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MULTIMEDIA COLOR MANAGEMENT SYSTEM
BACKGROUND

[0001] Color management refers to the process of attempting to display or render

the same or similar colors on devices so that these colors appear consistently on
these devices. For example, different monitors attached to different computef
systems, or different monitors attached to the same computer system, may render
the same color inconsistently. This inconsistent display may result from a number
of factors, such as the technology employed in the different monitors, the design of
the monitors, the age of the monitors, or the like.

[0002] Additionally, a given color within a piece of media may be rendered
differently as it is transformed across different types of presentations. For example,
a photographer may capture an image of a yellow flower using a digital camera. To
the eye of the photographer, the yellow flower may appear to have a certain shade
or hue of yellow. When the resulting photograph of the yellow flower is rendered
in the camera’s display, for example, an LCD display, the shade of the yellow
flower may appear differently in the LCD than it did “live”, due to the design of the
camera’s LCD display, for example. The photographer may download the
photograph to a personal computer, display the photograph on the screen of the
computer, and edit the photograph using a picture editor. Finally, the photographer
may print the photograph on suitable paper using a color printer.

[0003] In each of the operations in the foregoing workflow, the yellow shade of
the flower may change as the photograph is transferred from one type of
presentation to another. These inconsistent displays of the given color, in this
example, the yellow of the flower, may frustrate users and cause them to expend
time and effort adjusting the various components of the workflow in an effort to
achieve consistent renditions of color across the different devices. Other less
committed users may simply quit using digital color systems, or accept the
inconsistent color results.

[0004] Another factor complicating the consistent display of color across a variety
of different devices and media is that fact that colors may be perceived differently

depending on the ambient lighting conditions under which the colors are perceived.
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For example, a given object of a given color may appear quite differently when
viewed indoors under artificial light, as compared to viewing the same object
outdoors under natural sunlight. Even in the context of artificial light, the same
object can appear to have different colors in tungsten lighting, as compared to
s fluorescent lighting, mercury-vapor lighting, sodium-based lighting, or the like.

SUMMARY

[0005] A multimedia color management system is described herein. Various
embodiments of a method described herein can include receiving source color
content that is associated with a source device, and transforming the source color

v content into destination color content for rendering on one or more destination
devices. Various embodiments of an apparatus described herein can include a color
infrastructure transformation engine that further includes a sequential transform
component, which is adapted to receive source color content and to create a
transform to facilitate mapping the source color content to destination color

15 content. The color infrastructure transformation engine can also include a
transform optimization component that is adapted to receive the transform and to
create an optimized transform table based on the transform, and a transform
execution component that is adapted to receive the optimized transform table and to
generate the destination color content based thereon. _

20 [0006] This Summary is provided to introduce a selection of concepts in a
simplified form that are further described below in the Detailed Description. This
Summary is not intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used as an aid in determining the
scope of the claimed subject matter.

25 BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The teachings herein are described with reference to the accompanying

figures. In the figures, the left-most digit(s) of a reference number identifies the
figure in which the reference number first appears. The use of the same reference

numbers in different figures indicates similar or identical items.
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[0008] Figure 1 is a block diagram illustrating components and data flows
associated with an architecture for performing color management between one or
more source devices and one or more destination devices.

[0009] Figure 2 is a block diagram illustrating several examples of source and
destination color content as shown in Figure 1.

[0010] Figure 3 is a block diagram illustrating illustrative components and data
flows associated with a color infrastructure transformation engine (CITE), which is
shown in Figure 1.

[0011] Figure 4 is a block diagram illustrating components and data flows
associated with a sequential transform component shown in Figure 3 as part of the
CITE.

[0012] Figure 5 is a block diagram illustrating components and data/process flow
relating to a forward device model shown in Figure 4.

[0013] Figure 6 is a block diagram illustrating components and data flows relating
to a forward color appearance model as shown in Figure 4.

[0014] Figure 7 is a block diagram illustrating components and data flows relating
to gamut boundary functions that are shown in Figure 4.

[0015] Figure 8 is a block diagram illustrating components and data flows relating
to a gamut mapping model shown in Figure 4.

[0016] Figure 9 is a block diagram illustrating further components and data flows
relating to the sequential transform component shown in Figure 3.

[0017] Figure 10 is a block diagram illustrating further components and data flows
relating to a transform execution component shown in Figure 3.

[0018] Figure 11 illustrates an exemplary computing environment within which
color management, as well as the computing, network, and system architectures
described herein, can be either fully or partially implemented.

DETAILED DESCRIPTION

[0019] Figure 1 illustrates an architecture 100 for performing color management

between one or more source devices 105(1) and 105(N) (collectively, source
devices 105) and one or more destination devices 110(1) and 110(N) (collectively,

destination devices 110). For convenience but not limitation, Figure 1 shows two
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illustrative source devices 105 and two destination devices 110. However, the
configuration shown in Figure 1 is understood to be presented for convenience of
illustration and discussion. Thus, Figure 1 is illustrative and non-limiting, and the
architecture 100 can include any number of source devices 105 and destination
devices 110.

[0020] In the context of this description, the integer N as shown associated with
some entity, or quantity of such entity, is understood to represent any integer value
greater than one (1). In Figure 1, for example, N would take the value of two (2)
when describing the number of source devices 105 included in the illustrative
implementation shown therein.

[0021] Color management refers to the process of ensuring that given colors
appear the same across a variety of different hardware and software environments.
For example, the source devices 105(1) and 105(N) may be different devices
altogether, such as scanners, cameras, video recorders, mobile telephones, personal
digital assistants (PDAs), handheld or tablet computers, or the like. Alternatively,
the source devices 105 shown in Figure 1 may be computer systems that include
displays or monitors from different manufacturers.  As such, these different
displays may process given colors differently and may exhibit different color
display characteristics or capabilities. Also, the source devices 105 may be
considered to be the displays or monitors themselves. '

[0022] Different media types 115(1) and 115(N) are shown in Figure 1 as being
associated with the source devices 105(1) and 105(N), respectively. The media
types 115(1) and 115(N) are referred to collectively as media types 115 for
convenience. For example, media type 115(1) may be still color photography, with
the source device 105(1) being a camera (digital or possibly non-digital) that is
configured to capture still images. Media type 115(N) may be motion picture color
content, with the source device 105(N) being a camera (digital or possibly non-
digital) that configured to capture video or motion pictures. It is understood and

emphasized that the media types 115 can take any number of forms, including, but

~ not limited to, the various forms illustrated in Figure 2 and discussed below.
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[0023] Associated with the source devices 105 is respective source color content
120. In Figure 1, source color content 120(1) is shown associated with the source
device 105(1), and source color content 120(N) is shown associated with the source
device 105(N).

s [0024] The source color content 120 is provided to a Color Infrastructure
Transformation Engine (CITE) 125. The CITE 125 is operative to map the source
color content 120 into destination color content 130 as appropriate to render the
source color content 120 consistently onto the destination device 110 as composited

" content 135. Respective instances of the composited content 135(1) and 135(N) are

10 shown in Figure 1 as associated with destination devices 110(1) and 110(N),
respectively.

[0025] As part of its processing, the CITE 125 can map the source color content
120 into an intermediate color space. Illustrative embodiments of the CITE 125
can utilize, for example, an intermediate color space referred to herein as the

15 “SCRGB Color Space”, which is defined in IEC 61966-2-2 and was established in
October 2001. Certain features make the SCRGB Color Space suitable for use by
the CITE 125 as an intermediate color space. First, the SCRGB Color Space
allocates thirty-two (32) bits per color channel to represent color. Second, the
SCRGB Color Space provides a wider dynamic range than other intermediate color

20 spaces. The “dynamic range” of a device or color space refers to the range or
distance between the brightest and darkest extremes supported by the device or
color space. Third, the SCRGB Color Space supports a color gamut that is
sufficiently wide to support any color that is perceivable by the human visual
system. Fourth, the “gamma” parameter associated with the SCRGB Color Space

25 is 1.0. This value of the gamma parameter indicates that colors mix in the SCRGB
Color Space the same as photons. This mixing characteristic can be helpful when
rendering colors on the destination device 110. Also, because the “gamma”
parameter is 1.0, linear mathematical operations apply to the SCRGB Color Space.
Linear mathematical operations provide optimum fidelity for graphic effects such

w  as scaling, rotation, blending, 3DA warping, anti-aliasing lines/text, and alpha

support, among others.
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[0026] In providing the foregoing description of the features of the SCRGB Color
Space, it is understood that the subject matter described herein may be
implemented using intermediate color spaces other than the SCRGB Color Space.
Instead, the subject matter described herein may be practiced with other
intermediate color spaces that may exhibit one or more of the above characteristics,
or may otherwise be suitable for practicing the teachings herein.

[0027] Figure 2 illustrates several examples of various forms of different media
types 115 that the source color content 120 and the destination color content 130, as
shown in Figure 1, may take. Different instances of the source color content 120
and/or the destination color content 130 may take the form of television content
205, photographic content 210, two-dimensional graphics content 215, three-
dimensional graphics content 220, video content 225, animation content 230, and
text content 235. The ellipses appearing in Figure 2 further indicate the illustrative
nature of the example source color content 120 and destination color content 130
shown in Figure 2. It is also noted that the source devices 105 shown in Figure 1
can include any device appropriate for capturing, displaying, or printing any of the
illustrative source color content 120 or destination color content 130 shown in
Figure 2.

[0028] Table 1 shown below illustrates various combinations of media types,
market types, and sample operations that may involve each media type within each
market type. The media types shown in Figure 2 are listed along the leftmost
column of Table 1. The top row of Table 1 is divided into three different illustrative
markets: the consumer market, the enterprise market, and the professional market.
It is understood that Table 1 represents only one illustrative way to divide the
markets, and is provided as shown for convenience of discussion only. It is noted
that markets may be divided in other ways without departing from the spirit and
scope of the subject matter described and claimed herein.

[0029] For convenience of discussion herein, but not limitation, the “consumer
market” is understood to refer to users who may be performing color management
tasks for their own casual or personal use, rather than for business purposes. The

3%

term “enterprise market” is understood to refer collectively to users performing
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color management tasks in a business environment, rather than a personal use

environment. However, this business environment need not be a business whose

main focus is printing or publishing. Instead, this business environment can be, for

example, any corporate setting where capturing, displaying, and printing colored

content is helpful to the business, but is not the core function of the business. The

term “professional”, on the other hand, is understood to refer collectively to users

performing color management tasks in a business environment where the core

function or focus of the business is, for example, processing colored content.

Examples might include printing or publishing houses, motion picture or

photography studios, or the like.
[0030] Within each of the three illustrative markets, Table 1 presents three

illustrative functions, capture, display, and print. Therefore, for each medié type,

Table 1 presents workflow components relevant to capturing, displaying, and

printing that media type within each of the three illustrative markets.

Consumer Enterprise Professional
Capture Display Print Capture Display Print Capture Display Print
Still DSC Windows Photo DSC Office Photo DSC/Raw Adobe large
Imaging Photo Printers and quality Creative format
Viewer Share printers Suite inkjet
Point printers
and
proofing
printers
2D scanner email and MEFPs Scanner/ Publisher Work- Scanners/ Adobe Adobe
Graphics using web pages Copiers (Marketing group copiers Creative Postscript
OCR using Materials, Printers using Suite printers
OCR Adpvertising) : OCR
3D N/A Web Pages | Rendered N/A Visio High Modeling | AutoDesk | High Quality
Graphics (with to Quality devices suite Rendering
Product Photo Rendering and (3dMax) to 2D
Ads Printers to 2D software into Adobe
content) or into work Postscript
MFPs group printers
printers
Video Camcord | Windows N/A Video Video N/A Video Adobe N/A
er, Media Conferen- Conferenc- and Premiere
Mobile Player ing ing applications Digital
Phone, systems and Camera
Digital Windows
Camera, Media
ete. Player
Animation N/A Browser N/A N/A Adobe N/A N/A Adobe Storyboard
plugins Flash Flash output to
(i.e. Adobe (Training, Adobe
Flash) Advertising) Postscript
printers
Text scanner Platform Printers Character Microsoft Work Scanners/ | Microsoft laser
effects (with and Word group copiers Word printers
(Clear text Hand- (Readability, printers using
type) optimi- writing Clear (Word OCR
zations Recog- type) Processors,
in drivers) nition etc).
Table 1
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[0031] Figure 3 depicts illustrative components of the CITE 125. As shown in
Figure 3, the CITE 125 can include a sequential transform component 305, a
transform optimization component 310, and a transform execution component 325.
The sequential transform component 305 is operative to create one or more
s transforms 310 that mapping or translating the source color content 120 to the
destination color content 130.
[0032] The transform optimization component 310 is operative to pass a buffer of
color samples from the source color content 120 through the sequential transform
component 305 to create an optimized transform table 320. The optimized
1o transform table 320 maps the color samples from the source color content 120 into
the color samples in the destination color content 130.
[0033] The transform execution component 325 executes the optimized transforms
315 to produce the destination color content 130. More particularly, respective
colors within the source color content 120 are indexed into the optimized transform
15 table 320, and are interpolated to determine resulting destination colors for
rendering the destination color content 130. The transform execution component
325 is supported by pixel formatting and caching methods, as described further
below.
[0034] Figure 4 depicts details regarding the sequential transform component 305
20 shown in Figure 3. The séquential transform compdnent 305 may be viewed as
defining at least part of a transformation pipeline that functions to receive color
pixel values 410 defined within the color space of one or more source devices 105,
convert these color pixel values 410 into “intermediate” pixel values defined within
a device-independent color space, and then inverse the “intermediate” pixel values
25  into color pixel values defined within the color space of one or more destination
devices 110. The sequential transform component 305 is part of a modular
architecture or system 100 that can operate with a variety of different source
devices 105 and destination devices 110 and viewing conditions. The architecture
100 can also use color contexts that contain boundary information (described in

s connection with Figure 5 below) that enable the architecture 100 to process across
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different media. Illustrative components comprising the transformation pipeline
implemented by the sequential transform component are now described.
[0035] A forward device model 405 receives pixel values 410 in the color space of
the source device 105, and drives the translation of these pixel values 410 from a
s source color space into corresponding pixel values 415 in a device-independent
color space.
[0036] A forward color appearance model 420 receives the pixels 415 in the
device-independent color space, and drives the translation of these pixels from the
device-independent color space into corresponding pixel values in a device- and
1 viewing-condition- independent intermediate space.
[0037] One or more gamut mapping models 430 receive the pixel values 425, and
drive the mapping between color spaces circumscribed by different gamuts. An
illustrative definition for the term “gamut mapping models” appears at the end of
this description. The device gamuts themselves are derived from a device model
15 profile and a color appearance model profile by gamut boundary functions. The
gamut mapping models 430 produce pixel values 435 that are mapped to the device
gamuts. ‘
[0038] An inverse color appearance model 440 drives the translation of the pixels
435 from the intermediate device- and viewing-condition- independent space back
20 into a device-independent color space. The output of the inverse color appearance
model 440 is represented in Figure 4 by the pixel values 445.
[0039] An inverse device model 450 drives the translation of the pixel values 445
from the device-independent color space into pixel values 455 in the color space of
the destination device 110. Each of these sequential transform models is supported
25 by the corresponding model profile.
[0040] Figure 5 depicts further processing details relating to the forward device
model 405 shown in Figure 4. The device models (DMs) 405 may be viewed as
algorithms that convert pixel colors between values 410 defined within the color
space of the source device 105 device and values 415 defined within a device-
3  independent color space. An example of a device-independent color space is

CIEXYZ, which is a mathematical color space produced by the CIE (Commission



0

s

20

28

WO 2007/027745 PCT/US2006/033822

Internationale de 1'Eclairage) that describes color in terms of synthetic primaries X,
Y and Z. The primaries are imaginary mathematical constructs that model the
human eye’s response to different wavelengths of light. CIEXYZ values,
sometimes referred to as tristimulus values, are device-independent, but are
viewing-condition-dependent. Illustrative embodiments of the architecture 100 can
use the color space based on XYZ determined for the CIE Standard 1931
Colorimetric Observer (the 2 degree observer), relative to D50 illuminant, and
measured with 0/45 or 45/0 geometry, for reflecting media. The CIEXYZ values
415 are then consumed by the forward color appearance model 420, shown in
Figure 4.

[0041] The source device model 405 serves as the initial input stage of tlﬁe
transformation pipeline implemented by the sequential transform component 305,
and converts color values 410 defined within the color space of the source device(s)
105 into, for example, CIEXYZ values. Recall that, as shown in Figure 4, the
destination device model is inverted for the final output stage, when CIEXYZ
values 415 are converted out to color values 455 defined within the color space of
the destination device 110. These conversions are based on the data contained in
the corresponding Device Model Profile (DMP) 505. The DMP 505 contains
physical measurement data derived by sampling a color measurement target, and
relates colors supported by a given device to colors as perceived by the human
visual system. The DMP 505 may optionally contain parameters related to
mathematical models. It can also contain a reference to the targeted device model.
[0042] A DMP 505 can specify several parameters for a given device, illustrative
but non-limiting examples of which are recited in Table 2 below. Also, respective
illustrative values for each parameter are provided for television color spaces and
photographic color spaces. These illustrative values for each parameter are

provided assuming eight (8) bits are allocated per channel of color.

Parameter Television Color Space | Photographic Color Space
Minimum Colorant Value 16 0
(i.e., representation of
black)
Maximum Colorant 235 255

10
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Value (i.e., representation
of white)

Maximum Range Limit 255 255
(i.e., highest value
attainable in color space)
Minimum Range Limit 0 0
(i-e., lowest value
attainable in color space)

Table 2

[0043] The DMP 505 provides a consistent set of definitions to help map between
the media types. A Reference Boundary 510 is defined as the limits for which no
additional values beyond that are commonly discernable for that device in that
viewing condition. This Reference Boundary 510 may correspond to reference
black for television or diffuse white for motion pictures. A Specular Boundary 515
is defined as the limits for which color values beyond it are considered impractical,
implausible, unreal, or irrelevant. A Device Boundary 520 is defined as the limits
producible by that device. The Reference Boundary 510, the Specular Boundary
515, and the Device Boundary 520 parameters are referred to herein, separately or
collectively, as media boundary information.

[0044] This consistent set of definitions 510, 515, and 520 enables the device
model profiles 505 to define specific boundary values, and for these boundary
values to be properly processed by the CITE 125. For example, when source color
or media content 120 is processed through the optimized transform referenced to
these values from the DMP 505, the color or media content 120 could be clipped to
the device boundary 520 and nonlinearly scaled to the specular boundary 515 and
to the reference boundary 510, with the assurance that similar operations will occur
in the destination processing to maintain consistent meaning for the media content
across media types.

[0045] The device model 405 can perform at least the following illustrative
functions, represented by respective blocks shown in Figure 5. In block 525, the
device model 405 processes the measurement values into a form optimized for the
device models 405. In block 530, the device model 405 statistically derives either

mathematical equations or multi-dimensional look-up tables from the measurement

11
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data. These functions can directly use the analytical parameters supplied by the
DMP, if they are up-to-date. In block 535, the device model 405 uses these derived
relationships to translate between pixel color values 410 in a native device color
space and corresponding pixel values 415 in the CIEXYZ color space.

s [0046] The architecture 100 can provide one or more built-in “baseline” device
models for common device classes, including but not limited to monitors (CRT and
LCD), printers (RGB and CMYK), RGB capture devices (scanners and digital
cameras), and video projectors.  Also, support for interoperability with
International Color Consortium (ICC) color profiles can be achieved via a special

1w “ICC Virtual Device Model”. Additionally, third parties may provide their own
device models through a plug-in infrastructure, and target them by vendor-specific
plug-in nodes within the DMP. |
[0047] Figure 6 depicts further details relating to the forward color appearance
model 420 as shown in Figure 4. The color appearance model (CAM) 420 is an

15 algorithm that extends CIEXYZ tristimulus values to describe the appearance of

- color stimuli under different lighting conditions and backgrounds. These extended
values are represented in Figures 4 and 6 by the pixel values 425. The pixel values
425 can take the form of color appearance correlates that are consumed by the
gamut mapping model 430.

20 [0048] Ilustrative embodiments of the architecture 100 can use the CIECAMO02
color appearance model 605, which is described in the publication “A Colour
Appearance Model for Colour Management Systems: CIECAMO02”, Publication
CIE 159:2004, ISBN 3901906290. The inputs to the color appearance model 605
in the forward direction can be CIEXYZ pixel values 415 for the color stimulus.

25  The viewing conditions can be described by parameters 610 supplied by a Color
Appearance Model Profile (CAMP).

[0049] The CIECAMO02 model 605 can operate in two directions. In the
colorimetric to appearance direction, it provides a mapping from CIE XYZ space to
color appearance space. In the appearance to colorimetric direction, it maps from

3  color appearance space back to XYZ space. The color appearance correlates of

interest are lightness (J), chroma (C), and hue (h). These three values can be

12
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viewed as forming a cylindrical coordinate system. However, it may be more
convenient to work in a rectangular coordinate system, so rectangular coordinate
values a and be can be computed as a = C cos h and b = C sin h, giving CIECAMO02
Jab.

[0050] For the purposes of the instant discussion, CAM lightness values greater
than 100 can be used. The CIE committee that formulated CIECAMO02 did not
address the behavior of the lightness axis for input values with a luminance greater
than the adopted white point as defined in the CIECAMO2 reference (that is, for
input Y values greater than the adopted white point’s Y value). However, the
luminance equations in CIECAMO02 may behave reasonably for such values. That
is, the lightness increases exponentially and follows the same exponent (roughly
1/3). ,

[0051] Table 2 below lists several illustrative functions related to the CAMP:

Name * ~ | & Arguments . | .+ . Desaription .~ | . Results

__in UINT cColors,
__in_ecount{cColors)
Const XYZColorF
*plnputColors,
__out_ecount(cColors)
JChColorF
*pOutputColors

__in UINT cColors,
__in_ecount{cColors)
const JChColorF
*pInputColors,
__out_ecount{cColors)
XYZColorF
*pOutputColors

__in XYZColorF
*pSrcWhitePoint,

__in XYZColorF
*pDstWhitePoint,
ChromaticAdaptationTransfor |__in UINT cColors,

m __in_ecount(cColors) XYZColorF
*pInputColors,
_out_ecount(cColors)
XYZColorF

*pOutputColors

__in UINT cColors,
__in_ecount(cColors)
const XYZColorF
*pInputColors,
___out_ecount(cColors)
JChColorF
*pOutputColors

Converts CIEXYZ colors into
CIEJCh colors

ColorimetricToAppearanceCo

it HRESULT
ors

Converts CIEICh colors into
CIEXYZ colors

AppearanceToColorimetricCo

It HRESULT
ors

Given an array of measured
colors in colorimetric space
and translate them using[HRESULT
chromatic adaptation transform
with provided white points.

Converts CIEXYZ colors into

ColorimetricToAppearanceCo
CIEJCh colors FIRESULT

lors

Table 2

13
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[0052] Users sometimes want to change the way that a degree of adaptation
parameter (D) is calculated. The design described herein allows users to control
this calculation by changing the degreeOfadaptation value in the viewing
conditions parameters (shown in Table 3 below). Rather than a using a surround
s value that is one of AVERAGE, DIM, and DARK, the design described herein
provides a continuous surround value, computed from a value ¢. The value of c is a
float between 0.525 and 0.69. From ¢, Nc and F can be computed using piecewise
linear interpolation between the values already provided for Dark, Dim, and
Average. This computation models what is shown in Figure 1 of CIE 159:2004, the
10 CIECAMO2 specification.

degreeOfAdaptation Behavior
-1.0 (This is the default CIECAMO02 behavior)

e F[l 1 }(—*—%ﬁ"‘)
36

0.0 <= degreeOfAdaption | D = degreeOfAdaptation
<=1.0 (That is, we use the value supplied by the user.)

Table 3
[0053] Error checking can be supported by various implementations of the
teachings herein. The equation numbers below are those used in the CIE 159:2004
definition of CIECAMO2.
15 Inthe ColorimetricToAppearanceColors function:
[0054] The input values are checked for reasonableness: If X or Z < 0.0, or if Y <
-1.0, then the HRESULT is E_ INVALIDARG. If -1.0 <=Y < 0.0, then J, C, and h
are all set to 0.0. There are certain internal conditions that can produce error

results. Rather than produce such results, the CITE 125 clips these internal results

14
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to produce in-range values as output. These happen for specifications of colors that
would be dark and impossibly chromatic: In equation 7.23, if A < 0, A = 0. In
equation 7.26, ift<0,t=0.

In the AppearanceToColorimetricColors function:

[0055] The input values are checked for reasonableness: If C < 0, C > 300, or J >
500, then the HRESULT is E INVALIDARG. There are certain internal

conditions that can produce error results. In equation 8.21, we compute:

400.0%2F,*
" 27.1312F,%%

R, , G,,and B, are clipped to the range = RGB, MAX .

[0056] For all Device Model Profiles (DMP), the CITE 125 examines the profile's
medium white point, which can be identified either as the MediumWhitePoint or as
the WhitePrimary. If the Y is not 100.0, then for all Color Appearance Model
Profiles (CAMP), the CITE 125 will examine the adopted white point. If the Y is
not 100.0, then the adopted white point can be scaled so that Y does equal 100.0.

RGB | MAX

The same scaling can be applied to the background value. The scaling factor is
100.0/adoptedWhitePoint.Y. The same scaling factor is applied to each of X, Y,
and Z.

[0057] The CITE 125 can then compare the light source white point used in the
DMP to the adopted white point in the CAMP. If they do not agree to three
significant figures, then the CITE 125 can modify the viewing conditions used to
initialize the color appearance model by replacing the adapted white point in the
viewing conditions with the light source white point from the DMP.

[0058] In some implementations, it may be advantageous to scale the colorimetric
values coming from the DeviceToColorimetric function. First, the hyperbolic
lightness equations in the CAM may be designed for a white point luminance of
100.0.  The only place where differences in the absolute luminance (or
illuminance) come into play is in the luminance of the adapting field. So the CAM
must be initialized with a white point Y of 100.0. But if the device model's
medium white point doesn’t also have a Y value of 100.0, then it may appear too

dim. To address this situation, the CITE 125 can scale the Y values in the

15
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measurements. Also, the CITE 125 could scale the measurement values before
initializing the device model. Then, results would already be in the proper range.
However, this approach could make testing the device model more difficult,
because the values coming out may require scaling.

[0059] In some implementations, it may also be advantageous to modify the
viewing conditions before initializing the color appearance model. For example, if
the light source white point of the DMP does not match the adopted white point in
the CAMP, then a capture of a perfectly reflecting diffuser may not come out with a
perfectly white appearance. However, if the adopted white point of the CAMP is
modified, then the perfect white appearance may be achieved. Because real media
are almost never perfectly neutral, so it may advisable to differentiate between the
light source white point, which may be measured from a perfectly reflecting
diffuser, and the medium white point.

[0060] The outputs of the color appearance model 605 can be device- and
viewing-condition- independent CIEJCh values 425, which are mathematical
correlates for the perceptual attributes of color. In the reverse direction, given the
appropriate viewing condition parameters 610, CIEJCh values 425 can be
converted back into CIEXYZ values 415.

[0061] Figure 7 depicts further aspects of the gamut boundary functions 435
shown in Figure 4. The gamut boundary functions 43S are algorithms that compute
the gamut boundary of a given color device, using the device model profile and
other CITE translation components. The resulting gamut boundary descriptors
(GBDs) are then consumed by the gamut mapping model 430.

[0062] Given a sampling of pixel values 410 in the device color space, the gamut
boundary functions 435 derive a description of the device gamut as an ordered
vertex list 705 of the gamut boundary. This can be accomplished by at least the
following processing, represented in Figure 7 by respective blocks. In block 710,
the gamut boundary functions 435 convert the device color samples 410 to
CIEXYZ values 720, using parameters 715 representing the DMP from the device
model 405.
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[0063] In block 725, the gamut boundary functions 435 convert the CIEXYZ
values 720 to values 735 in a color appearance space, using the color appearance
model 420 and parameters 730 representing the CAMP.

[0064] In block 740 the gamut boundary functions 435 derive or form a convex

s hull (the outer shell of the gamut) by surrounding the sample points 735 with a
surface. The ordered list 705 of the vertices defining the convex hull is generated
and output from block 740. This ordered list 705 is provided to the gamut mapping
model 430.

[0065] Figure 8 depicts further aspects related to the gamut mapping model 430

1o shown in Figure 4. The gamut mapping models 430 (GMMSs) are algorithms that
map color from one color space to a second color space, while satisfying some
constraint on the output color. The nature of the constraint determines the choice
of gamut mapping algorithm. Fach GMM 430 embodies a certain gamut mapping
style or preference, also called “rendering intent”.

15 [0066] Illustrative embodiments of the GMM 430 can take as input one or more
pixel values 425 of the source color that is to be gamut-mapped. The GMM 430
can also receive as input a parameter 805 that represents a gamut boundary
circumscribing the source color space, and a parameter 810 that represents a gamut
boundary circumscribing the destination color space. A parameter 815 indicates a

20  choice of Gamut Mapping Algorithm (GMA), expressed as a reference to a target

~ GMM or as a rendering intent. An algorithm 820 run by the GMM 430 produces as
output one or more destination pixel values 435 in, for example, the CIEJCh color
appearance space. The gamut mapping itself can take place in the color appearance
(CIEJCh) space. Also, both input and output colors, as well as the gamut boundary

25 vertex lists, can be expressed in the color appearance (CIEJCh) space.

[0067] The architecture 100 can provide, for example, the following different
illustrative baseline GMMs 430 (one of which has 2 variations), whose effects
correspond to that of the four ICC rendering intents. These GMMSs 430 and their
corresponding rendering intents are as follows:

30
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WCS GMM Corresponding ICC
Rendering Intent

Sigmoidal Gaussian Cusp Knee clipping Perceptual

(SGCK) :

HueMapping Saturation

Hue Preserving Minimum Color Difference Media-Relative
(HPMinCD) with white point adaptation Colorimetric

Hue Preserving Minimum Color Difference Absolute Colorimetric
(HPMinCD) without white point adaptation

[0068] Third parties may provide their own plug-in gamut mapping models 430
through a plug-in infrastructure, and target them by vendor-specific plug-in nodes
within the GMMP.

[0069] Figure 9 illustrates further aspects of the sequential transform component
305 shown in Figure 3, which creates the transforms 310. In block 905, the
sequential transform component 305 initializes the transforms 310. In block 910,
the sequential transform component 305 processes an array of profiles and an array
of intents to create device models (DMs) 405, color appearance models (CAMs)
420, gamut boundary descriptions (GBDs) for use by the gamut boundary functions
435, and gamut mapping models (GMMs) 430.

[0070] The device models 405 can be initialized directly from DMPs. Thus, one
device model 405 can be created for each DMP. The color appearance models 420
can be initialized directly from CAMPs. Thus, one color appearance model 420 can
be created for each CAMP. The gamut boundary descriptions (GBDs) can be
initialized from objects instantiating representations of the device model profile and
the CAMP Thus, a sequence of profiles can correspond to a sequence of GBDs.
Gamut mapping models 430 can be initialized from two gamut boundaries and a
rendering intent. Each entry in the rendering intent array can reference a GMM
430.

[0071] The sequential transform component 305 traverses the sequence of GBDs

in pairs; within each pair, the first acts as "source" and the second as "destination".
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The destination GBD of one pair will act as the source GBD of the succeeding pair.
All but the very first and the very last elements in the sequence will serve as first
destination and then source for the corresponding GMM. Thus, the sequential
transform component 305 ends up with the very first DM-CAM pair, the very last
DM-CAM pair, and an array of gamut mapping models for all the transformations
in between.

[0072] Once all the proﬁles and intents have been properly processed, and the
intermediate objects initialized, the transform is created in block 915, and in block
920, the source color space is samplea to produce a representative buffer 925 of
samples. The transform optimization component 315 then runs this buffer 925
through the sequential transform component 305 to create a single, optimized look-
up table 320 of mappings between source colors and resulting destination colors.
[0073] Figure 10 depicts aspects of the transform execution component 325 shown
in Figure 3. The transform execution component 325 functions translate, for
example, an array of colors 1005 from the source color space to the destination
color space as defined by a color transform. In block 1010, the transform execution
component 325 calls pixel formatting support code to convert the incoming raster
or vector color data into an internal transform format. An illustrative internal
transform format is 32 bit per color channel floating point, with range normalized
to [0.0, 0.1]. In block 1015, the transform execution component 325 checks against
an array of cached colors to enable immediate matching of commonly transformed
colors. In block 1020, if the source colors cannot be matched from the cache, the
optimized transform look-up table 320 is interpolated to find the closest match. In
block 1025, the destination color content 130 is converted back out of the native
pixel format. Both bitmap and vector color data can be supported by the CITE 120.
[0074] Figure 11 illustrates an exemplary computing environment 100 within
which declarative queries for sensor networks, as well as the computing, network,
and system architectures described herein, can be either fully or partially
implemented. Exemplary computing environment 1100 is only one example of a
computing system and is not intended to suggest any limitation as to the scope of

use or functionality of the architectures. Neither should the computing

19



10

20

25

36

WO 2007/027745 PCT/US2006/033822

environment 1100 be interpreted as having any dependency or requirement relating
to any one or combination of components illustrated in the exemplary computing
environment 1100.

[0075] The computer and network architectures in computing environment 1100
can be implemented with numerous other general purpose or special purpose
computing system environments or configurations. Examples of well known
computing systems, environments, and/or configurations that may be suitable for
use include, but are not limited to, personal computers, server computers, client
devices, hand-held or laptop devices, microprocessor-based systems,
multiprocessor systems, set top boxes, programmable consumer electronics,
network PCs, minicomputers, mainframe computers, gaming consoles, distributed
computing environments that include any of the above systems or devices, and the
like.

[0076] The computing environment 1100‘includes a general-purpose computing
system in the form of a computing device 1102. The components of computing
device 1102 can include, but are not limited to, one or more processors 1104 (e.g.,
any of microprocessors, controllers, and the like), a system memory 1106, and a
system bus 1108 that couples the various system components. The one or more
processors 1104 process various computer executable instructions to control the
operation of computing device 1102 and to communicate with other electronic and
computing devices. The system bus 1108 represents any number of several types
of bus structures, including a memory bus or memory controller, a peripheral bus,
an accelerated graphics port, and a processor or local bus using any of a variety of
bus architectures. Taken in whole or in part, the computing device 1102 may be
suitable for implementing the CITE 120.

[0077] Computing environment 1100 includes a variety of computer readable
media which can be any media that is accessible by computing device 1102 and
includes both volatile and non-volatile media, removable and non-removable
media. The system memory 1106 includes computer readable media in the form of
volatile memory, such as random access memory (RAM) 1110, and/or non-volatile

memory, such as read only memory (ROM) 1112. A basic input/output system
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(BIOS) 1114 maintains the basic routines that facilitate information transfer
between components within computing device 1102, such as during start-up, and is
stored in ROM 1112. RAM 1110 typically contains data and/or program modules
that are immediately accessible to and/or presently operated on by one or more of
s the processors 1104.
[0078] Computing device 1102 may include other removable/non-removable,
volatile/non-volatile computer storage media. By way of example, a hard disk
drive 1116 reads from and writes to a non-removable, non-volatile magnetic media
(not shown), a magnetic disk drive 1118 reads from and writes to a removable,

10 non-volatile magnetic disk 1120 (e.g., a “floppy disk™), and an optical disk drive
1122 reads from and/or writes to a removable, non-volatile optical disk 1124 such
as a CD-ROM, digital versatile disk (DVD), or any other type of optical media. In
this example, the hard disk drive 1116, magnetic disk drive 1118, and optical disk
drive 1122 are each connected to the system bus 1108 by one or more data media

15 interfaces 1126. The disk drives and associated computer readable media provide
non-volatile storage of computer readable instructions, data structures, program
modules, and other data for computing device 1102.

[0079] Any number of program modules can be stored on RAM 1110, ROM 1112,
hard disk 1116, magnetic disk 1120, and/or optical disk 1124, including by way of

20 example, an operating system 1128, one or more application programs 1130, other
program modules 1132, and program data 1134. Each of such operating system
1128, application program(s) 1130, other program modules 1132, program data
1134, or any combination thereof, may include one or more embodiments of the
systems and methods described herein.

25 [0080] Computing device 1102 can include a variety of computer readable media
identified as communication media. Communication media typically embodies
computer readable instructions, data structures, program modules, or other data in a
modulated data signal such as a carrier wave or other transport mechanism and
includes any information delivery media. The term “modulated data signal” refers

3 to a signal that has one or more of its characteristics set or changed in such a

manner as to encode information in the signal. By way of example and not
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limitation, communication media includes wired media such as a wired network or
direct-wired connection, and wireless media such as acoustic, RF, infrared, other
wireless media, and/or any combination thereof.
[0081]) A user can interface with computing device 1102 via any number of
s different input devices such as a keyboard 1136 and pointing device 1138 (e.g., a
“mouse”). Other input devices 1140 (not shown specifically) may include a
microphone, joystick, game pad, controller, satellite dish, serial port, scanner,
and/or the like. These and other input devices are connected to the processors 1104
via input/output interfaces 1142 that are coupled to the system bus 1108, but may

10 be connected by other interface and bus structures, such as a parallel port, game
port, and/or a universal serial bus (USB).

[0082] A display device 1144 (or other type of monitor) can be connected to the
system bus 1108 via an interface, such as a video adapter 1146. In addition to the
display device 1144, other output peripheral devices can include components such

15 as speakers (not shown) and a printer 1148, which can be connected to computing
device 1102 via the input/output interfaces 1142.

[0083] Computing device 1102 can operate in a networked environment using
logical connections to one or more remote computers, such as remote cvomputing
device 1150. By way of example, remote computing device 1150 can be a personal

20 computer, portable computer, a server, a router, a network computer, a peer device
or other common network node, and the like. The remote computing device 1150
is illustrated as a portable computer that can include any number and combination
of the different components, elements, and features described herein relative to
computing device 1102.

25 [0084] Logical connections between computing device 1102 and the remote
computing device 1150 are depicted as a local area network (LAN) 1152 and a
general wide area network (WAN) 1154. Such networking environments are
commonplace in offices, enterprise-wide computer networks, intranets, and the
Internet. When implemented in a LAN networking environment, the computing

»  device 1102 is connected to a local network 1152 via a network interface or adapter

1156. When implemented in a WAN networking environment, the computing
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device 1102 typically includes a modem 1158 or other means for establishing
communications over the wide area network 1154. The modem 1158 can be
internal or external to computing device 1102, and can be connected to the system
bus 1108 via the input/output interfaces 1142 or other appropriate mechanisms.
s The illustrated network connections are merely exemplary and other means of
establishing communication link(s) between the computing devices 1102 and 1150
can be utilized.
[0085] In a networked environment, such as. that illustrated with computing
environment 1100, program modules depicted relative to the computing device
10 1102, or portions thereof, may be stored in a remote memory storage device. By
way of example, remote application programs 1160 are maintained with a memory
device of remote Vcomputing device 1150. For purposes of illustration, application
programs and other executable program components, such as operating system
1128, are illustrated herein as discrete blocks, although it is recognized that such
15 programs and components reside at various times in different storage components
of the computing device 1102, and are executed by the one or more processors 1104
of the computing device 1102.
[0086] For convenience of understanding and discussion, but not limitation, the
following list of definitions of certain terms used herein is provided:
20 [0087] CIEJCh: Cylindrical coordinates of the colof appearance model
CIECAMO2; they are viewing-condition-independent. Rectangular CIEJab values
are derivedasa=Ccoshand b=Csin h.
[0088] CIEXYZ: A mathematical color space produced by the CIE (Commission
Internationale de 'Eclairage) that describes color in terms of synthetic primaries X,
»s Y and Z. The primaries are imaginary mathematical constructs that model our eyes'
response to different wavelengths of light. CIEXYZ, often called tristimulus
values, are device-independent, but viewing-condition-dependent. WCS uses the
color space based on XYZ determined for the CIE Standard 1931 Colorimetric
Observer (the 2 degree observer), relative to D50 illuminant, and measured with

w  0/45 or 45/0 geometry, for reflecting media.
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[0089] Color Appearance Model: Color appearance models are algorithms
which predict the perception of colors under different lighting conditions and
backgrounds. CIECAMO2 transforms physical measurements of the color stimulus
and viewing environment into relative perceptual attributes, lightness (J), chroma
(C) and hue (h). '

[0090] Color Appearance Model Profile: A collection of measurements that
provide the parametric viewing condition data appropriate to transform colors
between the CIEXYZ colorimetric space and a perceptually uniform color
appearance space.

[0091] Color Space: A system that describes color, either in terms of physical
samples (e.g. Pantone color space), or by numerical values in a 3-dimensional
coordinate model (e.g. SRGB coldr space, based on the RGB model). Color spaces
have a specified gamut or range of colors.

[0092] Color Target: Also called color measurement target or simply
measurement target. A set of color samples used to empirically evaluate device
color reproduction for capture and print devices.

e Targets used for capture devices can be physical samples of colored
patches with known CIEXYZ values. These targets can be captured into
a bitmap using the capture device. The resulting device RGB values in
the bitmap can be used in conjunction with the -table of known XYZ‘
values to characterize the capture device. A common standard is the
GretagMacbeth Color Checker.

e Targets used for printer devices can be electronic files containing patches
of known CMYK input. The printer output of these files can be
measured to obtain the corresponding CIEXYZ or CIELab values of the
patches. The printer device can then be characterized.

[0093] Device Model: Device models are algorithms which translate the native
color space of a device into a standard device-independent color space such as
CIEXYZ. This translation is derived statistically from measurement data, and

expressed either using look-up tables or mathematical equations.
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[0094] Device Model Profile: A collection of measurements that provide the
parametric device data appropriate to transform colors between the native device
state and CIEXYZ colorimetric space.

[0095] Gamut:The full range of colors that are available in a color space, or can
be generated by a specific device.

[0096] Gamut Mapping Model: Gamut mapping models are algorithms which
convert the coordinates of one color space into another. A color is said to be "out
of gamut" when its position in one device's color space cannot be directly translated
into another device's color space. Rendering intents (gamut mapping algorithms)
prescribe methods of handling out-of-gamut colors.

[0097] CIECAMO02: “A Colour Appearance Model for Colour Management
Systems: CIECAMO02”, Publication CIE 159:2004, ISBN 3901906290

[0098] Although embodiments of declarative queries of sensor networks have
been described in language specific to structural features and/or methods, it is to be
understood that the subject of the appended claims is not necessarily limited to the
specific features or methods described. Rather, the specific features and methods
are disclosed as exemplary implementations of declarative queries of sensor

networks.
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CLAIMS
1. A method comprising:

receiving source color content associated with at least a first media type;

receiving further source color content associated with at least a further media
type, wherein the source color content and the further source color content are
associated with respective media boundary information,

transforming the source color content and the further source color content
into destination color content using the media boundary information for rendering
as composited content on at least one destination device.
2. The method of claim 1, wherein the color content and the further source color
content are transformed for rendering as composited content on at least one of a
display device and a hardcopy device.
3. The method of claim 1, further comprising integrating still photographic
content with motion color content for rendering on the destination device.
4, The method of claim 1, wherein receiving source color content includes
receiving at least a first one of still color photographic content, color two-
dimensional graphics, color three-dimensional graphics, color video, color
animation, and text.
5. The method of claim 4, wherein receiving further source color content
includes receiving at least a further one of the still color photographic content, the
color two-dimensional graphics, the color three-dimensional graphics, the color
video, the color animation, and the text.
6.  The method of claim 5, further comprising integrating the first one and at
least the further one of the still color photographic content, the color two-
dimensional graphics, the color three-dimensional graphics, the color video, the
color animation, and the text, for rendering on the destination device.
7.  The method of claim 1, wherein transforming the source color content
includes creating a transform that maps the source color content into at least one

intermediate color space.

26



10

15

20

25

30

WO 2007/027745 PCT/US2006/033822

8.  The method of claim 1, further comprising compensating for viewing
conditions in which one of the source color content and the destination color
content are to be perceived.
9.  The method of claim 1, further comprising processing at least one gamut
boundary function to map a gamut associated with the source device to a gamut
associated with the destination device.
10.  The method of claim 9, wherein processing at least one gamut boundary
function includes deriving a convex hull representing at least one of the gamut
associated with the source device and the gamut associated with the destination
device.
11.  Apparatus comprising:

a color infrastructure transformation engine including at least:

a sequential transform component adapted to receive source color
content and to create a transform to facilitate mapping the source color
content to destination color content;

a transform optimization component adapted to receive the transform
and to create an optimized transform table based on the transform; and

a transform execution component adapted to receive the optimized
transform table and to generate the destination color content based thereon.

12.  The apparatus of claim 11, wherein the sequential transform component
includes a forward device model that is adapted to receive pixel values in a color
space associated with the source device.

13.  The apparatus of claim 12, wherein the forward device model is adapted to
receive data from a device model profile that specifies characteristics of at least one
of the source device and the destination device.

14.  The apparatus of claim 13, wherein the forward device model is adapted to
receive data from a device model profile that specifies at least one of the following
parameters for at least one of the source device and the destination device: a
minimum colorant value, a maximum colorant value, a maximum range limit, and a

minimum range limit.
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15.  The apparatus of claim 11, wherein the sequential transform component
includes a forward color appearance model that is adapted to compensate for
viewing conditions under which at least one of the source color content and the
destination color content are perceived.

16.  The apparatus of claim 11, wherein the sequential transform component is
adapted to receive at least further source color content and to create at least a
further transform to facilitate mapping the further source color content to
destination color content.

17.  The apparatus of claim 11, wherein the further source color content and the
source color content represent different media types.

18.  The apparatus of claim 11, wherein the sequential transform component is
adapted to receive at least further source color content and to create at least a
further transform to facilitate mapping the further source color content to at least
further destination color content.

19.  The apparatus of claim 18, wherein the further destination color content and
the destination color content represent different media types.

20.  The apparatus of claim 11, wherein the sequential transform component is
adapted to create a transform that maps the source color content into at least one

intermediate color space.
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