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Abstract

The need for color accurate digital images for fine art reproduction is a reality
faced by art museums and institutions around the world. It is the goal of most institutions
to replace old, sometimes used and abused, transparency archives with digital image
archives; many institutions have already begun this work. A number of different imaging
systems with varied workflows, some idiosyncratic, are being used for this work. There
is, therefore, an urgent need for the development and sharing of working methods that
will ensure efficient, consistent, and color accurate results. These workflows must use
camera systems to their fullest capability. It seems clear, then, that a complete
understanding of the quality metrics used to assess currently available camera systems is
the necessary first step in the development of newly suggested workflows.

The goal of this research project was to consider all of the steps necessary for
photographers to create color accurate images of fine art for both archiving and
reproduction purposes, and to introduce camera testing as the new starting point for
digital imaging workflows. Introducing camera testing as part of imaging workflows will
assist photographers with their imaging endeavors by enabling them to understand what
quality metrics should be considered when working with digital imaging systems.

This research was restricted to the currently available colorimetric imaging

equipment because most professionals within the industry use these types of imaging



devices. One of the main concerns with most digital cameras is that their “spectral
sensitivities are not linear transformations of an average human visual system’s spectral
sensitivities. This is the underlying reason why color inaccuracies exist in digital images”
(Smoyer, Taplin, Berns, 2005, p. 4). This research has been focused on the most
affective and efficient ways for museum photographers to accommodate for this
inaccuracy.

This research began by considering a group of camera tests previously introduced
to museums and institutions during a research project entitled Direct Digital Image
Capture of Cultural Heritage: Benchmarking American Museum Practices and Defining
Future Needs. The goal of this research was to consider all of the tests that were
introduced, and to narrow the testing criteria down to four or five tests. This was
completed and the key finding suggest that traditional photographic quality metrics
remain the most important parameters to test for, in order to ensure high quality
photographic reproductions. Thus, the key findings of this research recommend that tone
reproduction, spatial frequency response, image noise, and color reproduction accuracy
be tested for as the first step in a fine art reproduction imaging workflow.

Also considered within this research were the influential variables that play a part
in digital imaging workflows within museums and institutions. These have been outlined
and taken into consideration during the selection of the recommended camera tests. It is
the feeling of the researcher that introducing camera testing to photographers will help
them to understand the equipment, technology, and workflow parameters with which they

work, and that this type of quality characterization is needed and very valuable.
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Chapter 1

Introduction and Statement of the Problem

Statement of the Problem

Digital imaging technologies have taken a stronghold within museums and
institutions, replacing some or all traditional photographic procedures. This shift in
technologies has created a need for photographers to adjust to and to re-educate
themselves in order to implement these new technologies. Although digital imaging
technologies offer a wide range of benefits, often the necessary workflows are not fully
understood; therefore, the benefits are not fully realized. A recent survey conducted by
Rochester Institute of Technology (RIT) scholars points out that “more than half of the
respondents report a perceived lack of knowledge about digital, however a majority feels
comfortable with their institutions embracing digital photography” (Berns, Frey, Rosen,
Smoyer, and Taplin, 2005, p. 1).

The results from this survey also point out that the top three reasons for digital
imaging within museums and institutions are “to make collections accessible over the
Internet, to include digital images in a collection management system, and to produce
reproductions” (Berns, Frey, Rosen, Smoyer, & Taplin, 2005, p. 1). This is a major
concern because, if imaging departments within museums and institutions are creating

digital images of their collections mainly for purposes that do not require archival quality,



then time, money, and man-hours are being lost. When an artifact is imaged, it should be
done in order to achieve the best possible representation of the piece. This can allow for
image repurposing for future needs, such as the Internet, databases, and reproduction. But
if the goal when imaging is the Internet, databases, or reproduction, then it is likely that
the quality of the archival image will be compromised in order to fulfill an immediate

goal (Berns, Frey, Rosen, Smoyer, & Taplin, 2005).

Background and Significance

RIT scholars recently conducted a research project funded by the Mellon
Foundation, entitled Direct Digital Image Capture of Cultural Heritage: Benchmarking
American Museum Practices and Defining Future Needs. This research project was
carried out in an effort to document, to evaluate, and to understand the current practices
of imaging departments within museums all over the United States.

One of the main components of this project was a survey which was available
online for a year. Participants from more than 50 museums filled out the 78-question
survey; the results established a clear understanding of the current issues faced by
museum photographers.

The researchers conducting this project also completed an in-depth investigation
into four museums that had adopted a digital workflow early on, allowing them
significant time to establish their workflow. The same two paintings were imaged at each

venue, using their respective workflows.



The results of the four varying workflows and the information gained from the
survey project were presented at a conference at RIT in September of 2004. All who
participated were invited to attend the conference to discuss digital imaging workflows
and the available equipment, as well as to define future needs (Berns, Frey, Rosen,
Smoyer, & Taplin, 2005).

The information gained from both the survey and the varying results of the in-
depth look at four different imaging workflows provides a clear picture of the
idiosyncrasies which have a large effect on the imaging practices at various museums and
institutions. One of the key findings of the research suggests that “it is possible to
develop a single experiential procedure to evaluate color and spatial quality” (Berns,
Frey, Rosen, Smoyer, & Taplin, 2005, p. 2). This implies that if the cameras being used
within museums could be assessed for quality purposes, it would then be possible to
construct a workflow based on a concise knowledge of the cameras’ performance.
Specifically, if a camera is tested for color reproduction capability by analyzing the
spectral sensitivity of the camera's imaging device, this will create a starting point for
anticipated deviation from the standard observer. This is the first discrepancy in the color
reproduction process; when the deviation is known, a workflow can be constructed, or
adjusted to account for the deviation.

Another key finding of the research is “there is not a common workflow among
the tested institutions” (Berns, Frey, Rosen, Smoyer, & Taplin, 2005, p. 2). It would be
beneficial if a suggested workflow was in place to assist photographers with “how to”

information about making the best quality digital images, one that was not so complicated



as requiring numerous and often complex equipment testing. If simple testing could
access the condition of the imaging equipment, a workflow could be constructed and
implemented to provide and to enable greater quality and consistency in the images
created. This would allow for consistent images for archival purposes, for easy sharing of

digital files, and for repurposing of images as needed.

Reasons for Interest

Personal interest in the topic of fine art reproduction stems from the researcher’s
first-hand experience as a photographer working in a museum. Employed at the
Wadsworth Atheneum Museum of Art, Hartford, CT, the researcher experienced the
trials and tribulations of assisting in the creation and initiation of a digital imaging
department. The department was originally funded with the intention of producing fine
art reproductions and catalogues. However, once research had been conducted and the
equipment had been purchased, it was apparent to the photographers that reproduction
was not the sole purpose of the imaging department. The researcher worked with
photographer Allen Phillips; together they began digitally imaging paintings with
archival goals. (A description of the entire workflow can be found in Appendix A.) Each
image created could be repurposed for different applications, such as catalogues,
brochures, advertisements, the Internet, and so on.

The experiences at the Wadsworth Atheneum Museum of Art lead the researcher
to investigate the topic of digital imaging within museums. Having received a BFA in

photography at RIT in 2000, and having knowledge of the type of research that takes



place at RIT, the researcher came across the Direct Digital Image Capture of Cultural
Heritage: Benchmarking American Museum Practices and Defining Future Needs
research project on the RIT website. This project brought together a community of
photographers from museums around the country to address issues concerning digital
imaging practices within museums. The reports from this project provide a significant
amount of information about the current state of digital imaging within museums,
enabling the researcher to continue the investigation with support from the digital
imaging community at RIT.

The researcher would also like to highlight the driving factors of imaging projects
within museums and institutions. Imaging departments often suffer from small budgets,
and have to make do with the imaging equipment they have. “Many systems use
components re-purposed for this specific application. As a consequence, there is a wide
range of quality of these various image archives” (Berns, Frey, Rosen, Smoyer, & Taplin,
2005, p. 1). Not only may imaging departments be restricted by a small budget, but they
may also be required to work quickly, imaging certain items at specific times in specific
locations. In addition, they must often cater to the specific needs of curators or marketing
personnel. All of these factors and many more can influence the quality of the produced
digital images. Thus, the researcher has a desire to assist imaging departments within
museums to make the most out of the equipment they have, to help them assess what
equipment they may actually need, and to illustrate the procedure of creating archival

images which can be repurposed for multiple applications.



Chapter 2

Literature Review

Digital Imaging within the Museum Environment

Photography is used within museums for the purpose of reproducing artwork.
Until recently this type of photography was primarily traditional in process, using a view
camera, 4 x 5 color positive film, and traditional processing. The most common images
created were 4 x 5 color transparencies, which could be used for reproduction, as well as
to provide a reference for reproduction matching. Over time, museum photographers and
printers became very accustomed to this traditional workflow. However, with the advent
of digital photography and the implementation of this technology within the photography
industry as a whole, it is now imperative that museum photography follows suit.

The migration from traditional photography to digital photography within
museums should begin with a well thought-out, long-term plan which focuses on the
creation and maintenance of a digital image archive. A transition to digital imaging
requires new equipment, technically skilled photographers, collections management
personnel, and a database for storing digital images, metadata, and object information.
Funding allocated for the upkeep and maintenance of an archive of digital images is also
essential. Although these requirements seem clear, they are often not the most prevalent

factors considered when deciding on the implementation of a digital imaging innovative



(Kenney, Rieger, 2000). Abby Smith, Director of Programs of the Council on Library and
Information Resources, states “most digital projects are driven at least in part by strategic
institutional considerations that often conflict with the well-ordered and narrowly
confined parameters of an ideal digital conversion project” (Kenney, Rieger, 2000, p. 2).

The digital age and the Internet have changed the way people acquire all types of
information. This change is seen as a driving force behind digitizing collections in order
to provide a secure Internet presence for museums or institutions. “Cultural institutions
are investing in digitization for two reasons: First, they remain convinced of the
continuing value of such resources for learning, teaching, research, scholarship,
documentation, and public accountability. Second, they recognize that changing user
behavior may jeopardize these resources and their stewardship” (Kenney, Rieger, 2000,
p. 1). The trend in digital imaging is being driven by the demand for digitally accessible
information via the Internet. This is beneficial to a museum or institution, as well as to
the user, because by making collections available over the Internet, images of art and
artifacts can be viewed from anywhere in the world. This increased access is one of the
most valuable aspects of digital imaging projects. Digital access decreases physical
access, which can be favorable to an artifact, as well as favorable for the researcher who
will save time and money by not having to travel to the location of the artifact (Kenney,
Rieger, 2000).

Digital image archives are now being viewed as institutional assets, and this trend
has a significant impact on the value of the digitizing initiative. It is apparent that images

created can be repurposed for multiple uses only if high image quality is a priority at the



time of conception. The development and maintenance of an efficient digital imaging
system relies on the decisions made at each stage of the imaging process. These decisions
affect the usage of the images now and in the future. In their book, Moving Theory into
Practice, Kenny and Rieger (2000) present a management wheel for digital imaging

programs. (See Figure 1.)

USERS
AND

COLLECTIONS

Figure 1. Management wheel for digital imaging projects.
[Source: Kenney, Rieger, 2000, p. 6]

This wheel illustrates all of the elements of a digital imaging project. At the center
of the wheel are users and collections. The middle ring represents the institutional
resources made up of the staff, funding and the infrastructure, both technical and

physical. The outermost ring of the management wheel is made up of all the aspects of a



digital imaging program, including preservation, access, systems building, image
processing, metadata creation, quality control, digitization, benchmarking, selection, and
management. It is suggested that the institutional resource elements within the middle
ring of the management wheel “will enhance or constrain digitization programs”
(Kenney, Rieger, 2000, p. 6). However, it is imperative that all aspects of the
management wheel are considered at the time of initiation and are maintained for the
future in order to provide an efficient digital archival system capable of serving users for

years to come (Kenney, Rieger, 2000).

RIT Benchmarking Conference Key Findings

The RIT-based research project, Direct Digital Image Capture of Cultural
Heritage: Benchmarking American Museum Practices and Defining Future Needs,
establishes the current status of digital imaging projects within American museums.
Principle investigators Roy Berns and Franziska Frey, along with researchers Mitchell
Rosen, Erin Smoyer, and Lawrence Taplin, completed (July 2005) two years of work
investigating the topic. The key findings of the project are listed in Table 1

(Berns & Frey, 2005, p.1).



Table 1. The Benchmarking American Museum Project key findings.

Key Findings

Imaging will be mainly digital in the near future.
Museum imaging was output driven (e.g., printed publications and the Internet).
Library and archive imaging was focused on creating semantic-based image archives.

Selection criteria for camera systems were determined primarily by subjective criteria, word of
mouth, and technical support rather than objective measures.

It was possible to develop a single experimental procedure to evaluate the objective quality of a
camera system.

The ideal photographer has 10-15 years experience photographing cultural heritage and in-depth
knowledge in information technology and art history.

Workflows varied widely.

Procedures and workflows are not well documented.

Color management was not used to its fullest capabilities.

Differences in lighting were one of the main factors leading to aesthetic differences in archives.
Aesthetics were often deemed more important than scientific rigor and reproducibility when
imaging.

Most institutions included visual editing in their workflows, adding significantly to the total
time required from setup to archiving a digital master.

There was not a well-defined digital master that would enable cross-media publishing and that
could also be used in scientific imaging.

Digital preservation is still in its infancy.

Each of the key findings listed illustrates the need for guidance and supports the
concerns associated with digital imaging projects within the museum environment. For
example, the key finding that output, either on the Internet or in publication format, is the
driving force behind digital imaging initiatives is a great concern, because if resources are
allocated and utilized for the creation of a digital image, then it is most beneficial if the
image be of archival quality. The other finding related to this is “there was not a well-
defined digital master that would enable cross-media publishing and that could also be
used in scientific imaging” (Berns & Frey, 2005, p.1). Although the research indicates

that the digital master file is not well-defined, the importance of creating this type of file

10



has been a consideration for some time now. Kenney & Rieger (2000) give this example:
“there is a growing support for creating digital masters that are rich enough to be useful
over time and cost effective. This position presumes that conversion standards are set
higher than the immediate requirements” (p. 25). The discussion of the creation of digital
master files leads to considerations about equipment evaluation, characterization, and
workflow guidelines.

The findings from Direct Digital Image Capture of Cultural Heritage:
Benchmarking American Museum Practices and Defining Future Needs indicate that the
transition from analog to digital photography is well underway. “Over half of the survey
respondents took at least 90% of their photographs digitally in 2003...[which] was all
happening despite a perceived lack of knowledge about digital imaging by the
practitioners” (Berns & Frey, 2005, p. 55).

There is also a wide range of imaging workflows among museum photographers,
not many of which have been documented. The findings also suggest that there is little
structure to the evaluation of digital imaging equipment prior to purchase (Berns & Frey,
2005). This suggests that the evaluation of a cameras imaging quality is overlooked when
purchasing decisions are taking place. Although “procedures for testing the quality of
digital cameras have been established in the recent past” (Smoyer, Taplin, & Berns, 2005,
p. 1), they have yet to be implemented into the mainstream museum environment. This is
because the tests “are not yet suitable and comprehensive enough to be used in a museum
setting and have not been developed specifically for the direct digital capture of artwork”

(Smoyer, Taplin, Berns, 2005, p. 1). However, now that professionals are becoming more

11



aware of the possibility of camera testing, perhaps individual camera image quality will
now be considered when purchasing decisions are being made.

The key findings from the Direct Digital Image Capture of Cultural Heritage:
Benchmarking American Museum Practices and Defining Future Needs project also
indicate that most of museums surveyed have not fulfilled benchmarking procedures to
the fullest capacity.

What exactly does benchmarking mean? Kenney & Rieger (2000) state that
“benchmarking is primarily a management tool, designed to lead to informed decision
making about a range of choices and an understanding of the consequences of such
decisions” (p.24). Considering the findings of Direct Digital Image Capture of Cultural
Heritage: Benchmarking American Museum Practices and Defining Future Needs, it is
clear that the implementation of benchmarking procedures does not always happen at the
beginning of the transition from analog to digital photography; however, it would be
beneficial if it did.

Benchmarking procedures can assist a management team in defining the terms of
its project. According to Anne R. Kenney in Moving Theory into Practice, the éategories
to consider when benchmarking are: requirements definition, measurement, tolerance
values and verification. Requirements definition consists of assessing “source documents
and identifying the variables associated with quality, cost, and/or performance” (Kenney
& Rieger, 2000, p. 24). The measurements category consists of gathering and
documenting data, objectively characterizing material, and determining the variable

interrelationships. “Measurements include document attributes such as detail size and
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tonal range, scanning requirements (resolution, bit-depth), and the corresponding imaging
metrics (MTF and signal-to-noise ratio)” (Kenney& Rieger, 2000, p. 24). The tolerance
values category recommends to “determine how much variance” will be tolerated
throughout the workflow, as well as for different quality requirements for different image
usages (Kenney & Rieger, 2000, p. 24). The verification category of benchmarking
requires approval and modification to the benchmarked procedures through testing and
procedure evaluation (Kenney & Rieger, 2000).

Benchmarking procedures can “reduce both experimentation and the temptation
to overstate or understate requirements” (Kenney & Rieger, 2000, p. 24). The
development of benchmarked procedures, such as camera testing and workflow
documentation for a digital imaging project, allows for a consistent and controlled

workflow that may be adjusted to ensure high image quality.

RIT Benchmarking Conference Defining Current Needs

The outcome of the Direct Digital Image Capture of Cultural Heritage:
Benchmarking American Museum Practices and Defining Future Needs project is an
assessment of the current practices of digital imaging within museums and suggestions

for the future. The suggestions for future research and development are listed in Table 2

(Berns & Frey, 2005, p.2).
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Table 2. The Benchmarking American Museum Project suggested future research.

Suggested Future Research

Establish a user group devoted to imaging, archiving, and reproducing cultural heritage.

Hold periodic informal conferences for information gathering and sharing.

Develop a practical characterization test method.

Incorporate characterization data into a metadata structure.

Develop and test a system calibration protocol.

Define quality criteria based on objective and subjective metrics.

Establish a testing service.

Establish an informal imaging inter-comparison.

Research and develop new imaging systems.

The need for camera testing procedures is a recurrent theme among the findings.
To “develop a practical characterization test method...and to establish a testing service”
are listed as areas for suggested future research (Berns & Frey, 2005, p.2). Part of this
project was an in-depth look at four different imaging workflows, along with objective
characterization of the four camera systems. The tests used to characterize the cameras
for each workflow were complex. The goal is to be able to “consolidate the
characterization procedure by reducing the number of targets that must be imaged”

(Berns & Frey, 2005, p. 59). Target consolidation is needed because some of the targets

used proved redundant, and often the targets were created for cameras of lesser quality.
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The targets are not specific to digital imaging within museums, and they are not
optimized for this type of characterization. Therefore, it is proposed that testing
procedures and targets be created specifically for digital imaging workflows within
museums.

A concern also regarding the current camera testing procedures is the complexity
of the data processing. It is desirable to create “an application to guide a novice user
through the testing procedure...[including] instructions for capture of the test images and
automatic processing of the images data...[as well as a] metric report” (Berns & Frey,
2005, p. 59). The establishment of a testing service that could provide a metrics report is
also desirable because it could serve as “an important tool for industry to gauge their
measurement quality compared with each other and with standard instrumentation”
(Berns & Frey, 2005, p. 61). A testing service could also serve as a catalyst for improving
imaging technology by allowing photographers to communicate their needs.

Also listed for future research is the development and testing of “a system
calibration protocol,” as well as the incorporation of “characterization data into a
metadata structure,” both of which are examples of benchmarking procedures (Berns &
Frey, 2005, p.2). The development of a system calibration protocol will require a set of
standard conditions for each component of an imaging system. These components include
“lighting, camera setup (exposure time, dynamic range, depth of field, magnification,
etc.), color management, file format and encoding, metadata, and workflow” (Berns &

Frey, 2005, p.60).
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Once a system calibration protocol has been established, the respective imaging
system can be adjusted to the protocol, resulting in an image archive that conforms to the
standard conditions. A system calibration protocol would allow standardization of
imaging procedures, allowing for multiple image archives created under the same
imaging conditions, regardless of where the imaging took place. This would reduce
image appearance discrepancies and allow for easy sharing of archives.

However, whether or not an imaging system has been calibrated to a set standard,
the imaging procedures within a given system are important to document. The imaging
procedure is referred to as the system’s characterization. The characterization of any
imaging system is like the system’s fingerprint. “Characterization data can be also be
used to determine a system’s repeatability and reproducibility” (Berns & Frey, 2005, p.
60). If characterization data is stored with an image’s metadata, it is then possible to
know under what conditions the image was created. “Including the characterization data
in an image’s metadata structure ensures that an image will not be separated from the
imaging system characteristics” (Berns & Frey, 2005, p. 60), thus allowing for the
repeatability and reproducibility of a specific image with the specific imaging system
characteristics.

The Direct Digital Image Capture of Cultural Heritage: Benchmarking American
Museum Practices and Defining Future Needs research project has established a clear
assessment of the current status and the current needs of the digital imaging environment
within in museums in the United States. It has provided an excellent foundation for the

continuation of the investigation and has established a community of interested parties
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eager to communicate the needs of photographers within this industry. This research
serves as a catalyst for change, encouraging the progression of imaging technologies,

imaging procedures, and community commitment.

Color Reproduction
Introduction

The discussion of digital imaging requires a review of color management theory.
In order to utilize color management theory to the fullest, it is helpful to understand color
reproduction, how it developed, and what it is based on. It is first helpful to realize that
“color is a property of light” (Fraser, Murphy, & Bunting, 2005, p. 5). Without light,
there is no visible color. The next consideration is that, in order to experience the event of
seeing color, there must be an observer, a light source, and an object or scene. “The color
event is a sensation evoked in the observer by the wavelengths of light produced by the
light source and modified by the object; if any of these three things changes, the color

event is different...we see a different color” (Fraser, Murphy, & Bunting, 2005, p. 5).

The Visual Spectrum

Light is one on the main components to the visual color experience. Without light,
there is no color to be seen. “But all light isn’t created equal: the characteristics of the
light have a profound effect on our experience of color” (Fraser, Murphy, & Bunting,
2005, p. 6). Light energy is classified as photons. A photon is “a fundamental packet of

electromagnetic energy traveling through space. In some ways, photons behave like
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particles, and in other ways photons behave like waves” (Fraser, Murphy, & Bunting,
2005, p. 548). Each photon exists with a specific energy level, which does not affect the
speed at which it travels (since the speed of light is constant); rather, the energy level
determines how fast the photon pulsates. The higher the energy level the photon has, the
shorter the wavelength at which the photon pulsates. “The spectrum refers to the full
range of energy levels (wavelengths) that photons have as they travel through space and
time” (Fraser, Murphy, & Bunting, 2005, p. 7). The visual spectrum refers to the part of
the spectrum to which the human eye is sensitive. The visual spectrum ranges from
approximately 380 to 700 nanometers (nm) (Fraser, Murphy, & Bunting, 2005). Figure 2

illustrates the visual spectrum.

The spectrum
short wavelengths (high energy) long wavelengths (low energy)

1 nm 1000 nm | mm I'm | km
10" meters 10" 10 10 10 10

visible light

ultraviolet (UV)

400 nm 500 nm 600 nm 700 nm

Figure 2. The visual spectrum.
[Source: Fraser, Murphy, & Bunting, 2005, p. 7]

The human eye has varying responses to the different wavelengths within the

visual spectrum. For example, the long wavelengths (700 nm) evoke warm colors (such
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as red and orange), and the short wavelengths (400 nm) evoke cool colors (such as blue
and violet.) The visual spectrum ranges from red to orange to yellow to green to blue, and
finally, to violet. There are also wavelengths just outside the visual spectrum which can
indirectly affect human vision. For example, when fluorescent agents are present in
objects such as paper or laundry detergent (in clothing once washed), these agents will
absorb non-visible photons in the ultra violet (UV) region of the electrometric spectrum
and emit visible photons, causing the phenomenon referred to as fluorescence, creating a
brighter appearance. Infrared (IR) photons are also concerns for digital imaging devices.
Most digital imaging devices are highly sensitive to infrared and, therefore, must contain
an infrared filter to absorb non-visible IR photons prior to them entering the imaging
device (Fraser, Murphy, & Bunting, 2005). Understanding the visual spectrum of light is
an important aspect of understanding color management, as well as understanding the

human visual system.

The Human Visual System

Color management in the digital age stems from color science and from color
appearance models. An understanding of the human eye and how color is received and
interpreted by the brain is essential to understanding all aspects of color reproduction.
“The sensation of color is caused by electromagnetic radiation of various frequencies
being received by the cones in the retina” (Rajala, 1995, p. 1). The retina, located in the
back of the human eye, is made up of a thin layer of photoreceptor cells referred to as

rods and cones. The rods and cones of the retina “serve to transduce the information
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present in the optical image into chemical and electrical signals that can be transmitted to
the later stages of the visual system” (Fairchild, 2005, p. 4). Next, the signals are
“processed by a network of cells and transmitted to the brain through the optical nerve”
(Fairchild, 2005, p. 4). This is how the human eye and brain work together to create the
experience of seeing.

The photoreceptor cells in the retina, the rods and cones, serve different visual
functions. The rods allow for vision at low luminance levels, and the cones allow for
vision at high luminance levels. Rods and cones can function separately or together,
depending on the luminance conditions. The visual color experience is dependent on the
cones within the retina.

There are three types of cones and only one type of rod, making the rods unable to
aid the color vision experience. The three types of cones within the retina allowing for
color vision are known as L, M, and S cones. These names are used to describe the
sensitivity function of the cones, respectively, long-wavelength, middle-wavelength, and
short-wavelength (sometimes referred to as RGB, red, green and blue). It is important to
note the relative distribution of the L, M, and S cones throughout the retina. “The relative
population of the L:M:S cones are approximately 12:6:1 (with reasonable estimates as
high as 40:20:1)” (Fairchild, 2005, p. 10). This cone distribution requires extra
consideration when addressing issues of visual response. That being stated, it is these L,

M, and S cones within the human retina that allow for human color vision, and they also

form the basis for trichromatic color reproduction.
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Trichromatic Color Reproduction

“The retina contains three types of cones which filter the incoming
electromagnetic radiation forming the basis for the three color primary systems used in
television, printing and photography. That is, any color can be reproduced by combining
different amounts of red, green and blue primaries” (Rajala, 1995, p. 1) Although any
color can be visually created by combining varying amounts of the primary colors,
reproducing any color is technically not so simple.

The investigation of trichromatic color began in the 1700s. In 1722, Jakob
Christoffel LeBlon is credited with printing using a three-color technique. In 1807,
“Thomas Young was instrumental in gaining general acceptance for the view that it
is the retina of the human eye that is responsible for this triple feature of color” (Hunt,
2004, p. 9).

In 1861, James Clark Maxwell created the first color photograph using a
trichromatic technique. It is Maxwell’s work which has had a lasting effect on the
trichromatic color process. Maxwell created a color photograph by capturing the same
scene through a red, green, and blue filter, and from the negatives he created three
positive slides. He placed each of the three positive slides into separate projectors, with
respective red, green, and blue filters with which the image was projected through, and at
last, a full color reproduction of the photograph was created. “The principle of his
(Maxwell’s) method, reproduction of all colors by mixtures, in varying amounts, of

beams of red, green, and blue light, is retained almost universally; and with modern
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resources the method itself (triple projection) can produce results of very high quality”

Hunt 2004, p. 9).

Trichromatic Limitations

Although trichromatic color reproduction is successful at reproducing most
colors, it has some limitations which prevent it from being able to colorimetrically
reproduce all colors. The spectral response curves of the L, M, and S cones within the
human retina must be determined first in order to address color reproduction (Hunt,
2004). Both methods of direct measurement and indirect measurement of “the light
reflected back through the pupil of the eye, have given similar results” (Hunt 2004, p.11),

as can be seen in Figure 3.
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Figure 3. (a) The probable sensitivity curves for the three
types of cones, with the three best R, G, and B, lights for
additive color reproduction. (b) Typical spectral sensitivity
curves found from bleaching experiments with the human
retina. [Source: Hunt 2004, p. 12]

It is clear from figure 3 that the sensitivity curves of the three cone types within
the retina overlap considerably; there is also a debate about the location of the curve
peaks. Some suggest the curves L, M, and S peak at 440 nm, 530 nm, and 565 nm,
respectively, while others indicate the peaks are at 440, 545, and 580 nm. The
overlapping of the sensitivity curves of the three cone types within the retina causes the
most concern. The usefulness of the sensitivity curves of the three cone types is the

ability to transmit luminance information at the same wavelength (using suitable filters to

do so) in order to create a trichromatic reproduction. However, because there is no area of
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the spectrum with which the M cones are solely sensitive to, “no filter can be found to
transmit light that stimulates the” M cones only Hunt 2004, p. 13). To account for this,
one must select “a filter that transmits a narrow band of light in the green part of the
spectrum at a wavelength of about 510 nm as shown as the G in...[Figure 3]...while the
bands of light passed by the red and blue filters are those marked R and B” (Hunt, 2004,
p- 13).

Hunt (2004) further states,

...[1t] is thus clear that the inability of any beams of red, green, and

blue light to stimulate the retinal cones separately introduces a basic

complication into the whole of trichromatic color reproduction. If the

p and b (L and S) curves did not overlap in the blue-green part of the

spectrum, then green light could be found that stimulated the y-cones

(M cones) on their own; but, since the p and b (L and S) curves do overlap

appreciably, the y-cones (M cones) cannot be simulated on their own.

For color vision, this overlapping provides the basis for good detection

of changes in hue throughout the spectrum. But, for color reproduction,

it means that simple trichromatic methods cannot achieve correct color

reproduction for all colors. The difficulty cannot be avoided, because it

stems from the basic nature of human color vision; the result is unwanted

stimulations in reproduction systems (p. 13).
The CIE Standard Observer

The International Commission on Illumination (CIE) is a well-established,
internationally recognized organization dedicated to the study and progression of color
management systems. To continue the discussion of trichromatic color reproduction
limitations, consider the CIE 2° standard observer. Due to the varying color vision
between individuals, “the CIE has come up with the concept of the standard observer”

(Sharma, 2004a, p. 83). “The CIE has specified three primary colors and conducted

experiments to work out how much of each of the primaries are needed to match colors in
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the spectrum” (Sharma, 2004a, p. 83). The results of these studies were published in
1931, and they are referred to as the Color Matching Functions (Sharma, 2004a). Figure 4

is a representation of the standard observer color matching function curves.
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Figure 4. Color matching functions of the CIE 2° standard observer.
[Source: Sharma, 2004a, p. 84]

The CIE’s 1931 2° standard observer color matching function provides the
spectral reflectance curves, as well as a mathematical representation of the average
human’s color vision at a 2° viewing angle. The 2° angle describes the viewing angle at
the eye when the viewer is looking at an object 18 inches, or at a normal viewing distance
(Sharma, 2004a). “This observer receives tristimulus values CIE XYZ from a spectral
stimulus @, according to where x(A), y(A), and z(A) denote the standard spectral matching
functions and k is determined from the normalization of Y = 1 for the spectral stimulus of
the illuminant” (Hill, 2002, p. 1). However, due to the phenomena known as metamerism,

“different spectral stimuli ¢, may result in the same XYZ values,” causing colors to
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appear the same under one illuminant and different under another (Hill, 2002, p.1). This
can be both beneficial and problematic -- beneficial because it allows for color matching
across a wide range of media, but problematic because “each image capturing device
exhibits its own device metamerism. Color stimuli being metameric to the standard
observer are no longer metameric for the image capturing device, and there are device
metameric colors looking different to an observer” (Hill, 2002, p. 2). Metamerism
considered, it is the goal of imaging devices to mimic the standard observer’s
trichromatic color vision using three channels to mimic the spectral response of the
human eye. However, because the L and S cone responses overlap considerably, Hill
(2002) states that cameras

...would run into severe problems of electronic noise when separating
technical color signals like SRGB to control output devices...This is
because noise components always add up even if tristimulus values are
subtracted. But correct color analysis can also be realized by three
technical sensors with spectral responsivities derived from any linear
transform of the color matching functions. This allows optimized
separation of spectral responsivities of camera channels and scanners

with respect to best electronic signal-to-noise ratio. However, again a
draw back comes in due to the fact that responsivities optimized in this
way exhibit negative parts like all color matching functions corresponding
to realizable primary colors do. Since a high signal-to-noise ratio is the
more important feature in image capturing, all present cameras and
scanners use an approximation to the positive parts of these curves only.
As a result, there occur inevitable errors of color analysis in all our present
systems (p. 2). [See Figure 5.]
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Figure 5. Example of negative color matching functions, aiding to color
reproduction inaccuracies. [Source: Hill, 2002, p.5]

The Color Reproduction Inaccuracy Reality

For accurate color reproduction using a digital camera, it is ideal if the digital
camera’s spectral sensitivities match the spectral sensitivities of the human visual system.
“Strictly, a camera’s spectral sensitivities should be a linear transformation of the human
visual system’s spectral sensitivities. That is, through a linear transformation, the L, M,
and S sensitivities are well-estimated. Thus, CIE color-matching functions, which do not
resemble L, M, and S sensitivities, meet this criterion” (Berns, 2001, p. 2).

However, most digital cameras do not meet this criterion, and this is the main
cause of color inaccuracies within digital images. For example, Figure 6 shows the
difference between human spectral sensitivities and a typical scanback camera, the type
most often used when photographing artwork. The solid lines are the camera’s spectral

sensitivities and the dashed lines are human spectral sensitivities. Another example can
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be seen in Figure 7; here the spectral sensitivities of a CCD imaging device are illustrated

in solid lines, and the dashed lines illustrate human spectral sensitivities.
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Figure 6: Spectral sensitivities
of a typical scanback camera.
[Source: Berns, 2001, p. 4]
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Figure 7: Spectral sensitivities
of a typical CCD camera.
[Source: Berns, 2001, p. 7]

It is clear from these curves that there is a large difference in the sensitivities

of humans and imaging devices, thus causing a large problem when color accuracy is

the goal. It is important to realize that color accuracy is only one of the criteria

considered when designing a digital camera. “Low-light sensitivity, image noise,

resolution, read-out speed, manufacturing costs, and so on all must be considered. Many

of these design criteria are mutually exclusive; the final design is always a compromise”

(Berns, 2001, p. 3).
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Color Management
Device-Dependent Color

Digital cameras, scanners, and monitors operate in the RGB (red, green, and blue)
color space. Printing devices use CMYK (cyan, magenta, yellow, and black) ink to
produce prints. The range of colors capable of being produced by each device is referred
to as the device gamut. All devices behave differently, whether in the way they acquire
color information, represent color information, or reproduce color information (Sharma,
Color, 2004). For example, if the same digital image file is printed out with identical
RGB values using two different printers, the prints may look different, or when the same
image is scanned using two different scanners, the RGB pixel values may be different.
“The conclusion to draw from this is that CMYK (and RGB) are basically instructions for
a device and do not in themselves tell us what color a pixel will be” (Sharma, 2004a,
p. 14). Therefore, each device is dependent on its own gamut and calibration. These

differences create the need for color management.

Device-Independent Color

Color management systems are necessary to reproduce accurate color in an all-
digital workflow. The questions are how to color manage and by what standards?
The CIE has established an internationally recognized standard used for device-
independent color identification. “CIE systems form the basis for color management. The
LAB system is used in profile generation and is also used in Photoshop. The Yxy system

is often used to analyze and compare the color gamut of different devices” (Sharma,
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2004a, p.15). CIELAB, officially known as CIE 1976 L*, a*, b*, is the system of
numeric color identification that corresponds to a color based on its position in a 3D color
space. Figure 8 illustrates the LAB color space. “The coordinate L* stands for lightness,
a* represents the position of the color on a red-green axis, and b* represents the position
of the color on a yellow-blue axis” (Sharma, 2004a, p. 15). The Yxy color system uses a
2-dimensional graph called the chromaticity diagram to plot the x and y coordinates of a
color. CIE color specification systems are reliable measurement systems that incorporate
the use of measuring instruments to colorimetrically evaluate color. The CIELAB
colorspace is used to create ICC profiles and is also used to calculate Delta E, which is a
quantitative way of measuring the difference between colors of a printed reproduction

(Sharma, 2003).

Figure 8. The LAB color space represents lightness, hue, and saturation.
[Source: Sharma, 2004a, p.79]
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Color Profiles

Digital devices such as cameras, scanners, monitors, and printers produce color
that is device-dependent. This means that the same color may look different, depending
on which device reproduces it. The fact that different devices reproduce the same color
differently creates a big problem when performing color management. This is the primary
reason why color profiles are necessary. Profiles are used to transform device-dependent
hardware into device independent color spaces. “Colorspace definitions” (King, n.d., p.
2) are profiles used to transform device-dependent hardware into device-independent
color spaces.

The International Color Consortium (ICC) “was established in 1993 for the
purpose of creating and promoting the standardization of an open, vendor-neutral, cross-
platform system for managing color” (Romano & Riordan, 2003, p. 221). The ICC is an
independent organization which was founded by these companies: “Adobe, Agfa, Kodak,
Taligent, Microsoft, Sun, and Silicon Graphics...[today] the ICC is open to all companies
who work in fields related to color management” (Sharma, 2004a, p. 22). The ICC
standardized “colorspace definitions” naming them “profiles” (King, n.d., p 2). ICC color
profiles are created using the device-independent CIELAB color space (Sharma, 2003).

Profiles are communication tools allowing for the correct interpretation of color
image data, regardless of the type of hardware or software being used. Profiles are
created using a combination of software and hardware, such as spectrophotometers and
colorimeters, which are used to measure the colors of monitors, or printed targets. The

measurements are related back to a known color target, and the measured differences are
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accounted for. An ICC profile is created to adjust for the difference between the known
target and the device capabilities. Products such as GretagMacbeth’s Eye-One profile
solution system and X-Rite’s Color Master Software can be used to create ICC profiles

(Bury, 2004).

Profile Connection Space

ICC color management provides a standard reference space, known as the profile
connection space, which is used to transmit profile information (King, n.d.). An all-
digital workflow can spread over a wide variety of monitors and printing technologies in
different locations. These devices require a reference point so that they can all represent
accurate color without having to be connected to one another, as in a closed loop system.
The difference between a closed loop and an open loop color management system is the
ability for an open loop system to communicate accurate color information to any device
operating through the profile connection space. In an open loop workflow, each device is
independent, and consistent color using ICC profiles requires communication with the
profile connection space. Sharma (2004a) further states that

...[every] device must have a profile. Thus, we need a scanner profile

for a scanner, a monitor profile for a monitor, and a printer profile for a

printer. A golden rule of color management is ‘image + profile’...In a

typical workflow, images from a scanner may be ‘brought into’ the profile

connection space using the scanner profile. To print the image it would

be ‘sent out’ from the connection space to a printer using a printer profile.

Thus, color management operations require a source and a destination

profile-we need to know where the image is coming from and where it is
going. Another golden rule in color management is ‘profile-PCS-profile’

(p. 12).
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Proofing systems have benefited from color-management systems based on ICC
profiling capabilities. For example, “these technologies have allowed inkjet simulations
of final press results” (Felici, 2004, p. 7). Figure 9 illustrates how an open loop workflow

uses the profile connection space.
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Figure 9. Profile Connection Space as part of an open loop workflow.
[Source: Sharma, 2004a, p. 157]

Photographic Considerations

Film vs. Digital

Imaging technologies have undergone a transformation in recent decades.

The biggest change has been the introduction and widespread use of digital imaging

33



equipment, leading to color management issues, as well as to the need to understand the
new challenges presented by this new technology.

Digital image capture varies greatly from film capture. Fraser and Raw (2004)
state offer this explanation:

Film mimics the eye’s response to light, which is highly non-linear...

Perhaps the biggest difference between shooting film and shooting digital

is the way the two different media respond to light. Film responds to light

the same way our eyes do, but silicon does not (p.1).

For example, film can suffer reciprocity failure, which “means that the response
(density) of a photographic material cannot be predicted solely from the total exposure a
film has received (except over a small range of exposure times)” (Stroebel, 1990, p. 121).
In other words, during long shutter times, the build-up of exposure begins to block the
light illuminating on the film as time passes; this slows down the response time of the
film. Thus, a longer than anticipated exposure is required to completely expose the
image.

Film not only has a nonlinear response to light, it also comes with an embedded,
predetermined tonal curve response. Each different film type has a unique curve,
applicable for a desired result. Different films have different qualities for varying
reproduction objectives. These differences cause the film to respond differently to the
illuminant in terms of both tonal and color response. Film is made to give a pleasing
result in response to an average scene. Different types of film may be used when

photographing different scenes in order to enhance a specific reproduction objective.

There is opportunity to bend and to manipulate film’s response (curve) by using filters
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during image capture and also through exposure and developing variations (Kodak,
2005).

Digital imaging technology differs from film technology mostly in the digital
imaging sensors response to an illuminate. The term “raw” in reference to file type is
used in conjunction with digital imaging technologies. A raw digital file is a direct record
of the luminance data collected by the digital imaging sensors. Raw files are made of
unprocessed linear data that are captured by the imaging sensors, which count the
photons reaching the sensor.

Where film has a predetermined embedded tonal curve, raw camera data does not.
Typical digital imaging sensors that acquire data in this form are referred to as “mosaic
sensors” or “color filter array” cameras. Color filter array cameras have a two-
dimensional array that is made up of rows and columns of photosensitive detectors. These
detectors are usually made up of CCD (charge-coupled device) or CMOS
(complementary metal oxide semiconductor) technology. These are the sensors that count
the photons and thus “produce a charge that’s directly proportional to the amount of light
that strikes them” (Fraser, 2004b, p.1).

The initial data captured by the sensors is in grayscale. Hence, the color filter
array is also responsible for creating color images using the grayscale data. This is
possible because each element in the color filter array is filtered so that it is only
responsive to red, green, or blue light. The color receptive elements are patterned,
commonly in a Bayer pattern, so that each sensory captures the respective light for a

given photo sensor which corresponds to an image pixel. Through the use of a “decoder
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ring,” which is stored in the metadata of the file, the grayscale information for each pixel
is converted to color information when the file enters the raw converter. Because the
photo sensors are spaced in a pattern, the raw converter also relies on the metadata to
interpolate the “missing” color information for the respective color by looking to a

pixel’s nearest neighbor. This process is referred to as demosaicing (Fraser, 2004b).

The Raw Digital Image

When a raw digital file enters into a raw converter and goes through the
demosaicing process, it is then ready to be “developed.” Developing a raw image file
allows for the following image aspects to be selected: white balance, colorimetric
interpretation, gamma correction, and noise reduction.

White balance can be set on camera; however, this is simply acquired as
information which is added to the file’s metadata. When a raw file enters into the raw
converter, the converter will either use the white balancing information from the
metadata or the converter will determine the white balance itself by analyzing the image.
However, white balance can also be selected or adjusted by the operator.

Colorimetric interpretation of a raw file requires the raw converter to assign
“specific color meanings to the red, green, and blue pixels, usually in a colorimetrically
defined color space such as CIE XYZ” (Fraser, 2004b, p.3).

Gamma correction is the most important aspect of the raw converter, because we
rely on this step to be able to “see” a normal looking image. Because digital imaging

sensors capture linear data, or linear gamma which is equal to gamma 1.0, a tonal curve
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must be applied to it in order to account for the difference in tonal response between raw
data and both film and the human eye. “The raw converter applies gamma correction to
redistribute the tonal information so that it corresponds more closely to the way our eyes
see light and shade” (Fraser, 2004b, p.3). The gamma / tone curve determines the light-
to-dark relationship within the visible image, and it can also be adjusted by the operator
in an effort to enhance the desired results created through the raw conversion response.
The noise reduction, antialiasing, and sharpening steps help to ensure the image
detail that may be compromised through the demosaicing process. Digital raw converters
are relatively new to the imaging industry; prior to their introduction, raw conversion
most often took place within the camera, before the digital file was downloaded to a
computer. The important aspect of off-camera digital raw converters is that they allow for
operator input. This is a significant difference between on- and off-camera raw
converters. When shooting digital images in either JPEG or TIFF format, conversion
from raw linear data to an adjusted visible image takes place within the camera, thus
restricting operator input (Fraser, 2004b). However, some digital camera systems (such as
the BetterLight) allow for operator control over the raw data in order to attain the desired
results prior to the final image scan. Thus, once an image is acquired through the
BetterLight camera and software system, it has already been subjected to operator input

and has been “developed” (BetterLight, 2001).
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Operator Control

In order for photographers to accurately replicate a scene (as closely as possible),
it is beneficial for them to have access to the linear data; in this way, they can control the
adjustments made to the image during the raw conversion process. It is possible to make
adjustments to a digital image, using image-editing programs such as Photoshop, and this
is a common practice. However, it should be clear that post-production image
adjustments are not required in order to attain a specific result, if the photographer has
access to pre-processed linear data.

The adjustment of tone curves has the greatest effect on an appearance of an
image. These curves are either embedded within film, embedded within a camera’s raw
converter, or are more accessible through a digital raw converters that an operator has
access to. “Tonal adjustments affect the digital translation tables which convert the
CCD’s ‘raw’ luminance data (expressed as EV) into ‘finished’ brightness data (expressed-
as RBG units)” (BetterLight, 2001, p. 49). Most often, tonal adjustments are used to
change the overall contrast of an image, or to adjust the mid-tone, highlight, or shadow
values independently of one another. It is important to be aware of the changes that
happen to the appearance of color when changes to the tone curve are made, for example:

...when contrast is reduced with a tone curve change, the difference

(in data values) between the bright areas and dark areas of an image is

reduced, as expected, but this also reduces the difference (in data values)

between the dominant colors and secondary colors in every colored (non-

neutral) object in the image. Color saturation, which is the difference in
brightness between the dominant colors and secondary colors, is therefore

also reduced, since the dominant colors are ‘bright,” and the secondary
colors are ‘dark,’ and this difference is reduced along with the overall

image contrast (BetterLight, 2001, p. 49-50).
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Since tonal curve adjustments can have such a significant impact on the color
fidelity of a scene, it is only reasonable to expect that scene reproduction methods allow
for operator control over the curves applied to the image. Film offers operator
manipulation, but not control; however, digital imaging offers both control and
manipulation. Therefore, it is expected that an operator would benefit from the digital

raw converters available for use today.

The Digital Scanback Camera
The Scanback Camera

The scanback camera is, in principle, similar to flatbed scanners; except that
cameras have an optical, on-camera lens system. Digital scanbacks can be used with
traditional 4 x 5 cameras; instead of a film holder, the digital back can be placed into the
camera, and the photograph is captured with relatively the same procedure as is used in
traditional photography. Scanback cameras are well-liked because they can be used to
create high quality, high-resolution images. Scanback cameras are referred to as line-by-
line scanning devices because the light sensitive CCD array moves along the imaging
plane, imaging one line at a time.

“In the linear three-line sensor (trilinear sensor), the three color channels

are alongside one another so that the color information for each sensor

position is captured simultaneously. Due to the sequential image scanning,

line scanning cameras require constant lighting conditions” (Kipphan,
2001, p. 521).
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Line scanning cameras also tend to be used for still life imaging. Since the CCD
array is constantly moving, it would be close to impossible to capture a moving subject.

Figure 10 is an illustration of a typical scanback camera color-imaging sensor.

IR filter glass

Trilinear
CCD unit

"""’v«,
Spindle

CCD element

Stepper motor
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Figure 10. Trilinear color imaging sensor.
[Source: Kipphan, 2001, p. 522]

Scanback Cameras: A Brief History

Scanback cameras have been widely used in the photography industry since the
late 1990’s. The primary function of these cameras is based on studio photography, and
these cameras are now widely used for fine art reproduction, archival imaging projects,
and product advertisement. In October of 1999, Shutterbug magazine published an article
describing the BetterLight 6000 scanback camera. Author, Jay Abend, describes his first
encounter with this camera and endorses the scanback camera for studio photography.
Abend discusses the price drop of the scanback cameras, which created greater

accessibility for a wider range of photographers. The cost has an impact on the transition
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from analog to digital photography. Once the cost of traditional photographic materials
for a year outweighed the cost of the scanback, there was no turning back. Abend makes
mention to both the BetterLight and Phase One scanback cameras, both of which had
dropped significantly in price since they first appeared on the market. The late 1990’s
was a time of transition from traditional 4 x 5 film to digital scanback cameras. Scanback
cameras were becoming more accessible and switching to digital photography was

becoming beneficial. (Abend, 1999).

Scanback Technology

All “digital cameras consist of three major components: input optics, sensor, and
signal processing” (Berns, 2001, p. 3). The input optics is the same for both digital and
traditional cameras. Scanback cameras can be thought of as digital film holders, instead
of film a light or photosensitive material is used to record an image. Digital cameras often
use a charged-couple device (CCD) sensor to capture and then convert the recorded light
energy into an electrical signal. This electrical signal is then converted to a digital signal
through signal process (Berns, 2001). The digital signal can then be computed and as a
result turned into a digital image file that can be viewed on a computer monitor.

Scanback cameras use CCD imaging sensor technology. These sensors are one-
dimensional and are made up of a single row of sensors. “In one-dimensional systems,
the row of sensors is scanned across the image plane. For color, the one-dimensional
detector array is trebled, each having either a red, green, or blue (RGB) filter in front of

the detector, often referred to as tri-linear arrays” (Berns, 2001, p. 3). Another option for
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color reproduction in scanback cameras using linear array technology is achieved by the
use of a color filter wheel that is placed in-between the camera optics and the CCD. The
linear array used in these systems is monochrome, and it only captures luminance
information in grayscale. The linear array will scan across the image area (as many times
as there are filters on the color filter wheel) and then compile this information and

transposes it to color information through signal processing (Berns, 2001).

How the Image is Created

In order to further understand the image capture components of digital scanback
cameras, it is important to understand how the image is built. Ultra-High Resolution
14,400 Pixel Trilinear Color Imaging Sensor, an Eastman Kodak Company white paper
(available at the time of this writing at Kodak’s website) offers an inside look at how
trilinear CCD sensors capture and distribute image information. Kodak refers to their
imaging sensor technology as Kodak Digital Science™. Each trilinear image sensor is
made up of three identical sensor arrays containing photodiode pixels. Each of the three
arrays is covered with a filter -- one red, one blue, and one green. When the trilinear
sensor is used to create an image, it scans the image area and “for each color channel, the
charge generated in individual pixels is stored in an adjacent accumulation region”
(Carducci, Ciccarelli, & Kecskemety, n.d., p. 1).

Also stored in this accumulation region is “a lateral overflow drain to provide
over-exposure / blooming protection, and an independent exposure control gate, allowing

for on-chip color balancing” (Carducci, Ciccarelli, & Kecskemety, n.d., p. 1). The
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accumulation region is separated from the CCD shift register region by way of a transfer
gate. “Readout of the image signal for each channel is accomplished through dual CCD
shift registers utilizing double-level polysilicon, buried-channel, and true two-phase (two
electrodes per CCD stage) technologies, which are charge domain multiplexed into a
single output buffer per channel” (Carducci, Ciccarelli, & Kecskemety, n.d., p. 1).

Each channel of the Kodak Digital Science™ trilinear imaging sensor has a
specified number of primary photodiodes and a smaller number of test and reference
photodiodes. The photodiodes capture luminance information and then transfer it into
pixel information. The information is processed in two halves: one half of the information
is processed in the CCD shift register above the sensor (the odd register) and the other
half is processed in the CCD shift resister below the sensor (the even register). This more
technical description of the image creation process is included:

During the integration period, an image is obtained by gathering
electrons generated by photons incident upon the photodiodes. The
charge collected in the array is a linear function of the local exposure.
Within a given channel, the charge is stored adjacent to the photodiode
in the accumulation region PhiA, which is isolated from the CCD shift
registers during the integration period via the transfer gate TG, which is
held at a barrier potential. At the end of a given integration period, the
CCD register clocking is stopped with the Phil and Phi2 gates being
held in a 'high' and 'low' state respectively. Next, the TG gate is turned
'on' causing the charge to drain from the PhiA region, through the TG
region and into the Phil region. The dual shift registers receive signal
from alternate photodetectors in an odd/even fashion. As the TG gate is
turned to an 'off" state, residual charge is transferred into the Phil storage
region, and the shift registers are isolated from the detector region once
again. Complementary clocking of the Phil and Phi2 phases is then
resumed for readout of the current line of data while the next line of data
is integrated. The parallel connection of the shift register clocks requires
that Phil/Phi2 clocking of all three channels be momentarily suspended
during the parallel transfer from channel photosites (Carducci,
Ciccarelli, & Kecskemety, n.d., p. 3).
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Figures 11 and 12 illustrate Kodak’s Digital Science ™ trilinear imaging sensor

technology (Carducci, Ciccarelli, & Kecskemety, n.d.).
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Figure 11. Functional block diagram of the Kodak trilinear array sensor.
[Source: Carducci, Ciccarelli, & Kecskemety, n.d., p. 2]
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Figure 12. Single-channel block diagram of the Kodak trilinear array sensor.
[Source: Carducci, Ciccarelli, & Kecskemety, n.d., p. 2]

Readout or output of the image signals is achieved by a “two-phase,

complementary clocking of the Phil and Phi2 gates” (Carducci, Ciccarelli, &
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Kecskemety, n.d., p.4). Once all of the data is registered, it is simultaneously sent toward
the output elements, and the odd and even signals are transferred to one common output
structure. Then a charge-to-voltage conversion is achieved thought the used of resettable
floating diffusions, while buffering is provided by source providers (Carducci, Ciccarelli,
& Kecskemety, n.d.).

The Kodak Digital Science ™ trilinear array technology also incorporates
exposure control and anti-blooming technology in order to ensure the best possible
image. Exposure control sets limitations on the amount of photocurrent that will be
processed at a given time. Anti-blooming technology prevents overflow of photo-
generated charges that can wind up affecting the adjacent CCD cells or photosite (Kodak,

1994).

Software Technology

It is important to consider that, for each camera on the market, there is a proprietary
capture software that accompanies it. Also, there are different manufacturers of
calibration software and profile software. Although the choice of what manufacturer to
use is ultimately up to the user, it is important to consider the pros and cons that a system
offers. For example, the BetterLight capture software allows for operator control of
exposure, ISO, and tonal range, but some other capture software packages do not offer as
much control (BetterLight, 2001). It is best to assess the requirements of the digital

imaging project and to assess camera options prior to purchasing equipment. The same

45



assessment applies to calibration and profiling software, as well. This assessment step is

considered part of project benchmarking (Kenney & Rieger, 2000).

Standards and Camera Testing
An Introduction to 1SO Camera Testing Standards
Digital photography has come a long way in recent years. There are many
different cameras to chose from, all of whose manufacturers’ claims suggest excellent
results based on what Don Williams of Eastman Kodak company calls “specsmanship.”
This concept of “specsmanship” is used to describe the claims made by manufacturers
about a camera’s performance. In Debunking of Specsmanship: Progress on ISO/TC42
Standards for Digital Capture Imaging Performance, Williams describes the imaging
performance standardization criteria established by ISO/TC42, the International
Standards Organization body which focuses on the standardization of still image capture
(Williams, 2003). This information is included because it can help to facilitate the
understanding of where to begin when considering digital imaging equipment and the
procedure used to evaluate the quality that a device may or may not produce.
The ISO/TC42 standards covered by Williams are:
terminology — ISO 12231
. opto-electronic conversion function —ISO 14524
« resolution for still picture cameras — ISO 12233
- resolution for reflection scanners — ISO 16067-1

resolution for film scanners — ISO 16067-2
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noise for still picture cameras — ISO 15739
dynamic range for film scanners — ISO 21550
speed for still picture cameras — ISO 12232
The importance of covering these standards is to provide photographers, both
amateur and professional, with the ability to understand and to compare the different
image quality parameters that different manufacturers claim to provide. These standards
are also important because they enable the evaluation of camera systems in order to

determine a camera’s realistic performance capabilities.

A Detailed Introduction to ISO Camera Testing Standards

Terminology is an important aspect of digital imaging procedures. The standard,
terminology — ISO 12231, provides the foundation for digital imaging terms. It is an
important first step for the understanding and clarification of digital imaging terminology
(Williams, 2003).

The opto-electronic conversion function (OECF) —1SO 14524 provides the
foundation for most of the ISO/TC42 camera performance standards. The OECF is
similar to the characteristic or tone curves of film which “characterizes the transfer of
exposure into optical film density, the OECF defines the relationship between exposure,
or reflectance, and digital count value of a capture device” (Williams, 2003, p. 2). The
OECEF allows for evaluation of the effective gamma which is applied to an image, it can
identify unusual tonal manipulations of an image, and it can also detect device non-

linearities. “Its real power though lies as the rosetta stone for remapping count values
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back to common and physical image evaluation space. Without it, meaningful cross-
device and cross-parameter performance evaluation would be very difficult” (Williams,
2003, p. 2).

Resolution is an important imaging parameter to consider because manufacturers’
claims may indicate one resolution, and device evaluation may indicate another. The
following standards are, therefore, used to help resolve the issue of manufacturers’
resolution claims:

« resolution for still picture cameras — ISO 12233
- resolution for reflection scanners — ISO 16067-1
« resolution for film scanners — ISO 16067-2

Interpolation techniques are to blame for the misleading information about device
resolution and final image file size. “Through interpolation, an infinite amount of ‘empty’
resolution can be synthetically created that has no physical bearing on spatial detail
detection (i.e. real resolution)” (Williams, 2003, p. 2). The determination of a device’s
spatial detail detection requires the consideration of a device’s factors, such as optics,
motion, electronics, and image processing. “‘For this, the measurement of Spatial
Frequency Response (SFR) or Modulation Transfer Function (MTF) of a device is
required” (Williams, 2003, p. 2). Each of the resolution standards mentioned here used a
“slanted edge-gradient MTF analysis technique especially suited for digital capture
devices” (Williams, 2003, p. 2).

Williams (2003) further states:

The suitability of MTF as an objective tool to characterize spatial

imaging performance is well documented and has been used as an
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imaging tool for more than fifty years. By characterizing contrast

loss with respect to spatial frequency, one of its many uses can be

to objectively establish the limiting resolution of a device. This is

done by determining the spatial frequency associated with a given

MTF value, typically 0.1. This frequency is then translated into

limiting resolution for a given set of scan conditions and compared

to the manufacturers claim to determine compliance (p. 3).

Noise and dynamic range will be discussed together because, in both of the
standards considered here, calculations for one depends on evaluation of the other. The
camera standard, noise for still picture cameras — ISO 15739, serves to measure noise;
however, it includes recommendations for dynamic range. The film camera standard,
dynamic range for film scanners — ISO 21550, serves to measure dynamic range;
however, this does require noise characterization. The techniques for both noise
characterization and dynamic range characterization are the same as each of the standards
discussed here. Williams defines dynamic range as “the extent of energy over which a
digital capture device can reliably detect signals: reported as either a normalized ratio
(xxx:1) or in equivalent optical density units” (Williams 2003, p. 3). The key to this
definition is the term, “reliably detect;” the characterization method must be reliable in
order to confidently evaluate a digital imaging device. Detection is a function of signal
strength; the stronger the better. The reliability, or probability, of that detection is a
function of the noise associated with that signal, the lower the better.

This logic suggests that “maximizing the signal-to-noise ratio (SNR) is

appropriate for increasing the dynamic range of a device” (Williams, 2003, p. 3). The

standards described here both use an incremental SNR method to measure dynamic

49



range. The incremental method is based on a derivative of the OECF method. This allows
for precise evaluation and comparison of digital capture devices.

To characterize device noise, both standards use a technique called “noise
cracking.” This technique distinguishes fixed pattern rms noise caused by the device
itself and from random temporal rms noise caused by an imaging target (Williams, 2003).
It is calculated by “taking the ratio of the incremental signal and noise at each OECF
patch [which] yields the incremental SNR function. Dynamic range is then determined
from the incremental SNR by noting the density at which a prescribed SNR value is met”
(Williams 2003, p. 4).

Speed is the final standard included in this introduction to ISO camera testing
standards. “A camera’s speed rating is the most important attribute in estimating proper
exposure for given lighting conditions” (Williams, 2003, p. 4). The standard, speed for
still picture cameras — ISO 12232, addresses the issue of signal amplification, which is an
issue with digital cameras. Due to unconstrained processing of digital images, signals can
easily be amplified, which can result in a range of output levels; however, this can have
the effect of amplifying noise to the point where the image may become useless. Thus,
the speed standard for digital cameras also uses the incremental SNR method of
evaluation.

Through image quality studies, SNR values of 40 and 10 were chosen to

describe excellent and acceptable levels of _image quality respectively. The

exposure required to achieve these SNR values dictate noise-based speeds.

They are referred to as S, and S,;,.o and, like film, are intended to
characterize minimum exposure behavior (Williams, 2003, p. 5).
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Standards Defining Camera Testing Procedures

As part of her thesis, Erin Murphy, of RIT’s Center for Imaging Science,
completed A Review of Standards Defining Testing Procedures for Characterizing the
Color and Spatial Quality of Digital Cameras Used to Image Cultural Heritage. Murphy
reviewed these standards pertaining to digital imaging from the following standards
organizations:

ISO — International Standards Organization

IEC — International Electrical Commission

ANIS — American National Standards Institute

CIE - International Commission on Illumination

NISO — National Informational Standards Organization.

In Appendix B, there are two tables that originated from Murphy’s standards
review. Table B1 (Murphy, 2005, p. 12-13) illustrates the list of standards summarized in
Murphy’s review. Table B2 (Murphy, 2005, p. 14-16) provides a quick reference guide
for the image quality parameters covered in each of standards reviewed by Murphy. It is
important to note that, for the ISO standards, the status of the standards are classified as:

WD - working draft
« CD - committee draft
DIS - draft International Standard
- FDIS - final draft International Standard

ISO - International Standard (Williams 2003)
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These classifications will help clarify what phase each of the standards was in

when Murphy reviewed them.

Testing a Camera’s Quality

Also part of Murphy’s thesis (and in collaboration with the primary researcher’s),
was the camera test benchmarking of the four workflows examined in the Direct Digital
Image Capture of Cultural Heritage: Benchmarking American Museum Practices and
Defining Future Needs project. In each of the four case studies, nine camera quality
parameters were tested. The results of each were then compared and used to benchmark
the differences between the various workflows.

A brief description of what was tested, the respective targets used, and the
standards associated with the tests are described by Berns and Frey (2005), extracted

from the Benchmarking final report:

The first one, system spatial uniformity, which assesses the amount of
uncorrected system spatial non-uniformities that can be caused by such
things as uneven illumination of the scene and lens fall-off, was tested
using a uniform gray-card target. The second was tone reproduction,
which was tested using an International Standards Organization (ISO)
standard grayscale target and analyzed in the form of an opto-electronic
conversion function, or OECF. The third was color reproduction
inaccuracy, which is fundamentally caused by the inherent lack of
correlation between the camera’s spectral sensitivities and those of the
average human observer. Spectral sensitivities were determined by
imaging a monochromator instrument. Also, nine different color targets
were imaged and analyzed. Observer metamerism was evaluated between
the camera and photographer using a tool called the Davidson &
Hemmendinger (D&H) Color Rule, unfortunately no longer manufactured.
The fourth and fifth parameters were noise (image and color) and dynamic
range. Image noise and dynamic range were both tested using an ISO
standard noise target, imaged eight times at the same exposure level.
Color noise was tested using selected patches of the Macbeth
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ColorChecker. The sixth image quality parameter, spatial crosstalk,

commonly known as image flare, was tested using an International

Electrotechnical Commission (IEC) standard target. The seventh, spatial

frequency response (SFR), which is used to characterize a camera’s ability

to reproduce detail, and the eighth, colorchannel registration, were both

tested using the knife-edges of an ISO resolution target. Depth of field

was tested using a novel three-dimensional target that had a total depth of

6" (p. 28).

The testing procedures used in the benchmarking project are either directly
obtained from the standards assigned to the respective quality parameter or were
developed by the researchers, based on a review of the current literature. The tests that
followed the standards include: system spatial uniformity, tone reproduction, color
reproduction accuracy (spectral sensitivity and target-based), image noise, dynamic range
spatial crosstalk, and spatial frequency response. The tests that were developed by the
researchers include: color reproduction accuracy (metamerism), color noise, color
channel registration, and depth of field.

Analysis of the subsequent images was performed using The Math Works
MATLAB® programming language. The reference illuminant used was CIE Dy, because
it is an industry standard viewing condition, and photographers most frequently use it
during image capture (Murphy, 2005). An in-depth description of the testing procedures,

including image analysis can be found in Murphy’s thesis, and a more descriptive

overview can be found in the Benchmarking Final Report.

Monitor Calibration Standards
A review of the ISO — 12646, Graphic Technology — Display for Colour

Proofing — Characteristics and Viewing Conditions, is important to the discussion of
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color accurate reproduction within museum digital imaging workflows. Findings from
Direct Digital Image Capture of Cultural Heritage: Benchmarking American Museum
Practices and Defining Future Needs indicate the “most institutions included visual
editing in their workflows” (Berns & Frey, 2005, p. 1). It is thus necessary to consider the
impact this type of editing has on a digital imaging workflow. The standard, which has
yet to be published, “specifies requirements for uniformity, size, resolution, convergence,
refresh rate, luminance levels and viewing conditions for a color display used to simulate
a hard copy proofing system” (Murphy, 2005, p. 30). The primary reason behind
development of this standard was to assist the graphic arts community when assessing
and comparing color proofs of both hard and soft copy. Although the standard was
created for proofing, it also helps to ensure that an original will visually match the
respective digital image file. More information about this standard can also be found in

Murphy’s standards review document; publication is expected soon.

Metadata

Metadata is data about data. In a digital imaging workflow, it is essential to record
data about data for many reasons. There are different types of metadata, all of which are
important to the longevity of a digital file. The categories of metadata include:
administrative, descriptive, preservation, technical, and use (Baca, 1998). The American
National Standards Institute (ANSI), in collaboration with the National Information
Standards Organization (NISO), developed a metadata standard titled “Data Dictionary —

Technical Metadata for Digital Still Images.” It is referred to as ANSI/NISO - Z39.87-
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200X or ANSI/AIIM 20-200X; the standard is in the final stages of review at the time of
this writing. This standard will provide a data dictionary that defines the necessary
elements of metadata for digital still images. “Standardizing this information allows users
to develop, exchange, and interpret digital image files. The dictionary has been designed
to facilitate interoperability between systems, services, and software as well as to support
the long-term management of and continuing access to digital image collections” (NISO,
2005). It is very important that digital image files are accessible in the future, that this
standard provides a container for the image metadata, and that this record will help

maintain accessibility to the digital file well into the future.

Workflow Guidelines

The key findings from the Direct Digital Image Capture of Cultural Heritage:
Benchmarking American Museum Practices and Defining Future Needs project indicate
that there is a wider range of workflows among digital imaging projects. “About every
possible combination was found including cameras, light sources, viewing environments,
color management, visual editing, spatial image processing, file format and encoding, and
digital preservation of the image files” (Berns & Frey, 2005, p. 56). This melting pot of
workflow procedures creates difficulty when addressing concerns of combining image
databases, system interoperability, and the continued access to these digital images in the
future. Some of these concerns can be corrected for in the future with the incorporation of
the ANSI/NISO - Z39.87-200X or ANSI/AIIM 20-200X metadata standard. However,

this supports the need for workflow guidelines that will enable the creation of digital
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master files that can repurposed for multiple applications and may also be accessed well

into the future.
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Chapter 3

Research Objectives

The first research objective is to establish a simplified camera characterization
method in order to assist with digital imaging workflows within the museum
environment. An explanation of the significance of camera testing will enable
photographers to understand the importance of camera characterization; simplified
camera testing procedures would allow for an easier execution of these tests. This camera
characterization shall be considered the first step in digital imaging endeavors. The
importance of this first step in a digital imaging workflow is to understand the
capabilities of the camera hardware in order to aid in the creation of best possible digital
master images.

In order to establish a simplified camera characterization method, the following

camera tests will be considered:

- System spatial uniformity
« Tone reproduction (OECF)
»  Color reproduction
o Spectral sensitivity (monochromator)
o Target based color reproduction accuracy

o Metamerism
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+  Noise
o Image noise
o Color noise
«  Dynamic range
- Spatial crosstalk
- Spatial frequency response (SFR)
«  Color Channel Registration

+  Depth of field

Once each of these quality parameters has been researched or replicated, it will
then be determined to what degree the tests provide useful and applicable information
regarding image quality. What will also be addressed (and is of primary interest) is how
easy it is to calculate a camera’s performance based on the current testing procedures and
evaluation methods. These determinations will assist in the support for or elimination of
the tests in order to establish a criterion of useful testing methods; they may also serve as
a catalyst for creating more user-friendly evaluation applications.

Metadata concerns will be addressed in relation to the metadata created by the
camera characterization testing procedures.

The primary goal of this research objective is to help establish a new starting
point for digital imaging workflows, one that incorporates camera quality parameters.
This will help archival digital imaging initiatives to create the best possible digital files
and will enable photographers to further their knowledge of digital imaging equipment.

It is important to note that the research objective proposed here is limited to the

reproduction of fine art using a 4 x 5 digital camera. It is understood that a countless
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number of camera and workflow options exist, but it the researcher’s goal to focus on the
specific criteria of museum photography.

The second research objective is to review the case study video interviews created
during the on-location investigations of four museums during the Direct Digital Image
Capture of Cultural Heritage: Benchmarking American Museum Practices and Defining
Future Needs project. These videos provide a close-up look at four different museum
imaging workflows currently in use. The video will be edited, and then key elements will
be compiled into a video documentary. The purpose of this documentary is to understand
current practices and to realize where and how improvements to the workflow can be

made.
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Chapter 4

Methodology

The methodology for the first proposed research objective required camera-testing
research and, in some cases, replication of some tests. The tests that were considered
include system spatial uniformity, tone reproduction, color reproduction, noise, dynamic
range, spatial crosstalk, spatial frequency response (SFR), colorchannel registration, and
depth of field. These are the camera tests that were executed during the Direct Digital
Image Capture of Cultural Heritage: Benchmarking American Museum Practices and
Defining Future Needs project, and are described in detail in A Testing Procedure to
Characterize Color and Spatial Quality of Digital Cameras Used to Image Cultural
Heritage (Murphy, 2005).

The goal was to determine which of these tests are most effective and provide the
most useful information when characterizing a camera for color accurate reproduction.
Another goal was to determine the ease of use; i.e., how easy is it to take pictures of the
targets and to calculate the results. This lead to the selection of approximately four to five
of the most important camera tests.

Once the tests were selected, they can now be considered the starting point for a
color critical digital imaging workflow within museums or institutions. Some of this

research was conducted while attending the IS&T/SPIE 18" Annual Symposium:
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Electronic Imaging Science and Technology at a short course, Image Quality Evaluation
Jor Digital Cameras Based on Existing ISO Standards, offered by instructors Dietmar
Wueller of Image Engineering and Kevin Matherson of Hewlett Packard Company.
Information was also gathered from another research project conducted at RIT,
Evaluating a Camera for Archiving Cultural Heritage, by Karniyati (2005).

The methodology for the second proposed research objective required digitizing
the Direct Digital Image Capture of Cultural Heritage: Benchmarking American
Museum Practices and Defining Future Needs interview video, transferring it from tape
to an external hard drive using the application iMOVIE, viewing the entire footage, and
finally selecting and editing the video, in order to explore the workflow at each of the
four museums represented in the case study interviews. These videos also provided
insight into the constraints placed on imaging departments within museums, and some of
this footage has compiled into a brief documentary. The goal of the documentary is to
witness current practices while considering the real world situations that can be either
hindering or helping to imaging workflows. This documentary has also been used to
support the need for digital imaging workflow guidelines for museums and institutions. It
has also served to establish a customer base of interested parties who are in need of
understanding the benefits of camera characterization, as well as “best practices”
workflow assistance.

First-hand experience of the researcher working as a digital photographer within a
museum is documented as a case study of the workflow and has been included as part of

the proposed research. This has been completed in an effort to explore, in-depth, the
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imaging procedures of a museum and to understand the constraints placed on a real word
digital imaging initiative.

A trip to California was also scheduled, during which time the researcher visited a
company that is successful at creating fine art reproductions of paintings to sell to a wide
audience. The goal was to explore their procedure from digital capture to print and to
understand the key elements of their success. A non-disclosure agreement was required to

visit this facility, so the researcher is prohibited from documenting the workflow.
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Chapter 5

Findings

Camera Testing
What Tests are Necessary and Why?

While at the IS&T/SPIE 18" Annual Symposium, Electronic Imaging Science and
Technology, the researcher attended a short course, Image Quality Evaluation for Digital
Cameras Based on Existing 1SO Standards. Information obtained from that short course
provides an imaging industry reference point for what camera tests are considered
necessary in order to evaluate a camera’s image capture quality. Co-instructor Dietmar
Woueller is CEO of Image Engineering, located in Germany. Image Engineering
specializes in camera testing and software development for camera testing evaluation. It
is also a large manufacturer of camera testing targets. Wueller also works with standard
organizations all over the world to help develop camera-testing standards. Wueller has
specified that the following camera characterization tests are mandatory for evaluating a
camera’s performance:

- OECF / Tone Reproduction
- White balancing
- Dynamic range (related scene contrast)

- Used digital values
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+ Noise, signal-to-noise ratio
+ Resolution (limiting resolution center, corner)

«  Sharpness

Waueller has also recommended the following camera characterization tests for

evaluating a camera’s performance:

+ Distortion

« Shading / vignette

«  Chromatic aberration

+  Color reproduction quality

+  Unsharp masking

- Shutter lag

-« Aliasing artifacts

- Compression rates

- Exposure and exposure time accuracy and constancy

- ISO speed

The tests that Wueller has suggested, either mandatory or recommended, are
compared to the tests that were executed during the Direct Digital Image Capture of
Cultural Heritage: Benchmarking American Museum Practices and Defining Future
Needs project. These tests, the testing procedures, and the evaluation methods used in the
Benchmarking project are described in detail in A Testing Procedure to Characterize
Color and Spatial Quality of Digital Cam<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>