500 that can be performed to
calibrate the printing device 400, according to an embodiment of the disclosure.
The method 500 may be performed by the calibration mechanism 406 of the
printing device 400. As such, as noted above, the method 500 may be
implemented as one or more computer programs stored on the computer-
readable data storage medium 404 for execution by a processor of the printing
device 400. However, in one embodiment, the computer-readable data storage
medium that stores the computer programs may be considered as an ASIC that
has been appropriately programmed to execute the method 500, or as a field-
programmable device, such as an FPGA, that has been appropriately
programmed to execute the method 500.

The method 500 receives the optimized control parameters 408 of the
printing device 400 (502). For instance, the calibration mechanism 406 can look
up the optimized control parameters 408 in a table, based on the current values
of the disturbances. The method 500 then generates tone-corrected halftone
levels for the printing device (504). For instance, the calibration mechanism 406
can perform parts 104, 106, and 108 of the method 100 of FIG. 1. As part 108
of the method 100, the calibration mechanism 406 can perform the method 300
of FIG. 3.
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We claim:

1. A method comprising:

optimizing a plurality of control parameters of a printing device using a
process model to reduce a process tone reproduction curve (TRC) error between
a process TRC and a desired TRC; and,

generating a plurality of tone-corrected halftone levels for the printing
device using a sensor model to reduce a printing device TRC error between a
TRC of the printing device and the desired TRC, based on a plurality of color
patches printed by the printing device using the control parameters as have been
optimized, as measured by one or more sensors of the printing device.

2. The method of claim 1, further comprising printing an image on media, by
the printing device, using the control parameters as have been optimized, and
using the tone-corrected halftone levels that have been generated.

3. The method of claim 1, further comprising:

printing the color patches, by the printing device using the control
parameters as have been optimized; and,

measuring the color patches as printed, by the sensors of the printing
device.

4. The method of claim 1, wherein optimizing the control parameters
comprises:

generating the process TRC using the process model, taking as input to
the process model the control parameters and a plurality of disturbances;

subtracting the desired TRC from the process TRC generated to yield the
process TRC error;

determining a cost function based on the process TRC error, the cost
function providing a cost as a function of the control parameters; and,

determining the control parameters that minimize the cost function.
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5. The method of claim 4, wherein optimizing the control parameters further
comprises determining a gradient and a Hessian of the cost function,

wherein determining the control parameters that minimize the cost
function comprises determining the control parameters that minimize the cost

function using the gradient and the Hessian of the cost function.

6. The method of claim 4, wherein the cost function is a quadratic cost
function.

7. The method of claim 4, wherein the disturbances comprise one or more
of:

operating temperature of the printing device;
operating humidity of the printing device; and,
a remaining life of a cartridge including colorant that the printing device

uses to print on media.

8. The method of claim 1, wherein the process model is a quadratic
polynomial response-surface model.

9. The method of claim 1, wherein generating the tone-corrected halftone
levels comprises:

generating the TRC of the printing device using the sensor model, taking
as input to the sensor model a plurality of disturbances and the color patches as
measured by the sensors of the printing device;

subtracting the desired TRC from the TRC of the printing device
generated to yield the printing device TRC error; and,

determining the tone-corrected halftone levels for the printing device that
minimize the printing device TRC error.
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10.  The method of claim 9, wherein determining the tone-corrected halftone
levels comprises, for each tone level of the desired TRC, selecting a
corresponding tone-corrected halftone level that minimizes the printing device
TRC error.

11.  The method of claim 9, wherein determining the tone-corrected halftone
levels comprises one of:
employing a look-up table (LUT) to look up each tone-corrected halftone
level based on a corresponding tone level of the desired TRC; and,
interpolating each tone-corrected halftone level.

12.  The method of claim 9, wherein the disturbances comprise one or more
of:

operating temperature of the printing device;

operating humidity of the printing device; and,

a remaining life of a cartridge including colorant that the printing device

uses to print on media.

13. The method of claim 1, wherein the sensor model is a principal component

regression model.

14. A printing device comprising:
a printing mechanism to print an image on media, using a plurality of
control parameters and using a plurality of tone-corrected halftone levels;
one or more sensors to measure a plurality of color patches printable by
the printing mechanism;
a computer-readable data storage medium to store:
the control parameters as have been externally optimized using a
process model to reduce a process tone reproduction curve (TRC) error between
a process TRC and a desired TRC,;
the tone-corrected halftone levels; and,
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a mechanism to generate the tone-corrected halftone levels using a
sensor model to reduce a printing device TRC error between a TRC of the
printing device and the desired TRC, based on the color patches printed by the
printing mechanism using the control parameters as have been externally

optimized, as measured by the sensors.

15. A non-transitory computer-readable data storage medium storing one or
more computer programs executable by a printing device to perform a method
comprising:

receiving a plurality of control parameters of the printing device, the
control parameters externally optimized using a process model to reduce a
process tone reproduction curve (TRC) error between a process TRC and a
desired TRC; and,

generating a plurality of tone-corrected halftone levels for the printing
device using a sensor model to reduce a printing device TRC error between a
TRC of the printing device and the desired TRC, based on a plurality of color
patches printed by the printing device using the control parameters as have been
externally optimized, as measured by one or more sensors of the printing device.
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