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Brightness to be displayed this time, that is,
targeted brightness at one refresh cycle later ™ S101
is input to overdrive voltage caiculating section 11

Overdrive voltage calculating section 11 reads present
capacitance value {i.e., predicted capacitance
value at one rafresh cycle before) ™ S102
stored in frame buffer 13 and then calculates
overdrive voitage to be applied this time

Capacitance predicting section 12 predicts
a capacitance value that will be reached at
one refresh cycle later when applying overdrive 5103
voltage te a pixel with present capacitance value A
(i.e, previously predicted capacitance value)
read from frame buffer 13

Capacitance value predicted by capacitance
predicting section 12 is stored in frame buffer 13 N S104

Fig. 5
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level 5] 0.1804 | 59943] 44998 | 3.78481 3.3111 | 2.9200 | 2579 2.2487 | 1.7985 1]
level 4] 9.6341 ) 59067 4.3949 | 3.6299 ] 3.1811; 2782 2.4674 | 2.1403 | 1.6860 1]
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Fig. 6
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LIQUID CRYSTAL DISPLAY DEVICE

BACKGROUND OF INVENTION

[0001]

[0002] The present invention relates to a liquid crystal
display device, and more particularly to a liquid crystal
display device for improving the response time of the liquid
crystal display.

[0003]

[0004] Recently, a liquid crystal display (LCD) equipped
with thin film transistors (TFT) has developed significantly
due to its characteristics including light weight, thin shape
and low power consumption. Conventionally, the use of
LCDs for PCs was mainly directed to displaying static
images, however, along with the progress of such LCDs,
they have been substituted for CRTs such as when displaying
moving pictures in a graphics system or displaying video
images on monitors. Therefore, there is growing interest in
displaying moving pictures using L.CDs.

[0005] While a CRT is in the impulse type of light
emission, an LCD is in the hold type with emitting continu-
ous light during a whole period of a frame, thereby being
unable to follow the CRT in terms of a quality of moving
pictures if leaving them as they are. Accordingly, there have
been proposed, for example, a scheme for doubling the
refresh rate or the blanking scheme for emitting light inter-
mittently for each frame in order to obtain the similar
characteristics to CRT for moving pictures. This is an ideal
solution but requires a special liquid crystal with a very fast
response, so that the liquid crystals currently in use are not
applicable due to their slow response.

[0006] For example, a present TN mode TFT-LCD has its
on/off response time equivalent to about 1 refresh cycle
(16.7 ms at 60 Hz refresh), however, the response time
delays greatly in a halftone level, resulting in up to several
to ten refreshes. In particular, video images such as TV
images mostly have halftone images, so that correct bright-
ness can not be obtained. Even when displaying text data on
PCs, it takes a long time for a screen to become a good state
where one can easily read if he performs a scroll operation.

[0007] As above, a deterioration in image quality when
displaying moving pictures on a TFT-LCD results from that
a transition of brightness of each pixel does not complete
within one frame period of 16.7 ms. Namely, even in the
case of liquid crystals with a fast response, the capacitance
of the liquid crystal changes in principle of the liquid crystal
driving, wherein the targeted brightness can not be reached
only by one time of charge/discharge of TFT as long as using
the normal driving method, as a matter of course, resulting
in the display response being unable to catch up with the
image when it changes for each frame. Furthermore, since
the response time differs between R, G and B for displaying
color images because the response time varies depending on
gray levels, a color shift (hue change) may occur in bound-
ary areas of moving edges or thin lines.

[0008] There exists a method called overdrive for resolv-
ing the delay of the response time. This method is to improve
the response characteristics to a step input for the liquid
crystal device by applying a voltage greater or smaller than
the targeted voltage at the first frame of input changes. For

1. Field to the Invention

2. Background of the Invention
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example, Japanese Unexamined Patent Publication No.
1995-20828 discloses a technique that attempts to reproduce
faithful brightness with hysteresis and afterimage character-
istics being improved even for moving pictures or TV
images accompanying active changes by processing input
image signals so as to compensate the response character-
istics of transmittance against a voltage applied to the liquid
crystal, considering a predicted value of voltage response
characteristics of the liquid crystal.

[0009] The overdrive technique is relatively easily imple-
mented only by changing the driving method and needs no
change of a liquid crystal device itself, which is otherwise
bothersome. In addition, it is also possible to combine with
other techniques for improvement. However, the conven-
tional overdrive techniques including the above publication
may simply use a simple voltage value as a parameter. Since
the voltage value, when not reaching the equilibrium state,
takes the same value for a variety of gray levels of brightness
or internal states, it is inappropriate as a parameter for
determining a next overdrive voltage.

[0010] Furthermore, since the charge is completely dis-
charged in a transition to a full-OFF state, i.c., 0V, there
exists no “cumulative response” component, which asymp-
totically approaches to the targeted gray level as a result of
the accumulation of the applied voltage over multiple
frames. It is noted that liquid crystals are a viscous fluid and
have a slow displacement speed per se, thus this would be
regarded as the only cause of slow response time, however,
a predicted voltage is OV insofar as prediction so that it is
impossible to represent the process of transition by means of
voltage. Though the publication cited above describes about
using a low pass filter (LPF) to represent the process of
transition in a pseudo manner, a peculiar low pass filter that
is different from the one for other gray levels must be
provided since the cumulative response does not exist during
a full-OFF ftransition. Furthermore, since the “cumulative
response” and “viscosity” are nonlinear over the all gray
levels, it is difficult indeed to get the necessary predicted
values using the LPF.

SUMMARY OF INVENTION

[0011] In view of the above technical problems, it is a
feature of the present invention to improve scrolling of text,
dragging of icons, computer graphics (CG) animation dis-
played on LCDs, as well as color shifts, blurring and trailing
that may appear on moving pictures.

[0012] It is another feature of the invention to bring the
pixel brightness close to a targeted value within a single
refresh cycle time when the gray level displayed changes,
for example.

[0013] A liquid crystal display device according to the
invention includes a liquid crystal cell such as a TFT-LCD
forming an image display area, and a driver applying a
voltage to the liquid crystal cell, and an overdrive controller
controlling the driver to apply an overdrive voltage that
exceeds a targeted pixel value to the liquid crystal cell. The
overdrive controller stores a predicted capacitance value of
each pixel and interpolates the information about the voltage
value stored in the memory based on the predicted capaci-
tance value to calculate the overdrive voltage.

[0014] 1In a vet further aspect of the present invention,
there is provided a method for driving a liquid crystal
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display, wherein an input pixel value is overdriven to output
a modified pixel value. The method includes the steps of:
predicting a capacitance value where each pixel will reach at
one refresh cycle later when applying a predetermined
voltage for the input pixel value; storing the predicted
capacitance value; and calculating an overdrive voltage to be
applied to each pixel based on an input pixel value at one
refresh cycle later and the stored capacitance value.

[0015] 1In a still further aspect of the present invention,
there is provided a method for driving a liquid crystal
display wherein a brightness change delays relative to a
capacitance change, the method comprising the steps of:
predicting a capacitance value of each pixel of the liquid
crystal display when applying a predetermined voltage;
calculating a voltage exceeding the targeted pixel value
based on an input targeted pixel value with using the
predicted capacitance value as a parameter; and supplying a
predetermined voltage to the liquid crystal display based on
the calculated voltage.

[0016] Various other objects, features, and attendant
advantages of the present invention will become more fully
appreciated as the same becomes better understood when
considered in conjunction with the accompanying drawings,
in which like reference characters designated the same or
similar parts throughout the several views.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG. 1 is a schematic diagram of an embodiment
of a liquid crystal display (LCD) device according to the
present invention.

[0018] FIG. 2 is a diagram illustrating the characteristics
of a liquid crystal where a targeted capacitance is reached in
a zigzag move.

[0019] FIG. 3 is a diagram illustrating the characteristics
of a liquid crystal when applying an overdrive voltage.

[0020] FIG. 4 is a diagram illustrating a configuration of
an overdrive controller according to the invention.

[0021] FIG. 5 is a flowchart illustrating the processing
performed by the overdrive controller shown in FIG. 4.

[0022] FIG. 6 is a table associated with a TN mode liquid
crystal with 5 um gap and depicting values used to obtain an
overdrive voltage to be applied this time based on the
present capacitance value obtained from simulation.

[0023] FIG. 7 is a table used to calculate a capacitance
value at one frame period later for a pixel with a certain
capacitance value.

DETAILED DESCRIPTION

[0024] TIn order to achieve the above purposes, according
to the present invention, when the gray level displayed
changes for each pixel of a TFT-LCD, an excessive voltage
(i.e., overdrive voltage) exceeding a targeted pixel value is
applied with respect to a varied amount of the refresh cycle
such that the brightness of a pixel reaches the targeted value
within one refresh cycle time. In this regard, it is charac-
terized in that a starting value for calculating the applied
voltage is based on the capacitance of each pixel.

[0025] 1In another aspect of the present invention, there is
provided a controller for a liquid crystal display device,
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comprising: voltage calculating means for calculating a
voltage to be applied to a liquid crystal cell based on targeted
brightness at one refresh cycle later corresponding to a pixel
value to be displayed this time and a present capacitance
value of the pixel that is predicted in advance; capacitance
predicting means for predicting a capacitance value of the
pixel that will be reached after the refresh cycle when
applying the voltage calculated by the voltage calculating
means to the pixel with the present capacitance value; and
storage means for storing the capacitance value predicted by
the capacitance predicting means, wherein the voltage to be
applied is calculated and the capacitance value is predicted,
respectively, based on the capacitance value stored in the
storage means.

[0026] The liquid crystal display device may further com-
prise a memory storing information used to obtain a voltage
to be applied this time from a present capacitance value and
information about a capacitance value where a pixel will
reach when applying a predetermined voltage to the pixel
with a predetermined capacitance value, wherein the voltage
to be applied and the predicted capacitance are easily
determined using a simple configuration. Information stored
in the memory may include discrete values in tabular form
obtained by the simulation, for example, or may be values
obtained based on transitions from static states.

[0027] In a further aspect of the present invention, there is
provided a liquid crystal display drive circuit such as a
controller. Namely, a liquid crystal display drive circuit of
the invention comprises: capacitance predicting means for
predicting a capacitance value where each pixel will reach at
one refresh cycle later when applying a predetermined
voltage for targeted brightness; storage means for storing the
predicted capacitance value; and voltage calculating means
for calculating a voltage to be applied to each pixel based on
targeted brightness at one refresh cycle later and the stored
capacitance value.

[0028] Tt is noted that the overdrive voltage to be applied
is calculated using the stored capacitance value as a param-
eter at a start point and using an input pixel value as a
targeted brightness at one refresh cycle later. With this
arrangement, an ideal overdrive is implemented compared
with when using a previous pixel value or brightness, or
predicted voltage or brightness as a parameter at a start
point.

[0029] Tt is further noted that using a capacitance value as
a parameter whose response time is faster than a brightness
change, a brake effect for overshoot may be also expected.

[0030] In a further aspect of the present invention, there is
provided a program for directing a computer to drive a liquid
crystal display device, the program comprising the functions
of: predicting a capacitance value where each pixel will
reach at one refresh cycle later when applying a predeter-
mined voltage to the liquid crystal display device based on
the pixel value to be displayed,; storing the predicted capaci-
tance value in a buffer of the computer; and calculating a
voltage to be applied to each pixel based on a pixel value to
be displayed at one refresh cycle later and the stored
capacitance value.

[0031] This program may be provided to a computer
controlling a liquid crystal display from a remote program
transmission apparatus via a network, for example. The
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program transmission apparatus may comprise storage
means for storing a program such as a CD-ROM, DVD,
memory, hard disk, etc., and transmission means for reading
the program from the storage means and transmitting the
program to an apparatus performing the program via a
connector and a network such as the Internet or LAN.
Alternatively, the program may be provided by means of a
storage medium such as a CD-ROM.

[0032] Now the present invention will be described with
reference to the accompanying drawings.

[0033] FIG. 1 is a schematic diagram of an embodiment
of a liquid crystal display (LCD) device according to the
present invention. As for the LCD device shown in FIG. 1,
a liquid crystal module (LCD panel) is composed of a liquid
crystal cell control circuit 1 and a liquid crystal cell 2 with
a liquid crystal structure of thin film transistors (TFT). The
liquid crystal module (hereinafter called LC module) is
formed in a display device separated from a system unit on
the host’s side such as a personal computer (PC) or in the
display part of a notebook computer. Namely, LCD device
may be a standalone type of LCD connected to a host system
via a line or an integrated type comprising both a host
system and LCD. In a liquid crystal cell control circuit 1
shown in FIG. 1, RGB video data (i.e., video signals),
control signals and DC power supply are input to an LCD
controller 4 via a video interface (I/F) 3 from a graphics
controller LSI (not shown) in the system. LC cell 2 may be
a TFT liquid erystal of TN (twisted nematic) mode, for
example.

[0034] DC-DC converter 5 generates a variety of DC
power supply voltages necessary for liquid crystal cell
control circuit 1 from DC power supply being supplied, and
supplies them to a gate driver 6, a source driver 7 and a
fluorescent tube (not shown) for backlight, etc. LCD con-
troller 4 processes signals received from video I/F 3 and
supplies processed signals to gate driver 6 and source driver
7. There exists an overdrive controller 10 between LCD
controller 4 and source driver 7. Source driver 7 is respon-
sible to supply a voltage to each of the source electrodes of
TFTs arranged in a horizontal direction (X direction) in a
TFT array, which is arranged in a matrix fashion on liquid
crystal cells 2. Gate driver 6 is responsible to supply a
voltage to each of the gate electrodes arranged in a vertical
direction (Y direction) in a TFT array. Both gate driver 6 and
source driver 7 are comprised of multiple ICs, wherein
source driver 7 includes multiple source driver ICs 8 made
of LSI chips, for example.

[0035] The maximum voltage rating of source driver 7 is
typically 5V in TN mode for a notebook PC, wherein a 64
gray-level (6 bit) driver is used in notebook PCs without
FRC (frame rate control) with consideration of the practical
number of gray levels. On the other hand, an LCD monitor
typically employs an IPS (in-plane switching, i.c., lateral
electric field) mode, wherein a 256 gray-level (8 bit) driver
with a maximum voltage rating of about 15V is used,
however, substantially half that voltage, that is, about 7.5V
is used by utilizing a dot inversion driving scheme. Source
driver 7 for IPS can be used for TN liquid crystal (hereinafter
TN-LC), wherein a high voltage greater than 5V is able to
be used for overdrive. It is noted that in FRC (frame rate
control), is added to the least significant bit over four frames
in order to represent 8 bit gray scale using 6 bit driving,
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wherein the low order two bits are changed to be controlled
according to time modulation. It is also noted that since FRC
assumes that a PC screen is static, a different color may be
appear when scrolling a thin line continuously, for example.
It is undesirable to perform FRC for moving portions
because the number of gray levels may be sacrificed.

[0036] A TFT-LCD comprising LC cell 2 has a response
time slower than the display device such as a CRT. Note that
a “response time” is defined as time required to reaching the
absolute brightness precision (one-half or one-quater of the
gray-level interval considering gamma characteristics) cor-
responding to a targeted gray level. The cause of slow
response time includes a problem of the cumulative response
and a problem resulting from that a liquid crystal is a viscous
fluid, ete. Furthermore, the liquid crystal involves a problem
of charge leak.

[0037] The cumulative response is mentioned as follows:
a targeted gray level is not reached by only one charge or
discharge, hence it is asymptotically approached as a result
of accumulation of a voltage applied over multiple frames.
At a pixel, liquid crystal is displaced with keeping charge Q
at the end of selection in accordance with the inverse
proportional curve CV=Q where C is capacitance and V is
a voltage. Assuming that a voltage V,, .., corresponding to
a targeted gray level is applied to a pixel whose capacitance
is C,,,,, at the start point, the charge after a selection will be
Citart Viarger Which is greater or smaller than the charge that
is essentially required at the targeted gray level, ie., Q0=
Charget Viargets DY theratio of C, ., /C,, ;. Namely, this means
that the targeted gray level can not be achieved as long as
applying a static voltage corresponding to that targeted gray
level. For a TFT-LCD, a targeted voltage is applied for each
frame when displaying a static image, therefore, C,,,..; is
approached in incremental or decremental steps in time
sequence. The main cause of the slow response time of
TN-LC in halftone levels, which is regarded as 16.7 ms
response, is this cumulative response. This problem of
cumulative response also applies to other liquid crystals
other than TN-LC as long as the dielectric constant differs
between ON state and OFF state.

[0038] FIG. 2 is a diagram illustrating the characteristics
of a liquid crystal where a targeted capacitance is reached in
a zigzag move as described above. The horizontal axis
represents voltage, while the vertical axis represents capaci-
tance (electric capacity), wherein a brightness vs. voltage
curve and a capacitance vs. voltage curve are depicted.
When a first voltage corresponding to a targeted brightness
is applied starting with the initial capacitance, the capaci-
tance reaches the first position on the capacitance vs. voltage
curve during one refresh cycle where a pixel is not selected,
by moving along the inverse proportional line of CV=Q (Q
is constant). Likewise, when applying a second and third
voltage corresponding to the targeted brightness, it is seen
that the brightness reaches the targeted brightness in incre-
mental or decremental steps starting with the initial value.

[0039] By the way, since liquid crystal is a viscous fluid,
its displacement speed is slow. For example, in TN mode,
since liquid crystal molecules become disordered upon
transition both in degrees of freedom © and ¢ in a three-
dimensional space, the transition of brightness, which is
affected by both ® and ¢, delays compared to that of
capacitance that represents the average state of . Namely,
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the brightness curve during the transition departs from that
of a static state and strongly depends on a state at a start
point. This delay can not be solved analytically, therefore, it
must be obtained by simulation precisely. Now it is assumed
that a slope of director vector with respect to a vertical
direction in TN mode is ®, while a slope with respect to a
horizontal direction is ¢. Also in IPS mode, it is assumed that
a slope with respect to a direction perpendicular to the glass
substrate is ¢, while a slope with respect to a horizontal
direction is ¢.

[0040] Next, concerning a problem of charge leak, if there
exists in liquid crystal a significant charge leak from a pixel
within a frame period, a flicker phenomenon may occur
while the same brightness is displayed statically. Further-
more, when a change in gray level occurs, the leak becomes
the cause of delay for ON transition, while becoming the
cause of acceleration for OFF transition except for full-OFF
(white; 0 V). The charge leak depends on backlight bright-
ness and inversion polarities as well as parasitic capacitance
with data lines. The effect of leak can be incorporated into
overdrive by adjusting Q, that is CV=Q (const.), by a leak
amount. When a leak amount differs greatly depending on
inversion polarities, the drive voltage can be changed
depending on the inversion polarity even with a static
display image by applying an overdrive mechanism just as
it is, whereby the flicker is reduced.

[0041] Inview of these problems, according to the present
invention, there exists an overdrive controller 10 within a
stream of pixel values from LCD controller 4, which passes
to source driver 7 the pixel values overdriven to be modified.
The term “overdrive” means here that an excessive voltage
exceeding a targeted voltage is applied for a starting gray
level compared with a voltage to be applied when displaying
a targeted gray level, wherein the applied voltage may be
excessive on a plus (+) direction or may be excessive on a
minus (-) direction (i.e., toward 0 V).

[0042] FIG. 3 is a diagram illustrating the characteristics
of a liquid crystal when applying an overdrive voltage,
which is applied to a first case of the most simple overdrive
described below. As with FIG. 2, the horizontal axis repre-
sents voltage, while the vertical axis represents capacitance,
wherein a brightness vs. voltage curve and a capacitance vs.
voltage curve are depicted. In the drawing, there is shown
the case where the excessive voltage is applied on the plus
direction. Starting with an initial capacitance value, after an
overdrive voltage is applied adding an excessive voltage to
the voltage corresponding to the targeted brightness, the
capacitance reaches the targeted position on the capacitance
vs. voltage curve while the state moves along the inverse
proportional line of CV=Q (Q is constant). As a result, the
brightness reaches the targeted brightness on the brightness
vs. voltage curve from its initial value. It is noted that the
overdrive voltage depends on the state of a pixel liquid
crystal at a staring point.

[0043] 1In order to implement the overdrive with good
precision, it may be necessary to select source driver 7 with
a greater number of gray levels than at present or to use a
different voltage than at present in source driver 7. One can
also consider that a pixel value input to overdrive controller
10 is a brightness value on which gamma correction has
already been performed. Alternatively, the input value may
be an index value represents gray level rather than the
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brightness value as is. The output pixel value is a voltage
value to be applied to each pixel. If source driver 7 is a
digital input type, the output value may be a value indicating
a voltage.

[0044] FIG. 4 is a diagram illustrating a configuration of
overdrive controller 10 according to the invention. It is
herein constructed as a recursive system and comprises an
overdrive voltage calculating section 11 for calculating an
overdrive voltage to be applied to a pixel this time based on
targeted brightness and a present capacitance value; capaci-
tance predicting section 12 for predicting a capacitance
value at one frame period later; and a frame buffer 13 for
storing the capacitance value at one frame period later
predicted by capacitance predicting section 12.

[0045] FIG. 5 is a flowchart illustrating the processing
performed by overdrive controller 10 shown in FIG. 4. First,
the brightness to be displayed this time, that is, targeted
brightness at one refresh cycle later is input to overdrive
voltage calculating section 11 (step 101). Overdrive voltage
calculating section 11 reads the present capacitance value
(i.e., predicted capacitance value at one refresh cycle before)
stored in frame buffer 13 and then calculates an overdrive
voltage to be applied this time (step 102). Capacitance
predicting section 12 predicts a capacitance value that will
be reached at one refresh cycle later when the overdrive
voltage is applied to a pixel with the present capacitance
value (i.e., previously predicted capacitance value) read
from frame buffer 13 (step 103). The capacitance value
predicted by capacitance predicting section 12 is stored in
frame buffer 13 (step 104). The capacitance value stored in
frame buffer 13 is used by overdrive voltage calculating
section 11 and capacitance predicting section 12 as a capaci-
tance value of the present pixel at one refresh cycle later. In
the embodiment of the present invention, it is characterized
in that what is stored in frame buffer 13 is not the predicted
voltage or brightness but the predicted capacitance value.

[0046] It may be possible to use a voltage region that isn’t
used as a static applied voltage as an applied voltage. For
example, in a typical TN mode with 5V, the voltage regions
that are not used as static voltage may be used, including 0V
through 2V, 3V through 5V, and a voltage region higher than
5V (overvoltage region). It is noted that a “static voltage”
means a voltage to be applied to a pixel in order to display
its gray level in an equilibrium state (i.c., static state) where
no change in gray levels occurs, wherein the brightness vs.
voltage curve can be represented by a single curve such as
a logistic curve as shown in FIGS. 2 and 3. In an overdrive
scheme, a static voltage corresponding to gray level to be
displayed is to be a targeted voltage to be reached.

[0047] FIG. 6 is a table associated with a TN mode liquid
crystal with 5 um gap and depicting values used to obtain an
overdrive voltage to be applied this time based on the
present capacitance value, which is obtained by the inven-
tor’s simulation. In the embodiment, this table is provided in
overdrive voltage calculating section 11 and used as the
reference data for interpolation. The values shown in FIG.
6 are unique parameters to that LCD and are stored in a
specified nonvolatile memory (not shown) provided in over-
drive controller 10. Shown in the second column is capaci-
tance (C; ) at a start point, while a targeted brightness is
shown in the second row, wherein the targeted brightness is
set for nine levels of gray scale, that is, level O (full-ON, i.e.,
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black) through level 8 (full-OFF, ie., white). The values
shown in the table show the voltage to be applied. With
regard to the capacitance, C; . is represented in the unit of
pF/mm?, however, in fact an absolute value of capacitance
of the liquid crystal is not necessarily required, instead a
relative value of all capacitance C,; of a pixel may be used
on the basis of a minimum capacitance C; ;. (i.¢., OFF) of
the liquid crystal.

[0048] In FIG. 6, there is shown the gray levels corre-
sponding to the equilibrium state (static state) in the first
column and the first row, respectively. In general, it is a rare
case that the present capacitance corresponds to this gray
level, so that an actual overdrive voltage is calculated using
interpolation. A simple linear interpolation may generate
nearly satisfying results. It is seen that in the table shown in
FIG. 6, there are provided an extra portion in the first
column that is described with voltage values ranging from
1.2V to 2.0V, which serves to perform interpolation around
the threshold with a finer precision than nine gray levels.

[0049] FIG. 7 is a table used to calculate a capacitance
value at one frame period later for a pixel with a certain
capacitance value. More specifically, it is shown that what
capacitance value a pixel reaches after 16.7 ms if applying
a given voltage to the pixel with a given capacitance during
a gate selection time (herein 21.7 us for simulation). These
information are provided and used in capacitance predicting
section 12 shown in FIG. 4. The values shown in FIG. 7 are
unique parameters to each LCD and are stored in a specified
nonvolatile memory (not shown) provided in overdrive
controller 10.

[0050] As for FIG. 7, just like FIG. 6, the first column
shows the capacitance at a start point, while the first row
shows the voltage to be applied, wherein the predicted
capacitance values at 16.7 ms later are shown in the table. In
general, it is a rare case that the present capacitance matches
the capacitance shown in the first column, so that an actual
calculation is performed using interpolation. As seen from
the table, both the range of capacitance and the range of
applied voltage go beyond the gray scale range defined in
equilibrium.

[0051] The tables shown in FIGS. 6 and 7 are composed
based on data that changes from an equilibrium state (static
state). If using a parameter other than the capacitance as the
one that represents the state at a start point, the values
obtained based on a transition from a static state can not be
used for a transition from a non-equilibrium state (dynamic
state), accordingly the values in the table must be replaced
depending on the history. However, according to the
embodiment of the invention, the capacitance is used as a
parameter at a start point, thus what is required is only one
kind of table that is composed of transition data from a static
state on the grounds described below.

[0052] 1In the above example, the capacitance varies from
5.5 to 13.5, thus frame buffer 13 may store the capacitance
on the order of ten bits for each of RGB pixels. The number
of bits has a tradeoff relationship with an overdrive preci-
sion. Moreover, since the sensitivity depending on a change
in an initial value C is not linear, it is conceivable to
compress the capacitance value into on the order of eight bits
by mapping it in a nonlinear fashion.
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[0053] Next, the calculation method according to the
invention will be described in order, starting with the first
case that is most simple up to the sixth case that uses a
TN-LCD.

[0054] In the first case, there will be described a fast
response liquid crystal wherein a transition from full-ON to
full-OFF is performed much faster than one frame period
(i.e., one refresh cycle). In this case, an amount that must be
accelerated using the overdrive scheme corresponds to the
decrease in value of C-V=Q (const.) that has been described
relating to a cumulative response, therefore, the following
voltage should be applied: V1 =V oot Crarget/ Coresent The
overvoltage region used is up to the following: A
Veunon Ceanon! Cranopr If @ transition of the liquid crystai Is
adequately fast both in ON direction and OFF direction and
an internal state can approach thoroughly toward the equi-
librium state within one frame period, a previous pixel value
may be used as an index of C,,_._,, wherein the system may
be configured as a nonrecursive system with an ordinary
frame buffer 13 serving as the first order delay. In this case,
Vappty Will be calculated if there are prepared in tables as
many entries of gray levels value vs. capacitance value
relationship and entries of gray levels value vs. voltage
relationship as the number of gray levels in a static state
(equilibrium state).

[0055] In the second case, consider where a transition
from full-ON to full-OFF is performed within one frame
period in terms of brightness, however, the internal state
does not reach the equilibrium state. Since C,,...,; value
cannot be obtained in the nonrecursive system according to
the first case, an error may occur in the overdrive in this
nonrecursive system. Even with a TN-LC with 5 um gap that
is said to have a response time of less than 16 ms, it takes
about 0.1 sec to 0.2 sec for the internal state to reach the
equilibrium state under the threshold level (full-OFF, for
example), so that about 6% to 20% error may occur if the
capacitance at the point of 16.7 ms is used. Furthermore,
referring to the capacitance vs. voltage curve of a TN-LC, it
is seen that the brightness is saturated around a full-ON point
(i.e., full black), while the capacitance has a slope. Even if
the brightness has reached the full black within 16 ms, but
the capacitance has not reached that of the full-ON state, its
insufficient capacitance must be used for the next overdrive
rather than the static capacitance corresponding to the full
black level. If the static capacitance is continuously used as
Cpresent> @0 error will be accumulated.

[0056] Namely, with regard to brightness, the following
voltage should be used as an overdrive voltage: V,pp1y=
Viarget Crarget/ Coresent Where € must be estimated by
any means. For that purpose, it is necessary to use a
recursive system that estimates the capacitance at one frame
period later based on C,.,; and V,; rather than using the
nonrecursive system, because Cpresent would take values
other than those that are defined statically corresponding to
gray levels. Attempting to construct a nonrecursive system,
all of the histories of pixel values must be remembered so
that infinite frame buffer 13 will be required.

[0057] In the third case, consider where, in some transi-
tions of a same LC, the targeted brightness can not be
reached within one frame period even with using the over-
drive. Such examples may include, for example, a present
TN-LC with 5 yum gap where a transition from full-ON to
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full-OFF takes time that is somewhat longer than one frame
period in terms of brightness, or a present IPS-LC with 4 um
gap where a transition takes time for several frame periods.
In this case, there exists an additional cause of delay
resulting from a viscous fluid in addition to a cumulative
response, the overdrive voltage is unable to be calculated
using the above equation, i.€., V 1= Vioreet Crarget/ Coresent:
So it is necessary to determine V,, ;. using a table where the
voltage necessary to reach the targeted gray level is listed
and an internal state represented by some kind of parameter
is set as a start point. Estimation of the parameter is to be
performed using a recursive system just like the second case.

[0058] Estimation of the parameter at one frame period
later and determination of the overdrive voltage is per-
formed using the table as shown in FIG. 6 or FIG. 7 because
the response to the voltage is nonlinear. The table is pref-
erably composed of collection of discrete values, that is,
coarsely to some extent, wherein the values in this table may
be interpolated to calculate necessary values. Just like the
present embodiment, it is most preferable to use the capaci-
tance as a basic parameter. The reason is that the capacitance
can be used as a unique parameter representing an internal
state at one frame period later for a TN-LC, because the
capacitance represents the sum of displacement of liquid
crystal molecules in ® as long as ¢ does not have a
significant effect on the capacitance vs. brightness delay.

[0059] When using the voltage V that appears on the
surface of the liquid crystal rather than the capacitance in
order to represent the internal state, the voltage V may
correspond to the capacitance in one-to-one relation in the
equilibrium state (static state). However, during a transition,
the present voltage V. ...; is given by the following equa-
ti0n: Vi, esent=Qprevious' Coresent Where V.. depends on the
previous charge Q. As a result, the same voltage V corre-
sponds to innumerable capacitance values (ie., internal
states). Namely, use of a voltage V that has a physical
meaning can not determine the next start point for overdriv-
ing uniquely. Furthermore, for a transition where OV is
applied, Q becomes zero, so that the internal state can not be
represented using the voltage V. In other words, when
desiring to use the voltage V as a unique parameter indicat-
ing the internal state at a start point, it must be devised as
some kind of hypothetical voltage rather than a physically
substantial voltage V. If using the physical voltage V at that
moment as a parameter, another auxiliary parameter needs to
be used together with respect to information about previous
charge Q or a transition associated with OV. Therefore, it is
preferable to use capacitance as a parameter just like the
embodiment of the invention.

[0060] Now considering the fourth case, in a TN mode
liquid crystal, there are two degrees of freedom © and ¢, and
it is not true that all molecules move orderly in unison,
therefore, a displacement state of molecules during a tran-
sition and a displacement state in an equilibrium state are
different even if they show the same brightness. The present
inventor found that the change in capacitance during a
transition precedes the change in brightness. Accordingly, if
the overdrive is performed such that the brightness just
reaches the targeted brightness at one frame period later, the
capacitance will have gone past the static capacitance cor-
responding to the targeted gray level, while both capacitance
and brightness will gradually converge in a state where the
targeted gray level is outreached. This can not be suppressed
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even if applying the static voltage corresponding to the
targeted gray level at the second frame, so that it takes
several frame periods to return to the targeted brightness
because this transient phenomenon corresponds to a transi-
tion associated with a small voltage difference. This tran-
sient phenomenon is called overshoot, which becomes big-
ger as a transition has a bigger gray scale difference.

[0061] Now let’s consider the case where the brightness is
specified as a parameter representing a state at a start point
and the overdrive is applied such that the targeted brightness
is reached at one frame period later. For the stepped change
of gray level, though the static voltage is to be applied since
the targeted brightness is reached at the start point of the next
frame, this may lead the overshoot to continue for several
frame periods. On the contrary, using the capacitance as a
parameter that represents a state at a start point and per-
forming the overdrive such that the targeted brightness is
reached at one frame period later, the capacitance will have
somewhat overreached the equilibrium value (static value),
therefore, the turned overdrive will be selected for the next
frame with respect to the stepped change of gray level.
Namely, the similar effect is achieved equivalent to putting
a brake on the overshoot, wherein the brightness could be
quickly converged at the targeted brightness with vibrating.

[0062] Furthermore, it has been found from the simulation
that if using capacitance as a start point parameter, the same
voltage set as the overdrive voltage set that is used when
starting from the equilibrium state may be used even when
starting from the non-equilibrium state. This means that the
relaxation time of © from the non-equilibrium state is short
enough compared to one frame period considering that the
capacitance is a parameter representative of ®, and that a
delay of brightness relative to capacitance that is believed to
be resulting from a deviation of ¢ from an equilibrium state
will become nearly identical at one frame period later
regardless of either starting from an equilibrium state or
non-equilibrium state.

[0063] On the contrary, it has been found that when using
brightness as a start point parameter and applying the
overdrive voltage set for starting from the equilibrium state
to that for starting point from the non-equilibrium state, an
error of the reached brightness becomes large near the full
white (i.e., near the threshold). It is believed that this results
from the fact that the misfit between brightness and major
state parameters such as capacitance becomes large near the
threshold. In any event, it is an advantage that the calculation
table for overdrive voltage only includes a single table as
shown in FIG. 6 that starts from an equilibrium state,
without the need to provide auxiliary parameters indicating
whether a dynamic state or static state in the first order delay
that stores internal states or without the need to provide
delays in the second order or higher that represent histories
so far as frame buffer 13.

[0064] Now the fifth case will be described. As stated
above, it is preferable for overdriving to use a voltage region
(overvoltage region, that is, more than 5V for TN-LC and
more than 7.5V for IPS-LC) that is higher than full-ON
essentially with a static voltage to solve the cumulative
response. However, there may be a case where such a
voltage can not be used due to a maximum voltage rating of
source driver 7 or limitations of a power supply. In this case,
it is necessary to estimate the state of the liquid crystal at one
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frame period later where the target will not be reached and
make it the start point for the next overdrive, as described
above with reference to the third case. For the recursive
system in the second and third case described above, frame
buffer 13 can be implemented with a single stage.

[0065] Finally, the sixth case will be described. Presently,
as a source driver 7, a digital driver with 6 bit gray scale is
used for a TN-LCD for notebook PCs and a digital driver
with 8 bit gray scale is used for an IPS-LCD for monitors.
However, for a typical TN mode LC, an intermediate gray
level is defined within a narrow voltage range (latitude)
between 2V to 3V except for full black and full white. In
order to implement a preferred overdrive, it is desirable to
generate an analog voltage over a whole voltage region,
including OV to 2V and 3V to 5V that are not used for
definition of gray levels as well as a voltage region higher
than 5V (overvoltage region). However, digital driver has a
limit on the number of voltages it can generate, so that the
number of voltages and the precision of overdrive are in a
trade-off relationship. Nevertheless, it is possible to com-
pensate and converge an error as long as overdrive controller
10 is composed as a recursive system.

[0066] As a reasonable implementation, source driver 7
may include source driver ICs 8 that have more gray levels
than the static gray levels by one or two bits, thereby
increasing the number of voltages twice or four times.
Among those, one set is allocated to generate the original
static gray levels, while the remainder are allocated to
voltage regions such as 0V to 2V and 3V to 5V as well as
a voltage region higher than 5V and further the coarse
portion in terms of voltage setting within the latitude.
Reflecting the sparseness of gray level setting according to
a gamma curve, the sets of overdrive voltages are deter-
mined.

[0067] If desiring to implement the overdrive for whole
gray levels without increasing the number of bits of source
driver 7, some of the static gray level voltages set in the
latitude are moved to voltage regions such as 0V to 2V and
3V to 5V as well as a voltage region higher than 5V. There
may be a case where static voltages can not be applied to
stationary pixels, however, the targeted brightness may be
achieved by continuing vibration like FRC using the voltage
above and below. This is also implemented using the over-
drive based on the recursive system, however, it is more
preferable to have auxiliary information indicative of execu-
tion of FRC for a pixel in the frame buffer in order to prevent
problems such as flickering specific to FRC. Namely, as with
the ordinary FRC, the timing of vibration may be shifted
with respect to adjacent pixels to suppress flickering,
wherein it is determined as to whether the timing should be
moved or matched according to the auxiliary information.

[0068] As is estimated from the above example, the ordi-
nary FRC is preferably performed using overdrive controller
10. If LCD controller 4 outputs gray scale values subjected
to FRC, flickering may be emphasized by the overdrive, the
overdrive should not be applied to these pixels. However,
FRC is performed with high precision by overdrive control-
ler 10 that has fine voltage allocations considering gamma
characteristics rather than LCD controller 4 that applies FRC
using the gray level values assumed to be linear. Further-
more, in the future, the resolution of gray scale of source
driver 7 should be enhanced and made linear much more
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than at present and gamma characteristics should be pro-
vided using the digital values rather than the reference
voltages. According to such a configuration, the overdrive
will be able to provide an ideal analog voltage.

[0069] As mentioned above, according to the present
invention, overdrive controller 10 applies an excessive volt-
age (i.e., overdrive voltage) exceeding a targeted pixel value
such that the brightness of a pixel reaches the targeted value
within one refresh cycle time. At this time, a feedback type
of frame buffer 13 stores predicted capacitance at one refresh
cycle later. Then based on the predicted capacitance, the
overdrive voltage to be applied this time and the next
predicted capacitance value are calculated. This allows that
the targeted brightness is reached in a better state compared
with the prior art. Furthermore, by reason of the prediction
feedback, frame buffer 13 is composed of only a single
stage, that is, the first order delay. Moreover, using capaci-
tance value as a start point parameter, it becomes possible to
put a brake on the overshoot that is generated by overdriving
TN liquid crystal.

[0070] Tt is noted that in the embodiment of the invention,
there is provided overdrive controller 10 between LCD
controller 4 and source driver 7, wherein a response time of
LCD is improved by overdrive controller 10, however, LCD
controller 4 or source driver IC 8 may be responsible for it,
or a host system may be responsible for it by performing
software. In this case, the first order recursive system
described above may be programmed and installed in a
computer on the part of a host system.

[0071] As mentioned above, the present invention
improves quality of scrolling of text, dragging of icons, or
computer graphics (CG) animation displayed on LCDs, as
well as reduces problems of color shifts, blurring and trailing
that may appear on moving pictures displayed on LCDs.

[0072] Tt is to be understood that the provided illustrative
examples are by no means exhaustive of the many possible
uses for my invention.

[0073] From the foregoing description, one skilled in the
art can easily ascertain the essential characteristics of this
invention and, without departing from the spirit and scope
thereof, can make various changes and modifications of the
invention to adapt it to various usages and conditions.

[0074] Tt is to be understood that the present invention is
not limited to the sole embodiment described above, but
encompasses any and all embodiments within the scope of
the following claims:

1. A liquid crystal display device comprising:
a liquid crystal cell forming an image display area;
a driver applying a voltage to said liquid crystal cell; and

an overdrive controller controlling said driver to apply an
overdrive voltage that exceeds a targeted pixel value to
said liquid crystal cell; wherein said overdrive control-
ler stores a predicted capacitance value of each pixel
and calculates said overdrive voltage based on the
predicted capacitance value.

2. The liquid crystal display device according to claim 1,
further comprising a memory storing information about a
voltage value to be applied for a predetermined capacitance
value, wherein said overdrive controller interpolates the
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information about the voltage value stored in said memory
to calculate said overdrive voltage.

3. The liquid crystal display device according to claim 1,
wherein said overdrive controller predicts a capacitance
value of a pixel at one frame period later when applying a
predetermined voltage to the pixel with a certain capacitance
value and stores the predicted capacitance value.

4. The liquid crystal display device according to claim 3,
further comprising a memory storing information about a
capacitance value of a pixel that will be reached at one frame
period later when applying a predetermined voltage to the
pixel with a certain capacitance value, wherein said over-
drive controller interpolates the information about the
capacitance value stored in said memory to calculate said
predicted capacitance value.

5. The liquid crystal display device according to claim 1,
wherein said liquid crystal cell has a nature where a bright-
ness change delays compared with a capacitance change.

6. A liquid crystal display device comprising:

a liquid crystal cell displaying an image when a voltage is

applied to each pixel having a TFT structure;

a driver applying a voltage to each pixel of said liquid
crystal cell; and

a controller controlling the driver to apply a voltage that
exceeds an applied voltage to said liquid crystal cell
when displaying targeted brightness on said liquid
crystal cell, wherein said controller comprises voltage
calculating means for calculating a voltage to be
applied to said liquid crystal cell based on targeted
brightness at one refresh cycle later corresponding to a
pixel value to be displayed this time and a present
capacitance value of the pixel that is predicted in
advance.

7. The liquid crystal display device according to claim 6,

wherein said controller comprises:

capacitance predicting means for predicting a capacitance
value of the pixel that will be reached after the refresh
cycle when applying said voltage calculated by said
voltage calculating means to the pixel with the present
capacitance value; and

storage means for storing said capacitance value predicted
by said capacitance predicting means, wherein the
voltage calculating means calculates the voltage to be
applied and the capacitance predicting means predicts
the capacitance value, respectively, based on said
capacitance value stored in said storage means.

8. The liquid crystal display device according to claim 6,
further comprising a memory storing information used to
obtain a voltage to be applied this time from a present
capacitance value and information about a capacitance value
where a pixel will reach when applying a predetermined
voltage to the pixel with a predetermined capacitance value.

9. The liquid crystal display device according to claim 8,
wherein the information stored in said memory and used to
obtain said voltage and the information about said capaci-
tance value are both discrete values obtained by simulation.

10. The liquid crystal display device according to claim 8,
wherein the information stored in said memory and used to
obtain said voltage and the information about said capaci-
tance value are both values obtained based on a transition
from a static state.

11. A liquid crystal display drive circuit comprising:

capacitance predicting means for predicting a capacitance

value where each pixel will reach at one refresh cycle
later when applying a predetermined voltage for tar-
geted brightness;
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storage means for storing the predicted capacitance value;
and

voltage calculating means for calculating a voltage to be
applied to each pixel based on targeted brightness at
one refresh cycle later and the stored capacitance value.

12. The liquid crystal display drive circuit according to
claim 11, wherein said capacitance predicting means reads
predetermined information from a memory that stores infor-
mation indicative of a capacitance value obtained at one
refresh cycle later when applying a predetermined voltage to
a pixel with a certain capacitance value, and interpolates the
read information to predict the capacitance value.

13. The liquid crystal display drive circuit according to
claim 11, wherein said voltage calculating means reads
predetermined information from a memory that stores infor-
mation for obtaining a voltage to be applied from certain
capacitance value, and interpolates the read information
based on said capacitance value stored in said storage means
to calculate the voltage to be applied.

14. A method for driving a liquid crystal display, wherein
an input pixel value is overdriven to output a modified pixel
value, the method comprising the steps of:

predicting a capacitance value where each pixel will reach
at one refresh cycle later when applying a predeter-
mined voltage for the input pixel value;

storing the predicted capacitance value; and

calculating an overdrive voltage to be applied to each
pixel based on an input pixel value at one refresh cycle
later and the stored capacitance value.

15. The method according to claim 14, wherein the
overdrive voltage to be applied is calculated using the stored
capacitance value as a parameter at a start point and using an
input pixel value as targeted brightness at one refresh cycle
later.

16. A method for driving a liquid crystal display wherein
a brightness change delays relative to a capacitance change,
the method comprising the steps of:

predicting a capacitance value of each pixel of said liquid
crystal display when applying a predetermined voltage;

calculating a voltage exceeding the targeted pixel value
based on an input targeted pixel value with using said
predicted capacitance value as a parameter; and

supplying a predetermined voltage to said liquid crystal
display based on said calculated voltage.

17. A program for directing a computer to drive a liquid

crystal display device, the program comprising the functions
of:

predicting a capacitance value where each pixel will reach
at one refresh cycle later when applying a predeter-
mined voltage to the liquid crystal display device;

storing the predicted capacitance value in a buffer of the
computer; and

calculating a voltage to be applied to each pixel based on
a pixel value to be displayed at one refresh cycle later
and the stored capacitance value.
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