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1

DISPLAY DEVICE COMPRISING AN
ADJUSTABLE LIGHT SOURCE

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

This application claims the benefit or priorvity of and
describes the relationships between the following applica-

tions: whevrein this application is an application for reissue of

U.S. Pat. No. 8,059,082, which issued Nov. 15, 2011, from
U.S. patent application Ser. No. 10/599,263, filed Sep. 25,
2006, which is the National Stage of International Applica-
tion No. PCT/IB2005/050901, filed Mar. 15, 2005, which
claims the priority of foreign application EP 04101258 filed
Mar. 26, 2004, each of which is incorporated hervein by ref-
erence thereto.

The mvention relates to a display device comprising an
adjustable light source, a display panel with display pixels for
modulating light originating from the light source and pro-
cessing circuitry coupled to the display panel and the adjust-
able light source.

EP 1,111,578A1 discloses a display device with a passive
light modulation part and a light source. A video signal 1s
provided to the passive light modulation part for generating
an 1image. The amplitude of the video signal 1s dynamically
adjustable based on a detected mimmum, maximum and aver-
age brightness value of the video signal. The brightness of the
light source 1s adjustable in such a way that the 1image dis-
played on the passive light modulation part after the dynamic
adjusting of the amplitude does not vary visually from an
average brightness level for each frame of the video signal. It
1s a disadvantage of the known display device that this adjust-
ment of the amplitude and the corresponding adjustment of
the brightness of the light source do not provide for all images
the best possible rendering of these images on the light modu-
ation part.

It 1s an object of the invention to provide a display device of
the kind described 1n the opening paragraph, which has an
alternative way of adjusting the amplitude of the video signal
and the brightness of the light source.

The object 1s realized 1n that the display device comprises
an adjustable light source; a display panel with display pixels
for modulating light originating from the light source; and
processing circuitry coupled to the display panel and the
adjustable light source, the processing circuitry having an
input for receiving an mput signal representing gray levels of
pixels of an 1mage to be displayed on the display panel and
comprising;

means for selecting a dimmed brightness level of the light

source 1n dependence on the gray levels of the image
pixels, and

means for adapting the input signal in dependence on the

dimmed brightness level.

The invention 1s defined by the independent claims. The
dependent claims define advantageous embodiments.

Firstly the dimmed brightness level of the light source 1s
determined. This enables the selection of a value that the light
source 1s able to provide, thereby taking into account, for
example, operating conditions or limitations of dynamic
variations of the light source. As a next step, the processing,
circuitry adapts the input signal taking into account the
selected brightness level. This sequence enables the selection
of a matching combination for each image of a dimmed
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2

brightness level and an adapted input signal. The prior art
disclosed 1n EP 1,111,578A1 firstly determines the adapta-

tion of the amplitude of the input signal and thereaiter deter-

mines the dimmed brightness level so as to match a brightness
level of the mput signal. U.S. Pat. No. 5,717,422 discloses a

display with a light source providing light to a light modula-
tion part. A control 1s present for controlling the intensity of
the light source as function of a brightness characteristic of an
image to be displayed, while nothing 1s disclosed about adapt-
ing an input signal coupled to the modulation part 1n corre-
spondence with the controlling of the intensity of the light
source. U.S. Pat. No. 6,631,995 discloses a device with a light
source and a light control device. Via a video signal amplifier
a light modulation panel 1s driven 1 such a way that the
contrast of an 1mage to be displayed by the device has a
desired value. Via a light-control device, controlling the
amount of light provided by the light source to the modulation
panel, the 1image to be displayed 1s corrected such that the
brightness of the displayed image corresponds with a desired
value. So, this prior art, firstly determines the desired contrast,
and then to what extent to control the amount of light pro-
vided by the light source.

In an embodiment the means for selecting 1s adapted to
select the dimmed brightness level in dependence on a num-
ber of occurrences of a gray level corresponding to a bright-
ness ol display pixels above the dimmed brightness level
and/or a number of occurrences of a gray level corresponding
to a brightness level of display pixels below a predetermined
brightness level. Compared to the prior art disclosed in EP
1,111,578 Al, this invention provides generally a further
dimming of the light source, resulting in an 1improved discem-
ability of the dark gray levels corresponding to brightness
levels near the minimum brightness level at the expense of
some clipping of the gray levels corresponding to brightness
levels near the dimmed brightness level. The predetermined
level may be a fixed level, or, more preferably, an adjustable
level, which 1s determined in dependence on the dimmed
brightness level.

In an embodiment the predetermined brightness level 1s
formed by the maximum contrast ratio of the display panel
and the dimmed brightness level, preferably by dividing the
dimmed brightness level by the contrast ratio. When selecting
the dimmed brightness level 1t 1s important to take into
account the resulting mimimum brightness level that can be
reproduced, as gray levels corresponding to a brightness level
below this minimum obtainable brightness level are not cor-
rectly reproduced on the display device. When determiming
the predetermined brightness level, a suitable range of values
1s 50% to 150% of the ratio of the dimmed brightness level
and contrast ratio, particularly a range of 80% to 100%.

These and other aspects of the invention will be further
clucidated and described with reference to the drawings, 1n
which:

FIG. 1 shows a block diagram of an embodiment of the
display device according to the imnvention;

FIGS. 2A to 2C show various backlight configurations
which may be applied in the display device according to the
invention;

FI1G. 3 shows a graph of the output luminance of the display
panel versus the gray levels of the iput signal of the display
device illustrating the operation of an embodiment of the
display device according to the imnvention;

FIG. 4 shows another graph of the output luminance of the
display panel versus the gray levels of the input signal of the
display device 1illustrating the operation of another embodi-
ment of the display device according to the mvention;
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FIG. 5 shows a block diagram of an embodiment of pro-
cessing circuitry applied in the display device according to
the 1nvention;

FIG. 6 shows a tlow diagram of an embodiment according,
to the invention;

FIG. 7 shows a part of an 1image comprising a matrix of
rows 1 and columns j of pixels;

FIG. 8 shows an embodiment of an interpolation approach
to obtain soit clipping according to the invention;

FIG. 9 shows a block diagram of an embodiment of the
display device according to the invention with feedback; and

FIG. 10 shows a graph of the output gray levels of the
output signal as function of the gray levels of the input signal.

The same references i different Figs. refer to the same
signals or to elements performing the same function.

An embodiment of the display device DD according to the
ivention as shown in FIG. 1 comprises an adjustable light
source BL, a display panel DP with pixels for modulating
light LB oniginating from the light source BL, and processing
circuitry P. The processing circuitry P 1s coupled to the dis-
play panel DP and to the adjustable light source BLL and has an
input for receiving an mput signal V1 representing an image
to be displayed on the display panel DP. The image may be
represented by amatrix of rows and columns of pixels. In case
of a moving image (video), the mput signal represents a
sequence of 1mages. In case the input signal comprises
sequences ol parts of images, for example, even and odd fields
of a video frame, then the 1image 1s to be interpreted also as
such an even or odd field.

The processing circuitry P comprises means for selecting a
dimmed brightness level Lbdim of the light source BL 1n
dependence on brightness levels, hereinafter also called gray
levels, of pixels of the image to be displayed. The means for
selecting may be hardware selection circuitry S as shown 1n
FIG. 1 or may be realized with software or a combination of
both. The means for selecting processes the mput signal V1
and selects the dimmed brightness level Lbdim, thereby sub-
stantially minimizing an error function as will be explained
later on. The selection circuitry S provides a light source drive
signal BLD for adapting the brightness level LB of the light
source BL to the dimmed brightness level Lbdim.

The processing circuitry P further comprises means for
adapting the mput signal V1 1n dependence on the selected
dimmed brightness level LBdim. The means for adapting may
be hardware adaptation circuitry A as shown in FIG. 1 or may
be realized with software or a combination of both. The
selection circuitry S provides an adaptation drive signal AD to
the adaptation circuitry A 1 dependence on the selected
dimmed brightness level Lbdim. The adaptation circuitry A
adapts the mput signal V1, thereby talking into account the
adaptation drive signal AD and any other transformations
required to adapt the input signal V1 to an output signal V2,
suitable for driving the display panel DP. These other trans-
formations may include, amongst others, gamma correction,
adaptation of the mput signal V1 to transmission character-
istics of the display panel DP, and/or adaptation of color
components of the imput signal V1 to the primary colors of the
display panel DP. The output signal V2 driving the display
panel DP, 1n combination with the brightness level of the light
LB from the light source BL, determines the light output L of
cach of the pixels of the display panel.

The mnput signal V1 may be analog or digital; 1t may rep-
resent monochrome 1mages or color 1mages. In case of color
images, the mput signal may comprise a separate luminance
signal 1n combination with color information or may com-
prise color components, for example 1n the form of an RGB
signal with ared color component R, a green color component
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4

(G and a blue color component B. In case of color images, the
term “gray level” 1s to be interpreted as an amplitude level of
a color component. These gray levels or amplitude levels may
be discrete levels 1 case of a digital input signal. For
example, in case of an [a] 8 bit digital signal 2°=256 gray
levels or amplitude levels are possible.

The light source B may be a single lamp backlight unit
BL1 with one lamp L1 as shown in FIG. 2A for illuminating
the whole display panel DP. Alternatively, as shown 1n FIG.
2B, 1t may be a multiple lamp backlight unit BL.2 with a
plurality of lamps L1, L2, .3, L4, each directed to illuminate
a corresponding region R1, R2, R3, R4 of the display panel
DP. Each of the lamps L1, L2, .3, L4 may be dimmed simul-
taneously with a substantially same amount or may be
dimmed sep arately with a different amount and/or at different
moments 1n time. In case the regions R1, R2, R3, R4 partially
overlap each other, the eflect of dlmmmg one of the lamps L1,
[.2, .3, L4 for a particular one of the regions R1, R2, R3, R4
may result in a change of brightness levels in another region
which overlaps with this particular region. In such a case the
change of brightness levels may be corrected by adapting the
output signal V2, such that this adaptation counteracts the
changes. If one or more of the regions R1, R2, R3, R4 corre-
spond, for example, to a horizontal (or vertical) black bar 1n an
image to be displayed, the corresponding lamp L1; L.2;1.3; L4
may be turned off completely.

Another alternative, as shown 1n FIG. 2C, 1s a multicolor
backlight unit BL3 with a plurality of color lamps LC1, LC2
of different color, the color lamps LC1, LC2 directed to
illuminate a same region of the display panel DP. Of course,
the light source may also be formed by alterations (for
example of number, type or positions of lamps) and/or com-
binations of above mentioned backlight umits. The number of
lamps may be equal to the number of pixels.

Yet another alternative (not shown) 1s a backlight unat,
having one or more lamps providing a substantially constant
brightness, while dimming of the light 1s obtained by means
of a light shutter, which controls the amount of light to be
passed on from the lamps to the display panel DP. The light
shutter may comprise parts which are controllable separately,
so that the amount of light can be controlled per part of the
area to be 1lluminated.

-

T'he lamps may be any type of lamp, like fluorescent lamps,
LEDs, or OLEDs.

The display panel DP as shown 1n FIG. 1 may be a Liquid
Crystal Display panel (LCD panel) or any other llght-modu-
lating panel, for example a panel with movable micro mirrors
as used 1n a projector with Digital mirror Devices. The LCD
panel may be a transmissive LCD panel for modulating the
light passing through the panel as shown 1 FIG. 1 or a
reflective LCD that modulates the light reflected by the panel
(not shown) or a transtlective LCD which 1s capable of modu-
lating; both the transmitted and the reflected light.

The display panel DP may be applied 1n a display product
PR, for example, a television set, a monitor, a portable com-
puter (laptop), a PDA or mobile phone equipped with a dis-
play. In general, these products include signal processing
circuitry SPC for processing signals received via an input
terminal IN to [convext] convert them into the input signal V1
of the display module. The mmput terminal IN may be an
antenna terminal or a connector via which a base band signal
1s recerved. The product PR may be a direct view display
panel allowing a user to watch 1mages on the display or a
projection based system allowing the user to watch 1mages
projected from the display panel via an optical system on a
screen. The projection system may be a rear or a front pro-
jection system.
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For simplicity of the explanation, the principles of opera-
tion ol the display device DD shown i FIG. 1, will be
explained with reference to FIG. 3 1llustrating an embodiment
with a digital monochrome mput signal V1, representing gray
levels x of the pixel of the image.

When setting the light source BL to a maximum brightness
level LBmax, the adaptation circuitry A may be designed to
deliver an output signal V2, which results 1 a light output L
of a display pixel as function of the gray level x of that
corresponding pixel 1n the input signal according to the first
curve C1. In case of an 1deal panel the light output L would be
proportional to the gray level x from a zero gray level (black
level) to a maximum available gray level x  __ (white level).
However, 1n practice the contrast ratio CR of a display panel,
such as an LCD panel, 1s limited to a value in the order of
magnitude of 100 to 200. As a result, the lowest brightness
that can be represented 1s Lbmax/CR. This means that gray
levels with a value below a threshold level x, . are not
correctly displayed on the display panel DP: all dark gray
values from 0 to x, __ will have the light output Lbmax/CR.

For some 1images it may be advantageous to dim the light of
the light source BL to a dimmed brightness level Lbdim to
improve the reproduction of these dark gray values. This 1s
illustrated by the second curve C2. As a result of the dimmuing,
the lowest possible brightness 1s now reduced to a minimum
brightness level Lbdim/CR as shown in FIG. 3.

By mapping the input signal V1 to the light output L
according the third curve C3 a further improvement of the
reproduction of dark gray levels 1s obtained up to a minimum
gray level, being the dimmed threshold level X, . which 1s
smaller than x, .. This dimmed threshold level x , . _ . corre-
sponds to the minimum brightness level Lbdim/CR. This
improvement 1s obtained at the expense of clipping of gray
levels above a level x, corresponding to the dimmed bright-
ness level Lbdim.

The mnput signal V1 may include a gamma pre-correction
tfunction Gs(Ls) which 1s provided by a source from which the
image 1s obtained. The term Ls represents the brightness of
the image at the source. The resulting gray level x of the input
signal V1 may be expressed as:

x=Gs(Ls).

The display panel DP may have a gamma characteristic Gd
that 1s different from the pre-correction function Gs. When
driven by an adapted gray level x' the display panel DP gen-
erates a light output L of:

L=(Lbdim/Lbmax)-Gd(x').

In order to match the light output L to the brightness Ls of the
image source the adapted gray level x' should be:

x'=Gdi(Lbmax/Lbdim-Ls)=Gdi{Lbmax/Lbdim-
Gsi1(x)),

with Gdi and Gsi representing the inverse functions of Gd and
Gs, respectively. [a] 4 look-up table may be applied to deter-
mine the adapted gray level x' as function of the gray level x.

Depending on the content of an 1mage, the light BL may be
dimmed. If the image contains many bright pixels with gray
values close to X and no values below x, . then the light
source BL may be driven to 1ts maximum value Lbmax. When
an 1image contains very few pixels with a gray level above x,
and many pixels with a gray level below x, __, then the light
source BL 1s preferably driven to the dimmed brightness level
Lbdim. The dimmed brightness level Lbdim and the corre-
sponding gray level x, may be determined dynamically for
subsequent 1images (or per region of each of the subsequent
images 1n case a multiple lamp backlight unit BL.2 1s applied).
If an 1image contains both pixels with gray levels above x,; and
belowx,, __, deterioration of the displayed image 1s inevitable
and a compromise 1s necessary. In order to quantity the per-
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6

ceived deterioration of the displayed image, an error function
1s applied which corresponds to the amount of deterioration
of the displayed image. By selecting for each image a dimmed
brightness level Lbdim which results 1n a minimum value of
this error function, the deterioration 1s minimized.

The error function includes a number of occurrences of
gray levels x corresponding to a brightness level L above the
dimmed brightness level Lbdim and/or a number of occur-
rences of gray levels x corresponding to a brightness level L
below a predetermined brightness level, which preferably
corresponds to the minimum brightness level Lbdim/CR. An
embodiment of the error function E.. (X,) 1s given by the
formula:

Xthread Xmax

Bra(xi)= ) gpx)+ > f(x)px)

x=0 X=X +1

wherein g(x) and 1(x) are weighting functions, p(x) 1s the
number of occurrences of a pixel with the gray level x divided
by the total number of pixels 1n the image. E,_ (X,) 1s the error
as a result of selecting the dimmed brightness level Lbdim
corresponding to a gray level x, .

Dividing by the total number of pixels may be omitted, as
this number 1s the same for all terms 1n the summation and
results merely in the resulting error function to be scaled with
the number of pixels.

The weighting functions 1(x), g(x) may be substantially
equal to one, giving an equal weight to each of the gray levels
above x, or belowx, __..

Alternatively, the weighting functions may take into
account information about pixels surrounding pixels with a
same gray level x as explained in further detail below.

FIG. 7 shows a part of an 1mage comprising a matrix of
rows 1 and columns j of pixels. Each pixel 1s identified by a
combination of a row index 1and a column 1ndex 1. For a given
gray level x above the gray level x, (so, being a gray level
which 1s clipped), the indices 1, 1 are determined for pixels
having this gray level x. Then for each of the pixels with the
thus determined indices 1, J, the weight factor £, ; 1s determined.
This weight factor 1;; 1s determined taking into account the
gray level of pixels surrounding the pixel with indices 1, 1. The
row 1ndices 1 of the surrounding pixels range SP from a lowest
value of 1 minus an integer value 11 up to and including a
highest value o1 plus an integer value 12. The column indices
1 of the surrounding pixels range from a lowest value of j
minus an integer value j1 up to and including a highest value
ol 1 plus an 1nteger value 12. The pixel with indices 1, 7 1s of
course to be excluded from the surrounding pixels SP. A
suitable method to determine this weight factor £, 1s to sum
differences d(k1.k2) 1in gray levels between the surrounding
pixels SP with indices k1, k2 and the pixel with indices 1, j.
Only the surrounding pixels SP with a gray value larger than
the gray level x of the pixel with indices 1, 1 are taken 1nto
account, as this 1s an indication of the amount of clipping and
of the amount of detail lost due to this clipping. So, the weight
factor may be expressed as:

1+12 Jt+i2

= D ) (AL, k)P,

kl=i—il k2=j—j1

where b 1s an exponent with b>=1 or b=0, d(k1,k2)=0 1T
d(k1,k2)<0, and the summation should exclude the combina-
tion k1=1 with k2=.

The value 1, 1s calculated for each ot the pixels having the
gray value Xx.
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The final weight function 1(x) associated with the gray
level x, may be the largest value 1, found for the pixels with
this value of x. Alternatively, 1(x) may be the sum of all weight
tactors 1;; found for the pixels with this value of x.

In another embodiment the weighting function 1(X) 1s
dependent on the amount of clipping as shown in below
formula:

f(x)=(x-x%,)" for x>x, and b=0 or b=1.

The term (x-x,) represents the deviations of the displayed
gray value from the gray value x of the input signal, hence 1s
a measure for the amount of clipping. The weighting may be
linear by selecting b=1 or non-linear by selecting b>1. All
embodiments provided for the weighting function 1(x) apply
mutatis mutandis for the weighting function g(x).

Another embodiment with soft clipping 1s 1llustrated 1n
FIG. 4. Like in FIG. 3, the light output L as function of the
gray level x 1s shown with x__ being the maximum gray
level. The first curve C1 shows again the curve for an 1deal
panel. A fourth curve C4 illustrates the soit clipping for a
dimmed brightness level Lbdim. Between gray levels x, and
X, the fourth curve C4 follows substantially the first curve C1,
similar to the third curve C3 as shown in FIG. 3. However the
difference with the third-curve C3 1s that below the gray level
X ; the relation of the light output L versus the gray level x 1s
gradually flattened. When the gray level x approaches zero,
the light output approaches the mimmum brightness level
Lbdim/CR. In the third curve C3 shown in FIG. 3, all gray
levels between zero and X, ., are rendered with the same
mimmum brightness level Lbdim/CR. In the fourth curve C4
with soft clipping as shown 1n FIG. 4, the gray levels between
zero and X, . are rendered with a different brightness level.
So, the gray levels below x, . remain discernable, thereby
improving the percetved image quality. Similarly, the fourth
curve [C2] C4 is flattened above X, in order to allow gray
levels above x, to be discernable. This flattening may be
non-linear as shown, but may also be linear from zero to x,
and/or from X, to x____to simplily the required processing.

The embodiments illustrated 1n FIGS. 3 and 4 may have
look-up tables. These look-up tables comprise for each gray
level of the mnput signal V1 a corresponding value of the gray
level of the output signal V2. When the display panel DP 1s
driven with these corresponding gray values of the output
signal V2, the light output L follows a curve as function of the
gray level x as programmed in the look-up table.

Whether soft clipping 1s applied or not, may be made
dependent on the amount of errors introduced in the light
output L as function of the gray levels of the input signal V1.
These errors result from clipping of the gray levels in the
range from zeroto x,, . and from x, to x_ __as, for example,
1s 1llustrated with the third curve C3 in FIG. 3.

The known method 1n the field of computer graphics of
Bezier Curves may be applied as smoothing algorithm, 1n

particular the quadratic form of the Bezier Curve. This qua-
dratic form 1s simply a linear interpolation of the linear inter-
polation between three control points P, P,, and P, as shown
in FIG. 8. The algorithm given below is 1terated, indicated by
the integers h and t, for a number of samples m on the smooth
Bezier curve of the output signal V2. The output gray levels y
of the output signal V2 as function of the gray levels x of the
input signal V1 are shown in FIG. 10. Basically, the curve C4
corresponds to the curve C4 shown in FIG. 4, however now
the relation with the output signal 1s shown instead of the
relation with the light output L. The output gray levels y have
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been given the same 1ndices as the corresponding gray levels
X. The algorithm 1s:

t=0,

For h=1 tom {

P, '=(1-1)P +tP,,

P, '=(1-t)P, +tP.,

P(t)=(1-t)P, " +tP, ",

t=t+(1.0/m)}

Soft clipping on the while levels 1s implemented using
P,=v, (chosen arbitrarily but must be smaller than vy, . and
greater than zero; see also FIG. 10), P,=y,___and P,=y__ .
The number of samples m may be selected to be equal to the
number of gray levels between x___and X,

For soft clipping on the dark gray levels, P.=y,, ..
P,=y., .,and P,=y,. Thevalue y; maybe2*y_ __ . resulting
in a number of samples m equal to x,.

If the input signal V1 comprises color components, for
example a red component R1, a green component G1 and a
blue component BR, the processing circuitry P may be real-
1zed as shown 1n the block diagram of FIG. 5. The selection
circuitry S 1s adapted to select the dimmed brightness level
Lbdim for which the sum of the error functions of each of the
color component R1, G1, B1 1s minimized. The gray levels of
the color components R1, G1, B1 are to be iterpreted as the
amplitude levels of the color components R1, G1, B1. The
sum may be determined based on a weighted addition of the
error functions. The weighting may be based on the bright-
ness contribution of each of the color components R1, G1, B1.

The selection circuitry S provides the light source drive
signal BLD), which adjusts the light source BL to the selected
dimmed brightness level Lbdim. The selection circuitry also
provides the adaptation drive signal AD. Based on this adap-
tation drive signal AD the adaptation circuitry A adapts the
gray levels (amplitudes) of each of the color components 1n
respective color component adjustment circuits AR, AG, AB.
Due to the dimming the colors in dark gray areas of the image
are reproduced more correctly as the amplitudes correspond-
ing to these dark gray levels of each of the color components
are discernable in the displayed image. As mentioned before,
turther transformations may take place in the adaptation cir-
cuitry A. In case the display panel DP has primary colors
differing from the prlmary colors of the input signal V1 and/or
a different number of primary colors, then also the transfor-
mation from the primary colors of the input signal V1 to the

primary colors of the display panel DP may be included.
A Turther embodiment 1s 1llustrated with the flow diagram
shown 1n FIG. 6:

In a first step M1 the input signal V1, representing an image
to be displayed, 1s analyzed to detect regions of the
image which should be excluded from further analysis.
In case of a sequence of 1mages, for example represent-
ing video 1mages, the flow chart 1s repeated for each
subsequent image of the sequence of images. Regions to
be excluded may be black bars appearing at the top and
bottom of the screen, black bars at the left and right side,
subtitling, on-screen displays and/or any other informa-
tion mnserted in a video image. Detection of, for example,
black bars 1s well known and 1s not elaborated further.

In a second step M2 a histogram 1s determined for each of
the color components R1, G1, B1 of the input signal V1.

Each histogram prowdes the number ol occurrences of
the gray levels (amplitudes) of the corresponding color
component R1, G1, B1. The histograms may comprise
data for all the regions or only for the regions which are
not excluded 1n the first step M1.
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In a third step M3 the error function 1s determined for each
ol the color components R1, G1, B1 for a given dimmed
brightness level Lbdim.

In a fourth step M4 the error functions of the color com-
ponents R1, G1, B1 are added. If the value of the error
function 1s not the mimmum value, the third step M3 and
the fourth step M4 may be repeated for different values
of the dimmed brightness level Lbdim until the value of
the dimmed brightness level Lbdim has been found
which corresponds to the minimum value of the error
function for that image. Optionally, in order to save
power, for example when a power save mode 1s selected
by a user of the display module, dimming may also be
applied to images which would not be dimmed accord-
ing to the above-described tlow diagram. In this case, the
amount of dimming may be made dependent on the
value of the resulting error function.

In a fifth optional step M3 smoothing 1s applied to avoid
flickering of the displayed image by abrupt changes of
the dimmed brightness level Lbdim for subsequent
images. The smoothing may be obtained by making the
value of the dimmed brightness level Lbdim dependent
on a smoothed dimmed brightness level Lbdim applied
to a previous image. For example, the smoothed dimmed
brightness level LbdimS(n) for an n-th image i a
sequence of 1mages 1s given by:

LbdimS(n)=q-Lbdim(n)+(1-q)-LbdimS(n-1), with q a
constant: O<=q<=1.

As result of the fifth step M5 the value of the selected
smoothed dimmed brightness level LbdimS(n) for the
n” image is available. This value is translated into a light
source drive signal BLD which generates this brightness
level when applied to the light source BL. Moreover, 1n
the fifth step M5 the adaptation drive signal AD 1s gen-
crated, which, for example, comprises nformation
about the gray level x, corresponding to the selected
smoothed dimmed brightness level Lbdim.

Finally 1n a sixth step M6 the gray level X, corresponding to
the selected smoothed dimmed brightness level Lbdim
1s used to determine according to which curve the gray
levels of the mput signal V1 should be adapted, for
example according to the third curve C3 as shown 1n
FIG. 3. Optionally soit clipping may be applied by as
explained hereinbetore by applying the fourth curve C4
as shown 1n FIG. 4.

The smoothing as described 1n the fifth step M3 may be set
to respond faster to an increase of the dimmed brightness level
Lbdim(n) during subsequent images. This may be achieved
by selecting a different constant q during the increase. The
advantage 1s, that clipping 1n white areas 1s reduced for
images with white areas following a sequence of dark images.
At the same time the relatively slow response during a
decrease of the dimmed brightness level Lbdim(n) for subse-
quent images, ensures that flickering of the displayed image 1s
avolded. A suitable value for the constant q 1s 0.95 during a
sequence of mcreasing dimmed brightness levels Lbdim(n)
and g=0.05 during other sequences.

The smoothing may also take into account lamp param-
cters, for example at what rate a lamp 1s able to change its light
output, or any limitations required to ensure an adequate
lifetime of a lamp. The smoothing may also take 1nto account
actual operating conditions or historical operating conditions
of a lamp.

FIG. 9 shows a block diagram of an embodiment of the
display device according to the invention, which uses feed-
back. The diagram 1s the same as the one shown in FIG. 1,
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except that the input for the selection circuitry S 1s now the
output signal V2. This means a feedback loop 1s present,
wherein the selection circuitry S determines a dimmed bright-
ness level Lbdim(n) for an n” image of a sequence of images
and a corresponding adaptation drive signal AD on the basis
of gray levels of the output signal V2 corresponding to the
(n-1)” image.

When dimming the light source BL and simultaneously
compensating for the dimming by adapting the mput signal
V1, the display panel operates at a higher transmission (or
reflection) rate. Especially for LCD panels, at this higher
transmission rate the viewing angle increases. This means
that dimming 1n combination with adapting the input signal
V1 as described hereinbetfore has the additional advantage of
improving the viewing angle for the dimmed 1mages. More-
over a lamp of the light source requires less power when
dimmed, so power 1s saved when dimming 1s applied. At the
same time the lifetime of the lamp may be extended.

A further advantage 1s, that when the amount of dimming
takes 1nto account the operating limits of the light source, 1t 1s
possible to select firstly the amount of dimming which the
light source 1s able to follow, and then to determine the cor-
responding adaptation of the mput signal V1. So, any mis-
match, caused by the fact that the light source 1s not able to
follow the requested brightness changes of subsequent
images, 1s avoided, thereby avoiding picture quality deterio-
ration.

It should be noted that the above-mentioned embodiments
illustrate rather than limit the invention, and that those skilled
in the art will be able to design many alternative embodiments
without departing from the scope of the appended claims. For
example, the allocation of the features in the various blocks of
soltware or hardware may be changed without departing from
the scope of the appended, claims. In the claims, any refer-
ence signs placed between parentheses shall not be construed
as limiting the claim. Use of the verb “comprise” and 1its
conjugations does not exclude the presence of elements or
steps other than those stated 1n a claim. The article “a” or “an”
preceding an element does not exclude the presence of a
plurality of such elements. In the device claim enumerating
several means, several of these means may be embodied by
one and the same 1tem of hardware. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot
be used to advantage.

The invention claimed 1s:

1. A method of adjusting a light source of a display device,
the display device comprising a display panel having display
pixels for modulating light originating from the light source;
and processing circuitry coupled to the display panel and the
light source, the processing circuitry having an mmput for
receiving an input signal representing gray levels of pixels of
an 1mage to be displayed on the display panel, the method
comprising:

selecting a dimmed brightness level of the light source in

dependence on the gray levels of the image pixels, the

selecting step comprising;:

selecting the dimmed brightness level from a plurality of
temporary dimmed brightness levels, said selecting 1n
dependence on: (1) a number of occurrences of a gray
level corresponding to a brightness level of display
pixels above the temporary dimmed brightness levels,
and/or (11) a number of occurrences of a gray level
corresponding to a brightness level of display pixels
below a predetermined brightness level being a fixed
or adjustable level determined in dependence on the
temporary dimmed brightness levels, and




US RE45,209 E

11

adapting the input signal 1n dependence on the dimmed

brightness level.

2. The method as claimed in claim 1, the selecting step
turther comprising substantially minimize an error function
including one or more weighted numbers of occurrences
tformed by multiplying each of the one or more numbers of
occurrences by a weighting factor.

3. Processing circuitry having;:

an mput for receiving an mput signal representing gray

levels of pixels of an 1image to be displayed on a display
panel of a display device, the display device comprising
an adjustable light source, the display panel having dis-
play pixels for modulating light originating from the
light source;

outputs for coupling to the display panel and the light

SOUrce;

means for selecting a dimmed brightness level of the light

source 1n dependence on the gray levels of the image

pixels, the means for selecting being capable of:

selecting the dimmed brightness level from a plurality of
temporary dimmed brightness levels, said selecting 1n
dependence on: (1) a number of occurrences of a gray
level corresponding to a brightness level of display
pixels above the temporary dimmed brightness levels,
and (11) a number of occurrences of a gray level cor-
responding to a brightness level of display pixels
below a predetermined brightness level being a fixed
or adjustable level determined in dependence on the
temporary dimmed brightness levels|,], and

means for adapting the input signal in dependence on the

dimmed brightness level.

4. A display device comprising the adjustable light source;
the display panel with display pixels for modulating light
originating from the light source; and the processing circuitry
as claimed 1n claim 3.

5. [A] T%e display device as claimed in claim 4, the prede-
termined brightness level being formed by the maximum
contrast ratio of the display panel and each of the dimmed
brightness levels.

6. [A] The display device as claimed in claim 4, the pro-
cessing circuitry further comprising means for determining a
smoothed dimmed brightness level (Lbdim S(n)) for an image
in dependence on the selected dimmed brightness level (Lb-
dim (n)) of the image and a previous smoothed dimmed
brightness level (LbdimS(n-1)) of a previous image, wherein
n 1s a sequence number of successive 1mages.

7. [A] The display device as claimed in claim 6, the
smoothing having a faster response time to an increasing
dimmed brightness level of subsequent 1mages than to a
decreasing dimmed brightness level of subsequent images.

8. [A] The display device as claimed in claim 4, wherein the
means for selecting a dimmed brightness level are further
adapted to select the dimmed brightness level 1n dependence
on a content of a part of the image.

9. A product comprising the display device as claimed in
claim 4, and signal processing circuitry for providing the
input signal.

10. The display device as claimed 1n claim 4, the means for
selecting being adapted to substantially minimize an error
function including one or more weighted numbers of occur-
rences formed by multiplying each of the one or more num-
bers of occurrences by a weighting factor.

11.[A] The display device as claimed in claim 10, the error
function being formed by an addition of the one or more
weilghted numbers of occurrences.
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12. [A] The display device as claimed in claim 11, the error
function being substantially:

Xthread Xmax

Er xi)= ) e®px)+ ) fxpx)

x=0 x=x1+1

wherein X 1s a variable representing the gray level of a pixel,

g(x) and 1(x) are weighting functions, p(x) 1s the number of
occurrences of a pixel with the gray level x divided by the total
number of pixels 1n the 1mage, x, 1s the gray level providing
the dimmed brightness level, x __ 1s a maximum available
gray level 1n the mput signal, x,, __1s the gray level corre-
sponding to the predetermined brightness level.

13. [A] The display device as claimed in claim 12, the
welghting functions (1(x), g(x)) being substantially equal to
one.

14. [A] The display device as claimed in claim [5] /2, at
least one of the weighting functions (1(x), g(x)) being formed
by a sum (1)) of deviations (d(k1,k2)) ot gray levels between
a pixel and 1ts neighboring pixels, with k1, k2 being indices
identifying the neighboring pixels.

15. [A] The display device as claimed in claim 14, the pixel
being the pixel having the highest sum (1;;) ot all pixels with
this gray level in an 1mage.

16. [A] The display device as claimed in claim [5] /2, at
least one of the weighting functions (1(x), g(x)) being formed
by a deviation of the gray level from a gray level correspond-
ing to each of the temporary dimmed brightness levels or by
a deviation from a gray level corresponding to the predeter-
mined brightness level.

17.JA] The display device as claimed in claim 10, the input
signal comprising color components (R1, G1, M1) of the
image, a component error function being determined for each
of the color components (R1, G1, B1), the error function
being formed by adding the component error functions.

18. Processing circuitry having:

an mput for receiving an input signal representing gray

levels of pixels of an 1mage to be displayed on a display
panel of a display device, the display device comprising
an adjustable light source, the display panel having dis-
play pixels for modulating light originating from the
light source;

outputs for coupling to the display panel and the light

SOUICe;

means for selecting a dimmed brightness level of the light

source 1n dependence on the gray levels of the image

pixels, the means for selecting being capable of:

selecting the dimmed brightness level from a plurality of
temporary dimmed brightness levels, said selecting 1n
dependence on: (1) a number of occurrences of a gray
level corresponding to a brightness level of display
pixels above the temporary dimmed brightness levels,
and (1) a number of occurrences of a gray level cor-
responding to a brightness level of display pixels
below a predetermined brightness level being a fixed
or adjustable level determined in dependence on the
temporary dimmed brightness levels, and

means for adapting the input signal in dependence on the

dimmed brightness level,;

wherein the means for selecting being adapted to substan-

tially minimize an error function including one or more
welghted numbers of occurrences formed by multiply-
ing each of the one or more numbers of occurrences by
a weighting factor; and,
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wherein, the error function being substantially:

Athread Xnax

Bra(x)= ) gp+ > f(xpk),

x=( X=X +1

where X 1s a variable representing the gray level of a pixel,
g(x) and 1(x) are weighting functions, p(x) 1s the number of
occurrences ol a pixel with the gray level x divided by the total
number of pixels 1n the image, x, 1s the gray level providing
the dimmed brightness level, x 15 a maximum available
gray level in the mput signal, x, __,1s the gray level corre-
sponding to the predetermined brightness level.

19. Processing circuitry comprising.

an input to receive an input signal vepresenting gray levels

of pixels of an image to be displaved on a display panel
of a display device, the display device comprising an
adjustable light source, the display panel having display
pixels for modulating light oviginating from the light
source;

outputs to couple to the display panel and the light source;

a processor configured to select a dimmed brightness level

of the light source in dependence on the gray levels of the
image pixels, the processor further configured to:
select the dimmed brightness level from a temporary
dimmed brightness level, said selecting in depen-
dence on
at least one of: (i) a number of occurvences of a gray
level corresponding to a brightness level of display
pixels above the temporary dimmed brightness
level, or (ii) a number of occurrences of a gray level
corresponding to a brightness level of display pix-
els below a predetermined brightness level being a
fixed or adjustable level determined in dependence
on the temporary dimmed brightness level, and
adapt the input signal in dependence on the dimmed
brightness level.

20. The processing circuitry as claimed in claim 19, the
processor further configured to substantially minimize an
error function including one or more weighted numbers of
occurrences formed by multiplying each of the one or more
numbers of occurrences by a weighting factor.

21. The processing circuitry as claimed in claim 20, the
error function being formed by an addition of the one or more
weighted numbers of occurrences.

22. The processing circuitry as claimed in claim 21, the
error function being substantially:

Athread Xmeax

Era(x)= ) g@p@+ > fx)p),

x=0 x=x1+1

wherein x is a variable representing the gray level of a pixel,
a(x) and f(x) are weighting functions, p(x) is the number of
occurrences of a pixel with the gray level x divided by the total
number of pixels in the image, x, is the gray level providing
the dimmed brightness level, x_ . _is a maximum available
gray level in the input signal, x,, . is the gray level corre-
sponding to the predetermined brightness level.

23. The processing circuitry claimed in claim 22, the
weighting functions (f(x), g(x)) being substantially equal to
one.

24. The processing circuitry as claimed in claim 22, at least

one of the weighting functions (f(x), g(x)) being formed by a
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sum (f,;) of deviations (d(kl,k2)) of gray levels between a pixel
and its neighboring pixels, with kl, k2 being indices identi-
Jyving the neighboring pixels.

25. The processing circuitry as claimed in claim 24, the
pixel being the pixel having the highest sum (f,;) of all pixels
with this gray level in an image.

26. The processing circuitry as claimedin claim 22, at least
one of the weighting functions (f(x), g(x)) being formed by a
deviation of the gray level from a gray level corresponding to
only one of the temporary dimmed brightness level or by a
deviation from a gray level corresponding to the predeter-
mined brightness level.

27. A display device comprising an adjustable light source;
a display panel with display pixels for modulating light origi-
nating from the light source; and the processing circuitry as
claimed in claim 19.

28. The display device as claimed in claim 27, the prede-
termined brightness level being formed by the maximum con-
trast ratio of the display panel and the dimmed brightness
level.

29. The display device as claimed in claim 27, the proces-
sor being configured to determine a smoothed dimmed bright-
ness level (Lbdim S(n)) for an image in dependence on the
selected dimmed brightness level (Lbdim (n)) of the image
and a previous smoothed dimmed brightness level (LbdimS
(n—1)) of a previous image, wherein n is a sequence number of
successive images.

30. The display device as claimed in claim 29, the smooth-
ing having a faster vesponse time to an increasing dimmed
brightness level of subsequent images than to a decreasing
dimmed brightness level of subsequent images.

31. The display device as claimed in claim 27, the proces-
sor being further configured to select the dimmed brightness
level in dependence on a content of a part of the image.

32. The display device as claimed in claim 27, the proces-
sor being configured to substantially minimize an ervor func-
tion including one or more weighted numbers of occurrences
Jormed by multiplying each of the one or more numbers of
occurrences by a weighting factor.

33. A method of adjusting a light source of a display device,
the display device comprising a display panel having display
pixels for modulating light oviginating from the light source;
and processing cirvcuitry coupled to the display panel and the
light source, the processing circuitry having an input for
receiving an input signal vepresenting gray levels of pixels of
an image to be displayed on the display panel, the method
comprising acts of.

selecting a dimmed brightness level of the light source in

dependence on the gray levels of the image pixels, the
selecting act comprising.
selecting the dimmed brightness level from a temporary

dimmed brightness level, said selecting in depen-
dence on

at least one of: (i) a number of occurrences of a gray
level corresponding to brightness level of display
pixels above the temporary dimmed brightness
level, or (ii) a number of occurrences of a gray level
corresponding to a brightness level of display pix-
els below a predetermined brightness level being a
fixed or adjustable level determined in dependence

on the temporary dimmed brightness level; and
adapting the input signal in dependence on the dimmed

brightness level.

34. The method as claimed in claim 33, the selecting act
further comprising substantially minimizing an evvor func-
tion including one or more weighted numbers of occurrences
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formed by multiplying each of the one or more numbers of
occurrences by a weighting factor.

35. The method as claimed in claim 34, comprising an act
of forming the ervor function by an addition of the one or more
weighted numbers of occurrences. >

36. The method as claimed in claim 33, the errvor function
being substantially:

10

A thread Xmax

Era()= ) gp+ ) fxp),

x=0 x=x1+1

wherein x is a variable representing the gray level of a pixel, 15
a2(x) and f(x) are weighting functions, p(x) is the number of
occurrences of a pixel with the gray level x divided by the total
number of pixels in the image, x, is the gray level providing
the dimmed brightness level, x___is a maximum available

16

gray level in the input signal, x,, __.1s the gray level corre-
sponding to the predetermined brightness level.

37. The method as claimed in claim 36, the weighting

functions (f(x), g(x)) being substantantially equal to one.

38. The method as claimed in claim 36, comprising an act
of forming at least one of the weighting functions (f(x), g(x))
by a sum (f;;) of deviations (d(kl,k2)) of gray levels between a
pixel and its neighboring pixels, with kl, k2 being indices
identifving the neighboring pixels.

39. The method as claimed in claim 38, the pixel being the
pixel having the highest sum (f;;) of all pixels with this gray
level in an image.

40. The method as claimed in claim 36, comprising an act
of forming at least one of the weighting functions (f(x), g(x))
by a deviation of the gray level from a gray level correspond-
ing to only one of the temporary dimmed brightness level or
by a deviation from a gray level corresponding to the prede-
termined brightness level.

% o *H % x
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