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Abstract

This work explores printing uniformity from a quality standpoint. The study
proposes a conceptual framework, quantitative models and a testing method for the mea-
surement and analysis of printing uniformity independent from the printing process and

press design.

The proposed framework encompasses construct and indicators concerning the
printing accuracy and printing precision dimensions of uniformity. The proposed models
are derived for each of the indicators in the framework comprising a cohesive set of device-
and process-independent image quality metrics (IQMs) for benchmarking and evaluating
the spatial-temporal uniformity of printing systems relative to standard industry tolerances.
The proposed test method builds on prior efforts on the same topic and borrows from and

improves upon related studies by various authors.

Printing uniformity in this work is defined as the theoretical attribute that reflects the
extent of variability for a given press. It has significant implications on a range of standards
and specifications dealing with process control. This addresses a fundamental challenge in

understanding variability in printing rather than focus on cause-effect relationships.

The literature revealed that some aspects of the topic are underexplored with the
majority of the works addressing either the spatial or temporal domains independently.
Additionally, parallel publications were found with disparate terminologies, which made it
hard to find clear definitions of concepts central to the topic.

Five press tests were conducted following the proposed method to help refine the
concepts and metrics. They included three presses, including offset lithography and electro-
photography. The findings were inline with findings from related studies, showing similari-
ties and differences between printing units, presses, and processes

This work could serve as a template for exploring phenomena using the triple-tiered
approach for devising the concepts, models and methods. Future research on numerous
printing systems across processes may provide great value in our understanding printing
uniformity. Comprehensive testing across systems and processes creates opportunities for
validating or refuting assumptions, which would ensure continuous improvement of quality

control practices and ultimately better color consistency in printing.
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Chapter 1
Introduction

With continuous advancements in color reproduction technology consumers of
media have grown accustomed to vibrant and expressive matter in print and electronic
media. In recent years, the graphic arts industry has seen exponential leaps in quality
control systems. Whether it is a product over a shelf, a picture of that product in a catalog,
a billboard or television advertisement, or the product page on web, consumers have a fine
aptitude for sensing non-uniformities. Any discernible inconsistencies can quickly render a
perception of distrust for the brand. At the same time, our appreciation for high quality can

render an attraction to the brand and improve competitiveness.

Competition progressively heightens the expectations of the consumer regarding
quality, including image quality. This requires continuous improvement in quality control
practices, primarily, defining better process aims and tolerances. The front-and-center
to achieving those goals lies in the understanding of variability and the breakdown of
cause-effect relationships, which improve monitoring and facilitate more timely corrective
action. The industry invests tremendous efforts on determining cause-effect relationships

than on the understanding of variability, which is the main focus of this research.

As with any process, printing is subject to certain levels of variability that may
result in color shift noticeable by the end user. Printing uniformity, from a quality control
perspective, can be defined as a theoretical attribute that reflects the extent of variability
in a given printing system. This attribute can have significant implications on the range of

standards and specifications dealing with process control.

The objective of this research is to explore printing uniformity as it relates to image
quality. The focus is on measuring and comparing the uniformity capabilities of printing
systems relative to the reproduced image and independent from the printing process and the
design of the system. This work begins by addressing a fundamental challenge in under-
standing variability in printing, laying foundations for research on cause-effect, process
aims, and, ultimately, in the future, development of plausible psychophysical metrics for

end user perception.



1.1. Background and Rationale

In printing, quality is addressed through international standards that define aim
points and tolerances, and specifications that provide guidelines for the different printing
applications. Specifications define criteria for conformance to the standards to meet the
specific needs of different printing processes, substrates and colorants. For instance, the
inks used in flexographic printing on polymer substrates, large format inkjets on vinyl and
lithography or xerography on paper stock, each prescribe formulations optimized for the

process and for the transfer and adherence of the image onto the substrate.

Specifications also address the specific needs of different end users and end use
requirements. For instance, viewing distance will prescribe resolution parameters that are
optimized to a reader’s naked eye in close proximity, or, to approaching commuters, near or
far. Similarly, viewing conditions and ambient lighting will also prescribe color and visual

parameters optimized for bright daylight or at night, indoors or alongside the road.

Additionally, specifications provide mechanisms for print quality control. The
main idea is to print measurable control elements in the outer slug region, as illustrated in
Figure 1, to control the printing process. Color bars are used for controlling the accuracy
of the color. They provide proxy measures for the color in the actual image and allow the

operator to gauge the flow of ink during the run but then they are discarded after printing.
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Figure 1. Sample offset lithography press sheet with a tail-edge color bar.



Printing uniformity has a fundamental implication not only on the refinement of
process aims, but more so on the merit of these proxy measures to a point that ensures that
the printed product will conform as indicated by the color bar for every press. While the
knowledgebase on printing uniformity is rich in many aspects, an extensive review of the

pertinent literature revealed that some aspects are simply underexplored.

With the printing industry poised at an unprecedented level of quality control and
the increased diversity in printing technologies as well as the ever-expanding range of print
formats, it is now time to take a deeper look into printing uniformity and how new and

existing investments can be best utilized with appropriate quality expectations.

One of the problems that the industry has is that tolerances are often specified by
what people find more convenient and not on what the process is capable to conform to.

In theory the price of a printed job should be a function of the variability of the ink
density. Jobs printed with little variability, which translates to more precise color, should
price higher relative to jobs with large variability or less precise color. Print buyers would
like the most precise and most accurate color. Printers would like tolerances that permit
comfortable placement of the inherent process variability. The problem is that often times,
neither the printers nor the buyers know exactly what the inherent variability of the press is
throughout the printing plane and between prints and they only focus on the variability of

the color bars.

Therefore, a systematic look at total variability of a printing system is a prerequisite to

intelligently formulating realistic tolerances.



1.2. Problem Statement

Printing uniformity is central to the wide range of standards and specifications
that focus on image quality and process control. The present problem is that there is only
a limited body of work independently addressing either the spatial or temporal domain of
printing uniformity. There is no seminal work to reconcile various research efforts. As such,
the dominant problem at the moment is the lack of consensus on concepts, models, and sub-

sequently, testing methods used by contributing researchers.

The literature offers a range of works with differing and specialized objectives and
motivations, but there is no common reference. Simply put, there is a wide range of parallel
efforts with disparate terminologies for the same set of concepts, which entailed differ-
ences in how authors model and test uniformity. We find, for example, that for authors who
explored spatial uniformity, some measured variability in printing density at ad hoc locations
around the printing plane (Breede, 2007; ISO, 2007), while others used systematic repeating
patterns of equally sized patches adapted to different press sizes (Sigg, 2007; Abdel Motaal
& Sikander, 2009). For all intents and purposes, all methods validly measure spatial unifor-

mity; they all quantify some aspect of evenness, but the results are difficult to compare.

Such inconsistencies occur when authors have no guiding framework and each
interpret and test the same fundamental concepts differently. This issues necessitates taking
steps to finding common ground for reconciliation before further experimentation in order

to harmonize the contributory value of all successive research.



1.3. Purpose of the Study

This work explores the topic of printing uniformity with intent to put together a
framework of concepts and a set of device- and process-independent image quality metrics
(IQMs) for benchmarking and evaluating the spatial-temporal uniformity of printing

systems relative to standard industry tolerances.

1.3.1. Research Objectives

The researcher believes that the first step for understanding printing uniformity
should focus on the conceptualization and modeling of this phenomenon. Subsequently,
with a set of concepts and models serving as common grounds, researchers can more effec-

tively evaluate and compare uniformity across printing systems and processes.

Three main objectives are outlined for this work:

1. Devising a set of concepts and indicators for printing uniformity.
2. Developing a set of metrics for printing uniformity.

3. Refining procedures for sampling and measuring printing uniformity.

An additional objective is also outlined for this work:

4. Devising graphic visualization techniques and data labeling schema.

A conceptual framework is defined to incorporate indicators for spatial-temporal
printing uniformity through the refinement of concepts from existing works and technical
documents, i.e., standards and specifications. The intended purpose of this framework is to
establish practical indicators for developing quantitative models and testing methods.

Quantitative models are subsequently defined for the indicators based on common
descriptive statistical measures for central tendency and variance. The intended purpose of
the metrics is to quantify various aspects of uniformity (i.e. accuracy and precision) for the
entire image and within regions of interests, quantifying spatial trends (i.e. evenness, direc-
tionality and proportions) and temporal trends (i.e. repeatability and reproducibility).



Various printing systems are then tested to provide sample data. The intended
purpose of data is to provide real-world examples for refining and validate the framework
and metrics. This is done by sampling density at a high spatial frequency within the

printing plane between a series of prints.

The outcome of the three research components is intended to fulfill the principal
purpose of offering a cohesive platform that can be used by interested researchers for theo-
retical study, practical testing, and, furthering the scope of quality standards.

In addition to the concepts, models, and procedures, it is also essential to devise
techniques to visualize the data for analysis and reporting. This is achieved by trying a
range of 2-dimensional and 3-demonsional plots together with various labeling schemas to

capture the quantitative data in practical and informative charts.

1.4. Reasons for Interest in Topic

There are a number of reasons why this topic seems to be ideal here, including:
* Previous experience and published research on printing uniformity.
* Collaboration with one of the authors on the topic, as secondary advisor.
» Realization and resolution of fundamental limitations in previous methods.
* Availability of new press technologies to analyze and compare.
* Deeper understanding of the fundamentals, including statistics and color theory.
» Existence of previously developed analysis software further improved for this study.

* Personal conviction to challenge a common ideology that dismisses spatial uniformity
as being “insignificant” or “unimportant” to printing quality due to the limitations of

control on press, which stands against the very core of research work.



1.5. Definition of Terminology

This section provides definitions for terminology essential to the understanding of

the underlying concepts conveyed in the reviewed literature. Definitions for the proposed

framework are not included here and are thoroughly defined in Chapter 3.

1.5.1. Conceptual Terminology

Dimension

Construct

Indicator

Metric

“A specifiable aspect of a concept” (Babbie, 2011, p. 136).

“Theoretical creation [..] based on observations but that cannot be
observed directly or indirectly” (Babbie, 2011, p. 133).

“An observation that we choose to consider as a reflection of a
variable we wish to study” (Babbie, 2011, p. 135).

A stipulative term used to indicate a quantitative model for a clearly
defined indicator of a given attribute.

1.5.2. Statistical Terminology

Accuracy

Precision

Standard Deviation

Standard Error

A “comparison of a measured value with a reference value. A highly
accurate measurement is one for which the difference between
the measured and reference values is small whereas an inaccurate
measurement is one for which the difference is large. [...] Common
references in printing are the process aims defined by organizations like
SNAP, GRACoL and SWOP” (Siljander & Fisch, 2001, p. 62-63).

A measure of dispersion of sample data around the sample average.
“As the number of samples increases, the precision of the average
value also increases” (Siljander & Fisch, 2001, p. 62).

A measure of precision that describes “the spread of measurements
about the sample average” (Siljander & Fisch, 2001, p. 62).

A measure of precision that describes “the spread of averages if
samples are replicated” (Siljander & Fisch, 2001, p. 62).

1.5.3. Print-Related Technical Terminology

Printing Density

Stipulative term inexplicitly describing the extent of light absorption
rendered onto reflective media for image reproduction, which may
refer to optical density or other measures of intensity.



Optical Density

Negative logarithm to the base ten of the reflectance factor, measured
using a 0/45-degree geometry, [lluminant A, and ISO visual density
calibration as specified in ISO 5-1, 5-3 and 5-4 with an instrument
using no polarization filters (ISO, 2012, p. 3).

Driver Side ¢———— Axial Direction ——>  Operator Side

Tail Edge

:

Circumferential Direction

L -

‘ Lead Edge ‘

Figure 2. Dimensions of a printing press as they related to the printed sheet.

Edge, Lead
Tail

Side, Driver
Operator

Direction, Axial

Press sheet edge leading through at the printing nip, see Figure 2.
Press sheet edge trailing behind at the printing nip, see Figure 2.
Side of press where gears are located; aka gear side, see Figure 2.
Side of press where operator controls are located, see Figure 2.

Parallel to the axis of the impression cylinder, see Figure 2.

Circumferential Perpendicular to the axis of the impression cylinder, see Figure 2.

1.5.4. Print-Related Uniformity Terminology

Printing Uniformity

Spatial Uniformity

Temporal Uniformity

Evenness
Repeatability
Reproducibility
Stability
Durability

Extent of the spatial and temporal uniformity, i.e. the accuracy and
precision, for any attribute specific to the process of printing, i.e. the
transfer of an image onto a substrate (e.g. density).

Extent of uniformity of a printed sheet for any given attribute (e.g.
density) within the individual impression.

Extent of uniformity of a press or printed sheets for any given
attribute (e.g. density) between a range of impressions.

Uniformity within sheets at frequencies visible to the viewer.
Uniformity between prints from the same pressrun.
Uniformity between prints across identical pressruns.
Degree of post-printing curing of materials, or the time-frame of.

Degree of functional resilience against wear, or the time-frame of.
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Chapter 2
Literature Review

This chapter provides a synopsis of reviewed literature addressing immediate and
peripheral aspects relating to the conceptual framework, quantitative models and test method.

2.1. Overview of the Selected Literature

A number of authors have published works examining immediate and peripheral
aspects of printing uniformity. This review identifies the various contributions in the
different aspects of the topic but focuses mainly on research that is immediately related to
the topic and the three exploratory objectives. Several technical documents were also ref-
erenced and are central to this work, which were selected from popular industry references

where uniformity could be addressed.

2.2. Research Works

The first related work identified was regarding the ‘Accuracy and Precision in Color
Characterization’ by Siljander and Fisch (2001). It offers statistical means for analyzing the
uniformity within prints in an effort to improve standard practices for press characteriza-
tion. The second one was on the ‘Spatial Uniformity of Offset Printing’ by Sigg (2007). It
examined the uniformity of inking in the spatial domain. The third was on ‘The Effect of
Ink Film Thickness Variations on Color Control in the Circumferential Printing Cylinder
Direction of Offset Presses’ by Breede (2007). It explored the directionality of spatial
variability. The fourth was on the ‘Repeatability of Ink Transfer and Color Management in
Lithography’ by Abdel Motaal and Sikander (2009). It examined spatial and temporal uni-
formity aspects for two lithography presses. Comparisons of specific aspects are presented

in following sections.

Some ISO technical standards on ‘Graphic Technology’ are essential to the topic
including: a) ISO 12637-3 (2009) which covers pertinent printing terminology; b) ISO
12647-2 (2004; 2007) which cover process control standards for offset lithography; and, c)
ISO/CD 15311-1 (2011) which “provides a framework of image and product quality criteria”
including parameters and measurement methods related to large format digital printing.
Also of importance is ISO/TS 24790 (2012) on ‘Measurement of image quality attributes for

hardcopy output’ pertaining to single-color prints using office equipment.



2.3. Concepts

Printing uniformity is a subset of the broader topic of imaging uniformity. It is
the extent to which the actual printing density is uniform, i.e. both accurate and precise,
throughout the each printed sheet (spatially) and between sheets (temporally).

2.3.1. Accuracy and Precision

Siljander and Fisch (2001) describe a statistical approach to determine accuracy and
precision of printing, illustrated in Figure 3. Accuracy is determined relative to a reference
value based on the sample and population averages. Precision for a set of samples is quanti-

fied using the control limits, which factor in the standard deviation.
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Figure 3. Accuracy and precision as illustrated by Siljander and Fisch.!

This work define accuracy and precision as two statistical dimensions that can be
used to quantify uniformity, whereby a system could be considered uniform when it is both
accurate and precise. This natural ideal state is subject to degradation due to systematic and

random causes. This leads to the inaccuracy and imprecision constructs defined below.

Inaccuracy. Deviation, referred to by this author as inaccuracy, is defined as one of the con-
formance criteria for the process-color in ISO 12647-2 (2004, p. 6) and tone-value increase

(2004, p. 12), which affects “color difference between proof and OK prints”.

Imprecision. Variation, referred to by this author as imprecision, is defined as one of the
conformance criteria for the process-color in ISO 12647-2 (2004, p. 6) and tone-value

increase (2004, p. 12), which affects color variability in a representative sample for a run.

' Adapted from Siljander & Fisch (2001), TAGA Proceedings, (p. 57-78).
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2.3.2. Spatial Domain

Figure 4 illustrates a number of concepts or dimensions that are contained within

the spatial domain in the realm of printing with reference to sheet alignment and scale.

a Circumferential

Region Evenness

Evenness

Region

Graininess
Individual Print

Axial Evenness Sheet Evenness

Figure 4. The spatial domain relative to spatial frequency and sheet alignment.

Spatial Dimensions. Authors have made distinctions between the two spatial dimensions of

the printing plane relative to the print direction.

The dimension parallel to the print direction is consistently referred to as the
circumferential dimension (Breede, 2007; ISO, 2009, p. 3; Abdel Motaal & Sikander, 2009).
The dimension perpendicular to the print direction is referred to as the axial or lateral
dimension (Breede, 2007; Ploumidis , 2007; Abdel Motaal & Sikander, 2009).

Spatial Evenness. Evenness has used to describe uniformity in “solid printed areas” (Eerola,
et al., 2010, p. 2; Seymour, 2008, p. 218) and ink film thickness (Seymour, 2008, p. 218; Breede,
2007, p. 70).

Evenness was paired with terms describing the directionality or orientation relative
to the printing cylinder axes, i.e. circumferential and lateral, as well as ones related to the
spatial partitions, e.g. ink zones (Sigg, 2007; ISO, 2007; Abdel Motaal & Sikander, 2009).
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2.3.3. Temporal Domain

Figure 5 illustrates a number of concepts or dimensions that are contained within

the temporal domain in the realm of printing for different reference points or contexts.

Run 2 Consecutive Prints
% Repeatability
i Individual Prints
Run 1 :
......................... Durability | Stability

Yy
Individual Runs
Reproducibility

Figure 5. The temporal domain relative to prints and pressruns.

Temporal Dimensions. Authors have distinguished between various temporal dimensions in

printing for individual impressions and between impressions.

Individual impression dimensions relate to the lifespan of a printed image inferred
from definitions like print stabilization period “till a stable color is achieved” (ISO
12647-7:2007). Between impressions dimensions fundamentally include sheet-to-sheet (or

between-sheets) and run-to-run (or between-runs), not excluding additional contexts.

Temporal Repeatability and Reproducibility. Repeatability and reproducibility have been
been used in the printing realm to respectively indicate variability between prints and runs,
not to mention the various uses within the realm of statistics and metrology (Seymour, 2008;
Radencic, Neumann, & Bohan, 2008).

A distinction was made in the CGATS recommended practices for “Procedures for
color measurement system process control and inter-lab coordination” (2007, p. 2) in which
repeatability was associated with measurements taken after one another within a short
time under the identical condition, whereas reproducibility was associated with those taken

under similar conditions.
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2.4. Quantitative Model

2.4.1. Metrology

Various authors on the topic of printing uniformity used density as a key measure
for the extent of variability. Authors have also employed colorimetric measures such as
Delta-E (Abdel Motaal & Sikander, 2009; Breede, 2007; Sigg, 2007). Colorimetric measures
were used mostly in conjunction with density to signify the extent of perceived color differ-
ence associated with observed variability in density.

Density has been the standard industry measure for the ink film thickness from the
mid of the 20th century until 2004 when it was formally replaced with colorimetry in primary
international standards and subsequent specifications (ISO 12647-2:2004). Densitometers were
central to print process control as they made it possible to define and enforce aim points and
tolerances based on objective measures of the ink volume (Seymour, 2008).

Formal adoption of CIELAB occurred in more recent revisions of various standards
and specifications (ISO 12647-2:2004; GRACoL-7:2007). This transition is gradually replacing
the use of densitometry for process control applications. However, colorimetry is not new to the
realm of printing. Aside from the specific uses for process control in the pressroom, it has long
been used by the industry. Figure 6 shows the CIELAB and CIEXYZ color spaces.

Y

z

Figure 6. CIELAB and CIEXYZ color spaces.*

2 Adapted from http:/en.wikipedia.org/wiki/Color model
and http:/groups.csail.mit.edu/graphics/classes/6.837/F98/Lecture4/Slide12.html
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Key differences between the sensitivities of density and CIELAB make each one
more suitable for specific applications. CIELAB is suitable for perceptual color assessment
and quantification of perceived color difference. On the other hand, density was deemed
more suitable for measuring uniformity for the following two advantages.

The first advantage is the fact that density uses logarithmic scaling which makes it
more sensitive to variations in darker colors, as illustrated in Figure 7. Higher sensitivity
in the dark region makes it practical when fine-tuning the flow of ink on the press, which
makes it also practical to use when measuring printing uniformity.

0 10 20 30 40 50 60 70 80 90 100 L%

~ I |
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Figure 7. Comparing the CIE-L* and Visual Density lightness scales.

The second advantage to density is that it uses filters for the different colors, cyan,
magenta, yellow and black to measure the intensity of the received light particular to the

respective inks. Figure 8 illustrates how a densitometer uses filters for the different inks.

Light source —— (< O .
8 /N Receiver

-~

Optics ——< > ~. —Rotating
i Prism
."
R— Optics

Aperture —— /: Sample
Paper —e : Ink

Figure 8. Conceptual diagram of a densitometer using color-specific filters.?

Colorimeters also use filters, but unlike densitometers they use filters that emulate
human perception, not chromatic filters. However, there are no mathematically derived col-
orimetric components that can offer similar functionality for each ink. For instance, CIE-L*
may work well for black ink but it does not function the same for the other primary colors.
As such, density seems to be the better choice since it offers a single measure adaptable to
different inks using respective filters or mathematical functions.

3 Adapted from Kipphan, H. (2001), Handbook of Print Media (p. 101).
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2.4.2. Metrics

Siljander and Fisch’s Accuracy and Precision. In their work, accuracy was determined
relative to a reference value based on the sample and population averages. Precision for
a set of samples is quantified using the upper and lower control limits determined by the
standard deviation. Figure 3 is shown once again below to illustrate those concepts.
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Figure 3. Accuracy and precision as illustrated by Siljander and Fisch. (repeated, p. 10).

A number of statistical terms were described in detail by the authors, including: a)
sample size; b) sample average; c) population average; d) sample standard deviation; e) pop-
ulation standard deviation; and, e) standard error. The reader is referred to the Definition of
Terminology for definitions for some of the above terms.

Rech’s Degree of Unevenness. The degree of unevenness (Equation 26 ) is calculated based
on the range between the lightest and darkest values sampled relative to the mean of all

the samples (Breede, 2007). Rech’s formula is very similar to one used in some studies in
the realm of medical imaging involving the analysis of the image volume uniformity for
3D PET (positron emission tomography) systems (Oakes, Sossi, & Ruth, 1997). The degree
of unevenness was considered “the most important quality index” since it factors in the
extremes of the ink film thickness (Breede, 2007; Rech, 2010).

Breede (2007) demonstrates the application of the degree of unevenness in
analyzing ink film thickness variations. He applied this formula to 10 measurements
sampled along circumferential solid color strips for all four channels (CMYK). The analysis

compared the degree of unevenness of an office-class electrophotographic printer and a
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direct imaging offset lithographic press. The most crucial outcome noted was that both
systems exhibited, almost equally, a substantially large degree of unevenness relative to the
3% aim point adopted from the original author’s work.

M-Score. Fogra (Kraushaar, 2013) developed M-Score to look at the extent of variabil-

ity based on the CIE AEOO color difference between neighboring patches using a special
test target. M-Score is designed to provide a measure of evenness that improves upon the
standard “9-point method” for testing the evenness of proofers (ISO 12647-7:2007).

M-Score provides a single number that is more specialized than variance and
standard deviation to printing uniformity applications, namely spatial evenness. While the
single number aspect is suited for benchmarking and comparing systems and processes, it
is also a limitation to how this metric can be applied in the study. M-Score does not factor
in the temporal dimension and this is important for the present work. Furthermore, omitting
the spatial coordinates in favor of a single number takes away the ability to capture the

patterns of unevenness.

Ultimately, M-Score can be used to provide another measure for imprecision if
it were measured separately across distributed regions and between several impressions.

However, this is beyond the scope of this work.

1SO Graininess and Mottle. Graininess and mottle (ISO/TS 24790:2012), which measure
evenness at different spatial frequencies were also reviewed. Although they apply to
scanned images with much higher spatial sampling, they offered great insights and added

merit to some of the metrics proposed in this work.

Those metrics operate on the principle of using the weighted sum of the squared
standard deviation, which is used in the proposed models to deal with the complexities of

the various spatial and temporal dimensions.
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2.5. Testing Methods

The reviewed works had significantly different testing methods. Aside from the fact
that all authors tested one or more presses including lithography presses, the procedures

were very unique, hence the reconciliation efforts applied in this work.

Breede (2007) tested one offset press and an office-grade four-color laser printer.
Both jobs were made from the same digital file, or, in other words, the same test forme was

used in both tests.

The first test compared a single sheet from each run, which was used to confirm
the existence of circumferential variability. The second test compared three offset prints
with “progressively decreasing amounts of ink” to observe changes in the circumferential

variability pattern and to gauge the extent of perceived color shift.

Siljander and Fisch (2001) conducted tests on at least three different offset presses.
The focus here was to compare the “within sheet” and “between sheet” variability for
actual “press tests intended to meet SWOP specifications” as well as the consistency

between the measured variability at the color bar versus the entire sheet.

Sigg (2007) conducted tests on a single offset press and a high-end industry-grade
multicolor dye-sublimation proofer. Ink film thickness variability was observed in a

previous unrelated study, which prompted this work.

Systematic elimination was used to explore the effect of prepress and pressroom
variables on observed variability, or ‘wiggles’. From these pretests, spatial ink film

thickness variability was deductively attributed to on-press factors.

Abdel Motaal and Sikander (2009) tested two offset presses, including a multicolor
unit-configuration landscape press and a multicolor satellite-configuration direct imaging
portrait press. The focus was on comparing spatial and temporal variability of the presses
against ISO 12647’s CIELAB and historical density thresholds.

The runs were conducted using different test formes optimized for the different

formats, which were measured using an automated sheet-fed spectrophotometer.
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2.5.1. Spatial Sampling

On the spatial domain, the sampling differed substantially between all four works.
These differences proved valuable in the determination of the spatial sampling that was
adopted for this work, which seeks to build on the lessons learned from past efforts.

Breede (2007) collected ten samples along the length of both axial and circumfer-
ential solid ink strips, as well as patches with 10-step tone increments for the primary and

secondary colors that were oriented circumferentially.

Siljander and Fisch (2001) collected samples from replications of randomized
IT8 target printed on each sheet; those targets contain patches for the primary and
secondary solids as well as a variety of tones. It should be noted that Siljander and Fisch
used multiple measurements within sheets as means for increasing statistical certainty.

Sigg (2007) first sampled replications of RIT 100 Randomized Steps Chart similar
to the IT8 used by Siljander and Fisch. Sigg followed by sampling 266 uniformly spaced
replicates for solid and mid-tone primary colors. The higher spatial resolution made it
possible to construct a three-dimensional spatial uniformity profile, in Figure 9. The profile

offers valuable insights on spatial unevenness, which is essential to this study.
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Figure 9. Sigg evenness profile for magenta using 266 data points.*

Abdel Motaal and Sikander (2009) collected samples from replications of the basic
IT8 that is limited to 96 patches, allowing for 9 and 18 repeats depending size of the press.

* Adapted from Sigg, F. (2007). TAGA Proceedings, (p. 649-658).
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2.5.2. Temporal Sampling

On the temporal domain, the reviewed works did not provide much insight as some
have only focused on spatial uniformity. Breede (2007) and Sigg (2007) have limited their
analysis to a single press sheet. Siljander and Fisch (2001) took a number of samples, around
8 prints, for the portions where they analyzed the “between sheets” as well as for statistical
determination of the accuracy and precision. Abdel Motaal and Sikander (2009) examined
11 prints taken from a set of 100 consecutive prints, including the first and last prints, and

nine prints taken at random, one every ten consecutive prints.

Due to the differences across the previous work, it is essential to look for references
that provide proven strategies for sample selection. Strategies that were identified would be
integrated together to devise a final strategy for use in this work. These strategies were chosen
from the CGATS ‘Color Characterization Data Set Development’ documents and are discussed
below. CGATS outlined strategies for sampling in their ‘Press Run Guidelines’ (2003) and
‘Analysis and Reporting’ (2007) documents, which must be considered at this point. The three
strategies considered include random, uniform, and sequential sampling, each of which is suited

in different scenarios depending on the available knowledge of sources of the variability.

Random Sampling. Samples are selected using a random number generator:

“Random sampling is suggested in cases where the printing condi-
tions are believed to be consistent and stable within the press run [..] allowing
other statistics about printing variability within the specific press test to be
developed.” (CGATS Analysis and Reporting Guidelines, 2007; p. 2)

Uniform Sampling. Samples are pulled at a steady interval or a set time duration:

“Uniform sampling addresses long term drift in printing conditions
within a press run. It is typically taken from a press run at uniform intervals
[..] in cases where the long term variation of the press is deemed unaccept-
ably large.” (CGATS Analysis and Reporting Guidelines, 2007; p. 2)

Sequential Sampling. Samples are pulled in order from the stack:

“Sequential sampling addresses sheet-to-sheet variation [..] in cases
where it is felt to be important to apply specific controls or adjustment of
printing conditions, within a press run, to ensure a close match to the specified
aims and tolerances.” (CGATS Analysis and Reporting Guidelines, 2007; p. 2)
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2.6. Conclusions

The terminology used throughout the literature indicates conceptual agreement on
the characterization constructs of printing uniformity. However, the terms used have varied
between the authors, and more importantly, are in some cases not formally and clearly

defined in standards and specifications.

There is a need for formal definitions regarding the dimensions of printing that
would agree with popular and rather instinctual inferences made by various authors. These
definitions should recognize the within sheet, within spatial regions of interest, between

sheets, runs, and over time dimensions in the spatial and temporal domains.

Previous works have used both density and colorimetry as a measure of the ink
variation and color difference. However, the same considerations do not apply to this study
since we are restricted to a single color, namely black. It is concluded that the different

measures must be compared in order to select the measure that would be ideal.

Both accuracy and precision are fundamental to the quantification of printing uni-
formity. The reviewed literature includes various calculation methods, which ought to be

explored. This work should develop a metric based on the work of Siljander and Fisch.

The degree of unevenness, by Rech, shared resemblance to measures used outside

the realm of print. This work should incorporate Rech’s approach in devised metrics.

For spatial sampling, Sigg’s design must be considered in this work due to its high
resolution. For temporal sampling, CGATS outlined random, uniform, and sequential

sampling strategies that must be considered at this point.
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Chapter 3
Conceptual Framework

This chapter introduces the conceptual framework developed and proposed in this
study. The framework defines clear dimensions, constructs, and, indicators for process-in-
dependent evaluation of printing uniformity. These concepts are refined through reconcilia-
tion of the literature in Chapter 2. The framework concludes with a set of indicators that lay
foundations for the models in Chapter 4 and methods in Chapter 5.

3.1. Introduction

This framework deals with a number of concepts that relate to the extent of unifor-
mity across spatial and temporal domains. The framework incorporates dimensions, con-

structs and indicators in a hierarchical structure for conceptualization.

Dimensions define a scope for conceptualizing phenomena. For instance, printing

accuracy and precision dimensions set the scope for conceptualizing printing uniformity.

Constructs are theoretical conceptions that reflect some quality or attribute relating
to a given phenomenon. For instance, regional accuracy is a construct that refers to the
extent of accuracy in a given region of interest. Regional accuracy is intuitively conceivable
from the two broader concepts ‘regions’ and ‘accuracy’. Constructs are abstract concep-
tions. They are not concrete, and, as such, not measurable.

Indicators are operational definitions that are both concrete and measurable, which
bridge abstract constructs to concrete representations. For example, it is possible to define
an indicator like ‘regional inaccuracy score’ in order to provide concrete indication regard

the extent accuracy within regions, provided there is a concrete measurable aspect.

3.1.1. Scope and Limitations

This work focuses on printing accuracy and precision, which are key dimensions of
variability in the field of statistics. The framework introduces constructs and indicators that
reflect the extent of accuracy and precision within given spatial-temporal frames. It features
a basic set of device- and process-independent constructs and indicators for statistically
describing and qualifying the uniformity of the printed image as a function of the expected

spatial and temporal variance in the actual versus intended density.
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The framework does not address process- and device-specific characteristics nor
does it address cause-effect relationships, notwithstanding their significance and relevance
in many applications. Statistical indicators state with a degree of certainty a probability for
variability, but they don’t predict variability at a given moment or place.

3.2. Printing Uniformity Framework

The Printing Uniformity Framework is a conceptual framework that deals with the
evaluation and benchmarking of the uniformity of printing systems across different system,
press designs and printing processes. The framework lays foundations for the development
of a quantitative metric for the measurement and characterization of the uniformity of

printing systems through a set of generic output-centric indicators.

3.2.1. Conceptual Order

In order to conceive the uniformity of a given printing system it must be possible to

conceive both the accuracy and precision dimensions specifically.

The terms printing accuracy and printing precision are used to convey the two
dimensions. Each dimension encompasses a set of constructs and indicators as shown in
Figure 10. The dimension can be conceived through the set of constructs, which can be

inductively conceived through the set of indicators.

Accuracy Accuracy Inaccuracy
Dimension Constructs Indicators
Printing
Uniformity
Precision Precision Imprecision
Dimension Constructs Indicators

Figure 10. Printing uniformity dimensions, constructs and indicators overview.
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3.2.2. Printing Uniformity Dimensions

Figure 11 shows the dimensions of the framework defined below.

e,
f )
Dimensions Printing Printing
Accuracy Precision

Figure 11. Printing accuracy and precision dimensions.

Printing Accuracy. The printing accuracy dimension reflects the extent of uniformity

attributed to shift in central tendency for a sample relative to intended density.

Printing Precision. The printing precision dimension reflects the extent of uniformity

attributed to the dispersion for a sample.

The curves in Figure 12 are adapted from Siljander & Fisch to illustrate how each

dimension relates to the entire run, sheets, bands, regions and patches.

———Paich-Accuracy ———

——Region Accuracy——j
—Band-Accuracy —|
kSheet Accuracy»
Overall
I'_Accumcy_’!

: L—PatCh-PIEecisi(}n—»i
k—=Region-Precision—|
l———Band-Precision——|

«——Sheet-Precision————»

|<7 Overall-Precision—————]

Figure 12. Visualization of printing accuracy and precision.
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3.2.3. Printing Uniformity Constructs

Figure 13 shows the constructs of the framework defined below.

7 Printing

Subject Uniformity

f )
Dimensions Printing Printing

Accuracy Precision
A )
( ) ( )
Constructs Overall Regional Overall Regional
Inaccuracy Inaccuracy Imprecision Imprecision

Figure 13. Printing accuracy and precision constructs.

The fundamental distinction between the overall uniformity of a pressrun and that

of a particular spatial subset or region of interest entails the need for separate constructs.

Overall Accuracy & Precision. The uniformity of an entire pressrun is a function of the
accuracy and precision throughout the spatial and temporal domains. Overall accuracy
reflects the accuracy of the entire run, which is defined by the central tendency across the
domains relative to a standard aim point. Overall precision reflects the precision of the

entire run, which is defined by the dispersion across the domains.

Regional Accuracy & Precision. The printing uniformity of any region of interest is a
function of the accuracy and precision within the spatial region or band subset and through-
out the temporal domain, illustrated in Figure 14. Regional accuracy is defined by the
central tendency across the subset relative to the entire run. Regional precision is defined by
the dispersion across the subset. Regional accuracy is different from run accuracy in that it

references the mean for the run instead of a predefined aim point.

Overall or Sheet Subset Region Subset Band Subset

Figure 14. Overall versus sheet, region, and, band spatial subsets.
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3.2.4. Printing Uniformity Indicators

Figure 15 shows the indicators of the framework defined below.

Printing
Accuracy
A
r \

Overall Regional
Inaccuracy Inaccuracy
Overall Regional

Inaccuracy Inaccuracy
Score Score

" Overall |
Inaccuracy

nacc Inaccuracy
Directionalr

Proportion

( Regional )

Printing
Precision
A
( 3
Overall Regional
Imprecision Imprecision
Overall Regional
- Imprecision Imprecision
Score Score
~ Overall | ' Regional |
Imprecision Imprecision
Directionali Proportion
~ Overall ' Regional
- Unevenness - Unevenness
Factor L Factor )
Overall Regional
 Unrepeatability - Unrepeatability
Factor Factor

Figure 15. Printing accuracy and precision dimensions, constructs and indicators.

Inaccuracy Scores. Overall and region inaccuracy values are compared against one-half of

the standard tolerance for printing density to determine scores for each.

Inaccuracy Directionality. Variance between band inaccuracy values in either the circum-

ferential or axial dimensions determine overall directionality for each dimension.

Inaccuracy Proportions. Regional inaccuracy values are compared against the sum of all

the regional inaccuracy values for any given subset, including bands and regions.

Imprecision Scores. Overall and region imprecision values are compared against the

standard tolerance for printing density to determine scores for each.

Imprecision Directionality. Variance between band imprecision values in either the circum-

ferential or axial dimensions determine overall directionality for each dimension.

Imprecision Proportions. Regional imprecision values are compared against the sum of all

the regional values for any given subset, including bands and regions.

Imprecision Factors. Variance for the spatial or temporal domains are computed for each

sheet or patch respectively to determine the unevenness and unrepeatability factors.
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Chapter 4
Quantitative Models

This chapter introduces the quantitative models developed and proposed in this
study. The quantitative models are devised for all indicators in Chapter 3. These metrics are
also based on the literature, which was reviewed in Chapter 2. Predefined color and statis-
tics models are introduced at the end.

4.1. Printing Uniformity Models

Models for the printing accuracy and precision dimensions, as defined in section
3.2.2, are devised for overall (generalized) and regional (localized) constructs. They are

defined in section 3.2.3, for each of the indicators, which in turn are defined in section 3.2.4.

4.1.1. Metrics for Entire Run and Regional Constructs

Overall Metrics. Metrics that reflect the extent of uniformity for all the patches of an
intended tone value across all the prints in a single pressrun. They are based on sample
criteria defined in the testing methods, which include scores, circumferential or axial direc-

tionalities, and, spatial or temporal factors.

Regional Metrics. Metrics that reflect the extent of uniformity for all the patches of an
intended tone value across all the prints within a specific region of interest. They are based
on the regioning strategies (regions and bands) in the testing methods, which include

scores, regional proportions, and, spatial or temporal factors.

4.1.2. Metrics for Accuracy and Precision Dimensions

Inaccuracy Metrics. Metrics that reflect the extent of uniformity attributed to shift in
central tendency for a sample relative to intended printing density, i.e. printing accuracy,
include overall and regional inaccuracy scores, regional inaccuracy proportions, and, cir-

cumferential or axial inaccuracy directionalities.

Imprecision Metrics. Metrics that reflect the extent of uniformity attributed to the disper-
sion for a sample, i.e. printing precision, include overall and regional imprecision scores,
regional imprecision proportions, circumferential or axial imprecision directionalities, and,

spatial or temporal factors.
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4.1.3. Inaccuracy & Imprecision Values

Overall Inaccuracy Value. Overall inaccuracy value is determined by subtracting the
standard aim point for the intended tone value from the mean for all the patches of that tone
value across all the prints, based on sample criteria defined in the testing methods.

1 :
VA = (Nx;Zi -7 {z €z} 1)

Regional Inaccuracy Value. Regional inaccuracy value is determined by subtracting the
mean for all the patches of the intended tone value across all the prints from the mean for
all the patches of that tone value within the region of interest across all prints, based on
sample criteria defined in the testing methods.

) - (lxizi)_z {z‘ EZW) CZ;pCP} (2)

»
noog

Overall Imprecision Value. Overall imprecision value is determined by the sample standard
deviation for all the patches of that tone value across all the prints, based on sample criteria
defined in the testing methods.
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Regional Imprecision Value. Regional imprecision value is determined by the sample
standard deviation for all the patches of that tone value within the region of interest across
all prints, based on sample criteria defined in the testing methods.

’ \/Li(% _3)2 {z’, €z, cz;pCP} @

n-14

<
A
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Z  mean density value for patches in P in all sheets
z  mean density value for patches in p in all sheets
Z  standard density value (predefined aim point)

S setof all sheets in a run

P setof all patches in a sheet

p  spatial subset of patches from P

Z  density values for patches in P (entire sheet) in all sheets
z density values for patches in p (spatial subset) in all sheets
N number of patches in P (entire sheet) in all sheets

n  number of patches in p (spatial subset) in all sheets
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4.1.4. Inaccuracy & Imprecision Scores

Overall Inaccuracy Score. Overall inaccuracy score is determined by dividing the overall
inaccuracy value by one-half the tolerance, i.e. 0.05 D for tolerance 0.10 D (+0.05 D).

vA

A = = 5
3 )

Regional Inaccuracy Score. Regional inaccuracy score is determined by dividing the
regional inaccuracy value by half the tolerance, i.e. 0.05 D for tolerance 0.10 D (£0.05 D).

5, = g {pcr} ©

Overall Imprecision Score. Overall imprecision score is determined by multiplying the
overall imprecision value by 6 then dividing by the tolerance, i.e. 0.10 D (+0.05 D).
6 xvK

K - P 7

Regional Imprecision Score. Regional imprecision score is determined by multiplying the regional
imprecision value by 6 then dividing by the tolerance, .. 0.10 D (#0.05 D).

6><v1<p

o - {pcr} ®)

where
vA  overall inaccuracy value
vK  overall imprecision value
vé, regional inaccuracy value for a subset of patches p
vk~ regional imprecision value for a subset of patches p

Z  standard density tolerance (predefined tolerance)
and
p  spatial subset of patches from P
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4.1.5. Inaccuracy & Imprecision Proportions

Regional Inaccuracy Proportions. Regional inaccuracy proportions are determined by
dividing the absolute values of each regional inaccuracy value by the sum of the absolute
value of all regional inaccuracy values.

po, = Vo, {prx CPrep, CP} )

n?
2
r=1

Regional Imprecision Proportions. Regional imprecision proportions are determined by
dividing the sum of the squares of each regional inaccuracy proportions by the sum of the
squares of all regional inaccuracy values.

DK = - {prx CP,rep, CP} (10)

where

vA  overall inaccuracy value

vK  overall imprecision value

vép regional inaccuracy value for a subset of patches p

vk~ regional imprecision value for a subset of patches p
and

p  spatial subset of patches from P

p. subset of p in the region or band of interest

p,  subset of p in the set of mutual regions or bands
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4.1.6. Imprecision Factors

Unevenness and Unrepeatability Value. Overall and regional values are determined by the

mean of the squares of the imprecision values for sheets or patches, for unevenness or unre-

peatability, respectively.

2 .
vE = N_S-EIVK(P’j) {jes}
=
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RN
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p i=1
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12)
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Unevenness and Unrepeatability Factors. Overall and regional factors are determined by

dividing the square of the respective unevenness or unrepeatability value by the sum of the

squares of both unevenness or unrepeatability values.

E vT? Ve,
- — 8 =
VE? +vT? r Ve + VT
VTZ VT2
T = 2 2 T =
VE® +vT ? vel +vrl
p p

where

VK, , imprecision value for all patches for a given sheet

vk, , imprecision value for for a subset of patches for a given sheet j

VK, ;) imprecision value for all sheets for a given patch i
and

set of all sheets in a run

one sheet from the set of all sheets in a run

set of all patches in a sheet

spatial subset of patches from P
» number of patches in P (entire sheet) in a sheet
number of patches in p (spatial subset) in a sheet
number of sheets in the set of all sheets S in a run

I 2w ve @

=z
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4.1.7. Inaccuracy & Imprecision Directionalities

Overall Inaccuracy Directionality. Inaccuracy directionality is determined for the circum-
ferential or axial directions by dividing the difference between most and least accuracy
band values by the difference between most and least accurate region values.

- be CcP
dé}, = vahmax V(Sbmin { p{a,c} } (16)
V(Srmax _V5rmin {r (S p, C P}

Imprecision Directionality. Overall imprecision directionality is determined for the circum-
ferential or axial directions by dividing the square of the sum of the inaccuracy values for
the bands in the respective direction by the sum of the sum of the squares of the inaccuracy
values for both directions.

nixgm,f b={a.c}
dx, = . b b=11 {cep.CP} 17)
—x Yk +—x Y vk’ eEp CP
Qv x vkl {aep,CP}

where
vA  overall inaccuracy value
vK  overall imprecision value
vo, regional inaccuracy value for a subset of patches p
vk~ regional imprecision value for a subset of patches p

and
p  spatial subset of patches from P
p, subset of p in the region or band of interest
p, subset of p in the set of mutual regions or bands
n,  number of partitions in the set of mutual regions
n,  number of partitions in the set of mutual bands
n, number of partitions in the set of axial bands
n,  number of partitions in the set of circumferential bands
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4.2. Color Models

4.2.1. Color Measurement

CIE-Y from Spectral Curves. CIE-Y luminance calculated from spectral reflectance.

780

Y = Y R(A)xW,(2) a8)
A=360
where
A wavelength in nanometrs (nm)

R(A) reflectance factor at wavelength A

W, (/1) weighting factor at wavelength A for CIE Y

CIE-L* from CIE-Y. CIE-L* lightness calculated from CIE-Y luminance.

L* = 116[f(Y/v,)]-16 19)
(Y/Yn )1/3 when Y/Y” > (%)

FO) =1es A
—(Y/Yn)+— when Y/Yﬂs(i)
108 29 29

where
Y CIE-Y luminance of the sample
Y, CIE-Y luminance of the illuminant (white-point)

1SO Visual Density from CIE-L*. Visual density calculated CIE-L* lightness.

v

D - —log[ﬁ(l6+ﬁ)]3 20)

CIE-L* from ISO Visual Density. CIE-L* lightness calculated from ISO Visual Density.

L* - [116/10(0“/3)]—16 Q1)

where
D density value through the ISO Visual filter

v

L* CIE-L" under normal viewing conditions
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4.2.2. Color Difference

Delta-D Density Difference. Difference between two density values D1 and DZ.

AD

Delta-L" Lightness Difference. Difference between two lightness values L*1 and L*z.

AL*

where
D
D2
L ES
L*,

1

= D2_Dl

= L*z_L*l

density value for the reference
density value for the sample
CIE-L* value for the reference
CIE-L* value for the sample
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4.3. Additional Models

4.3.1. Descriptive Statistics

Arithmetic Mean. Central tendency for a sample set, including or excluding outliers.

=|

L
X 24)

Sample Standard Deviation. Dispersion in a sample set, including or excluding outliers.

s - \/Lg(xi -x)’ 25)

n-14
where
X, value from the set of samples
n number of elements in the set of samples

4.3.2. Uniformity

Rech’s Degree of Unevenness. Degree of unevenness (or Ungleichférmigkeitsgrad) based
on the range between lighter and darker values relative to the mean of all samples.

n = Zow T nin 0 100% (26)
Zavg
where
Z..  density value for darkest measurement
Zoin density value for lightest measurement
Z mean density value for all measurements
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Chapter 5
Testing Method

This chapter covers the testing and analysis methodologies developed in this study
for lithography and electrophotography presses with different formats and orientations.

Testing the uniformity of a printing system requires thorough sampling of the
printing density for solids and halftones across the spatial and temporal domain. For this
study, testing was conducted by measuring a sample of 56 impressions of a special test
form adapted to the format and orientation of each press. The samples were taken from
a set of 200 consecutive impressions using a mixed strategy yielding both sequential and
random subsets. The special form uses a repeating checkerboard pattern including solid,
quarter- and mid-tones, and, paper patches in one or more targets covering the printing
plane. The targets are designed for measurement using an automated spectrophotometer.

The printing uniformity metrics, defined in Chapter 4, are used to analyze the data
from all 56 prints for each test case. This involves converting spectral data to a measure
of printing density, which may be ISO visual density (recommended) or any other optical
intensity measure like CIE-L*, which is more perceptually scaled. Software was used to

minimize human error and eliminate redundant data through direct instrument interface.

5.1. Test Form Design

The design of the test form is critical to the quality of the uniformity fingerprint,
more so for the spatial than the temporal domain. The design must address sampling resolu-

tion, patch diversity, systematic interferences, human error, and system factors.

5.1.1. Design Procedure

1. Determine sampling constraints, i.e., patch diversity and resolution.
. Determine instrumentation constraints.

. Design layout for the test target patches, blocks and forms.

2
3
4. Test the designed target using the measurement device for conformance.
5. Determine provisional press and testing constraints.

6

. Adapt layout for the each press.
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5.1.2. Sampling Constraints

The capabilities of the printing system introduce key constraints on the target
design. Maximum coverage is essential to the completeness of the uniformity fingerprint.
The printing area dimensions, substrate specifications, and any special length consider-
ations (e.g. ink zones) determine target dimensions target and patch frequency. Table 1 lists
the specifications for the substrates used in this study. The design of the target must address
interferences commonly encountered by the industry, i.e. related to tone reproduction, unit-

to-unit printing, and, ink starvation.

Table 1. Printing area and substrate specifications for actual press tests.

Pressrun Maximum Sheet Maximum Image Actual Sheet
Offset Lithography

LO 740 % 510 mm 740 x 487 mm 635 % 483 mm

LI,L2,L3 740 % 510 mm 740 x 487 mm 635 x 483 mm
Electrophotography

X1 330 x 483 mm 330 x 460 mm 483 x 318 mm

X2 330 x 483 mm 317 x 464 mm 318 x 483 mm

Halftones. Tone value increase is a key aspect in many printing processes and press

designs. It is common practice to append color control strips with solid patches and tints.

In order to capture both the solid and halftone uniformity profiles and address
tone-related concerns the target incorporates solid, tints and slur patches, as shown in
Figure 16. Priority was given for the sampling of solids at double the rate of sampling for

the tints, which were also sampled at double the rate of paper and slur patches.

8 x 100%
2 x 75%
2 x 50%
2 x25%

1 x 0%

1 x Slur

Figure 16. 16-Patch Checkerboard Test Target Repeating Block (4x4).
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It is presumed that the difference in how inks and substrates interact across
processes and designs may have fundamental inconsistencies between the uniformity of
solids and the various tints. It is also presumed that in some cases slurring will occur which
can affect tone reproduction. Table 2 shows a tally for each test form variant.

Table 2. Test target patch count for presses L1-3 and X1-2.

Patch Type L Count X Count
B sold 1872 1496
B 75% Tint 468 374
" 50% Tint 468 374
25% Tint 468 374
Paper-White 234 187
Shur 234 187

Latent Image. Another common problem in some contact-printing systems is that the image
content will influence the available supply of ink. If the image content is random, one may
expect unpredictable non-uniformity patterns. This means that the layout of the patches
may result in non-uniformity due to ink supply, which may overlap and interfere with fin-
gerprinting the non-uniformity of the press.

To normalize the effects of ink supply and demand, it was deemed essential to
layout the patches in repeating target blocks. This is not intended to eliminate latent inter-
ferences but rather synchronize them into consistent patterns. This is expected to provide
a more faithful fingerprint. The consistent latent interferences may be more pronounced in

some systems than others, but, this is unavoidable systematic noise.

Ink Trap. A common problem in multicolor printing in some contact-printing designs arises
from the inconsistent ink transfer onto unprinted substrate versus overprinting.

To avoid such interferences, the target is design for testing printing unit individ-
ually. This is a substantial change from the multicolor test forms used in previous works
(Abdel Motaal & Sikander, 2009; Breede, 2007; Sigg, 2007). The added advantage of sin-
gle-unit testing is the allowance for sampling at higher resolutions.
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Ink Starvation. A common problem in lithography is the inconsistent flow of ink caused by
the mechanics of transporting from the fountain to the plate, which affects the uniformity
of large solid areas with high ink demand. Ink starvation can be remedied by using check-
erboard patches, in Figure 17, instead of continuous areas, to moderate demand.
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Figure 17. Checkerboard (left) versus full-coverage (right) design.

Ink Zones. The design of any printing system entails specific systematic interference
patterns. For the most part, these patterns should not be treated or controlled using tech-
niques that are not conventional to standard operating procedures. However, efforts must be
made to alleviate interferences that would degrade the reliability of the fingerprint. For the
lithography press, the size of the patches was optimized to synchronize with the ink zones,
as shown in Figure 18. The target blocks and the gap between the targets were to inde-

pendently reflect the profile for each ink zone.
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Figure 18. Alignment of patch with ink zones of the press.
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5.1.3. Instrument Constraints

Measurement interference and human error are the two considerations related to
instrumentation. The implications of measurement interferences are recognized however
the objective of the experiment is to generate model data. This renders the measurement
error factor insignificant apart from the need of using industry-grade instruments proven on

the field for quality control applications.

Automated measurement is the key to limiting human error. Such automated instru-
ments, i.e. the X-Rite Eye-One 1Sis XL spectrophotometer which is recommended, place
certain design constraints. This in some cases requires tiling several targets on the test form

to fingerprint presses with larger formats than supported by the instrument.

The target design specifications for the automated spectrophotometer require the
incorporation of whitespace and special elements including track marks, illustrated in
Figure 19. Limiting criteria are specified regarding the patch size (6-20 mm) and patch
count (up to 3000 patches), and, target dimensions (maximum 66 cm x 33 cm). This
includes a feeding lead-edge margin (minimum 331 mm), side margins for the track marks

(minimum 11 mm), and, a trail-edge margin (minimum 250 mm) (X-Rite, 2007).
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Figure 19. Eye-One iSis target design features.!

' Adapted form X-Rite. (2007, 07 12). Eye-One iSis Chart Design Guidelines. 2.
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5.2. Sample Production & Measurement
Printing Procedures. Separate workflows are used for each printing process as follows.

Lithography Printing Workflow:

1. Design and customized test form layout and ensuring conformance.
Generate identical printing plates for the three runs.

Clean up the press, load the substrate, and, replenish the ink fountain.
Load the printing plate.

Make-ready the press to a stable condition following standard procedures.

Run a minimum buffer of 200 sheets after the OK print before collecting samples.

U N A SIS

Run 300 additional prints after the buffer for sampling according to 5.2.1.

Electrophotography Printing Workflow:

1. Design and customized test form layout and ensuring conformance.

2. Clean up the press, load the substrate, and, replenish the ink supply.

3. Make-ready the press to a stable condition following standard procedures.

4. Run a minimum buffer of 200 sheets after the OK print before collecting samples.

5. Run 300 additional prints after the buffer for sampling according to 5.2.1.

5.2.1. Sheet Selection

Sampling Procedures. The procedure includes two strategies from a 200-sheet sample. The
procedure is repeated for every pressrun and the sequence of the sheets must be marked on
sheet for 200-sheet set.

First Sequential Sample:

1. Select and label the first 10 consecutive prints from the 200 good prints.

Quasi-Random Sample:

2. Select and label a random sheet for every 5 sheets for a total of 36 sheets between

sheets 11 and 190 from the 200 good prints preserving the sequence of the sheets.

Second Sequential Sample:

3. Select and label the last 10 consecutive prints from the 200 good prints.
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5.2.2. Measurement

The sample prints were measured using the automated spectrophotometer to derive

the commonly used densitometric and colorimetric values.

Instrumentation. The measurement method was designed to limit both human and instru-
ment error for the very large number of readings, which included hundreds of prints and
close to a million individual patches. This was achieved through the use of an indus-
try-grade automated sheet-fed spectrophotometer.

Workflow. The exceptionally large scale of measurements required developing MATLAB
software to interfaces directly with the spectrophotometer. This software ensures efficient

well-structured data collection through a semi-automated systematic process.

Data. A MATLAB software was used to measure and separately store spectral reflectance
data for all the patches across all sheets for each test case. Additional processing was done
to convert the spectral measurements to ISO Visual Density data ready for on demand con-

version to CIE-L*, using Equation 21, and, real-time plotting.

Metadata. It was essential to capture and encode additional metadata together with the raw
data for each test run. This included information regarding target specifications, prepress

workflow, consumables, printing, sample selection, and measurement.

5.3. Data Analysis

The section explains the process of applying certain Printing Uniformity Evaluation
metrics in order to generate the results needed to test the hypothesis outlined in the descrip-
tive portion. The reader is referred to Chapter 3 and Chapter 4 for the full set of metrics and
underlying concepts.

To apply the mathematical formulae for the various metrics it is essential to first
process the raw data generated in the measurement process in section 5.2.2, which includes
two main stages. First, processing of the metadata is conducted to determine the layout of
the patches and generate regional masks for the different groups, including regions, bands,
and ink zones where applicable. Second, the data is filtered using the masks then used to

compute the final results, including all run and regional metrics.
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Chapter 6
Results and Findings

This chapter presents the results and findings for five test runs executed in this
research to develop, refine and exemplify the framework, models and method proposed.

6.1. Pressruns

Five pressruns were conducted for this study focusing on of lithography and elec-
trophotography presses. Two electrophotography presses were each tested using a single
run, totaling two runs, referred to as X1 and X2. Two lithography units from the same
press were tested and the first of those units was retested, totaling three runs, referred to as
L1, L2, and L3, respectively. All runs used the same substrate but the inks were of course

specific to each system.

6.1.1. Printing Overview

Electrophotography Pressruns. X1 and X2 were conducted using the black printers of two
12 x 18 inch portrait presses. X1 was conducted on a model newer than X2. Both presses
share the same manufacturer, brand, format, process and fundamental press design aspects.
The substrate was run grain short to wrap tightly around the impression cylinder in portrait
orientation, which eliminates the potential for grain to induce variability along the circum-

ferential direction.

Lithography Pressruns. L1, L2 and L3 were conducted using single units of the same

25 x 19 inch landscape press. L1 and L3 were printed on the same printing unit of the same
press using separate plates and independent make-ready after proper cleanup. The substrate
was run grain long to wrap tightly around the cylinder in landscape orientation for the same

considerations as for X1 and X2 above.
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6.1.2. Spatial Regions

Regional metrics apply to subsets of data dividing the spatial domain into regions
and bands. Table 3 shows the various dimensional aspects for the presses used.

Table 3. Printing area and substrate specifications for actual press tests.

Pressrun Actual Sheet Sample Area  Bands Region Size
L1,L2,L3 635 %483 mm  635x483mm  5x3 127 x96.9 mm
X1 318 x483 mm 318 x483mm  3x5 106 %X 96.9 mm
X2 318x483mm 318 x483mm 3 x5 106 X 96.9 mm

AS A4 A3 A2 Al A3 A2 Al

RISRI4R13| C5
RI2 R11 R10| C4

R15RI4RI3RI2RIT| C3 R9 R8 R7| (3
R10 R9 R8 R7 R6| C2 R6 RS R4| C2
R5 R4 R3 R2 R1| C1 R3 R2 RI| Cl
¥ Lead Edge ¥ ¥ Lead Edge ¥

Figure 20. Regions and bands maps for runs L1-3 (left) and X1-2 (right).

Regions refer to equally sized areas dividing the printing plane into a grid of rows
and columns with an almost square ratio between the vertical and horizontal dimensions,
respectively. Regions are labeled using the prefix R, as shown in Figure 20.

Bands refer to equally sized areas dividing the printing plane into either rows or
columns with the same respective vertical and horizontal dimension of the regions grid,
respectively, for the circumferential and axial directions. Bands are labeled using the prefix

A for axial and C for circumferential, as shown in Figure 20.

The layout in Figure 20 is used throughout this chapter to present regional metrics,
for regions and bands, in the respective cell blocks, and, overall metrics for the entire run,

in the isolated cell in the top right corner.
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6.2. Printing Uniformity Metrics

Printing uniformity metrics relate to the indicators addressing the overall and

regional constructs for both the printing accuracy and printing precision dimensions.

6.2.1. Printing Accuracy Metrics

Printing accuracy is quantified using overall and regional scores, proportions and
directionalities, as shown in Figure 21. Inaccuracy values represent central tendency error
of for the entire run or within regions and bands excluding outliers, relative to a reference

aim point for the entire run and to the mean of the run for regions and bands.

Overall Regional
Inaccuracy Inaccuracy
Overall Inaccuracy Regional Inaccuracy
Score Score
" Overall Inaccuracy W f Regional Inaccuracy J
Directionality Proportion

Figure 21. Printing accuracy constructs and indicators.

Inaccuracy scores are derived from inaccuracy values relative to predefined
tolerance. These scores represent the inaccuracy normalized to the defined tolerance using
percent notation starting at 0% and may reach and pass the —100% mark relative to the
tolerance. An inaccuracy score of zero means no deviation, a score of 100% or above means

that the deviation is equal or greater than the tolerance.

Inaccuracy proportions are derived from the inaccuracy values of region or bands.
These proportions represent the extent by which bands or regions contribute to the total
inaccuracy, which may reveal bias patterns. Proportioning is exclusive to each regional
subset or grouping where the proportions for all the regions, all axial bands, or, all the cir-

cumferential bands will total 100% separate from other regional subsets.

Inaccuracy directionalities are based on the range of inaccuracy values between
the best and worst axial or circumferential bands against the range for regions by adapting
Rech’s formula (Equation 26 ). Directionality pairs represent the tendency to which inac-
curacy aligns with the circumferential or axial direction, irrespective of the extent of bias.
Difference in directionalities suggests alignment to the higher value, while close values

suggest no tendency for alignment.
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6.2.2. Printing Precision Metrics

Printing precision is quantified using scores, proportions, and directionalities, as

well as unevenness and unrepeatability factors, in Figure 22. Imprecision values represent

the six-sigma overall, in regions and bands as with inaccuracy.

Overall Regional
Imprecision Imprecision
| Overall Imprecision _ Regional Imprecision
Score Score
{ Overall Imprecision | f Regional Imprecision\
Directionality Proportion ‘
* Overall Unevenness _" Regional Unevenness \
! Factor ! Factor )
{ Overall Unrepeatability | _/Regional Unrepeatability
Factor ) Factor ‘

Figure 22. Printing imprecision constructs and indicators.

Imprecision scores are derived fromw imprecision values relative to predefined
tolerance. These scores represent the imprecision normalized to the defined tolerance
using percent notation starting at 0% and may reach and pass the —100% mark relative to
the tolerance. An imprecision score of zero means no variation, a score of 100% or above

means that the variation is equal or greater than to the tolerance.

Imprecision proportions are derived from imprecision values of region or bands.
These proportions represent the extent by which regions and bands contribute to the total
imprecision, which may reveal non-uniformity hotspots. Proportioning is exclusive to each
regional subset or grouping where the proportions for all the regions, all axial bands, or, all

the circumferential bands will total 100% separate from other regional subsets.

Imprecision directionalities are derived from weighted ratios for the sum of the
squares for axial or circumferential bands. These directionality pairs represent the extent
to which variability is aligned with the circumferential or axial direction, irrespective of
the extent of variability. Equal directionalities suggest no tendency for alignment. A higher

directionality suggests some tendency for alignment in the respective direction.

Unevenness and unrepeatability factors are derived from imprecision values along
the respective domains also using the weighted ratios for the sum of squares for patches and

sheets. They represent the tendency for spatial unevenness or temporal unrepeatability.
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6.3. Analysis of Overall Uniformity

In order to better understand the metrics presented, it is important to go back to
basics and look at statistical distributions. To help bridge concepts, statistics for solid-ink
density are presented prior to the various metrics covering solids, quarter-tones and paper.
Complete tables and figures covering the entire set of metrics for all the pressruns and all

the tone levels are provided in the appendix.

6.3.1. Overall Inaccuracy

Figure 23 shows the distribution of the absolute density for all the solid patches with
vertical lines indicating the mean densities. It can be observed that the means vary widely,
far from the aim point, and that they do not align with the peaks.
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Figure 23. Solid-ink density distributions for all runs versus aim point.

Solid-ink distributions show only a part of the picture. There is no indication or

guarantee that the inaccuracy trends for solids will predict the accuracy of halftones.

Many processes use semi-opaque or translucent inks. As such, observations regarding
printing accuracy for solids and halftones become less appropriate without knowing how the
paper is skewing the results. Moreover, halftones are subject to tone value increase; where
ink-and-paper interactions will yield darker tones on paper than intended. This may present

differently on each press, as such, paper and halftones must be taken into consideration.
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6.3.2. Overall Inaccuracy Score

Overall inaccuracy values in Table 4 compare the mean for solids, halftones and
paper for the entire run, i.e. includes every patch on every sheet, relative to the aim point.

Table 4. Overall inaccuracy values for all five pressruns across tone values.

Pressrun TV100 TV75 TV50 TV25 Paper
LI -0.107 -0.043 +0.018 +0.029 +0.019 D
L2 -0.096 -0.022 +0.027 +0.030 +0.019 D
L3 -0.096 -0.038 +0.019 +0.028 +0.016 D
X1 +0.237 +0.015 +0.035 +0.029 +0.018 D
X2 +0.087 +0.026 +0.036 +0.029 +0.014 D

Overall inaccuracy scores in Table 5 are derived from inaccuracy values to indicate
the ratio of inaccuracy weighted against £0.05 D tolerance for all tones and £0.025 D for

paper. Inaccuracy scores reflect degraded accuracy irrespective of it’s direction.

Table 5. Overall inaccuracy scores for all pressruns across tone values.

Pressrun TV100 TV7S TVS50 TV2S Paper
Ll 215 -86 +37 +59 +76 %
L2 -192 -43 +54 +61 +75 %
L3 -192 75 +38 +56 +65 %
X1 +473 +30 +71 +57 +72 %
X2 +174 +52 +71 +58 +58 %

Since inaccuracy score are relative to allowed tolerance, any score beyond the
+100% mark reflects inaccurate by more than one-times the tolerance. Moreover, these

scores are comprehensive enough for reliable comparisons, as shown in Figure 24.
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Figure 24. Overall inaccuracy scores across all tone values for all presses.
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6.3.3. Overall Imprecision

Figure 25 shows the distribution of density for all solid patches relative to the mean
densities of each run with vertical lines indicating the allowed tolerance. It can be observed

that the distributions distinctively vary between presses and between units.
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Figure 25. Relative solid-ink density for L1-3 (left), and, for X1-2 (right) and tolerance.

Similarities and differences between the lithography runs, L1, L2 and L3, versus
the electrophotography X1 and X2 can be seen clearly in the shape of the curves around the
means. Greater differences can be observed between the electrophotography runs than with
the lithography runs. It is also observed that L2, from press 1 unit B, has a distinct shape
from L1 and L3, both from press 1 unit A, which are very similar.

Essentially, we can expect tall and narrow distributions with well-centered peaks
to be more precise than wider distributions or ones that are less normally distributed.
Statisticians rely on other descriptive measures to describe the shape of the distribution,
e.g. skewness, which describes the slant of the peak relative to the base, and kurtosis,
which describes the relative proportions of the peak, shoulder and tail. Generic statisti-
cal measures may provide objective comparable data regarding the shape of the curve.
However, the shape of the curve is not the problem but rather one possible solution.

The problem at hand is to provide a measure of the printing precision. This may
be solved through scores that would describe the extent for imprecision, in the following
section, which would also be tied to other metrics that provide objective and comparable
measures regarding the contributory significance of critical subsets. The latter is covered in
sections 6.4.8 and 6.4.4 addressing spatial-temporal and regional subsets.
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6.3.4. Overall Imprecision Score

Overall imprecision values in Table 6 reflect the dispersion for the entire run, which

are fundamentally six-sigma, i.e. six-times the standard deviation.

Table 6. Overall imprecision values for all five pressruns across tone values.

Pressrun TV100 TV7S TVS0 TV2S Paper
L1 0.200 0.084 0.052 0.030 0.020 D
L2 0.236 0.129 0.052 0.026 0.018 D
L3 0.192 0.086 0.049 0.027 0.018 D
X1 0.233 0.147 0.082 0.049 0.011 D
X2 0.148 0.089 0.063 0.036 0.011 D

Overall imprecision scores, in Table 7, are derived from imprecision values to
indicate the ratio of the imprecision weighted against +£0.05 D tolerance for all tones and
+0.025 D for paper. Both imprecision values and scores have no direction.

Table 7. Overall imprecision scores for all pressruns across tone values.

Pressrun TV100 TV7S TVS0 TV2S Paper
Ll 200 84 52 30 40 %
L2 236 129 52 26 36 %
L3 192 86 49 27 37 %
X1 233 147 82 49 22 %
X2 148 89 63 36 22 %

Since imprecision score much like inaccuracy scores are relative to allowed
tolerance, scores beyond +100% reflect imprecision by greater than the tolerance. These
scores also are comprehensive enough for reliable comparisons, as shown in Figure 26.
When imprecision and inaccuracy scores are combined they can reflect the extent of vari-

ability for printing systems in relative terms, making it easier to compare systems.
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Figure 26. Overall imprecision scores across all tone values for all presses.
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6.3.5. Unevenness and Unrepeatability Factors

Figure 27 compares the significance the orthogonal spatial-temporal dimensions on
observed imprecision, reflecting unevenness versus unrepeatability. Factors are expressed
as the ratio of temporal and spatial factors, as shown in Table 8. The two ratios represent

100% of the imprecision indicated by the imprecision score.

Table 8. Overall unevenness and unrepeatability factors for all tone values.

Pressrun TV100 TV75 TV50 TV25 Paper

L1 2476 38:62 45:55 49:51 44:56 %

L2 15:85 14:86 28:72 35:65 39:61 %

L3 16:84 2575 31:69 2773 33:67 %

X1 19:81 14:86 17:83 20:80 48:52 %

X2 55:45 25:75 20:80 2377 47:53 %
Temporal

£ 100%

g 50%

S 50%

o

£ 100% . . . .
Spatial  TV100 TV75 TV50 TV25 Paper

Tone Value

Figure 27. Unevenness versus unrepeatability factors for all runs.

A lot more observations can be made by looking at Figure 27, which could not be
illustrated in the distribution histograms in Figure 25. It can be observed that regardless of
the biases for all pressruns at TV100% all runs seem to somewhat level out for the paper.
Another aspect is that this trend seems to be gradual from the solids through to the paper
for L1, L2 and L3 but hold steady and transition abruptly between TV25% and for X1 and
X2. A possible explanation can be in the fact the X1 and X2 use liquid toner which tends to

be more opaque then conventional offset inks.

X2 has an anomaly where it abruptly transition from balanced ratios at TV100%
to strong spatial bias for all halftones. This is not seen in X1 or any other runs for that
matter. This may suggest that the quality of the halftone dots for X2 is not consistent along
the spatial domain, but that this variability is consistent between impressions. However,

regional factors must be analyzed for more concrete observations; see section 6.5.2 below.

50



6.4. Analysis of Regional Uniformity

6.4.1. Regional Inaccuracy

The underlying idea behind overall inaccuracy can be extended to regions and
bands. However, regional inaccuracy scores indicate inaccuracy relative to the mean for
each run rather than to the aim point. Figure 28 shows density distribution for entire runs
versus subsets for three evenly spaced bands dividing the short dimension, which is cir-
cumferential for landscape presses L1, L2 and L3, and, axial for portrait X1 and X2.
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Figure 28. Density for L1 & 3 (top) circumferential and X1 & 2 (bottom) axial bands.

Regional inaccuracy influences both the overall inaccuracy and overall imprecision,
as shown in Figure 28 above. Contrasting the similarities and differences of the overall
shapes relative to the clusters of the subsets can further elaborate this relationship. It is
clear that the shapes of the overall curves (black lines) for L1 and L3 are very similar to
one-another whereas the shapes for X1 and X2 are different. Inherently, clusters with closer

central tendencies result in narrower the overall curves.

51



Although it was practical to look at the distributions when showing only three subset
clusters for each printer, it becomes a lot more difficult with a larger number of clusters.
Figure 29 shows subsets for X1 and X2 as in Figure 28, but dividing around the cylinder.
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Figure 29. Density for circumferential bands for X1 & X2 using filled curves.

Figure 30 shows the same curves for X1 and X2 in Figure 29, but these curves are

plotted as outlines instead of filled areas.
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Figure 30. Density for circumferential bands for X1 & X2 using outlined curves.

Given the overload of features, can we draw any practical conclusions from distri-
bution plots if we increased the number of subsets from three to five? With large numbers
of subsets there is way too much detail, which makes it very appealing to make assump-

tions and a lot harder to look objectively for trends in the data.
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While there is something to be said about the influence of the visual style attributes
of the plots, the bottom-line is cluttered histograms enable the reader to notice features
that are more perceptible to them based on biases from their experience. Essentially, this
only gets grimmer when trying to conceive look at even larger subsets, like regions. Since
regions are the intersecting subdivisions of axial and circumferential bands, they would end

up generating fifteen region clusters and fifteen curves to look at.

From this, it can be safely assumed that distribution plots are not suitable to for
making complete and reliable observations regarding printing uniformity. Distribution plots
may be well suited and popular for other applications.

To overcome the challenges regarding printing uniformity we can consider using
metrics for capturing the key features for each subset in a more practical and objective
manner. Such metrics are an essential first step in order to help describe and visualize this
very specific phenomenon. In the case of regional inaccuracy, scores that compare the
inaccuracy of the means of each subset relative to the tolerance may provide the necessary

solution to the problem.
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6.4.2. Region Inaccuracy Score

Region inaccuracy scores are derived from inaccuracy values to indicate the ratio of
inaccuracy against £0.05 D tolerance for all tones and +0.025 D for paper, providing more
intuitive representation. Region inaccuracy values compare mean of the subset within the

region against the mean of the entire run.

Inaccuracy values for most and least accurate regions are in Table 9 and Table 10.

Inaccuracy scores for the same regions are in Table 11 (p. 55) and Figure 31.

Table 9. Most accurate region inaccuracy values for all runs.

Pressrun TV100 TV7S TVS0 TV2S Paper

L1 [RI3] -0.0016 +0.0019 +0.0045 +0.0007 -0.0002 D
L2 [RI3] -0.0005 +0.0007 +0.0005 -0.0006 -0.0004 D
L3 [ Rl ] -0.0003 -0.0034 -0.0017 -0.0011 -0.0010 D
X1 [ R8 ] +0.0017 +0.0080 +0.0047 +0.0034 -0.0010 D
X2 [R5 ] -0.0011 -0.0058 -0.0002 +0.0010 -0.0007 D

Table 10. Least accurate region inaccuracy values for all runs.

Pressrun TV100 TV75 TV50 TV25 Paper

Ll [ R4 ] +0.0248 +0.0137 +0.0093 +0.0049 +0.0028 D
L2 [ R6 ] -0.0477 +0.0195 +0.0088 +0.0043 +0.0031 D
L3 [ R8 ] -0.0287 +0.0144 +0.0097 +0.0047 +0.0034 D
X1 [ R6 ] -0.0480 +0.0214 +0.0115 +0.0067 +0.0019 D
X2 [ R3] +0.0264 +0.0154 +0.0091 +0.0052 +0.0019 D

Numbering of the bands and regions in the tables above and in following tables all
refer to the layout presented in Figure 20 (p. 43), which is presented again below.

A5 A4 A3 A2 Al A3 A2 Al

RI5R14 R13| C5
RI2 R11 R10| C4

R15 R14 RI13 RI12 R11| C3 R9 R8 R7| (3
R10 R9 R8 R7 R6| 2 R6 RS R4| 2
RS R4 R3 R2 R1| Cl R3 R2 R1| C1
¥ Lead Edge ¥ ¥ Lead Edge ¥

Figure 20 (repeated). Regions and bands maps for runs L1-3 (left) and X1-2 (right).
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Region inaccuracy scores for most accurate regions provide the extent of accuracy
whereas least accurate regions signify the extent of inaccurate. There is practical value in

knowing the upper and lower limits especially when color is critical.

Table 11. Most versus least accurate region inaccuracy scores.

Pressrun TV100 TV7S TVS0 TV2S Paper
L1 [RI3- R4] 3 +50 +4 27 +9 419 +1  +10 -1 H1 %
L2 [R13- R6] -1 95 4+ 439+ +I8 -1 +9 2 H2 %
L3[RI-R8] -1 -57 7 +29 3 +19 2 +9 -4 +14 %
X1[R8-R6] 13 9 +l6 +43 +9 23 +7 +3 -4 8 %
X2[R5-R3] -2 453 -12 431 0 +18 2 +10 3 8 %

TV100 TV75 TV50 TV25 Paper
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Figure 31. Region inaccuracy scores for most (top) and least (bottom) accurate regions.

It is clear in Figure 31 that the region accuracy limits differ largely between presses,
processes and even between press units. From Table 11, X1 ranks as the worst press based
on the range in inaccuracy scores in the most and least accurate regions, scoring between
3% and 96% irrespective of direction for solid patches. X2 is much more accurate across the
regions, between 2% and 53%. This is comparable to L1 and L3, which were printed on the
same printing unit, between 3% and 50% for L1 and 1% to 57% for L3. L2 falls second worst,
between 1% and 95%, which compares with X1. One final point to note is that the most and
least accurate regions for solid patches are not necessarily the same for tints and paper. Solids

provide the best indication for the printing accuracy since it holds the highest ink coverage.
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6.4.3. Circumferential and Axial Band Inaccuracy Score

Band inaccuracy values and scores are similar to regions, however the subset

includes patches along either rows or columns, respectively, for each direction.

Table 12 shows scores for the least accurate circumferential and axial bands.

Table 12. Least accurate circumferential and axial band inaccuracy scores.

Pressrun TV100 TV75 TV50 TV25 Paper
LI [C2-Al] 20 28 +167 +169 +103 +113 +61 +64 +79 85 %
[2[ClI-Al] +26 -74 +258 +194 +103 +94 +52 +47 +72 +74 %
L3[CI-A5] +22 435 +172 +181 +98 4109 +53 +58 +74 +75 %
XI[C5-A3] +35 74 4295 +272 +164 +164 +98 496 +44 +45 %
X2[Cl-Al] +29 -18 +177 +I8 +125 +I128 +72 +75 +44 +46 %

Insights. Just like statistical plots, there is only so much information that can be represented

using this tabular format. Even the bar plots are limited in the amount of detail as well as

practical use. There is a need for a representation that can provide comprehensive details in

a single snapshot. This is demonstrated in sections 6.5.1 and 6.5.2 below. Complete tables

and figures covering the entire set of metrics for all the pressruns and all the tone levels are

provided in the appendix.
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6.4.4. Regional Imprecision

The underlying idea behind overall imprecision can be extended to regions and

bands. Figure 32 shows the stacked distributions for all fifteen regions.
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Figure 32. Stacked distributions for L1 (top-left) and L2 (top-right),
L3 (bottom-left) and X1 (bottom-right).

Regional imprecision influences overall imprecision. Wider more dispersed region
distributions will present a wider overall distribution. Higher region peaks signify higher
precision, which will improve overall precision when the peaks are closely centered. This
is shown in Figure 32 when comparing regions and the overall curves for L2 against both
L1 and L3. The regions for L2 are more dispersed than L1 and L3, which is evident in the
shorter heights for the regions at their peaks. For X1, the dispersion of the regions seems to

alternate from extremely wide and short to somewhat narrower tall distributions.
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6.4.5. Region Imprecision Score

Region imprecision values reflect the dispersion of the subset for each region.
Region imprecision scores are derived from region imprecision values to indicate the
ratio of the imprecision weighted against £0.05 D tolerance for all tones and +£0.025 D
for paper. Region imprecision values for the most and least precise regions are shown in

Table 13 and Table 14. Region imprecision scores for same regions are in Table 15 (p. 59).

Table 13. Most precise region imprecision values for all runs.

Pressrun TV100 TV7S TVS0 TV2S Paper

Ll [ R7 ] 0.110 0.062 0.041 0.027 0.020 D
L2 [ R9 ] 0.108 0.080 0.037 0.023 0.020 D
L3 [ R7 ] 0.100 0.054 0.031 0.016 0.014 D
X1l [ R7 ] 0.110 0.065 0.044 0.033 0.009 D
X2 [ R3] 0.119 0.086 0.053 0.032 0.011 D

Table 14. Least precise region imprecision values for all runs.

Pressrun TV100 TV75 TV50 TV25 Paper

Ll [RIl] 0.270 0.086 0.049 0.030 0.022 D
L2 [ R3] 0.293 0.128 0.042 0.022 0.012 D
L3 [ R3] 0.231 0.076 0.039 0.022 0.013 D
X1 [ R6 ] 0.202 0.127 0.067 0.041 0.011 D
X2 [RI16] 0.154 0.072 0.047 0.028 0.010 D

Once again, the numbering of the bands and regions refer to the layout presented in
Figure 20 (p. 43), which is presented again below.

A5 A4 A3 A2 Al A3 A2 Al

RI5RI14 R13| C5
RI2R11 R10| C4

R15 R14 RI13 RI12 R11| C3 R9 R8 R7| (3
R10 R9 R8 R7 R6| 2 R6 RS R4| 2
RS R4 R3 R2 R1| CI R3 R2 R1| Cl
¥ Lead Edge ¥ ¥ Lead Edge ¥

Figure 20 (repeated). Regions and bands maps for runs L1-3 (left) and X1-2 (right).
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Region imprecision scores for the most precise region reflect the extent of precision,
while the least precise reflect the extent of imprecision. There is practical value in knowing

the upper and lower limits when accurate color is of high importance.

Table 15. Most versus least precise region imprecision scores.

Pressrun TV100 TV7S TVS0 TV2S Paper
L1 [R7-R11] 110 270 62 86 41 49 27 30 40 4 %
[2[R9- R3] 108 293 &0 128 37 42 23 22 40 24 %
L3[R7- R3] 100 231 54 76 31 39 16 22 27 27 %
XI[R7-R6] 110 202 65 127 44 67 33 41 18 22 %
X2[R3-R14] 119 154 86 72 53 47 32 28 22 20 %
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Figure 33. Region imprecision scores for most (top) and least (bottom) precise regions.

Just like region inaccuracy, region imprecision limits differ between presses,
processes and units. From Table 15, L2 ranks the worst press based on imprecision score
range, scoring between 108% and 293%. L1 and L3 follow closely with scores between
110% and 270% for L1 and 100% and 231% for L3, as shown in Figure 33. X1 is second
best in terms of precision, between 110% and 202%. And most precise of all is X2, between
119% and 154%. Again, the locations of the most and least precise regions vary for solids,
tones and paper. However, solids provide the strongest representation for the printing
precision as it is holds the highest ink coverage.
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6.4.6. Circumferential and Axial Band Imprecision Score

Band imprecision values and scores are similar to regions, however the subset
includes patches along either rows or columns, respectively, for each direction. Table 16

shows scores for the least precise circumferential and axial bands.

Table 16. Least precise circumferential and axial band imprecision scores.

Pressrun TV100 TV75 TV50 TV25 Paper
L1 [Cl-Al] 215 237 -8 -8 -47 -46 28 28 -19 21 %
L2[Cl-A3] 265 -251 ~-152 -117 -6 50 27 24 -18 -14 %
3[CI-A3] 218 -193 -8 -64 -45 -46 24 22 -18 -19 %
XI[C2-A3] 242 205 -154 -128 -8 -69 -49 -40 -1l -1 %
X2[C5-A2] -150 ~-147 93 -67 -64 -46 37 27 -1l 9 %

Insights. The following sections provide a more comprehensive snapshot with

a lot more details than can be represented using statistical plots, tables and bar charts.

Imprecision is covered in section 6.5.2 preceded by inaccuracy in section 6.5.1. Complete

tables and figures covering the entire set of metrics for all the pressruns and all the tone

levels are provided in the appendix.
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6.4.7. Regional Proportions and Ranks

Ranking is achieved by sorting the region and bands based on their proportions,
which were previously presented in tables for most and least precise or accuracy regions

and bands. Figure 34 and Figure 35 present rankings for inaccuracy and imprecision.

Do B W = W

Figure 35. Imprecision ranking for L1, L2 and L3 (left), and for X1 and X2 (right).

Insights. A key observation is that sequence is not consistent for inaccuracy and impre-
cision. Hence, region and band inaccuracy and imprecision can be independent from one
another. Rankings and proportions each have their uses. Rankings can point out regions of
interest but they do not indicate of the extent of inaccuracy or imprecision.
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6.4.8. Circumferential and Axial Directionalities

Figure 36 compares the significance of the orthogonal spatial dimensions, i.e. the
circumferential versus axial dimensions, which applies to inaccuracy and imprecision

reflecting bias or variability around the cylinder or across its axis.

Circumferential
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50%
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g% 0% = gy :__l-:____

O
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Axial TV100 TV75 TV50 TV25 Paper
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Figure 36. Directionalities for inaccuracy (top) and imprecision (bottom).
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6.5. Visualization and Interpretation of Printing Uniformity

6.5.1. Visualization of Inaccuracy

This section provides comparative analysis of inaccuracy between pressruns
focusing on key solid-ink uniformity metrics in comprehensive and intuitive figures.
Complete tables and figures covering the entire set of metrics for all the pressruns and all

the tone levels are provided in the appendix.

Electrophotography Pressruns. X1 and X2 exhibit very different inaccuracy trends. X1 has
a much higher overall inaccuracy score ( vA™' =+473%) compared to X2 (vA™ =+174%)
relative to the standard aim (1.68+0.05 D). A visual summary of the inaccuracy for the two

pressruns is shown in Figure 37.

X1 X2
Inaccuracy Score Inaccuracy Score
B - B o
R
+100%
BB
] e
| e
o o 3

Figure 37. Inaccuracy scores at TV100 for X1 (Left) and X2 (Right).

X1 exhibits higher region inaccuracy (véfilvg =49.1%) than X2 (véﬁg =17.8%).
Circumferentially, X1 and X2 are comparable (vécilvg =14.4%; and, v ﬁg =13.6%). Axially, X1

exhibits higher inaccuracy (v, =49.3%) than X2 (v8> =12.3%), irrespective of direction.

aavg aavg

X1 circumferential and axial inaccuracy scores differ largely in favor of the latter
direction whereas X2 shows very little score difference. Inherently, X1 has a more
pronounce axial bias as indicated by the inaccuracy directionalities (3., =C3:A7) whereas
X2 has more stable bias towards the circumferential direction (d8). =C6:A4).
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Lithography Pressruns. L1, L2 and L3 exhibit many similarities. L1 has the highest overall
inaccuracy score (VA" =—215%) compared to L2 and L3 (vA™"=—192%) relative to the
standard (1.68+0.05 D). Visual inaccuracy summaries are shown in Figure 38.
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Figure 38. Inaccuracy scores at TV100 for L1 (Top), L2 (Middle) and L3 (Bottom).

L2 exhibits higher region inaccuracy (vd-, =36.1%) than L3 (v8") =27.8%) and L1

ravg ravg
(vér]‘;Vg =23.8%). Circumferentially, L2 is higher (v cL,fvg =17.7%) than L3 (vécL:Vg =14.3%) and
L1 (vé" =3.7%). Axially, L2 is higher (v82  =29.6%) followed by L3 (vd-> =25.4%) and

cavg aavg aavg

L1 (vé- =19.2%), irrespective of direction.

aavg

Circumferential and axial inaccuracy scores for all lithography runs differ largely in
favor of the latter. Inherently, they all have more pronounce axial bias, as indicated by the
inaccuracy directionalities, where L2 shows higher axial bias (d8}> =C3:A7) than the
slightly lower bias for L1 and L3 (d85,""’=C4:A6).
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6.5.2. Visualization of Imprecision

This section provides comparative analysis of imprecision between pressruns
focusing on key solid-ink uniformity metrics in comprehensive and intuitive figures.
Complete tables and figures covering the entire set of metrics for all the pressruns and all

the tone levels are provided in the appendix.

Electrophotography Pressruns. X1 and X2 exhibit very different imprecision trends. X1 has a
significantly high overall imprecision score (VK ™' =—233%) compared to X2 (vK**=—148%)
relative to the standard tolerance (£0.05 D). A visual summary is shown in Figure 39.

-122% -115% -124% -132% -124% -135%

-113% -117% -119% -127% -122% -137%

X1 X2
Imprecision Score Imprecision Score

49:51

--132% -130% - -141% -147% -134% -148%

-135% -146° -137% -154% -140% -150°
- 135% -146% - 37% -154% -140% -150% I200%

--135% -122% - -132% -140% -129% -138%
100%

--118% -110% - -124% -131% -128% -133%

o .

Figure 39. Imprecision scores at TV100 for X1 (Left) and X2 (Right).

X1 and X2 exhibit similar mean region imprecision (vi . =—144.6%; and,

ravg

wcfvg =—-130.9%), notwithstanding the substantially different spread. X1 exhibits higher
=—155.7%), and X2 exhibits

equivocal circumferential and axial imprecision (vk . =—138.6%; and, vaazvg =—140.7%).

cavg

circumferential imprecision (v X, =-226.3%; and, vk -

cavg aavg

Circumferential and axial imprecision scores differences translate into observable
axial bias for X1 and no observable directionality bias for X2. Inherently, X1 exhibits a bias
for the axial direction (dk ;| =C3:A7) and X2 exhibits no bias (dk > =C5:A5).
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X1 exhibits higher unevenness ( fk; =T19:S81) whereas X2 exhibits equivalent
unevenness and unrepeatability ( fxr =T55:545). A visual breakdown of the spatial-tempo-

ral imprecision is shown in Figure 40.

X1 X2
Imprecision Factors Imprecision Factors
-132% -130% -141% -147% -134% -148%
48:52 54:46 57:43 62:38 62:38 55:45
-135% -146% -137% -154% -140% -150%
47:53 52:48 63:37 61:39 61:39 57:43 I200%
-135% -122% -132% -140% -129% -138%
59:41 69:31 7723 77:23 7525 72:28
118% -110% 124% -131% -128% -133%
53:47 63:37 75:25 80:20 71:29  70:30
122% -115% -124% -132% -124% -135% 10%
57:43 67:33 72:28 73:27 71:29  64:36
-113% -117% -119% -127% -122% -137%
56:44 60:40 65:35 70:30 64:36  54:46

100%

Figure 40. Spatial-temporal imprecision factors for X1 (Left) and X2 (Right).

X1 unevenness tends to increase at the driver side where imprecision is highest
and substantially diminish in favor of higher unrepeatability towards the operator side.
X2 unrepeatability is highest at the center of the sheet and tends to decrease slightly but

remains higher than unevenness indicating spatially uniform output.
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Lithography Pressruns. L1, L2 and L3 exhibit many similarities. L2 has the highest overall
imprecision score (VK" =—236%) followed by L1 (vK"' =—199%) and L3 (vK"=—192%)
relative to the standard tolerance (+0.05 D). A visual summary is shown in Figure 41.

- i
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Imprecision Score
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-162%
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-162% -237%

L3 -149% -161% -141% -270%
Imprecision Score

Press 1 - Unit A

-157% -118% -110%

-163%

Figure 41. Imprecision scores at TV100 for L1 (Top), L2 (Middle) and L3 (Bottom).

L2 exhibits higher region imprecision (VKrLazVg =—190.8%) than L1 (vk,,,, =—176.1%)
and L3 (vk,.,, =—160.7%). Circumferentially, L2 is higher (vk ., =—204.2%) than L1
(vk™ =—186.8%) and L3 (v’ =—175.4%). Axially, L2 is also higher (vk'2 =-204.2%)

cavg cavg aavg

followed by L1 (vk™! =-193.3%) and L3 (vk-’, =—182.7%).

aavg aavg

L2 has negligible axial imprecision directionality bias (dx> =C4:A6) next to L1
and L3 (dx"'?=C5:A5). L1 and L2 exhibit critical axial hotspots along the operator side,
and L2 at the center. L1, L2, and L3 exhibit circumferential hotspots across the lead edge.
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All runs exhibit more unevenness, highest for L2 ( fxr;,=15:85) and L3 ( fxio
=16:84) and lower for L1 ( fxry,=24:76). A visual breakdown is shown in Figure 42.
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31:69 25:75

Imprecision Factors 42:58 35:65 39:61
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Imprecision Factors 33:67 33:67 33:67 34:66
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21:79

Press 1 - Unit A -160% -116% 100%
21:79 35:65 33:6

Figure 42. Spatial-temporal imprecision factors for L1 (Top), L2 (Middle) and L3 (Bottom).

Unevenness contribution factors within the regions for L1, L2 and L3 tend to
increase with increasing imprecision. Inherently, it may be inferred that unrepeatability
is more consistent than unevenness, where the latter tends to increase in the previously

indicated hotspot regions.



Chapter 7
Summary and Conclusions

This study looks into the benchmarking and evaluation of the uniformity of printing
systems relative to standard industry tolerances. It proposes a set of device- and process-in-
dependent spatial and temporal uniformity metrics. A number of concepts were consoli-
dated and refined from existing literature in a comprehensive conceptual framework. This
framework defines indicators that are used to formalize practical metrics through statistical

analysis of the central tendencies and variances of printing density.

7.1. Summary

The primary contributions of this study are the development of the set of metrics
and testing methods that may help in further developments of standards, quality control
systems, and, benchmarking new printing technologies that are penetrating the markets.

The conceptual framework incorporates the various concepts from the top-level
dimensions (i.e., accuracy and precision) down to indicators. It was a necessary precursor
to developing practical metrics that tie directly to clearly defined indicators. As such, the
framework may prove valuable to other interested scholars and researchers in overcoming
the lack of seminal work and the limited range of isolated works on the topic.

The data collected and used in this study also offers value for future research. This
data was used for refining and testing the validity of the proposed indicators and metrics.
The sample incorporates spectrophotometric data for solids, tints (i.e., 25%, 50% and 75%)
and paper throughout the printing plane. Five pressruns were conducted on three presses
at high spatial resolution. Each dataset includes data for 56-57 sheets from 200 consecutive
impressions using sequential and quasi-random sampling.

Finally, a number of data visualization techniques are used to help distill the data
from the test runs. These aids were essential to completing the analysis and presenting
results and findings in Chapter 6. The results and findings provide a basic template for sys-

tematic reporting on the uniformity of printing systems in future studies.

The following sections provide highlights and concluding notes for each of the com-
ponents mentioned. The reader is referred to the respective chapters for specifics.
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7.1.1. Conceptual Framework

The conceptual framework addresses the accuracy and precision dimensions of
printing uniformity. Each dimension encompasses indicators within constructs for run and

regional uniformity, shown in Figure 13 (p. 24) repeated below.

7 Printing
SIS Uniformity
X

f )

Dimensions Printing Printing
Accuracy Precision
A )
( ) ( )
Constructs Overall Regional Overall Regional
Inaccuracy Inaccuracy Imprecision Imprecision

Figure 13 (repeated). Printing accuracy and precision constructs.

Indicators include run and regional scores, region contribution proportions, uneven-
ness and unrepeatability factors, and, circumferential and axial directionality ratios, shown

in Figure 14 (p. 24) repeated below.

Printing Printing
Accuracy Precision
X X
r ) r )
Overall Regional Overall Regional
Inaccuracy Inaccuracy Imprecision Imprecision
Overall Regional Overall Regional
Inaccuracy Inaccuracy - Imprecision Imprecision
Score Score Score Score
A~ 11 R A~ 11 R
" Overall Regional Overall Regional
Inaccuracy Inaccuracy Imprecision Imprecision
.~ Overall ~ Regional
- Unevenness — Unevenness
- Factor - Factor
Overall ~ Regional
- Unrepeatability - Unrepeatability
Factor ~ Factor

Figure 14 (repeated). Overall versus sheet, region, and, band spatial subsets.
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7.1.2. Quantitative Models

The proposed metrics address various aspects of accuracy and precision based on
systematic sampling of the printing plane across a number of sheets. The reader is referred

to section 4.1 for the following equations as indicated.

Scores are computed for the relative inaccuracy (relative to the mean of the run) and
imprecision of regions of interest and absolute inaccuracy (relative to a standard aim point)
and imprecision for the entire printing plane; refer to Equation 1 through Equation 8.
Regional proportions are computed relative to the cumulative sum of inaccuracy and impre-
cision of the entire set of uniformly divided regions; refer to Equation 9 and Equation 10.
Run directionality ratios are computed relative to the cumulative sum of inaccuracy and
imprecision for circumferential and axial directionality bands; refer to Equation 16 and
Equation 17 . Spatial-temporal factors are computed relative to the sum of the squares of
variances for sheets (variance between patches in each sheet) and for patches (variance

between sheets for each patch), respectively; refer to Equation 11 through Equation 15.

7.1.3. Testing Methods

The test forms used for fingerprinting had to be adapted to the press dimensions and
the automated spectrophotometer chart specifications. Sampling constraints also needed to
be adjusted for in the design, i.e. alignment of test blocks with ink keys in offset. Instruments
constraints were also taken into consideration, i.e. dimensions and track marks. Each chart
contained a 4 x 4 repeating checkerboard target blocks, shown in Figure 16 (p. 36), with 8
solid patches, 2 for each of the three tints, 1 paper, and, 1 control patch. The total patch count
for the landscape offset press was 3744, divided on 2 charts, and, the total count for the portrait

electro-photographic presses was 2992 in 1 chart.

8 x 100%

2 x75%

1 x Slur

Figure 16 (repeated). 16-Patch Checkerboard Test Target Repeating Block (4x4).
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The sheets were measured using an il iSis automated spectrophotometer using a
special MATLAB software used to structure the measuring and data storage process to
eliminate human error from redundancy. The software stores 36-point spectral reflectance
data for every patch on every chart and stores the positioning in mapping table, as well as,

metadata for test target, workflow, printing, sample selection, and, measurement.

7.1.4. Pressruns & Results

Five pressruns were conducted on 1 lithographic and 2 electrophotographic presses.
The procedure for each run includes: 1) designing the test form, 2) generate plates when
applicable, 3) cleanup and loading the ink and paper, 4) make-ready till okay sheet, 5)
printing a 200 sheet buffer after first okay sheet, and, 6) printing 300 sheets for sample
selection. Sample sheets are selected from within 200 consecutive prints (from the 300
sheets) by taking: 1) the first 10 sequential sheets, 2) a sheet for every 5 quasi-random
sheets (taken at random) between sheets 11 and 190, and, 3) the last 10 sequential sheets.

Printing accuracy was analyzed for solids and tints relative to standard aims and
tolerances. More comprehensive results for solids are presented, which compare lithography
runs (L1, L2 and L3) with electrophotography runs (X1 and X2). X1 (newer model than X2)
shows high overall inaccuracy (vA*' =+473%), with a strong axial bias (dd.,, =C3:A7)
between the sides. X2 shows less overall inaccuracy (vA™* =+174%), with circumferential bias
(d8)? =C6:A4) from lead to tail. L1 and L3 (same unit) show inconsistent overall inaccuracy
(vA"'=-215% and vA"=—-192%), with consistent axial bias (dd5""*=C4:A6). L2 (different
unit) exhibited overall inaccuracy (vA™ =—192%) similar to L3, with stronger axial bias
(dd- =C3:A7), which is comparable to X1 directional bias.

Printing precision was also analyzed for solids and quarter-tones relative to standard
tolerances, with comprehensive more results for solids. X1 shows high overall imprecision

(vK*'=—233%), with relatively low regional imprecision (vk . =—144.6%). X2 shows less

ravg

overall imprecision (VK **=—148%), with close regional imprecision (vk . =—130.9%) with

ravg

potentially visible spatial patterns. L1 and L3 show similar overall imprecision (vK"“' =—199%
and VK" =—-192%), and similar regional imprecision (vk "\ =-176.1% and vk~ =—160.7%).

ravg ravg

L2 shows higher overall imprecision (VK" =—236%), also with similar regional imprecision
- jvg =-204.2%) to L1 and L3, relative to L2’s higher overall imprecision. X2 shows slight
temporal imprecision bias ( fxpp =T55:545) while all others show higher spatial bias
(frrt=T19:S81, fxi,=24:76, frr;=15:85 and fxr,=16:84), which indicates more

unevenness than unrepeatability.

(v
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7.2. Conclusions

The topic of printing uniformity requires the attention of the research community due
to its implications on quality control applications and standardization efforts and due to the
limited range of works on the topic. Tremendous effort is invested by the industry to improve
how we measure and control variability on the press. ISO standards and industry specifica-
tions provide comprehensive schemas for process control. However, there is a limitation due to
heavy reliance on an essential premise; that for any press, measuring density using proxy color
bars is effective to ensure the conformance of the actual printed image.

Research on printing uniformity did not yield a reliable consensus on any constructs,
indicators, metrics, and, testing methods. This work is an effort to reconcile these different
aspects and build bridges between many existing islands of research, to propose concepts,
metrics and methods that harmonize prior efforts by several authors.

There is much to be gained from the insights encountered during the course of
exploring printing uniformity. Trying to understand how to measure and represent the uni-
formity of presses or other phenomena requires an agile three-tiered approach of iteratively
devising the conceptual framework, models and testing methods.

Surprisingly enough, in the of case of this study, the testing method was in fact
finalized while in the first iterations of devising the framework and metrics. Data collection
required only abstract and superficial understanding of the dimensions and constructs that
would be incorporated in the framework. Thus, data for exploring printing uniformity starts
and ends with adequate sampling of ink density throughout the printing plane (spatially), and,
across sheets and between runs (temporally). The data should offer contrasting features or

treatments, i.e., various printing processes and press units.

7.2.1. Future Work

The contributions made here can be adapted to explore the uniformity of other attri-
butes in print. They may also be adopted in completely different applications where there is
need for analyzing spatial-temporal variability. In more general terms, the work can be adopted
for any form of statistical analysis of the weighted significance of orthogonal dimensions.
Furthermore, the work can serve as template for exploring phenomena for devising concepts,
models and methods. Future research on the uniformity of various printing systems across
processes may improve our understanding of printing uniformity. Comprehensive testing
across systems and processes creates opportunities for testing standing assumptions for the
continued improvement of quality control practices to achieve higher color consistency.
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Appendix

Due to the magnitude of the data collected and reports generated, the appendix
is limited only to the basic reports and plots for the solid ink density dataset for the five

pressruns. Please contact the author directly to request additional material on other datasets.
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Appendix 1. Statistical reports for solid ink patches for 5 pressruns.

Additional reports will be made available for all tints upon request.
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Run
Around-1
Around-2
Around-3
Across-1
Across-2
Across-3
Across-4
Across-5
Region-1
Region-2
Region-3
Region-4
Region-5
Region-6
Region-7
Region-8
Region-9
Region-10
Region-11
Region-12
Region-13
Region-14
Region-15

Sheet-2
Sheet-3
Sheet-4
Sheet-5
Sheet-6
Sheet-7
Sheet-8
Sheet-9
Sheet-10
Sheet-11
Sheet-12
Sheet-15
Sheet-20
Sheet-25
Sheet-30
Sheet-35
Sheet-39
Sheet-45
Sheet-50
Sheet-55
Sheet-60
Sheet-65
Sheet-70
Sheet-75
Sheet-79
Sheet-85
Sheet-90
Sheet-95

Sheet-100

Sheet-105
Sheet-110
Sheet-115
Sheet-119

Sheet-125

Sheet-130

Sheet-135

Sheet-140

Sheet-145

Sheet-150

Sheet-155

Sheet-159

Sheet-165

Sheet-170

Sheet-175

Sheet-180

Sheet-185

Sheet-189

Sheet-190

Sheet-191

Sheet-192

Sheet-193

Sheet-194

Sheet-195

Sheet-196

Sheet-197

Sheet-198

Sheet-199

Zone-1
Zone-2
Zone-3
Zone-4
Zone-5
Zone-6
Zone-7
Zone-8
Zone-9
Zone-10
Zone-11
Zone-12
Zone-13
Zone-14
Zone-15
Zone-16
Zone-17
Zone-18

0.034
-0.058
0.202
-0.265
-0.283
-0.007
-0.002
-0.238
0212
-0.192
-0.391
0.195
-0.347
-0.198
0.118
-0.137
-0.190
-0.024
-0.209
-0.231
-0.247
-0.233
0.202
-0.073
0.112

0.123
0.221

0.150
0260
0.232
0.204
0.174
0.396
0.273
0.275
0.000
-0.067
-0.056
-0.088
0368
0.298
0.356
0.335
0394
0.029
0.295
0.355
-0.011

-0.093
-0.129
0.364
0.331

-0.040
-0.109
-0.031
-0.893
-0.041
0.043
-0.116
-0.120
-0.221
0.247
-0.008
0.244
0328
0.025
0.389
0.369
0.146
0.018
0.144
0.117

0.608

1.995
2.146
1.626
2,019
2371
1.624
1.886
1.623
1.838
2.360
1.840
2.192
1.856
2.052
1.884
1.099
1.427
1179
1.570
2.704
1413
1.606
1.492
1.752
1.785
2,018
2.003
2.107
1.924
1.897
1.882
2.136
1.955
1.908
1.856
1.837
1.942
1914
1.962
1.865
1671
1.846
1.896
1.881
2.027
1.836
1.957
1.768
1.819
1.838
1.957
1.981
1.974
2.050
1.849
2.032
1.995
1.836
1.722
1.885
1.933
1.803
1.681
1.821
1.797
1.733
1779
1.890
1.858
1.748
1.909
1.813
1731
1.798
1732
1.794
1.763
1.887
1.762
1.846
1.767
2.316
1.656
2.557
1.548
1.433
1.603
1.753
1.630
1.770
1.906
1515
1.576
1.620
1.558
1.620
1577
1541
1.961

0.219
0.010
0.010
0.028
0.030
0.054
0.061
0.002
0.060
0.081
0.006
0.095
0.090
0.036
0.005
0.035
0.029
0.149

0.514
0.407
0.234
0.360
0.315
0.148
0.200
0.148
0.190
0.113
0.069
0.098
0.070
0.086
0.072
0.025
0.041
0.028
0.050
0.148
0.041
0.052
0.045
0.062

0.097
0.050
0.118
0.043
0.037
0.046
0.056
0.048
0.057
0.066
0.041
0.045
0.047
0.044
0.047
0.045
0.043
0.070

0.242
0.219
0.296
0.274
0.280
0.245
0.255
0.309
0.255
0.278
0.199
0.227
0.250
0.212
0.370
0.386
0.334
0.463
0.297
0.256
0.390
0.354
0.418
0.325

0.510
0.463
0.151
0.288
0.299
0.247
0.221
0.250
0.224
0.330
0.333
0.319
0.322
0.343
0.317
0.339
0.348
0.229

0.537
0.703
0.744
0.610
0.646
0.582
0.675

0.490
0.537
0.849
0.712
0.701
0.753
0.779
0.750
0.776
0.670
0.667
0.681
0.678
0.657
0.683
0.661
0.652
0.771

L1100%

1571
1.580
1.561
1572
1.557
1.563
1.568
1.583
1,582
1.565
1577
1.582
1595
1579
1.548
1.550
1555
1573
1576
1.556
1.562
1.569
1.583
1.590
1.553
1.553
1572
1.568
1561
1.557
1.556
1570
1571
1.559
1.560
1.561
1551
1.561
1553
1561
1.565
1.564
1.561
1.569
1.560
1.559
1.558
1.559
1.561
1.567
1576
1577
1.582
1578
1.584
1.582
1.581
1,579
1.590
1.584
1.584
1571
1.567
1.568
1.566
1.589
1.585
1.588
1.587
1.590
1572
1.585
1.588
1570
1.566
1.564
1.589
1.587
1.569
1.565
1.569
1526
1.569
1.568
1.565
1.565
1.560
1.558
1,570
1.583
1.554
1572
1.590
1.589
1578
1.570
1578
1576
1.601
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~N3

57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57

1860
1850
1861
1854
1860
1858
1848
1858
1860
1862
1859
1866
1860
1860
1862
1866
1869
1858
1868
1865
1864
1866
1865
1865
1868
1866
1864
1857
1860
1859
1862
1861
1861
1863
1859
1853
1858
1868
1869
1870
1866
1859
1861
1860
1853
1863
1868
1859
1863
1868
1865
1869
1858
1863
1864
1867
1870
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57

127
128
102
127
128
135
135
107
135
135
128
127
102
128
127

104
104
104
104
104
104
104
104
104
104
103
104
104
104
104
104
104
104

106138
34718
36658
34762
22230
22230
17506
22156
22016
7239
7296
5779
7200
7204
7695
7695
602
7668
7579
7296
7239
5706
7288
7233
1860
1850
1861
1854
1860
1858
1848
1858
1860
1862
1859
1866
1860
1860
1862
1866
1869
1858
1868
1865
1864
1866
1865
1865
1868
1866
1864
1857
1860
1859
1862
1861
1861
1863
1859
1853
1858
1868
1869
1870
1866
1859
1861
1860
1853
1863
1868
1859
1863
1868
1865
1869
1858
1863
1864
1867
1870
5928
5928
5928
5928
5928
5928
5928
5928
5928
5708
5868
5926
5916
5870
5900
5878
5926
5794

566
166
278
122

278
74
214

35
39
92
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134

57x52x76
57x612
57 x 648
57x612
57 x 390
57 x 390
57x312
57 x 390
57 x 390
57x127
57x128
57x102
57x127
57x128
57x135
57x135
57x108
57x135
57x135
57x128
57x127
57x102
57x128
57 x127
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52x76
57x52x76
57x52x76
57x52X76
57x52x76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57 x 104
57x104
57x104
57x104
57 x 104
57x 104
57x104
57x104
57 x104
57x104
57x104
57 x 104
57 x 104
57x104
57x104
57x104
57 x 104
57x104



Run
Around-1
Around-2
Around-3
Across-1
Across-2
Across-3
Across-4
Across-5
Region-1
Region-2
Region-3
Region-4
Region-5
Region-6
Region-7
Region-8
Region-9
Region-10
Region-11
Region-12
Region-13
Region-14
Region-15

Sheet-2
Sheet-3
Sheet-4
Sheet-5
Sheet-6
Sheet-7
Sheet-8
Sheet-9
Sheet-10
Sheet-11
Sheet-12
Sheet-15
Sheet-20
Sheet-25
Sheet-30
Sheet-35
Sheet-39
Sheet-45
Sheet-50
Sheet-55
Sheet-60
Sheet-65
Sheet-70
Sheet-75
Sheet-79
Sheet-85
Sheet-90
Sheet-95

Sheet-100

Sheet-105
Sheet-110
Sheet-115
Sheet-119

Sheet-125

Sheet-130

Sheet-135

Sheet-140

Sheet-145

Sheet-150

Sheet-155

Sheet-159

Sheet-165

Sheet-170

Sheet-175

Sheet-180

Sheet-185

Sheet-189

Sheet-190

Sheet-191

Sheet-192

Sheet-193

Sheet-194

Sheet-195

Sheet-196

Sheet-197

Sheet-198

Sheet-199

Zone-1
Zone-2
Zone-3
Zone-4
Zone-5
Zone-6
Zone-7
Zone-8
Zone-9
Zone-10
Zone-11
Zone-12
Zone-13
Zone-14
Zone-15
Zone-16
Zone-17
Zone-18

0.303
0.304
-0.030
-0.094
-0.109
0.355
0.228
-0.020
-0.232
0.283
-0.007
0171
-0.096
-0.128
0.162
-0.080
-0.106
-0.188
-0.259
0.259
0.314
0.205
-0.071
0.285
0.317
0.320
-0.374
-0.011

0.080
0.156
0.184
0.168
-0.200
-0.190
-0.321
0.214
0.129
-0.089
-0.033
-0.015
-0.269
-0.084
0.147
-0.079
-0.041
-0.100
0.416
0.268
0.018
0.122
-0.048
0.343
-0.090
0.147
0.176
-1.505
-0.687
-0.387
-0.256
0.107
-0.020
0.513
0.558
0.554
-0.667
0.212
0111

0.233
0.436
0.266
0.248
0.271

0.643

2361
2.655
1.928
2.192
2238
1.848
2512
1.753
1.861
2471
2133
2.930
2.167
2174
1.887
1.287
2.067
1.084
1.420
2.119
1.624
2.165
1.439
1.626
2.491
2.330
2622
2.526
2.495
2.490
2.651
2.602
2.558
2415
2.419
2.463
2.509
2,601
2.286
2.454
2.436
2.349
2.389
2274
2.289
2.331
2214
2.354
2.080
2.209
2178
2117
2477
2.270
2257
2.184
2195
2.240
2.095
2113
2107
2.065
2.157
2.148
2.202
2.186
2233
2.102
2.209
2.089
2077
2.122
2179
2.259
2.034
2.222
2.090
2.269
2.037
2,074
2047
2,001
1.689
1524
1.503
1.468
1.583
1.671
1.715
1.764
2.157
1.779
1.666
1.656
1.606
1.695
1.678
1.623
2.089

0.196
0.090
0.050
0.033
0.014
0.003
0.067
0.073
0.072
0.087
0.028
0.014
0.030
0.057
0.035
0.032
0.035
0.084

0.550
0.453
0.239
0.309
0.236
0.161
0.297
0.144
0.163
0.105
0.079
0.148
0.081
0.082
0.062
0.029
0.074
0.020
0.035
0.078
0.046
0.081
0.036
0.046

0.075
0.053
0.043
0.042
0.040
0.047
0.052
0.055
0.058
0.087
0.059
0.052
0.051
0.048
0.054
0.053
0.049
0.081

0.153
0.128
0.192
0.194
0.230
0.181
0.173
0.222
0.220
0.196
0.143
0.146
0.153
0.166
0.290
0.307
0.207
0.427
0.308
0.273
0.256
0.240
0.380
0.331

0.382
0.398
0.373
0.306
0.279
0.248
0.212
0.203
0.240
0.332
0.255
0.242
0.244
0.259
0.219
0.227
0.270
0.236

0.618
0.602
0.627
0.694
0.721
0.752
0.788
0.797
0.760
0.668
0.745
0.758
0.756
0.741
0.781
0.773
0.730
0.764

L2 100%

1.582
1.595
1.569
1.582
1.545
1.590
1.582
1.593
1,599
1.557
1.604
1597
1.606
1611
1534
1576
1.569
1579
1.587
1.544
1,592
1.581
1.594
1.601
1576
1579
1.507
1597
1.580
1577
1576
1.599
1.593
1.581
1570
1.596
1.581
1573
1577
1575
1574
1578
1576
1572
1.569
1.595
1.597
1592
1578
1.596
1.598
1598
1.563
1.581
1.586
1.590
1.591
1.590
1572
1572
1.566
1571
1575
1577
1.580
1.581
1.568
1578
1574
1578
1.580
1577
1.603
1.595
1.583
1576
1579
1.599
1577
1574
1573
1.506
1.547
1.562
1.569
1576
1.581
1.607
1.610
1.609
1548
1571
1.587
1593
1.604
1.595
1.594
1595
1614
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57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
1858
1864
1863
1865
1865
1860
1859
1861
1861
1862
1863
1861
1855
1851
1870
1862
1866
1869
1863
1863
1868
1863
1867
1866
1870
1868
1867
1868
1856
1866
1867
1870
1869
1870
1871
1868
1868
1870
1870
1868
1871
1870
1866
1867
1868
1870
1869
1868
1861
1867
1871
1868
1871
1863
1872
1871
1869
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57
57

127
128
102
127
128
135
135
108
135
135
128
127
102
128
127

104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104
104

106363
34712
36849
34792
22230
22230
17596
22164
22133
7239
7296
5773
7188
7216
7695
7695
6101
7680
7678
7296
7239
5722
7296
7239
1858
1864
1863
1865
1865
1860
1859
1861
1861
1862
1863
1861
1855
1851
1870
1862
1866
1869
1863
1863
1868
1863
1867
1866
1870
1868
1867
1868
1856
1866
1867
1870
1869
1870
1871
1868
1868
1870
1870
1868
1871
1870
1866
1867
1868
1870
1869
1868
1861
1867
1871
1868
1871
1863
1872
1871
1869
5928
5928
5928
5928
5928
5928
5928
5928
5928
5740
5928
5928
5901
5889
5928
5913
5923
5851
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3

57x52x76
57x612
57 x 648
57x612
57 x 390
57 x 390
57x312
57 x 390
57 x 390
57x127
57x128
57x102
57x127
57x128
57x135
57x135
57x108
57x135
57x135
57x128
57x127
57x102
57x128
57 x127
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52X76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52%76
57x52x76
57x52x76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52X76
57x52x76
57x52X76
57x52X76
57x52x76
57x52x76
57x52x76
57x52X76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57x52X76
57x52X76
57x52X76
57x52x76
57x52x76
57x52X76
57x52x76
57x52x76
57x52x76
57x52X76
57x52x76
57x52x76
57x52x76
57x52X76
57x52X76
57x52x76
57 x 104
57x104
57x104
57x104
57 x 104
57x104
57x104
57 x104
57 x104
57x104
57x104
57 x104
57 x 104
57x104
57x104
57x104
57 x 104
57x104



Run
Around-1
Around-2
Around-3
Across-1
Across-2
Across-3
Across-4
Across-5
Region-1
Region-2
Region-3
Region-4
Region-5
Region-6
Region-7
Region-8
Region-9
Region-10
Region-11
Region-12
Region-13
Region-14
Region-15

Sheet-2
Sheet-3
Sheet-4
Sheet-5
Sheet-6
Sheet-7
Sheet-8
Sheet-9
Sheet-10
Sheet-11
Sheet-12
Sheet-15
Sheet-20
Sheet-25
Sheet-30
Sheet-35
Sheet-39
Sheet-45
Sheet-50
Sheet-55
Sheet-60
Sheet-65
Sheet-70
Sheet-75
Sheet-79
Sheet-85
Sheet-90
Sheet-95

Sheet-100

Sheet-105
Sheet-110
Sheet-115
Sheet-119

Sheet-125

Sheet-130

Sheet-135

Sheet-140

Sheet-145

Sheet-150

Sheet-155

Sheet-159

Sheet-165

Sheet-170

Sheet-175

Sheet-180

Sheet-185

Sheet-189

Sheet-190

Sheet-191

Sheet-192

Sheet-193

Sheet-194

Sheet-195

Sheet-196

Sheet-197

Sheet-198

Sheet-199

Zone-1
Zone-2
Zone-3
Zone-4
Zone-5
Zone-6
Zone-7
Zone-8
Zone-9
Zone-10
Zone-11
Zone-12
Zone-13
Zone-14
Zone-15
Zone-16
Zone-17
Zone-18

-0.005
-0.121
0.137
-0.145
-0.133
-0.184
-0.078
-0.162
-0.014
-0.087
-0.114
-0.118
0.030
-0.076
0.048
-0.049
-0.180
-0.098
0.145
0171

0.249
0.158
0.263
0171

0.296
0.204
-0.036
0.090
0.071

0.020
0.066
0.033
-0.002
-0.005
0.101

0.192
0.115

0.060
-0.011

0.022
0.157
0.293
-0.035
-0.402
-0.026
0.122
-0.267
-0.169
-0.183
0177
-0.042
-0.084
-0.660
-0.118
0.402
0.445
0.123
-0.078
0.235
0.309
0.871

1917
2.184
1.563
1.741
1.660
1.639
1.934
1.641
1.896
2.093
1.992
2311
1.983
2144
1.230
0.999
1.297
1157
1.602
1317
1192
1.632
1.337
1.823
1.875
2.004
1.749
1.864
1.670
1.970
1.877
1.833
1728
1.823
1.859
1919
1.804
1.844
1.781
1.796
1811
1.809
1.725
1.839
1.734
1.873
1.736
1.880
1.785
1.888
1.858
1.930
1.783
1.888
1.854
1.939
1.854
1.924
1.787
1.993
2.057
2.005
1.995
1.927
1.963
2.069
1.924
1.944
1.783
1.963
1.787
1.996
1.871
2.035
2.064
1.683
1.851
1.791
2.003
1.869
1.916
1.814
1.491
1528
1.528
1.410
1.628
1.800
1.695
1.892
1.885
1.506
1.523
1576
1.536
1.563
1.483
1413
1.886

0.085
0.006
0.026
0.057
0.036
0.039
0.038
0.009
0.018
0.140
0.025
0.085
0.094
0.026
0.017
0.050
0.065
0.185

0.525
0.466
0.239
0.296
0.178
0.174
0.242
0.174
0.232
0.106
0.096
0.129
0.095
0.111

0.037
0.024
0.041

0.032
0.062
0.042
0.034
0.065
0.043
0.081

0.069
0.047
0.049
0.049
0.042
0.056
0.068
0.060
0.075
0.074
0.048
0.049
0.052
0.049
0.051
0.046
0.042
0.075

0.165
0.131
0.214
0.218
0.226
0.161
0.214
0.206
0.165
0.160
0.114
0.158
0.145
0.130
0.353
0.333
0.346
0.354
0.210
0.340
0.327
0.331
0.332
0.198

0.323
0.220
0.176
0.173
0.199
0.162
0.152
0.158
0.144
0.339
0.256
0.228
0.220
0.236
0.249
0.277
0.260
0.159

0.646
0.790
0.660
0.673
0.669
0.668
0.802

0.677
0.780
0.824
0.827
0.801
0.838
0.848
0.842
0.856
0.661
0.744
0.772
0.780
0.764
0.751
0.723
0.740
0.841

L3 100%

1.582
1,593
1571
1.582
1572
1575
1.566
1.595
1,599
1.582
1,592
1.583
1.609
1.598
1.562
1.561
1.553
1.585
1.593
1573
1572
1.564
1.591
1.607
1.584
1576
1577
1575
1577
1.581
1.583
1573
1.581
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Appendix 2. Statistical plots for solid ink patches for 5 pressruns.

Additional plots will be made available for all tints upon request.
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L3 100% Inaccuracy Run

L3 100% Distribution Run
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