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Abstract: A major problem in digital image 
orocessing applications is high auality halftone 
output. in this paper, we examine some contact 
screen reauirements for this task. In addition 
we examine an alternate system which allows a 
laser svstem to make direct halftones in an 
analog fashion. 

Introduction 

In digital imaging systems, there are many 
factors which influence imaqe quality. The most 
basic of these factors is tone reproduction. 
Oiqital systems tend to be linear and discrete. 
This is in sharp contrast to analog recording 
systems and film systems. 

The standard contact screen has develoPed em­
pirically to minimize tone reoroduction oroblems 
in most photographic systems. The advent of 
electronic analog scanners has influenced screen 
design. 

Because the screens have developed in an empir­
ical fashion, non-standard applications often 
yield disappointing results.··-In this paper we 
examine the screen properties which are best 
suited to most diqital recording applications. 
An optical system-which exploits the coherence 
Prooerties of the laser beam and allows for re­
shaping of the beam is also described. 
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Tone Reoroduction in the Camera 

There are a number of excellent sources which 
describe the camera tone reproduction cycle in 
great detail. 1

'
2 The figures presented here will 

be used as a basis £"or comoarison in the later 
sections. 

The first issue to be examined is the positive 
and negative reproduction characteristics of a 
"hard dot" halftone system. Assuming that we had 
a halftone image whose large area densities were 
measured, and we then contact ?rinted this half­
tone on a negative working media we would have a 
reproduction curve as in Figure la. The result 
of a positive working media would be described by 
the straight line of Figure lb. 

2.0 
1&.1 
z 
~ 
IL 
..J 
Cl 
X I . 
. E 
>­.... 
Cl) 
z 
1&.1 
0 

LOG 

Figure 1: Positive/negative halftone 
characteristics 
a = curved line; b = straight line 

The difference between both reproductions should 
be clearly seen. This very basic fact has led to 
the development of both positive and negative 
contact screens. 

Figure 2 is the tone reproduction cycle of a 
typical camera system. A four quadrant plot is 
used to describe the complete cycle. 
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Quadrant 1 is the camera curve. The camera is 
thouqht of as a black box which converts some 
input density to a log exposure on the film/screen 
combination. Quadrant 2 is the characteristic 
curve of the screen and film combination. This 
combination converts exposure to a given halftone 
density. Quadrant 3 describes the contact process 
of a halftone negative working system (as in 
Fiqure la) . One notes that the screen/film combi­
nation is the only real variable in the ?rocess. 
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Figure 2: Camera tone reproduction 

One can further influence the tone reproduction 
by using techniques, such as a bump or flash, but 
the screen is still the predominant factor in the 
whole cycle. ·· 

Tone Reproduction in the Scanner 

The tone reproduction cycle in the scanner is 
qiven in Fiqure 3. Note that the only difference 
is in the first quadrant. When usinq a contact 
screen, the reoroduction in quadrant 2 is always 
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the same. The scanner in~ut system can provide a 
wide variety of mappings by electronically 
altering the input transfer function. Note that 
nothina chanaes in quadrants 2 and 3. The output 
reproduction-is vastlv chanaed bv even small · 
changes in the input function. The areatest 
strenath and ootential pitfall of the modern 
scanner system is its flexibility in adjustment. 
Nithout a thorouah understandina of the tone repro-­
duction requirements, the adjustment cannot be 
made. 
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Figure 3: Scanner tone reoroduction 

The screen still determines the tonal character­
istics of the system. In fact, the scanner is 
really a correction or "touch-up" device. 

The Digital System 

Digital systems are a blessing and a curse. 
The stability and precision of a digital system 
are beyond reproach, but the accuracy and utility 
of such systems are always subject to careful 
examination. 
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By definition a digital system is discrete in 
nature. This leads to discontinuities which may 
be mathematically insiqnificant, but ?Sycho­
physcially very significant. Because the screen 
plays a significant role in the tone reproduction 
and a digital system supplies a finite number of 
points to be input to the system, its probably a 
qood idea to examine the interactions. 

The assumotions made in this analysis are the 
following: 

1) The reciprocity law is valid over the reoion 
of interest 

2) A linear change in digital value corresponds 
to a linear change in irradiance (and hence 
eXJ?OSure) 

3) The microstructure of the screen is known 
and understood. 

Digital to analog converters rely upon linear 
mechanisms for their output. When dealino with 
such systems a numeric input will invariably 
lead to a linear change on output. 

In a digital scanner system one could imagine 
that the reproduction characteristics could be 
described by Figure 4. 
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Figure 4: Digital scanner tone reproduction 
with negative screen 



On the horizontal axis we plot N, the numeric 
value input to the digital to analog converter. 
On the vertical axis we plot percent dot. The 
data plotted in Figure 4 is from a screen used on 
a conventional scanner. Note that there is a very 
rapid change in percent dot with increase of 
numeric value. This leads to some severe problems 
which are illustrated in Figure 5. In Figure 5 we 
plot the log of numeric value versus percent dot. 
Note that for small numeric values a one count 
change is really auite large. Hence there are 
large gaps in the available oercent dot percent­
ages. 
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Fia.ure 5: Percent dot versus log exposure 

An examination of a two-dimensional densitv 
distributor of the screen (Figure 6) reveals why 
its performance is not oood, for a wide dynamic 
range digital system. 

The first problem is the density range of the 
screen. A tynical digital system has an 8 bit 
range of values. If the digital section is driv­
ing a laser and intensity modulator, the range of 
possible exposures nrobably exceeds 500:1 (a log 
ranee o~ about 2:7). The worst feature o~ this 
particular screen is that in the reaions o~ mini­
mum density, there is almost no chance. It is 
this characteristic which renders it most useless 
for digital annlications. A verv small chancre in 
illumination in the low density reaion of the 
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Two-dimensional density profile 
of screen 

screen causes very rapid changes in dot growth. 
In the digital system, it is precisely this region 
where there are rapid changes in ex;>osure due to 
quantizing. A digital change from 1 to 2 is a 
.3 log exposure change. The only hope is to under­
expose. This positions the minimum oercent dot in 
a region where .. smaller changes are made with each 
successive increment. Note also that there are 
fewer exoosure levels available. This may lea.d 
to further comolications. 

The "Ideal" Screen Profile 

The "ideal" screen profile in a digital system 
is not used for control of the tone reproduction, 
but for reliable and repeatable dot generation. 
As stated earlier, the assumption is that a linear 
change in numeric value will yield a linear change 
in exposure. To derive a linear percent dot change 
with change of exposure, the transmittance as a 
function of aensity must ~allow a square root-like 
function (see Figure 7). If one assumes a circu­
lar shaped dot, the dot area is proportional to 
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Figure 7: Square root transmittance function 

the square of the radius. This relationshio holds 
true until the dots just begin to touch (about 
78% dot area). The illustration in Figure 8 
demonstrates how this is calculated. For a square 
box of dimension "d" on a side, the total area, 
Ab, is given by d2. The four circles which are 
just touchina each have a radius o£ d/4 and their 
combined areRs Ac are qiven by 

nd 2 
AC = 4 X T6 

The oercent dot is equivalent to 

A 
Percent dot = c x 100 

Ab 
lOOn 
-4- x 78.5 oercent 

A '1 
' 
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Figure 8: Calculation of percent dot for 
circular dots up to 78% dot 

If one examines the density profile of ideal 
transmittance function, it appears as in Fiqure 9. 
One should note that this profile is very similar 
to that of a positive screen. In the case of the 
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Figure 9: Density profile of "ideal" screen 

digital scanner with the aforementioned assump­
tions, a positive screen is required regardless o~ 
the output. The reversal and tonal mappings are 
done in the scanner front end. A good starting 
screen would be a positive screen with a basic 
density range of 2.0 or more. 

Use of a Laser for Single Dot Generation 

Traditional electronic dot applications use 
many small dots to form a single large dot of 
known size. The digital methods are quite good, 
but they do require a good deal of very fast 
digital hardware. For applications that don't 
require the high resolution and are cost sensitive 
one can imaae that an amolitude modulated laser 
beam might be used to generate a dot on a lith 
material or olate. 

For a laser Ol:)eratinq in mode TEN00 the normal 
expression for the intensity profile is given by 

rz 
I(r) =I e-)Ci;r) 

0 

where Io is the oeak intensity 

r is the radius 

0 is the 1 points -7 
c 
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A olot of this function is ~iven in Figure 10 
for a variety of levels of I

0
. This corres?onds 

to modulatin~ the laser. 
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Figure 10: Modulated Gaussian beam 

If one models the tone reproduction character­
istics of this system combined with a digital 
modulating system, one finds that a similar 
problem exists with the system that appeared in 
the screen used in an earlier examole. The Gaus­
sian profile is not a good reproducer of dots. 
The parabolic profile in density is similar to 
that of a negative contact screen. Note, that in 
regions of lowest density the dot width is growinq 
the quickest. This system was modeled mathematic­
ally and the reproauction of the system is aiven 
in Figures 11 and 12. 

Adjustment of the Laser Intensity Profile 

By exploiting the coherence properties of the 
laser and some useful oroperties of ohysical 
oPtics, an ootical system-can be desianed which 
enables the beam Profile to be modified to Produce 
a better profile.- The principles behind su~h 
systems a~e fully described in references 3 and 4. 

The basic problem is to convert a Gaussian 
beam profile to some other function. The mechanism 
which we shall use is the ootical Fourier trans­
form. ~-~Then illuminated with coherent li~ht, the 
spot formed in the back focal plane of the lens 
is a scaled Fourier transform of the exit pupil 
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Gaussian out9ut plotted ~gainst 
linear change in exposure 

distribution. I£ one modifies the pupil image, 
the resultant soot is chanqed. Fiqure 13 is a 
schematic of th~ Fourier transform optical system 
used for these tests. 
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The lens L 1 is the spot shapina oblective. A 

mask is placea at or near its pupil and is an 
amplitude mask. The imaae formed is projected by 
the zoom lens. A zoom lens is used to make up for 
scale errors in the mask and lens L 1 . L 3 focuses 
an image of the spot onto the film. An aoerture 
mask is calculated by takinq the inverse Fourier 
transform of the sauare root of the desired soot 
distribution. The assumption is made that the 
phase term is identically eaual to zero and the 
square root of the modulus of the Fourier transform 
sauared is eaua1 to the transform itself. The 
result will be a transmission orofile (Fiqure 14) 
This profile is converted to density (Figure 15) 
and an aoerture mask is generated on film, usina 
laser re~ordinq techniaues, to satisfy this -
requirement. 
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Figure 14: Fourier transtoLm mask 
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Figure 15: Density profile of required mask 

Conclusions 

For digital recording systems incorporating 
linear light attenuators, the most suitable screen 
:or h~lftone recording is a wide ranqe oositive 
screen. NeqRtive screens enhance diqital artifacts 
and reauire a verv non-linear correction to achieve 
suitabie results.-
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