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Abstract
The traditional image rendition process assumes an ideal

output imaging system where each image pixel will be perfectly
reproduced regardless of different image formation processes. In
reality, each individual imaging system can be approximated as
a linear system with its own unique transfer function charac-
teristics, which could exhibit spatial and/or temporal variations.
Consequently, it will produce inconsistent tone scale reproduction
curves during the print production run. The objective of this pa-
per is to investigate the tone reproduction curve variations caused
primarily by the interaction of neighboring imaging pixels. An
intelligent image rendition algorithm is presented to compensate
for this macroscopic imaging process deficiency. Experimental
results will be demonstrated to show the effectiveness of the pro-
posed algorithm, which has been deployed commercially on a dig-
ital printing press.

Introduction
The traditional image rendition process assumes an ideal out-

put imaging system where each image pixel will be perfectly re-
produced regardless of different image formation processes. In
reality, each individual imaging system can be approximated as a
linear system with its own unique transfer function characteristics
[1]. Furthermore, the tone scale reproduction of a real imaging
system often exhibits its own distinct spatial and/or temporal de-
pendent characteristics. For example, when the tone reproduction
curve of a digital printing system exhibits spatial variation across
the imaging width, the macro nonuniformity artifact is often noted
as streak; conversely, when the tone reproduction curve shows
temporal variation, the artifact is often denoted as banding [2].
Different image formation processes will be susceptible to differ-
ent imaging artifacts [3]. The normal technology development
process always intends to identify the root cause of each artifact
and hopefully leads to a robust solution. However, the cost of
achieving a perfect imaging system often outweighs that benefit.
As a result, researchers eventually turn to various robust system
compensation algorithms to optimize the overall performance of
the entire system. For examples, researchers have demonstrated
that it is possible to correct streak and banding artifacts by mod-
ifying the output of the digital writing module and/or the input
images [4, 5]. Researchers have continuously pushed the tech-
nological limit of the digital printing technologies to the field of
three-dimensional microstructure manufacturing. Consequently,
the requirement for material deposition accuracy has surpassed
the limit of the human visual system, which imposes even more
stringent precision tolerance on printer component construction
and subsystem/system assembly. As a result, intelligent print-
ing system optimization processes using various active devices to
fulfill the ever-demanding image quality requirements are essen-
tial to unlock the full economic potential of large-format three-

dimensional microstructure manufacturing on different receivers.
The objective of this paper is to devise an image correction

algorithm for the tone reproduction curve variations caused pri-
marily by the interaction of neighboring imaging pixels. Differ-
ent from the streak and banding artifacts noted previously, this
local tone scale variation is mostly independent from the hard-
ware composition of a printing system provided that all imaging
components and subsystems are positioned within the produc-
tion tolerance. Therefore, a precomputed compensation scheme
based on the relative physical location similar to the streak cor-
rection process is not applicable. Furthermore, different image
formation processes, such as electrophotography, inkjet and dye-
sublimation, have their own distinct local pixel interaction prop-
erties. Consequently, it often degrades the final output quality by
modifying an image for one local pixel interaction characteristic
and producing it on a different imaging device. The optimal so-
lution is to devise an intelligent image rendition process on the
intended digital print engine to compensate for this microscopic
imaging process deficiency during runtime.

More specifically, we would like to address the Fringe Field
effect in the electrophotographic imaging process [6, 7], which
can be described as the electric field variation at the intersection
of high and low charged regions where image edges occur. The ef-
fect is illustrated in Figure 1. At two boundary conditions, where
code values are 0 and 255 in an 8-bit imaging system, the image
rendition within the fringe field returns back to normal behavior
of 0 percent and 100 percent ink coverage respectively; however,
in the mid tone region, the Fringe Field results in less colorant
deposited on the intended substrate locations than that of other
unaffected areas. An intelligent image rendition algorithm is pre-
sented to compensate for this macroscopic imaging process de-
ficiency. Experimental results will be demonstrated to show the
effectiveness of the proposed algorithm, which has been deployed
commercially on a digital printing press.

Image-Dependent Tone Scale Variation
The root causes of image formation artifacts in a digital

printing system can be attributed to two categories: the first is
the imperfection in the imaging component manufacturing and/or
system assembly, and the other is the physical and material prop-
erties of the selected imaging process. Although it might not be
economically viable, it is possible to tighten the manufacturing
tolerance to minimize any system imperfection, such as irregu-
larity of imaging cylinder circumference and inkjet printhead de-
fects. Furthermore, the image artifacts caused by hardware de-
fects usually appear in predictable locations with fixed reoccur-
rence frequencies. Therefore, various print quality enhancement
algorithms have been devised to actively cancelling out these de-
terministic image artifacts [8]. Conversely, the image artifacts at-
tributed to the physical and material properties of the correspond-
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ing imaging process are usually related to the percent coverage
of each colorant, which depends upon the code values of input
image pixels [9, 10]. In general, a process control algorithm is
implemented to ensure the corresponding digital printing system
operating within the specified environment, but it is often very dif-
ficult to minimize the associated imaging artifacts with an active
signal cancellation algorithm.

Figure 1. Fringe Field effect in the electrophotographic process

The image artifacts affected primarily by the colorant cover-
age combination at the corresponding pixel locations can be de-
noted as Degree 0 (D0) artifacts such as granularity and mottle.
There also exist imaging artifacts that are caused by the interac-
tion of imaging pixels within a neighborhood, which can be clas-
sified as Degree 1 (D1) artifacts. The halo artifact created by the
Fringe Field effect in the electrophotographic imaging process be-
longs to a D1 artifact. This artifact only occurs along the image
edges with significant pixel code value differences, where the im-
age edges on the side with lower toner coverage appear lighter
than their neighboring pixels with the same toner coverage as
shown in Figure 1. Different from the well-known contrast effect
of the human visual system, the halo artifact can be detected by
a color measurement equipment [11]. Consequently, the images
reproduced by the electrophotographic printing process appear to
be higher contrast, or sharper, than those produced by other dig-
ital imaging processes such as inkjet and dye sublimation. While
it might sometimes be beneficial for text and graphics, the high
pass filter characteristics of the electrophotographic imaging pro-
cess will amplify the inherent image noise and increase the over-
all graininess of the reproduced output. As a result, it is necessary
to optimize the sharpness performance while minimizing the ad-
verse effect of granularity for the dry electrophotography imaging
process to expand into photo applications with the most stringent
demand in image quality.

Unlike many D0 artifacts, the pixel locations of the halo ar-
tifact induced by the Fringe Field effect is image dependent and
can be precisely predicted by an image analysis algorithm. Fur-
thermore, the effect on the image quality degradation can be de-
scribed as a local tone reproduction curve variation where the im-
mediate edge pixels neighboring the image areas with higher toner
coverage exhibit lighter mid-tone reflection density as illustrated
in Figure 2. The deviated tone reproduction curve can be experi-

Figure 2. Fringe Field effect on Tone Scale

mentally determined. As noted previously, the modification of the
tone reproduction curve needs to satisfy two boundary conditions
where the normal tone reproduction curve, T RCn, and deviated
tone reproduction curve, T RCd , converge at two end points with
code values being 0 and 255 in an 8-bit digital imaging system.

Proposed Algorithm
While realizing that the Fringe Field effect is a physical phe-

nomenon that varies continuously, we will first make two sim-
plifications about its impact on the local tone reproduction curve
variations to achieve an efficient correction algorithm implemen-
tation:

1. All image pixels I(i, j) are classified into two categories,
where xn is the normal pixel and xd is the pixel affected by
the Fringe Field effect.

2. Only one T RCd is required to describe the reduction in the
reflection density on xd(i, j).

Consequently, we can formulate this image-based tone scale vari-
ation correction as a simple hypothesis testing between the null
hypothesis xn and the alternative xd [12]. Let x be a independent
random variable drawn from an image that is described as a ran-
dom field, χ , with probability distribution P(x ∈ χ), and y is the
class label of Y = {xn,xd} with the the probability distribution
P(y|x). The objective is to find an optimal prediction function
h : χ → Y that minimizes the overall loss L(y, ŷ = h(x)). Assum-
ing the null hypothesis is xn,

L(y, ŷ) = λ1RI(ŷ = xd |x = xn)+λ2RII(ŷ = xn|x = xd). (1)

RI and RII are the Type 1 and Type 2 error while λ1 and λ2 are
the corresponding costs. Perceptually, RI represents overcorrec-
tion and it might create darker outline along the image edges, in-
crease image noise, broaden the line thickness, etc. Conversely,
RII means that no correction is performed by the algorithm. The
proposed intelligent image rendition algorithm needs to operate
on all input files with no user interference; hence, the cost λ1 as-
sociated with RI should be much larger than λ2. It has been shown
that the simple hypothesis testing can be solved optimally with a
thresholding operation while the threshold C is controlled by the
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ratio λ = λ1/λ2 [12]. We propose to adopt the magnitude of the
local gradient of the image data, ∇I(i, j), as the measurement for
the Fringe Field effect with an experimentally determined thresh-
old C.

Figure 3. Intelligent Image Rendition Flowchart

The intelligent image rendition algorithm is described in Fig-
ure 3:

1. The input image first completes the digital workflow and
obtains the image data for each primary color separation,
Ic(i, j).

2. ∇Ic(i, j) is derived by subtracting the low pass filter output
image from Ic(i, j).

3. Apply a thresholding operation on ∇Ic(i, j) where the image
Ic(i, j) is classified into one of four regions:

κ1: {(i, j)|∇Ic(i, j)> δ1}
κ2: {(i, j)|∇Ic(i, j)<−δ2}
κ3: {(i, j)|0 ≤ ∇Ic(i, j)≤ δ1}
κ4: {(i, j)|−δ2 ≤ ∇Ic(i, j)≤ 0}

4. Only the pixels in κ2 are considered as possible locations
impacted by the Fringe Field effect. Other regions will play
active roles in the following image dilation operation to pre-
vent possible false detection of xd and increase of RI .

5. Because of the high cost λ1 in terms of the image quality
degradation, binary erosion operation is adopted to remove
isolated pixels in κ2 to minimize RI(ŷ = xd |x = xn).

6. Progressive image dilation is applied to recover the imme-
diate neighboring pixels of (i, j) ∈ κ2. Pixels belonging to
κ1 and κ3 are excluded in this operation. The number of op-
erations is controlled to reflect the range of the Fringe Field
effect, which can be affected by the printing speed, halftone
selection, etc.

7. The code value of every pixel (i, j) ∈ κ2 is modified to com-
pensate for the deviated tone reproduction curve on that im-
age location.

8. The modified image Îc(i, j) for each primary color channel
is sent to the digital printing press.

The image erosion and progressive dilation operations in step 5
and 6 can also be accomplished by the level set method with ap-
propriate speed vectors [13, 14].

Experiment Results
The lefthand image in Figure 4 shows the original input im-

age and the righthand image is the result of the proposed intelli-
gent image rendition algorithm. The pixel code values along the
border of the font b with lower cyan toner coverage are increased
slightly while the pixels inside the font remain the same. The in-
crement of the code value is controlled by the LUTs from each
primary color channel as shown in Figure 3. Figure 5 shows the
comparison of the final printed output between the standard and
corrected input images. The halo artifact around the printed font b
is perceivable when printed under the standard process; however,
it disappears when the corrected image is printed, which demon-
strates the effectiveness of the proposed intelligent image rendi-
tion algorithm. We can also notice that the perceived font size and
stroke width remain the same.

Figure 4. The input image before and after correction

Figure 5. The output image before and after correction
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In order to illustrate numerically if the proposed algorithm
successfully minimizes the halo artifact, a test target with two
edge transitions, as shown in Figure 6, is printed where a dark-
to-light transition is at the front and the light-to-dark transition is
in the rear section. The measured edge profiles of the scanned
images is shown in Figure 7. While the reflection density on the
lighter side of flat field reduces under the standard printing mode,
Figure 7 clearly demonstrates the minimization of the halo artifact
by applying the proposed correction algorithm.

Figure 6. The input bi-level flat field
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Figure 7. The output profile before and after correction

Conclusion and Future Work
A robust intelligent image rendition algorithm is proposed

to address the halo artifact created in the electrophotographic
imaging process with no operator interference while satisfying
other constraints, such as computational efficiency, consistent line
thickness, font sizes, and image structure. Examples are shown to
demonstrate the effectiveness of the proposed algorithm in ad-
dressing the halo artifact and it has recently been deployed in a
commercial printing press as a job ticket option. Because this
process is applied on each image separation after the color work-
flow, it can be easily extended to a digital printing process with
more than standard CMYK process.
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