Europdisches Patentamt

0’ European Patent Office

Office européen des brevets

@ Publication number: 0 378 780
Al

® EUROPEAN PATENT APPLICATION

@) Application number: 89121390.2

@) Date of filing: 18.11.89

6 Int. c1.5. GO9G 3/20, GO9G 3/36,
HO4N 1/40

@) Priority: 13.01.89 US 297768

Date of publication of application:
25.07.90 Bulletin 90/30

Designated Contracting States:
DE FR GB

@ Applicant: International Business Machines
Corporation
Old Orchard Road
Armonk, N.Y. 10504(US)

@ Inventor: Feigenblatt, Ronald I.
30 Beacon Hill Drive, 10B2
Dobbs Ferry New York 10522(US)
Inventor: Powell, Carl G.
284 Peekskill Hollow Road
Putnam Valley New York 10579(US)

Representative: Jost, Ottokarl, Dipl.-ing.
IBM Deutschland GmbH Patentwesen und
Urheberrecht Schonaicher Strasse 220
D-7030 Boblingen(DE) '

@ Error propagated image halftoning with time-varying phase shift.

@ The present invention achieves a method of dis-
playing an image which builds upon the error propa-
gation method for mosaic color displays. That meth-
od propagates error between elements diagonally for
a mosaic color display having diagonal rows consist-
ing of monochromatic elements. In the method of the
present invention, called "pel interleaving”, the
"error" propagated into the first element in the diag-
onal row changes with each new image or frame
processed. More specifically the error propagated
e=into each diagonal's first element increases incre-
& mentally with each frame processed until it exceeds
the maximum element intensity value, in which case
o0t is started anew by subtracting the maximum value.
I The incremental increasing of this initial error, in the
binary display case, leads to the spatial drift of "on"
IN\eclements along the diagonals. If all preload values
Mare equally likely, the time integrated ensemble of
the displays approaches the exact contone image as
the number of displayed images increases. Thus, if
the processing is fast, so that the eye integrates a
number of displayed images for the same input
image, the display perceived using the present im-

age approaches the actual contone of the input
image.
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ERROR PROPAGATED IMAGE HALFTONING WITH TIME-VARYING PHASE SHIFT

The present invention relates to multilevel dis-
play systems with display elements of relatively
few intensity levels and, in particular, the adapta-
tion of such systems for presentation of grey-scale
images.

A flat panel display system, such as a binary
liquid crystal display (LCD), having elements ca-
pable of displaying relatively few intensity values,
does not have many of the disadvantages found in
CRT monitor type display systems. Specifically, a
binary LCD does not require an electron gun or a
vacuum tube, and can therefore be made much
thinner than a TV monitor. An LCD has low power
and voltage requirements and consequently, gives
off relatively little heat during operation, which
makes it particularly suited to high density and
portable uses. The hardware is relatively durable
and can display the same image for a very long
time without danger of damage to the elements.

However, a CRT display system can easily
display relatively many intensity values between a
minimum and maximum intensity value. In fact, the
input fo a CRT display system is typically an
analogue intensity signal which is effectively quan-
fized due to the noise associated with the signal,
which limits finer differentiation of the input signal.
The advantage of this finely quantized intensity
capability is two-fold: First, the display gives a
relatively accurate portrayal of the tone of the im-
age. For example, the typical signal to noise ratios
in video signals "limits" the elements on an ana-
logue T.V. to be displayed at one of 256 values;
nonetheless, this is a relatively finely quantized
image, and the displayed value of each element is
therefore a relatively close approximation of the
part of the image being displayed. In other words,
the display has good "grey-toning", or "halftoning”.
Second, and related to the first feature, the display
has relatively good spatial resolution. Since the
elements follow the intensily of the image well,
changes in the intensity between adjacent pixels
are also well represented. Therefore, the spatial
resolution of the display is limited primarily by the
physical separation of the elements.

The binary LCD and, more generally, displays
with elements of relatively few intensity levels of an
LCD nature, have certain disadvantages which mir-
ror the advantages of the finely quantized display
systems. For example, a binary LCD element re-
presents the corresponding portion of the image by
being either on or off. This is a poor representation
if the image is grey at the part being represented.
In other words, an LCD has inherently poor hal-
ftoning capability. Also, again related to the poor
halftoning, the LCD display has relatively poor spa-
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tial resolution. Since the elements are either on or
off, the shading of one image into another must be
approximated by adjacent elements being either
completely on or off. As a result, the shading will
either be too abrupt or too spatially diffuse. In the
latter case, the displayed image has resolution
worse than the spatial separation of adjacent ele-
ments.

The prior art has considered the task of pro-
cessing techniques for displaying an input signal
adapted for systems with display elements of finely
quantized intensity levels on a display with ele-
ments of relatively coarsely quantized intensity lev-
els. As described below, the fundamental problem
addressed by these prior art methods is that the
number of intensity values an image element may
take is greater than the number a display element
may take. Therefore, the processing transforms a
relatively finely quantized image element intensity
value into one of a fewer number of display ele-
ment intensity values. By making such a trans-
formation, in most cases, the display element in-
tensity value will differ from the image element
intensity value.

For example, in the case of a standard TV
image being displayed on a binary LCD screen,
each image element intensity may take one of 256
values. between a minimum and maximum inten-
sity value, while the corresponding display element
is either the minimum or maximum value. For an
image element with intensity between the 1st and
256th value, displaying the display element at the
maximum or minimum value is to some degree an
error. If the image element has intensity corre-
sponding to the 128th value, i.e., is halfway be-
tween the minimum and maximum intensity value,
displaying the display element with the minimum or
maximum intensity is a relatively large error. On
the other hand, for an image element with intensity
corresponding to the 3rd value, i.e., is very close fo
the minimum value, displaying the display element
with minimum intensity is a very small error.

For many years processing techniques have
been developed which attempt to subjectively dis-
play a grey image on a display with binary ele-
ments, thereby addressing the above problem.
These techniques all derive from the premise that
the eye will integrate the intensities of a number of
closely spaced elemenis which are either light or
dark, and therefore perceive a shade of grey.

U.S. Patent 3,937,878 to Judice describes one
method ("dither") applied to black and white imag-
ing in a binary display system; the image to be
reproduced is divided into a matrix of picture ele-
ments, each element corresponding to a respective
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cell of the display panel. A predetermined thresh-
old value is assigned to each display cell. The
threshold values repeat in a pattern, typically over
16 square (4x4) elements, and are evenly spaced
between a minimum and maximum image intensity
value. If the intensity of any given picture element
is greater than the threshold value assigned to the
corresponding display cell, that cell is turned on,
otherwise, it is maintained off.

In such a system, very dark regions of the
image do not exceed even the lowest threshold in
the 16 square elements, and therefore the dis-
played region is dark. Likewise, very light regions
exceed even the highest threshold values, and all
16 square elements are therefore lit. For regions of
intensity exactly between completely dark and
completely light, 8 of the 16 thresholds will be
surpassed, and consequently 8 elements will be lit
and 8 will remain dark. The eye will integrate over
this small region and perceive a grey intensity.

Another method of halftoning by error-propaga-
tion is described by Fawcett and Schrack in
"Halftoning Techniques Using Error Correction”,
Proceedings of the Society for Information Display,
27(4), pp. 305-308 (1986).

in the error propagation methods for use with
binary display devices, the starting point again is a
spatially quantized image. The amount by which
the display element exceeds or falls short of the
corresponding image intensity value is not simply
discarded, as in straight threshold processing, but
is added to or subtracted from geometricaily near-
by image values which are to be quantized into
display elements later. In the error propagation
methods, therefore, halftoning is achieved by ad-
justing nearby elemenis to compensate for the
excess or deficit in intensity of a given element.

The present invention takes error propagation
one step further, applying the concepts described
above to mosaic color displays. In a mosaic color
display, the element immediately to the right‘ of a
given element is not necessarily the same color as
the given element; therefore error cannot always be
propagated to the next element processed phys-
ically. The closest unprocessed element of the
same color is, for a mosaic of isochromatic dia-
gonals, for example, the element beneath the ele-
ment directly to right of the given element. Thus, in
the error propagation method applied to such mo-
saic color, error is diffused diagonaily among ele-
ments. The method is more complex to implement
on a hardware level when the elements are pro-
cessed horizontally corresponding to the standard
raster order of video data. For such a case, the
error of one element must be stored and retrieved
when the diagonally adjacent element is pro-
cessed.

A main problem with the prior art error propa-
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gation halftoning methods is poor performance in
dark areas, especially when the display elements
have only binary capacity. When the image gets
dark, the "on" elements get sparse and become
very noticeable individually. In the methods where
error is propagated along a single path, linear or
herring-bone-shaped artifacts can also be seen.
Isolated "on" pixels in dark areas detract far more
from image quality than isolated "off" pixels in light
areas.

Furthermore, as described above, when faced
with the complication presented by mosaic color
displays, the techniques developed for black and
white images must be specially adapted to suc-
ceed.

The present invention provides a processing
method and system whereby color images with
elemental regions of relatively finely quantized in-
tensity values are displayed on an LCD-type mo-
saic color display with display elements of rela-
tively few intensity values. The inventive method of
displaying an image includes the basic error propa-
gation method for mosaic color displays, described
above. As described, that method propagates error
between elements diagonally for the case where
the mosaic color display is patterned such that
diagonal rows consist of monochromatic elements.
However, the basic method assumes the "error"
propagated to the first element in the diagonal to
be zero, or, more generally, a temporally station-
ary, position-independent constant. By an addition-
al feature of the method of the present invention,
called "pel interleaving”, an "error" is propagated
into the first element in the diagonal row that
changes with each new image or frame processed.
The "error" propagated into the first element in the
diagonal row is also called the "preload value".
More specifically, the "error" propagated into the
first element of each diagonal increases increment-
ally with each frame processed until the "error”
exceeds the maximum element intensity value. At
that point, the error propagation starts cover by
subtracting the maximum value. '

The incremental increasing of the preload error
value associated with each diagonal, in the binary
display case, leads to the spatial drift of "on"
elements along the diagonals. This spatial drift of
the "on" elements along the diagonals is "pel
interleaving"; the result is the perception of a hal-
ftoned display since, if all preload values are equal-
ly likely, the time integrated ensemble of the dis-
plays approaches the exact contone image as the
number of displayed images increases. Thus, if the
processing is fast, so that the eye integrates a
number of displayed images for the same input
image, the display perceived using the present
image approaches the actual contone of the input
image.
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The present invention also achieves color hal-
ftoning in the displayed image which is subjectively
a high quality representation of the image. In addi-
tion, the present invention also uses the rapid suc-
cession of displayed images to achieve subjective
high quality color halftoning in the display.

Further to the present invention, artifacts are
eliminated in the method of error propagation by
pel interleaving. For the binary case, rather than
giving an element an "on" display intensity un-
conditionally when its image intensity value plus
error value exceeds a threshold, the display image
is turned "on" only if there are less than a certain
number of "off" elements since the last "on" ele-
ment. However, even if the element is kept "off"
because the number of prior diagonal elements
were "off", it is considered "on" for purposes of
the determination for later elements in the diagonal.

FIG. 1 is a flow diagram of the processing
method of the present invention.

FIG. 2 is a schematic diagram illustrating the
mapping of image elements in row 1 onto display
elements in row 1.

FIG. 3 is a schematic diagram of a standard
mosaic color display, with isochromatic diagonals
drawn through each display element.

FIG. 4 is a schematic diagram of a mosaic
color image where the elements are referenced
corresponding to the isochromatic diagonals.

FIG. 5 is a horizontal schematic representa-
tion of the mapping of the mth diagonally referen-
ced row of the representation of the present inven-
tion.

FIG. 6 is a diagram which shows the relative
intensity values of the image elements, the display
elements, and the processing threshold levels.

FIG. 7 is a diagram showing relative intensity
values as in Fig. 6 where the image elements may
take one of 256 intensity values on a standard T.V.
display, and the display elements may take one of
two intensity values on a standard binary LCD
display.

FIG. 8 is a diagram showing relative intensity
values as in Fig. 6 also demonstrating schemati-
cally the mapping of an image element of intensity
I(m,n).

FIG. 9 is a schematic diagram illustrating the
actual physical processing of elements in the
present invention in relation to the diagonal mairix
references. )

FIG. 9A is a schematic diagram illustrating
how the value of E is propagated from one element
to the diagonally adjacent element in an actual
physical embodiment of the present invention.

FIG. 10 is a block diagram of an embodi-
ment of the present invention. )

FIG. 10A is a block diagram of another em-
bodiment of the present invention.
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FIG. 11 is a schematic diagram illustrating a
change in the preselected error value for the first
element in row m for successively processed im-
ages.

Detailed Description of a Preferred Embodiment of
the Invention

The present invention improves on the prior art
by applying error propagation to mosaic color dis-
plays and systematically varying the error asso-
ciated with the first element of each diagonal row,
along which error is propagated in a mosaic dis-
play with isochromatic diagonals. The systematic
variation of the "error” propagated into the first
element in the diagonal, or, equivalently, the error
preload value, leads to the pel interleaving, or
spatial drift of "on" elements along the diagonal in
the binary case, wherein the time integration of the
display images for a succession of images or
frames approaches the actual contone of the im-
ages inputted. Furthermore, by suppression of iso-
lated light pixels surrounded by dark regions, arti-
facts are eliminated. The present invention is not
limited to mosaics with a pattern of isochromatic
diagonals, although the foliowing description fo-
cuses on the diagonal mosaic case.

The present invention has two facts: (1) hal-
ftoning for mosaic color displays using error propa-
gation, and (2) halftoning using pel interleaving. In
order to describe the present invention, certain
preliminary concepts applying to error propagation
must be described in some detail.

(a) Detailed Description of Preliminary Concepts
Associated with Error Propagation Methods

Any method of error propagation, including the
present invention, can be represented by the flow
diagram of Figure 1. Referring to Figure 1, a por-
tion of an image 2 is shown, and divided into an
image matrix 4, with matrix elements 6, of discrete
intensity values. The matrix indices, | and p, main-
tain the spatial relationship of the image matrix to
the image. The value of the image matrix elements
can be assigned from a spatial and amplitude
quantized version of a CRT video signal, for exam-
ple.

The intensity value of each input matrix ele-
ment 6 is in proportion to the light intensity of the
corresponding region of the image 2 represented.
The value of the intensity assigned to each image
matrix element is discrete and finite, and the num-
ber of representative intensity values are relatively
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numerous with respect to the number of possible
display intensity values, further discussed below.
The number of discrete intensity values which each
image element may take is defined as q.

The image matrix intensity values are then
transformed by a processor 8 into a display matrix
10 each display matrix element 12 having an inten-
sity. Each display matrix element 12 has a spatially
corresponding image matrix element 6; therefore
each display element intensity value is mapped
one to one from the intensity of the corresponding
image matrix element 6, plus an error value, de-
scribed below.

The number of intensity values each display
element can handle is discrete and quantized and
is referred to as r. As described above, the present
invention applies to the situation where the number
of intensity values the display elements may han-
dle is less than the number of intensity values the
image elements may handle; equivalently, the val-
ue of r is less than g. Therefore the processing
transforms a relatively finely quantized image ele-
ment intensity value into one of a fewer number of
display element intensity values. For the case of a
standard TV image being displayed on a binary
LCD screen, the image element intensity may be
one of 256 intensity values while the corresponding
display element is one of two possible values (on
or off).

Referring to Figure 2, a schematic of one of the
horizontal rows, |, of the image and display ele-
ments of Figure 1 are shown. The arrows show that
the mapping of the present invention is one to one
between corresponding matrix elements. Here, the
processor 8 of Figure 1 (not shown in Figure 2)
processes in real time. Such real time processing
by processor 8 is not a necessary requirement for
the term "error" propagation to apply to the display
method, but such a feature is a preferred embodi-
ment. That is, the processor maps an image ele-
ment intensity into a display element intensity be-
fore the next image element intensity value arrives
for input at the processor. If the processor mapped
at a rate slower than the input rate of image ele-
ment intensity values, the processor would have to
store the backlogged values prior to processing,
known to the art as "frame buffering”. Therefore, in
Figure 2, the image intensity value of the first
element in row | is mapped onto its corresponding
display element before the image intensity value of
the second element arrives at the processor. The
same is true of the remaining sequence of ele-
ments of row | and all rows. Thus, the display
image corresponds in time to the original image,
inputted into the processor as a time sequence of
image intensity values.

The sequential processing, of all the elements
in the | rows of Figure 1 will therefore result in the
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display of the image 2 on the display 10 as a
series of elements 12 with varying intensity values.
By extension, a series of images divided into im-
age elements, such as elements 6 in Figure 1,
could be processed sequentially, thereby display-
ing a nearly simultaneous series of displayed im-
ages 10 on the display. The display would then
change at the same rate, thereby displaying a
moving image. The frequency of the inputted im-
age is defined as the frame rate. Since each input-
ted image is simply another sequence of intensity
values corresponding to the image elements of the
image, it follows from the above treatment of the
processing speed that the frame rate is such that a
complete image is physically processed and dis-
played before the next image elements arrive for
processing.

It should be noted that a "frame" represents an
"image" and consists of image elements with in-
tensity values. Furthermore, a "new” frame may
consist of the identical input signals of the prior
frame, as when a display periodically refreshes for
a constant image.

(b) Detailed Description of the Basic Method of
Error Propagation for Mosaic Color Displays

Referring to Figure 3, the pixel pattern of a
mosaic color display with isochromatic diagonals is
shown. The R corresponds to red pixels, G, green
pixels and B, blue pixels. The colors correspond to
the primary colors. An analogue input signal, or
one finely amplitude quantized due to its inherent
signal to noise ratio limitation, typically is continu-
ous in time and consists of overlapping signals for
each of the three primary color intensities repre-
senting the particular region of the analogue image.
Thus, for each spatial quantization of the input
image, i.e., temporal division of the input signal and
assignment of a representative intensity value to
each time interval, there are three discrete input
amplitudes which correspond to the intensity level
of the primary colors of the analogue image at the
region corresponding spatially to the display ele-
ment. These three input intensity values are of
course discretely but finely quantized by the inher-
ent signal to noise ratio limitation, discussed above.

The mapping of image intensity value onto
display intensity value is therefore not as straight-
forward as in the monochromatic display case. The
present invention contemplates two techniques for
treatment of an image intensity value consisting of
three primary intensity values to be mapped onto a
display intensity value of one primary color. The
first method effectively disregards the image inten-
sity values of the fwo primaries which do not cor-
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respond to the display element primary. This meth-
od is advantageous when spatial resolution is the
primary concern. The second method effectively
groups temporally adjacent image intensity values
in groups of three, averages the image intensity
value for each primary over the three intervals, and
maps the averaged image intensity value for each
primary to the display element corresponding spa-
tially to one of the image intensity values with the
appropriate primary color. This method is advanta-
geous when accurate contone is more important
than spatial resolution.

The present invention incorporates both treat-
ments of the input image signal. Since the inven-
tion applies in general, it is most convenient for the
ensuing description to assume that the input signal
has been previously processed according to one of
the two methods described above so that a finely
quantized image intensity value of color corre-
sponding to the spatially corresponding display ele-
ment primary color is to be mapped to that display
element. With this in mind, the same mapping
concepts described above with respect to Figures
1 and 2 can be applied to map a color image
represented by a matrix of image elements with
color intensities I{m,n) into a matrix of display ele-
ments with color intensities D(m,n), where I(m,n)
must now be thought of as the resulting image
intensity value of a single primary color, deter-
mined according fo one of the two methods de-
scribed above.

In Figure 3, it is seen that parallel monoch-
romatic diagonals may be drawn through all ele-
ments of the mosaic. In Figure 3, the diagonals are
numbered from the bottom left, m=1, up the left
side of the mosaic, and then across the top. At the
upper left hand corner, the diagonals are numbered
such that m=100 is the diagonal in the exireme
upper left-hand corner. Of course, the mosaic color
display may have a larger or smaller height, and
100 is chosen for exemplery purposes only.

Figure 4 shows an image matrix which has
matrix elements referenced io the monochromatic
pixel diagonals of the mosaic color display of Fig-
ure 3. Since error is diffused diagonally between
pixels in the method of error propagation for mo-
saic color display that the present invention im-
proves upon, it is convenient to reference the ma-
trix of image and display elements diagonally. Be-
cause of this, the elements in the "matrix" of
Figure 4 do not lie in orthogonal rows and columns
as in standard matrices. Furthermore, each diag-
onal does not necessarily have the same number
of elements as other diagonals. As a result, it is
most appropriate o refer to Figure 4 and related
figures as m diagonals with each diagonal's ele-
ments numbered from 1 to nya and referenced as
n. However, matrix terminology is used in the de-
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scription due to the similarities of the elements as
referenced in Figure 4 with a standard matrix. Ac-
cordingly, each diagonal is numbered and is the
first index of the matrix, and each element from the
"top" of the diagonal to the "bottom" is numbered
and is the second index of the matrix.

Figure 4 therefore shows the diagonal rows
numbered m, and the elements in the diagonal are
numbered from top to bottom n = 1, 2, .. A
portion of the image elements are shown referen-
ced as i(diagonal number, position in diagonal), or
ifm,n). For example, the second element in the
98th diagonal is referenced i(98,2). It is noted that
each diagonal does not have the same number of
elements; for example, row 1 has only one ele-
ment, while row 5 has 5 elements. The maximum
number of elements in a row, Noa, therefore, is a
function of m. As discussed above, each image
element i(m,n) will have an intensity value I(m,n)
associated with it.

Not shown in Figure 4, is an identical display
matrix with matrix elements d(m,n) referenced di-
agonally exactly as the image elements of Figure
4. Furthermore, each display element d(m.,n) will
have a display intensity value, referenced D{(m,n),
associated with it.

It is noted here, and discussed further below,
that the physical embodiments typically process
the elements in horizontal rows. Since error is
propagated diagonally in the method of the present
invention where the mosaic has isochromatic dia-
gonals, the processor must be able to store the
error of one element while intervening elements on
the horizontal rows are processed, and retrieve the
error when the diagonally adjacent element arrives
for processing.

Referring to Figure 5, the mth diagonal row of
a mosaic color image mairix and display matrix are
iflustrated horizontally. The lines between image
and display elements are representative of the one
to one correspondence between the image and
display matrix elements.

An image element, i(m,n), has an intensity val-
ue, I(m,n), which is one of g possible values. The
display element d{m,n), has an intensity value, D-
(m.n), which can be one of r values. As described
above, the possible number of image intensity val-
ues I(m,n) may take is greater than the number of
display intensity values D(m.n) may take. In other
words q > r. The r display intensity values are
defined as A1, A2,..Ar; thus D(m,n) can equal A1,
A2,..., or Ar.

To appreciate the present invention, consider
the following simple mapping of image element
intensity I(m,n) onto display element intensity D-
(m,n) for each matrix element: Between each of the
r display intensity values A1, A2,..., Ar, there is a
threshold value, T1, T2,.., T{(r-1); therefore T1 is
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between A1 and A2, T2 is between A2 and A3,....,
Tx is between Ax and Ax+1,.., and T(r-1) is be-
tween Ar-1 and Ar. If an image intensity value i-
(m,n) is greater than Tx but less than T(x+1), the
display intensity value D{m,n) is A(x+1). At the
extrema, if im,n) < T1, then D(m,n) = A1, and if i-
(m,n)2 T(r-1), then D(m,n) = Ar.

Figure 6 illustrates the relative relationship be-
tween the q possible intensity values which I(m,n)
may take, the r possible display values D{(m,n)
which range from A1 to Ar, and the r-1 threshold
levels T1, T2,..., T(r-1). The intensity values I(m,n)
are normalized to range from 0 to 1. It is seen that
the g possible image intensity values each image
element may take are more numerous than the r
possible display intensity values D(m,n) each dis-
play element may take. In other words, the image
elements have relatively finely quantized intensity
values with respect to the display elements.

There is an error associated with the mapping
described above which is a fundamental character-
istic of the number of display intensity values, r,
being less than the number of image intensity
values, q. Figure 7 shows the case where the
image elements take one of 256 possible intensity
elements, as in a T.V. screen, and the display
elements take on one of iwo possible intensity
elements, as in a binary LCD display. In this case
g= 256, r=2, A1=0, A2=1 and T1 is chosen for
example to be 0.50. It is shown by the dotted paths
that all image intensity values between levels 1 and
256 will be displayed with an intensity of 0 or 1.
Therefore, the mapping will result in the display
element being too bright for image intensity values
at levels 129-255, and too dark for image intensity
values at levels 2-128.

This error is inherent in any system that maps
a relatively finely quantized intensity value into a
relatively coarsely quantized intensity value, not
necessarily binary. Figure 8 is an enlarged view of
the possible intensity values near the xth possible
image intensity value. The xth and (x+ 1)th possi-
ble image intensity values lie between threshold Ty
and T(y+1); therefore if image element intensity
value l{m,n) was at one of these intensity values,
display element intensity value D(m,n) would have
a mapped intensity value A(y + 1), according to the
simple algorithm described above. On the other
hand, the(x-1)th possibie image intensity value lies
between Ty and T(y-1); therefore, according to the
simple mapping algorithm, an image element at
intensity level x-1 would have a displayed intensity
value of Ay.

it is seen from Figure 8 that if the image
element is at the xth intensity level the displayed
intensity D(m,n) = A(y+1) is greater than the
image element intensity by an amount shown as
z1. Similarly, if the image element is at the (x-1)th
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intensity level, the displayed intensity D(m.,n) = Ay
is less than the image element intensity by an
amount shown as z2.

The present invention accounts for this map-
ping error by a method of error propagation. Error
propagation generally refers to the adjustment of
the value of neighboring display element intensities
due to the over or under representation of the
image element intensity, (m.n), by the display ele-
ment intensity, D(m,n). The over or under repre-
sentation resulting from a mapping is the "error"
propagated to the next image element. The nth
element of the mth row is generally notated as
(m.n) and is used interchangeably with i(m.n). The
error propagated into the (m,n)th element of the
matrix is E(m,n).

In an error diffusion method where the error is
propagated to the next element in the mth row, i.e.
from the (m,n-1)th element to the (m,n)th element,
the amount of over or under representation result-
ing from the mapping of the image element inten-
sity i(m,n-1) onto D(m,n-1) is subtracted or added,
respectively, from the image element intensity -
(m.n) before I(m,n) is mapped, using the mapping
described above, onto display element intensity D-
(m,n).

For example, consider the mapping of the first
image element intensity value in the mth row I(m,1)
onto the corresponding display element intensity.
value D(m,1). Due to the q possible image intensity
values being greater than the r possible display
intensity values, described above, D(m,1) will nor-
mally be greater than or less than I(m,1) by some
amount. If this error is propagated to the second
element in the mth row, then E(m,2) = Im,1) - D-
(m,1). Note that E(m,2) is negative if the display
intensity value is greater than the image intensity
value, and vice versa. Therefore, if there is an
excess of displayed intensity, it is propagated as a
negative number, and if there is a deficiency of
intensity, it is propagated as a positive number.

Considering next the mapping of the second
image element intensity of the mth row I(m,2) onto
the corresponding display element intensity D-
(m.,2), the method maps the sum of the image
element intensity 1(m,2) and propagated error E-
(m,2) onto the display element intensity D(m,2). In
other words, the excess or deficiency of the dis-
played intensity of the first element is subtracted or
added to the second image element intensity value
before it is mapped onto the second display ele-
ment intensity value.

The image element intensity value i(m,2) plus
the propagated error E(m,2) which is mapped onto
the display element intensity value is defined as
the "adjusted image element intensity value" of the
second image element in the mth row. It is the
excess or deficit of the displayed intensity with
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respect to the adjusted intensity value which is
propagated to the next element. In other words, E-
(m3) = [I(m,2) + E(m,2)] - D(m,2). Furthermore,
the adjusted image element intensity value of the
3rd element, I(m,3) + E(m,3), is mapped onto the
corresponding display element intensity value, D-
(m,3).

The remaining elements in the mth row are
similarly mapped. Therefore, for the nth element in
the mth row, the adjusted image element intensity
value I{m,n) + E(m,n) is mapped onto the cor-
responding display element intensity value D(m,n).
The propagated error value E(m,n) = [l(m,n-1) +
E(m,n-,1)] - D(m,n-1).

{c) Detailed Description of the Pel Interleaving

Referring back to the first image element in
row m, i(m,1), in Figure 5, it was assumed there
was no error value E(m,1), or, equivalently, E(m,1)-
=0. The present invention further provides a sys-
tem in which the error value E(m,1) is arbitrarily
chosen between 0 and the maximum value the
image intensity value may attain. In accordance
with the invention, the adjusted intensity value of
the first element, 1(m,1) + E(m,1), is mapped onto
the corresponding display element D(m,1). Further-
more, the error which is propagated to the second
element of the mih row is the adjusted intensity
value of the first element minus the intensity value
of the corresponding display element, or E(m,2) =
{iim,1) + E(m,1)] -D(m,1).

The processing for each element in each row
of the pel interleaving feature of the present inven-
tion is formally the same. For any nth element I-
(m,n) + E(m,n) is mapped onto D(m.n). Also E-
(m,n) = [l(m,n-1) + E(m,n-1)] - D(m,n-1), except
for E(m,1), which is a chosen value.

In the method "pel interleaving”, the error
preload value E(m,1) changes with each frame pro-
cessed, whether the image is invarient or changes
between frames. More specifically the error preload
value for each diagonal increases incrementally
with each frame processed until it exceeds the
maximum element intensity value, in which case it
is started anew by subtracting the maximum value.
For the mosaic color display with isochromatic dia-
gonals, the incremental increasing of the error as-
sociated with each diagonal's first element, in the
binary display case, leads to the spatial drift of
"on" elements along the diagonals. If all preload
values are equally likely, the time integrated en-
semble of the displays approaches the exact con-
tone image as the number of displayed images
increases. Thus, if the processing is fast, so that
the eye integrates a number of displayed images
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for the same input image, the display perceived
using the present image approaches the actual
contone of the input image.

The present invention can therefore be summa-
rized as a method of displaying an image compris-
ing the steps of:

(2) providing an image comprising a plurality
of image pixels i(m,n), m comprising the integers 1
t0 Mygear, N comprising the integers 1 10 Nigar, Miotal
a function of m, each image pixel i(m,n) having an
intensity 1(m,n) equal to at least one of g image
intensity values, where g is at least equal to three,
each image pixel having a position;

(b) providing a display comprising a plurality
of display pixels d(m.n), each having a position
corresponding to the position of image pixel i(m,n),
and each display pixel d(m,n) being capable of
emitting light with an intensity D(m,n) equal to one
of r amplitude-ordered display intensity values
A1,A2..Ar, where r is an integer less than g, and is
the xth display intensity value;

(c) defining r-1 threshold values, (T1,T2,..T-
(r-1)), where Tx is the xth threshold value;

(d) defining an error function E(m,n), where
E(m,n) = I(m,n-1) + E(m,n-1) - D(m,n-1) and E-
(m,1) for all m is a function of time and m only;

(e) for m = 1 {0 myua and, for each m, for n
= 1 to ma, displaying the display pixel d{m.n)
with an intensity.

(i) D(m,n) = A1, if I(m,n) + E(m,n) £ T1,

(i) D(m,n) = Ar, if {m,n) + E(m,n) 2 T(r-
1), or,

(iii) for r > 2 and T1 £ Km,n) + E(m.,n) <
T(r-1), D(m,n) = Ax where x is the value between 2
and r-1 which satisfies the condition Tx-1 £ |{m,n)
+ E{m,n) < Tx.

While the above discussion and the following
considerations focus primarily on a mosaic color
display with isochromatic diagonals, the invention
is not so limited. The invention is well suited for
displays with isochromatic rows or columns, as well
as other varients, such as a hexagonally-coordi-
nated pattern, as long as the elements are referen-
ced by matrix notation (m,n) wherein m references
the groupings of elements for processing based on
the particular mosaic pattern and n references the
order of processing among elements in the mth
group, respectively.

Furthermore, the sequence of input signals
need not necessarily correspond to the mapping
sequence of elements; equivalently, the mapping
need not occur in real time. For example, the input
signals for one frame may be stored in a storage
matrix and accessed in the particular method's
order of processing.

The method of error diffusion for the isoch-
romatic diagonal display need not necessarily
propagate the error from one display element di-
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rectly into the adjacent element in the diagonal. A
simple extension of the method described above
would divide the error from one display element
and diffuse it to a number of adjacent elements in
the diagonal. Therefore, when processing the nth
element in the mih row, the error value E(m,n)
would equal the sum of a certain percentage of the
error from a number of prior elements in the mth
row. For example, the value of E(m,n) may equal 3
of the sum of the adjusted intensity of the prior two
elements in the row minus their corresponding dis-
play elements. Equivalently E(m,n) would equal % [-
[l(m,n-1) + E(m,n-1)] - D(m,n-1)] + 3 [[(m,n-2) +
E(m,n-2)] - D(m.n-2)].

By another extension, the error E(m,n) could
be diffused to a number of nearby elements, not
necessarily in the mth diagonal. Therefore, when
processing the nth element in the mth diagonal, the
error vaiue E(m,n) would equal the sum of a certain
percentage of error from a number of nearby prior
elements in the mth, (m +3)th, (m +6)th, etc., diag-
onal since those diagonals have the same color as
the (m,n)th element for the display with monoch-
romatic diagonals. For example, the value of E(m,n)
may equal % [[i(m,n-1) + E(m,n-1}] - D(m,n-1)] + %
[({m+3.n+2) + E(mM+3, n+2)] - D(m+3,n+2)],
where the element (m+3, n+2) is a next nearest
element previously processed of the same color as
the (m,n)th element.

For the "multielement” and "multibranch”
methods just described, E(m,n) = Z § K(m,m’
nj)x [m’j) + E(mj) -Dm )] "
where,

(i) m’ ranges among the references for the
Miorar @roupings of elements for processing, while i
ranges among the references for each element in
the m’ group of elements.

(i) K(m,m',n,j) is a propagation coefficient for
the propagation of error from i(m’,j) to i(m,n)

{iii) E(m,1) is a function of time and m.

it is noted that K(m,m',n,j) will be zero except
for those relatively few pixels from which error is
diffused.

It is also noted the above formulation is again
not limited to mosaics with isochromatic diagonals,
applying equally well to other patterned mosaics.
The elements must of course be referenced by
matrix notation (m,n), where m references the
groupings of elements for processing based on the
particular mosaic pattern, and n references the
order of processing among elements in the mth
group, respectively.

Figure 9 relates the diagonally referenced rows
of the matrix mode! fo the horizontal processing of
a typical physical embodiment. The diagonal row,
m, of Figure 9 corresponds to one of the monoch-
romatic diagonals of a mosaic color display along
which error is propagated in the present invention.
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It is seen that the first image element in the mth
diagonal row is the first element physicaliy pro-
cessed in the horizontal row in which it lies. Since
E(m,1) is pre-selected as described above, I-(m,1)
+ E(m,1) is processed onto the corresponding
display element D(m, 1), not shown in Figure 9, in
the physical process. The physical process then
maps the image element in the horizontally adja-
cent position to the (m+1,1)th element, since the
image and display electronic signals typically cor-
respond to a standard raster display, as noted
above. The physical processing continues until the
last image element on the horizontal row is pro-
cessed, and then begins to process the next hori-
zontal row, beginning with image element (m-1,1).
Only then is image element (m,2), the second
element in the mth diagonal row, physically pro-
cessed.

It is apparent from the above explanation, and
Figure 9 that the number of elements in a horizon-
tal row are processed in the physical embodiment
between adjacent elements in a diagonal row.
Therefore the physical embodiment must have a
means to store and accurately access the value [I-
(m,1) + E(m,1)] - D(m,1) = E(m,2) so that it can
map I(m,2) + E(m,2) after processing a number of
intervening image elements. One way to achieve
this storage is through a line buffer with storage
capacity equal fo the number of elements in a
horizontal row. Since error must also be propa-
gated to and from each of the intervening elements
on the horizontal row, as they also lie on other
diagonal rows, a line buffer the size of a horizontal
row is well suited for this function.

The line buffer accomplishes this in a manner
functionally analogous to a FIFO shift register of
size equal to the number of elements in a horizon-
tal row. Referring to Figure 9A, the resulting value
E(m,2) of processed element 21 is loaded into a
buffer 20 before beginning the processing of the
horizontally adjacent element 22. As each interven-
ing raster-order elements 23-28 are processed, the
value of E(m,2) moves toward the output 26 of the
buffer 20, as data corresponding to the error of the
intervening elements 23-28 is inputted and with-
drawn from the buffer 20. When the second ele-
ment of the mth diagonal row 29 is to be physically
processed, the value E(m,2) is at the output 30 of
the buffer 20 and can be accessed for processing.
After processing, the resulting error, E(m.3), propa-
gated to the next element in the mth row, not
shown, is inputted into the buffer 20. While Figure
9A shows a display with seven intervening ele-
ments, the above analogy applies to displays of
more or less horizontal elements.

Referring to Figure 10, one embodiment of the
present invention is shown. The embodiment prop-
agates error according to the method of the inven-
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tion and has a means for storing the error as
interim elements are processed. Since the se-
quence of inputted and outputted signals corre-
sponds to the left to right, top to boftom sequence
of a standard raster scan, it is now easiest to think
of the elements referenced (I,p) as corresponding
to the horizontal rows and vertical columns of the
image elements. Briefly, the image element inten-
sity value for the image element referenced (l,p), I-
(L.p), is inputted through input means 42. If 1=1 or
p=1, then, in the current referencing of the ele-
ments, the element is at the top of a diagonal row,
and the error value E(l,p) must be inputted accord-
ing to the present invention. Therefore, preload
buffer 52 is accessed, and E(l,p) is retrieved. If the
element under consideration is not at the top of a
diagonal, ie., I#1 and p#1, then the appropriate
error value, E(l,p), is retrieved from error storage
means 48. However E(l,p) is obtained, it is added
to l{l,p) at processing means. Threshold determina-
tion means 46 is accessed with the sum I(l,p) + E-
{l,p), which determines which of the r-1 thresholds,
described above, the sum Klp) + E(l,p) lies be-
tween. The appropriate threshold value is used by
processing means 50, which outputs a value of
display intensity D(l,p), at the ouiput means 44
according to the threshold value. Due to the re-
ferencing of the elements horizontally and verti-
cally, the diagonal element to i(l,p) is i(i+1, p+1).
Therefore, processing means 50 also stores the
value E(l+1, p+1)= [i{L,p) + E(,p)] - D{.p) at
error storage means 48.

The error storage means can be line buffer of
size equal to the number of vertical columns of
image elements.

The above device can be applied to a device
which propagates error diagonally in general, and
is not limited to the specific mapping described
above. The device will work for any determination
of D(l,p) based on I{i,p) and E(lp) and need not
necessarily be the thresholding method of the
present invention. Further, it will work for any value
of E(1+1, p+1) determined from I{l,p). E(l.p) and
D{.p).

More specifically, the particular embodiment
comprises of :

(a) an input means for receiving in a stan-
dard left to right top to bottom raster sequence a
plurality of intensity, encoded signals I(l,p) cor-
responding to a plurality of image pixels i(l,p) which
each correspond to a position on the image, |
comprising the integers 1 to iy and correspond-
ing top to botiom to the la horizontal rows of a
raster scan, p comprising the integers 1 10 Piotal
and corresponding left to right to the peal vertical
columns of a raster scan, where each intensity
encoded signal I(1,p) corresponds to at least one of
g image intensity values, where ¢ is at least equal
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to three.

(b} an output means for outputting sequen-
tially a plurality of intensity encoded signals D(l,p)
corresponding to a plurality of display pixels d(l,p),
each display pixel d(l,p) corresponding to the posi-
tion of image pixel i(l,p), and each display intensity
encoded signal D(l,p) corresponding to one of r
amplitude-ordered display intensity values Aft,
A2,...Ar, where r is an integer less than q, and Ax
is the xth display intensity value;

(c) An error storage means, for storing an
error value E(l,p) corresponding to an intensity en-
coded signal at the input;

(d) A preload buffer for maintaining a
preselected error value E{l,p) corresponding to a
number of intensity encoded signals at the input;

(e) A processing means for mapping the
intensity encoded signal at the input I(I,p) onto the
intensity encoded signal at the output D(l,p) by

(1) retrieving the value I(l,p) from the input
means;

(2)if1 = 1 or p = 1, obtaining the value
E(l,p) from the preload buffer.

(3) if 1 # 1 and p # 1, obtaining the value
E(l,p) from the error storage means,

(4) determining the value D({l,p), based on
the values of I(l,p) and E(l,p),

(5) sending the value D(l,p) to said output
means,

(6) calculating the value E(I+1, p+1)
based on {l,p), D{l,p) and E(.p),

(7) storing E(1+1, p+1) in said error stor-
age means.

Furthermore, it follows that the output means
would be connected to a display with a color mo-
saic pattern, each element capable of taking on the
intensity values At, A2,... Ar.

An alternative embodiment of the device would
propagate error to more than one adjacent element
on the diagonal or other diagonals. This device
would comprise:

(@) an input means for receiving in a stan-
dard left to right top to botiom raster sequence a
plurality of intensity encoded signais I(l,p) corre-
sponding to a plurality of image pixels i(l,p) which
each corresponds to a position on the image , |
comprising the integers 1 to lio1a @nd correspond-
ing top to bottom to the liga horizontal rows of a
raster scan, p comprising the integers 1 10 Piotal
and corresponding left to right to the Py vertical
columns of a raster scan, where each intensity
encoded signal I(l,p) corresponds to at least one of
g image intensity values, where q is at least equal
to three.

(b) an output means for outputting sequen-
tially a plurality of intensity encoded signals D(l,p)
corresponding to a plurality of display pixels d{l,p),
each display pixel d(l.p) corresponding to the posi-
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tion of image pixel i(l,p), and each display intensity
encoded signal D{,p) corresponding to one of r
amplitude-ordered display intensity values A1,
A2,...Ar, where r is an integer less than g, and Ax
is the xth display intensity value;

(c) a partial error storage means for storing
partial error values PE(, r NoRe] ) corresponding to an
intensity encoded sngnal I(lo) at the input from
prior elements (l o] )

(d) a buffer preload means for maintaining a
preselected error value E(l,p) corresponding to a
number of intensity encoded signal at the input;

(e) a processing means for mapping the
intensity encoded signal at the input i(l,p) onto the
intensity signal at the output D(l,p) by

(1) retrieving the value I{l,p) from the input
means.

(2) if 1=1 or p=1, obtaining the value E-
(l,p) from the buffer preload means,

(3) if | #+ 1 and p # 1, obtaining the values
PE(II,pp) from the partial error storage means
and summing the values of PE(l, [/ HoNs] ) o obtain E-
(1.p).

(4) determining the vaiue D(l,p) based on
the values of I(1,p) and E(l,p),

(5) sending the value D(l,p) to the output
means,

(6) calculating the partial error values PE-
{(alb,p), where (a,b) are the elements to which
error is propagated from (1,p)

(7) storing said partial error values PE-
(al,b,p) in said partial error storage means, for all
(a,b).

In this embodiment, the partial error storage
means could be a number of line buffers.

More generally, the device would receive input
signals in a sequence, not necessarily a standard
raster sequence, and map them according to a
different sequence. The device would then require
a storage mairix 54 between input means and
processing means 50, as shown in Figure 10A.
Such a device would therefore comprise:

(a) an input means for receiving a plurality of
intensity encoded signals I(l,p) corresponding to a
position on the image, | comprising the integers 1
10 liotar @nd referencing loral groupings of elements
for processing, p comprising the integers 1 10 Piotal
and referencing the elements in the Ith group ac-
cording to their sequence of processing, Piotat @
function of m, where each intensity encoded signal
I{l,p) corresponds to at least one of g image inten-
sity values, where g is at least equal to three.

(b) a matrix storage means where the input
image intensity values of a complete frame may be
stored and accessed;

(c) an output means for outputting sequen-
tially a plurality of intensity encoded signals D(,p)
corresponding to the position of input image inten-
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sity value I{l,p), each display intensity encoded
signal D(l,p) corresponding to one of r amplitude-
ordered display intensity values A1, A2... Ar where
r is an integer less than q, and Ax is the xth display
intensity value;

(d) a partial error storage means for storing
partial error values PE(], ) .0.p ) corresponding to an
infensity encoded signal (I,p) being processed from
elements (l P ),

(e) a buffer preload means for maintaining a
preselected error value E(l,p) corresponding to a
number of intensity encoded signals processed;

(H a processing means for mapping the in-
tensity encoded signals 1(l,p) onto the intensity
signal at the output by

(1) retrieving a value I(i,p) from the matrix
storage means,

(2) if | #1 or p # 1, obtaining the value E-
(Ip) from the buffer preload means,

(3) ifl®=1orp# 1 obtaining the values
PE(H RoB p) for all I and p from the partial error
storage means and summing the values of PE(II
p.p’) to obtain E(lp),

(4) determining the value D(lp) based on
the values of 1(1,p) and E(l.p),

(5) sending the value D(l,p) io the output
means,

(6) calculating the partial error values PE-
{(alb.,p) , where (a,b) are the elements to which
error is propagated from (1.p)

(7) storing said partial error values PE-
(alb,p) in said partial error storage means for all
(a.b).

The above device can be applied to mosaic
color patterns other than those with isochromatic
diagonals, as long as the elements are referenced
with- matrix notation (I,p), where | represents group-
ings of elements for processing based on the par-
ticular mosaic pattern of the display, and p referen-
ces the order of processing among elements in the
group, respectively.

in the following discussion, the references cor-
responds to the diagonals of the mosaic with isoch-
romatic diagonals as before. In other words, m is
one of M Mmonochromatic diagonals of a mosaic
color display, and n is the nth element from the top
of the diagonal. Again, the mosaic with isoch-
romatic diagonals is focused on for exemplary pur-
poses, the invention applying to mosaic color pat-
terns in general.

E(m,1) for each diagonal row corresponds to an
image element which lies on the physical border of
the image. There is no error to be propagated from
a prior element since element (m,1) begins a diag-
onal row. Therefore, as described above, E(m,1) is
selected for each of the m diagonal rows. The
value can be the same or different for all m diag-
onal rows. It can also be changed between images.
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The consequence of changing the error value
for the first element of the mth row E(m,1) for
successive frames processed by the present inven-
tion is that changes result in any or all of D(m,n) for
all m. Referring to Figure 11, the "row" is drawn
horizontally, but may correspond to a diagonal row
m of a mosaic color display as in prior Figures, or
to any mosaic pattern in general. Assume that the
two particular frames are identical, or, at least, the
mth row for the two successive frames are iden-
tical. Also assumed for this description is that E-
(m,1) alternates between two values between the
minimum and maximum image intensity values for
successive frames. Since the values of E(m,1) are
different, the error propagated to the successive
diagonal elements will in general differ, since the
error associated with the (m,n)th element E{m,n) =
I{m,n-1) + E(m,n-1) - D(m,n-1), and the values of |-
(m,n) are assumed equivalent between image ele-
ments. Furthermore, the mapping of the display
element values D{m,n) may differ for corresponding
image elements on the two identical frames, since
D(m,n) is mapped from the adjusted intensity value
of the nth element, I(m,n) + E(m.n), and E(m,n)
differs for the two identical frames. Therefore it is
apparent that a change in E(m,1) can result in
changes of any or all of D{(m,n) for all m.

The alternating of the nth display element in-
tensity value D(m,n) between two intensity values
for successive identical frames is perceived as an
average of the two intensities if the alternating is
fast enough. If the threshold level is approximately
halfway between two possible display intensity val-
ues, then an image element with intensity value I-
(m.,n) near the threshold value is not well repre-
sented by either adjacent display intensity value.
The alternating between the two adjacent display
intensity values, which is more probable in the
present method, gives a perceived intensity ap-
proximately equal to the threshold level, or the
image element intensity value. Furthermore, for
those image elements with intensities I(m,n) not
bordering on a threshold level, a variation in E(m,1)
is less likely to resuit in a change of display inten-
sity between successive frames. This is also a
good result, since if I{m,n) is not near a threshold
value, it is relatively close to a possible display
level of intensity, Ax, and is well represented by
the mapping onto Ax.

The above description can be extended so that
the error value of the first element in the mth row
E(m.1) change between more than two values with-
in the range of possible image intensity values for
successive frames. For a series of identical frames,
as the number of values E(m,1) can take for each
image increases, the average intensity of each
display element, D(m,n), approaches the value of
its corresponding image element intensity, [(m,n).
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In other words, if 1000 identical frames were pro-
cessed and displayed with E{m,1) for each m cho-
sen randomly for each frame and the 1000 frames
were processed in a time so short that the eye
could not distinguish changes in the display, the
display would be perceived as identical to the
frame in all respects, most notably its grey-toning.

While the above is the fundamental foundation
for the present invention, processing speed is not
at the state where such a large number of frames
may be processed at a rate undetected by the eye.
if E(m,1) changed between 1000 values for the
same image at today's processing speeds, the eye
would sense the resuliing changes in the intensity
of the individual display elements along the row m,
rather than perceiving the average of the inten-
sities. The particular embodiments described below
are attempts to accommodate these two conflicting
requirements: changing E(m,1) for successive
frames to achieve a more accurate display of inten-
sity over time, while not changing it so much that
changes in the displayed image elements are
sensed over time for the same input image.

In one embodiment of the invention, the error
value for the first element in the mth row E(m,1) for
each m are initially uncorrelated to the value for
any other m. Each E{(m,1) has an initial value
between 0 and the maximum image intensity value.
E(m,1) for each m increases incrementally for each
successive frame. When E(m,1) exceeds the maxi-
mum image intensity value, that maximum is sub-
iracted, and the process continues.

In a more particular embodiment of the inven-
tion, the display elements can only take one of two
possible intensity values, i.e. r=2 in the general
formulation of the invention above. A1 and A2 are
normalized to be 0 and 1 respectively, and T1 is
chosen to be 5 . The image intensity values cor-
respond to those of a TV input and can take one of
256 values between normalized intensities of 0 and
1. For each image, E(m,1) for each m is initially
chosen arbitrarily to be either 0 or .5. For succes-
sive images, E(m,1) for each m alternates between
0 and 5. This leads to qualitatively good half
toning and is therefore a preferred embodiment.

The advantage of the pel interleaving feature of
the present invention can be demonstrated by con-
sidering a uniformly dim {not black) region of the
analogue image, processed according to the above
embodiment. Assuming that the image elements
will be less than Tt (or 3 ) most display elements
will be off. If the preload value of the mth row E-
(m,})) = 0, error will gradually accumulate among
the elements in row m until I{m,n) + E(m.\n) is
greater than T1, and the (m,n)th element is turned
"on". However, I(m,n) + E{m,n) is only marginally
greater than T1 or 3 , while D(m,n) = 1; therefore,
the error propagated to the (m,n+1)th element is
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approximately -3 . Consequently, there will be rela-
tively many "off" pixels adjacent to (m,n) in row m,
as the error must accumulate to exceed 3 for
another "on" element. The result is evenly-spaced
but sparse "on" elements along row m.

it E(m,1) were modulated at the next frame to
be E(m,1) = 3, the "on" elements of the display
would be at the elements equidistanily between the
"on" elements of the prior display. This is due to
the fact that all elements of the prior frame with an
accumulated error of zero would now have error 3
resulting in an "on" pixel, while those prior "on”
elements with accumulated error 3 , would have an
error of 0 resulting in an "off" pixel.

Therefore, if E(m,1) alternated between O and 3
for successive identical images, the result of the
present invention would be an even temporal and
spatial shifting of "on" pixels along the mih row,
with the eye perceiving the spatial and temporal
average of the "on" elements, rather than sparse,
stationary "on" elements on a black background,
the result of the time constant preload case.

In another method, the same parameters are
chosen as in the embodiment just described. How-
ever, E(m,1) for each m is initially chosen randomily
between 0 and 1. For successive frames, E(m,1)
for each m alternates between its initial value and
either (i) a value 3 less than the initial value if the
initial value is greater than or equal to 1, or (i) a
value 3 greater than the initial value if the initial
value is less than 3 .

One further feature of the present invention is a
method of artifact suppression, unique to the
present invention. Artifact elimination is known to
the art for other methods of grey-toning but cannot
work with pel interleaving. Artifacts include sparse
isolated "on" pixels in regions of the display where
the image is dark. These "on" pixels are very
noticeable individually and detract from the dis-
played image quality. Such artifacts are a natural
consequence of the error propagation method of
the present invention. This is true because even in
image regions with intensities well below the first
threshold, T1, the error value of adjacent elements
will increase as the error is propagated to succes-
sive elements. Eventually the adjusted intensity
value of the nth element, E(m.n) + I(m.n), will
exceed T1, resulting lin D(m,n) = A2, or a lit
display pixe! in a uniformly dark image region.

The present invention eliminates these artifacts
by maintaining a record or counter variable, C, of
when the last display element in the row was
displayed with an intensity greater than A1. if (1)
the considered display element is to be mapped
with an intensity A2 using the nominal processing
algorithm of the present invention and, (2) the
record shows that more than a preselect number,
N, of display elements of intensity value At have
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been processed since the last element with an
intensity value greater than A1, then the display
element is mapped with an intensity value A1l in-
stead of A2. If both conditions are not met, then the
considered display element is mapped with an
intensity A2, the result of the nominal processing
algorithm of the present invention

Of course, whenever the display element is
displayed or, using the nominal algorithm, should
have been displayed with an intensity greater than
A1, the record, C, is reset. Similarly, when the
considered display element begins a new row, the
record, C, is reset. It should be emphasized that,
with the artifact elimination, all processing occurs in
the manner as described in detail above. The arti-
fact elimination feature adds one last decision of
whether the display element is displayed at A1 or
A2.

Other minor facets of the present invention
suggest themselves. For example, in one embodi-
ment the display intensity values are equally
spaced and the threshold values are spaced
equidistantly between neighboring intensity values.

Furthermore, the method of error propagation
by pel interleaving could be applied to black and
white displays. Then it would not be necessary to
propagate diagonally, since horizontally adjacent
elements are black and white. Error could be prop-
agated horizontally, and the elements could be
referenced so that m corresponds to horizontal
rows and n corresponds to vertical columns. There-
fore, all i(m,1), ie., the elements for which the error
is preselected, would make up the first vertical
cotumn of the image.

While the invention has been particularly
shown and described with respect to illustrative
and- preferred embodiments thereof, it will be un-
derstood by those skilled in the art that the fore-
going and other changes in form and details may

"be made therein without departing from the spirit

and scope of the invention which should be limited
only by the scope of the appended claims.

Claims

1. A method of displaying an image comprising
the steps of:
(a) providing an image comprising a plurality of
image elements i(m,n), m comprising the integers
1 10 My, N comprising the integers 1 to Nigal,
Notal @ function of m, each image element i(m,n)
having an intensity I(m,n) equal to at least one of g
image intensity values, where q is at least equal to
three, each image element having a position;
(o) providing a display comprising a plurality of
display elements d(m.n), each having a position
corresponding to the position of image element i-
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(m,n), and each display element d(m,n) being ca-
pable of emitting light with an intensity D(m,n)
equal to one of r amplitude-ordered display inten-
sity values A1,A2..Ar, where r is an integer less
than g, and Ax is the xth display intensity value;

{c) defining r-1 threshold values, (T1,T2,...T(r-1)),
where Tx is the xth threshold value;

(d) defining an error value E(m,n) for each m and n,

where E{m,n) = i(m,n-1) + E(m,n-1) - D(m,n-1)
and E(m,1) for all m is a function of time and m
only;

(e) for m = 1 {0 myga and, for each m, for n = 1
10 Nyt displaying the display pixel d(m,n) with an
intensity

(i) D(m.n) = At,if [(m,n) + E(m,n) < T1,

(i) D(m,n) = Ar, if I(m,n) + E(m,n) 2 T(r-1), or,

(iii) for r > 2 and T1 £ I(m,n) + E(m,n) < T{r-1): D-
(m,n) = Ax

where x is the value between 2 and r-1 which
satisfies the condition T(x-1) £ I{m,n) + E(m,n) <
Tx.

2. The method according to Claim 1, wherein
step (d) replaced by the following step:

{d) defining an error value E(m,n) for each m and n,
where Emn) =Z &  Kmm'n,j) ° m'j) +
E(m ,j) - D(m ,j)] , where:

(i) m’ ranges.among the references for the Mg
groupings of elements for processing, while j
ranges among the references for each element in
the m'group of elements.

(ii) K(m,ml,n,j) is a propagation coefficient for the
propagation of error from i(m',j) fo i(m,n).

(iiiy E(m,1) is a function of time and m only.

3. The method according to Claim 1 or 2,
comprising the additional steps of:
defining a counter variable C, and a suppression
constant, N;
for each m and n considered, (i) if n=1, setting
C=N,

(i) if C < 0 and D(m,n) = A2,

displaying the display element intensity value D-
(m,n) with an intensity value Af,

(i) (A) if I{m,n) + E(m,n) = T1, setting C=N

(B) if I{m,n) + E{m,n) < T1, setting C=C-1.

4. The method according to one of Claims 1 to
3 wherein the image is provided by the input signal
to a CRT video screen, the input signal comprises
three overlapping analogue signals corresponding
to each primary color intensity of the image, and
the display is provided by a display with elements
of three or more colors arranged in a mosaic color
pattern.

5. The method according to Claim 4 wherein |-
(m,n) is the discrete image element intensity value
of the same color of the corresponding display
element, determined from the analogue signals for
the spatial region of the image corresponding to
the display element d(m,n), the spatial region of the

10

15

20

25

30

35

40

45

50

55

14

image being image element i(m,n).

6. The method according to Claim 4 or 5
wherein the display is a mosaic color display with
isochromatic diagonals and the display elements,
d(m,n), correspond to the nyua elements in each of
the myua isochromatic diagonals of the display,
whereby image elements i(m,n) are also referenced
diagonally on the image to spatially correspond to
display elements d(m,n).

7. The method according to one of Claims 4 fo
6 wherein the image is one of many temporally
successive images provided at a constant frame
rate, the display is displayed once for each image,
whereby the display is a series of temporally suc-
cessive, possibly identical, images which change at
the frame rate.

8. The method according to Claim 7 wherein E-
(m,1) are equivalent for all m for each said image;
and wherein E(m,1) for all m change at a frequency
equal to that of the frame rate, whereby, some or
all of the display array elements D{m,n) have dif-
ferent display intensity values for successive but
identical images.

9. The method according to Claim 8 wherein r
= 2, Al = 0, T1 =22 and the value of E(m,1) for
all m aliernates at the frame rate between O and
T1, whereby some or all of the display array ele-
ments D(m,n) have different display intensity val-
ues for successive but identical images.

10. The method according to Claim 7 wherein
the value of E(m,1) for seach m is uncorrelated to E-
(m,1) for all other m for each image provided at the
constant frame rate, E(m,1) for all m lying between
A1 and Ar ; and
wherein E(m,1) for all m change at the constant
frame rate, whereby some or all of the display
array elements D(m,n) have different display inten-
sity values for successive but identical images.

11. The method according to Claim 10 wherein
r =2 A1 =0, T1 = %, and the values of E(m,1)
for each m alternate at the frame rate between two
values within the range of 0 and A2 separated by 5
, whereby some or all of the display array elements
D(m,n) have different display intensity values for
successive but identical images.

12. The method as in Claim 7 wherein E(m,1)
for all m alternates between two different values for
each successive image, whereby some or all of the
dispiay array elements D{m,n) have different dis-
play intensity values for successive but identical
images.

13. The method according to Claim 12 wherein
r = 2 and E(m,1) for all m alternates between 0
and T1, whereby some or all of the display ele-
ments D(m,n) have different display intensity val-
ues for successive but identical images.

14. The method according to one of Claims 1
to 13 wherein the display intensity values,
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(A1,A2,...Ar), are equally spaced and the threshold
values, (T1,T2,..T(r-1)), are spaced equidistantly
between neighboring intensity values.

15. A device used for displaying an image
comprising:

(a) an input means for receiving in a standard left
to right top to bottom raster sequence a piurality of
intensity encoded signals I{l,p) corresponding to a
plurality of image elements i(l,p) which each cor-
respond to a position on the image , | comprising
the integers 1 {0 Lo and corresponding top to
bottom to the la horizontal rows of a raster scan,
p comprising the integers 1 to P and corre-
sponding left to right to the pia vertical columns
of a raster scan, where each intensity encoded
signal I(l,p) corresponds to at least one of q image
intensity values, where g is at least equal to three.
(b) an output means for outputting sequentiaily a
plurality of intensity encoded signals D(l,p) cor-
responding to a plurality of display elements d{l,p),
each display element d(l,p) corresponding to the
position of image element i (I,p), and each display
intensity encoded signal D(lp) corresponding to
one of r amplitude-ordered display intensity values
At, A2...Ar, where r is an integer less than g, and
Ax is the xth display intensity value;

(c) An error storage means, for storing an error
value E(l,p) corresponding to an intensity encoded
signal at the input;

(d) A preload buffer for maintaining a preselected
error value E(l,p) corresponding to a number of
intensity encoded signals at the input;

(e) A processing means for mapping the intensity
encoded signal at the input I(l,p) onto the intensity
encoded signal at the output D(l,p) by

(1) retrieving the value I{|,p) from the input means;
(2)if | = 1 or p = 1, obtaining the value E(m,n)
from the preload buffer.

(38)if I # 1 and p # 1, obtaining the value E(l,p)
from the error storage means,

(4) determining the value D(i,p) based on the val-
ues of I{I,p) and E(l,p),

(5) sending the value D(},pt to said output means,
(6) calculating the value E(1+1, p+1) based on I-
(1p). D(,p) and E(i.p),

(7) storing E(I+1, p+1) in said error storage
means.

16. A device as in Claim 15, wherein steps (c),
(e3), (e6) and (e7) are replaced by the following
steps:

(c) a partial error storage means for storing partial
error values PE(I,I'.p,p') corresponding to an inten-
sity encoded signal I(Lp) at the input, from ele-
ments (l’,p’);

(e) (3) if | # 1 and p * 1, obtaining the values PE-
(I,I',p,p') from the partial error storage means and
summing the values of PE(I,l'p.p') to obtain E(l.p),
(6) calculating the partial error values PE(alb.p)
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where (a,b) are the elements to which error is
propagated from (I,p)

(7) storing said partial error values PE(alb,p) in
said partial error storage means for all (a,b).

17. A device as in Claim 15 or 16 wherein said
image is provided by the input signal to a CRT
video screen, the input signal comprising three
overlapping analogue signals corresponding to
each primary color intensity of the image, and the
display is provided by a display with elements of
three or more colors arranged in a mosaic color
pattern.

18. A device as in Claim 17 wherein I(I,p) is the
discrete image element intensity value of the same
color of the corresponding display element, deter-
mined from the analogue signals for the spatial
region of the image corresponding to the display
element d(l,p), the spatial region of the image be-
ing image element i(m,n).

19. A device as in Claim 17 or 18 wherein the
display is a mosaic color display with isochromatic
diagonals and the display elements, d(i,p), cor-
respond to the Ny elements in each of the lgal
isochromatic diagonals of the display, whereby im-
age elements i(l,p) are also referenced diagonally
on the image to spatially correspond to display
elements d(},p).

20. A device as in one of Claims 15 to 19
wherein the processor further includes a threshold
determination means for determining- whether an
intensity encoded signal corresponds to an inten-
sity which is greater than any or all of r-1 threshold
values, T1, T2,...,, T{r-1), where Tx is the xth thresh-
old value.

21. A device as in Claim 20 wherein the pro-

cessor sums the values E(l,p) and I{l,p), accesses
the threshold determination means, and determines
the value D(l,p) to be
(i) D,p) = A1, if threshold determination means
determines I(l,p) + E(l,p) < Tt
(i) D(p) = Ar, if threshold determination means
determines I{l,p) 2 T(r-1), or,
(ii) forr> 2 and T1 £ I(Lp) + E(I,p) < ( T(r-1), D(,p)
= Ax, where x is the value between 2 and r-1
which the threshold determination means deter-
mines satisfies the condition T(x-1) £ i{(l,p) + E(l.p)
< Tx,

22. The device as in one of Claims 15 to 21
wherein a counter variable C and suppression con-
stant N is defined, and, for each inputted image
element intensity value, the processing means fur-
ther
(i) sets C=Nifp=1,

(i) if C <0 and D(l,p) = A2, outputs the intensity
value A1 to output means for display element in-
tensity value D(l,p).

(iii) sets C=N if I(l,p) + E(L,p) 2 T1,

(iv) set C=C-1if I{L,p) + E(lp) < T1.
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