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(54) Methods for driving electro-optic displays

(57) An electro-optic display having a plurality of pix-
els divided into a plurality of groups is driven by selecting
each of the plurality of groups of pixels in succession and
applying to each of the pixels in the selected group either
a drive voltage or a non-drive voltage, the scanning of all
the groups of pixels being completed in a first frame pe-

riod; repeating the scanning of the groups of pixels during
a second frame period, and interrupting the scanning of
the groups of pixels during a pause period between the
first and second frame periods, this pause period being
not longer than the first or second frame period.
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Description

[0001] This invention relates to methods for driving
electro-optic displays. The methods of the present inven-
tion are especially, though not exclusively, intended for
use in driving bistable electrophoretic displays.
[0002] This application is closely related to Internation-
al Applications PCT/US02/37241 (Publication No. WO
03/044765) and PCT/US2004/10091, and the following
description will assume that the reader is familiar with
the contents of these documents.
[0003] The term "electro-optic" as applied to a material
or a display, is used herein in its conventional meaning
in the imaging art to refer to a material having first and
second display states differing in at least one optical prop-
erty, the material being changed from its first to its second
display state by application of an electric field to the ma-
terial. Although the optical property is typically color per-
ceptible to the human eye, it may be another optical prop-
erty, such as optical transmission, reflectance, lumines-
cence or, in the case of displays intended for machine
reading, pseudo-color in the sense of a change in reflect-
ance of electromagnetic wavelengths outside the visible
range.
[0004] The term "gray state" is used herein in its con-
ventional meaning in the imaging art to refer to a state
intermediate two extreme optical states of a pixel, and
does not necessarily imply a black-white transition be-
tween these two extreme states. For example, several
of the patents and published applications referred to be-
low describe electrophoretic displays in which the ex-
treme states are white and deep blue, so that an inter-
mediate "gray state" would actually be pale blue. Indeed,
as already mentioned the transition between the two ex-
treme states may not be a color change at all.
[0005] The terms "bistable" and "bistability" are used
herein in their conventional meaning in the imaging art
to refer to displays comprising display elements having
first and second display states differing in at least one
optical property, and such that after any given element
has been driven, by means of an addressing pulse of
finite duration, to assume either its first or second display
state, after the addressing pulse has terminated, that
state will persist for at least several times, for example
at least four times, the minimum duration of the address-
ing pulse required to change the state of the display el-
ement. It is shown in International Application WO
02/079869 that some particle-based electrophoretic dis-
plays capable of gray scale are stable not only in their
extreme black and white states but also in their interme-
diate gray states, and the same is true of some other
types of electro-optic displays. This type of display is
properly called "multi-stable" rather than bistable, al-
though for convenience the term "bistable" may be used
herein to cover both bistable and multi-stable displays.
[0006] The term "impulse" is used herein in its conven-
tional meaning in the imaging art of the integral of voltage
with respect to time. However, some bistable electro-op-

tic media act as charge transducers, and with such media
an alternative definition of impulse, namely the integral
of current over time (which is equal to the total charge
applied) may be used. The appropriate definition of im-
pulse should be used, depending on whether the medium
acts as a voltage-time impulse transducer or a charge
impulse transducer.
[0007] As described in the aforementioned WO
03/044765 and PCT/US2004/10091, several types of
electro-optic displays are known, for example the rotating
bichromal member type as described, for example, in
U.S. Patents Nos. 5,808,783; 5,777,782; 5,760,761;
6,054,071 6,055,091; 6,097,531; 6,128,124; 6,137,467;
and 6,147,791 and the electrochromic type; see, for ex-
ample O’Regan, B., et al., Nature 1991, 353, 737; and
Wood, D., Information Display, 18(3), 24 (March 2002).
See also Bach, U., et al., Adv. Mater., 2002, 14(11), 845.
Nanochromic films of this type are also described, for
example, in U.S. Patent No. 6,301,038, International Ap-
plication Publication No. WO 01/27690, and in U.S. Pat-
ent Application 2003/0214695.
[0008] Another type of electro-optic display, which has
been the subject of intense research and development
for a number of years, is the particle-based electrophoret-
ic display. Numerous patents and applications assigned
to or in the names of the Massachusetts Institute of Tech-
nology (MIT) and E Ink Corporation describe such dis-
plays; see for example, U.S. Patents Nos. 5,930,026;
5,961,804; 6,017,584; 6,067,185; 6,118,426; 6,120,588;
6,120,839; 6,124,851; 6,130,773; 6,130,774; 6,172,798;
6,177,921; 6,232,950; 6,249,721; 6,252,564; 6,262,706;
6,262,833; 6,300,932; 6,312,304; 6,312,971; 6,323,989;
6,327,072; 6,376,828; 6,377,387; 6,392,785; 6,392,786;
6,413,790; 6,422,687; 6,445,374; 6,445,489; 6,459,418;
6,473,072; 6,480,182; 6,498,114; 6,504,524; 6,506,438;
6,512,354; 6,515,649; 6,518,949; 6,521,489; 6,531,997;
6,535,197; 6,538,801; 6,545,291; 6,580,545; 6,639,578;
6,652,075; 6,657,772; 6,664,944; 6,680,725; 6,683,333;
6,704,133; 6,710,540; 6,721,083; 6,724,519; and
6,727,881; and U.S. Patent Applications Publication Nos.
2002/0019081; 2002/0021270; 2002/0053900;
2002/0060321; 2002/0063661; 2002/0063677;
2002/0090980; 2002/0106847; 2002/0113770;
2002/0130832; 2002/0131147; 2002/0145792;
2002/0171910; 2002/0180687; 2002/0180688;
2002/0185378; 2003/0011560; 2003/0011868;
2003/0020844; 2003/0025855; 2003/0034949;
2003/0038755; 2003/0053189; 2003/0102858;
2003/0132908; 2003/0137521; 2003/0137717;
2003/0151702; 2003/0189749; 2003/0214695;
2003/0214697; 2003/0222315; 2004/0008398;
2004/0012839; 2004/0014265; 2004/0027327;
2004/0075634; and 2004/0094422; and International Ap-
plications Publication Nos. WO 99/67678; WO 00/05704;
WO 00/38000; WO 00/38001; WO00/36560; WO
00/67110; WO 00/67327; WO 01/07961; WO 01/08241;
WO 03/092077; WO 03/107315; WO 2004/017035; and
WO 2004/023202.
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[0009] Many of the aforementioned patents and appli-
cations recognize that the walls surrounding the discrete
microcapsules in an encapsulated electrophoretic medi-
um could be replaced by a continuous phase, thus pro-
ducing a so-called "polymer-dispersed electrophoretic
display" in which the electrophoretic medium comprises
a plurality of discrete droplets of an electrophoretic fluid
and a continuous phase of a polymeric material, and that
the discrete droplets of electrophoretic fluid within such
a polymer-dispersed electrophoretic display may be re-
garded as capsules or microcapsules even though no
discrete capsule membrane is associated with each in-
dividual droplet; see for example, the aforementioned
2002/0131147. Accordingly, for purposes of the present
application, such polymer-dispersed electrophoretic me-
dia are regarded as sub-species of encapsulated elec-
trophoretic media.
[0010] A related type of electrophoretic display is a so-
called "microcell electrophoretic display". In a microcell
electrophoretic display, the charged particles and the
suspending fluid are not encapsulated within capsules
but instead are retained within a plurality of cavities
formed within a carrier medium, typically a polymeric film.
See, for example, International Application Publication
No. WO 02/01281, and U.S. Patent Application Publica-
tion No. 2002/0075556, both assigned to Sipix Imaging,
Inc.
[0011] Although electrophoretic media are often
opaque (since, for example, in many electrophoretic me-
dia, the particles substantially block transmission of vis-
ible light through the display) and operate in a reflective
mode, many electrophoretic displays can be made to op-
erate in a so-called "shutter mode" in which one display
state is substantially opaque and one is light-transmis-
sive. See, for example, the aforementioned U.S. Patents
Nos. 6,130,774 and 6,172,798, and U.S. Patents Nos.
5,872,552; 6,144,361; 6,271,823; 6,225,971; and
6,184,856. Dielectrophoretic displays, which are similar
to electrophoretic displays but rely upon variations in
electric field strength, can operate in a similar mode; see
U.S. Patent No. 4,418,346. Other types of electro-optic
displays may also be capable of operating in shutter
mode.
[0012] The bistable or multi-stable behavior of particle-
based electrophoretic displays, and other electro-optic
displays displaying similar behavior (such displays may
hereinafter for convenience be referred to as "impulse
driven displays"), is in marked contrast to that of conven-
tional liquid crystal ("LC") displays. Twisted nematic liquid
crystals act are not bi- or multi-stable but act as voltage
transducers, so that applying a given electric field to a
pixel of such a display produces a specific gray level at
the pixel, regardless of the gray level previously present
at the pixel. Furthermore, LC displays are only driven in
one direction (from non-transmissive or "dark" to trans-
missive or "light"), the reverse transition from a lighter
state to a darker one being effected by reducing or elim-
inating the electric field. Finally, the gray level of a pixel

of an LC display is not sensitive to the polarity of the
electric field, only to its magnitude, and indeed for tech-
nical reasons commercial LC displays usually reverse
the polarity of the driving field at frequent intervals. In
contrast, bistable electro-optic displays act, to a first ap-
proximation, as impulse transducers, so that the final
state of a pixel depends not only upon the electric field
applied and the time for which this field is applied, but
also upon the state of the pixel prior to the application of
the electric field.
[0013] It might at first appear that the ideal method for
addressing such an impulse-driven electro-optic display
would be so-called "general grayscale image flow" in
which a controller arranges each writing of an image so
that each pixel transitions directly from its initial gray level
to its final gray level. However, inevitably there is some
error in writing images on an impulse-driven display.
Some such errors encountered in practice include:

(a) Prior State Dependence; With at least some elec-
tro-optic media, the impulse required to switch a pixel
to a new optical state depends not only on the current
and desired optical state, but also on the previous
optical states of the pixel.
(b) Dwell Time Dependence; With at least some elec-
tro-optic media, the impulse required to switch a pixel
to a new optical state depends on the time that the
pixel has spent in its various optical states. The pre-
cise nature of this dependence is not well under-
stood, but in general, more impulse is required that
longer the pixel has been in its current optical state.
(c) Temperature Dependence; The impulse required
to switch a pixel to a new optical state depends heav-
ily on temperature.
(d) Humidity Dependence; The impulse required to
switch a pixel to a new optical state depends, with
at least some types of electro-optic media, on the
ambient humidity.
(e) Mechanical Uniformity; The impulse required to
switch a pixel to a new optical state may be affected
by mechanical variations in the display, for example
variations in the thickness of an electro-optic medium
or an associated lamination adhesive. Other types
of mechanical non-uniformity may arise from inevi-
table variations between different manufacturing
batches of medium, manufacturing tolerances and
materials variations.
(f) Voltage Errors; The actual impulse applied to a
pixel will inevitably differ slightly from that theoreti-
cally applied because of unavoidable slight errors in
the voltages delivered by drivers.

[0014] As described in the aforementioned WO
03/044765 and PCT/US2004/10091, general grayscale
image flow suffers from an "accumulation of errors" phe-
nomenon which may produce deviations in gray levels
apparent to the average observer on certain types of im-
ages. This accumulation of errors phenomenon applies
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to errors of all the types listed above. As described in the
aforementioned 2003/0137521, compensating for such
errors is possible, but only to a limited degree of precision.
Thus, general grayscale image flow requires very precise
control of applied impulse to give good results, and em-
pirically it has been found that, in the present state of the
technology of electro-optic displays, general grayscale
image flow is infeasible in a commercial display.
[0015] Almost all electro-optic medium have a built-in
resetting (error limiting) mechanism, namely their ex-
treme (typically black and white) optical states, which
function as "optical rails". After a specific impulse has
been applied to a pixel of an electro-optic display, that
pixel cannot get any whiter (or blacker). For example, in
an encapsulated electrophoretic display, after a specific
impulse has been applied, all the electrophoretic particles
are forced against one another or against the capsule
wall, and cannot move further, thus producing a limiting
optical state or optical rail. Because there is a distribution
of electrophoretic particle sizes and charges in such a
medium, some particles hit the rails before others, cre-
ating a "soft rails" phenomenon, whereby the impulse
precision required is reduced when the final optical state
of a transition approaches the extreme black and white
states, whereas the optical precision required increases
dramatically in transitions ending near the middle of the
optical range of the pixel.
[0016] Various types of drive schemes for electro-optic
displays are known which take advantage of optical rails.
For example, Figures 9 and 10 of the aforementioned
WO 03/044765, and the related description, describe a
"slide show" drive scheme in which the entire display is
driven to both optical rails before any new image is writ-
ten. Such a slide show drive scheme produces accurate
grayscale levels, but the flashing of the display as it is
driven to the optical rails is distracting to the viewer. It
has also been suggested (see U.S. Patent No.
6,531,997) that a similar drive scheme be employed in
which only the pixels, whose optical states need to be
changed in the new image, be driven to the optical rails.
However, this type of "limited slide show" drive scheme
is, if anything, even more distracting to the viewer, since
the solid flashing of a normal slide show drive scheme is
replaced by image dependent flashing, in which features
of the old image and the new image flash in reverse color
on the screen before the new image is written.
[0017] Obviously, a pure general grayscale image flow
drive scheme cannot rely upon using the optical rails to
prevent errors in gray levels since in such a drive scheme
any given pixel can undergo an infinitely large number
of changes in gray level without ever touching either op-
tical rail.
[0018] In one aspect, this invention seeks to provide
methods for achieving control of gray levels in electro-
optic displays which achieve stability of gray levels similar
to those achieved by slide show drive schemes but which
do not suffer from the distracting flashing of slide show
drive schemes. Preferred methods of the present inven-

tion can give the viewer a visual experience similar to
that provided by a pure general grayscale image flow
drive scheme.
[0019] In another aspect, this invention seeks to pro-
vide methods for achieving fine control of gray levels in
displays driven by pulse width modulation.
[0020] When driving an active matrix display having a
bistable electro-optic medium to write gray scale images
thereon, it is desirable to be able to apply a precise
amount of impulse to each pixel, so as to achieve accu-
rate control of the gray scale displayed. The driving meth-
od used may rely modulation of the voltage applied to
each pixel and/or modulation of the "width" (duration) for
which the voltage is applied. Since voltage modulated
drivers and their associated power supplies are relatively
costly, pulse width modulation is commercially attractive.
However, during the scanning of an active matrix display
using such pulse width modulation, conventional driver
circuitry only allows one to apply a single voltage to any
given pixel during any one scan of the matrix. Conse-
quently, pulse width modulation driving of active matrix
displays is effected by scanning the matrix multiple times,
with the drive voltage being applied during none, some
or all of the scans, depending upon the change desired
in the gray level of the specific pixel. Each scan may be
regarded as a frame of the drive waveform, with the com-
plete addressing pulse being a superframe formed by a
plurality of successive frames. It should be noted that,
although the drive voltage is only applied to any specific
pixel electrode for one line address time during each
scan, the drive voltage persists on the pixel electrodes
during the time between successive selections of the
same line, only slowly decaying, so that the pixel is driven
between successive selections of the same line.
[0021] As already mentioned, each row of the matrix
needs to be individually selected during each frame so
that for high resolution displays (for example, 800 x 600
pixel displays) in practice the frame rate cannot exceed
about 50 to 100 Hz; thus each frame typically lasts 10 to
20 ms. Frames of this length lead to difficulties in fine
control of gray scale with many fast switching electro-
optic medium. For example, some encapsulated electro-
phoretic media substantially complete a switch between
their extreme optical states (a transition of about 30 L*
units) within about 100 ms, and with such a medium a
20 ms frame corresponds to a gray scale shift of about
6 L* units. Such a shift is too large for accurate control
of gray scale; the human eye is sensitive to differences
in gray levels of about 1 L* unit, and controlling the im-
pulse only in graduations equivalent to about 6 L* units
is likely to give rise to visible artifacts, such as "ghosting"
due to prior state dependence of the electro-optic medi-
um. More specifically, ghosting may be experienced be-
cause, as discussed in some of the aforementioned pat-
ents and applications, the variation of gray level with ap-
plied impulse is not linear, and the total impulse needed
for any specific change in gray level may vary with the
time at which the impulse is applied and the intervening
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gray levels. For example, in a simple 4 gray level (2 bit)
display having gray levels 0 (black), 1 (dark gray), 2 (light
gray) and 3 (white), driven by a simple pulse width mod-
ulation drive scheme, these non-linearities may result in
the actual gray level achieved after a notional 0-2 tran-
sition being different from the gray level achieved after a
notional 1-2 transition, with the production of highly un-
desirable visual artifacts. This invention provides meth-
ods for achieving fine control of gray levels in displays
driven by pulse width modulation, thus avoiding the afore-
mentioned problems.
[0022] Accordingly, in one aspect, this invention pro-
vides a method for driving an electro-optic display having
at least one pixel capable of achieving any one of at least
four different gray levels including two extreme optical
states. The method comprises:

displaying a first image on the display; and
rewriting the display to display a second image ther-
eon,
wherein, during the rewriting of the display any pixel
which has undergone a number of transitions ex-
ceeding a predetermined value, the predetermined
value being at least one, without touching an extreme
optical state, is driven to at least one extreme optical
state before driving that pixel to its final optical state
in the second image.

[0023] This method may hereinafter for convenience
be referred to as the "limited transitions method" of the
present invention.
[0024] In one form of this limited transitions method,
the rewriting of the display is effected such that, once a
pixel has been driven from one extreme optical state to-
wards the opposed extreme optical state by a pulse of
one polarity, the pixel does not receive a pulse of the
opposed polarity until it has reached the opposed ex-
treme optical state.
[0025] Also, in the limited transitions methods, the pre-
determined value (predetermined number of transitions)
is not greater than N/2, where N is the total number of
gray levels capable of being displayed by a pixel. The
limited transitions method may be effected using a tri-
level driver, i.e., the rewriting of the display may be ef-
fected by applying to the or each pixel any one or more
of voltages -V, 0 and . +V. The limited transitions method
may also be DC-balanced, i.e., the rewriting of the display
may be effected such that, for any series of transitions
undergone by a pixel, the integral of the applied voltage
with time is bounded.
[0026] In the limited transitions method of the present
invention, the rewriting of the display may be effected
such that the impulse applied to a pixel during a transition
depends only upon the initial and final gray levels of that
transition. Alternatively, the method may be adapted to
take account of other states of the display, as described
in more detail below. In one preferred form of the limited
transitions method, for at least one transition undergone

by the at least one pixel from a gray level R2 to a gray
level R1, there is applied to the pixel a sequence of im-
pulses of the form:

-TM(R1,R2) IP(R1)-IP(R2) TM(R1,R2)
where "IP(Rx)" represents the relevant value from
an impulse potential matrix having one value for each
gray level, and TM(R1,R2) represents the relevant
value from a transition matrix having one value for
each R1/R2 combination. (For convenience, impulse
sequences of this type may hereinafter be abbrevi-
ated as "-x/ΔIP/x" sequences.) Such -x/ΔIP/x se-
quences may be used for all transitions in which the
initial and final gray levels are different. Also, in such
-x/ΔIP/x sequences, the final "x" section may occupy
more than one half of the maximum update time. The
TM(R1,R2) or x values may be chosen such that the
sign of each value is dependent only upon R1; in
particular, these values may be chosen to be positive
for one or more light gray levels and negative for one
or more dark gray levels so that gray levels other
than the two extreme optical states are approached
from the direction of the nearer extreme optical state.

[0027] The aforementioned -x/ΔIP/x sequences may
contain additional pulses. In particular, such sequences
may comprise an additional pair of pulses of the form
[+y][-y], where y is an impulse value, which may be either
negative or positive, the [+y] and [-y] pulses being insert-
ed into the -x/ΔIP/x sequence. The sequence may further
comprise a second additional pair of pulses of the form
[+z][-z], where z is an impulse value different from y and
may be either negative or positive, the [+z] and [-z] pulses
being inserted into the -x/ΔIP/x sequence. The -x/ΔIP/x
sequences may further comprise a period when no volt-
age is applied to the pixel. This "no voltage" period may
occur between two elements of the -x/ΔIP/x sequence,
or within a single element thereof. The -x/ΔIP/x sequenc-
es may include two or more "no voltage" periods.
[0028] When using the aforementioned -x/ΔIP/x se-
quences, the display may comprise a plurality of pixels
divided into a plurality of groups, and the transition may
be effected by (a) selecting each of the plurality of groups
of pixels in succession and applying to each of the pixels
in the selected group either a drive voltage or a non-drive
voltage, the scanning of all the groups of pixels being
completed in a first frame period; (b) repeating the scan-
ning of the groups of pixels during a second frame period;
and (c) interrupting the scanning of the groups of pixels
during a pause period between the first and second frame
periods, this pause period being not longer than the first
or second frame period.
[0029] In the limited transitions method, the rewriting
of the display may be effected such that a transition to a
given gray level is always effected by a final pulse of the
same polarity. In particular, gray levels other than the two
extreme optical states may be approached from the di-
rection of the nearer extreme optical state.
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[0030] This invention also provides a method for driv-
ing an electro-optic display having a plurality of pixels
divided into a plurality of groups. This method comprises:

(a) selecting each of the plurality of groups of pixels
in succession and applying to each of the pixels in
the selected group either a drive voltage or a non-
drive voltage, the scanning of all the groups of pixels
being completed in a first frame period;
(b) repeating the scanning of the groups of pixels
during a second frame period; and
(c) interrupting the scanning of the groups of pixels
during a pause period between the first and second
frame periods, this pause period being not longer
than the first or second frame period.

[0031] This method may hereinafter for convenience
be referred to as the "interrupted scanning" method of
the present invention.
[0032] In such an interrupted scanning method, typi-
cally the first and second frame periods are equal in
length. The length of the pause period may be a sub-
multiple of the length of one of the first and second frame
periods. The interrupted scanning method may include
multiple pause periods; thus the method may comprise
scanning the groups of pixels during at least first, second
and third frame periods, and interrupting the scanning of
the groups of pixels during at least first and second pause
periods between successive frame periods. The first,
second and third frame periods may be substantially
equal in length, and the total length of the pause periods
be equal to one frame period or one frame period minus
one pause period. Typically, in the interrupted scanning
method, the pixels are arranged in a matrix having a plu-
rality of rows and a plurality of columns with each pixel
defined by the intersection of a given row and a given
column, and each group of pixels comprises one row or
one column of the matrix. The interrupted scanning meth-
od is preferably DC balanced, i.e., the scanning of the
display is preferably effected such that, for any series of
transitions undergone by a pixel, the integral of the ap-
plied voltage with time is bounded.
[0033] In another aspect, this invention provides a
method for driving an electro-optic display having a plu-
rality of pixels, the pixels being driven with a pulse width
modulated waveform capable of applying a plurality of
differing impulses to each pixel. This method comprises:

(a) storing data indicating whether application of a
given impulse to a pixel will produce a gray level
higher or lower than a desired gray level;
(b) detecting when two adjacent pixels are both re-
quired to be in the same gray level; and
(c) adjusting the impulses applied to the two pixels
so that one pixel is below the desired gray level, while
the other pixel is above the desired gray level.

[0034] This method may hereinafter for convenience

be referred to as the "balanced gray level" method of the
present invention.
[0035] In this method, the pixels may be divided into
two groups such that each pixel has at least one neighbor
of the opposite group, and different drive schemes be
used for the two groups.
[0036] Each the methods of the present invention as
described above may be carried out with any of the afore-
mentioned types of electro-optic media. Thus, the meth-
ods of the present invention may be used with electro-
optic displays comprising an electrochromic or rotating
bichromal member electro-optic medium, an encapsulat-
ed electrophoretic medium, or a microcell electrophoretic
medium. Other types of electro-optic media may also be
employed.
[0037] Figures 1A and 1B illustrate two parts of a lim-
ited transitions drive scheme of the present invention.
[0038] Figure 2 illustrates the preferred -x/ΔIP/x se-
quence for use in the methods of the present invention.
[0039] Figure 3 illustrates schematically how the wave-
form shown in Figure 2 may be modified to include an
additional pair of drive pulses.
[0040] Figure 4 illustrates one waveform produced by
modifying the waveform of Figure 2 in the manner illus-
trated in Figure 3.
[0041] Figure 5 illustrates a second waveform pro-
duced by modifying the waveform of Figure 2 in the man-
ner illustrated in Figure 3.
[0042] Figure 6 illustrates schematically how the wave-
form shown in Figure 5 may be further modified to include
an additional pair of drive pulses.
[0043] Figure 7 illustrates one waveform produced by
modifying the waveform of Figure 5 in the manner illus-
trated in Figure 6.
[0044] Figures 8-10 illustrate three modifications of the
waveform shown in Figure 2 to incorporate a period of
zero voltage.
[0045] From the foregoing, it will be apparent that the
present invention provides several different improve-
ments in methods for driving electro-optic displays. In the
description below, the various different improvements
provided by the present invention will normally be de-
scribed separately, although it will be understood by
those skilled in the imaging art that in practice a single
display may make use of more than one of these major
aspects; for example, a display which uses the limited
transitions method of the present invention may also
make use of the interrupted scanning method. Further-
more, since the improvements provided by the present
invention can be applied to a wide variety of methods for
driving electro-optic displays described in the aforemen-
tioned WO 03/044765 and PCT/US2004/10091, the fol-
lowing description will assume familiarity with the basic
driving methods shown in Figures 1-10 of WO 03/044765
and the related description. In particular Figures 9 and
10 of this application describe so-called uncompensated
n-prepulse slide show (n-PP SS) waveforms having three
basic sections. First, the pixels are erased to a uniform
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optical state, typically either white or black. Next, the pix-
els are driven back and forth between two optical states,
again typically white and black. Finally, the pixel is ad-
dressed to a new optical state, which may be one of sev-
eral gray states. The final (or writing) pulse is referred to
as the addressing pulse, and the other pulses (the first
(or erasing) pulse and the intervening (or blanking) puls-
es) are collectively referred to as prepulses
[0046] One major shortcoming of this type of waveform
is that it has large-amplitude optical flashes between im-
ages. This can be improved by shifting the update se-
quence by one superframe time for half of the pixels, and
interleaving the pixels at high resolution, as discussed in
WO 03/044765 with reference to Figures 9 and 10 there-
of. Possible patterns include every other row, every other
column, or a checkerboard pattern. Note, this does not
mean using the opposite polarity, i.e. "from black" versus
"from white", since this would result in non-matching gray
scales on neighboring pixels. Instead, this can be accom-
plished by delaying the start of the update by one "su-
perframe" (a grouping of frames equivalent to the maxi-
mum length of a black-white update) for half of the pixels
(i.e. the first set of pixels completes the erase pulse, then
the second set of pixels begin the erase pulse as the first
set of pixels begin the first blanking pulse). This will re-
quire the addition of one superframe for the total update
time, to allow for this synchronization.

Limited transitions method of the invention

[0047] To avoid the aforementioned flashing problems
of the drive schemes shown in Figures 9 and 10 of WO
03/044765, while also avoiding the problems of general
grayscale image flow previously discussed, it is advan-
tageous, in accordance with the limited transitions meth-
od of the present invention, to arrange the drive scheme
so that any given pixel can only undergo a predetermined
maximum number (at least one) of gray scale transitions
before passing through one extreme optical state (black
or white). A transition away from the extreme optical state
start from an accurately known optical state, in effect can-
celing out any previously accumulated errors. Various
techniques for minimizing the optical effects of such pas-
sage of pixels through extreme optical states (such as
flashing of the display) are discussed in WO 03/044765.
[0048] The black and white flashes which appear on
the display during the reset steps of such drive schemes
described above are of course visible to the user and
may be objectionable to many users. To lessen the visual
effect of such reset steps, it is convenient to divide the
pixels of the display into two (or more) groups and to
apply different types of reset pulses to the different
groups. More specifically, if it necessary to use reset puls-
es which drive any given pixel alternately black and white,
it is convenient to divide the pixels into at least two groups
and to arrange the drive scheme so that one group of
pixels are driven white at the same time that another
group are driven black. Provided the spatial distribution

of the two groups is chosen carefully and the pixels are
sufficiently small, the user will experience the reset step
as an interval of gray on the display (with perhaps some
slight flicker), and such a gray interval is typically less
objectionable than a series of black and white flashes.
[0049] For example, in one form of such a "two group
reset" step, the pixel in odd-numbered columns may be
assigned to one "odd" group and the pixels in the even-
numbered columns to the second "even" group. The odd
pixels could then make use of a drive scheme shown in
Figure 9 in which, during the erase step, the pixels are
driven to a black state, while the even pixels could make
use of a variant of this drive scheme in which, during the
erase step, the pixels are driven to a white state. Both
groups of pixels would then be subjected to an even
number of reset pulses during reset step, so that the reset
pulses for the two groups are essentially 180° out of
phase, and the display appears gray throughout this reset
step. Finally, during the writing of the second image at
step, the odd pixels are driven from black to their final
state, while the even pixels are driven from white to their
final state. In order to ensure that every pixel is reset in
the same manner over the long term (and thus that the
manner of resetting does not introduce any artifacts on
to the display), it is advantageous for the controller to
switch the drive schemes between successive images,
so that as a series of new images are written to the dis-
play, each pixel is written to its final state alternately from
black and white states.
[0050] Obviously, a similar scheme can be used in
which the pixels in odd-numbered rows form the first
group and the pixels in even-numbered rows the second
group. In a further similar drive scheme, the first group
comprises pixels in odd-numbered columns and odd-
numbered rows, and even-numbered columns and even-
numbered rows, while the second group comprises in
odd-numbered columns and even-numbered rows, and
even-numbered columns and odd-numbered rows, so
that the two groups are disposed in a checkerboard fash-
ion.
[0051] Instead of or in addition to dividing the pixels
into two groups and arranging for the reset pulses in one
group to be 180° out of phase with those of the other
group, the pixels may be divided into groups which use
different reset steps differing in number and frequency
of pulses. For example, one group could use a six pulse
reset sequence, while the second could use a similar
sequence having twelve pulses of twice the frequency.
In a more elaborate scheme, the pixels could be divided
into four groups, with the first and second groups using
the six pulse scheme but 180° out of phase with each
other, while the third and fourth groups use the twelve
pulse scheme but 180° out of phase with each other.
[0052] In accordance with the limited transitions meth-
od of the present invention, further reductions in flashing
problems may be effected by using a drive scheme which
permits any given to assume a non-zero but limited
number of successive gray states before touching an op-
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tical rail. In such a drive scheme, when the display is
rewritten to display a new image thereon, any pixel, which
has undergone a number of transitions exceeding a pre-
determined value without touching an extreme optical
state, is driven to at least one extreme optical state before
driving that pixel to its final optical state. In a preferred
form of such a drive scheme, a pixel driven to an extreme
optical state is driven to the extreme optical state which
is closer in gray level to the optical state desired after the
transition, assuming of course that this desired optical
state is not one of the extreme optical states. Also, in a
preferred form of such a drive scheme using a look-up
table as previously described, the maximum number of
transitions which a pixel is allowed to undergo without
touching an optical rail (extreme optical state) is set equal
to the number of prior optical states taken into account
in the transition matrix; such a method requires no extra
controller logic or memory.
[0053] Driving methods which limit the maximum
number of transitions before touching an optical rail need
not significantly increase the time taken for a complete
rewriting of the display. For example, consider a four gray
level (2 bit) display in which a transition from white to
black or vice versa takes 200 msec, so that a general
grayscale image flow drive scheme takes this time to
completely rewrite the display. The only case where a
transition needs to be modified in such a display is when
a pixel is repeatedly toggled between the two central gray
levels. If such a pixel is toggled between the two central
gray levels for a number of transitions which exceeds the
predetermined number, the limited transitions method of
the present invention requires that the next toggling be
effected via one optical rail (extreme optical state). It has
been found that in such a case the transition to the optical
rail takes about 70 msec, while the subsequent transition
to the gray level takes about 130 msec, so that the total
transition time is only about 200 msec. Thus, the present
limited transitions method does not require any increase
in transition time as compared with general grayscale
image flow.
[0054] A limited transitions drive method which reduc-
es the objectionable effects of reset steps will now be
described with reference to Figures 1A and 1B. In this
scheme, the pixels are again divided into two groups,
with the first (even) group following the drive scheme
shown in Figure 1A and the second (odd) group following
the drive scheme shown in Figure 1B. Also in this
scheme, all the gray levels intermediate black and white
are divided into a first group of contiguous dark gray lev-
els adjacent the black level, and a second group of con-
tiguous light gray levels adjacent the white level, this di-
vision being the same for both groups of pixels. Desirably
but not essentially, there are the same number of gray
levels in these two groups; if there are an odd number of
gray levels, the central level may be arbitrarily assigned
to either group. For ease of illustration, Figures 1A and
1B show this drive scheme applied to an eight-level gray
scale display, the levels being designated 0 (black) to 7

(white); gray levels 1,2 and 3 are dark gray levels and
gray levels 4, 5 and 6 are light gray levels.
[0055] In the drive scheme of Figures 1A and 1B, gray
to gray transitions are handled according to the following
rules:

(a) in the first, even group of pixels, in a transition to
a dark gray level, the last pulse applied is always a
white-going pulse (i.e., a pulse having a polarity
which tends to drive the pixel from its black state to
its white state), whereas in a transition to a light gray
level, the last pulse applied is always a black-going
pulse;
(b) in the second, odd group of pixels, in a transition
to a dark gray level, the last pulse applied is always
a black-going pulse, whereas in a transition to a light
gray level, the last pulse applied is always a white-
going pulse;
(c) in all cases, a black-going pulse may only suc-
ceed a white-going pulse after a white state has been
attained, and a white-going pulse may only succeed
a black-going pulse after a black state has been at-
tained; and
(d) even pixels may not be driven from a dark gray
level to black by a single black-going pulse nor odd
pixels from a light gray level to white using a single
white-going pulse.

(Obviously, in all cases, a white state can only be 
achieved using a final white-going pulse and a black state 
can only be achieved using a final black-going pulse.)

[0056] The application of these rules allows each gray
to gray transition to be effected using a maximum of three
successive pulses. For example, Figure 1A shows an
even pixel undergoing a transition from black (level 0) to
gray level 1. This is achieved with a single white-going
pulse (shown of course with a positive gradient in Figure
1A) designated 1102. Next, the pixel is driven to gray
level 3. Since gray level 3 is a dark gray level, according
to rule (a) it must be reached by a white-going pulse, and
the level 1/level 3 transition can thus be handled by a
single white-going pulse 1104, which has an impulse dif-
ferent from that of pulse 1102.
[0057] The pixel is now driven to gray level 6. Since
this is a light gray level, it must, by rule (a) be reached
by a black-going pulse. Accordingly, application of rules
(a) and (c) requires that this level 3/level 6 transition be
effected by a two-pulse sequence, namely a first white-
going pulse 1106, which drives the pixel white (level 7),
followed by a second black-going pulse 1108, which
drives the pixel from level 7 to the desired level 6.
[0058] The pixel is next driven to gray level 4. Since
this is a light gray level, by an argument exactly similar
to that employed for the level 1/level 3 transition dis-
cussed earlier, the level 6/level 4 transition is effected by
a single black-going pulse 1110. The next transition is to
level 3. Since this is a dark gray level, by an argument
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exactly similar to that employed for the level 3/level 6
transition discussed earlier, the level 4/level 3 transition
is handled by a two-pulse sequence, namely a first black-
going pulse 1112, which drives the pixel black (level 0),
followed by a second white-going pulse 1114, which
drives the pixels from level 0 to the desired level 3.
[0059] The final transition shown in Figure 1A is from
level 3 to level 1. Since level 1 is a dark gray level, it must,
according to rule (a) be approached by a white-going
pulse. Accordingly, applying rules (a) and (c), the level
3/level 1 transition must be handled by a three-pulse se-
quence comprising a first white-going pulse 1116, which
drives the pixel white (level 7), a second black-going
pulse 1118, which drives the pixel black (level 0), and a
third white-going pulse 1120, which drives the pixel from
black to the desired level 1 state.
[0060] Figure 1B shows an odd pixel effecting the
same 0-1-3-6-4-3-1 sequence of gray states as the even
pixel in Figure 1A. It will be seen, however, that the pulse
sequences employed are very different. Rule (b) requires
that level 1, a dark gray level, be approached by a black-
going pulse. Hence, the 0-1 transition is effected by a
first white-going pulse 1122, which drives the pixel white
(level 7), followed by a black-going pulse 1124, which
drives the pixel from level 7 to the desired level 1. The
1-3 transition requires a three-pulse sequence, a first
black-going pulse 1126, which drives the pixel black (lev-
el 0), a second white-going pulse 1128, which drives the
pixel white (level 7), and a third black-going pulse 1130,
which drives the pixel from level 7 to the desired level 3.
The next transition is to level 6 is a light gray level, which
according to rule (b) is approached by a white-going
pulse, the level 3/level 6 transition is effected by a two-
pulse sequence comprising a black-going pulse 1132,
which drives the pixel black (level 0), and a white-going
pulse 1134, which drives the pixel to the desired level 6.
The level 6/level 4 transition is effected by a three-pulse
sequence, namely a white-going pulse 1136, which
drives the pixel white (level 7), a black-going pulse 1138,
which drives the pixel black (level 0) and a white-going
pulse 1140, which drives the pixel to the desired level 4.
The level 4/level transition 3 transition is effected by a
two-pulse sequence comprising a white-going pulse
1142, which drives the pixel white (level 7), followed by
a black-going pulse 1144, which drives the pixel to the
desired level 3. Finally, the level 3/level 1 transition is
effected by a single black-going pulse 1146.
[0061] It will be seen from Figures 1A and 1B that this
drive scheme ensures that each pixel follows a "saw-
tooth" pattern in which the pixel travels from black to white
without change of direction (although obviously the pixel
may rest at any intermediate gray level for a short or long
period), and thereafter travels from white to black without
change of direction. Thus, rules (c) and (d) above may
be replaced by a single rule (e) as follows:

(e) once a pixel has been driven from one extreme
optical state (i.e., white or black) towards the op-

posed extreme optical state by a pulse of one polar-
ity, the pixel may not receive a pulse of the opposed
polarity until it has reached the aforesaid opposed
extreme optical state.

[0062] Thus, this drive scheme is a "rail-stabilized gray
scale" or "RSGS" drive scheme. Such a RSGS drive
scheme is a special case of a limited transitions drive
scheme which ensures that a pixel can only undergo, at
most, a number of transitions equal to N/2 (or more ac-
curately (N-1)/2) transitions, where N is the total number
of gray levels capable of being displayed, without requir-
ing a transition to take place via an optical rail. Such a
drive scheme prevents slight errors in individual transi-
tions (caused, for example, by unavoidable minor fluctu-
ations in voltages applied by drivers) accumulating indef-
initely to the point where serious distortion of a gray scale
image is apparent to an observer. Furthermore, this drive
scheme is designed so that even and odd pixels always
approach a given intermediate gray level from opposed
directions, i.e., the final pulse of the sequence is white-
going in one case and black-going in the other. If a sub-
stantial area of the display, containing substantially equal
numbers of even and odd pixels, is being written to a
single gray level, this "opposed directions" feature mini-
mizes flashing of the area.
[0063] For reasons similar to those discussed above
relating to other drive schemes which divide pixels into
two discrete groups, when implementing the sawtooth
drive scheme of Figures 1A and 1B, careful attention
should be paid to the arrangements of the pixels in the
even and odd groups. This arrangement will desirably
ensure that any substantially contiguous area of the dis-
play will contain a substantially equal number of odd and
even pixels, and that the maximum size of a contiguous
block of pixels of the same group is sufficiently small not
to be readily discernable by an average observer. As
already discussed, arranging the two groups of pixels in
a checkerboard pattern meets these requirements. Sto-
chastic screening techniques may also be employed to
arrange the pixels of the two groups.
[0064] However, in this sawtooth drive scheme, use of
a checkerboard pattern tends to increase the energy con-
sumption of the display. In any given column of such a
pattern, adjacent pixels will belong to opposite groups,
and in a contiguous area of substantial size in which all
pixels are undergoing the same gray level transition (a
not uncommon situation), the adjacent pixels will tend to
require impulses of opposite polarity at any given time.
Applying impulses of opposite polarity to consecutive pix-
els in any column requires discharging and recharging
the column (source) electrodes of the display as each
new line is written. It is well known to those skilled in
driving active matrix displays that discharging and re-
charging column electrodes is a major factor in the energy
consumption of a display. Hence, a checkerboard ar-
rangement tends to increase the energy consumption of
the display.
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[0065] A reasonable compromise between energy
consumption and the desire to avoid large contiguous
areas of pixels of the same group is to have pixels of
each group assigned to rectangles, the pixels of which
all lie in the same column but extend for several pixels
along that column. With such an arrangement, when re-
writing areas having the same gray level, discharging
and recharging of the column electrodes will only be nec-
essary when shifting from one rectangle to the next. De-
sirably, the rectangles are 1 x 4 pixels, and are arranged
so that rectangles in adjacent columns do not end on the
same row, i.e., the rectangles in adjacent columns should
have differing "phases". The assignment of rectangles in
columns to phases may be effected either randomly or
in a cyclic manner.
[0066] One advantage of the sawtooth drive scheme
shown in Figures 1A and 1B is that any areas of the image
which are monochrome are simply updated with a single
pulse, either black to white or white to black, as part of
the overall updating of the display. The maximum time
taken for rewriting such monochrome areas is only one-
half of the maximum time for rewriting areas which require
gray to gray transitions, and this feature can be used to
advantage for rapid updating of image features such as
characters input by a user, drop-down menus etc. The
controller can check whether an image update requires
any gray to gray transitions; if not, the areas of the image
which need rewriting can be rewritten using the rapid
monochrome update mode. Thus, a user can have fast
updating of input characters, drop-down menus and other
user-interaction features of the display seamlessly su-
perimposed upon a slower updating of a general gray-
scale image.
[0067] A limited transitions drive scheme does not nec-
essarily require the use of counters to measure the
number of transitions undergone by each pixel of a dis-
play, and does not bar the use of drive schemes (such
as the cyclic RSGS drive scheme already described with
reference to Figures 1A and 1B) which require certain
transitions to take place via an optical rail even if the
predetermined number of transitions has not been
reached, provided that the algorithm used to determine
the manner of effecting transitions does not permit any
pixel to undergo more than the predetermined number
of transitions without touching an optical rail. Further-
more, it will be appreciated that the check on the number
of transitions undergone by a given pixel without touching
an optical rail need not be made at every rewriting of the
image on the display, especially in the case of displays
(for example in watches) which are updated at frequent
intervals. For example, the check might be made on only
alternate updates, provided that all pixels which either
exceeded with predetermined number of transitions or
might exceed this number after the next update were
driven to optical rails.
[0068] Another preferred limited transitions method of
the invention will now be described, though by way of
illustration only. This preferred method is used to operate

a four gray level (2 bit) active matrix display which uses
a transition matrix which takes account of only the initial
and final gray levels (designated "R2" and "R1" respec-
tively) of the transition to be effected, and no additional
prior states. The display controller is a tri-level pulse width
modulation (PWM) controller capable of applying -V, 0
or +V to each pixel electrode relative to the common front
electrode, which is held at 0.
[0069] The display controller contains two RAM image
buffers. One buffer ("A") stores the image currently on
the display. Normally, the controller is in sleep mode,
preserving the data in the RAM and keeping the display
drivers inactive. The bistability of the electro-optic medi-
um keeps the same image on the display. When an image
update command is received, the controller loads the
new image into the second buffer ("B"). Then, for each
pixel of the display, the controller looks up (in FLASH
memory) a multi-frame drive waveform, based on the de-
sired final state R1 of the pixel (from buffer ’B") and the
current, initial state R2 of each pixel (from buffer "A").
[0070] The data in the flash memory file is organized
as a three-dimensional array of voltage values, V(R1,
R2, frame), where as already indicated R1 and R2 are
each integers from 1 to 4 (corresponding to the four avail-
able gray levels), and "frame" is the frame number, i.e.,
the number of the relevant frame within the superframe
used for each transition. Typically, the superframe might
be 1 second long, with each frame occupying 20 ms, so
that the frame number can range from 1 to 50. Thus, the
array has 4 x 4 x 50 = 800 entries. Since each entry in
the array must be capable of representing any one of the
voltage values -V, 0 and +V, typically two bits will be used
to store each voltage value (array value).
[0071] It will immediately be apparent that, since each
of the 800 array entries may have any one of the three
possible voltage values, there are a huge number of pos-
sible arrays (waveforms), the number being far too large
to search exhaustively. In theory, there are 3800 or about
5 x 10381 possible arrays; since there are about 1078
atoms in the universe and 109 seconds in an average
human lifetime, practical capabilities are at least 200 or-
ders of magnitude short of an exhaustive search. Fortu-
nately, existing knowledge about the behavior of electro-
optic displays, and especially the need for DC balance
therein, impose additional constraints upon the possible
waveforms and enable the search for an optimum or near
optimum waveform to be confined within practicable lim-
its.
[0072] As discussed in the aforementioned U.S. Pat-
ents Nos. 6,504,524 and 6,531,997 and the aforemen-
tioned WO 03/044765, it is known that most, if not all,
electro-optic media require direct current (DC) balanced
waveforms, or deleterious effects may occur. Such ef-
fects may include damage to electrodes and long term
drift (over a period of hours) of gray states over a range
of several L* units when DC imbalanced waveforms are
used. Accordingly, it seems prudent to make every effort
to use DC balanced drive wave schemes.
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[0073] From what has been said above, it might at first
appear that such DC balancing may not be achievable,
since the impulse, and thus the current through the pixel,
required for any particular gray to gray transition is sub-
stantially constant. However, this is only true to a first
approximation, and it has been found empirically that, at
least in the case of particle-based electrophoretic media
(and the same appears to be true of other electro-optic
media), the effect of (say) applying five spaced 50 msec
pulses to a pixel is not the same as applying one 250
msec pulse of the same voltage. Accordingly, there is
some flexibility in the current which is passed through a
pixel to achieve a given transition, and this flexibility can
be used to assist in achieving DC balance. For example,
the look-up table can store multiple impulses for a given
transition, together with a value for the total current pro-
vided by each of these impulses, and the controller can
maintain, for each pixel, a register arranged to store the
algebraic sum of the impulses applied to the pixel since
some prior time (for example, since the pixel was last in
a black state). When a specific pixel is to be driven from
a white or gray state to a black state, the controller can
examine the register associated with that pixel, deter-
mine the current required to DC balance the overall se-
quence of transitions from the previous black state to the
forthcoming black state, and choose that one of the mul-
tiple stored impulses for the white/gray to black transition
needed which will either accurately reduce the associat-
ed register to zero, or at least to as small a remainder as
possible (in which case the associated register will retain
the value of this remainder and add it to the currents
applied during later transitions). It will be apparent that
repeated applications of this process can achieve accu-
rate long term DC balancing of each pixel.
[0074] It is necessary to consider the precise definition
of DC balance in a waveform. To determine if a waveform
is DC balanced, a resistive model of the electro-optic
medium is normally used. Such a model is not completely
accurate, but may be assumed to be sufficiently accurate
for present purposes. Using such a model, the charac-
teristic that defines a DC balanced waveform is that the
integral of the applied voltage with time (the applied im-
pulse) is bounded. Note that the definition requires that
be integral be "bounded" and not "zero." To illustrate this
point, consider a monochrome addressing waveform
which uses a 300 ms x -15V square pulse to drive the
transition from white to black, and a 300 ms x 15V square
pulse to drive the transition from black to white. This
waveform is clearly DC balanced, but the integral of ap-
plied voltage is not zero at every point in time; this integral
varies between 0 and 6 4.5 V-sec. However, this wave-
form DC is balanced in as much as the integral is bound-
ed; the integral never reaches 9 or 18 V-sec, for example.
[0075] For further consideration of DC balanced wave-
forms, some definition of terms is advisable. The term
"impulse" has already been defined as meaning the def-
inite integral of voltage with respect to time (in V-sec)
applied during a particular interval, usually an addressing

pulse or pulse element. The term "impulse potential" will
be used to mean the sum of all impulses applied to the
display since an arbitrary starting point (typically the be-
ginning of a series of transitions under consideration. At
the starting point, the impulse potential is arbitrarily set
to zero, and as impulses are applied the impulse potential
rises and falls.
[0076] Using these terms, the definition of DC balance
is that a waveform is DC balanced if and only if the im-
pulse potential is bounded. Having a bounded impulse
potential means that one must be able to say what the
impulse potential will be in each of a finite number of
possible cases.
[0077] For a time-independent controller (i. e., a con-
troller in which the impulse of the waveform is influenced
only by the initial and final states of the transition under
consideration, and not dwell times, temperature, or other
factors, such as the R1/R2 controller mentioned above),
in order to show that a waveform is DC balanced, it is
necessary to be able to prove that the impulse potential
will be bounded after each transition in any infinitely long
sequence of optical states. One sufficient condition for
such proof is that the impulse potential can be expressed
as a function of a fixed number of prior states, and this
provides a working concept of DC balance for controllers
for electro-optic displays, i.e., that the impulse potential
can be expressed as a function of a finite number of prior
and current optical states. Note that the impulse potential
of any pixel of the display does not change from the end
of one image update to the beginning of another image
update, because no voltage is applied during this period.
[0078] For each combination of a (finite) number of pri-
or states, the controller applies a fixed impulse (the im-
pulse determined by the data in the flash memory already
mentioned), and these fixed impulses can be listed. To
list them, it is necessary to enumerate prior state combi-
nations back by at least the number of prior states being
used in the controller (i.e. for an R1/R2 controller, the
number of prior states used in the enumeration needs to
be defined for all combinations of prior states two back).
[0079] To define the impulse potential at the end of the
update, knowing the fixed impulse applied during the im-
pulse, one needs to be able to define the impulse poten-
tial at the beginning of the update for all states in the
enumeration. This means that the net impulse applied
by a waveform must be a function of one fewer prior state
than the number needed to uniquely define the impulse
potential at the end. To translate this to the problem of
determining the optimum waveform to be applied by a
controller, this means that the impulse potential for a
waveform must be a function of one fewer prior states
than the number of states used to determine the wave-
form. For example, if a controller has impulse data de-
termined by three states, R1, R2, and R3 (where R3 is
the gray level immediately prior to the initial gray level
for the transition under consideration), each combination
of R1 and R2 must leave the electro-optic medium at the
same impulse potential, independent of R3.
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[0080] In other words, the controller has to "know" the
impulse potential of the electro-optic medium when it
starts the transition being considered, so it can apply the
right impulse to produce the proper value of impulse po-
tential following the transition. If the impulse potential in
the above example were allowed to vary based on all of
R1, R2, and R3, then, in the next transition, there would
be no way for the controller to "know" the starting impulse
potential, since the R3 information previously used would
have been discarded.
[0081] As already indicated, the limited transitions
method of the present invention is preferably carried out
using an R1/R2 controller (i.e., a controller in which the
impulse applied during any transition depends only upon
the initial and final gray levels of that transition), and from
the foregoing discussion it will be seen that in such a
controller the impulse potential must be uniquely defined
as a function of R1 only.
[0082] Further complications in determining the opti-
mum waveform arise from a phenomenon which may be
called "impulse hysteresis". Except in rare situations of
extreme overdrive at the optical rails, electro-optic media
driven with voltage of one polarity always get blacker,
and electro-optic medium driven with voltage of the op-
posite polarity always get whiter. However, for some elec-
tro-optic media, and in particular some encapsulated
electro-optic media, the variation of optical state with im-
pulse displays hysteresis; as the medium is driven further
toward white, the optical change per applied impulse unit
decreases, but if the polarity of the applied voltage is
abruptly reversed so that the display is driven in the op-
posed direction, the optical change per impulse unit
abruptly increases. In other words the magnitude of the
optical change per impulse unit is strongly dependent not
only upon the current optical state but also upon the di-
rection of change of the optical state.
[0083] This impulse hysteresis produces an inherent
"restoring force" tending to bring the electro-optic medi-
um towards middle gray levels, and confounds efforts to
drive the medium from state to state with unipolar pulses
(as in general gray scale image flow) while still maintain-
ing DC balance. As pulses are applied, the medium rides
the three-dimensional R1/R2/impulse hysteresis surface
until it reaches an equilibrium. This equilibrium is fixed
for each pulse length and is generally in the center of the
optical range. For example, it has been found empirically
that driving one encapsulated four gray level electro-optic
medium from black to dark gray required a 100 ms x -15
V unipolar impulse, but driving it back from dark gray to
black required a 300 ms x 15 V unipolar impulse. This
waveform was not DC balanced, for obvious reasons.
[0084] A solution to the impulse hysteresis problem is
to use a bipolar drive, that is to say to drive the electro-
optic medium on a (potentially) non-direct path from one
gray level to the next, first applying an impulse to drive
the pixel into either optical rail as required to maintain
DC balance and then applying a second impulse to reach
the desired optical state. For example, in the above sit-

uation, one could go from black to dark gray by applying
100 ms x -15 V of impulse, but go back from dark gray
to white by first applying additional negative voltage, then
positive voltage, riding the R1/R2 impulse curve down to
the black state. Such indirect transitions also avoid the
problem of accumulation of errors by rail stabilisation of
gray scale, as already discussed.
[0085] The impulse hysteresis phenomenon and the
prior state dependence of electro-optic media, as dis-
cussed above and in the aforementioned patents and
applications, require that the waveform for each transition
vary depending upon the prior state history of the pixel
being considered. As described in the aforementioned
WO 03/044765, the optimum waveform for each transi-
tion may be determined (i.e., the transition table corre-
sponding to the aforementioned data array may be
"tuned") by using an initial "guessed" transition matrix to
create a waveform, which is used to address the electro-
optic medium through a fixed, typically pseudo-random
or priorstate-complete series of optical states. A program
subtracts the actual optical state achieved in each prior
state combination from the target gray states for the same
combination to compute an error matrix, which is the
same dimensions as the transition matrix. Each element
in the error matrix corresponds to an element in the tran-
sition matrix. If an element in the transition matrix is too
high, the corresponding element in the error matrix will
be pushed higher. PID (proportional-integral-differential)
control can then be used to drive the error matrix toward
zero. There are cross-terms (each element in the transi-
tion matrix affects more than one element in the error
matrix) but these effects are minor and tend to decrease
as the magnitudes of the values in the error matrix de-
crease, as the tuning proceeds through multiple itera-
tions. (Note that sometimes the I or D constants of the
PID controller may be set to 0, yielding PI, PD, or P con-
trol.)
[0086] When this tuning process is completed, it is
found that a certain number of prior optical states need
to be in the transition matrix to achieve a certain gray
level precision performance. For example, using this
process with one specific encapsulated electro-optic me-
dium yielded a waveform in which the controller recorded
one more prior optical state than was in the transition
matrix, and calculated the impulse in the first section of
the waveform using arithmetic to ensure DC balance. In
this waveform, the impulse potential was allowed to be
different for each prior state combination covered by the
transition matrix.
[0087] The correlation between the number of dimen-
sions in the transition matrix ("TM dimension") and the
maximum optical error for this waveform was found to be
as set out in Table 1 below:

Table 1

TM Dimension Maximum Optical Error (L*)

1 10.6
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[0088] Since the limit of visual perception for the aver-
age observer is around 1 L* unit, the data in this table
indicate that it is very useful to have more than one di-
mension in the transition matrix, with a two dimensional
matrix being superior to a one dimensional, a three di-
mensional matrix being superior to a two dimensional,
etc.
[0089] Having regard to all of the foregoing points, a
preferred waveform was devised for the R1/R2 2 bit gray
scale controller already mentioned. This waveform main-
tained fixed impulse potentials for each final optical state
R1, but used a two dimensional transition matrix. It was
rail stabilized, to reduce the accumulation of error, and
was designed to have low divergence during toggling be-
cause it respected the impulse hysteresis curve.
[0090] In the notation used below, numbers represent
impulse. Negative impulse was applied by applying -V
(i.e. -15V) for a given time, and positive impulse was ap-
plied by applying +V for a given time (i.e., the waveform
was pulse width modulated), so that the magnitude of
the volt-time product equaled the magnitude of the im-
pulse. Voltage modulation could alternatively be used.
[0091] In the preferred waveform, the following se-
quence of impulses was applied during each update,
reading from left to right in time:

-TM(R1,R2) IP(R1)-IP(R2) TM(R1,R2)

where "IP(Rx)" represents the relevant value from an im-
pulse potential matrix (in this case a vector) having one
value for each gray level, and TM(R1,R2) represents the
relevant value from a transition matrix having one value
for each R1/R2 combination. TM(R1,R2) can of course
be negative for certain values of R1 and R2. (As already
noted, for convenience, impulse sequences of this type
may hereinafter be abbreviated as "-x/ΔIP/x" sequenc-
es.)
[0092] The values in the transition matrix could be ad-
justed as desired, without worrying about DC balance,
because the net impulse of the first and third sections of
this waveform is always zero. The difference in impulse
potential between the initial and final state is applied in
the middle section of the waveform.
[0093] Empirically, it has been found that the final drive
pulse almost always has more effect on the final gray
level than the initial pulse, so the transition matrix for this
waveform can be tuned with the same PID approach de-
scribed above. The values set for the impulse potentials
influence the update speed of the waveform for fixed final

(continued)

TM Dimension Maximum Optical Error (L*)

2 3.8

3 2.1

4 1.7

gray levels. For example, all the impulse potentials could
be set to zero, but this results in a long update time, be-
cause the final drive pulse (third section) is always coun-
tered by an equally long initial pulse (first section). Thus,
the final drive pulse, in this case, cannot be longer than
half the total update time. By careful selection of impulse
potentials, it is possible to use a much larger fraction of
the total update time for the final pulse; for example, one
can achieve final drive pulses occupying more than half,
and as much as 80% of the total maximum update time.
[0094] Preferably, the lengths of the various pulses are
selected by computer, using a gradient following optimi-
zation method, like PID control, finite difference combi-
nation evaluation, etc.
[0095] As noted in the aforementioned WO 03/044765
and above, transitions in electro-optic media are typically
temperature sensitive, and it has been found that the
uncompensated stability of gray levels versus tempera-
ture is increased when all of the transitions to a particular
gray level always come from the same optical rail. The
reason for this is straightforward; as the temperature var-
ies, the switching speed of the electro-optic medium be-
comes gets faster or slower. Suppose that, in a 2 bit gray
level display, the dark gray to light gray transition bounces
off the black rail, but the white to light gray transition
bounces off the white rail. If the switching speed of the
medium becomes slower, the light gray state addressed
from black will become darker, but the light gray state
addressed from black will become lighter. Thus, it is im-
portant for a temperature stable waveform that a given
gray level always be approached from the same "side",
i.e., that the final pulse of the waveform always be of the
same polarity. In the preferred drive scheme described
above using the

-TM(R1,R2) IP(R1)-IP(R2) TM(R1,R2)

sequence, this requires choosing the TM(R1,R2) values
so that the sign of each value is dependent only on R1,
at least for some gray levels. One preferred approach is
to allow the TM values to be of either sign for the black
and white states, but positive only for light gray, and neg-
ative only for dark gray, and thus that the intermediate
gray levels be approached only from the nearer optical
rail.
[0096] This preferred waveform is fully compatible with
techniques such as insertion of short pause periods into
the waveform to increase impulse resolution, as de-
scribed below.
[0097] As already indicated, the aforementioned
-x/ΔIP/x pulse sequences may be modified to contain ad-
ditional pulses. One such modification allows the inclu-
sion of an additional class of pulses, hereinafter referred
to as "y" pulses. "y" pulses are characterized by being of
the form [+y][-y], where y is an impulse value, and may
be either negative or positive (in other words, the form
[-y][+y] is equally valid. The y pulse is distinct from the
previously-described "x" pulses, in that the [-x] and [+x]
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halves of the "x" pulse pair are disposed before and after
the ΔIP pulse, whereas the "y" pulses can be disposed
at other locations within the pulse sequence.
[0098] A second such modification adds a 0 V "pulse"
(i.e., a period when no voltage is applied to the relevant
pixel) at an arbitrary point within the pulse sequence to
improve the performance of that sequence, by, for ex-
ample, shifting the gray level resulting from the transition
up or down by a small amount, or reducing or changing
the impact of prior state information on the final state of
the pixel. Such 0 V sections may be inserted either be-
tween the different pulse elements, or in the middle of a
single pulse element.
[0099] A preferred method for constructing a rail-sta-
bilized waveform, using a transition table as described
in the aforementioned WO 03/044765 is as follows:

(a) set the value (typically derived empirically) of the
impulse potential for each gray level, and insert into
the transition table the appropriate ΔIP pulse for each
transition;
(b) for each transition, pick a value for x, and insert
a -x pulse before, and a +x pulse after, the ΔIP pulse
(as already noted, the value of x may be negative,
so the -x and +x pulses can have either polarity);
(c) for each transition, pick a value for y, and insert
a -y and +y pulses into the pulse sequence. The -y/+y
pulse combination may be inserted into the se-
quence at any pulse boundary, for example before
the -x pulse, before the ΔIP pulse, before the +x
pulse, or after the +x pulse;
(d) for each transition, insert n frames, where n = 0
or more, of 0 V at any point or points in the pulse
sequence; and
(e) repeat the above steps as many times as desired,
until the waveform performance reaches the desired
level.

[0100] This process will be illustrated with reference to
the accompanying drawings. Figure 2 shows the basic
-x/ΔIP/+x structure of the waveform for one transition, it
being assumed for the sake of illustration that the values
of both x and ΔIP are positive. Unless it is desired to
provide a 0 V interval between the ΔIP and the +x pulses,
it is not necessary to reduce the voltage applied at the
junction between these two pulses, so that the ΔIP and
+x pulses form, in effect, one long positive pulse.
[0101] Figure 3 illustrates symbolically the insertion of
a [-y][+y] pair of pulses into the basic -x/ΔIP/+x waveform
shown in Figure 2. The -y and +y pulses do not have to
be consecutive, but can be inserted at different places
into the original waveform. There are two especially ad-
vantageous special cases.
[0102] In the first special case, the "-y, +y" pulse pair
is placed at the beginning of the -x/ΔIP/+x waveform, be-
fore the -x pulse, to produce the waveform shown in Fig-
ure 4. It has been found that, when y and x are of opposite
sign, as illustrated in Figure 4, the final optical state can

be finely tuned by even moderately coarse adjustment
of the duration y. Thus, the value of x can be adjusted
for coarse control and the value of y for final control of
the final optical state of the electro-optic medium. This is
believed to happen because the y pulse augments the
-x pulse, thus changing the degree to which the electro-
optic medium is pushed into one of its optical rails. The
degree of pushing into one of the optical rails is known
to give fine adjustment of the final optical state after a
pulse away from that optical rail (in this case, provided
by the x pulse).
[0103] In a second special case, illustrated in Figure
5, the -y pulse is again placed at the beginning of the
-x/ΔIP+x waveform, before the -x pulse, but the +y pulse
is placed at the end of the waveform, after the +x pulse.
In this type of waveform, the final y pulse provides coarse
tuning because the final optical state is very sensitive to
the magnitude of y. The x pulse provides a finer tuning,
since the final optical state typically does not depend as
strongly on the magnitude of the drive into the optical rail.
[0104] As already indicated, more than one pair of "y"
pulses may be inserted into the basic -x/ΔIP/+x waveform
to allow "fine tuning" of gray scale levels of the electro-
optic medium, and the impulses of such multiple pairs of
"y" pulses may differ from one another. Figure 6 illustrates
symbolically, in a manner similar to that of Figure 3, the
insertion of a second pair of y-type pulses (denoted "-z",
"+z") into the waveform of Figure 5. It will readily be ap-
parent that since the -z and +z pulses can be introduced
at any pulse boundary of the waveform shown in Figure
5, a large number of different waveforms can result from
the introduction of the -z and +z pulses. A preferred re-
sulting waveform is shown in Figure 7; this type of wave-
form is useful for fine tuning of the final optical state, for
the following reasons. Consider the situation without the
-z and +z pulses (i.e. the Figure 5 waveform discussed
above). The x pulse element is used for fine tuning, and
the final optical state can be decreased by increasing x
and increased by decreasing x. However, it is undesira-
ble to decrease x beyond a certain point because then
the electro-optic medium is not brought sufficiently close
to an optical rail, as required for stability of the waveform.
To avoid this problem, instead of decreasing x, one can
(in effect) increase the -x pulse without changing the +x
pulse by adding the -z, +z pulse pair as shown in Figure
7, with z having the opposite sign from x. The +z pulse
augments the -x pulse, while the -z pulse maintains the
transition at the desired net impulse, thus maintaining an
overall DC balanced transition table.
[0105] In the limited transitions waveform scheme of
the present invention, it is acceptable for the "diagonal
elements" (the transition table elements corresponding
to null transitions in which the initial and final gray levels
are the same, so called because in a normal matrix rep-
resentation of a transition table such elements lie on the
leading diagonal; such diagonal elements have ΔIP=0)
to contain both x and y pulses. Any given transition table
element may contain zero or more sets of x and/or y
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pulses.
[0106] The limited transitions method of the present
invention may also make use of pause periods between
adjacent frames of a transition; such pause periods are
discussed in more detail below with reference to the in-
terrupted scanning method of the present invention. Typ-
ically, in an active matrix display, the pixels are divided
into a series of groups (normally a plurality of rows), each
of these plurality of groups is selected in succession (i.e.,
typically the rows of the matrix are scanned) and there
is applied to each of the pixels in the selected group either
a drive voltage or a non-drive voltage. The scanning of
all the groups of pixels is completed within a frame period.
The scanning of the groups of pixels is repeated, and, in
a typical electro-optic display, the scanning will be re-
peated more than once during the group of frames (con-
veniently referred to as a superframe) required for a com-
plete rewriting of the display. Normally, a fixed scan rate
is used for updating, for example 50 Hz, which allows for
20 msec frames. However, this frame length may provide
insufficient resolution for optimal waveform performance.
In many cases, frames of length t/2 are desirable, for
example 10 msec frames in a normally 20 msec frame
length waveform. It is possible to combine frames of dif-
fering delay times to generate a pulse resolution of n/2.
To take one specific case a single frame of length 1.5*t
may be inserted at the beginning of the waveform, and
a similar frame at the end of the waveform (immediately
before the terminating 0 V frame, which should occur at
the ordinary frame rate and which is normally used at the
end of the waveform to prevent undesirable effects
caused by varying residual voltages on pixels). The two
longer frames can be realized by simply adding a 0.5*t
delay time between the scanning of two adjacent frames.
The waveform would then have the structure:
[0107] t ms frame : t/2 ms delay : t ms frame [...] t ms
frame : t/2 ms delay : t ms frame (all outputs to 0V)
[0108] For a normal frame length of 20 msec, the initial
and final frames plus their respective delays would
amount to 30 msec each.
[0109] Using this waveform, structure, the initial and
final pulses are allowed to vary by 10 msec in length, by
using the following algorithm:

(a) If the length of the initial pulse is evenly divisible
by t, then the first frame consists of a 0 V drive, and
a corresponding number of frames of t ms are acti-
vated to achieve the desired pulse length; or
(b) If the length of the initial pulse leaves a remainder
of t/2 when divided by t, then the first frame of 1.5*t
is active, and a corresponding number of t msec
frames following the initial frame are activated to
achieve the desired pulse length.

[0110] The same algorithm is followed for the final
pulse. Note that the initial and final pulses must be start-
and end-justified, respectively, for this algorithm to work
properly. In addition, in order to maintain DC balance,

the initial and final pulses may be corresponding parts of
a -x/+x pair.
[0111] Whether or not pause periods are employed, it
has been found that the effect of the waveform used to
effect a transition is modified by the presence of a period
of zero voltage (in effect a time delay) during or before
any of the pulses in the waveform, and the limited tran-
sitions method of the present invention may include pe-
riods of zero voltage within or between successive pulses
in the waveform, i.e., the waveform may be "non-contig-
uous" as that term is used above and in the aforemen-
tioned PCT/US2004/010091. Figures 8 to 10 illustrate
variations of the basic -x/ΔIP/+x waveform of Figure 2
incorporating such zero voltage periods. In the waveform
of Figure 8, a time delay is inserted between the -x pulse
and the ΔIP pulse. In the waveform of Figure 9, a time
delay is inserted within the ΔIP pulse, or, which amounts
to the same thing, the ΔIP pulse is split into two separate
pulses separated by the time delay. The waveform of
Figure 10 is similar to that of Figure 9, except that the
time delay is inserted within the +x pulse. Time delays
can be incorporated into a waveform to achieve optical
states not achievable without such delays. Time delays
can also be used to fine-tune the final optical state. This
fine-tuning ability is important, because in an active ma-
trix drive, the time resolution of each pulse is defined by
the scan rate of the display. The time resolution offered
by the scan rate can be coarse enough that precise final
optical states cannot be achieved without some addition-
al means of fine tuning.

Interrupted scanning method of the invention

[0112] As already mentioned, this invention provides
an "interrupted scanning" method for driving an electro-
optic display having a plurality of pixels divided into a
plurality of groups. The method comprises selecting each
of the plurality of groups of pixels in succession and ap-
plying to each of the pixels in the selected group either
a drive voltage or a non-drive voltage, the scanning of all
the groups of pixels being completed in a first frame pe-
riod. The scanning of the groups of pixels is repeated
during a second frame period (it being understood that
any specific pixel may have the drive voltage applied dur-
ing the first frame period and the non-drive voltage ap-
plied during the second frame period, or vice versa). In
the interrupted scanning method invention, the scanning
of the groups of pixels is interrupted during a pause period
between the first and second frame periods, this pause
period being not longer than the first or second frame
period. In this method, the first and second frame periods
are typically equal in length, and the length of the pause
period is typically a sub-multiple (desirably, one half, one
fourth etc.) of the length of one of the frame periods.
[0113] The interrupted scanning method may include
multiple pause periods between different pairs of adja-
cent frame periods. Such multiple pause periods are pref-
erably of substantially equal length, and the total length
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the multiple pause periods is preferably equal to either
one complete frame period, or equal to one frame period
less one pause period. For example, as discussed in
more detail below, one embodiment of the first method
might use multiple 20 ms frame periods, and either three
or four 5 ms pause periods.
[0114] In this interrupted scanning method, the groups
of pixels will of course typically be the rows of a conven-
tional row/column active matrix pixel array. The interrupt-
ed scanning method comprises selecting each of the plu-
rality of groups of pixels in succession (i.e., typically,
scanning the rows of the matrix) and applying to each of
the pixels in the selected group either a drive voltage or
a non-drive voltage, the scanning of all the groups of
pixels being completed in a first frame period. The scan-
ning of the groups of pixels is repeated, and in a typical
electro-optic display, the scanning will be repeated more
than once during the superframe required for a complete
rewriting of the display. The scanning of the groups of
pixels is interrupted during a pause period between the
first and second frame periods, this pause period being
not longer than the first or second frame period.
[0115] Although a drive voltage is only applied to any
specific pixel electrode for one line address time during
each scan, the drive voltage persists on the pixel elec-
trodes during the time between successive selections of
the same line, only slowly decaying, so that the pixel con-
tinues to driven during the time when other lines of the
matrix are being selected, and the interrupted scanning
method relies upon this continued driving of the pixel dur-
ing its "non-selected" time. Ignoring for the moment the
slow decay of the voltage on the pixel electrode during
its non-selected time, a pixel which is set to the driving
voltage during the frame period immediately preceding
the pause period will continue to experience the driving
voltage during the pause period, so that for such a pixel
the preceding frame period is in effect lengthened by the
length of the pause period. On the other hand, a pixel
which is set to the non-driving (typically zero) voltage
during the frame period immediately preceding the pause
period will continue to experience the zero voltage during
the pause period. It may be desirable to adjust the length
of the pause period to allow for the slow decay of the
voltage on the pixel electrode in order to ensure that the
total impulse delivered to the pixel during the pause pe-
riod has the desired value.
[0116] To take a simple example of the interrupted
scanning method for purposes of illustration, consider a
simple pulse width modulated drive scheme having a su-
perframe consisting of a plurality of (say 10) 20 ms
frames. Typically, the last frame of the superframe will
set all pixels to the non-driving voltage, since bistable
electro-optic displays are normally only driven when the
displayed image is to be changed, or at relatively long
intervals when it is deemed desirable to refresh the dis-
played image, so that each superframe will typically be
followed by a lengthy period in which the display is not
driven, and it is highly desirable to set all pixels to the

non-driving voltage at the end of the superframe in order
to prevent rapid changes in some pixels during this
lengthy non-driven period. To modify such a drive
scheme in accordance with the interrupted scanning
method of the present invention, a 10 ms pause period
may be inserted between two successive 20 ms frames,
and this simple modification halves the maximum possi-
ble difference between the applied impulse and the im-
pulse ideally needed to complete a given transition,
thereby in practice approximately halving the maximum
deviation in achieved gray scale level. The 10 ms pause
period is conveniently inserted after the penultimate
frame in each superframe but may be inserted at other
points in the superframe if desired.
[0117] In practice, it is desirable, in this example, not
only to insert the 10 ms pause period but also to insert
one additional 20 ms frame into each superframe. The
unmodified drive scheme enables one to apply to any
given pixel impulses of:

0, 20, 40, 60 ...160, 180 units

where one impulse unit is defined as the impulse resulting
from application of the driving voltage for 1 ms. Thus, the
maximum difference between the available impulses and
the ideal impulse for a given transition is 10 units. (Since
the last frame of the superframe sets all pixels to the non-
driving voltage, only the first nine frames of the super-
frame are available for application of the driving voltage.)
As already explained, any pixel which is set to the driving
voltage in the frame preceding the pause period contin-
ues to experience this driving voltage for a period equal
to the frame period plus the pause period, and thus ex-
periences an impulse of 30 units instead of 20 units for
this frame. Accordingly, the modified drive scheme per-
mits one to apply to any given pixel impulses of:

0, 20, 30,40, 50, 60 units etc.

Insertion of the additional frame into the superframe is
desirable to enable the modified drive scheme to deliver
an impulse of exactly 180 units. Since any impulse which
is an exact multiple of 20 units requires that the relevant
pixel be set to the non-driving voltage during the frame
preceding the pause period, achieving an impulse of ex-
actly 180 units requires an 11-frame superframe, so that
any pixel to receive the 180 impulse can be set to the
driving voltage during 9 frames, to the non-driving voltage
during the frame preceding the pause period, and (as
always) to the non-driving voltage during the last frame
of the superframe. Thus, when using the modified drive
scheme, the maximum difference between the available
impulses and the ideal impulse for a given transition is
reduced to 5 units. (Although the modified drive scheme
is not capable of applying an impulse of 10 units, in prac-
tice this is of little consequence. To produce reasonably
consistent gray scale levels, the number of available im-
pulse levels has to be substantially larger than the
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number of gray levels of the display, so that it is unlikely
that any gray scale transition will require an impulse as
small as 10 units.)
[0118] The pause periods can of course be of any
number and length required to achieve the desired con-
trol over the impulse applied. For example, instead of
modifying the aforementioned drive scheme to include
one 10 ms pause period, the drive scheme could be mod-
ified to include three 5 ms pause periods after different
20 ms drive frames, desirably with the addition to the
drive scheme of three further 20 ms drive frames not
followed by pause periods. This modified drive scheme
permits one to apply to any given pixel impulses of:

0, 20, 25, 30, 35 ....170, 175, 180 units

thereby reducing the maximum difference between the
available impulses and the ideal impulse for a given tran-
sition is reduced to 2.5 units, a four-fold reduction as com-
pared with the original unmodified drive scheme.
[0119] The preceding discussion of the interrupted
scanning method has ignored the question of polarity of
the applied impulses. As discussed above and in the
aforementioned WO 03/044765, bistable electro-optic
media require application of impulses of both polarities.
In some drive schemes, such as slide show drive
schemes, before a new image is written to the display,
all the pixels of the display are first driven to one extreme
optical state, either black or white, and thereafter the pix-
els are driven to their final gray states by impulses of a
single polarity. Such drive schemes can be modified in
accordance with the interrupted scanning method in the
manner already described. Other drive schemes require
application of impulses of both polarities to drive the pix-
els to their final gray states. The impulses of the two po-
larities may be applied in separate frames or impulses
of the two polarities may be applied in the same frames,
for example using a tri-level drive scheme in which the
common front electrode is held at a voltage of V/2, while
individual pixel electrodes are held at 0, V/2 or V. When
the impulses of the two polarities are applied in separate
frames, the interrupted scanning method is desirably ef-
fected by providing at least two separate pause periods,
one following a frame in which impulses of one polarity
are applied and the second following a frame in which
impulses of the opposed polarity are applied. However,
when using a drive scheme in which impulses of both
polarities are applied in the same frames, the interrupted
scanning method may make use of only a single pause
period since, as will be apparent from the foregoing dis-
cussion, the effect of including a pause period after a
frame is to increase the magnitude of the impulse applied
to any pixel to which a driving voltage was applied in the
frame, regardless of the polarity of this driving voltage.
[0120] Also as discussed in the aforementioned WO
03/044765 and above, many bistable electro-optic media
are desirably driven with drive schemes which achieve
long term direct current (DC) balance, and such DC bal-

ance is conveniently effected using a drive scheme in
which a DC balance section, which does not substantially
change the gray level of the pixel, is applied before the
main drive section, which does change the gray level,
the two sections being chosen so that the algebraic sum
of the impulses applied is zero or at least very small. If
the main drive section is modified in accordance with the
interrupted scanning method, it is highly desirable that
the DC balance section be modified to prevent the addi-
tional impulses caused by the insertion of the pause pe-
riods accumulating to cause substantial DC imbalance.
However, it is not necessary that the DC balance section
be modified in a manner which is an exact mirror image
of the modification of the main drive section, since the
DC balance section can have gaps (zero voltage frames)
and most electro-optic medium are not harmed by short
term DC imbalances. Thus, in the drive scheme dis-
cussed above using a single 10 ms pause period inserted
among ten 20 ms frames, DC balance can be achieved
by making the first frame of the drive scheme 30 ms in
duration. Applying or not applying a driving voltage to a
pixel during this frame brings the overall impulse to a
multiple of 20 units, so that this impulse can readily be
balanced later. In the drive scheme using three 5 ms
pause periods, the first two frames of the drive scheme
can similarly be 25 and 30 ms in duration (in either order),
again bringing the overall impulse to a multiple of 20 units.
[0121] From the foregoing description, it will be seen
that the interrupted scanning method of the present in-
vention requires a trade-off between increased address-
ing time caused by the need to include one additional
frame in each superframe for each pause period inserted,
and the improved control of impulse and hence gray scale
produced by the method. However, the interrupted scan-
ning method can provide very substantial improvement
in impulse control with only modest increase in address-
ing time; for example, the drive scheme described above
in which a superframe comprising ten 20 ms frames is
modified to include three 5 ms pause periods yields a
four-fold improvement in impulse accuracy at the cost of
less than a 40 per cent increase in addressing time.

Balanced gray level method of the invention

[0122] As already mentioned, this invention also pro-
vides a balanced gray level method for driving an electro-
optic display having a plurality of pixels arranged in an
array. The pixels are driven with a pulse width modulated
waveform capable of applying a plurality of differing im-
pulses. Drive circuitry stores data indicating whether ap-
plication of a given impulse will produce a gray level high-
er or lower than a desired gray level. When two adjacent
pixels are both required to be in the same gray level, the
impulses applied to the two pixels are adjusted to that
one pixel is below the desired gray level, while the other
pixel is above the desired gray level.
[0123] In a preferred form of this method, the pixels
are divided into two groups, hereinafter designated
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"even" and "odd". The two groups of pixels may be ar-
ranged in a checkerboard pattern (so that the pixels in
each row and column alternate between the two groups)
or in other arrangements as described in the aforemen-
tioned WO 03/044765, provided that each pixel has at
least one neighbor of the opposite group, and different
drive schemes are used for the two groups. If the stored
data indicates that one of the available impulses will pro-
duce substantially the desired gray level transition, this
impulse is applied for that transition for both the even and
odd pixels. However, if the stored data indicates that the
impulse required for a particular gray level transition is
substantially half-way between two of the available im-
pulses, one of these impulses is used for the transition
in even pixels and the other of these impulses is used
for the transition in odd pixels. Thus, if two adjacent pixels
are intended to be in the same gray state (the condition
where precise control of gray scale is of maximum im-
portance) one of these pixels will have a gray level slightly
above the desired level, while the other will have a gray
level slightly below the desired level. Ocular and optical
averaging will result in an average of the two gray levels
being seen, thus producing an apparent gray level closer
to the desired level than can be achieved with the avail-
able impulses. In effect, this balanced gray level method
uses small-signal spatial dithering (applied to correct er-
rors in applied impulse) superimposed on large signal
true gray scale to increase by a factor of two the available
impulse levels. Since each pixel is still at approximately
the correct gray scale level, the effective resolution of the
display is not compromised.
[0124] A complete implementation of the necessary
calculations, in MATHLAB pseudo-code is given below.
The floor function rounds down to the nearest integer,
and the mod function computes the remainder of its first
argument divided by its second argument:

quotient= floor(desired_impuslse)
remainder = mod(desired_impulse,1)
if remainder <= 0.25
even_parity_impulse = quotient
odd_parity_impulse = quotient
else if remainder <= 0.75
even_parity_impulse = quotient + 1
odd_parity_impulse = quotient
else
even_parity_impulse = quotient + 1
odd_parity_impulse = quotient + 1
end.

[0125] In some drive schemes previously described,
for example the cyclic RSGS drive scheme described
above with reference to Figures 1A and 1B, the pixels of
the display are already divided into two groups and dif-
ferent drive schemes are applied to the two groups, so
that the magnitude of the impulses needed to achieve
the desired gray level will be different of the two groups.
Such "two group" drive schemes can be modified in ac-

cordance with the balanced gray level method but the
detailed implementation of the method differs somewhat
from the simple case discussed above. Instead of simply
comparing the available impulses with that required for
the desired transition, one calculates the errors in gray
scale for the two groups separately, takes the arithmetic
average of the errors, and determines whether this arith-
metic average would be reduced by shifting one of the
groups to a different available impulse. Note that in this
case, the reduction in arithmetic average may differ de-
pending upon which group is shifted to a different im-
pulse, and obviously whichever shift produces the small-
er average should be effected.
[0126] Again, this method can be thought of as small-
signal spatial dithering implemented on top of large signal
intrinsic gray scale, with the small signal dithering used
to correct for errors in impulse due to the limitation of the
pulse width modulation drive scheme used. Because
each pixel is still approximately at the correct gray level
in this scheme, and the corrections are only to correct
for impulse rounding errors, effective display resolution
is not compromised. To put it another way, this method
implements small signal spatial dithering on top of large
signal true gray scale.
[0127] The various methods of the present invention
may make use of various additional variations and tech-
niques described in the aforementioned applications, es-
pecially the aforementioned WO 03/044765 and
PCT/US2004/010091. It will be appreciated that in the
overall waveform used to drive an electro-optic display,
in at least some cases certain transitions may be effected
in accordance with the various methods of the present
invention, while other transitions may not make use of
the methods of the present invention but may make use
of other types of transitions described below. For exam-
ple, the various methods of the present invention may
make use of any one or more of:

non-contiguous addressing (see the aforemen-
tioned PCT/US2004/ 010091, Paragraphs [0142] to
[0234] and Figures 1-12);
DC balanced addressing, as partially discussed
above (but see also the aforementioned
PCT/US2004/010091, Paragraphs [0235] to [0260]
and Figures 13-21);
defined region updating (see the aforementioned
PCT/US2004/010091, Paragraphs [0261] to [0280]);
compensation voltage addressing (see the afore-
mentioned PCT/US2004/ 010091, Paragraphs
[0284] to [0308] and Figure 22);
DTD integral reduction addressing (see the afore-
mentioned PCT/US2004/010091, Paragraphs
[0309] to [0326] and Figure 23); and
remnant voltage addressing (see the aforemen-
tioned WO 03/044,765, pages 59 to 62).
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Claims

1. A method for driving an electro-optic display having
at least one pixel capable of achieving any one of at
least four different gray levels including two extreme
optical states, the method comprising:

displaying a first image on the display; and
rewriting the display to display a second image
thereon,
the method being characterized in that, during
the rewriting of the display any pixel which has
undergone a number of transitions exceeding a
predetermined value, the predetermined value
being at least one, without touching an extreme
optical state, is driven to at least one extreme
optical state before driving that pixel to its final
optical state in the second image.

2. A method according to claim 1 wherein the rewriting
of the display is effected such that, once a pixel has
been driven from one extreme optical state towards
the opposed extreme optical state by a pulse of one
polarity, the pixel does not receive a pulse of the
opposed polarity until it has reached the opposed
extreme optical state.

3. A method according to claim 1 wherein said prede-
termined value is not greater than N/2, where N is
the total number of gray levels capable of being dis-
played by a pixel.

4. A method according to claim 1 wherein the rewriting
of the display is effected by applying to the or each
pixel any one or more of voltages -V, 0 and +V.

5. A method according to claim 1 wherein the rewriting
of the display is effected such that, for any series of
transitions undergone by a pixel, the integral of the
applied voltage with time is bounded.

6. A method according to claim 1 wherein the rewriting
of the display is effected such that the impulse ap-
plied to a pixel during a transition depends only upon
the initial and final gray levels of that transition.

7. A method according to claim 1 wherein, for at least
one transition undergone by the at least one pixel
from a gray level R2 to a gray level R1, there is ap-
plied to the pixel a sequence of impulses of the form:

- TM(R1,R2) IP(R1)-IP(R2) TM(R1,R2)

where "IP(Rx)" represents the relevant value from
an impulse potential matrix having one value for each
gray level, and TM(R1,R2) represents the relevant
value from a transition matrix having one value for
each R1/R2 combination.

8. A method according to claim 1 wherein the rewriting
of the display is effected such that a transition to a
given gray level is always effected by a final pulse
of the same polarity.

9. A method according to claim 8 wherein gray levels
other than the two extreme optical states are ap-
proached from the direction of the nearer extreme
optical state.

10. A method according to claim 7 wherein the
TM(R1,R2) values are chosen such that the sign of
each value is dependent only upon R1.

11. A method according to claim 10 wherein the
TM(R1,R2) values are chosen to be positive for one
or more light gray levels and negative for one or more
dark gray levels so that gray levels other than the
two extreme optical states are approached from the
direction of the nearer extreme optical state.

12. A method according to claim 7 wherein the at least
one transition further comprises an additional pair of
pulses of the form [+y][-y], where y is an impulse
value, which may be either negative or positive, the
[+y] and [-y] pulses being inserted into the

-TM(R1,R2) IP(R1)-IP(R2) TM(R1,R2)

sequence.

13. A method according to claim 12 wherein the at least
one transition further comprises a second additional
pair of pulses of the form [+z][-z], where z is an im-
pulse value different from y and may be either neg-
ative or positive, the [+z] and [-z] pulses being insert-
ed into the

-TM(R1,R2) IP(R1)-IP(R2) TM(R1,R2)

sequence.

14. A method according to claim 7 wherein the at least
one transition further comprises a period when no
voltage is applied to the pixel.

15. A method for driving an electro-optic display having
a plurality of pixels, the pixels being driven with a
pulse width modulated waveform capable of apply-
ing a plurality of differing impulses to each pixel, the
method being characterized by:

(a) storing data indicating whether application
of a given impulse to a pixel will produce a gray
level higher or lower than a desired gray level;
(b) detecting when two adjacent pixels are both
required to be in the same gray level; and
(c) adjusting the impulses applied to the two pix-

35 36 



EP 2 947 647 A2

20

5

10

15

20

25

30

35

40

45

50

55

els so that one pixel is below the desired gray
level, while the other pixel is above the desired
gray level.
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