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A method  of  reproducing  high-quality 
continuous-tone  images  via  the  IBM 4250 Printer 
is  presented.  The  approach  is  modeled  on  the 
halftone  process  used  in  conventional 
lithography  but is  adapted to discrete  bilevel 
printing  and  digital  processing.  We  use  a 
combination  of  standard  and  novel  techniques. 
These  include  generation  and  calibration of a 
set of halftone  dot  patterns,  randomized  error 
propagation  in  pattern  selection,  and  resolution 
enhancement  in areas of  high  intensity 
gradients.  The  resultant  images  have  good  gray- 
scale  rendition  and  sharp  edges  without  the 
problems  of  contouring  and  worminess  often 
associated  with  digital  image  reproduction. 
We  have  named  this  approach  PREPRESS: 
Picture  Rendition  using  Error  Propagation  and 
Resolution  Enhancement  in  Simulated 
Screening. 

Introduction 
This paper describes an algorithm for the reproduction of 
high-quality continuous-tone images via the IBM  4250 
Printer [I]. The IBM  4250 Printer (see also the Appendix) is 
a high-quality text and line-art printer which prints on 
special metal-coated paper. It was  designed to produce 
camera-ready copies for the generation of  offset  plates.  At 
the Print '85 Graphic Arts Trade Show in Chicago, IBM 
demonstrated a new metal-coated plastic medium as a future 
technology that can be  used  with the 4250 Printer. With this 
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new medium the 4250 can directly produce a negative for 
making offset  plates, or directly produce the plate itself  for 
short-run lithographic printing. The new medium eliminates 
the photographic steps normally associated  with 
platemaking. 

A high-quality  digital halftoning procedure was considered 
essential  for the 4250 and other bilevel printers. In 
particular, it would demonstrate the potential of the 4250 in 
composing pages containing text, graphics, and continuous- 
tone images. The steps  involved in developing such a 
procedure are described  here. 

for  digital halftoning, the second with  image  preprocessing. 
The third part gives the details of various portions of the 
process. 

The first part of the paper is concerned with the technique 

Digital  halftoning 
In conventional lithography, continuous-tone images are 
printed by a halftoning process. The conventional process  is 
described in numerous publications, e.g., [2, 31. Briefly, an 
original is exposed through a screen  which converts the 
image into dots of various sizes.  Larger dots are associated 
with darker areas and smaller dots with  lighter  areas. 
Halftone screens are characterized by the number of screen 
lines per inch. Screens  typically run from 65 to 300 lines per 
inch. For black-white printing the screens are turned so that 
the lines make a 45degree angle  with the edges  of the page. 

For a printer such as the 4250, in which the basic dot size 
cannot be  modified, a digital  process is used. As a first step, 
the original is scanned, and digitized  gray  values are stored 
in a computer. We are concerned with the remaining steps, 
i.e., creating high-quality printed images from such stored 
documents. 

Quality problems associated  with  digital halftoning are 
discussed in [4, 51, where a brief  survey of existing 
approaches is  also  given. Our approach is modeled on the 
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halftone  process  used  in conventional lithography. Thus we 
associate  areas of the 4250 output, in which  halftone dots are 
generated,  with  pixels of the scanned document [6]. As in 
the conventional case, our digital  halftone  blocks are 
arranged on a 45-degree  grid. This implies that each  such 
block  should contain 2n2 pels,  where n is an integer. 
Increasing n lowers the resolution of the output image, 
whereas  decreasing n reduces the choice of output patterns 
and corresponding density  levels. 

We  have found n = 3 to be a satisfactory compromise, 
corresponding to 18 pels on the output image  for  each  digital 
halftone block. (A  block  of this size  yields a halftone  screen 
of  141  lines  per inch, which matches fairly  well the 150 lines 
per  inch  used  in many magazines.)  These  blocks  may  be  of 
any shape that contains the 18 pels and tiles the plane  with 
the desired  45-degree symmetry. A rectangular 3 by 6 block 
is convenient for digital  processing. The blocks are shown 
superimposed on the output pels  in Figure 1. 

document, we associate  two adjacent input pixels  with  each 
halftone block, as is  shown in Figure 2. With this association 
of input pixels  with  blocks, an image  scanned at 200  pixels 
per inch prints full  size on the 4250,  which has 600 pels  per 
inch. 

We  have chosen a set of halftone patterns containing 0 to 
18 black  pels;  each pattern is obtained from the previous 
pattern by adding one pel. The set of patterns (omitting the 
pattern for an all-white  block)  is  shown in Figure 3. 

represent continuous-tone images,  provided that a gray value 
can  be  associated  with  each pattern. A simplistic assumption 
is that the blackness of a pattern is proportional to the 
number of  black  pels in the pattern. We  give the results of 
printing three images  with this assumption in Figure 7, 
shown  later.  In the printed images, the pattern used  for  each 
block  is that with a gray value  closest to the average of the 
gray  values  of the two input pixels  associated  with that 
block. The first input image  is a gray  wedge, uniformly and 
continuously decreasing in reflectivity  from  left to right. The 
output clearly is neither uniform nor continuous. The gray 
values are also  greatly distorted in the woman and in the 
building. 

proportional to the number of black  pels  is the overlap of 
the pels  when printed. For the 4250 Printer, each printed pel 
has a diameter approximately twice the pel spacing. One 
possible method of calibrating the patterns would  be  by 
calculating the area occupied by  black  pels, taking overlap 
into account, and making the assumption that the blackness 
is proportional to this area.  Such calculations have  been 
described in [7]. Applying the results  of this model  yields 
some improvement but is incorrect because the shape of the 
printed pels  is irregular and is dependent on adjacent printed 
pels. 

To maintain the 45-degree  symmetry  for the input 

Once the patterns are defined, they may  be  used to 

One reason that the apparent gray  values are not 
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1 Output pel locations in relation to halftone blocks. 

A better approach is to print a region  filled  with a given 
pattern and to measure its reflectivity [5]. This is repeated 
for  each pattern in turn. A linear transformation of the 
reflectivities  gives the gray  values; the lightest pattern (no 
black  pels)  is  given the value 0, and the darkest pattern (all 
black  pels)  is  given the value  255. 

The calibration should be done by printing on the final 
output medium, i.e., on paper using an offset  press.  If the 
4250 Printer output on aluminized paper is  used  for 
proofing,  these  proofs should be printed with a calibration 
obtained by measuring the aluminized paper. The 
calibrations will differ, primarily because of the dot gain in 
the printing process. 

pels) are used in succession to print the chart shown in 
Figure 4. Figure 5 contains a photomicrograph from  each 
halftoned area of Figure  4. The gray  values  associated  with 
each halftone pattern are given in Table 1 both for the proof 
on aluminized paper and for the output of an offset  press. 

The eighteen patterns (omitting the pattern with no black 
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number of gray  levels and  the contouring in these  figures. 
This is a well-known problem associated  with  digital 
halftoning. The conventional solution has  been either to 
increase the size  of the halftone block, thus increasing the 
number of available  gray  levels, or  to abandon halftone 
blocks and use the “error diffusion” halftoning technique 
originally  described in [8]. 

We chose instead to eliminate contouring by using error 
diffusion (also known as error propagation) between adjacent 
halftone blocks. This is similar to a method described in [9]. 
If an area is printed using two neighboring halftone patterns 
intermixed, the eye  will perceive the mean gray  value. Thus, 
when the proportions of the two patterns are varied, any 
gray  value from that of the lighter pattern to that of the 
darker pattern may be  achieved. One criterion for pattern 
selection is that such intermixing of patterns should yield 
pleasing  image areas, without generating distracting artifacts 
or artificial patterns in the image. 

To achieve the desired  average  gray  values  using error 
propagation, we associate an error value  with  each output 
block.  These  values are initially all zero. The  output patterns 
are selected by a scanning process; the  output is constructed 
for the first line from left to right, then for the second line 
from left to right, and then for  succeeding lines in order until 
the entire output is  defined. 

Usually the desired  gray  value  of a block  lies  between the 
gray  values  of two patterns in the table. The pattern with the 
lower  gray  value is selected  for output  and  the difference 
between the gray  value  of the pattern and the desired  gray 
value is the error. This error is propagated to the adjacent 
block and to two  blocks  in the next line, as shown in Figure 
6. x is the fraction of the error propagated to the right. The 
remainder of the error is propagated to  the two  blocks  below. 
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Table 1 Gray values  associated  with the eighteen  halftone 
patterns of Figure 4. 

Pattern ProoJ Press 
number 

Percent Gray Percent Gray 
reflectivity value reflectivity value 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 
14 
15 
16 
17 
18 

72.8 
59.4 
5 1.7 
44.0 
39.1 
34.1 
28.8 
24.9 
22.5 
22.1 
19.9 
17.4 
16.5 
14.6 
14.3 
13.1 
12.2 
12.0 
11.8 

0 
56 
88 

120 
141 
162 
I84 
200 
210 
212 
22 I 
232 
235 
243 
245 
250 
253 
254 
255 

87.9 0 
52.9 I10 
35.6  165 
24.5 200 
19.3 216 
14.7 23 1 
12.6 238 
10.8 243 
10. I 246 
9.9 246 
8.6 250 
7.6 253 
7.4 254 
7.3 254 
1.2 255 
7. I 255 
7. I 255 
7.1 255 
7.1 255 ‘ 

When  blocks are processed, the desired  gray  value is that 
obtained by adding the input to the propagated error. 

As a first illustration of error propagation between  blocks, 
observe the uniform gray  wedge and the two standard 
examples printed when one fourth of the error is propagated 
to the right and  the remaining error is divided equally and 
propagated to the two  blocks on the next line (x = 0.25). 
These  images are given in Figure 9. A close inspection of this 
figure  shows a problem with error propagation, especially in 
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1 Error propagation between halftone blocks. 

the light  areas.  Some  unwanted patterns appear. A clearer 
illustration of the problem  is  seen in Figure 10 in an area of 
uniform gray with a gray  value  of  20.  Note the long 
horizontal alignment of dots near the top of the box and 
vertical and other horizontal alignments elsewhere. 

This problem of unwanted patterns may  be  reduced by 
distributing some of the error randomly; x is  set equal to a 
pseudorandom number, equidistributed on the interval 0 to 
0.5. The result of this change  is  shown in Figures 11 and 12. 
The unwanted patterns are reduced. 

patterns has been  suggested  by  Dietz and Juels [ 5 ] .  They  use 
the random number to determine in which direction to 
propagate  all  of the error. The use of random numbers to 
determine the fraction of the error propagated in a given 
direction has  been  analyzed  by  Ulichney [IO], who  discusses 
many distribution paths and weighting  schemes  for 
distributing errors to neighboring pel positions. Our use of 
random numbers is similar but is applied to blocks of  pels 
forming a halftone screen rather than to individual pels. 

The use of random numbers to eliminate unwanted 

Resolution  enhancement 
The resolution of the output images  shown thus far is 
limited by the use  of the 3 by 6 halftone blocks and by the 
input scanning resolution of 200 pixels  per inch. In 
photographic halftoning using contact screens, resolution is 
not limited to the halftone dot spacing,  since both the dot 
shape and dot center location can vary. This effect, known as 
partial dots [ 1 I], is  seen at edges  where the gray  value 
changes by a large amount. Dots are altered to permit a 
more precise and clearer rendition of detail. In  digital 
halftoning,  higher resolution may  be obtained by controlling 
the printing of  pels  individually rather than in blocks.  Where 
a one-to-one correspondence exists  between input pixels and 
output pels, this is  readily  accomplished.  High-resolution 
input data are available to control the printing of each 
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5 Standard image set assuming nonoverlapping pels. 

corresponding output pel.  However, in our case we are 
scanning at 200 pixels  per inch and printing at 600 pels  per 
inch; thus there are nine output pels  for  each input pixel. 
High-resolution input data are not available at edges but 
must be derived hence we  call the technique for determining 
which individual pels to print in an edge area resolution 
enhancement. (This technique is intended to improve the 
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Standard image set using calibrated halftone patterns 

resolution at edges, thus decreasing  staircasing. It is not 
intended to emphasize the edges.  Edge emphasis is  discussed 
later in this paper and in [ 5 ] . )  

At  edges where the gray value  changes by a  large amount, 
resolution is more important than gray-tone  accuracy. A 
pixel in this region is treated not as part of a halftone block 

1 
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but as an edge  pixel.  First the number of black  pels in the 
half-block  is determined from its gray value so as to obtain 
approximately the right amount of  gray for the half-block. 
The 3 by 3 block of pixels  with the edge  pixel at the center is 
thresholded to give this desired number of  black  pels. The 
resultant 3 by 3 binary array is  used to control the printing 
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of the 3-by-3-pel  region in the center pixel. The result of this 
resolution enhancement is shown in Figure 13. 

Preprocessing 
The halftoning process we have described assumes that the 
scanned images are represented as  gray  levels from 0 to 255, 
with 0 representing white and 255 representing black. If 
these assumptions are not applicable, a first step of 
preprocessing  is to modify the  input gray  levels to make the 
assumptions true. This is accomplished by a linear mapping 
of the  input gray  levels onto  the range 0-255. 

A second step consists in modifying the contrast and 
brightness  of the image, if so desired. As an example, Figure 
14 contains an image  with  two  different contrasts and two 
different  brightnesses. The mapping functions used to 
modify  these  images are shown in Figure 15. They are 
explained in more detail later. 

In addition to  the range, contrast, and brightness 
corrections, a Laplacian filter  which enhances high-spatial- 
frequency components in the image often improves the 
output [4]. Applying Laplacian edge enhancement to the 
standard images prior to halftoning with resolution 
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enhancement results in Figure 16. Almost  everyone  prefers 
the enhanced image  of the building; many prefer the 
unenhanced image of the woman. 

Detailed description of algorithms 
i A program has been constructed to carry out the halftoning 

procedure described  above. The halftoning procedure will 
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convert each pair of scanned input pixels to a 3 by 6 set  of 
output pels. This produces images  of the same size  for the 
case in which the resolution of the  output printer is three 
times the resolution of the  input scanner. For the 4250 
Printer, this requires that the  input be scanned at 200 pixels 
per inch for reproductions of the same size. 

If the generated output image is not  the desired  size, the 
input gray-level image should be  scaled.  Scaling a halftoned 
image  as a bitmap, without distorting the patterns and  the 
gray  values, is a difficult problem with no known solution. 

In this part of the paper we describe sequentially, and in 
some detail, the various steps in the halftoning process. The 
input is a gray-level  image, the  output a bitmap ready  for 
printing. The steps of the procedure are as  follows: 

1. Range adjustment of input gray  levels. 
2. Contrast and brightness adjustment. 
3. Laplacian edge enhancement (optional). 
4. Halftoning. 

a. Characterization of a pixel pair. 
b. Processing  pixels not on edges. 

c. Error propagation for  pixels not on edges. 
d. Processing  edge  pixels. 
e. Error propagation for  edge  pixels. 

Range adjustment of input gray levels 
Scanners may produce data sets in which the range of gray 
values is less than 0 to 255. Also the low  values  may 
correspond to either dark or light  areas. In this step, the 
input gray  values are mapped linearly on  the range 0 to 255, 
with 0 corresponding to white and 255 to black. This 
mapping is characterized by two numbers: the value to be 
mapped onto 0 and  the value to be mapped onto 255. Input 

IBM J .  RES. DEVELOP. VOL. 31 NO. I JANUARY 1987 GERALD GOERTZEL AND  GERHARD  R. THOMPSON 



values  mapped  below 0 are set to 0. Input values mapped 
above  255 are set to 255. An example of one such mapping 
is illustrated  in Figure 17. 

Adjustment of contrast  and  brightness 
The contrast and brightness of the gray-level input image are 
adjusted by a second  mapping. This mapping  is  described in 
terms of a normalized input data range  (after the above 
range adjustment) between 0 and 1, where 0 represents 0 
percent print-area coverage and 1 represents 100 percent 
print-area coverage. The output data range  is  also 
normalized  between 0 and 1. The mapping is  specified  by a 
curve  with three regions. The central region  is a straight line 
which  is  specified  by a slope and a point on the line. The 10 
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slope determines the change in contrast produced by the 
mapping. A slope  greater than 1 increases the contrast; a 
slope  less than 1 decreases the contrast. Similarly the point 
determines the change in brightness. The point is described 
by  specifying the normalized input gray  value  which is to 
yield a normalized output gray  value  of  0.5. 

Outside the linear region, the transformation is a parabolic 
curve  from the linear portion to the (0,O) or (1, 1) comer of 
the unit square [ 121. The slope of the parabolic curve at the 
interface  is equal to the slope  of the linear portion. The 
linear portion of the mapping curve  is terminated by 
reaching a border region,  which  is the region  between the 
unit square and a smaller concentric square. We  usually take 
this smaller square to have a side of 0.8. 
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4 Transformations used for images in Figure 14 

A sample mapping is shown in Figure 18. The four 
different mappings in Figure 15 yielded the four images in 
Figure 14. 

0 Laplacian  edge  enhancement 
Laplacian  edge enhancement consists in replacing the image 
intensity with the difference  of the image intensity and some 
positive multiple of the Laplacian. Intensity peaks have a 
negative Laplacian and intensity valleys  have a positive 
Laplacian. Subtracting a multiple of the Laplacian from the 
intensity emphasizes variations in intensity. 

Consider the 3-by-3-pixel area shown in Figure 19. We 
compute an estimate of the Laplacian at the center pixel e. 
Within a multiplicative factor, the Laplacian is given  by 

L =   - e +  

Subtracting a multiple of L from e yields,  for the center 
pixel, 

( b + d + f + h ) .  4 

e - C L = ( 1   + C ) e - C  b + d + f + h  
4 

Thus, if Laplacian edge enhancement is desired, e - CL 
replaces the gray value e for each  pixel in the image. We 
have  used C = 2 in our programs. The effect  of this 
enhancement was  shown in Figure 16. 

Halftoning 
The halftoning process  is applied line by line to the input 
image, scanning from left to right. The input pixels are 
paired as shown in Figure 2, with  each pair producing 18 

1 
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output pels, as shown in Figure 1. Each input line produces 
three output lines. 

Characterization of a pixel pair Each  pixel can be 
processed in two  possible ways: as half  of a halftone block or 
as an edge  pixel (a pixel on  an edge). For each pair of  pixels, 
four mutually exclusive  cases are distinguished 

Neither pixel is an edge  pixel. 
The left  pixel  is an edge  pixel. 
The right  pixel is an edge  pixel. 
Both  pixels are edge  pixels. 

To determine whether a pixel is an edge  pixel, we 
calculate an estimate of the magnitude of the intensity 11 
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3 Electrode configuration. 

reveal a dark contrast layer or clear undercoat, depending on 
the medium being  used. The paper medium may  be  used for 
proof or camera-ready  copy. The clear  plastic medium may 
be  used for  negatives or short-run plates. 

As depicted in Figure Al ,  the IBM 4250 prints on a 
medium with tungsten electrodes that are thinner than 
human hair. A guide  holds the electrodes in contact with the 
aluminum film. The electrodes and the aluminum form part 
of an electrical circuit which,  when activated, results in a 
brief but intense current flow that vaporizes the aluminum 
directly beneath the electrode to reveal the varnish 
underneath. This small, round black spot is  called a picture 
element, or “pel,” and is the basic unit with  which the 
images  of characters and graphics are formed. 

The IBM 4250 Printer uses 32 electrodes  held in a guide 
which  moves  horizontally  across the medium, writing 32 
rows of pels  with  each  sweep. The guide  is  carried at a slight 
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42.3 pm 
(0.00166 in.) = 600 pels/in 
K ‘i 

i I 

angIe to its direction of travel so that the rows  of  pels are 
spaced 1/600 inch apart. See Figure A2. 

As the guide  moves  across the medium, the electrodes are 
fired so that the pels  in  each  row are also  spaced 1/600 inch 
apart. This gives the printer a resolution of 600 pels  per inch, 
both  vertically and horizontally (see Figure A3). 

The pels created by the IBM 4250 Printer are round and 
more than 1/600 inch in diameter. Consecutive  pels overlap 
considerably,  resulting in very smooth edges on printed 
characters,  rules, and graphics. 

The aluminum surface of each medium is rather abrasive; 
because the tungsten electrodes are actually  held in contact 
with this surface as the guide  moves  across the medium, they 
are  gradually  worn  away. The guide  carries a special  “feeler” 
electrode  which  measures electrode wear. As the writing 
electrodes are worn  away,  they are automatically advanced 
to maintain optimum length. 
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