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[57] ABSTRACT

Apparatus and a method for generating a multi-level
halftone image (104) from a digitally sampled continu-
ous tone image (101). The apparatus includes a control
circuit (140), a preference matrix (150) having as its
matrix elements addresses of a plurality of look-up ta- -
bles (160) and a plurality of look-up tables (160) in the
form of a look-up table stack (155). Generally, the con-
trol circuit (140) instructs the preference matrix (150) to
select a look-up table (160) from the look-up table stack
(155) in a pre-defined manner. The selected table (160)
is used to convert an intensity value (102) into a multi-
level pixel value (106) in the halftone image (104). To
accomplish the conversion, each look-up table (160)
contains a quantized one-dimensional transfer function
(165") having as an input the magnitude of the intensity
value (102). The magnitude is mapped into an output
level by the transfer function as one of a plurality of
available levels. The output level is assigned a pixel
location in a halftone cell (103). The look-up table selec-
tion is repeated for each element of the preference ma-
trix (150) and the magnitude of each intensity value
(102) is mapped into the halftone cell (103) to generate
a multi-level halftone image (104).

9 Claims, 10 Drawing Sheets
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APPARATUS AND METHOD FOR GENERATING
MULTI-LEVEL OUTPUT VALUES FOR PIXELS IN
A HALFTONE CELL

TECHNICAL FIELD OF THE INVENTION

The invention relates to apparatus, and an accompa-
nying method, for use in digital halftoning systems, and
particularly, to a method and apparatus for generating
multi-level halftone images.

BACKGROUND ART

Generally, digital halftoning is accomplished by ei-
ther bi-tonal or multi-tonal halftoning methods. Bi-tonal
halftoning is widely used in the art and is the basic
digital halftoning method from which multi-tonal half-
toning methods are derived. Therefore, bi-tonal digital
halftoning is discussed below as a precursor to a discus-
sion of multi-tonal halftoning.

In general, bi-tonal digital halftoning converts a con-
tinuous tone image into a halftone image consisting of a
pattern of equal intensity dots. Each dot within the
halftone image either exists (black) or does not exist
(white), i.e., a bi-tonal image. More specifically, bi-tonal
digital haiftoning converts a plurality of digitized inten-
sity values representing a continuous tone image into a
plurality of halftone cells, where each halftone cell
corresponds to each intensity value. Moreover, the
number of dots within each halftone cell is proportional
to the magnitude of each corresponding intensity value.
The intensity values are typically generated by periodi-
cally sampling a continuous tone image using an optical
scanner. Each intensity value represents the image in-
tensity in an immediate area surrounding the location
within the continuous tone image from which the inten-
sity value sample was taken. Typically, each intensity
value is quantized into a plurality of levels known as
gray scale levels. Quantization permits each intensity
value to be represented by a digital value and processed
by digital circuitry into a halftone image. For instance,
if the intensity value is quantized into 256 levels, i.e., a
256 level gray scale, the intensity value can be repre-
sented by an eight-bit digital word.

During bi-tonal digital halftoning, each intensity
value is mapped into a spatial area on the halftone image
known as a halftone cell. Typically, in a bi-tonal system,
each halftone cell comprises a plurality of pixels, each
having a bi-tonal value, i.e., either black or white. How-
ever, some applications require the number of intensity
values to equal the number of pixels in the display cell,
i.e., equal scanner and halftone resolutions. Generally
speaking, regardless of the application, the arrangement
of bi-tonal pixels within the halftone image is perceived
by a viewer of the halftone image to have a gray scale
intensity commensurate with the magnitude of each
associated intensity value. The mapping process is gen-
erally known as spatial modulation.

In operation, a bi-tonal digital halftoning system com-
pares each intensity value sample to a matrix of modula-
tion levels and generates a halftone cell corresponding
to each intensity value. Typically, the matrix of modula-
tion levels has a number of elements equivalent to the
number of pixels in the halftone cell. To generate the
bi-tonal halftone cell, a given intensity value is com-
pared to each modulation level in the modulation level
matrix. Each pixel in the halftone cell, that corresponds
to a modulation level in the modulation level matrix and
is lesser in value than the intensity value, is made black;
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2.
otherwise, the pixel is white. Thus, the intensity value is
mapped into an area comprised of an arrangement of
black and white pixels whose overall intensity is com-
mensurate with the magnitude of the intensity value.

The arrangement of modulation levels within the
modulation level matrix is generally known as dither-
ing, more specifically, clustered dot dithering and dis-
persed dot dithering. In essence, through dithering the
modulation levels are arranged to ensure that the resul-
tant halftone pixels accurately reflect the intensity of
the input intensity value. For a discussion of dithering in
bi-tonal systems, see Ulichney, Digital Halftoning, pp.
71-171 (MIT Press, 1987).

The matrix comparison process is repeated for each
intensity value sampled from the original continuous
tone image. As a result, the entire image is spatially
modulated into a halftone image comprised of a tile-like
arrangement of halftone cells each representing an in-
tensity value sample.

As is well known in the art, the previously described
halftoning process is useful in halftoning color images
by repeating the bi-tonal process for each primary
color, i.e., red, blue, and green or cyan, magenta, and
yellow, and, subsequently, overlaying the color half-
tone images with proper registration.

Multi-level halftoning is an extension of bi-tonal half-
toning. As its name implies, multi-level halftoning re-
places each black or white pixel in a bi-tonal halftone
cell with a pixel having a value selected from a number
of values available for each pixel. In essence, multi-level
halftoning redistributes the intensity of a single intensity
value into a plurality of intensity values within a half-
tone cell. Many display devices permit multi-level pixel
display; multi-level halftoning takes advantage of this
capability. For example, thermal printers are capable of
printing dot sizes that correspond to each pixel intensity
level. Additionally, cathode ray tube (CRT) displays
can display various pixel intensities by altering an elec-
tron beam strength incident upon each pixel within the
CRT display.

Typically, display devices are limited as to the num-
ber of levels that they can display. In contrast, sampling
devices can produce large numbers of output levels.
Therefore, multi-level halftoning is used to convert a
large number of output levels from a sampling device
into a lesser number of levels compatible with a display
device. For instance, if a display device can accurately
display five levels although a scanner can provide a 256
level intensity value, the multi-level halftoning system
must distribute the single 256 level value into a halftone
cell containing a plurality of five level pixels that, when
viewed, appears as the 256 level value.

To determine the appropriate level for each pixel in a
multi-level halftone cell, an input intensity value is com-
pared to a number of modulation level matrices, i.e.,
N— 1 matrices are used to generate N levels. Generally,
the comparison process is similar to that used in bi-tonal
halftoning except the comparison process is repeated
N1 times for N— 1 matrices. As in bi-tonal halftoning,
each matrix contains, as matrix elements, a number of
modulation levels. The number of matrix elements is
equivalent to the number of pixels in the halftone cell.
The output of each comparison is a digital bit, ie., a
signal having a value of either a logical “1” or logical
“0”. The output bit value indicates whether the inten-
sity value was greater than the modulation level, i.e.,
logical “1”, or less than the modulation level, i.e., logi-
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cal “0”. Each output bit is stored in an intermediate
matrix. Thus, a set of N intermediate matrices contain-
ing digital bits are generated. An encoder combines the
elements of the intermediate matrices to generate the
pixel values for a halftone cell.

For example, an intensity value may be quantized by
an 8-bit scanner to have a value between 0 and 255. The
intensity value is compared to four matrices, for in-
stance, containing modulation levels arranged in a 4-by-
4 matrix, each matrix having various modulation levels
ranging from 0 to 255. Comparing each modulation
level in each matrix to the intensity value results in four
intermediate matrices containing digital values. The
clements of each intermediate matrix are valued at a
logical “1” whenever the intensity value is larger than
the corresponding modulation level; otherwise, a logi-
cal “0” is used as the matrix element. In essence, the
four intermediate matrices are four bi-tona! halftone
cells. The elements of each intermediate matrix having
the same coordinates are combined to form a 4-bit
word. Each 4-bit word is then encoded to generate a
halftone output value for a pixel in the multi-level half-
tone cell. The resulting pixel value will range from 0 to
4, i.e., one level for each modulation level matrix with
one level to signify the absence of a pixel.

As in the case of bi-tonal halftoning, the modulation
levels are placed within each modulation level matrix in
a dither pattern. The dither patterns used are essentially
the same as those used in bi-tonal halftoning, i.e., clus-
tered-dot dither and dispersed-dot dither.

Currently, the modulation levels in each matrix of a
multi-level halftoning system are generated manually,
and these levels are arranged using empirical methods
to achieve a desired intensity value to halftone cell
conversion. The number of modulation levels required
to be specified is (m X n)(N—1), where: N is the number
of desired output levels, and m and n are the dimensions
in matrix elements of the modulation level matrices. In
practice, the number of modulation levels that must be
generated can be quite large. For example, a system
having 12 output levels with 8-by-8 element matrices
requires 64 modulation levels to be specified and prop-
erly arranged in each of 11 modulation level matrices.

Moreover, to accomplish each intensity value com-
parison, N— 1 comparator circuits associated with N—1
modulation level matrices are necessary to produce an
N-level output. Thus, a conventional multi-level half-
tone system requires a dedicated number of compara-
tors and associated matrices to generate each of the
output levels. Consequently, each halftoning system
must be designed to accommodate a specific number of
output levels to drive a specific display device. Thus,
flexibility that allows a single multi-level halftone image
generating apparatus to be easily altered to accommo-
date any number of output levels is not available.

Therefore, a specific need exists in the art for appara-
tus that generates multi-level output values for pixels in
a halftone cell in a manner which readily accommodates
any number of output levels. Specifically, a need exists
in the art for apparatus that generates multi-level values
without using an arrangement of comparators and mod-
ulation level matrices.

SUMMARY OF THE INVENTION

Accordingly, an object of the present invention is to
provide apparatus for performing multi-level halftoning
of a continuous tone image.
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Another object of the present invention is to generate
multi-level pixels in a halftone cell without using 2 ma-
trix and comparator combination.

These and other objects are accomplished in accor-
dance with the teachings of the present invention by
apparatus for generating a multi-level halftone image
using a look-up table selection technique. Accordingly,
the apparatus includes a control circuit, a preference
matrix having, as its matrix elements, addresses of a
plurality of look-up tables, and a plurality of look-up
tables in the form of a look-up table stack. Generally,
the control circuit instructs the preference matrix to
select a look-up table from the look-up table stack. The
selected table is used to convert an intensity value into
a multi-level pixel value. Specifically, the control cir-
cuit provides the preference matrix with an address of
an element within the preference matrix. The value of
the chosen element selects a look-up table from the
stack. Subsequently, the chosen look-up table is used to
convert an intensity value into a pixel value in a halftone
cell. To accomplish the conversion, each look-up table
contains a one-dimensional quantized transfer function
having, as an input, the magnitude of the intensity value.
Through the transfer function this magnitude is then
mapped into one of a plurality of available output levels.
The output level is assigned a pixel location in a half-
tone cell. The look-up table selection is repeated for
each element of the preference matrix and the magni-
tude of each intensity value is mapped into the halftone
cell. As each intensity value is processed, a halftone cell
is generated and positioned such that a halftone image is
generated by the accumulation of cells in a tile-like
pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

The teachings of the present invention may be readily
understood by considering the following detailed de-
scription in conjunction with the accompanying draw-
ings, in which:

FIG. 1 depicts a block diagram of a system for gener-
ating halftone images;

FIG. 2 depicts a detailed block diagram of an embodi-
ment of a system for generating halftone images in ac-
cordance with the teachings of the present invention;

FIG. 3 depicts a set of four high-modulation transfer
functions each quantized to produce one of five output
levels in response to the magnitude of an intensity value;

FIG. 4 depicts an example of a preference matrix for
producing a clustered-dot dither;

FIG. 5§ depicts an example of a preference matrix for
producing a dispersed-dot dither;

FIG. 6 depicts an example of a preference matrix for
simultaneously producing two clustered-dot dithers;

FIG. 7 depicts, in accordance with the teachings of
the invention, a flow diagram showing a process by
which each intensity value is converted into a single
pixel value in a multi-level halftone cell using the trans-
fer functions depicted in FIG. 3;

FIG. 8 depicts, in accordance with the teachings of
an alternative embodiment of the invention, a flow dia-
gram showing a process by which each intensity value
is converted into a plurality of multi-level pixel values
comprising each halftone cell using the transfer func-
tions depicted in FIG. 3;

FIG. 9 depicts a set of four high-modulation transfer
functions each quantized to produce one of 256 output
levels in response to the magnitude of an intensity value;















