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METHODS, DEVICES, AND SYSTEMS FOR
CREATING AND COMPRESSING
MULTI-LEVEL HALFTONES

The application is a Continuation-In-Part of U.S. applica-
tion Ser. No. 10/292,163, filed Nov. 12, 2002 now U.S. Pat.
No. 7,245,778, the specification of which is incorporated
herein by reference.

FIELD

The present invention relates to printer technologies, and in
particular to methods, devices, and systems for compressing
images.

BACKGROUND

Electrophotographic printers (i.e. laser printers) operate by
exposing a charged photoconductive surface, typically the
surface of a drum or plate, to laser light. In places that are
contacted by the laser light. The electrostatic charge dissi-
pates and certain types of toner particles adhere. These par-
ticles are then transferred to the surface of a piece of media,
such as paper, plastic, and the like. Many printers may expose
dots as small as ¥4,200 of a square inch to laser light. However,
isolated dots of these small sizes cannot be reliably printed
because the toner may not reliably adhere. Therefore, the
resulting images may be objectionably “noisy” in their
appearance.

To alleviate this problem, dots are typically printed in
clusters having a larger cumulative size such as, for example,
V1s0 of a square inch. These clusters can also be referred to as
macro-dots. Although the laser printer toner may not be able
to reliably adhere at %1200 of a square inch resolution, the
device can address the positioning of a cluster of dots to a
resolution of 1,200 of a square inch and allows for high
addressability and precision in placement of the clusters it
produces, so the technology of these machines provides
image quality advantages.

Since production of smaller dots will not likely increase the
definition of the image due to the above problems, an alter-
native to working toward controlling the application of fine
dots, such as those approximately ¥1.200 of a square inch, is to
control the output of the laser during the formation of a
cluster. This is accomplished by turning the laser on and off
during a period when the cluster is formed on the photocon-
ductive surface. In this way, the size of the macro dots, or
clusters, can be made slightly larger or smaller.

Many laser and inkjet printers currently produced cannot
print the many shades of gray or color (typically 256 or more
shades) that are necessary to simulate continuous grayscale or
multi-color images, also referred to as contone images. These
printers typically only print utilizing one color ink, e.g. cyan,
magenta, yellow or black ink and, therefore, at a given space
on a page, the printer can either leave the space blank or place
a dot of ink thereon. By changing the density of dots, or the
size of the dots, on areas of the page, the simulation of con-
tone images can be made. This process of mimicking a con-
tone image through use of varied densities of dots is referred
to as halftoning. In halftoning, the image being created is
defined into a plurality of small cells. A number of dots are
then arranged in a pattern within the cell. The number and the
pattern of the dots are dependent upon the particular shade of
gray or color that is to be simulated and upon the type of
halftoning that is being utilized.

Originally, a halftoning procedure was performed by
means of a screen, i.e. “screening.” With today’s increase in

20

25

30

35

40

45

50

55

60

65

2

the power of computers, halftoning is more and more fre-
quently performed in a digital fashion by raster image pro-
cessors (RIPs). The halftoning operation is a computationally
intensive application, and the resulting image sizes are large,
since in forming the image a pattern of dots representing a
shade of gray must be mapped rather than, for example, just a
reference to the particular shade of gray that is required in a
portion of a grayscale image.

In order to simulate variable-sized halftone dots in com-
puter printers, dithering is used, which creates clusters of dots
in a halftone cell. The more dots printed in the cell, the darker
the shade of gray that is depicted. As the screen frequency gets
higher (i.e. more cells per inch), there is less room for dots in
the cell, reducing the number of shades of gray or color that
can be generated.

In low resolution printers, there is always a compromise
between printer resolution (dots per inch or dpi) and screen
frequency (lines per inch or Ipi), which is the number of rows
of halftone cells per inch. For example, in a 300 dpi printer,
the 8x8 halftone cell required to create 64 shades of gray
results in a very coarse 38 lines per inch of screen frequency
(300 dpi divided by 8). However, a high resolution, 2,400 dpi
printer can easily provide the appearance of 256 shades of
gray at 150 1pi (2,400/16). At this resolution, the human
viewer cannot distinguish black and white dots from continu-
ous gray.

Halftone images, also called bi-level or multi-level images,
tend to be very large. That is, the image can range from a few
megabits (Mbit) up to several gigabits (Gbit). When images
are screened at a high resolution, the size of the halftone
image can be several times larger than the size of the original
contone image. Hence, storage and transmission of these
images can benefit from compression.

However, halftones are not typically compressible, and the
methods that have been developed to date often resort to a loss
of' image information during the compression process called
“lossy compression”. Previous methods to compress halftone
images may act to convolve the images with low-pass filters
to convert them back to contone images which are then com-
pressed with such well-known techniques such as JPEG, but
this technique is a lossy compression method and therefore
results in a loss of image information and quality.

High-resolution digital printers and growing computa-
tional requirements associated with new applications, such as
printing-on-demand and personalized printing have
increased the need for fast and efficient lossless halftone
image compression.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a printed representation of a contone image,
represented as image I herein.

FIG. 2 is a visual representation of one embodiment of an
elongated halftone image B'.

FIG. 3 illustrates an embodiment of a hardcopy printing
device.

FIG. 4A illustrates a system environment according to an
embodiment of the invention.

FIG. 4B illustrates another system environment according
to an embodiment of the invention.

FIG. 5 is a flow chart illustrating a method according to an
embodiment of the invention.

FIG. 6 is a flow chart illustrating another method according
to an embodiment of the invention.

FIG. 7 is a flow chart illustrating another method according
to an embodiment of the invention.
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FIG. 8 is an example of a matrix for use in various embodi-
ments of the present invention.

DETAILED DESCRIPTION

The present invention provides a technique for converting
continuous gray-scale images or multi-colored images, such
as the image in FIG. 1, to halftone images in a manner that
lend themselves to lossless data compression with a compres-
sion factor of two or better. This technique also uses novel
halftone mask structures with non-repeated threshold values
that can be used as a sort key to permit a reversible rearrange-
ment of image pixels into groups with a highly skewed dis-
tribution allowing compression coding techniques to be
applied.

In one embodiment, Huffman coding compression tech-
niques are applied. However, the invention is not so limited.
One of ordinary skill in the art and familiar with Huffman
coding techniques or other standard compression-coding
techniques will understand, upon reading this disclosure, the
manner in which compression coding techniques can be
applied to create the lossless halftone images of the present
invention. One of ordinary skill in the art will further under-
stand the manner in which a wide variety of other suitable
statistical compression coding techniques can be applied to
arrayed pixels sorted using the halfione mask structures of the
invention to create lossless halftone images. The same are
considered within the scope of the present invention.

Using the masks as a sort key allows the present invention
to reversibly rearrange the image pixels and partition them
into groups with a highly skewed distribution allowing com-
pression coding techniques to be applied. The use of Huffman
compression coding, for example, gives compression ratios in
the range of 3:1 to 10:1.

Halftone images can be bi-level images made of two col-
ors, such as black and white, formed using patterns whose
detailed structures are nearly invisible. These images thus
convey continuous tone pictures to human eyes. Halftone
images can be created from a gray-scale or from a multicolor
image. For example, in a color image the image can be broken
down into the colors cyan, magenta, yellow, and black, and
each color can be “halftoned” into a bi-level image, having
either a dot of color or nothing in a given printed area. The
same is true with respect to grayscale images. As one of
ordinary skill in the art will appreciate from reading this
disclosure, the techniques described herein can be applied to
any of these four color planes. Halftone images’ entropies
tend to be very high and hence unsuitable for typical statisti-
cal approaches to data compression. Many halftone compres-
sion approaches involve converting the image back to a con-
tinuous image, then applying JPEG or a similar method. This
process works to compress the image, but when the com-
pressed image is decompressed, the image may be severely
degraded (“lossy compression™).

Other methods of compression include the utility xv which
converts contone images to black and white using the Floyd-
Steinberg algorithm. The Gnu or Unix “compress” utility can
reduce the file sizes of the resulting images only slightly.

Additionally, other approaches to both lossy and lossless
compression of halftoned images are reported. (See gener-
ally: Koen Denecker and Peter De Neve, A comparative study
of lossless coding techniques for screened continuous-tone
images, In B. Werner, editor, Proceedings of the international
conference on acoustics, speech, and signal processing (Mu-
nich Germany), volume 4, 1997; and Koen Denecker, Dimi-
trie Van De Ville, Frederik Habils, Ignace Lemahieu, and
Adrian Munteanu, Software and hardware implementation of
an improved lossless halftone image compression algorithm.
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In International conference on imaging science, electronic
imaging (Antwerp, Belgium), volume 2, 1998) which are
herein incorporated by reference by reference in their
entirety.

Multi-level Halftoning
Multi-level halftoning involves using 2 or more bits to
describe each image pixel. The meaning of a two-bit pixel is
interpreted by the printer as follows:
00—no ink is provided in the pixel;
01—14 of the pixel is provided with ink;
10—24 of the pixel is provided with ink;
11—+the full pixel is provided with ink.

In a laser printer, this effect can be achieved by turning the
laser on late or off early such that V5 or %4’s of the pixel can
remain charged to receive toner. From the perspective of a
viewer of the pixel, and in the case where a printer only uses
a single color of ink, for example black on white paper, a pixel
with a 00 two-bit value is white and a pixel witha 11 value is
black, while pixels having values of 10 and 01 appear pro-
gressively less black. One approach to converting an image
pixel to a multi-level halftone is to compare the pixel to three
separate masks. If the pixel has a value that is:

less than all three masks, then the output is 00,

if it is less than two, then the output is 01,

if it is less than one, then the output is 10, and

if it is less than none, then the output is 11.

However, this method creates three masks and involves cre-
ating each mask, applying each mask to the pixel data, and
calling up the next mask. The process, therefore, takes three
compares to identify the output of each pixel.

Halftone Conversions via Masking

The present invention can be utilized with any number of
multi-level bits, but, for the sake of simplicity, the present
discussion will generally be limited to the four-level case (i.e.
two-bit case). Those skilled in the art after reading this
description and practicing the invention will understand how
the present invention can be utilized with other multi-bit
arrangements.

Instead of applying three different masks over each pixel of
data, the present invention provides another approach,
wherein the input and the printed images are sized to be three
times as wide as they truly are, basically treating the pixel
thirds as full pixels. In order to achieve this, the contone input
image, defined for the sake of illustration as 1, is elongated in
one of its dimensions. For example, if I has dimensions HxW
the elongation creates an image Hx3W, represented as I'
indicating that the image has been elongated. Although it is
described in the above example that the image is elongated in
one dimension, the invention is not so limited. The image may
be elongated in height, width, or in both dimensions, and the
letter W may be utilized to represent either the height or the
width dimension. Furthermore, the computer software or
hardware implementations may not actually create the inter-
mediate image I'; the description is given in this manner for
simplicity.

Elongation of the image [ is accomplished by replication of
each pixel N times, three times in the case of a two-bit
embodiment. The selection of N is based upon the highest
number that can be represented in an X-bit binary sequence.
For example, in a two-bit sequence, the numbers 0-3 can be
generated, hence N=3 for a two-bit embodiment, and in a
three-bit sequence, the numbers 0-7 can be generated, so
N=7.
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In a row of an image I having pixels (a, b, ¢, . . . ) the
resulting stretched image I' in a two-bit format would have
pixels (a;, a,, a;, by, by, bs, C,, C,, ¢, . . . ). The pixels of
image [ and I' have values in a range according to the color
level they produce. For example, a common range is from 0-1,
wherein 1 is black and 0 is white and wherein the value can be
any fraction or whole number including 0 and 1. Some
examples include 0.5 grayscale wherein the pixel is a gray
color halfway between white and black or 0.25 wherein the
pixel is one quarter of the scale firm white to black. Any
numbering range can be utilized to accomplish the present
invention. For example, another range used in the art is from
0-255.

In the various embodiments, the stretched image I' is com-
pared against one or more halftone masks. The one or more
masks may be smaller than the size of the image I', or larger
than the image I'. In this example, the mask is as large as the
dimensions of the elongated image (i.e. Hx3W). Each pixel of
the elongated image I' is given a one-bit value of 0 or 1 based
upon whether or not a corresponding threshold on the mask is
met. The mask may contain any set of threshold values known
in the art. One set of thresholds and masks formed therefrom
is described herein.

In this way, a bi-level image, B', is thereby created having
dimensions Hx3W. The individual bits of B' (i.e. a;, a,,
a; . .. ) correspond to the places where the laser will be on or
off. B' is converted to B", an image of two-bit pixels d, by
summing runs of three pixels, as in (d,=a, +a,+a,; d,=b, +b,+
b;; d =C,+C,+C;, .. .). Therefore, B" is represented by (d,,,
d,, d., ...)and based upon the values of each a;, a5, a5 . . .
being either O or 1, the values of any element d will be either
0, 1, 2, or 3 in a two-bit embodiment. B' is converted to a
multi-level halftone image B" by equating the values of each
d, in a two-bit embodiment (i.e. the 0, 1, 2, 3 values), to
two-bit binary numbers in the binary language (i.e. 00, 01, 10,
or 11).

Halftone Masks

With regard to the construction and use of the mask, for the
present discussion, input black and white (or one color and
white, such as a single color plane from a multicolor image)
images are used with any given image pixel [, satisfying
0<L,,=1. For any given stretched image pixel I, its value is
0=I',,=1. Similarly, all of the halftone mask values M,,,
satisfy 0=M,,,=1, with a subscript range identical to the
image’s range. Any range of original values may be used for
the above quantities M,,,, 1., and T', , and then the quantities
can be converted to a fraction or number within a common
range, such that the numbers can be compared. Creation of a
bi-level image, B', via a mask follows the rule:

I’P‘I<MP‘I =B ,quo

I,=M, =B, -1

M

Generally, the halftone image, B', is expected to be such a
high entropy mixture of black and white pixels that compres-
sion attempts are doomed. However, the rule of Eq. (1) sug-
gests that the values of the B',, are not truly random or
disordered, namely

q

M, =Pr[B',;~0] 2
That is, when M,,, is large, it is highly probable that ', <M,
making B', =0.

Thus, according to the teachings of the present invention,
by using masks with no repeated values, the pixels of B can be
sorted using the values of M as a sort key. The observed
tendency of one end of the sorted list to be predominantly 0’s
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and the other end predominantly 1’s can be exploited as Eq. 2
suggests. The rearranged pixel stream can be compressed.
After decompression, the pixels can be rearranged to recover
the original B' which can be converted to B" for printing.

Large masks of unique values will result in good bi-level
images. These two goals do not conflict. In fact, for small
clustered-dot masks, the unique value requirement is a ben-
efit.

According to the teachings of the present invention, a com-
putational rule, herein denoted by *, is defined that allows the
combination of two matrices into a larger matrix. Specifically,
if X and Y are matrices of dimensions hyxw, and hyxwy,
respectively, then

Z=X*Y 3)

is a matrix with dimensions
hz=hywy

Q)

Wz WxWy

Z. is given by the rule

Z,

ohyrgrwyrs— LortRyWeX oo

®

An alternative formulation of Eq. (5) is

©

Ziy = Yynyupwy + My wy Xi tony uwy

In Eq. (6) division is integer division with no remainder,
and % denotes remainder or modulo. As one of ordinary skill
in the art will appreciate upon reading this disclosure,
straightforward calculation establishes that * is associative.

If X and Y are permutations of the non-negative integers
less than h,w, and hyw,, respectively, then it is easy to see
that 7 is a permutation of the non-negative integers less than
hwh,wy. Visually, one can picture Z=X*Y as a tiling of
h xw copies of the multiple hyw X, where the (p,q) copy is
offset by Ypr.

Matrices X which are permutations of non-negative inte-
gers less than h,w-can be used as halftone masks in the sense
above: when the elements are divided by h,w .

Inthe present invention, the halftone masks are a variant of
the Bayer mask. (See generally: Henry Kang. Digital Color
Halftoning. SPIE: The International Society for Optical Engi-
neering, Bellingham, Wash., 1999; and Robert Ulichney.
Digital Halfioning. The MIT Press, 1987.) which are herein
incorporated by reference by reference in their entirety.

Modern, high-addressability, electrographic printers gen-
erally do not produce acceptable images using dispersed dot
halftoning schemes. As with their aged, analogue ancestors,
they produce better (more reliable, less noisy) images using
clustered dot schemes—albeit with dot clusters at least as fine
as 150 dpi.

To create a clustered dot halftone matrix suitable for the
purposes of the present invention, a starting point is a base
clustered dot halftone cell, C, such as one of the following:

45 41
33 25
35 27
47 43

29 21 17 18 22 30 38 42 46
139 5 1 2 6 10 14 26 34
1511 7 3 0 4 8 12 24 32
31 23 19 16 20 28 36 40 44
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