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FIG, 1B
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FIG. 3A
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1

METHOD AND APPARATUS FOR PRODUCING
PERCEPTION OF HIGH QUALITY GRAYSCALE
SHADING ON DIGITALLY COMMANDED
DISPLAYS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to a method and
apparatus for producing the perception of grayscale
shading on digitally controlled displays. The invention
is more specifically directed to a method and apparatus
for generating the perception of many different bright-
ness levels by digitally commanding the pixels of multi-
plexed liquid crystal displays towards either full bright-
ness or complete darkness at appropriate times.

2. Description of the Prior Art

Grayscale shading can be generated on the screen of
a conventional cathode ray tube (CRT) by varying an
analog brightness control voltage at the grid electrode
of the tube while an electron beam of the CRT is swept
across different pixel positions of a display line. The
same grayscale shading technique does not lend itself to
digitally commanded displays such as multiplexed lig-
uid crystal displays (LCD’s), light emitting diode
(LED) displays or plasma displays wherein individual
pixels (discrete light source regions including emissive,
transmissive and reflective types) can be commanded to
switch towards only one of two brightness levels, ON
or OFF (i.e., white or black). Such digital displays gen-
erally lack an analog control electrode equivalent to the
grid electrode of a CRT and thus they do not have a
direct means independent of their power lines for com-
manding a pixel towards an intermediate brightness
level between black and white.

Multiplexed displays typically have only two elec-
trodes provided at each pixel area for addressing a pixel
area and energizing the pixel area to either produce the
appearance of a fully lit (white) pixel or to produce the
appearance of a fully darkened (black) pixel. Since an
analog means for controlling brightness level is not
available on many types of digital displays including
raster-scan multiplexed displays, alternative digital
techniques have been proposed for giving a viewer the
perception of grayscale shading.

One of the proposed alternative techniques is a so-
called “pulse-width modulation” scheme wherein the
width of pixel energizing pulses is modulated between
wide and narrow values to create a grayscale effect.
Another technique is a so-called “frame-rate duty cycle
modulation” scheme wherein the duration between
energizing pulses of fixed width is varied between long
and short to create a grayscale effect. A third proposed
approach is to switch from the use of “time multi-
plexed” digital” displays (which are commonly em-
ployed in laptop computers) to so-called “active ma-
trix” display panels, the latter panels being ones which
have active pixel-driving electronics defined at the loca-
tion of each pixel, and to form a three-terminal analog-
controllable display element out of such an active-
matrix topology for continuously energizing each pixel
discretely to a desired level of brightness.

While all the proposed grayscaling methods appear
promising, each has its unique problems. Active matrix
displays are still at an early stage of development. Tech-
niques for increasing mass production yields and reduc-
ing manufacturing cost have not yet been refined. The
idea of using an analog control scheme for creating the
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perception of grayscale shading discretely at each pixel
does not conform with a general desire in the industry
to have digital, time-multiplexed means rather than
time-continuous analog circuits for controlling a dis-
play.

Conventional displays, such as raster-scan multi-
plexed LCD or electro-luminescent (EL) displays used
in low-power laptop computers, are designed around
the presumption that a pixel will be commanded to be
either fully lit or unlit by a control pulse of a fixed
duration (pulse width) which is associated with a binary
logic bit (command bit). This presumption of a fixed-
width command pulse conflicts not only with the basic
requirements of the analog-controlled active matrix
approach but also with the basic requirements of the
pulse-width modulation approach. If the pulse-width
modulation scheme is adopted, substantial redesign of
already available display-driving electronics may be
required to produce pixel energizing pulses of variable
width and the cost of such new electronics may be
significantly higher than that of the already-available
drive electronics. Additionally, undesirable crosstalk
between densely packed circuits may be created by
employing the pulse-width modulation scheme since a
high frequency harmonic content is typically associated
with the relatively narrow pulses that might be pro-
duced by the latter technique. Because changes to the
already proven technology of conventional panel-driv-
ing electronics are generally undesirable, the pulse-
width modulation scheme is not presently acceptable
within the industry.

The frame-rate duty cycle modulation method ap-
pears to be more acceptable to the industry at the cur-
rent time, but this latter method is not without prob-
lems. Display elements based on light emitting diode
(LED), liquid crystal (LCD), electro-luminescent (EL),
plasma or other technologies typically require periodic
application of refresh energy in order to retain their
appearance of being lit or unlit (bright or dark). The
frame-rate duty cycle modulation technique operates by
extending the time between pixel energizing pulses. If
the duration between energizing pulses is reduced sub-
stantially below a brightness integrating period associ-
ated with the human eye (i.e., substantially below one
sixtieth of a second) in order to create a grayscale effect,
a noticeable and undesirable perception of flickering
within the display image may be created, particularly
when a large number of pixels are being simultaneously
commanded towards one of the ON and OFF states.

The use of alternate (interlaced) phasing has been
proposed to overcome the flickering problem. The
human eye has a tendency to integrate over space as
well as over time. When adjacent pixels are operated in
a grayscale mode by energizing them, for example, once
every one thirtieth of a second instead of once every
one sixtieth of a second as would be done for fully lit
pixels, it is possible to suppress the perception of flicker-
ing by providing the lower frequency (30 Hz) wave-
form as two distinct signals, 180 degrees out of phase
from each other, and applying the two signals respec-
tively to adjacent pixels (adjacent in the vertical and
horizontal directions) so that the overall refresh fre-
quency for every pair of adjacent pixels still appears to
be the higher 6" Hz rate rather than the more noticeable
30 Hz rate to the human eye.

Unfortunately, when the interlaced phasing method
is attempted for producing more than three levels of
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brightness, without further refinement, other visual
disturbances tend to appear. Long, continuous lines of
pixels that are alternately turned on and off, approxi-
mately 120 or less degrees out of phase from adjacent
lines tend to produce a so-called “movie marquee”
effect wherein it appears that the surface of a grayscale
shaded area is streaming either to the left, to the right,
diagonally or in circles. This appearance of a streaming
motion (movie marquee effect) can be distracting to the
eye and is therefore undesirable. Image jitter and transi-
tory spots arising from crosstalk, noise, etc can also
create problems and give the viewer an undesirable
perception of a fuzzy rather than crisp, focused image.
Heretofore, an effective method for simultaneously
avoiding multiple visual disturbances such as the flick-
ering effect and the movie marquee effect has not been
shown.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
method and apparatus for creating the perception of
grayscale shading in digitally controlled displays while
substantially avoiding the above-mentioned visual dis-
turbances. It is a further object of the invention to pro-
vide a method and apparatus for creating a grayscale
effect which is capable of at least six distinguishable
levels of brightness and more preferably, of at least
sixteen such brightness levels and even more preferably,
of thirty-two levels. It is yet another object of the pres-
ent invention to provide a grayscale shading method
which is compatible with video images that are occa-
sionally subjected to a reverse-video command,
wherein black regions are to be displayed as white,
white regions are to be displayed as black, and rela-
tively dark and light grayscaled areas are to be respec-
tively and reversibly displayed as relatively light and
dark grayscale areas.

It is to be understood that the term ‘“grayscale” is
intended to be applied here to not only monochromatic
displays but also to color displays wherein the bright-
ness (occularly perceived luminance) of a colored re-
gion is to be varied across a predetermined intensity
range. The invention is not limited to any one display
technology and should be applicable to all types of
displays wherein pixels are discretely commanded
towards one or the other of a bright and dark level.

In accordance with a first aspect of the invention,
grayscaling is effected by providing at least six different
waveforms (brightness-setting waveforms), each having
at least five ON/OFF command bits which are sequen-
tially produced over a predetermined phase-scattering
period. The phase-scattering period is preferably se-
lected to be equal to D times a predetermined frame
period, where D is an integer associated with a D-by-D
square phase-placement pattern (matrix). The side di-
mension D of the phase-placement pattern is preferably
selected to enable tiling of a plane with irregular rectan-
gles of dimensions a-by-b, where a is not equal to b,
while simultaneously filling the plane with a checker-
board pattern formed of D-by-D squares. The side di-
mension D may be selected in accordance with the
constraint D=2a2+b? where D is not evenly divisible by
either a or b and where a, b and D are integers greater
than zero. Pixel energizing commands which are to
occur during a common time span (i.e., frame period)
are preferably positioned at opposed diagonal corners
of the rectangles to maximize distance between simulta-
neously energized pixel locations and to spread the load
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on column and row drivers which are energizing the
pixel locations.

The at least six brightness-setting waveforms may be
used for not only commanding display pixels to appear
either fully ON or OFF (white or black) but also for
creating the perception of intermediate brightness levels
distributed across the range between full ON or OFF.
The first of the six digital waveforms has a first average
duty cycle (averaged over the predetermined phase-
scattering period) which is associated with a maximum
brightness level. The sixth digital waveform has a corre-
sponding sixth average duty cycle (taken over the pre-
determined phase-scattering period) which is associated
with a minimum brightness level. The second through
fifth digital waveforms respectively have second
through fifth, different average duty cycles (again taken
over the predetermined phase-scattering period) which
are preferably associated with different levels of appar-
ent brightness spaced in a generally periodic manner
(approximately equally spaced) between the maximum
and minimum brightness levels. The ON command bits
of any one brightness-setting waveform are preferably
equally spaced apart from each other over time and the
OFF command bits of each waveform are likewise
preferably spaced equally apart from one another over
time so that low frequency components of each wave-
form are suppressed relative to high frequency compo-
nents of the same waveform.

The first and sixth digital waveforms (brightness-set-
ting waveforms) are preferably paired to have ON/-
OFF command bits which are binary complements of
one another so that the command bits of the sixth digital
waveform may be produced by performing a sequential
binary NOT operation on the ON/OFF command bits
of the first digital waveform. Likewise, the second and
fifth digital waveforms are preferably paired to be bi-
nary complements of one another so that the fifth digital
waveform may be produced by performing a binary
NOT operation on the bits of the second digital wave-
form. The third and fourth digital waveforms are also
preferably paired as binary complements of each other.
This preferred use of binary complementable wave-
forms will be referred to later within the specification as
“grayscale mirroring”. In accordance with a preferred
embodiment of the invention, digital information repre-
senting approximately half of the six or more digital
waveforms is stored in a memory device (i.e. a wave-
form ROM) and the complementary others of the six or
more digital waveforms are not represented by stored
data but rather reproduced by performing a binary
NOT operation on the data of the stored waveforms.

In accordance with a further aspect of the invention,
phase-shifted versions of at least one of the second and
fifth digital waveforms are applied to adjacent pixel
areas of a matrixed display at different times (i.e., in
different display “frames”). Phase selection is deter-
mined in accordance with both the row and column
numbers which designate the location in the matrix of
the pixel that is to be driven by the at least one wave-
form. Preferably, a predetermined phase selection array
is stored in memory and phase selection values are dy-
namically read from memory as a display is being
scanned to determine which of the ON/OFF command
bits of a preselected brightness-setting waveform is to
be transmitted > a pixel in a specific row and column
during a particular frame cycle. In accordance with a
preferred embodiment of the invention, the output load-
ings on row and column drivers of a multiplexed display
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panel are balanced by distributing the phases of at least
one of the digital waveforms in accordance with a
square phase-placement pattern. This latter concept will
also be referred to later in the specification as “balanced
loading”. It may be preferable to choose this placement
pattern of dimensions D XD where D is equal to the
sum of two squared integers a and b, where neither a
nor b divide D evenly (i.e. D=2, 5, 10, 13, 17, 25, 26, 29
. ..). In accordance with yet another aspect of the in-
vention, the number of distinguishable brightness levels
to be displayed (which is the same as the number of
utilized brightness-setting waveforms) is preferably
chosen to be less than the side dimension D of the D XD
placement pattern even though the D XD pattern can
support D+ 1 or more brightness levels (i.e., only 16
levels are chosen for a 17X 17 phase-placement pattern
capable of supporting as many as 18 levels).

In accordance with yet a further aspect of the inven-
tion, one of a plurality of predetermined phase-place-
ment patterns is dynamically selected depending on the
state of previously displayed pixels.

In accordance with another aspect of the invention,
2X2 stippling patterns, each having four pixels with
pairs thereof operating at two different brightness levels
other than black or white, are formed to create the
perception of grayscale levels between those realizable
by the individual pixels alone. The left to right ordering
of the different brightness levels is preferably alternated
in adjacent horizontal lines of the display to prevent the
formation of vertical gray streaks. Other aspects of the
invention will become apparent from the below detailed
description of the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a block diagram showing the structure of
a conventional digital display.

FIG. 1B is a cross-sectional view of a liquid crystal
display panel.

FIG. 1C s a top view of the panel shown in FIG. 1B
for explaining electrical and visual crosstalk between
adjacent pixels.

FIG. 2A shows the waveform of a frame rate duty
cycle modulated waveform for controlling the apparent
brightness of a pixel.

FIG. 2B is a graph illustrating the cumulative re-
sponse of liquid crystal display panels over multiple
frame periods.

FIG. 2C is a schematic diagram of a first. order model
for explaining the time-space integrating behavior of
adjacent liquid crystal display elements and the time-
space integrating behavior of a human eye which is
viewing the display elements.

FIG. 3A is a schematic diagram of a previously pro-
posed apparatus for creating a three level brightness
effect in a liquid crystal display panel.

FIG. 3B illustrates an elemental 2 X2 phase-place-
ment pattern which may be associated with the embodi-
ment shown in FIG. 3A.

FIG. 3Cillustrates a display area which is tiled by the
elemental phase-placement pattern of FIG. 3B.

FIG. 4A illustrates a set of brightness-setting wave-
forms capable of producing a grayscale effect having
four brightness levels.

FIG. 4B illustrates a possible phase-placement pat-
tern for the brightness-setting waveforms illustrated in
FIG. 4A.

FIG. 4C illustrates how visual disturbances can be
created by the phase-placement pattern of FIG. 4B.
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FIG. 4D illustrates a set of brightness-setting wave-
forms wherein the next to lowest brightness-setting
waveform has four phases.

FIG. 4E illustrates a possible phase-placement pat-
tern for the brightness-setting waveforms illustrated in
FIG. 4D.

FIG. 4F illustrates how visual disturbances can be
created by the phase-placement pattern of FIG. 4E.

FIG. 5A shows a possible 4 X 4 phase-placement pat-
tern for a brightness-setting waveform having 16 differ-
ent phases.

FIG. 5B illustrates how unbalanced loading of row
and column drivers may occur using the 4 x4 phase-
placement pattern illustrated in FIG. 5A.

FIG. 6A illustrates a 5X 5 phase-placement matrix in
accordance with the present invention.

FIG. 6B illustrates two frames in time of a display
area which is tiled by the 5X 5 phase-placement matrix
shown in FIG. 6A.

FIG. 6C illustrates a fiil pattern for the 55 phase-
placement matrix of FIG. 6A.

FIG. 7A illustrates a 17X 17 phase-placement pattern
in accordance with the invention.

FIG. 7B illustrates a preferred distance jump to be
made by the pixel energizing points of sequential
frames.

FIG. 7C illustrates a first ordering of phases within
the 17X 17 phase-placement pattern.

FIG. 7D illustrates a second ordering of phases
within the 17X 17 phase placement pattern.

FIG. 7E is a three dimensional conceptualization of
multiple frames attacked along a time axis.

FIG. 8 shows a set of brightness-setting waveforms in
accordance with the invention.

FIG. 9 is a block diagram of a first brightness control
system in accordance with the invention.

FIG. 10 is a block diagram of a second brightness
control system in accordance with the invention.

FIG. 11 is a schematic diagram of a brightness con-
trol system in accordance with the invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The following is a detailed description of the best
modes presently contemplated for practicing the inven-
tion. This description is intended to be merely illustra-
tive of the principles of the invention and should not be
taken in a limiting sense.

FIG. 1is a block diagram of a conventional digitally
controlled display system 10. The display system 10
comprises a raster-scan compatible type of multiplexed
liquid crystal (LCD) panel unit 11 in which there is
provided a two-dimensional matrix 12 of pixel regions
12a, each of which is uniquely addressable by orthogo-
nal row and column electrodes, 126 and 12¢. Typically,
the row and column electrodes 126 and 12¢, are respec-
tively placed as densely packed parallel conductors on
the top and bottom surfaces of a display panel (not
shown) with a preselected liquid crystal material 124
(FIG. 1B) being sandwiched between the top and bot-
tom electrodes, 126 and 12¢. The top electrodes (i.e.,
1256) and top portion of the display panel (not shown)
are preferably made of transparent layers. An electric
field 12¢ (FIG. 1B) is applied to the liquid crystal mate-
rial 12d of a p- selected pixel area 12a (FIG. 1A) by
activating a preselected one of a plurality of line drivers
14 coupled to the row electrodes 12b and simulta-
neously activating one or more of a plurality of column
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drivers 16 coupled to the column electrodes 12¢. Posi-
tive and negative (ground) power terminals of the row
and column drivers, 14 and 16, are usually connected to
common high and low voltage rails (+V and —V).
Charge flow between the output terminals of a selected
row driver 14 and an activated column driver 16 estab-
lishes a desired electrical field 12e through the liquid
crystal material 124 of an addressed pixel area 12¢ and
the field changes the orientation of molecules in the
liquid crystal material 124 thereby causing the pixel
area 12a to appear as either a dark or bright area.

A composite image may be formed by sequentially
activating the rows (i.e., R1-R6 of FIG. 1) of the dis-
play matrix 12 one row at a time in time multiplexed
fashion and transmitting binary video data to the pixel
areas 12a of the selected row (Rx) through the column
drivers 16. As shown in FIG. 1, the column drivers 16
receive binary video data in prestored parallel fashion
from a line register 26. The binary video data originates
in an image memory 20 which is addressed by a syn-
chronous address counter 21. The address counter 21 is
clocked by a high frequency dot clock (pixel clock) 23.
Video data is output from the image memory 20 along
a four-bit wide serial bus 24 to a shift register 22 also
clocked by the dot clock 23. The shift register 22 trans-
forms the 4-bit wide serial data stream 24 of video bit
data into a wider parallel data format 25 and this paral-
lel data 25 is loaded into the line register 26 when the
latter register 26 is strobed by a horizontal synchroniza-
tion pulse (line clock) 27. The horizontal synchroniza-
tion pulse 27 also clocks a one-of-N line selector 18
which activates a desired one of the plural row drivers
14 to place a low potential (—V) on its corresponding
row electrode 12b. A vertical sync pulse (frame start
pulse) 28 is applied to a reset terminal of the line selector
18 at the end of each display frame in order to resiart
the row scanning from the top line (R1) of the display
matrix 12 towards a preselected bottom line (R6).

Typically, the display matrix 12 is organized as a unit
(display segment) of 480 to 640 columns by 200 to 240
rows and all the rows are scanned at a rate of approxi-
mately 50 to 120 Hz (usually V-synch pulses 28 are
generated sixty times a second). The H-synch clock 27
typically operates at 10 KHz to 30 KHz and the dot
clock 23 operates at roughly 6 MHz. When more than
240 rows are desired in a display, display segments are
stacked one on top of another and each display segment
is refreshed at a frame rate of approximately 50 to 120
Hz.

Referring to FIG. 1B, which shows a cross-sectional
view of a liquid crystal display panel, it can be seen that
the electric field 12¢ emanating from plural column
electrodes 12c¢ tends to enlarge in width as it extends to
the orthogonal row electrode 125 to the orthogonal
row electrode 12b above the plural column electrodes
12¢. In high density displays, it is possible for the elec-
tric field 12e of a first turned on column electrode 12¢ to
encroach on an adjacent region of liquid crystal mate-
rial 124 which is to be controlled by an adjacent column
electrode 12c.

Referring to the top view of FIG. 1C, the possibility
of overlap between electrical fields of adjacent pixel
areas 12a is denoted by the overlapping boundaries of
rounded rectangles 12f. The physical overlap of the top
126 and bottom 12¢ electrodes is denoted by the
hatched square areas marked as regions 12a. A central
one of the nine pixel areas 122 shown in FIG. 1C is left
unhatched to show how the effective area and/or ap-
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parent brightness of an unlit pixel can be reduced by the
encroachment of electrical field peripheries 12f of sur-
rounding lit pixels.

Aside from electrical crosstalk (as indicated by over-
lapping field boundaries 12f), densely-packed pixel-
matrices are susceptible to visual crosstalk. The human
eye’s perception of a point on a display surface is af-
fected by the brightness of surrounding points. Integra-
tion occurs within the human eye such that the bright-
ness and/or size of a single unlit pixel surrounded by
adjacent lit pixels can be perceived as being substan-
tially altered by the peripheries of the surrounding pix-
els. This is denoted by the four inwardly-pointing ar-
rows of FIG. 1C. Complex varieties of both electrical
and visual crosstalk may occur in a liquid crystal display
depending on which pixels are commanded to be either
ON or OFF at a given moment in time.

Referring to FIG. 2A, the brightness of a pixel area
124 in a liquid crystal display can be incremented to a
higher brightness level by applying a plurality of charg-
ing pulses 31 across its row and column electrodes, 125
and 12¢, and the brightness of the pixel area 124 can be
decremented towards a lower brightness level by apply-
ing one or more discharge pulses 32 across its respective
electrodes. (The polarity of the charge and discharge
pulses is periodically reversed to prevent damage to the
liquid crystal material.) The bits (i.e. “1101”) of a video
data string 30 supplied by a user determines whether a
charge or discharge pulse will be applied. These bits 30
are supplied at pixel strobing times Tg, T1, T3, T3, etc.
occurring within respective refresh frame numbers 1, 2,
3, etc. as indicated in FIG. 2A. If combinations of
charge and discharge pulses, 31 and 32, are applied to an
individual pixel area 12a over a predetermined response
period Pr (FIG. 2B), the brightness level of the pixel
area 12a will be determined by the difference in number
of the charge and discharge pulses, 31 and 32, over the
predetermined response period Pg (FIG. 2B).

A one-time scanning of all the pixels in the display
matrix 12 on a sequential line by line basis is referred to
in the industry as a “frame refresh”, “frame cycle”, or
“frame period”. Typically, frames are refreshed at the
rate of approximately 50 to 120 times per second (usu-
ally 60 Hz). Only one charge pulse 31 or discharge pulse
32 is applied to each individual pixel area 12a during a
single frame refresh cycle (a frame period, FP). If a
series of charge 31 and discharge 32 command pulses
are to be applied to a single pixel area for achieving a
desired level of brightness based on average duty-cycle,
such a series is normally applied over the course of
many frame periods (i.e., four or more frame cycles).

Referring to FIG. 2B, the typical response Pg time of
a liquid crystal display can be on the order of 100 to 350
milliseconds (time for incrementing or decrementing
the brightness of a pixel across a range between 10%
and 90% of maximum brightness). A large number (i.e.
21) of frame refresh cycles may be required to raise the
brightness level of a single pixel area 12z from a rela-
tively low brightness level (i.e. 10%) to a relatively high
brightness level (i.e. 90%) and to conversely decrease
the brightness level over a same span. Periodic refresh-
ing is required to retain a desired level of brightness.

Referring to FIG. 2C, there is shown a schematic
diagram of a first order model for explaining the per-
ceived behavic of adjacent pixel areas 12a in a liquid
crystal display (LCD). Each pixel area may be modeled
by a finite capacitor Cp across which there is placed a
bleed-resistor R of relatively high resistance. The lumi-
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nance (photometric) of the pixel area 12a (represented
by voltage across the display capacitance Cp) may be
incremented by transmitting charge pulses 31 through a
charge resistor R and may be decremented by applying
discharge pulses 32 through a discharge resistance Ry.
Electrical crosstalk from the fields 121 of adjacent pixels
can enter the integrating function (capacitor) Cp of the
pixel through resistor R,. The model of FIG. 2C is
based on the idea that the reorientation of liquid crystal
molecules occurs as a cumulative effect and that such
molecules have a natural tendency to relax (discharge
through bleed resistor Rp) into a natural state if not
periodically refreshed. The level of brightness per-
ceived by the human eye tends to be an integrated func-
tion over time of the brightness level transmitted by
each individual pixel area 12a as well as an integrated
function over space of light received from adjacent
pixels. Accordingly, the model of FIG. 2C includes a
second order integrating circuit having resistor Rgj and
capacitor Cg; for representing the delayed cumulative
response of the human eye to a first display element
(pixel) and a second resistor R g; for representing contri-
butions from adjacent pixels. The voltage across the eye
capacitor Cgj represents perceived brightness of the
first display element.

It will be recognized that the model shown in FIG.
2C has a finite bandwidth and that a time varying volt-
age can appear across the eye-spot modeling capacitor
Cr; if the overall temporal frequency of the charge 31
and discharge pulses 32 drops below a predetermined
level. When this happens, the eye perceives a noticeable
flicker in a displayed image. This type of flickering may
be observed in the horizontal scan lines of commercial
television sets (having a refresh rate of approximately
50-60 Hz) if the eye is brought close to the screen.
From a distance, the eye has a tendency to integrate
over space as well as time. A horizontal line interlacing
technique is used in conventional television sets to hide
the perception of flickering.

Referring to FIG. 3A, a similar interlacing technique
has been proposed for hiding the flickering effect of
pixels driven at- 50% of the full brightness refresh rate
rather than at 100% of that refresh rate. Four wave-
forms, HIW, MIW/P0, MIW/P1 and LIW are shown
in FIG. 3A. Waveforms MIW/P0 and MIW/P1 have
equal duty cycles but are 180° out of phase from each
other. Waveform HIW has a duty cycle half as long as
that of waveforms MIW/P0 and MIW/P1. Accord-
ingly, a relatively high intensity appearance will be
imparted to pixels energized by waveform HIW while a
lower level of average intensity will be perceived at
pixels which are driven by either of the medium inten-
sity waveforms MIW/P0 and MIW/P1. An even lower
intensity will be observed at pixels which are driven by
the low intensity waveform LIW which is composed of
only discharge command pulses 32. It was observed
that if adjacent pixels are simultaneously strobed by a
50% medium intensity waveform of only one phase, i.e.,
MIW/P1, that flickering can become quite noticeable;
but if adjacent pixels are driven by interlaced phases of
the same waveform MIW, the flickering can be sup-
pressed.

FIG. 3A shows a schematic diagram of a previously
proposed circuit 33 which includes flip-flops 36 and 38
for alternately applying 180° apart waveforms MIW /PO
and MIW/P1 to pairs of pixels which are adjacent to
each other either in the row direction or the column
direction. Brightness-selection switch control 34 oper-
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10
ates switch 35 to select one of four brightness signals,
B0, Bl-(phase y), Bl-(phase x) and B2, in response to .
digital video data 24* provided by a host system (not
shown). The digital video data 24* provides at least four
bits of data for each pixel in order to select one of a low,
medium and high brightness levels.

Referring to FIG. 3B, there is shown an elemental
phase-placement pattern 37 depicting the resulting
phase distribution of the circuit 33 illustrated in FIG.
3A. Diagonally adjacent pixels receive the same phase
(i.e. P0) while pixels which are adjacent to each other
either horizontally or vertically receive different phases
(P0 and P1).

Referring to FIG. 3C, the energization during a sin-
gle frame (i.e., phase P0) of diagonally adjacent pixels
can create a fused appearance of diagonal lines 39. If the
diagonal lines of phases P0 and P1 are strobed at a suffi-
ciently high rate (i.e., 30 Hz each) the eye tends to fuse
the diagonal lines 39 together so that an area of uniform
brightness, between minimum and maximum brightness,
is perceived.

The utility of the brightness control circuit 33 shown
in FIG. 3A was found to be limited. Shaded areas
whose brightness level was intended to graduate contin-
uously from dark to light could not be easily produced.
A scheme using four brightness levels, B0-B3, and a
three by three (3 X 3) phase placement pattern was pro-
posed to provide improved grayscaling.

Referring to FIG. 4A, a set of three frame periods
(TFP) was periodically repeated using a first bright-
ness-setting signal 3/3 (having three ON command bits
within the three frame period TFP) for establishing a
first brightness level B3. A brightness-setting signal 0/3
(having no ON command bits within the three frame
period TFP) was used to establish a fourth brightness
level BO opposed to the first brightness level B3. A third
brightness-setting waveform 2/3-(0) or 2/3-(1) (having
two ON command bits followed by or preceded by an
OFF command bit within the three frame period TFP)
was used to establish a second brightness level B2.
Three brightness-setting signals (designated as 1/3-(0),
1/3-(1) and 1/3-(2)) were used to establish a third
brightness level B1 between the second and fourth lev-
els, B2 and BO. As shown in FIG. 4A, the 3} brightness-
setting signals are distributed 120 degrees apart from
each other across the three frame period TFP.

Referring to FIG. 4B, there is shown a three-by-three
(3 X 3) phase-placement pattern 41 showing how alter-
nating pixel locations of a matrix may be assigned to
receive different ones of the three brightness-setting
signals, 3-(0), 3-(1) and 4-(2). The designation P0 indi-
cates that a pixel at that location will receive the zero
phase of the § waveform, that is, it will receive the 3-(0)
brightness-setting signal. Likewise, pixel locations des-
ignated with the P1 notation will receive the 3-(1) signal
and pixel locations designated with the P2 notation will
receive the 4-(2) signal. To determine which pixel loca-
tions of a full display will receive which of the phases,
PO, P1, and P2, the three by three phase-placement
pattern 41 is tiled in checkerboard manner across the
rows and columns of a display matrix as was done in
FIG. 3C for the two by two pattern 37 of FIG. 3B.

When the phase-placement pattern 41 of FIG. 4B was
tested, a significant movie marquee effect was noted.
Referring to F*73. 4C, the appearance of three succes-
sive frames, 42-0, 42-1 and 42-2, is shown for the case
where an entire display screen is being commanded to
the B1 brightness level (FIG. 4A) using the three phase
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signals 3-(0), 3-(1) and 3-(2), and placing them in accor-
dance with the pattern 41. As can be seen, diagonal lines
spaced apart from each other horizontally by two pixel
spaces are seen in each frame and the eye perceives
these lines as marching from left to right when the
frames are successively flashed one after the next.

It was thought that if four phases were used instead of
three, and a four-by-four phase placement matrix was
employed, such an arrangement could be used to break
up the strong pattern of diagonal lines resulting from
the three by three pattern of FIG. 4B. Referring to FIG.
4D, there is shown a set 43 of brightness setting signals
(designated as 0/16-(0), 4/16-(3), 4/16-(2), . . ., 8/16-(0)
and 16/16-(0)). The brightness setting signals W/16-(p)
are defined in accordance with their placement along a
predetermined four-frame phase-scattering period FFP
(W and p are integers denoting waveform number and
phase). The four-frame phase-scattering period FFP is
shown repeated four times across a time period of six-
teen frames (frames Opex through Fjex). Brightness set-
ting signal 16/16-(0) consists of sixteen ON command
bits each occurring within a preselected time slot in
each of frame numbers Ojex through Fpx. Brightness
setting signal 8/16-(0) consists of sixteen bits among
which eight are ON command bits and the others are
OFF command bits. The ON command bits of signal
8/16-(0) are equally distributed in time and the first of
the ON command bits occurs during frame number 0
thereby designating this waveform as having a zero
phase number. Brightness-setting signal 8/16-(1) has the
same shape as signal 8/16-(0) but is phase shifted by one
frame period (FP). Brightness-setting signals 4/16-(0)
through 4/16-(3) have only four of their total sixteen
command bits in the ON state during frames Opex—Fpex
and these ON command bits are equally distributed
across the sixteen-frame period. The last brightness-set-
ting signal, 0/16-(0) has none of its sixteen command
bits set to the ON state during the sixteen-frame period.

It will be appreciated from FIG. 4D that a relatively
high brightness level, B3 (i.e. white), may be generated
by applying the 16/16 waveform; a lower brightness
level, B2 (50%), can be generated by applying either of
the two 8/16 signals; a dimmer brightness level, Bl
(25%), may be established by applying any of the four
4/16 signals and a minimum brightness level, B0 (i.e.
black), may be established by applying the 0/16 signal
to an individual pixel. Since multiple phases of the 8/16
and 4/16 signals are available, phase interlacing may be
used to reduce flickering.

Referring to FIG. 4E, there is shown a four-by-four
(4 X 4) phase-placement pattern 44 illustrating how the
four phases (0)-(3) of the 4/16 brightness-setting signals
depicted in FIG. 4D may be ordered according to rela-
tive row and column numbers. During frame zero, all
relative pixel locations having the designation PO (phase
zero) will be energized (on a line-by-line basis). At a
relative row number 0, the pixel of relative column
number 0 will be energized. At relative line number 1,
the pixel at relative column number 2 will be energized.
At relative row number 2, the pixel of relative column
3 will be energized, and at relative row number 3, the
pixel of relative column 1 will be energized. During
frame one, all the pixel locations having the designation
P1 will be energized in a like manner. The same applies
for frames two and three. During frame number four,
the pixels designated by phase PO will again be ener-
gized. Relative row and column numbers may be ob-
tained by extracting the remainder of a divide-by-four
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operation performed on the actual row and column
numbers (i.e., by performing a modulo-4 operation). At
the end of the sixteen-frame period, the process is re-
peated.

Referring to FIG. 4F, it was thought that by scatter-
ing phases across a four-by-four placement pattern 44,
the visual disturbances associated with the three by
three pattern 41 of FIG. 4B could be obviated. But
when such a method was attempted by simulating on a
computer, it was discovered that a significant movie
marquee motion could be created when the frame rate
was reduced. If the four-by-four pattern 44 of FIG. 4E
is tiled across a display as shown in FIG. 4F, it can be
seen that pairs of diagonally adjacent pixels 45 are ener-
gized during a common frame (PO for frame zero) and
that during an immediately subsequent frame, the pat-
tern shifts vertically 46 by two rows (pixels P1 of frame
one) to repeat at 47 thereby creating the possibility of a
movie marquee effect.

Referring to FIG. 5A, it was next thought that if the
next to lowest brightness level, B1, could be generated
by a 1/16 signal of sixteen different phases (PO through
PF) that the visual disturbances most immediately asso-
ciated with such a low brightness level B1 could be
obviated. The idea was to scatter different phases
throughout the illustrated phase-placement pattern 50
so that when the pattern 50 is tiled across the display
surface, points of the same phase would not be immedi-
ately adjacent to one another either diagonally, verti-
cally or horizontally. Unfortunately, this technique
produced a new set of visual disturbances.

Referring to FIG. 5B, it can be seen that if the four by
four pattern 50 of FIG. 5A were to be tiled across a
display screen and all the PO pixels were shown to be lit
during frame zero, that uneven loading of the row and
column drivers would result, and that this uneven load-
ing would continue from one frame to the next. Some of
the row and column drivers, 14-1 and 16-1, would be
energizing a relatively large number (3-4) of pixels
during a single frame while others of the row and col-
umn drivers, 14-2 and 16-2, would be energizing a rela-
tively low number (0) of pixels because, as seen in FIG.
1A, row and column drivers, 14 and 16, tend to be tied
to common power rails, +V and —V, unbalanced load-
ing of the row and column drivers can produce undesir-
able visual disturbances in a displayed image.

Referring to FIG. 6A, a five by five placement pat-
tern 55 was next tested using five phases (P0, P1, P2, P3,
P4) of a 1/5 brightness-setting signal (one ON command
followed by four OFF commands). The darkened cir-
cles shown in the pattern 55 of FIG. 6A represent pixels
which are being energized during a single frame (i.e. all
phase PO pixels). It can be seen that the energized pixels
of a single frame are spaced apart from one another in
accordance with the movement of a knight piece in the
game of chess (one over and two down).

Referring to FIG. 6B, wherein the pattern of FIG.
6A is tiled across a larger surface, it can be seen that
relatively uniform loading of all row and column driv-
ers may be obtained. It can also be seen that the ener-
gized pixels of a single frame (where a large display area
is being commanded to a single brightness level, Bl for
example), are scattered apart from one another both
visually and electrically so that visual and electrical
crosstalk may "e suppressed during each individual
frame.

Referring back to FIG. 6A, it is believed that the
scattering shown in FIG. 6B is due to the formation in
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both the vertical and horizontal directions of irregular
rectangles having dimensions a pixels by b pixels, where
diagonally opposed corners of the irregular rectangles
are defined by energized pixel locations. To allow for a
checkerboard style tiling of an entire display area by
phase-placement patterns incorporating such irregular a
by b rectangles, the side dimension D of each phase-
placement pattern may be selected in accordance with
the equation:

D=na—-1=mb -1

where a is not equal to b and where a, b, n, m, and D are
integers greater than zero. It appears that the equation:

D=4}

may be used to generate the dimension of such phase-
placement patterns. '

Referring to FIG. 6C, a phase placement pattern
having the same phases repeated in accordance with the
dotted locations of FIG. 6A, is shown. Sequential pha-
ses (i.e., PO, P1, P2, . . .) are preferably ordered along
each row so as to be spaced apart by at least one pixel
area from the pixel of a previous or next to be energized
pixel.

While the five by five placement pattern 55 of FIG.
6A succeeded in overcoming the unbalanced loading
problem, it was found that larger sized phase-placement
patterns can provide superior grayscaled images. Refer-
ring to FIG. 6B, it will be noted that when the pixels of
a next displayed frame (No. 1) are energized, using a
phase-placement pattern dimension D of five, there is
no way to position these next energized pixels such that
they are spaced apart from the previously energized
pixels of adjacent rows in a previous frame, as indicated
by the representation in FIG. 6B of frame No. 1 under-
lying the representation of frame No. 0. (Previously
energized pixels are shown to be filled with white in the
representation of frame No. 1 and the newly energized
pixels are darkened.)

Referring to FIG. 7A, a seventeen by seventeen
phase placement pattern 77 was tested. The placement
of energized pixels in this pattern occurs according to a
one down and four over movement (a=1, b=4). It can
be seen that relatively uniform loading of the row and
column drivers will continue to take place with this
seventeen by seventeen pattern 77. It will also be ob-
served, by referring to FIG. 7B, that a subsequent frame
can have next energized pixels (a single one of which is
represented by a darkened circle) which are spaced
apart by at least one pixel area from previously ener-
gized pixels (white filled circles) both in the row and
column directions. A remarkable improvement in the
perceived image was observed when this seventeen-by-
seventeen phase-placement pattern was tested.

In FIG. 7B, each previously energized pixel PO (de-
noted by white filled circle) is shown to be immediately
surrounded by eight white filled squares 78 (which are
energized by different phases, not shown) and the latter
eight squares are next immediately surrounded by a
darkened square periphery 79 of sixteen pixels. The
darkened peripheral regions 79 of FIG. 7B represent
preferred locations at which the next pixel-energizing
pulse (phase P1, represented by black circle) is to be
placed. While the movement 80 of only one phase-
placement is illustrated in FIG. 7B, it is to be under-
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stood that the pattern of all previously energized points
(white filled circles) is to be shifted in accordance with
the same movement 80 so that the one-down, four-
across knight’s tour is preserved for the next frame of
pixel-energizing commands. It is to be further under-
stood, that although the movement 80 shown in FIG.
7B depicts a pattern shift of two places along a single
row, that it is within the contemplation of the invention
to provide pattern movements which move the previ-
ous pixel-energizing points of phase PO to any other
location within the darkened regions 79 while preserv-
ing the relative knight’s tour relationship between the
pixel energizing points of the next frame. Moreover, it is
to be understood that it is within the contemplation of
the invention to produce frame-to-frame movements 80
within the 17-by-17 placement pattern other than di-
rectly into the darkened regions 79 (i.e., oscillating
about one and the other sides of the darkened regions).
Thus far, the discussion has assumed a brightness-set-
ting signal of the form 1/D which has only one ON
command bit within a phase-scattering period of D
frame periods (FP). The analysis can become more
complicated when other brightness-setting signals of
the form k/D are considered, where k is an integer
greater than one but less than D. A complex analysis
using Fourier transforms taken both temporally and
spatially may be required to determine the optimal
movement of energizing pixels from one frame to the
next for each type of brightness-setting waveform k/D.

Referring to FIG. 7E, it can be seen that the overall
problem involves analysis in at least three dimensions:
two spatial dimensions (row and column), and one tem-
poral dimension (frame numbers). One of the ideas be-
hind the disclosed invention is to scatter energizing
points in the illustrated three-dimensional cube so that a
stable image is perceived by the temporal and spatial
integrating mechanisms of the human eye. When raster-
scan type of displays are considered, crosstalk between
the pixels of a single row and between sequentially
energized lines, and further between sequentially ener-
gized frames must be further considered. A heuristic
approach, using computer simulation and a trial and
error method, was taken by the present inventors.

Referring to the below table (Table 1) of preferred
diagonal tours and their resulting phase placement
squares, it can be seen that a wide variety of phase
placement squares may be created to provide generally
balanced loading across a multiplexed display. Not all
sizes of phase placement pattern matrices have place-
ment patterns that satisfy the principles of balanced
loading and scattering the pixels energized in any par-
ticular frame. It appears that the size D of any D by D
matrix for which a good placement pattern exists should
satisfy the following constraint:

D=a*+12,

for some value of a that is not evenly divisible into D,
and

for some value of b that is not evenly divisible into D
In the below Table 1, it is assumed that the lowest above
black, brightnee~-setting waveform will consist of one
out of D pulses associated with an ON command (a
1/D-(p) signal) and that, as a consequence, D +1 bright-
ness levels will be possible.
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TABLE 1

RESULTING

Diagonal Tours PHASE PLACEMENT NUMBER OF POSSIBLE
DOWN ACROSS SQUARES BRIGHTNESS LEVELS

1 i 1 x1 2
1 2 5%x35 6
1 3 10 x 10 1
1 4 17 x 17 18
i 5 26 X 26 27
1 6 37 x 37 38
i 7 50 x 50 51
1 g 65 X 65 66
2 3 13 x 13 14
2 5 29 x 29 30
2 7 53 X 53 54
3 4 25 X 25 26
3 5 34 x 34 35

An algorithm that generates each such value of D, a and b for 2l values of a and b up to 100 is as follows:

for each a from 1 10 100

foreachbfrom ltoa

D=2 +b’

if a evenly divides D OR b evenly divides D. then
reject this a and b pair and try the next pair;
otherwise.

print D, a. b

Referring to FIGS. 7C and 7D, two phase-placement
patterns for a 2/17 brightness-setting signal in accor-
dance with the invention are shown. These patterns
were developed empirically using the 2/17 signal wave-
form shown in FIG. 8. With respect to FIG. 7C, it
should be noted that each horizontal row is filled with
phase numbers having the wraparound sequence 0, 7,
14,4, 11, 1,8, 15,5, 12, 2, 9, 16, 6, 13, 3, 10. This wrap-
around sequence (array) is repeated in each row but
shifted in accordance with the modified knight’s tour
(one down, four across) with respect to each of the
specific phase numbers. The relationship between the
last phase number in a first row of the phase placement
pattern (FIG. 7C) and the first phase number in a next
subsequent row may be calculated by adding 13 to the
last phase number of the first row and extracting the
remainder of a divide-by-seventeen operation on the
sum (performing a modulo-17 operation on the sum).
For a general case D-by-D phase-placement pattern, the
row to row change can be calculated by performing a
modulo-D operation on the sum of the previous phase
number and the difference value D-jb, where b is the
horizontal dimension of the irregular rectangles and j is
an integer accounting for the number of irregular rec-
tangles fitting within the D-by-D phase-placement
square.
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With respect to FIG. 7D, the wraparound sequence is
0, 14, 11, 8,5, 2, 16,13,10,7, 4, 1, 15, 12, 9, 6, 3 for the
same 2/17 waveform shown in FIG. 8A. It was empiri-
cally found that the phase placement pattern of FIG.
7D works best in cases where pixel brightness tends to
be equal along a single row, from one column to the
next. It was empirically found that the phase placement
pattern of FIG. 7C appears to work best when it is
found that a next-to-be-displayed pixel does not have a
brightness value equal to a previously displayed pixel
along the row. High quality images were obtained by
dynamically switching between the phase-placement
patterns of FIG. 7C and FIG. 7D depending on
whether a next-to-be-displayed pixel has a brightness
value equal to or not equal to a previously energized
pixel.

The below Table 2 lists a plurality of phase-place-
ment pattern building arrays (wrap around sequences)
which were found preferred for the waveforms 0/17,
2/17-15/17 and 17/17 illustrated in FIG. 8A and also
listed in the next following Table 3. Since the wrap-
around sequences of one row in a phase-placement
pattern may be repeated row after row, it is only neces-
sary to store such a wraparound sequence in memory as
a phase-placement pattern building array and to recon-
struct the entire phase-placement pattern by a suitable
algorithm such as the modulo-17 addition of the value
13 described above.

TABLE 2

PATTERN ROM CONTENTS

Phase-placement-pattern building arrays for the case of

current pixel NOT EQUAL to previous pixel

Phase Order ————> Waveform No.

¢c 0 0 0O OO 0O OO O O O 0 0 0 0 0 3,017

0 7 14 4 11 1 8§ 155 122 9 16 6 13 3 .10 ;2/17(FIG. 7C)
0 7 14 4 111 8 155 122 9 16 6 13 3 10 ;3/17

0 6 121 7 13 2 8 14 3 9 15 4 10 16 5 11 ;4/17

0 5 10153 8 131 6 11 16 4 9 14 2 7 12 ;517

6 15 13 119 7 5 3 1 16 14 12 10 8 6 4 2 ;6/17

0 15 13119 7 5 3 1 16 14 12 10 8 6 4 2 ;1/17

0 15 13 11 9 7 5 3 1 16 14 12 10 8 6 4 2 ;8/17

0 15 1311 9 7 5 3 1 16 14 12 10 8 6 4 2 :9/17

0 15 13 119 7 5 3 1 16 14 12 10 8 6 4 2 ;10/17

0 15 131 9 7 5 3 1 i6 14 12 10 8 6 <+ 2 ;11/17

0O 5 10153 8 131 6 11 1.4 9 14 2 7 12 ;12/17

0 6 121 7 13 2 8 143 9 15 4 10 16 5 11 ;13/17

0 7 14 4 111 8 155 122 9 16 6 13 3 10 ;14/17

0 7 14 4 111 8 155 122 9 16 6 13 3 10 ;15/17
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use of the four video data bits provided by an external
circuit. It was empirically found that elimination of the
1/17 and 16/17 waveforms provided the best results.

TABLE 3

17 18
. ) TABLE 2-continued
00 0 00O 0 © 0 0 0 0 0 0 06 0 0 0 17
Phase-pattern-placement building arrays for the case of
current pixel EQUAL to the previous pixel.

6 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 ;0/17
0 14 11 8 5 2 16 13 107 4 1 1512 9 6 3 ;2/17(FIG. D)
0 14 11 8 5 2 16 13 10 7 4 1 1512 9 6 3 ;3/17
0 11 5 16 10 4 15 9 3 14 8 2 13 7 1 12 6 417
0 127 2 149 4 1611 6 1 13 8 3 15 10 5 ;517
0 9 1 102 113 124 135 146 157 16 8 ;6/17
0 115 16 104 159 3 148 2 137 1 126 ;717
0 11 5 16 10 4 159 3 148 2 137 1 12 6 ;817
0 II'5 16 10 4 159 3 148 2 137 1 126 9/17
0 115 16 10 4 159 3 48 2 137 1 126 ;1017
0 9 1 102 113 124 135 146 157 16 8 ;11/17
0 127 2 149 4 1611 6 1 138 3 .15 10 5 ;12/17
0 115 16 10 4 159 3 148 2 137 1 126 ;13/17
0 14 11 B 5 2 1613 107 4 1 15 12 9 6 3 ;14/17
0 14 11 8 5 2 16 13 10 7 4 1 15 12 9 6 3 ;15/17
6 0 00 0 06 0.0 0 0 0 0 0 0 0 0 0 ;17/17

The below Table 3 lists the preferred command bits 20 OTY 94. The image memory 94 is addressed by a row
for each of the waveforms 0/17, 2/17-15/17 and 17/17 number output 97 of a row counter 96 and a column
shown in FIG. 8A. It should be noted that brightness- number output 99 of a column counter 98. The row and
setting waveforms 1/17 and 16/17 have been intention- column counters, 96 and 98, are respectively clocked by
ally omitted. The reason for this is that it was desired to the H-synch and dot clocks. In response to the outputs,
have only sixteen different brightness levels for efficient 25 97 and 99 of the row and column counters, the image

memory 94 outputs video data 95 representing a bright-
ness level Bx which is to be perceived at a pixel area
whose location is identified by the row and column

16-BRIGHTNESS-LEVEL WAVEFORMS

(When grayscale mirroring is used. waveform ROM contains

only the first eight)

Command bits 0-9. A-G

Waveform No.

O OO O vt e s O
P, P m O w000 DO O
-t et e = = QOO O0OO
N, 000G~ —mm OO0 O
—_ e O = = O QOO OO0
T, ., OO = =000 00
P _ O O OO~ OO =00
S Ty gy R <X -R-¥
PO D O OO O—O O
—t it bt = D= O O OO0 QOQ
e e O OOO—COO0O
[ X = E S Y N o N - RN =
et OO = O = = OO = OO0
e 00—, —~ 000000
[y N R =
—_—— e e = O OO == =000 00O

- b s e e, O OO OOOOO

Gray-scale 0/17
Gray-scale 2/17
Gray-scale 3/17
Gray-scale 4/17
Gray-scale 5/17
Gray-scale 6/17
Gray-scale 7/17
Gray-scale 8/17
Gray-scale 9/17
Gray-scale 10/17
Gray-scale 11/17
Gray-scale 12/17
Gray-scale 13/17
Gray-scale 14/17
Gray-scale 15/17
Gray-scale 17/17

Referring both to the above Table 3 and to FIG. 8, it
will be noted that the illustrated waveforms 0/17-17/17
are formed of mirror image complements (grayscale
mirroring). The command bits of the 0/17 waveform
are binary complements of the command bits of the
17/17 waveform. The command bits of the 2/17 wave-
form are binary complements of the 15/17 waveform.
This repeats for waveforms 3/17 through 14/17. The
advantage of such an arrangement is that only one half
of the bits representing the waveforms need to be stored
in a memory device and the other half may be formed
by performing a NOT operation (i.e. a selective exclu-
sive OR operation) on the bits of the first half. It should
be noted that the waveforms of FIG. 8 provide rela-
tively uniform graduations of brightness level in the
range between 0% and 100%. :

Referring to FIG. 9, there is shown a first system 90
for generating grayscaled images on a digitally com-
manded display unit 92. Digital information 94a repre-
senting the brightness values (B0-Bx, x being a prede-
termined integer here) are prestored in an image mem-
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number outputs, 97 and 99, of the row and column
counters, 96 and 98. The bit width bw of the memory
output video data 95 is selected in accordance with the
number of brightness levels Bx which are to be dis-
played. Preferably, the number of brightness levels to
be displayed should be a power of the number two in
order to make efficient use of the available bit width bw
of the memory output video data 95. Moreover, the
number of brightness levels should be selected to allow
uniform phase scattering in a predetermined phase-
placement pattern of dimensions D xXD.

The memory output video data 95 is coupled to a first
address input port 101 of a waveform memory 100 for
supplying a brightness level value Bx to the waveform
memory 100. The waveform memory 100 is pro-
grammed to c- 1itain digital bit sequences 100z repre-
senting the ON/OFF command levels of a predeter-
mined number of brightness-setting waveforms such as
those shown in the above Table 3. A desired one of the
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stored brightness-setting waveforms is selected by the
brightness level value Bx supplied in the memory out-
put video data 95. A specific bit position within the
selected brightness-setting waveform is selected by
digital phase-value data Px presented to a second ad-
dress port 102 of the waveform memory 100. The com-
bination of the brightness value Bx and the phase-value
Px defines an address for selecting a specific ON/OFF
command bit within the waveform memory 100. The
ON/OFF command bit selected by the combination of
addressing data presented at the first and second address
ports, 101 and 102, of the waveform memory 100 is
output at a data-out port 103 of the waveform memory
100 and coupled to the display unit 92. A one-bit wide
video bit stream Xn comprising plural selected output
bits generated at the data output port 103 of the wave-
form memory 100 is used to sequentially command
pixels within the display 92 towards either a bright or
dim level of luminance.

The dot clock and H-synch signals coupled to the
column and row counters, 98 and 96, are selected so as
to fill a full “frame” of the display unit 92 within a
predetermined time period. In the case where the dis-
play unit 92 is a liquid crystal display panel having 640
columns by 200-240 rows, it is preferred that a frame
refresh cycle should be completed in less than one fifti-
eth (1/50) of a second. A V-synch pulse is applied to the
clock input of a frame counter 110 at the beginning of
each frame. The frame counter is designed to perform a
modulo-D count, that is, to output sequential values 0,
1,2,...(D-1)and to repeat the sequence again. For the
case where a seventeen-by-seventeen phase-placement
pattern is used, the frame counter 110 is a modulo-17
counter.

A frame number 112 output by the frame counter 110
is applied to a frame-number address port 132 of a
phase-placement memory 130. The phase-placement
memory 130 contains binary information representing
one or more phase-placement patterns 130z as described
before. The represented phase-placement patterns 130a
are preferably square ones of dimensions D XD.

To determine which bit position of a preselected
brightness-setting waveform 100z is to be output, the
phase-placement memory (pattern memory) 130 re-
ceives, in addition to the modulo-D frame number 112
produced by frame counter 110, a relative row number
114 produced by a first modulo-D function unit 113 at a
second address input port 134 of memory 130 and a
relative column number 116 produced by a second
modulo-D function unit 115 at a third address input port
136 of the phase-placement memory 130. Additionally,
the phase-placement memory 130 receives the image-
memory output video data 95 at a fourth address input
port 138 thereof so as to select an appropriate one of the
phase-placement patterns 130a stored therein, and based
on the relative row and column numbers received at
second and third input ports 134 and 136, to select a
specific matrix cell within the selected phase-placement
pattern; and based on the modulo-D frame count 112
output by frame counter 110, to instruct the bit position
input 102 of the waveform memory 100 with a phase-
value number Px indicating exactly which bit position
in the selected brightness-setting waveform is to be
output at data-output port 103 of the waveform mem-
ory 100.

The first modulo-D function unit 113 receives the
row count output 97 of row counter 96 and outputs a
relative row value 114 representing the operation
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modulo-D (row count). The second modulo-D function
unit 115 receives the column number 99 output by col-
umn counter 98 and outputs a relative column number
116 representing the value modulo-D (column count).

Referring to FIG. 10, there is shown a second em-
bodiment 200 in accordance with the invention. In this
second embodiment, the size of the waveform memory
100* is cut in half by using the grayscale mirroring
technique described above. Only (bw-1) bits of the
video data 95 output by the image memory 94 are used
as address inputs for the modified waveform memory
100*. The remaining one bit of the video data 95 is
supplied to an exclusive-OR gate 202 to selectively
perform a binary complement operation on the output
103* of memory 100* thereby to produce the comple-
mentary brightness-setting waveforms not stored in
modified memory 100*. A second exclusive-OR gate
204 receives a reverse video command bit 205 from a
host system (not shown) to perform a second selective
complementing operation on the output of the wave-
form memory 100*.

Referring to FIG. 11, there is shown a schematic
diagram of a circuit 300 in accordance with the inven-
tion. Waveform ROM (Read Only Memory) 400 corre-
sponds to the waveform memory 100* of FIG. 10 with
the exception that it outputs two streams of command
bits, 403 and 404. Qutput stream 403 corresponds to the
output stream of port 103 in FIG. 10. Output stream 404
is a look-ahead version of the output stream 403 and is
used in systems which have multiple display segments
for enabling smooth meshing (transition) of operation
when an image stream is to be broken up and displayed
on multiple display segments.

Frame counter 410 corresponds to the frame counter
110 of the previous figures, except that the frame num-
ber 412 output thereby is supplied to a modulo-17 add-
ing unit 432 rather than directly into a look-up table
means such as the previously described phase-place-
ment memory 130.

Phase-placement pattern-building ROM 430 has the
previously described pattern-building arrays formed
therein. A relative column count plus wrap-around
array shift number is received at address input 436 of
ROM 430. Referring back, to the previously described
Table 2, it will be noted that for many brightness-setting
levels, the same wrap-around sequence is repeated.
Only eight arrays, each seventeen bits long, are needed
to represent the information of Table 2. Accordingly,
phase-placement pattern building ROM 430 has a three
bit wide address input 434 for selecting one of these
prestored wraparound arrays. A starting point within
the selected wrap-around array is determined by a start
number 501 which is loaded into modulo-17 pixel
counter 500.

Array-selecting ROM 439 has appropriate informa-
tion stored therein for selecting the suitable one of the
eight wraparound arrays stored in pattern-building
ROM 430. Address input port 438 of array-selecting
ROM 439 corresponds to the brightness-information
receiving port 138 of the previous figures. As explained
with respect to Table 2 above, it was found that dy-
namic switching between two different types of pat-
terns improved picture quality. Array-selecting ROM
439 has an additional address input port 437 for receiv-
ing informatior 'ndicating whether the brightness level
of the previously displayed pixel is equal to or not equal
to the brightness level of the next to be displayed pixel.
An appropriate wraparound array stored in the pattern-
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building ROM 430 is selected accordingly. A time-
delaying register 440 is included in the path between the
output of the array-selecting ROM 439 and the pattern-
building ROM 430 to provide a proper matching of
timing between the arrival of information at port 434
and port 436 of the pattern-building ROM 430.

Four-bit wide video data 495 is presented to a time
delay unit 496 which stores the brightness level of the
previous pixel and also to a comparison unit 497 which
performs a comparison operation between the bright-
ness level of the current pixel and the brightness level
stored in unit 496 thereby to produce the equal/not
equal signal 437 which is coupled to array-selecting
ROM 439.

The relative column number received at input port
436 of the pattern-building ROM 430 is not a true modu-
lo-D version of the actual column count but is rather
slightly altered to account for the previously described
modulo-D addition of the value (D-jb—1) value which
is added to the last phase number of a first row in a
phase-placement pattern in order to convert to the first
value in the next subsequent row. Array counter 498 is
incremented through a modulo-D count by the dot
clock but every time a H-synch pulse is received by
offset counter 499, the offset counter 499 sends thirteen
additional incrementing pulses to array counter 498 to
bump that counter into alignment with the next row of
a display. This bumped count 501 of column counter
498 is then loaded into pixel counter 500 when the next
H-synch pulse is received. The column counter 498 and
offset counter 499 operate as a means for anticipating
the next value required when a new row is to be ac-
cessed. Pixel counter 500 begins counting from the
bumped value (starting value) 501 that is loaded into it
from column cotinter 498 and thereafter continues per-
forming a modulo-D count in step with the dot clock.

A number of delay units, 530, 532, 503, 504, 595 and
§96, each providing a delay equal to one dot clock, are
provided at the outputs of respective units 430, 432, 400
(output ports 403 and 404) and video data receiving bus
495 for assuring that information arrives at the proper
time in each of the subsequent units. Exclusive-OR
gates 603 and 604, which are coupled to the outputs of
delay units 503 and 504, provide the grayscale mirror-
ing function previously described with respect to exclu-
sive-OR gate 202. The outputs, X, and X,;of exclusive-
OR gates 603 and 604 are supplied to a display driving
unit (segment splitter) 605 which is designed for break-
ing up an image stream among multiple display panels,
610 and 611, and simultaneously refreshing those dis-
play panels at a predetermined refresh rate using the
supplied bit stream signals X, and X,. The two bit
streams X, and X,/ provide a current command bit and
a look-ahead command bit for enabling smooth meshing
of image data from one display segment to a second
display segment.

In accordance with another aspect of the invention, a
dithering (stippling) technique is used to increase the
number of brightness levels perceived from the output
of the previously described brightness controlling sys-
tems. The perceived brightness level of a square display
area having the dimensions of two pixels in the column
direction by two pixels in the row direction, is altered
by commanding horizontally adjacent pixels of this
2X2 display area to different brightness levels, Bx and
By, as illustrated below in Table 4 and diagonally adja-
cent pixels to the same one of the brightness levels, Bx
and By. ’
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TABLE 4
GRAYSCALE STIPPLING PATTERNS
Relative Column Number ————>

Bx By

By Bx
Stipple Gray “weighted” sum
Pattern Shade No. of the four pixels
BO BO 1 0
BO BO
BO Bl 2 2
Bl BO
B1 B! 3 4
B1 B1
Bl B2 4 6
B2 Bl B
B2 B2 5 8
B2 B2
B2 B3 6 10
B3 B2
Bi4 B15 30 58
B15 B14
B15 B15 31 60
B15 B15

As seen from the above Table 4, although there might
be only sixteen brightness levels, B0-B1S, provided by a
seventeen-by-seventeen system in accordance with the
invention, a total of thirty-two gray shades may be
obtained by using the above dithering pattern. Reversal
of the order of the brightness levels Bx BY in the hori-
zontal direction at each alternate row that is displayed,
helps to prevent the appearance of vertical gray streaks
on the display. ’

It will of course be appreciated, that numerous varia-
tions to the above described invention will become
apparent to those skilled in the art once the principles
and spirit of the invention are appreciated. Dimensions
other than D=17 or D=5 may be used for the above
described systems depending on the number of bright-
ness levels desired and the speed at which a display unit
responds. While the invention has been described in the
context of particular application to liquid crystal display
panels, its principles are applicable to other types of
digitally commanded displays. The above described
methods, systems and patterns are intended to be
merely exemplary of the invention and should not be
taken in a limiting sense. The following claims should be
referred to for determining the scope of the claimed
invention.

We claim:

1. A method for producing the perception of images
having four or more levels of distinguishable brightness
on a digitally controlled display, comprising:

defining a set of brightness-setting waveforms each

consisting of a number, D, of ON/OFF command
bits, the number D satisfying the relationship

D=na-1
D=mb—1
as=b

where a, b, n, m and D are integers greater than

zero, the i=‘egration of each of said D brightness-
setting waveforms producing a different average
brightness level over an integration period equal to
D bit times;
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defining a first square phase-placement matrix of
dimensions D cells by D cells;

filling the cells of the phase-placement matrix with at
least four different non-consecutive phase shifting
values wherein for each brightness-setting wave-
form there are D possible phases, each phase corre-
sponding to a different bit of the brightness setting
waveform; and each cell of the phase-placement
matrix corresponding to a pixel in a matrix of D
pixels by D pixels in the digitally controlled dis-
play; and

producing two or more brightness-setting signals
having waveforms corresponding to two or more
of the brightness-setting waveforms, the produced
signals being applied to pixels of the matrix of pix-
els and shifted in accordance with different non-
consecutive phase shifting values in the corre-
sponding cells of the phase-placement matrix.

2. The method of claim 1 wherein the value D further

satisfies the relationship

D=i+1}

where i is a value greater than one.

3. The method of claim 2, further including the step
of selecting the numbers *“a” and *b” to satisfy the rela-
tionship

D=a2+p,
where “a” is not evenly divisible into D, and *'b” is not
evenly divisible into D, when a>1.

4. The method of claim 1 wherein at least two matrix
cells of the phase-placement matrix contain identical
phase shifting values, and wherein matrix cells contain-
ing identical values are spaced apart from one another
by at least one matrix cell not containing an identical
value.

5. The method of claim 4, wherein the images being
produced are formed of a series of pixels, each having a
designated brightness level, further including the steps
of

defining a second square phase-placement matrix of

dimensions D cells by D cells;

filling the cells of the alternative phase-placement

matrix with an alternative pattern of phase shifting
values; and

comparing a level of brightness to be produced at a

next-to-be-displayed pixel to a level of brightness
produced at a previously-displayed pixel;

using the first phase-placement matrix with the next-

to-be-displayed pixel when the desired levels of
brightness of the next-to-be-displayed and the
previously-displayed pixels are equal; and

using the second phase-placement matrix when the

desired levels of brightness of the next-to-be-dis-
played and the previously-displayed pixels are un-
equal.

6. The method of claim 1, wherein the images being
produced are formed of a series of pixels, each having a
designated brightness level, and further wherein the
number, D, of ON/OFF command bits of the bright-
ness-setting waveform is defined by the relationship
D=A2+B2, A and B are integers, A#DB, and
A2+ B2+1 possible brightness-setting waveforms are
defined, and further including the steps of

discarding a brightness-setting waveform corre-

sponding to a brightness level substantially equal to
but not identical to the minimum brightness level
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available from the A24B241 brightness-setting
waveforms; and

selecting from the remaining brightness-setting wave-

forms for controlling the series of pixels.

7. The method of claim 6, further including the steps
of

discarding a brightness-setting waveform corre-

sponding to a brightness level substantially equal to
but not identical to the maximum brightness level
available from the A24B2+1 brightness-setting
waveforms; and

selecting from the remaining brightness-setting wave-

forms for controlling the series of pixels.

8. A stippling method comprising the steps of:

defining a plurality of different brightness levels, each

being relatively uniformly spaced in brightness
level from the other; ’

defining a square display area of at lest four pixels;

commanding diagonally adjacent pairs of the pixels

to a first brightness level; and

commanding horizontally adjacent pixels to different

brightness levels, wherein the different brightness
level selected is the next brightness level of the
plurality of brightness levels which is above or
below the first brightness level; and further
wherein the pixels are commanded to the first or
different brightness levels by way of brightness
setting waveforms, each having the same number
of bits.

9. The method of claim 8, wherein the pixels are
commanded to be at least six different brightness levels.

10. The method of claim 8, wherein the pixels are
commanded to be at least sixteen different brightness
levels.

11. A system for controlling a digitally commanded
display unit having pixels arranged in rows and columns
to produce, over a number of consecutive frames, the
perception of an image having one or more levels of
brightness which are selectable from a plurality of lev-
els of brightness, comprising:

row addressing means for designating the row num-

ber of a desired pixel;

column addressing means for designating the column

number of the desired pixel;
image memory means responsive to the row and
column numbers for the desired pixel for produc-
ing brightness data indicating a desired level of
brightness to be produced at the desired pixel;

waveform memory means for storing a predeter-
mined set of brightness-setting waveforms,
wherein each of the waveforms has a predeter-
mined number of bits and produces a different
brightness level when applied to a pixel, one bit per
frame, over a number of consecutive frames, and
for selecting one of the stored brightness-setting
waveforms in response to the brightness data, the
waveform memory means including bit position
selecting means for selecting a designated bit from
the selected brightness-setting waveform and out-
putting said selected bit as a display command bit
for use by the display unit to control the state of the
desired pixel during a particular frame being dis-
played by the display unit; and

phase-placer--nt patterning means, responsive to the

row and column numbers for the desired pixel, to
the brightness data, and to the particular frame
being displayed, for storing a set of predetermined
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phase-placement patterns and for designating to the
waveform memory means, in accordance with a
phase-placement pattern which is selected in re-
sponse to the brightness data, the bit of the selected
brightness-setting waveform to be output by the
waveform memory means for the desired pixel and
the particular frame being displayed, wherein each
of the phase-placement patterns is associated with a
different brightness level and a corresponding
brightness-setting waveform, and each pattern des-
ignates different non-consecutive phase from pixel
to pixel with which its corresponding brightness-
setting waveform is to be applied to the pixels of
the display unit, so that for a particular frame and a
particular pixel, the phase-placement pattern means
designates a bit of the selected brightness-setting
waveform which is to be output.

12. The system according to claim 11 wherein the
phase-placement patterns are squares of dimensions D
pixels by D pixels; the dimension D being selected in
accordance with the relations

D=na-1
D=mb-—-1
as=b

where a, b, n, m and D are integers greater than zero.
13. The system of claim 12 wherein the dimensions D
satisfies the relationship

D=4

where i is an integer greater than one.

14. The system of claim 12 wherein dimension D is a
prime member.

15. The system of claim 11 wherein the phase-place-
ment patterning means has a first set of predetermined
phase-placement patterns and a second set of predeter-
mined phase-placement patterns different from the first
set, and further including means responsive to bright-
ness data from the image memory means for comparing
a desired level of brightness to be produced at a next-to-
be-displayed pixel to a desired level of brightness pro-
duced at a previously-displayed pixel, and for control-
ling the phase-placement patterning means to use the
first set of phase-placement patterns with the next-to-be-
displayed pixel when the desired levels of brightness of
the next-to-be-displayed and the previously-displayed
pixels are equal, and to use the second set of phase-
placement patterns when the desired levels of bright-
ness of the next-to-be-displayed and the previously-dis-
played pixels are unequal.

16. The system of claim 12 wherein D equals 17.

17. The system of claim 11 wherein the phase-place-
ment patterns comprise a matrix of P rows and Q col-
umns, wherein each row of the matrix includes a wrap-
around sequence which designates a different non-con-
secutive phase from pixel to pixel with which a corre-
sponding brightness waveform is to be applied to the
pixels of the display unit; and further wherein the wrap-
around sequence in each row is shifted in position by a
predetermined number of pixels from one row to the
next, with any portion of the wrap-around sequence
which extends beyond the end of a row being wrapped
around to the beginning of the row.

18. The system of claim 17, wherein P equals Q and
the predetermined number of pixels by which the wrap-
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around sequence is offset within each row, from one
row to the next, is three (3) or greater.

19. The system of claim 18 wherein P equals Q, and Q
equals 17, the wrap-around sequence is 17 pixels long,
each brightness-setting waveform is 17 bits long, and
the war-around sequence is offset by four pixels from
one row to the next in each phase-placement pattern.

20. The system of claim 11 wherein the bits of the
brightness-setting waveform command a pixel to be
OFF or to be ON, and further wherein, in each wave-
form, the bits which command a pixel to be ON are
positioned, and the phases of the brightness-setting
waveforms designated by the phase-placement patterns
to be applied from pixel to pixel are selected, so that the
pixels which are ON in the frame are substantially uni-
formly distributed in the rows and columns of the dis-
play unit. :

21. The system of claim 19 wherein the bits of the
brightness-setting waveform command a pixel to be
OFF or to be ON, and further wherein, in each wave-
form, the bits which command a pixel to be ON are
positioned, and the phase from pixel to pixel designated
by the phase-placement patterns to be applied from
pixel to pixel are selected, so that the pixels which are
ON in the frame are substantially uniformly distributed
in the rows and columns of the display unit.

22. The system of claim 11, wherein each brightness-
setting waveform in the set of brightness-setting wave-
forms has N bits, where N=A2-+B2, A and B are inte-
gers, A5=B, and A24B2+1 possible brightness-setting
waveforms are defined, and further wherein a bright-
ness-setting waveform is discarded which corresponds
to a brightness level substantially equal to but not identi-
cal to the minimum brightness level available from the
A24B2+1 brightness-setting waveforms, and the re-
maining brightness-setting waveforms are used for con-
trolling the pixels of the display unit.

23. The system of claim 22, further wherein a bright-
ness-setting waveform is discarded which corresponds
to a brightness level substantially equal to but not identi-
cal to the maximum brightness level available from the
A2+4+B241 brightness-setting waveforms, and the re-
maining brightness-setting waveforms are used for con-
trolling the pixels of the display unit.

24. A method for controlling a digitally commanded
display unit having pixels arranged in rows and columns
to produce over a number of consecutive frames the
perception of an image having a number of levels of
brightness greater than six, comprising the steps of:

a. defining an irregular rectangle of A pixels in height
and B pixels in length, where A and B are integers,
and As£B, A2+ B2>6;

b. defining a set of brightness-setting waveforms hav-
ing a number of bits equal in number to the sum
N=AZB2, wherein each brightness-setting wave-
form produces a different level of brightness when
applied to a pixel over a period of N frames;

c. defining a set of wrap-around sequences of N pixels
in length, wherein each wrap-around sequence
corresponds to a different brightness-setting wave-
form, and each wrap-around sequence designates a
different non-consecutive phase from pixel to pixel
with which a corresponding brightness waveform
is to be ap-lied to the pixels of the display unit;

defining a first set of phase-placement patterns each
pattern -of which is associated with a different
brightness level and a corresponding brightness- -
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setting waveform, and each such pattern being
constructed of a wrap-around sequence corre-
sponding to the different brightness level, wherein
in each phase-placement pattern the corresponding
wrap-around sequence is used in each row, but
offset every A-rows by B-pixels; and

e. applying the brightness-setting waveforms to the
pixels of the display unit by utilizing the phase-
placement patterns to define the non-consecutive
phase from pixel to pixel with which the bright-
ness-setting waveforms are applied to the pixels of
the display unit.

25. The method of claim 24 wherein the brightness-
setting waveforms have bit states of one or zero, and the
distribution of the bit states within each brightness-set-
ting waveform and the non-consecutive phases of the
brightness-setting waveforms designated in the phase-
placement patterns, are selected to substantially uni-
formly distribute the bits having a state of one over the
rows and columns of each frame displayed by the dis-
play unit.

26. The method of claim 25, wherein A2+4+B2+1
possible brightness-setting waveforms are defined, the
method further including the step of

f. discarding a brightness-setting waveform corre-
sponding to a brightness level substantially equal to
but not identical to the minimum brightness level
available from the A24-B2+1 brightness-setting
waveforms, and

g. selecting from the remaining brightness-setting
waveforms for controlling the pixels of the display
unit.

27. The method of claim 26, further including the

steps of

g. discarding a brightness-setting waveform corre-
sponding to a brightness level substantially equal to
but not identical to the maximum brightness level
available from the A2+B241 brightness-setting
waveforms, and

1. selecting from the remaining brightness-setting
waveforms for controlling the pixels of the display
unit.

28. The method of claim 25, including the steps of
selecting A equal to 1 and B equal to 4, to provide
brightness-setting waveforms 17 bits in length, and 18
possible brightness-setting waveforms.

29. The method of claim 24 wherein the step “e.”
further includes the steps of

defining a second set of phase-placement patterns
different from the first set;

k. comparing a level of brightness to be produced at
a next-to-be-displayed pixel to a level of brightness
produced at a previously-displayed pixel;

1. using the first set of phase-placement patterns with
the next-to-be-displayed pixel when the desired
levels of brightness of the next-to-be-displayed and
the previously-displayed pixels are equal; and

m. using the second set of phase-placement placement
patterns with the next-to-be displayed pixel when
the desired levels of brightness of the next-to-be-
displayed and the previously-displayed pixels are
unequal.

30. The apparatus of claim 25, wherein A24+B2+1
possible brightness-setting waveforms are defined, and
further wherein a brightness-setting waveform is dis-
carded which corresponds to a brightness level substan-
tially equal to but not identical to the minimum bright-
ness level available from the A2+ B24-1 brightness-set-
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ting waveforms, and the remaining brightness-setting

waveforms are used for controlling the pixels of the

display unit.

31. The apparatus of claim 30, further wherein a
brightness-setting waveform is discarded which corre-
sponds to a brightness level substantially equal to but
not identical to the maximum brightness level available
from the A2+ B2+ 1 brightness-setting waveforms, and
the remaining brightness-setting waveforms are used for
controlling the pixels of the display unit.

32. A method for controlling a digitally commanded
display unit having pixels arranged in rows and columns
to produce over a number of consecutive frames the
perception of an image having more than six levels of
brightness, comprising the steps of:

a. defining a set of brightness-setting waveforms each
having N bits, where N=A2B2, A and B are inte-
gers, A#B, and wherein each brightness-setting
waveform produces a different level of brightness
when applied to a pixel of the display unit over a
period of N frames, and each bit of brightness-set-
ting waveform represents a different phase of the
waveform;

. applying the brightness-setting waveforms to pixels
of the display unit in accordance with a set of
warp-around sequences, wherein each wrap-
around sequence controls the application of a cor-
responding brightness-setting waveform to pixels
of the display unit in groups of N consecutive pix-
els located in a predetermined block of pixels, so
that in each group of N consecutive pixels a differ-
ent non-consecutive phases of the brightness-set-
ting waveform is applied to each pixel from one
pixel to the next, and the location of a group of N
consecutive pixels in a particular row is controlled
to be offset by B-pixels from the relative location of
a group of N consecutive pixels A-rows away.

33. The method of claim 32 wherein step “a.” further
includes the step of

selecting A and B so that an irregular rectangle is

defined of A pixels in height and B pixels in length.

34. The method of claim 33 wherein step *b.” further
includes the step of

d. sizing the predetermined block of pixels to be N

pixels in length and N rows in height.

35. The method of claim 33 wherein step “b.” further
includes the step of

d. defining a set of phase-placement patterns, each

pattern of which is associated with a different
brightness level and a corresponding brightness-
setting waveform, wherein each phase-placement
pattern is constructed of a wrap-around sequence;
and

e. applying the brightness-setting waveforms to the

pixels of the display unit in accordance with the set
of phase-placement patterns.

36. The method of claim 35 wherein step *“e.” further
includes the step of

g. defining a first set of predetermined phase-place-

ment patterns and a second set of predetermined
phase-placement patterns different from the first
set, and

h. comparing a level of brightness to be produced at

a next-to-h--displayed pixel to a level of brightness
produced at a previously-displayed pixel; '

i. using the first set of phase-placement patterns with

the next-to-be-displayed pixel when the desired
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levels of brightness of the next-to-be-displayed and
the previously-displayed pixels are equal; and

J. using the second set of phase-placement patterns

when the desired levels of brightness of the next-to-
be-displayed and the previously-displayed pixels
are unequal.

37. The method of claim 32, wherein 18 levels of
brightness are provided and step “a.” includes the step
of setting A equal to one and B equal to 4.

38. The method of claim 32, wherein the brightness-
setting waveform of N bits defines A2+ B2+-1 possible
brightness-setting waveforms, the method further in-
cluding the steps of

g. discarding a brightness-setting waveform corre-

sponding to a brightness level substantially equal to
but not identical to the minimum brightness level
available from the A24-B2+41 brightness-setting
waveforms, and

h. selecting from the remaining brightness-setting

waveforms for controlling the pixels of the display
unit.

39. The method of claim 38, further including the
steps of

1. discarding a brightness-setting waveform corre-

sponding to a brightness level substantially equal to
but not identical to the maximum brightness level
available from the A2+B241 brightness-setting
waveforms, and

j. selecting from the remaining brightness-setting

waveforms for controlling the pixels of the display
unit.

40. An apparatus for controlling a digitally com-
manded display unit having pixels arranged in rows and
columns to produce over a number of consecutive
frames the perception of an image having more than six
levels of brightness, comprising:

means for defining a set of brightness-setting wave-

forms each having N bits, where N=A2B2, A and
B are integers, A=B, and wherein each brightness-
setting waveform produces a different level of
brightness when applied to a pixel of the display
unit over a period of N frames, and each bit of
brightness-setting waveform represents a different
phase of the waveform;

means for applying the brightness-setting waveforms

to pixels of the display unit in accordance with a set
of warp-around sequences, wherein each wrap-
around sequence controls the application of a cor-
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responding brightness-setting waveform to pixels
of the display unit in groups of N consecutive pix-
els located in a predetermined block of pixels, so
that in each group of N consecutive pixels a differ-
ent non-consecutive phases of the brightness-set-
ting waveform is applied to each pixel from one
pixel to the next, and the location of a group of N
consecutive pixels in a particular row is controlled
to be offset by B-pixels from the relative location of
a group of N consecutive pixels A-rows away.

41. The apparatus of claim 40 wherein the defining
means A and B are selected so that an irregular rectan-
gle is defined of A pixels in height and B pixels in
length.

42. The apparatus of claim 41 wherein the predeter-
mined block of pixels in the applying means is sized to
be N pixels in length and N rows in height..

43. The apparatus of claim 42 wherein the applying
means further includes

means for defining a set of phase-placement patterns,

each pattern of which is associated with a different
brightness level and a corresponding brightness-
setting waveform, wherein each phase-placement
pattern is constructed of a wrap-around sequence;
and

means for applying the brightness-setting waveforms

to the pixels of the display unit in accordance with
the set of phase-placement patterns.

44. The apparatus of claim 40 wherein 18 levels of
brightness are provided and A equals one and B equals
4.

45. The apparatus of claim 43 wherein the phase-
placement patterning means has a first set of predeter-
mined phase-placement patterns and a second set of
predetermined phase-placement patterns different from
the firsts set, and further including means for comparing -
a level of brightness to be produced at a next-to-be-dis-
played pixel to a level of brightness produced at a previ-
ously-displayed pixel, and for controlling the defining
means to use the first set of phase-placement patterns
with the next-to-be-displayed pixel when the desired
levels of brightness of the next-to-be-displayed and the
previously-displayed pixels are equal, and to use the
second set of phase-placement patterns when the de-
sired levels of brightness of the next-to-be-displayed and
the previously-displayed pixels are unequal.
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