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IMPROVED ERROR DIFFUSION SYSTEM

BACKGROUND OF THE INVENTION

This invention relates in general to digital

halftone systems and in particular, to an improved
5 digital halftone system using error diffusion.

In the conventional printing process,
continuous tone images are prepared for printing by
exposure through a halftone screen. The resultant image
will have dots of various sizes, one for each opening in

10 the screen. These dots are larger where more light
penetrates the screen and smaller where less light is
present. Thus the exposure through the screen converts
intensity level of the original image at the opening in
the screen into a dot of appropriate diameter or size.

15 In the digital analog of the above process, known as
digital halftoning, the original image is scanned with
a scanner and the data 1s captured in a digital
computer. This data consists of binary representations
of the scanned intensity or density values. Each such

20 value, typically ranging from 0 to 255, corresponds to
one scanned area or pixel of the input image. To
reproduce this 1mage on a printer capable of only
printing colored dots, it 1s necessary to create a
sensation of intensity by suitable choice of the dots to

25 be printed.

In digital halftoning, a multi-level or
continuous tone original image is scanned pixel by
pixel. Signals representing the density levels of the
pixels or blocks of pixels scanned are processed to

30 provide a bi-level output for a printer. 1In response to
the bi-level output, the printer would either print a
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~dot or not to provide an image resembling the original.

Two types of digital halftoning techniques have

been used. In one of the two types Known as screening
or dithering, the signals representing the density

levels of the pixels or blocks of pixels of the original
image scanned are multiplied by or compared to signals

representing a two-dimensional screen function to
provide the bi-level output. In response to the bi-

level output, the printer will print or not print dots
at fixed output positions. In the other type known as
error diffusion, no screening function 1s used.
Instead, the error that results in quantizing the
density level of a pixel or a block of pixels. (1i.e.

converting to a bi-level output) 1s taken into account

when pixels or blocks of pixels in a neighborhood are

subsequently converted into bi-level outputs (1i.e.

diffused to neighborhood pixels or blocks).

In contrast to screening or dithering, in error
diffusion systens, the printer is not caused to print
dots in fixed output positions; instead, the printer may
print dots at whatever locations selected, and indeed
the density level desired is achieved by selecting the
appropriate dot spacing or wavelength corresponding to
the scanned density level. Usually, the wavelength of
dots to be printed by the printer varies inversely with
the density 1level of the pixel or block of pixels
scanned from the original image. Hence, when the input
signal indicates a change 1in density 1level of the
scanned original, the wavelength of dots to be printed
also changes. The wavelength of dots to be printed as
a function of the density level of the scanned image may
be stored in a lookup table in the computer m‘emory.
Thus, if the scanned density level ranges from 0 to 255,
and the particular density level of the scanned image
has the value "1," this means that one dot should be
printed in a 16 x 16 array so that one dot should be
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printed on every sixteenth position in the printing
direction by the printer. This in turn defines a dot
wavelength of 16. In error diffusion techniques, the
dot size is typically fixed, unlike screening and
dithering techniques.

Error diffusion was first proposed by R.W.
Floyd and L. Steinberg. Such technique is described in
some detail in Section 8.2, pages 239-252 of the book
"Digital Halftoning," by Robert Ulichney, Massachusetts

Institute of Technoloqy, 1987. One example of such
error diffusion and algorithm proposed by Floyd and

Steinberg is illustrated in Fig. 8.6(a) of Ulichney, .

where a rectangular grid is used in printing. Such
figure shows the proportions of the error distributed to
neighboring pixels when the density level at the pixel
represented by the black dot is converted to a bi-level

output. An error term given by 7/16th of the
gquantization error is distributed to the next pixel

immediately to its right on the same line for printing.

A weighted error given by 1/16th of the guantization
error is distributed to the pixel immediately beneath

the prior pixel to which error has been distributed and
5/16th and 3/15th of the gquantization error are
distributed to the two pixels immediately to the left,
all as shown in Fig. 8.6(a) of Ulichney. This operation
is known as an error filter, where weighted portions of
the quantization error are distributed to four pixels as
shown. It is noted that the four weights (7/16, 1/16,
5/16 and 3/16) add up to "1." When the rixel shown by
the black dot is to be converted to a bl-level output,
the density level of the pixel scanned 1ls compared to a

threshold (such as "128" for full range of density
lJevels from "O" to "255"). When the density level 1s

beneath the threshold, the printer is commanded to print
a dot at such location and the guantization error 1s
equa'l to the input signal representing the density
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level. If the input signal 1s greater than the
threshold, then no dot is printed and the error is given

by the difference between the maximum value (e.g.,
"255") and the input signal representing the density
level of the scanned pixel. In other words, 1f the
scanned density level at the pixel 1in the "x, Yy"
position is Pval(x, y) and the converted bi~level output
of the pixel is Pout(x, y), where the density level 1is
in the range from "0O" to "255," and the threshold 1is
"T," then

if Pval(x, y) < T, then

Pout (x, y) = color, and

Error = Pval (%X, y); but

if Pval(x, y) > T, then

Pout (x, y) = white, and

Error = Pval(x, y) = 255.
The error is then distributed to surrounding pixels 1in
the manner described above.

A number of methods have been proposed for
allocating the quantization error in error diffusion.
In many error diffusion methods, the error 1is divided
into fixed proportions. The Floyd and Steinberg
technique described above is one example. The halftone
pictures produced by such methods produce output pattern

artifacts consisting of apparent curved or straight
lines, known to the industry as "worms."

To reduce or eliminate the "worms," many
solutions have been proposed. In U.S. Patent No.
4,654,721 to Goertzel et al., a random fraction of the
error is distributed to one neighboring block and the
remainder is distributed to another neighboring block.
In the article “Error Diffusion Using Random Field
Models," by J.C. Dalton et al., Markov random field
error diffusion algorithm 1is used to generate random

textures for eliminating graln boundary errors
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associated with conventional error diffusion textures in
large constant tone regions.

None of the above-described error diffusion
techniques are entirely satisfactory. 1In particular,
the highlight or dark areas where the density levels of
scanned images are either very high or very low, the
above-referred to patterned artifacts or "worms" are
particular noticeable, even when the above-described
known error diffusion techniques are employed. It is
therefore desirable to provide an error diffusion system

for halftoning in which the above-described difficulties
are alleviated.

SUMMARY OF THE INVENTION

This invention is based on the observation
that, particularly for highlight portions and for dark
portions of an image, the patterned artifacts or “worms"
are reduced by introducing periodicity in the weighting
factors for distributing errors to neighboring pixels.
Thus, where the density level of a scanned pixel or
block of pixels is within a certain range or ranges of
values, periodicity is introduced into the weights for
deriving the error terms for distribution to neighboring
pixels or blocks in the manner described below.

When the density level of a pixel or a block of
pixels is within a predetermined range or ranges of
values, the weights used in error diffusion are such
that the derived correction terms of such pixel or block
have components that vary with respect to the position
of the pixel or block of pixels and that are periodic
with respect to a wavelength which is a function of the
density level or corrected density level of said pixel
or block.

One aspect of the invention is directed towards

an apparatus for converting a multiple level digital or

continuous tone original image into a bi-level 1image.
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In this apparatus, quantization errors in converting
density levels of pixels or blocks of pixels of the
image are distributed to neighborhood pixels or blocks
of pixels. The apparatus comprises a scanner for
5 scanning the original image to detect the density levels
of pixels or blocks of pixels within a predetermined
range of optical wavelengths, means for adding to the
density level of each of a plurality of pixels or blocks
of pixels scanned an error correction term to provide a
10 corrected density level for said pixel or block of
pixels. The apparatus further comprises means for
comparing the corrected density level of each of said
pixels or blocks of pixels to a predetermined threshold,
and for providing a bi-level output corresponding to the
15 pixel or block of pixels to convert said pixel or block.
In the preferred embodiment, this threshold 1s chosen
from a number of randomly variable threshold values
evenly distributed around a predetermined value. The
apparatus also includes means for deriving from the
20 corrected density level of each of said pixels or blocks
or pixels and the bi-level output error correction terms
of such pixels or block of pixels for distribution to at
least two neighborhood pixels or block of pixels of such
pixel or block of pixels. For at least one converted
25 pixel or block of pixels whose density level or
corrected density level is in a predetermined range, the
correction term of such pixel or block has a component
that varies with respect to the position of the pixel or
block of pixels and that 1is periodic with respect to a
30 wavelength which is a function of the density level or
corrected density level of said pixel or block.

The method of this invention comprises scanning
the original image to detect the density levels of
pixels or blocks of pixels within a predetermined range

35 of optical wavelengths, adding to the density level ol
each of a plurality of pixels or blocks of pixels
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scanned an error correction term to provide a corrected
density level for said pixel or block of pixels to

convert said pixel or block. The corrected density
level of each of said pixels or blocks of pixels is then
5 compared to a predetermined threshold, and a bi-level
output is provided corresponding to the pixel or block
of pixels. In the preferred embodiment, this threshold
is chosen from a number of randomly variable threshold
values evenly distributed around a predetermined value.
10 The method further comprises deriving from the corrected
density level of each of said pixels or blocks of pixels
and the bi-level output, error correction terms of such
pixel or block of pixels for distribution to at least
two neighborhood pixels or blocks of pixels of such
15 pixel or block. For at least one converted pixel or
block of pixels whose density level or corrected density
level is in a predetermined range, at least one of the
correction terms of such pixel or block has a component
that vary with respect to the position of the pixel or
20 block of pixels and that is periodic with respect to a
wavelength which is a function of the density level or
corrected density level of said pixel or block.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a functional block diagram of a
25 system for.-converting a multiple level digital or
continuous tone original image into a bi-level image to
illustrate the preferred embodiment of the invention.
Fig. 2 is a schematic view of pixel positions
of an image to illustrate the error diffusion technique
30 of this invention.

Fig. 3 1s a flow chart to illustrate the
operation of the system of Fig. 1.

Figs. 4-7 are system diagrams to l1llustrate the
operation of the system of Fig. 1.
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Figs. 8-10 are bi-level images produced using
conventional error diffusion technigques proposed by

Floyd and Steinberg and Figs. 11-13 are the bi-level
renditions of the same pictures using the techniques of

5 this invention to illustrate the advantages of the
invention.

Fig. 14 is composed of 16 bi-level images of 16
different density levels rendered using the invention to
illustrate i1ts advantages.

10 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
Fig. 1 1is a functional block diagram of a
system for converting a multiple 1level digital or
continuous tone original image into bi-level 1image.
System 20 includes a scanner 22 for scanning the
15 original image to provide a signal Pval of a pixel or a
block of pixels of the image scanned by the scanner
indicating the density 1level of the pixel or block
scanned. Adder 24 adds to the signal Pval an error
correction term described below to provide a signal
20 Pval'® representirig the corrected density level of the
pixel or block scanned. These steps are indicated by
blocks 50 and 52 of Fig. 3.
Comparator 26 then compares the signal Pval' to
a threshold T having a predetermined value (diamond 54
25 of Fig. 3). 1In the preferred embodiment, T is one of a
number of randomly variable threshold values evenly
distributed around a predetermined value such as 128 1n
a range of density values from 0 to 255. If Pval' 1is
greater than the threshold, the pixel or block 1s turned
30 off and printer 28 is instructed to not print a colored
dot at such pixel or block position (block 56 of Fig.
3). 'If Pval' is lower than the threshold, the pixel or
block is turned on and printer 28 is instructed to print
a colored dot at such pixel position (block 58 of Fig.
35 3) . The bi-level output of comparator 26 and the



10

15

20

25

30

35

WO 93/00656 PCT/US92/03729

2112468

9

corrected density level Pval'! are supplied to error
processing unit 30 to calculate the error terms of the
converted pixel or block of pixels just described for
distribution to at 1least two neighborhood pixels or
blocks of pixels of such converted pixel or block.
Error ©processing unit 30 performs the
operations indicated in blocks 60-64 of Fig. 2. These
error terms are then stored in line buffer 32. When the
scanned density level Pval of a neighboring pixel or
block is scanned by scanner 22 and provided to adder 24,
the correction term stored in buffer 32 corresponding to
such pixel or block is then fetched from buffer 32 and

~added to the input signal to derive a corrected density

level Pval'. Thus as shown in Fig. 3, blocks 66 and 52,
the correction terms for neighboring pixels or blocks
derived by error processing unit 30 are stored in the
line buffer which are then provided to adder 24 when the
signals representing the density 1levels of such
neighboring pixels or blocks are processed by adder 24.

Fig. 2 is a schematic diagram of dots printed
by a printer in a rectangular grid to illustrate the
invention. As shown in Fig. 2, printer 28 (not shown 1in
Fig. 2) is capable of printing a two-dimensional array
of dots such as dots 40 shown in Fig. 2. To simplify
the drawing, the dots 40 shown are much smaller than
their actual size; when all of the dots 40 are actually
printed, the whole area of the image shown in Fig. 2
wlll be of a partlcular color from the colorant that 1is
belng printed. The printer prints one dot at a time so
that the two-dimensional array shown 1in Fig. 2 1is
printed one row at a time, for example, from top to
bottom in the y direction and the dots in each row are
printed, for example, from left to right in the "“x"
direction. After the printer has finished printing one
row of pixels, the printer would then move 1in the Yy
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direction to the next row to print the next row of dots
in the "x" direction.

When system 20 of Fig. '1 processes the
conversion of the density" level at point P in Fig. 2,
system 20 derives correction terms which are distributed
to points P1, P2, P3 and P4, the same four points to
which errors are diffused or distributed as proposed by
Floyd and Steinberg. The error terms to be distributed
to these four points are obtained by multiplying by
certain weights the quantization error which results
when comparator 26 converts the density level of the
pixel P to a bi-level output. 1In reference to blocks .
54~-60 of Fig. 3, where the density level 1s less than
the threshold, and the pixel or block 1is turned on, then
the density level itself is the error. On the other
hand, where the density 1level 1s greater than the
threshold so that the pixel or block is turned off, the
difference between the maximum value of the density
level (255 in this case) and the actual density level at
pixel P is the error and is derived in accordance with
block 60. This error term may be derived in unit 30 by
subtracting the output of comparator 26 and the
corrected density 1level Pval', where the output of
comparator 26 1is a "1" or a "“0" and the corrected
density level Pval' is normalized as a fraction of the
maximum value of the density level (255 in thils case).

. Such difference is then multiplied by a welght

characteristic of the direction of distribution. Thus
if the distribution is in the direction D1, the weight
is w,, or in general where the distribution 1is 1in the
direction Dn, the weight applied 1s w, , where n ranges
from "1" to "4."

In reference to Fig. 2, the four error terms to
be distributed to the four points Pl, P2, P3, P4 are
respectively: w,."error", w,."error", ws."error" and

w,."error", where "error" is computed as described above
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by computing the difference between the output of
comparator 26 and the normalized output of adder 24.
Then these four error terms are stored 1in line buffer
32. When scanner 22 provides the scanned density level

5 at the next pixel Pl to adder 24, the error term
w,."error" 1s fetched from buffer 32 and is added to the
density level scanned to provide the corrected density
level for Pl at the output of adder 24 to be processed
in the same manner as described above.

10 It will be noted that, when the density level

scanned for point Pl is processed, the total correction
at points P2, P3 will be updated by adding to each

correction term stored in the line buffer for each of

‘the two points, the additional correction term that is

15 derived when the density level at point Pl 1is being

converted to bi-level. This 1s repeated until the

density level at point P3 or point P4 is scanned and

processed, at which time the cumulative correction terns

are then added by adder 24 to .provide a corrected

20 density 1level, which 1is then processed as before to

provide a bi-level output and to carry on further error
processing.

As noted above, the weights w,, w,, w; and w, 1n

conventiocnal error diffusion systems, such as those by

25 Floyd and Steinberg, have fixed values. As noted by

Goertzel et al. referenced above, such error diffusion

schemes give rise to patterned artifacts or "“worms."

This invention 1s based on the observation that these

"worms" can be reduced or even eliminated in the light

30 or dark areas of a picture by introducing a certain

amount of periodicity to the 1location of the dots

printed by the printer. This reduces the patterned

artifacts or "“worms," particularly in the highlight

portions or dark portions of a picture reproduced 1in

35 digital halftone. In the preferred embodiment of the
invention, this 1is achieved by detecting whether the
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scanned density level of a pixel or block of pixels is

above a certain value such as "192" or below a certain

value such as "63," where the density level may range

from "O" to "255." Where the density level scanned is

5 detected to be within either range, the weights w,, w,,

W; and w, are made to include a component which varies

with the position of the pixel or block and which is

periodic with respect to a wavelength which is a

function of the density level or corrected density level

10 of such pixel or block for the purpose of calculating

error correction terms for neighboring pixels or blocks.

In other words, where a corrected density level of a

scanned pixel 1s detected to be in the highlight or dark

areas of the imaée, then the weights have periodic

15 . components with respect to wavelengths that are

functions of the corrected density 1level. These
operations are illustrated by reference to Figs. 3-7.

Block 62 of Fig. 3 is illustrated in more

detail in Figs. 4-7. In the preferred embodiment, at

20 least one of the four weights w,, w,, w; and w, is a sine

function of the location of the pixel or block to be

converted, where the sine function is periodic with

respect to a wavelength which is a function of the

corrected density level. In one embodiment, the four
25 welghts w,, W,, W; and w, have the following values:
A= £, (Pval') (1)
X = A/2 - (I mod A) (2)
sf = MI/2 - 20x/)\ (3)
w, = [sin (sf) + 1] * .5 (4)
30 W, = 1 = w, (5)
W, = 0 (6)
W, = 0 (7)

The derivation of the four weights w,, w,, Wy and w, may
be accomplished by means of the systems in Figs. 4 and
35 5.
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In the above equation, I is the distance of
pixel P from the y axis. The wavelength A of dots to be
printed can be fetched from a lookup table as a function
of the corrected density level Pval'. The dot pattern
printed by the printer at such location therefore
repeats for every half of the wavelength ). The weight
W, 1s therefore a sine function of the position of the

density level of the pixel or block. The expression for
welght w, is designed to ensure that the weight does not
go negative.

The above-described weights with periodicity
are 1ntroduced only when the corrected density level is
above a certain value such as "192" for a highlight area
or below a certain value such as "63" for a dark area of
an image.

As noted above, introducing'periodicity'in the
correction term may be desirable only when the corrected
density level of pixels or blocks of pPixels are within
certain range of values. When the corrected density
levels are outside such ranges, it may be desirable for

the weights to remain constant, as in the conventional
error diffusion approach. The 1invention 1is best
illustrated by reference to an example below, where
periodicity is introduced in the correction terms when
the corrected density level is in the range cf "192" to
"255," that is, in the highlight portion of the image.
It’will be understood, however, that the invention is
readily applicable to a dark area, where the corrected
density level is below a certain value, such as "e3;"
all such variations are within the scope of the
invention.

Thus, 1if the corrected density level Pval' is
within the range of "192" to "255," each of the four

welghts used in computing the four correction terms will
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have a component which is periodic with respect to the
wavelength of dot density as discussed above. In the
preferred embodiment, and for such corrected density
levels, the four weights also have constant components
5 that do not vary as a function of the position of the
Pixel or block of the wavelength, so that the weights
employed are each a blend of a periodic component and a
constant component. One implementation that has been
found to be satisfactory is illustrated by the equations
10 below, where "temp" is a fraction to indicate how far
the corrected density value Pvél' is above the 1limit
"192," w,'', w,'', w;'! and w,'' are the weights that are
used to derive the four error correction terms for error
distribution in the directions D1, D2, D3, D4 as shown
15 1in Fig. 2, w,', w,', w;' and w,' are constants, and w,,

W2, W3 and w, are given by equations 4-7 above.

If 255 > pPval' > 192,

temp = Pval-192/63 (8)
W' = (1-temp) * w,' + w, * temp (9)
20 Wyy!'! = (l-temp) * Wo! + w, * temp (10)
wz'' = (l-temp) =* W' + w; * temp (11)
wa'' = (l-temp) * w,! + w, * temp (12)
If Pval' < 192,
W't = ow! (13)
25 W't = w,! (14)
wy'' = w,! (15)
w,'' = ow, (16)

From equations 8-16 above, it will be evident
that, where the corrected density level Pval' is equal

30 to "192," the two sets of equations would give the same
result, namely that w,'’, W'ty wi'' and w,'' are

w,'!, W' and w,'. In this manner, the transition from

ordered grld-llke behavior to a more classical error
35 diffusion is accomplished by blending the two sets of
' weighting factors w, and w_'.
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slightly for application to dark areas of the picture
instead highlights. Thus if Pval is detected to be less

than or equal to 63, then temp is defined by (63 -

Pval') /63, and equations 9-12 remain unchanged. If
Pval' is equal to or greater than 63, then equations 13-

16 still apply. 1In general, in the equations for both

-the highlight and dark areas of the image, temp may be

defined as the absolute value of (first wvalue -~
Pval')/(first value - second value), where the first and
second values are 192, 255 respectively for equations
applicable to the highlight areas and 63, 0 respectively
for equations applicable to the dark areas.

Figs. 6 and 7 together with Fig. 3 illustrate
a system for computing the correction terms to implement
the above equations. As shown in Figs. 1 and 3, the
corrected density level Pval' is provided to error

The number "192" is subtracted from the corrected
density level Pval' and the result is checked. If the
result is negative, the guantity Vblend is set to "o."
1T the gquantity is smaller than "0," it is divided by
"63" which then becomes the value of Vblend, which is
the same as the quantity "temp" in equations 8-12 above.
The above computed value of Vblend is then used in Fig.
7 to derive the four weights w,'', W,'', w3'' and w,'',
As shown 1in Fig. 3, each of the four weights Wity wy't,
w3'' and w,'' is used to multiply the error derived in
blocks 54-60 in Fig. 3 to obtain the four error
correction terms for distribution in directions D1-D4 in
Fig. 2. These four correction terms are then stored in
buffer 32 for later use. The above described process
needs to be modified only slightly to derive the four

correction terms for error diffusion correction in dark
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areas of the image. For example, in Fig. 6, Pval'

should be subtracted from 63 :(instead of subtracting 192

from Pval') and divided ‘by 63 for deriving vblend

instead when Pval' is detected to be within the range O
5 to 63.

It is found that the following values for w,',
W', W' and w,' yilelds reproduced digital halftone
images having pleasing visual effects: w,' and w;' being
equal to 0.3 and w,' and w,' equal to 0.2. |

10 While the invention has been described above by
referenced to a scheme where correction terms are
distributed to four neighborhood pixels or blocks, it
will be understood that a different number of correction
terms may be derived for distribution to a different

15 number of neighborhood of pixels or blocks, such as
deriving at least two correction terms for at least two
neighborhood pixels or blocks. Preferably, the at least
two pixels or blocks to which the error correction terms
are to be distributed are not collinear with the pixel

20 or block from which the error correction terms are

derived. Thus in Fig. 2, if error correction terms are
to be distributed to only two of the points P1-P4, it is

preferable for such two points and pbint P not to be
collinear. While in the preferred embodiment described

25 above, the corrected density value Pval'! is used for
deriving the error correction term, it will Dbe
understood that the uncorrected density value may be

used instead and is within the scope of the invention.
Halftone 1mages achieved using the conventional

30 Floyd and Steinberg system are illustrated in Figs. 8-
10, whereas an error diffusion rendition of the same
pictures using this invention are illustrated in Figs.
11-13. A comparison of the two sets of pictures will
1llustrate that, for the images produced using the error

35 diffusion scheme of this invention, the highlight and
dark portions of the images contain a much more orderly
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distribution of colored dots, where patterned artifacts

or "worms" are not noticeable, in contrast to the

- highlight and dark areas in the images reproduced using
the conventional error diffusion scheme. Fig. 14 is

5 composed of 16 bi-level images of 16 different density

levels rendered using the invention to illustrate its
advantages.

While the invention has been described above by
reference to various embodiments, it will be understood
10 that various modifications and changes may be made

without departing from the scope of the invention which
l1s to be limited only by the appended claims.
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WHAT IS CLAIMED IS:
1. An apparatus for converting a multiple

level digital or continuous tone original image into a
bi-level image, wherein gquantization errors 1n
converting density levels of pixels or blocks of pixels

5 of the image are distributed to neighborhood pixels or
blocks of pixels, said apparatus comprising:

a scanner for scanning said original image to
detect the density levels of pixels or blocks of pixels
within a predetermined range of optical wavelengths;

10 means for adding to the density level of each
of a plurality of pixels or blocks of pixels scanned an
error correction term to provide a corrected density
level for said pixel or block of pixels to convert said
pixel or block;

15 means for comparing the corrected density level
of each of said pixels or blocks of pixels to a
predetermined threshold, and for providing a bi-level
output corresponding to the pixel or block of pixels;
and

20 means for deriving from the corrected density
level of each of said pixels or blocks of pixels and the
‘bi-level output error correction terms of such pixel or
block of pixels for distribution to at 1least two
neighborhood pixels or blocks of pixels of such pixel or

25 block of pixels, wherein for at least one converted
pixel or block of pixels whose density level or
corrected density level is in a predetermined range, the
correction term of such pixel or block has a component
that varies with respect to the position of the pixel or

30 block of pixels and that 1s periodic with respect to a
wavelength which is a function of the density level or
corrected density‘level of said pixel or block.

fAMENE IR AR MY BN S e e PR o VT 0ty Y ORI RN R e N, Y
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2. The apparatus of claim 1, wherein the
pixels are arranged in a two-dimensional array with
respect to a printing direction, wherein each of said
pixels or blocks of pixels and its at 1least two

5 corresponding neighborhood pixels or blocks of pixels
are not collinear.

3. The apparatus of claim 1, said deriving
means including an error filter that, for each of said
pixels or blocks of pixels whose density levels have
been converted and for which correction terms have been

5 derived, distributes to neighborhood pixels or blocks of
pixels of such pixel or block correction terms given by
weighted portions of the difference between the
corrected density level of each of said pixels or blocks

of pixels and the bi-level output for such pixel or
10 block.

4. The apparatus of claim 3, wherein said
correction terms of a pixel or block are given by the
products of weights and said difference for such pixel
or block, and wherein for pixels or blocks of pixels

5 whose corrected density levels are in said range, said
weights are functions of the corrected density levels of
such pixels or blocks.

5. The apparatus of claim 4, whereiln said
range is defined by values above or equal to a first
value and below a second value higher than the first
value or by values lower than or egqual to a first value

5 and above a second value lower than the first value.

6. The apparatus of claim 5, wherein values
of the density and corrected density levels are in the
range of 0 to 255, and wherein said first value 1s about

192 and said second value 1is about 63.
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7. The apparatus of claim 5, wherein for each
pixel or block of pixels whose corrected density level
1s 1in saild range, said weights for said pixel or block
of pixels further include components that are

5 substantially equal to the products of said difference
and constants.

8. The apparatus of claim 7, wherein for each
pixel or block of pixels whose corrected density level

is in sald range, at least four correction terms of such
pixel or block are distributed to neighborhood pixels or
5 blocks of pixels, where said welights for the four
correction terms 1include wl", w2", w3", w4" given by:
w'" = (1 - temp)w,' + w_ .temp;
temp = absolute value of
(Pval' - first value)/ (first value -
10 second value);

Pval' being the corrected density level of said
pixel or block;

w,' belng constants;
where n = 1, 2, 3, 4;
15 ' w, = 0.5{sin(w/2 - 2mx/\) + 1];
Wy, = 1 = W,y
W, = Wz = 0y
X = Af/2 = I.modl;
where I 1s the distance of said pixel or block from a
20 reference axils 1in a printing direction, and A 1s the
wavelength which 1s a predetermined function of the

density level or corrected density level of said pixel

or block.

9. The apparatus of claim 8, wherein w,di , W'
are substantially equal to 0.3, and w,', w,' are

substantially equal to 0.2.
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10. The apparatus of c¢laim 4, wherein said
weights includes expressions that are proportional to a

sine function which is periodic with respect to said
wavelength.

11. The apparatus of claim 4, wherein for
pixels or blocks of pixels whose corrected density
levels are outside said range, salid weights are
substantially constants.

12. The apparatus of claim 11, wherein for
each pixel or block of pixels whose corrected density
level is outside said range, at least four correction

" terms of such pixel or block are distributed to

neighborhood pixels or blocks of pixels, where said
weights for the four correction terms include wl", w2",

w3", w4", wherein w,", w;" are substantially equal to

0.3, and w,", w," are substantially equal to 0.2.

13. A method for converting a multiple level
digital or continuous tone original image into a bi-

level image, wherein gquantization errors 1in converting
density 1levels of pixels or blocks of pixels of the
image are distributed to neighborhood pixels or blocks
of pixels, said method comprising:

scanning said original image to detect the
density levels of pixels or blocks of pixels within a
predeternmined range of optical wavelengths;

adding to the density level of each of a
plurality of pixels or blocks of pixels scanned an error

correction term to provide a corrected density level for
said pixel or block of pixels to convert said pikel or
block;

comparing the corrected density level of each

of said pixels or blocks of pixels to a predetermined
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threshold, and providing a bi-level output corresponding
to the pixel or block of pixels; and
deriving from the ‘corrected density level of
20 each of said pixels or blocks of pixels and the bi-level
output error correction terms of such pixel or block of
pixels for distribution to at least two neighborhood
pixels or blocks of pixels of such pixel or block of
pixels, wherein for at least one converted pixel or
25 block of pixels whose density level or corrected density
level is in a predetermined range, the correction term
of such pixel or block has a component that varies with
respect to the position of the pixel or block of pixels
and that 1s periodic with respect to a wavelength which
30 1is a function of the density level or corrected density
level of said pixel or block.

14. The method of claim 13, for each of said
pixels or blocks of pixels whose density levels have
been converted and for which correction terms have been
derived, said deriving step including the  step of

5 distributing to neighborhood pixels or blocks of pixels
of such pixel or block correction terms given by
welghted portions of the difference between the
corrected density level of each of said pixels or blocks

of pixels and the bi-level output for such pixel or
10 = block.

15. The method of claim 14, wherein said
distributing step i1ncludes multiplying weights and said
difference for such pixel or block to obtain correction
terms of such pixel or block , and wherein for pixels or

5 blocks of pixels whose corrected density levels are in

sald range, said weights are functions of the corrected
density levels of such pixels or blocks.
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16. The method of claim 15, wherein said range
is defined by values above or equal to a first value and
below a second value higher than the first value or by

values lower than or equal to a first value and above a
5 second value lower than the first value.

17. The method of claim 16, wherein values of
the density and corrected density levels are 1in the

range of 0 to 255, and wherein said first value 1is about
192 and said second value 1s about 63.

18. The method of claim 16, wherein for each
pixel or block of pixels whose corrected density level
is in said range, said welghts for said pixel or block
of pixels further include components that are

5 substantially equal to the products of said difference
and constants.

19. The method of claim 18, wherein for each
pixel or block of pixels whose corrected density level
is in said range, at least four correction terms of such
pixel or block are distributed to neighborhood pixels or

5 blocks of pixels, where said weights for the four
correction terms include wl", w2", w3", w4" giVen by :

w ' = (1 - temp)w,' + w_.temp;

temp = absolute value of

(Pval' - first value)/(first value -
10 second value);

Pval' being the corrected density level of said
pixel or block;

w,' being constants;

where n = 1, 2, 3, 4;

15 W, = 0.5 [sin(m/2 = 2nx/X) + 1];

Wy = 1 = W,

W, = Wy = 0

¥ = A/2 - I.modAi;
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where I is the distance of said pixel or block from a
20 reference axis 1in a printing direction, and A is the
wavelength which 1is a predetermined function of the

density level or corrected density level of said pixel
or block.

20. The method of claim 19, wherein w,', w,'
are substantially equal to 0.3, and w,', w,' are
substantially egual to 0.2.

21. The method of claim 16, wherein said
welights includes expressions that are proportional‘to a

sine function which 1is periodic with respect to said
wavelength.

22. The method of claim 16, wherein for pixels
or blocks of pixels whose corrected density levels are

outside said range, said weights are substantially
constants.

23. The method of claim 22, wherein for each
pixel or block of pixels whose corrected density level
is outside said range, at least four correction terms of
such pixel or block are distributed to neighborhood

5 pixels or blocks of pixels, where said weights for the
four correction terms include wl1", w2", w3", w4",
wherein w,", w;" are substantially equal to 0.3, and w,",
w,"' are substantially equal to 0.2.
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