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Methods and Systems for Image-Specific Tone Scale Adjustment and Light-Source
Control

RELATED REFERENCES

[0001] This application is a continuation-in-part of U.S. Patent Application No.
11/224,792, entitled “Methods and Systems for Image-Specific Tone Scale Adjustment and
Light-Source Control,” filed on Sept. 12, 2005; this application is also a continuation-in-part
of U.S. Patent Application No. 11/ 154,053, entitled “Methods and Systems for Enhancing
Display Characteristics with High Frequency Contrast Enhancement,” filed on June 15, 2005;
this application is also a continuation-in-part of U.S. Patent Application No. 11/154,054,
entitled “Methods and Systems for Enhancing Display Characteristics with Frequency-
Specific Gain,” filed on June 15, 2005; this application is also a continuation-in-part of U.S.
Patent Application No. 11/154,052, entitled “Methods and Systems for Enhancing Display
Characteristics,” filed on June 15, 2005; this application also claims the benefit of U.S.
Provisional Patent Application No. 60/670,749, entitled “Brightness Preservation with
Contrast Enhancement,” filed on April 11, 2005; this application also claims the benefit of
U.S. Provisional Patent Application No. 60/660,049, entitled “Contrast Preservation and
Brightness Preservation in Low Power Mode of a Backlit Display,” filed on March 9, 2005;
this application also claims the benefit of U.S. Provisional Patent Application No.
60/632,776, entitled “Luminance Matching for Power Saving Mode in Backlit Displays,”
filed on December 2, 2004; this application also claims the benefit of U.S. Provisional Patent
Application No. 60/632,779, entitled “Brightness Preservation for Power Saving Modes in
Backlit Displays,” filed on December 2, 2004; and this application also claims the benefit of
U.S. Provisional Patent Application No, 60/710,927, entitled “Image Dependent Backlight
Modulation,” filed on August 23, 2005.

FIELD OF THE INVENTION
[0002] Embodiments of the present invention comprise methods and systems for
enhancing the brightness, contrast and other gualities of a display by adjusting light-source

levels and pixel values.

BACKGROUND
{0003} A typical display device displays an image using a fixed range of luminance
levels. For many displays, the luminance range has 256 levels that are uniformly spaced

from 0 to 255. Image code values are generally assigned to match these levels directly.

-1-
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[0004T In many electronic devices with large displays, the displays are the primary

power consumers. For example, in a laptop computer, the display is likely to consume more
power than any of the other components in the system. Many displays with limited power

availability, such as those found in battery-powered devices, may use several illumination or
brightness levels to help manage power consumption. A system may use a full-power mode
when it is plugged into a power source, such as A/C power, and may use a power-save mode

when operating on battery power.

[0005] In some devices, a display may automatically enter a power-save mode, in
which the display illumination is reduced to conserve power. These devices may have
multiple power-save modes in which illumination is reduced in a step-wise fashion. ‘
Generally, when the display illumination is reduced, image quality drops as well. When the
maximum luminance level is reduced, the dynamic range of the display is reduced and image
contrast suffers. Therefore, the contrast and other image qualities are reduced during typical

power-save mode operation.

[0006] Many display devices, such as liquid crystal displays (LCDs) or digital micro-

" mirror devices (DMDs), use light valves which are backlit, side-lit or front-lit in one way or

another. In a backlit light valve display, such as an LCD, a backlight is positioned behind a
liquid crystal panel. The backlight radiates light through the LC panel, which modulates the
light to register an image. Both luminance and color can be modulated in color displays.
The individual LC pixels modulate the amount of light that is transmitted from the backlight
and through the LC panel to the user’s eyes or some other destination. In some cases, the

destination may be a light sensor, such as a coupled-charge device (CCD).

[0007] Some displays may also use light emitters to register an image. These
displays, such as light emitting diode (LED) displays and plasma displays use picture

elements that emit light rather than reflect light from another source.

SUMMARY

[0008] Some embodiments of the present invention comprise systems and methods
for varying a light-valve-modulated pixel’s luminance modulation level to compensate for a
reduced light source illumination intensity or to improve the image quality at a fixed light

source illumination level.

[0009] Some embodiments of the present invention may also be used with displays
that use light emitters to register an image. These displays, such as light emitting diode

(LED) displays and plasma displays use picture elements that emit light rather than reflect

2-
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light from another source. Embodiments of the present invention may be used to enhance the

image produced by these devices. In these embodiments, the brightness of pixels may be
adjusted to enhance the dynamic range of specific image frequency bands, luminance ranges

and other image subdivisions.

[0010] In some embodiments of the present invention, a display light source may be
adjusted to different levels in response to image characteristics. When these light source
levels change, the image code values may be adjusted to compensate for the change in

brightness or otherwise enhance the image.

[0011] The foregoing and other objectives, features, and advantages of the invention
will be more readily understood upon consideration of the following detailed description of

the invention taken in conjunction with the accompanying drawings.
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BRIEF DESCRIPTION OF THE SEVERAL DRAWINGS

[0012] Fig. 1 is a diagram showing prior art backlit LCD systems;

[0013] Fig. 2A is a chart showing the relationship between original image code values
and boosted image code values;

[0614] Fig. 2B is a chart showing the relationship between original image code values
and boosted image code values with clipping;

[0015] Fig. 3 is a chart showing the luminance level associated with code values for
various code value modification schemes;

[0016] Fig. 4 is a chart showing the relationship between original image code values
and modified image code values according to various modification schemes;

[0017] Fig. 5 is a diagram showing the generation of an exemplary tone scale

adjustment model;

[0018] Fig. 6 is a diagram showing an exemplary application of a tone scale

adjustment model;

[0019] Fig. 7 is a diagram showing the generation of an exemplary tone scale

adjustment model and gain map;

[0020] Fig. 8 is a chart showing an exemplary tone scale adjustment model;
[0021] Fig. 9 is a chart showing an exemplary gain map;
[0022] Fig. 10 is a flow chart showing an exemplary process wherein a tone scale

adjustment model and gain map are applied to an image;

{0023] Fig. 11 is a flow chart showing an exemplary process wherein a tone scale
adjustment model is applied to one frequency band of an image and a gain map is applied to

another frequency band of the image;

[0024] Fig. 12 is a chart showing tone scale adjustment model variations as the MFP
changes;

[0025] Fig. 13 is a flow chart showing an exemplary image dependent tone scale
mapping method;

[0026] Fig. 14 is a diagram showing exemplary image dependent tone scale selection
embodiments;

[0027] Fig. 15 is a diagram showing exemplary image dependent tone scale map

calculation embodiments;
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[0028] Fig. 16 is a flow chart showing embodiments comprising source light level

adjustment and image dependent tone scale mapping;

[0029] Fig. 17 is a diagram showing exemplary embodiments comprising a source

light level calculator and a tone scale map selector;

[0030] Fig. 18 is a diagram showing exemplary embodiments comprising a source

light level calculator and a tone scale map calculator;

[0031] Fig. 19 is a flow chart showing embodiments comprising source light level

adjustment and source-light level-dependent tone scale mapping;

[0032] Fig. 20 is a diagram showing embodiments comprising a source light level

calculator and source-light level-dependent tone scale calculation or selection;

[0033] Fig. 21 is a diagram showing a plot of original image code values vs. tone

scale slope; and

[0034] Fig. 22 is a diagram showing embodiments comprising separate chrominance

channel analysis.

[0035]

-5-
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DETAILED DESCRIPTION OF EXEMPI'ARY EMBODIMENTS

[0036] Embodiments of the present invention will be best understood by
reference to the drawings, wherein like parts are designated by like numerals throughout. The

figures listed above are expressly incorporated as part of this detailed description.

[0037] It will be readily understood that the components of the present
invention, as generally described and illustrated in the figures herein, could be arranged and
designed in a wide variety of different configurations. Thus, the following more detailed
description of the embodiments of the methods and systems of the present invention is not
intended to limit the scope of the invention but it is merely representative of the presently

preferred embodiments of the invention.

[0038] Elements of embodiments of the present invention may be embodied in
hardware, firmware and/or software. While exemplary embodiments revealed herein may
only describe one of these forms, it is to be understood that one skilled in the art would be
able to effectuate these elements in any of these forms while resting within the scope of the

present invention.

[0039] Display devices using light valve modulators, such as LC modulators and
other modulators may be reflective, wherein light is radiated onto the front surface (facing a
viewer) and reflected back toward the viewer after passing through the modulation panel
layer. Display devices may also be transmissive, wherein light is radiated onto the back of
the modulation panel layer and allowed to pass through the modulation layer toward the
viewer. Some display devices may also be transflexive, a combination of reflective and
transnﬁssive, wherein light may pass through the modulation layer from back to front while
light from another source is reflected after entering from the front of the modulation layer. In
any of these cases, the elements in the modulation layer, such as the individual LC elements,

may control the perceived brightness of a pixel.

[0040] In backlit, front-lit and side-lit displays, the light source may be a series of
fluorescent tubes, an LED array or some other source. Once the display is larger than a
typical size of about 18”, the majority of the power consumption for the device is due to the
light source. For certain applications, and in certain markets, a reduction in power
consumption is important. However, a reduction in power means a reduction in the light flux

of the light source, and thus a reduction in the maximum brightness of the display.

[004.1] A basic equation relating the current gamma-corrected light valve modulator’s

gray-level code values, CV, light source level, Lsource, and output light level, Loy, is:
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Lout = Lsource * g (CV + dal'k)Y + ambient ¢))

[0042] Where g is a calibration gain, dark is the light valve’s dark level, and ambient
is the light hitting the display from the room conditions. From this equation, it can be seen

that reducing the backlight light source by x% also reduces the light output by x%.

[0043] The reduction in the light source level can be compensated by changing the
light valve’s modulation values; in particular, boosting them. In fact, any light level less than
(1-x%) can be reproduced exactly while any light level above (1-x%) cannot be reproduced

without an additional light source or an increase in source intensity.

[0044] Setting the light output from the original and reduced sources gives a basic
code value correction that may be used to correct code values for an x% reduction (assuming

dark and ambient are 0) is:

Lout = Lsource * g (CV)Y = Lreduced * 8 (vaoost)y )
CVhoost =CV * (Lsource / Lreduced)lly = CV*(I/ X%)Uy 3)
[0045] Figure 2A illustrates this adjustment. In Figures 2A and 2B, the original

display values correspond to points along line 12. When the backlight or light source is
placed in power-save mode and the light source illumination is reduced, the display code
values need to be boosted to allow the light valves to counteract the reduction in light source
illumination. These boosted values coincide with points along line 14. However, this
adjustment results in code values 18 higher than the display is capable of producing (e.g., 255
for an 8 bit display). Consequently, these values end up being clipped 20 as illustrated in
Figure 2B. Images adjusted in this way may suffer from washed out highlights, an artificial

look, and generally low quality.

[0046] Using this simple adjustment model, code values below the clipping point 15
(input code value 230 in this exemplary embodiment) will be displayed at a luminance level
equal to the level produced with a full power light source while in a reduced source light
illumination mode. The same luminance is produced with a lower power resulting in power
savings. If the set of code values of an image are confined to the range below the clipping
point 15 the power savings mode can be operated transparently to the user. Unfortunately,
when values exceed the clipping point 15, luminance is reduced and detail is lost.
Embodiments of the present invention provide an algorithm that can alter the LCD or light

valve code values to provide increased brightness (or a lack of brightness reduction in power

-7-
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save niode) while reducing clipping artifacts that may occur at the high end of the luminance

range.

[0047] Some embodiments of the present invention may eliminate the reduction in
brightness associated with reducing display light source power by matching the image
luminance displayed with low power to that displayed with full power for a significant range
of values. In these embodiments, the reduction in source light or backlight power which
divides the output luminance by a specific factor is compensated for by a boost in the image

data by a reciprocal factor.

[0048] Ignoring dynamic range constraints, the images displayed under full power
and reduced power may be identical because the division (for reduced light source
illumination) and multiplication (for boosted code values) essentially cancel across a
significant range. Dynamic range limits may cause clipping artifacts whenever the
multiplication (for code value boost) of the image data exceeds the maximum of the display.
Clipping artifacts caused by dynamic range constraints may be eliminated or reduced by
rolling off the boost at the upper end of code values. This roll-off may start at a maximum
fidelity point (MFP) above which the luminance is no longer matched to the original

luminance.

[0049] In some embodiments of the present invention, the following steps may be
executed to compensate for a light source illumination reduction or a virtual reduction for

image enhancement:

1) A source light (backlight) reduction level is determined in terms of a

percentage of luminance reduction;

2) A Maximum Fidelity Point (MFP) is determined at which a roll-off from

matching reduced-power output to full-power output occurs;
3) Determine a compensating tone scale operator;
a. Below the MFP, boost the tone scale to compensate for a reduction
in display luminance;
b. Above the MFP, roll off the tone scale gradually (in some
embodiments, keeping continuous derivatives);
4) Apply tone scale mapping operator to image; and

5) Send to the display.
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[0050] The primary advantage of these embodiments is that power savings can be
achieved with only small changes to a narrow category of images. (Differences only occur
above the MFP and consist of a reduction in peak brightness and some loss of bright detail).
Image values below the MFP can be displayed in the power savings mode with the same
luminance as the full power mode making these areas of an image indistinguishable from the

full power mode.

[0051] Some embodiments of the present invention may use a tone scale map that is
dependent upon the power reduction and display gamma and which is independent of image
data. These embodiments may provide two advantages. Firstly, flicker artifacts which may
arise due to processing frames differently do not arise, and, secondly, the algorithm has a
very low implementation complexity. In some embodiments, an off-line tone scale design
and on-line tone scale mapping may be used. Clipping in highlights may be controlled by the
specification of the MFP.

[0052] Some aspects of embodiments of the present invention may be described in
relation to Figure 3. Figure 3 is a graph showing image code values plotted against
luminance for several situations. A first curve 32, shown as dotted, represents the original
code values for a light source operating at 100% power. A second curve 30, shown as a dash-
dot curve, represents the luminance of the original code values when the light source operates
at 80% of full power. A third curve 36, shown as a dashed curve, represents the luminance
when code values are boosted to match the luminance provided at 100% light source
illumination while the light source operates at 80% of full power. A fourth curve 34, shown
as a solid line, represents the boosted data, but with a roll-off curve to reduce the effects of

clipping at the high end of the data.
[0053] In this exemplary embodiment, shown in Figure 3, an MFP 35 at code value

180 was used. Note that below code value 180, the boosted curve 34 matches the luminance
output 32 by the original 100% power display. Above 180, the boosted curve smoothly
transitions to the maximum output allowed on the 80% display. This smoothness reduces
clipping and quantization artifacts. In some embodiments, the tone scale function may be
defined piecewise to match smoothly at the transition point given by the MFP 35. Below the
MEFP 35, the boosted tone scale function may be used. Above the MFP 35, a curve is fit
smoothly to the end point of boosted tone scale curve at the MFP and fit to the end point 37 at
the maximum code value [255]. In some embodiments, the slope of the curve may be
matched to the slope of the boosted tone scale curve/line at the MFP 35. This may be
achieved by matching the slope of the line below the MFP to the slope of the curve above the
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MFP by equating the derivatives of the line and curve functions at the MFP and by matching

the values of the line and curve functions at that point. Another constraint on the curve
function may be that it be forced to pass through the maximum value point [255,255] 37. In
some embodiments the slope of the curve may be set to 0 at the maximum value point 37. In

some embodiments, an MFP value of 180 may correspond to a light source power reduction
of 20%.

[0054] In some embodiments of the present invention, the tone scale curve may be
defined by a linear relation with gain, g, below the Maximum Fidelity Point (MFP). The tone
scale may be further defined above the MFP so that the curve and its first derivative are
continuous at the MFP. This continuity implies the following form on the tone scale

function:

B g-x x < MFP
YZ\C+B-(x— MFP)+ A-(x — MFP)* x> MFP
C=g-MFP
B=g
= Max —(C + B-(Max — MFP)
(Max — MFP)*
_ Max - g - Max
(Max — MFP)?
_ Moax-(1-g)
(Max — MFP)?
g-x x < MFP
2
r= g-x+Max-(1-g)- ﬂ) x = MFP
Max — MFP
[0055] The gain may be determined by display gamma and brightness reduction ratio
as follows:
1
_ ( FullPower j ¥
Re ducedPower
[0056] In some embodiments, the MFP value may be tuned by hand balancing

highlight detail preservation with absolute brightness preservation.

[0057] The MFP can be determined by imposing the constraint that the slope be zero

at the maximum point. This implies:

-10-
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[0056] In some embodintents, the MFP value may be tuned by hand balancing highlight
detail preservation with absolute brightness preservation.

[0057] The MFP can be determined by imposing the constraint that the slope be zero at

the maximum point. This implies:

g x < MFP

slope =1 o 49 Max-(1 - g)- — 2T - x=MFP
(Max - MFP)
Max — MFP
slope(Max)=g+2-Max-(1-g)-
pe(Max) = g 1-g) (Max — MFPY
2-Max-(1-g)
lope(Max) = g +
slope(Max) = &+ = MiFP
slope(Max) = g-(Max— MFP)+2-Max-(1-g)
Max — MFP
slope(Max) = 2 - Max — g - (Max + MFP)
Max — MFP
[0058] In some exemplary embodiments, the following equations may be used to

calculate the code values for simple boosted data, boosted data with clipping and corrected data,

respectively, according to an exemplary embodiment.

ToneScalep st (cv)=(1/ x)1 17 ey

(l/x)l/y-cv cvs255-(x)1/7

ToneScaleclipped (cv) =
255 otherwise

1/
1/x V. cy cv < MFP
ToneScalegoprected (cv) = ( 2)

A-cv+B-cv+C otherwise

The constants A, B, and C may be chosen to give a smooth fit at the MFP and so that the
curve passes through the point [255,255]. Plots of these functions are shown in Figure 4.

[0059] Figure 4 is a plot of original code values vs. adjusted code values. Original code
values are shown as points along original data line 40, which shows a 1:1 relationship between
adjusted and original values as these values are original without adjustment. According to

embodiments of the present invention, these values may be boosted or adjusted to represent

-11-
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higher luminance levels. A simple boost procedure according to the “tonescale boost” equation
above, may result in values along boost line 42. Since display of these values will result in
clipping, as shown graphically at line 46 and mathematically in the “tonescale clipped” equation
above, the adjustment may taper off from a maximum fidelity point 45 along curve 44 to the
maximum value point 47. In some embodiments, this relationship may be described

mathematically in the “tonescale corrected” equation above. t

[0060] Using these concepts, luminance values represented by the display with a light
source operating at 100% power may be represented by the display with a light source operating
at a lower power level. This is achieved through a boost of the tone scale, which essentially
opens the light valves further to compensate for the loss of light source illumination. However, a
simple application of this boosting across the entire code value range results in clipping artifacts
at the high end of the range. To prevent or reduce these artifacts, the tone scale function may be
rolled-off smoothly. This roll-off may be controlled by the MFP parameter. Large values of
MFP give luminance matches over a wide interval but increase the visible quantization/clipping

artifacts at the high end of code values.

[0061] Embodiments of the present invention may operate by adjusting code values. Ina
simple gamma display model, the scaling of code values gives a scaling of luminance values,
with a different scale factor. To determine whether this relation holds under more realistic
display models, we may consider the Gamma Offset Gain — Flair (GOG-F) model. Scaling the
backlight power corresponds to linear reduced equations where a percentage, p, is applied to the
output of the display, not the ambient. It has been observed that reducing the gain by a factor p
is equivalent to leaving the gain unmodified and scaling the data, code values and offset, by a
factor determined by the display gamma. Mathematically, the multiplicative factor can be pulled
into the power function if suitably modified. This modified factor may scale both the code

values and the offset.
Equation 1 GOG-F model

L=G-(CV +dark)” + ambient

-12-
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Equation 2 Linear Luminance Reduction

Linear reduced =P -G+ (CV +dark)” + ambient
Ll inear reduced =G - (pl/ 7. (C V+ dark))7/ + ambient

Llinear reduced =G (Pl/ V.cr+ Pl/ V. dark)? + ambient

Equation 3 Code Value Reduction

Loy reduced =G ( p1 7. CV +dark)” + ambient

[0062] Some embodiments of the present invention may be described with reference to
Figure 5. In these embodiments, a tone scale adjustment may be designed or calculated off-line,
prior to image processing, or the adjustment may be designed or calculated on-line as the image
is being processed. Regardless of the timing of the operation, the tone scale adjustment 56 may
be designed or calculated based on at least one of a display gamma 50, an efficiency factor 52
and a maximum fidelity point (MFP) 54. These factors may be processed in the tone scale
design process 56 to produce a tone scale adjustment model 58. The tone scale adjustment
model may take the form of an algorithm, a look-up table (LUT) or some other model that may
be applied to image data.

[0063] Once the adjustment model 58 has been created, it may be applied to the image
data. The application of the adjustment model may be described with reference to Figure 6. In
these embodiments, an image is input 62 and the tone scale adjustment model 58 is applied 64 to
the image to adjust the image code values. This process results in an output image 66 that may
be sent to a display. Application 64 of the tone scale adjustment is typically an on-line process,

but may be performed in advance of image display when conditions allow.

[0064] Some embodiments of the present invention comprise systems and methods for
enhancing images displayed on displays using light-emitting pixel modulators, such as LED
displays, plasma displays and other types of displays. These same systems and methods may be
used to enhance images displayed on displays using light-valve pixel modulators with light

sources operating in full power mode or otherwise.

[0065] These embodiments work similarly to the previously-described embodiments,

however, rather than compensating for a reduced light source illumination, these embodiments

-13-
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simply Increase the luminance of a range of pixels as if the light source had been reduced. In this

manner, the overall brightness of the image is improved.

[0066] In these embodiments, the original code values are boosted across a significant
range of values. This code value adjustment may be carried out as explained above for other
embodiments, except that no actual light source illumination reduction occurs. Therefore, the

image brightness is increased significantly over a wide range of code values.

[0067] Some of these embodiments may be explained with reference to Figure 3 as well.
In these embodiments, code values for an original image are shown as points along curve 30.
These values may be boosted or adjusted to values with a higher luminance level. These boosted
values may be represented as points along curve 34, which extends from the zero point 33 to the

maximum fidelity point 35 and then tapers off to the maximum value point 37.

[0068] Some embodiments of the present invention comprise an unsharp masking
process. In some of these embodiments the unsharp masking may use a spatially varying gain.
This gain may be determined by the image value and the slope of the modified tone scale curve.
In some embodiments, the use of a gain array enables matching the image contrast even when

the image brightness cannot be duplicated due to limitations on the display power.
[0069] Some embodiments of the present invention may take the following process steps:

Compute a tone scale adjustment model;

Compute a High Pass image;

Compute a Gain array;

Weight High Pass Image by Gain;

Sum Low Pass Image and Weighted High Pass Image; and
Send to the display

OV W

[0070] Other embodiments of the present invention may take the following process steps:

Compute a tone scale adjustment model;

Compute Low Pass image;

Compute High Pass image as difference between Image and Low Pass image;
Compute Gain array using image value and slope of modified Tone Scale Curve;
Weight High Pass Image by Gain;

Sum Low Pass Image and Weighted High Pass Image; and

Send to the reduced power display.

Nt kR W=

[0071] Using some embodiments of the present invention, power savings can be achieved
with only small changes on a narrow category of images. (Differences only occur above the

MFP and consist of a reduction in peak brightness and some loss of bright detail). Image values
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below the MFP can be displayed in the power savings mode with the same luminance as the full

power mode making these areas of an image indistinguishable from the full power mode. Other
embodiments of the present invention improve this performance by reducing the loss of bright

detail.

[0072] These embodiments may comprise spatially varying unsharp masking to preserve
bright detail. As with other embodiments, both an on-line and an off-line component may be
used. In some embodiments, an off-line component may be extended by computing a gain map
in addition to the Tone Scale function. The gain map may specify an unsharp filter gain to apply
based on an image value. A gain map value may be determined using the slope of the Tone
Scale function. In some embodiments, the gain map value at a particular point “P” may be
calculated as the ratio of the slope of the Tone Scale function below the MFP to the slope of the
Tone Scale function at point “P.” In some embodiments, the Tone Scale function is linear below
the MFP, therefore, the gain is unity below the MFP.

[0073] Some embodiments of the present invention may be described with reference to
Figure 7. In these embodiments, a tone scale adjustment may be designed or calculated off-line,
prior to image processing, or the adjustment may be designed or calculated on-line as the image
is being processed. Regardless of the timing of the operation, the tone scale adjustment 76 may
be designed or calculated based on at least one of a display gamma 70, an efficiency factor 72
and a maximum fidelity point (MFP) 74. These factors may be processed in the tone scale
design process 76 to produce a tone scale adjustment model 78. The tone scale adjustment
model may take the form of an algorithm, a look-up table (LUT) or some other model that may
be applied to image data as described in relation to other embodiments above. In these
embodiments, a separate gain map 77 is also computed 75. This gain map 77 may be applied to
specific image subdivisions, such as frequency ranges. In some embodiments, the gain map may
be applied to frequency-divided portions of an image. In some embodiments, the gain map may
be applied to a high-pass image subdivision. It may also be applied to specific image frequency

ranges or other image subdivisions.

[0074] An exemplary tone scale adjustment model may be described in relation to Figure
8. In these exemplary embodiments, a Function Transition Point (FTP) 84 (similar to the MFP
used in light source reduction compensation embodiments) is selected and a gain function is
selected to provide a first gain relationship 82 for values below the FTP 84. In some

embodiments, the first gain relationship may be a linear relationship, but other relationships and
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functions may be used to convert code values to enhanced code values. Above the FTP 84, a

second gain relationship 86 may be used. This second gain relationship 86 may be a function
that joins the FTP 84 with a maximum value point 88. In some embodiments, the second gain
relationship 86 may match the value and slope of the first gain relationship 82 at the FTP 84 and
pass through the maximum value point 88. Other relationships, as described above in relation to

other embodiments, and still other relationships may also serve as a second gain relationship 86.

[0075] In some embodiments, a gain map 77 may be calculated in relation to the tone
scale adjustment model, as shown in Figure 8. An exemplary gain map 77, may be described in
relation to Figure 9. In these embodiments, a gain map function relates to the tone scale
adjustment model 78 as a function of the slope of the tone scale adjustment model. In some
embodiments, the value of the gain map function at a specific code value is determined by the
ratio of the slope of the tone scale adjustment model at any code value below the FTP to the
slope of the tone scale adjustment model at that specific code value. In some embodiments, this

relationship may be expressed mathematically in the following equation:

Gain(cv) = ToneScaleSlope(1)
ToneScaleSlope(cv)
[0076] In these embodiments, the gain map function is equal to one below the FTP where

the tone scale adjustment model results in a linear boost. For code values above the FTP, the
gain map function increases quickly as the slope of the tone scale adjustment model tapers off.
This sharp increase in the gain map function enhances the contrast of the image portions to
which it is applied.

[0077] The exemplary tone scale adjustment factor illustrated in Figure 8 and the
exemplary gain map function illustrated in Figure 9 were calculated using a display percentage

(source light reduction) of 80%, a display gamma of 2.2 and a Maximum Fidelity Point of 180.

[0078] In some embodiments of the present invention, an unsharp masking operation
may be applied following the application of the tone scale adjustment model. In these

embodiments, artifacts are reduced with the unsharp masking technique.

[0079] Some embodiments of the present invention may be described in relation to
Figure 10. In these embodiments, an original image 102 is input and a tone scale adjustment
model 103 is applied to the image. The original image 102 is also used as input to a gain

mapping process 105 which results in a gain map. The tone scale adjusted image is then
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processed through a low pass filter 104 resulting in a low-pass adjusted image. The low pass

adjusted image is then subtracted 106 from the tone scale adjusted image to yield a high-pass
adjusted image. This high-pass adjusted image is then multiplied 107 by the appropriate value in
the gain map to provide a gain-adjusted high-pass image which is then added 108 to the low-pass
adjusted image, which has already been adjusted with the tone scale adjustment model. This
addition results in an output image 109 with increased brightness and improved high-frequency

contrast.

[0080] In some of these embodiments, for each component of each pixel of the image, a
gain value is determined from the Gain map and the image value at that pixel. The original
image 102, prior to application of the tone scale adjustment model, may be used to determine the
Gain. Each component of each pixel of the high-pass image may also be scaled by the
corresponding gain value before being added back to the low pass image. At points where the
gain map function is one, the unsharp masking operation does not modify the image values. At

points where the gain map function exceeds one, the contrast is increased.

[0081] Some embodiments of the present invention address the loss of contrast in high-
end code values, when increasing code value brightness, by decomposing an image into multiple
frequency bands. In some embodiments, a Tone Scale Function may be applied to a low-pass
band increasing the brightness of the image data to compensate for source-light luminance
reduction on a low power setting or simply to increase the brightness of a displayed image. In
parallel, a constant gain may be applied to a high-pass band preserving the image contrast even
in areas where the mean absolute brightness is reduced due to the lower display power. The

operation of an exemplary algorithm is given by:

1. Perform frequency decomposition of original image
2. Apply brightness preservation, Tone Scale Map, to a Low Pass Image
3. Apply constant multiplier to High Pass Image
4. Sum Low Pass and High Pass Images
5. Send result to the display
[0082] The Tone Scale Function and the constant gain may be determined off-line by

creating a photometric match between the full power display of the original image and the low
power display of the process image for source-light illumination reduction applications. The

Tone Scale Function may also be determined off-line for brightness enhancement applications.
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[0083] For modest MFP values, these constant-high-pass gain embodiments and the

unsharp masking embodiments are nearly indistinguishable in their performance. These
constant-high-pass gain embodiments have three main advantages compared to the unsharp
masking embodiments: reduced noise sensitivity, ability to use larger MFP/FTP and use of
processing steps currently in the display system. The unsharp masking embodiments use a gain
which is the inverse of the slope of the Tone Scale Curve. When the slope of this curve is small,
this gain incurs a large amplifying noise. This noise amplification may also place a practical
limit on the size of the MFP/FTP. The second advantage is the ability to extend to arbitrary
MFP/FTP values. The third advantage comes from examining the placement of the algorithm
within a system. Both the constant-high-pass gain embodiments and the unsharp masking
embodiments use frequency decomposition. The constant-high-pass gain embodiments perform
this operation first while some unsharp masking embodiments first apply a Tone Scale Function
before the frequency decomposition. Some system processing such as de-contouring will
perform frequency decomposition prior to the brightness preservation algorithm. In these cases,
that frequency decomposition can be used by some constant-high-pass embodiments thereby
eliminating a conversion step while some unsharp masking embodiments must invert the
frequency decomposition, apply the Tone Scale Function and perform additional frequency

decomposition.

[0084] Some embodiments of the present invention prevent the loss of contrast in high-
end code values by splitting the image based on spatial frequency prior to application of the tone
scale function. In these embodiments, the tone scale function with roll-off may be applied to the
low pass (LP) component of the image. In light-source illumination reduction compensation
applications, this will provide an overall luminance match of the low pass image components. In
these embodiments, the high pass (HP) component is uniformly boosted (constant gain). The
frequency-decomposed signals may be recombined and clipped as needed. Detail is preserved
since the high pass component is not passed through the roll-off of the tone scale function. The
smooth roll-off of the low pass tone scale function preserves head room for adding the boosted
high pass contrast. Clipping that may occur in this final combination has not been found to

reduce detail significantly.

[0085] Some embodiments of the present invention may be described with reference to

Figure 11. These embodiments comprise frequency splitting or decomposition 111, low-pass

-18-



10

15

20

25

30

WO 2006/060666 PCT/US2005/043647
tone scale mapping 112, constant high-pass gain or boost 116 and summation or re-combination

115 of the enhanced image components.

[0086] In these embodiments, an input image 110 is decomposed into spatial frequency
bands 111. In an exemplary embodiment, in which two bands are used, this may be performed
using a low-pass (LP) filter 111. The frequency division is performed by computing the LP
signal via a filter 111 and subtracting 113 the LP signal from the original to form a high-pass
(HP) signal 118. In an exemplary embodiment, spatial 5x5 rect filter may be used for this

decomposition though another filter may be used.

[0087] The LP signal may then be processed by application of tone scale mapping as
discussed for previously described embodiments. In an exemplary embodiment, this may be
achieved with a Photometric matching LUT. In these embodiments, a higher value of MFP/FTP
can be used compared to some previously described unsharp masking embodiment since most
detail has already been extracted in filtering 111. Clipping should not generally be used since

some head room should typically be preserved in which to add contrast.

[0088] In some embodiments, the MFP/FTP may be determined automatically and may
be set so that the slope of the Tone Scale Curve is zero at the upper limit. A series of tone scale
functions determined in this manner are illustrated in Figure 12. In these embodiments, the
maximum value of MFP/FTP may be determined such that the tone scale function has slope zero

at 255. This is the largest MFP/FTP value that does not cause clipping.

[0089] In some embodiments of the present invention, described with reference to Figure
11, processing the HP signal 118 is independent of the choice of MFP/FTP used in processing -
the low pass signal. The HP signal 118 is processed with a constant gain 116 which will
preserve the contrast when the power/light-source illumination is reduced or when the image
code values are otherwise boosted to improve brightness. The formula for the HP signal gain
116 in terms of the full and reduced backlight powers (BL) and display gamma is given
immediately below as a high pass gain equation. The HP contrast boost is robust against noise

since the gain is typically small (e.g. gain is 1.1 for 80% power reduction and gamma 2.2).

1/y
HighPassGain = (_BLF—MUJ
BLRe duced

[0090] In some embodiments, once the tone scale mapping 112 has been applied to the

LP signal, through LUT processing or otherwise, and the constant gain 116 has been applied to
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the HP signal, these frequency components may be summed 115 and, in some cases, clipped.

Clipping may be necessary when the boosted HP value added to the LP value exceeds 255. "This

- will typically only be relevant for bright signals with high contrast. In some embodiments, the

LP signal is guaranteed not to exceed the upper limit by the tone scale LUT construction. The
HP signal may cause clipping in the sum, but the negative values of the HP signal will never clip

maintaining some contrast even when clipping does occur.
Image-Dependent Source Light Embodiments

[0091] In some embodiments of the present invention a display light source illumination
level may be adjusted according to characteristics of the displayed image, previously-displayed
images, images to be displayed subsequently to the displayed image or combinations thereof. In
these embodiments, a display light source illumination level may be varied according to image
characteristics. In some embodiments, these image characteristics may comprise image
luminance levels, image chrominance levels, image histogram characteristics and other image

charactetristics.

[0092] Once image characteristics have been ascertained, the light source (backlight)
illumination level may be varied to enhance one or more image attributes. In some
embodiments, the light source level may be decreased or increased to enhance contrast in darker
or lighter image regions. A light source illumination level may also be increased or decreased to
increase the dynamic range of the image. In some embodiments, the light source level may be

adjusted to optimize power consumption for each image frame.

[0093] When a light source level has been modified, for whatever reason, the code values
of the image pixels can be adjusted using a tone-scale adjustment to further improve the image.
If the light source level has been reduced to conserve power, the pixel values may be increased to
regain lost brightness. If the light source level has been changed to enhance contrast in a specific
luminance range, the pixel values may be adjusted to compensate for decreased contrast in

another range or to further enhance the specific range.

[0094] In some embodiments of the present invention, as illustrated in Figure 13, image
tone scale adjustments may be dependent upon image content. In these embodiments, an image
may be analyzed 130 to determine image characteristics. Image characteristics may comprise
luminance channel characteristics, such as an Average Picture Level (APL), which is the average

luminance of an image; a maximum luminance value; a minimum luminance value; luminance
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histogram data, such as a mean Histdgtam value, a most frequent histogram value and others; and

other luminance characteristics. Image characteristics may also comprise color characteristics,
such as characteristic of individual color channels (e.g., R, G & Bin an RGB signal). Each color
channel can be analyzed independently to determine color channel specific image characteristics.
In some embodiments, a separate histogram may be used for each color channel. In other
embodiments, blob histogram data which incorporates information about the spatial distribution
of image data, may be used as an image characteristic. Image characteristics may also comprise

temporal changes between video frames.

[0095] Once an image has been analyzed 130 and characteristics have been determined, a
tone scale map may be calculated or selected 132 from a set of pre-calculated maps based on the
value of the image characteristic. This map may then be applied 134 to the image to compensate

for backlight adjustment or otherwise enhance the image.

[0096] Some embodiments of the present invention may be described in relation to
Figure 14. In these embodiments, an image analyzer 142 receives an image 140 and determines
image characteristics that may be used to select a tone scale map. These characteristics are then
sent to a tone scale map selector 143, which determines an appropriate map based on the image
characteristics. This map selection may then be sent to an image processor 145 for application of
the map to the image 140. The image processor 145 will receive the map selection and the
original image data and process the original image with the selected tone scale map 144 thereby
generating an adjusted image that is sent to a display 146 for display to a user. In these
embodiments, one or more tone scale maps 144 are stored for selection based on image
characteristics. These tone scale maps 144 may be pre-calculated and stored as tables or some
other data format. These tone scale maps 144 may comprise simple gamma conversion tables,
enhancement maps created using the methods described above in relation to Figures 5, 7, 10 &

11 or other maps.

[0097] Some embodiments of the present invention may be described in relation to
Figure 15. In these embodiments, an image analyzer 152 receives an image 150 and determines
image characteristics that may be used to calculate a tone scale map. These characteristics are
then sent to a tone scale map calculator 153, which may calculate an appropriate map based on
the image characteristics. The calculated map may then be sent to an image processor 155 for
application of the map to the image 150. The image processor 155 will receive the calculated

map 154 and the original image data and process the original image with the tone scale map 154
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thereby generafing an adjusted image that is sent to a display 156 for display to a user. In these
embodiments, a tone scale map 154 is calculated, essentially in real-time based on image
characteristics. A calculated tone scale map 154 may comprise a simple gamma conversion
table, an enhancement map created using the methods described above in relation to Figures 5, 7,

10 & 11 or another map.

[0098] Further embodiments of the present invention may be described in relation to
Figure 16. In these embodiments a source light illumination level may be dependent on image
content while the tone scale map is also dependent on image content. However, there may not
necessarily be any communication between the source light calculation channel and the tone

scale map channel.

[0099] In these embodiments, an image is analyzed 160 to determine image
characteristics required for source light or tone scale map calculations. This information is then
used to calculate a source light illumination level 161 appropriate for the image. This source
light data is then sent 162 to the display for variation of the source light (e.g. backlight) when the
image is displayed. Image characteristic data is also sent to a tone scale map channel where a
tone scale map is selected or calculated 163 based on the image characteristic information. The
map is then applied 164 to the image to produce an enhanced image that is sent to the display
165. The source light signal calculated for the image is synchronized with the enhanced image

data so that the source light signal coincides with the display of the enhanced image data.

[00100] Some of these embodiments, illustrated in Figure 17 employ stored tone scale
maps which may comprise a simple gamma conversion table, an enhancement map created using
the methods described above in relation to Figures 5, 7, 10 & 11 or another map. In these
embodiments, an image 170 is sent to an image analyzer 172 to determine image characteristics
relevant to tone scale map and source light calculations. These characteristics are then sent to a
source light calculator 177 for determination of an appropriate source light illumination level.
Some characteristics may also be sent to a tone scale map selector 173 for use in determining an
appropriate tone scale map 174. The original image 170 and the map selection data are then sent
to an image processor 175 which retrieves the selected map 174 and applies the map 174 to the
image 170 to create an enhanced image. This enhanced image is then sent to a displ‘ay 176,
which also receives the source light level signal from the source light calculator 177 and uses this

signal to modulate the source light 179 while the enhanced image is being displayed.
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[0oto1T Some of these eifibodiments, illustrated in Figure 18 may calculate a tone scale

map on-the-fly. These maps may comprise a simple gamma conversion table, an enhancement
map created using the methods described above in relation to Figures 5, 7, 10 & 11 or another
map. In these embodiments, an image 180 is sent to an image analyzer 182 to determine image
characteristics relevant to tone scale map and source light calculations. These characteristics are
then sent to a source light calculator 187 for determination of an appropriate source light
illumination level. Some characteristics may also be sent to a tone scale map calculator 183 for
use in calculating an appropriate tone scale map 184. The original image 180 and the calculated
map 184 are then sent to an image processor 185 which applies the map 184 to the image 180 to
create an enhanced image. This enhanced image is then sent to a display 186, which also
receives the source light level signal from the source light calculator 187 and uses this signal to

modulate the source light 189 while the enhanced image is being displayed.

[00102] Some embodiments of the present invention may be described with reference to
Figure 19. In these embodiments, an image is analyzed 190 to determine image characteristics
relative to source light and tone scale map calculation and selection. These characteristics are
then used to calculate 192 a source light illumination level. The source light illumination level is
then used to calculate or select a tone scale adjustment map 194. This map is then applied 196 to
the image to create an enhanced image. The enhanced image and the source light level data are

then sent 198 to a display.

[00103] An apparatus used for the methods described in relation to Figure 19 may be
described with reference to Figure 20. In these embodiments, an image 200 is received at an
image analyzer 202, where image characteristics are determined. The image analyzer 202 may
then send image characteristic data to a source light calculator 203 for determination of a source
light level. Source light level data may then be sent to a tone scale map selector or calculator
204, which may calculate or select a tone scale map based on the light source level. The selected
map 207 or a calculated map may then be sent to an image processor 205 along with the original
image for application of the map to the original image. This process will yield an enhanced
image that is sent to a display 206 with a source light level signal that is used to modulate the

display source light while the image is displayed.

[00104] In some embodiments of the present invention, a source light control unit is
responsible for selecting a source light reduction which will maintain image quality. Knowledge

of the ability to preserve image quality in the adaptation stage is used to guide the selection of
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source Tight Tevel. In some embodiments, it is important to realize that a high source light level
is needed when either the image is bright or the image contains highly saturated colors i.e. blue
with code value 255. Use of only luminance to determine the backlight level may cause artifacts
with images having low luminance but large code values i.e. saturated blue or red. In some
embodiments each color plane may be examined and a decision may be made based on the
maximum of all color planes. In some embodiments, the backlight setting may be based upon a
single specified percentage of pixels which are clipped. In other embodiments, illustrated in
Figure 22, a backlight control algorithm may use two percentages: the percentage of pixels
clipped 236 and the percentage of pixels distorted 235. Selecting a backlight setting with these
differing values allows room for the tone scale calculator to smoothly roll-off the tone scale
function rather than imposing a hard clip. Given an input image, the histogram of code values
for each color plane is determined. Given the two percentages Pciippea 236 and Ppistored 235, the
histogram of each color plane 221-223 is examined to determine the code values corresponding
to these percentages 224-226. This gives Cciippea(color) 228 and Cpistortea(color) 227. The
maximum clipped code value 234 and the maximum distorted code value 233 among the
different color planes may be used to determine the backlight setting 229. This setting ensures
that for each color plane at most the specified percentage of code values will be clipped or

distorted.

_ color
CvClipped - maX(CClipped )

_ color
CvDistorted - nlaX(CDistorted

[00105] The backlight (BL) percentage is determined by examining a tone scale (TS)
function which will be used for compensation and choosing the BL percentage so that the tone
scale function will clip at 255 at code value Cvciippea 234. The tone scale function will be linear
below the value Cvpisiortea (the value of this slope will compensate for the BL reduction), constant
at 255 for code values above Cvciipped, and have a continuous derivative. Examining the
derivative illustrates how to select the lower slope and hence the backlight power which gives no

image distortion for code values below Cvpistorted-

[00106] In the plot of the TS derivative, shown in Figure 21, the value H is unknown. For
the TS to map Cviipped t0 255, the area under the TS derivative must be 255. This constraint

allows us to determine the value of H as below.
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_ 1.H. —
Area=H - Cvclipped + > H (CvDistorted CVCIipped )
PP | .
Area =7 H - (CVpgomaa + CVeiippea)
2-Area

H=
(CVDistorted + CvClipped )
-2
o= 2-255
(CvDistorted + CvClipped )
[00107] The BL percentage is determined from the code value boost and display gamma

and the criteria of exact compensation for code values below the Distortion point. The BL ratio

which will clip at Cvciipped and allow a smooth transition from no distortion below Cvpisiorted is

given by:
. ) ,
BacklightRatio = ((Cszstorted + CvClipped )j
2.255
[00108] Additionally to address the issue of BL variation, an upper limit is placed on the
BL ratio.

(CvDistorted + CvClipped)
2.255

. ¥
BacklightRatio = Mz’n(( j , MaxBacklightRatio)
[00109] Temporal low pass filtering 231 may be applied to the image dependant BL signal
derived above to compensate for the lack of synchronization between LCD and BL. A diagram
of an exemplary backlight control algorithm is shown in Figure 22, differing percentages and

values may be used in other embodiments.

[00110] Tone scale mapping may compensate for the selected backlight setting while
minimizing image distortion. As described above, the backlight selection algorithm is designed
based on the ability of the corresponding tone scale mapping operations. The selected BL level
allows for a tone scale function which compensates for the backlight level without distortion for
code values below a first specified percentile and clips code values above a second specified
percentile. The two specified percentiles allow a tone scale function which translates smoothly

between the distortion free and clipping ranges.
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[00 'ty The terms and expressions which have been employed in the forgoing

specification are used therein as terms of description and not of limitation, and there is no
intention in the use of such terms and expressions of excluding equivalénce of the features
shown and described or portions thereof, it being recognized that the scope of the invention is

defined and limited only by the claims which follow.
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CLAIM(S)

I claim:

1. A method for displaying an image, said method comprising:

a) analyzing said image to determine an adjusted source light illumination level;

b) using said adjusted source light illumination level to determine a tone scale
adjustment model;

c) applying said tone scale adjustment model to said image to produce a tone scale

adjusted image; and

d) displaying said adjusted image on a display using said source light illumination level.

2. A method as described in claim 1 wherein said applying a tone scale adjustment model
comprises applying a constant gain multiplier to a first range of code values and

applying a roll-off curve to a second range of code values.

3. A method as described in claim 1 wherein said applying a tone scale adjustment model
comprises applying a gain adjustment to a range of code values below an MFP point

and applying a roll-off curve to code values above said MFP point.

4. A method as described in claim 1 wherein said gain map function is dependent on at least

one of a display gamma, an efficiency factor and a maximum fidelity point (MFP).

5. A method as described in claim 1 wherein said applying a tone scale adjustment model
comprises adjusting the code values of a first group of image pixels to increase the

perceived brightness of said pixels by applying a gain factor function; and adjusting
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the code values of"a second group of image pixels according to a transition function

that transitions from said gain factor function to no gain at a maximum value point.

5.
6. A method for adjusting an image in coordination with a source light level, said method
comprising:
a) analyzing said image to determine an adjusted source light illumination level;
10 b) analyzing said image to determine a tone scale adjustment model;
c) applying said tone scale adjustment model to said image to produce a tone scale
adjusted image;
d) computing a high-pass image and a low-pass image from said tone scale adjusted
image;
15 e) applying a gain map function to said high-pass image to produce an adjusted high-
pass image;
) adding said low-pass image to said adjusted high-pass image to form an enhanced
image; and
2) coordinating said enhanced image with said light source illumination level for
20 display. |

7. A method as described in claim 6 wherein said applying a tone scale adjustment model
comprises adjusting the code values of a first group of image pixels to increase the

perceived brightness of said pixels by applying a gain factor function; and adjusting
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the code vatues of a second group of image pixels according to a transition function

that transitions from said gain factor function to no gain at a maximum value point.

8. A method as described in claim 6 wherein said computing a high-pass image comprises low
5 pass filtering said tone scale adjusted image to produce a low-pass image and
subtracting said low-pass image from said tone scale adjusted image to produce said

high-pass image.

10 9. A method as described in claim 6 wherein said gain function is related to the slope of the

tone scale adjustment model.

10. A method as described in claim 6 wherein said gain function is proportional to the ratio of
the slope of the tone scale adjustment model below an MFP and the slope of the tone

15 scale adjustment model at a specific code value.

11. A method as described in claim 6 wherein said gain function is proportional to the ratio of
the slope of the tone scale adjustment model below an FTP and the slope of the tone
scale adjustment model at a specific code value.

20

12. A method for adjusting an image in coordination with a source light level, said method

comprising:
a) analyzing said image to determine an adjusted source light illumination level;
b) analyzing said image to determine a tone scale adjustment model;
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€) applyihg said tone Sedle adjustment model to said input image to produce a tone scale

adjusted image;

d) computing a high-pass image and a low-pass image from said tone scale adjusted
image;
5 €) applying a gain map function to said high-pass image to produce an adjusted high-

pass image; and
f) adding said low-pass image to said adjusted high-pass image to form an enhance;d
image.
13. A method as described in claim 12 wherein said applying a tone scale adjustment model
10 comprises adjusting the code values of a first group of in;age pixels to increase the
perceived brightness of said pixels by applying a gain factor function; and adjusting
the code values of a second group of image pixels according to a transition function

that transitions from said gain factor function to no gain at a maximum value point.

15 14. A method as described in claim 12 wherein said computing a high-pass image comprises
low pass filtering said tone scale adjusted image to produce a low-pass image and

subtracting said low-pass image from said tone scale adjusted image to produce said

high-pass image.

20
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