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simultaneous modulation of dot size
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Abstract. Conventional digital halftoning approaches function by
modulating either the dot size [amplitude modulation (AM)] or the
dot density [frequency modulation (FM)]. Generally, AM halftoning
methods have the advantage of low computation and good print
stability, while FM halftoning methods typically have higher spatial
resolution and resistance to moiré artifacts. In this paper, we present
a new class of AM/FM halftoning algorithms that simultaneously
modulate the dot size and density. The major advantages of AM/FM
halftoning are better stability than FM methods through the forma-
tion of larger dot clusters; better moiré resistance than AM methods
through irregular dot placement; and improved quality through sys-
tematic optimization of the dot size and dot density at each gray
level. We present a general method for optimizing the AM/FM
method for specific printers, and we apply this method to an elec-
trophotographic printer using pulse width modulation technology.
© 2004 SPIE and IS&T. [DOI: 10.1117/1.1669555]

In FM halftoning, the dot size is fixed and tone rendition
is achieved by varying the dot density. Commonly used FM
halftoning al6gorithms include disperse dot screerfirgr-
ror diffusion®8and search-based halftone methods such as
direct binary searciDBS).°~*! Error diffusion is perhaps
the most popular FM halftoning algorithm. Although it re-
quires more computation compared to screening, it is still
very efficient. In general, FM halftoning achieves higher
spatial resolution than AM halftoning and is free of moire
artifacts. However, it may lack the print stability required
for electrophotographic printing.

Levien proposed output-dependent error diffusion in
Ref. 12 which increases the print stability of error diffusion
through the formation of larger dot clusters. The spectrum
of such methods has been characterized by &gal. as
green noisé? which lacks both low frequency and high

1 Introduction frequency components. In Ref. 14, the authors also gave a
Conventionally, halftoning is accomplished by either Proceedure for designing masks capable of producing
changing the size of printed dots or changing the relative 9r€en-noise halftone patterns. In Ref. 15, both output-
density of dots on the page. These two approaches ar(glep_endent error dlffusm_n and green-noise masks were gen-
analogous to amplitude modulatio®M) or frequency eralized to color halftoning. Adaptive threshold modulation
modulation(FM) used in communications. for green-noise halftoning was also proposed in R_ef. 16.

In AM halftoning, the density of dot clusters, which we _In this paper, we present a new class of halftoning algo-
define as the number of clusters per unit area, is fixed. Tondithms which combine the advantages of both AM and FM
rendition is achieved by varying the size of each dot. The halftoning methods. These methods, which we call AM/FM
most commonly used AM halftoning algorithm is clustered halftonmg, are distinct from' previous methods because they
dot screening.Cluster dot screening has the advantage of directly modulate the dot size and dot density and produce
low computational load, stable dot formation, and resis- the best quality halftone at each gray level. Unlike green-
tance to such printer artifacts as dot gain and banding.noise halftoning, AM/FM halftoning renders each gray
Thus, it is widely used in electrophotograpliased print- level with a single fixed dot size optimized for that gray
ers where a single isolated dot may not develop and bel€vel. To halftone an image, AM/FM halftoning first deter-
stable. One drawback of cluster dot screening is its limited Mines the position of each dot using a dispersed dot half-
ability to render fine detail. Moreover, the regular dot toning algorithm and a dot density curve that relates the
placement also makes it vulnerable to mgigterns when  input gray level to the density of dots on the page. The size
periodic patterns in the image are similar to the clustered©f each dot is then modulated accordmg to a dot size curve.
dot frequency. Thus, it is not suitable for halftoning im- A measurement-based parameter design system is devel-
ages scanned from printed material. oped to optimize both the dot size and dot density curves

for a particular printer.
A specific implementation of AM/FM halftoning was de-

- , A , veloped for use with electrophotographic printers that have
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%ubpixel modulation capability such as Hewlett-Packard’s
pulse width modulatiofPWM) technology:”*8 Dot size
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Fig. 1 Diagram of the AM/FM halftoning algorithm. The dispersed dot halftoning algorithm determines
placement of the dots, but in addition the size of each dot is independently modulated. The dot size
and density are controlled using a pair of look-up tables.

and density curves are designed via minimization of a regu-on the particular printing technology. It may be any one of

larized cost function which takes both the print quality and a number of methods which vary the size of a printed dot

smooth texture transition into account. Experiments dem-either by grouping clusters of dots together, or by directly

onstrate that AM/FM halftoning achieves high spatial reso- modulating the size of the printed dot using a technique

lution, smooth highlight halftone textures, good printing such as pulse width modulatidf.

stability, and resistance to moifanges. The dot density and dot size LUTs are critical param-
In Sec. 2 the framework of AM/FM halftoning algo- eters of any AM/FM halftoning algorithm. These LUTs

rithm, is developed, and Sec. 3 presents specific implemenmust be selected so as to obtain the desired absorptance for

tation of it based on error diffusion and dot pair clusters each input gray level valug(m,n). However, this leaves

formed using PWM. Section 3.3 shows how dot size diffu- an additional degree of freedom which may be used to op-

sion can eliminate quantization artifacts when the dynamictimize a variety of printing attributes including print quality

range of the PWM system is limited, and Sec. 4 presentsor print stability. Therefore, it is possible to achieve the best

experimental results. quality rendering of a desired absorptance by either varying

the dot size or the dot density.

2 AM/FM Halftoning Framework

In the following section, we present a general framework 2.1 Parameter Design for AM/FM Halftoning

for AM/FM halftoning. Once we adopt this framework, we Algorithm

must then determine how to choose the dot size and dojn Sec. 2.1, we present a general procedure for designing
density curves in a manner which produces the best qualitygot size and dot density LUTs in order to maximize print
rendering. We address this question in Sec. 2.1 by introduc-quality while producing the desired tone response. Suppose
ing a parameter design methodology which uses empiricalye have selected a disperse dot halftoning algorithm to
measurements of printer response to optimize AM/FM al- generate a FM pattern and a method to modulate the dot
gorithm behavior. . size. Then the disperse halftoning algorithm is first applied
Figure 1 illustrates how the AM/FM halftoning algo- to generate a FM pattern with dot densjtyand each FM
rithm functions. Two look-up tabled.UTs) are firstused to  dot is modulated with dot sizé.
determine the dot density and dot size at each pixel. The There are two important quantities which must be mea-
dot density is then used as input in a dispersed dot halfton-syred in order to design AM/FM LUTs. The first quantity is
ing algorithm which determines the position of dots on a gytput tone levelT(6,p). Here we assumig( 4, p) is linear
discrete printing grid. The size of each printed dot is then; absorptance, so that(6,p)=1 is perfectly black and
independently modulated based on the computed dot size a{.(e 0)=0 is V\;hite Interrﬁediate values af(6,p) vary

that position. The resulting output is then printed. linearly with luminanceY. The second quantity is print dis-
The essential attribute of AM/FM halftoning is that it ary ) ' at YIS P
tortion, D(8,p), which measures the visual difference be-

simultaneously modulates both the dot den&isy., spacing )
between dotsand the dot size. If the dot size is fixed to 1 tween the halftone pattern rendered and an ideally rendered

everywhere, AM/FM halftoning degenerates into conven- 9ray level. For now, we only assume tHag6,p) is posi-
tional disperse dot halftoning. Thus, AM/FM halftoning is a Ve, and that it decreases with improvement in print qual-
more general class of algorithms than dispersed dot half-ity: Our objective will be to minimize print distortion
toning. Important, neither the dot density nor the dot size D(6,p) subject to the constraint that the tofi¢6,p) is
independently controls the printed tone. Instead the printedCorrect.
tone is controlled through a combination of the two. This ~ Figure 2 shows the general approach used for
allows one to incorporate tone correction directly into the measurement-based design of dot size and dot density
dot density and size LUTs. LUTs. We first generate halftone patterns by printing gray
In general, the disperse dot halftoning algorithm can be patches with varying dot sizes, and dot densitiep. The
any one of a wide variety of methods including error dif- printout is then scanned as a gray level image, Bt p)
fusion, dispersed dot screening, or iterative search-baseds estimated by averaging the absorptance values of the
halftoning such as direct binary searthThe specific  pixels in each patch. We also compiiéd, p) using a met-
method used to modulate dot size will, in general, dependric of print distortion that is appropriate for our problem.
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Fig. 2 Diagram showing the process used to design

optimized LUTs for the AM/FM halftoning algo-

rithm. The process is based on direct measurement of the printed halftone quality.

The next step is to compute the tone compensation curvewhere the arg min operator returns the value of the argu-

with respect to the desired tone curve of the printer. dg.et

ment that minimizes the cost function, ahé i, ,0max 1S

be an integer value between 0 and 255 that specifies thehe interval of possible values fér Equation(4) yields the

nominal input gray level to the printer. The desired tone
curve is denoted by(g) and is equal to the desired printed
absorptance for inpug. We assume that the desired tone
curve is chosen so that(0)= A, andA(255)=Ag, where

Ag and Ay, are the black and white points of the printer,
respectively. For given dot sizéand input gray levey, we
may find the dot density that achieves the desired absorp-
tance by solving

T(0,p)=A(9). (1)

Notice that, for each fixed dot siz& T(#8,p) is a mono-
tonic increasing function of dot densify Therefore, one
can invertT(6,p) with respect tqp. We denote this inverse
function by T, *(-). We then compute the dot density curve
which achieves the desired tone level as

p=Ry(9)=T, (A(9)). (2)

We call this the tone compensation curve for dot gizEor
each input gray valug and dot sized, p=R,(g) is the dot
density required to produce absorptagqg). In practice,

value of ¢, that results in the best quality rendering for
each |nd|V|duaI gray Ieveg However, it may produce
abrupt changes in dot size and dot density for adjacent in-
put gray levels, which will cause visible contour artifacts
when rendering continuous tone images. To achieve smooth
tone and texture transitions, we enforce smoothness con-
straints in the dot size and dot density curves by using
regularization techniques. More specifically, we augment
the cost function with quadratic penalty functions that favor
solutions that are smooth. The dot size penalty function has
the form

255

2—2 (01— (5)

This function discourages large changes in dot size from
one gray level to the next. The vaImr?1 is used to control
the amount of smoothing applied. When is small, the
penalty term is heavily weighted and the resultigygwill

be very smooth. In similar fashion the quadratic function
applied to penalize the change in dot density from one gray

some absorptance levels may not be achievable for certaif€Vel to the next is given by

dot size values ob, even when the dot density is chosen to
be its maximum value,pn.- In this case A(Q)
>T(6,pman, aNd we selRy(g) = pmax- After determining
R4(g), we can compute the print distortion of gray leel
using dot sized as
D(G,g)éD(G,p)|p=RH(g)=D(H,Rg(g)). (3)

We call this tone compensated print distortion. For any gray
level g with A(Q)>T(6,pman, We setD(6,9) =<, so that
the print distortion is infinite.

The question of how to choose and p for each gray
level g remains. Denote the dot size and the dot density
selected to render gray levglas 64 andpy, respectively.

In order to optimize the choice ob(,p,), we define a cost
function as an optimization objective. One choice is to use
a minimum print distortion criterion which minimizes
D(6,g) for each input gray leved. This optimization ob-
jective may be expressed as

(4

min 5(0,9)

0 [ Omin» Omax]

fy=arg
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255
1

2 (Pg-1—Pg)% (6)
20‘2

whereo, controls the regularization or smoothnesspgf
We would like to formulate our overall optimization prob-
lem in terms of{ 64}5>,, so we can rewrite Eq6) using
the relationship of Eq(2) as

255

—2 [Ry,_

20'29 1

(91— Ry (9)]% (7)

Combining the expressions in Ed4), (5), and(7) results
in the cost function,

255

_ 1 )
C(00,0,0259= >, { D(64,9)+ = (g_1— 0;)
9=1 207

- (8)
20% [

+ Ry ,1(9_1)_Rag(g)]2
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Fig. 3 lllustration of how laser output can be modulated to control
the dot size and placement.
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where 0=[6,...,0,54] is a vector which represents the
contents of the dot size LUT. The optimé@lis obtained by
minimizing Eq.(8),

\J
pixel/grid
) Fig. 4 lllustration of how PWM technology is used to form clustered
& =arg min C(69,0,0555), 9 pixel pairs arranged on a diagonal grid.
254
0< [ Omin » Omaxl

Where [ Oimin, mad?>* is the set of feasible values for the where 8 is the initial value of@ at resolutionk, and the
vector 0. Notice that in Eq.(9), boundary pointsd, and  elements oM ® are given by

0,55 are fixed in the minimization. Generallg, is set to

Omin to insure high quality rendering in the highlighted area, ., |1 if j<i<j+Kk,

and 6,55 is set t06,,, to achieve complete darkness in the ™ 0 otherwise.
shaded area. Whewn, = o,=, the cost function degener-
ates to the minimum print distortion criterion in E@). Intuitively, the matrixM® is chosen so that{*) perturbsk

Minimization of Eq.(8) is, in general, a difficult prob-  components o ranging fromé,., to 6, . The coarse
lem because the function is not convex. In practice, We rasolution cost function is then given by
have found that this cost function has a complex structure
with many local minima, therefore, we need a robust opti- (k) (k) _ (k) (K)y (K)
mization method. In Sec. 2.2, we develop a multiresolution CH(Bo X, 02509 =CC B, b+ MXY), s, (10
iterative coordinate decent optimization algorithm which 1o MmiCD algorithm works by optimizing cost function
we empirically show can consistently minimize the cost M (6,,x0, 6,0 as will be demonstrated in Sec. 4.

function, Eq. (8), without becoming trapped in local The MICD algorithm works by optimizing cost function

minima. CcM(6y,xM, 0,50 at resolutionk using ICD optimization.
The result is then used as an initial condition for ICD op-
2.2 Multiresolution Iterative Coordinate timization at resolution ok—1. Forma”y, the MICD algO-
Decent Algorithm rithm is as follows:

One commonly used optimization method is iterative coor-
dinate decentICD). This method works by iteratively up-
dating the coordinates to minimize a cost functional. For

1. Set#X) to the minimum distortion solution of Eq.

(4.

our problem, each element of parameter veé @ sequen- 2. Fork=K to 1.
tially updated to minimize the cost function of E&). The (a) Apply ICD optimization to the variable®)
procedure is iterated until no further decrease in the cost 0 _ o 0w ()
function is achieved. A disadvantage of ICD is that it can x¥—ICD arg minC( 8o, 1 + M XX, 65
become trapped in local minima, as will be demonstrated in X
Sec. 4. Here we propose a more robust method for optimi- (b) If k#1,
zation, which we call multiresolution iterative coordinate gD g4\ (k)

int int .

decent(MICD).
The MICD algorithm works by optimizing the cost func- 3. Seto— 6%
tion after transformation of parameter vecby a series
of coarse-to-fine transformations. These transformations Generally, we us& =10 as our coarsest resolution in
range from the coarsest resolutiontoto the finest resolu-  the optimization.
tion of 1. At each resolutiok, ICD optimization is applied,
and the result is used as an initial condition to the next finer3 Detailed Implementation of AM /FM Halftoning

resglutiq(rjl. h o blem f lutil We now describe a specific implementation of AM/FM
© onsider the optimization problem for resolutienLet 15 toning that is suitable for electrophotographic printers
x'“ be a vector of length 254k which is related to vector using PWM technology® PWM technology allows the size

6 by the transformation of printed dots to be modulated and is therefore ideally
0 (k) suited to the AM/FM method. Section 3.1 describes how
0= 051+ M % x the AM/FM algorithm can be implemented using PWM to
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Fig. 5 Modified error diffusion algorithm for the FM component of the AM/FM algorithm: (a) basic flow
diagram and (b) position of weights and pixel processing order.

modulate the size of dot clusters on a diagonal grid. Sectioncluster positions. The modified error diffusion algorithm is
3.2 gives details of the computation of tone and distortion illustrated in Fig. 5. Let the valuesr(;n) denote the row
measurements, and proposes a human visual systemand column of a pixel, respectively. Then

weighted mean-square error as the print distortion metric.

Finally, Sec. 3.3 introduces a dot size diffusion technique g(m n)2 ¢ () (11)
for use when the number of quantization levels of PWM is gum
insufficient.

P(man)épg(m,n) ) (12)

3.1 AM/FM Halfoning Using Pulse Width Modulation are the dot size and dot density at position,) that re-

In a conventional electrophotographiP) printer, the la-  suits from application of the dot size and dot density
ser is either “on” or “off” during the entire period it passes  |ook-up tables. The modified error diffusion algorithm is

a pixel's location. This results in either a fully exposed dot, then specified by the following three equations:
or no dot. In PWM technology, the dot can be modulated

by changing both the time that the laser is on and registra-
tion of the exposure in the pixel grid. Figure 3 illustrates u(m,n)zp(m,n)+2 w(0,)e(m,n—1)
typical laser output patterns generated by a PWM system. I>0
For each pixel, two attributes can be controlled, the pulse
width and pulse justification. A greater pulse width in- +> w(lhe(m—1n-1), (13
creases exposure and therefore creates a darker printed '
pixel. Pulse justification determines the position at which a
pixel is printed: the left, center, or right of the pixel grid. 1 if [u(m,n)=t(m,n,p(m,n))]
In electrophotographic printing, small isolated dots tend

to be unstable so their development can vary substantiall;p(m’n): and [(m+n)mod2==0], (14)
with environmental conditions or small changes in roller 0 otherwise,

speed or charge voltage. This type of instability can result

in a variety of defects, including shifts in color/tone and g(m,n)=u(m,n)—b(m,n), (15)

banding artifacts. PWM technology can be used to form a
more stable cluster of variable size by exposing pixel pairs
as shown in Fig. 4. For each pixel pair, the left pixel is right
justified, and the right pixel is left justified. This results in ror diffusion is in the quantization step of E6L4) where
pixels that are clustered together in pairs. The size of eacr}he additional condition thatng+n)mod2==0 is added:
pixel is also independently modulated using a pulse width . '

value that consists of an integer between 0 and 63. Thus! 9eneral, the threshold valugém,n,p(m,n)) will be de-

the total cluster size ranges from a minimum dot size of Pendent on the location and the input dot density value at
=0 (total PWM value of 0 to a maximum dot size of=2 current pixel. The positions are such thabt{ n)mod2=
(total PWM value of 12§ =0 corresponds to the left-hand pixels in the pixel pair
Figure 4 shows how the two-pixel clusters are arrangedclusters of Fig. 4. So this quantizer suppresses every other
in a diagonal grid to fill all the locations on a rectangular dot and only allows pixels on a diagonal grid to be turned
lattice. Pairs of adjacent pixels are grouped together, buton. Thus the maximum fraction of pixels that can be turned
each row is offset relative to adjacent rows. Notice that the on is 50%. Consequently, the input dot density is limited to
size of each pixel is modulated independently. This allows the range 0f0,0.5. The position of filter weights is also
more precise representation of edge detail. Experimentallyshown in Fig. 6.
we have found that this diagonal packing of pixel clusters  In our experiments, both the filter weights and threshold
yields effective dot placement with no overlap between ad- values of the modified error diffusion are dependent on
jacent clusters. input dot densityp(m,n). The weights and thresholds are
The FM modulation component determines which pixel optimized for each input gray level with the method de-
pair clusters are enabled or “turned on.” For this, we use scribed in Ref. 19. Using the threshold modulation method
modification of conventional error diffusion which only al- developed in Ref. 19, the threshold function
lows dots to be fired on the diagonal grid associated with t(m,n,p(m,n)) is given by

'wherew(k,l) are error diffusion weights that normally total
one. The major modification compared to conventional er-
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Fig. 6 Error filter weights and threshold values of tone-dependent modified error diffusion.

t(m,n,p(m,n))=ty(p(m,n)) threshold value, whilé;(p(m,n)) controls the intensity of
threshold modulation. The threshold modulation is used to
+t1(p(m,n))p(mmoaM, (n/2)moav), break up regular halftone patterns near the area of dot den-

(16) sities of 1/8, 1/4, and 3/8. The error diffusion algorithm
uses two-row serpentine order with the values of the
) ) ) ] weights and thresholds illustrated in Fig. 6. The halftone
wherep(m,n) is a DBS midtone pattern with 45° rotation  resylt for a serpentine ramp is shown in Fig. 8. Overall, it
to match the diagonal grid, and =64 is the period of the  achieves fairly uniform dot placement.
DBS pattern. The rotated DBS patte(m,n;0.5) is The values of the error diffusion outpit{m,n), at po-
shown in Fig. 7 whergp(m,n)=1 is white, andp(m,n) sitions corresponding to n{+n)mod2==0 determine
=0 is black. In Eq.(16), to(p(m,n)) controls the basic  whether each pixel pair is enabled or disabled. More spe-

Journal of Electronic Imaging / April 2004 / Vol. 13(2) / 291



Z. He and C. A. Bouman

Fig. 7 DBS midtone pattern used in threshold modulation.

cifically, the output PWM code at positionm(n) is given
by

63
PWM(m,n) :{7 0(m’n)J* b(m,n—((m+n)mod2)), Fig. 9 Test pattern used to measure T(#;p) and D (6;p) Notice that

(17) gray patches are distributed randomly to reduce the effects of printer
variation.

where the maximum PWM code is assumed to be 63. No-
tice that the PWM code for each pixel is modulated inde-

pendently through the choice a@f(m,n). This improves For each dot size#", tone curve,T(6",p), and print
resolution by allowing fine edge details to be rendered distortion curve,D(6W,p), are computed by averaging
more accurately. measurements ovévl scanned test patches, each with dot
density p. Let s)(m,n) be theNx N sampled version of
3.2  Measurement of Tone Curve and the jth scanned test patch wheresth<<N and O<n<N.
Print Distortion Here we assume that(m,n) is measured in units of ab-

L . . sorptance which are linear with reflected energy. Further-
Accur imation of th ize an nsi rv ; i X
ccurate estimation of the dot size and dot density cu esmore, letSO(k,1) be the DFT ofs®)(m.n) computed using

depends on careful measurement of the tone curves, i onal(2D) Hanni nd oo
T(6,p), and print distortionDP(6,p). Both curves are mea- ﬁom}ir'mff?i?:a( ) Hanning window to minimize
sured forN; discrete values of the dot size denoted by y )

(inN1—1 . . The initial value of the tone curve, denoted %ye,p),
{6} 2, andN, discrete values of dot density denoted by is then computed by averaging the absorptance values of

{pOyNe L, the M test patches.
Figure 9 shows a typical test pattern used to measure the
tone and distortion curves for a single dot s#8. The test  ~ 1 Mt .
pattern is produced by printing an AM/FM halftoned gray 1(6".p)= M N2 JZO (%) st(m,n). (18)

level test image using a fixed dot size@f and a linearly

varying dot density LUT,p,=0/254. The test pattern is The distortion metric we use is based on a linear shift-

broken into eight subpatterns. Each subpattern consists of gyariant low-pass filter proposed in Ref. 20 of the form
16X 8 array of gray patches with dot densities ranging from

a minimum of 0 to a maximum of 0.5. Randomization of H(u,u)=aexp —b ’—u2+v2) (19)
the patches is critical to avoid measuring any systematic
variations in tone across the printed page. We have alsqyherey andv are the horizontal and vertical spatial fre-

found that the use of subpatterns improves the accuracy b¥quency in units of cycles per degree, amdndb are con-
increasing spatial localization of the measurements. ’

0,6j) 1 uiij) By (iJ)
’ . A 7| multi-level -
quantizer
equ. (23) _
o
+\>ee(i.j)
w(k,1I)

Fig. 10 Flow diagram for the dot size diffusion process.

Fig. 8 Serpentine ramp of the modified ED.
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AM/FM halftoning: digital halftoning . . .

Dot size error diffusion in AM part: ——--+

Fig. 11 Diagram illustrating diffusion positions and weights for the
dot size diffusion process.

linear filter with impulse response §0.25, 0.5, and 0.25
The initial print distortion curve is smoothed by three ap-
plications of the five-point median filter followed by 12
applications of the same linear filter. After smoothing, the
tone curve measured may not be completely monotonic. To
insure monotonicity, we apply the following:

T8V, p)—maxT(6",x). (22

X=p

SinceT(6,p) andD(0,p) are computed for discrete val-
ues of # and p, the intermediate values of these functions
must be smoothly interpolated to allow effective optimiza-
tion of the cost function defined in EB). GenerallyN, is
large, so we use linear interpolation to compute intermedi-

stants that are dependent on the average luminance of tht€ values ofp. Once this is done, functionR,(g) and
image. Experimentallyp has been measured to be 5.169 D(#,g) may also be computed using E¢g) and(8). Then
degl/cycle, and for our purposes, we may assume ahat for eachi, we then have the function®(6\”,g) and

=1. Initial print distortion is computed by

M-1
D(6.p)= \/i 2 2 FkDISYkDE (20
M =0 (k|

)#(0,0

whereF(k,l) is the filter given by

Fih=H[TD e N moan| -

(kD=Hl{zgq ||| KT 7 |modN|= 7/,

dfg | N N N -
8N ||| T2 MON TS (21)

whered is the viewing distance in inche$ is the sam-
pling frequency fors(m,n) in samples per inch, and is
assumed even.

D(6",g) for any g in the interval[0,255. We evaluate
these functions for intermediate values &fusing cubic
interpolation since this reduces interpolation error for a
sparse sampling of dot size values.

3.3 Data Bandwidth Reduction with
Dot Size Diffusion

In some applications, the number of quantization levels
used to specify the dot size may be limited. We will denote
this set a9 ;={6p1,0p2,...,0p.}. This limitation may re-

sult from bandwidth constraints of the printing systems, or
the limited dynamic range of the PWM electronics. In ei-
ther case, a small number of possible dot sizes for each dot
cluster will result in quantization artifacts in the resulting
AM/FM halftone. In order to eliminate these artifacts, we
introduce a method for dithering the dot size using a second

The initial tone and distortion curves are then smoothed level of error diffusion.
in the p domain using a combination of median and linear ~ Dot size diffusion(DSD) diffuses dot size error across
filters. The initial tone curve is smoothed by applying a dot clusters formed by pixel pairs. The size of thej)th
five-point median filter followed by 10 applications of a dot cluster is given by

calibration curve of scanner HP6100c: brightness 118, constrast 122, y=2.2

absorptance
o
L

o
=

0.3r

0.2r

o.1r

target printer tone curve

desired absorptance
e o o 9o o o o
w » [ o ~ [o:) ©0 =
T T T T T

<
(%)
T

01F

i | . . \
0 50 100 150 200 250
gray level value from scanner

(a)

0 50 100 150 200 250
input gray level

(b)

Fig. 12 (a) Calibration curve of the HP6100c scanner with brightness of 118, contrast of 122, y of 2.2.
(b) Target printer tone curve used in the experiments.
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Output tone curve at dot size 6=1.0 Print distortion curve at dot size 6=1.0
! ‘ ' ‘ ' ' ' [ m——— ' ' ' ! '
ool — — smoothed cutput tone curve ] - = print distortion curve
0.6 :
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E ?.03
5_0,4 £ ’
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01f
0.1
OO 0})5 Oil 0.‘15 012 0.‘25 013 0.‘35 0f4 0.115 0.5 00 0.65 071 0.‘15 0:2 0.;.5 0f3 0.‘35 014 [);15 0.5
Input gray level Input gray level
(a) (b)
Fig. 13 Raw and smoothed curves measured for 6-bit AM/FM halftoning with 6=1:0. (a) Raw and
smoothed tone curves. (b) Raw and smoothed print distortion curves.
R TP oo . .
0.(i,j) =13 6(i,2j +imod2) + 6(i,2j +imod2+1)] argsr?;)rﬂu(u) s|) if b(i 2j +imod2)
* i i i . .
b(i,2j +imod2). (23 0q(i.j)= —
. 0 otherwise,
However, due to quantization of the PWM codes, only cer- (25)
tain discrete values of.(i,j) are possible. We denote this
set of possible values d3. Then the dot size diffusion is . . .
specified by the following three equations illustrated in Fig. €(1,])=u(i,j) = 6q4(i.}), (26)
10:
wherew(k,l) are the error diffusion weights. In our experi-
mental results, we use the Floyd—Steinberg weights shown
u(i,i)=6.(i.j)+ w(ODey(ij—I in F|g. 11. The_ DSI_D method d|ffe(s frpm conv.enuonal er-
(1L1)= 6,11 zo (Ohey(i.j=1) ror diffusion primarily in the quantization step in E@5).

In DSD, if a cluster is turned off, it is always quantized to

+E w(1))ey(i—1j-1), (24) 0. Otherwise, the multilevel quantizer selects the available
[

cluster size that minimizes the dot size error betwe@n))

Output absorptance versus dot density Print distortion versus input dot density
.7 T T T v

! - 8=044 0 - 8=044
o 9=0.56 o 6=0.56
x  6=0.87 06 x  §=0.67
+ 9=0.78 + 0=0.78
* 0=0.89 0.5 * 06=0.89
o 9=1.00 o 6=1.00
o 6=111| § o B=1.11
v e=122| 504 v 6=1.22
A 9=1.33 2 4 =133
4 8=144| Eo03 4 6=1.44
> 0=1.56 T > 0=1.56
* 0=1.67 * §=1.67
« 9=1.78 0'23 = 0=1.78

041
0 : : : ‘ 0 : : : :
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Fig. 14 Smoothed tone and print quality curves for 6-bit AM/FM halftoning using different dot sizes.
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Tone conpensation curve of each dot size

05

9=0.44
0.45} o 0=0.56
x  8=0.67
0.4} + =078
* 9=0.89
0.35¢ 5 0=1.00
2 03t ¢ 0=1.11
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8025 1 2 =133
B 4 6=1.44
e 02r 1 > e=156
0.15 ] *  0=1.67
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0.1 1

0.05 1
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Gray level index

0 50

Fig. 15 Tone compensation curves required for each dot size,
Ry(9). Each curve is designed to achieve the desired target tone
curve for the specified dot size using AM/FM halftoning with 6-bit
PWM codes.

and 64(i,j). After determiningé,(i,j), we need to decide
how to assign dot size values of the left pixgland of the
right pixel 6, . If 64(i,j)=0, one simply sets botf and 6,
to zero. Otherwise, we first calculate the dot size ragiof
the left and right pixels for the case of partial dotting,

0(i,2j +imod2)

fo= g 21 +imod2+ 1) @7
The values off, and 6, are then determined by
. ta
(6,,0,)=arg min 0——r0 . (28
(6a.6p), b

0a,0peOp, 05+ 0= 0q(i.})

Optimal dot size curves of 6-bit/pixel AM/FM

minimum Iri.nl distortion (iniltial condition)
ICD cl=0. 5. cz=0.1

MICD cl=0.1. 02=042

MICD 6,=0.05, 6,=0.1

0% + 0

Dot size

100 150 200 250
Input gray level

(a)

Tone compensated print distortion of each dot size

0.7 ‘ ‘ 0=0.44

o 0=0.56
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o 8=1.00
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504 v 6=1.22
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£0.3 a 0=1.44

o > 6=1.56

* 0=1.67

0'23 o s 9=1.78
0.1 1
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Fig. 16 Print distortion as a function of the desired gray scale output
value using AM/FM halftoning with 6-bit PWM codes. Notice that at
each gray level different dot sizes result in substantially different
quality.

4 Experimental Results

All experiments were performed on an HP4000 printer that
was modified to allow the pulse width modulation de-
scribed in Sec. 3.1. The dot size was uniformly sampled
from a minimum PWM value of 28§6=0.44) to a maxi-
mum PWM value of 11Z26=1.78 using a sample interval
size of 7. We choose the minimum PWM value of 28 be-
cause it was the smallest dot size that could stably deposit
toner when printed in isolation. The maximum PWM value
of 112 corresponds to two PWM codes of 56, and was
choosen because it produced solid black fill regions with
the same absorptance as the maximum PWM code of 63.
The test pattern contained 0.250.25 in. test patches
and was scanned at 600 dpi resolution using an HP Scanjet
6100c whose output was calibrated using a GreTag reflec-
tion spectrophotometer

Optimal dot density curves of 6-bit/pixel AM/FM

Dot density
s B

e
=
T

1

e

minimum %nnl djsionion (initial condition)
ICD 6,=005, 6,=0.1

MICD o, =0.1, 02=0.2

MICD 6,=0.05, 6,=0.1

2
3

D% + O

100 150 200 250
Input gray level

(b)

Fig. 17 Plots of (a) optimal dot size curves and (b) optimal dot density curves for AM/FM halftoning
with 6-bit PWM codes. Each plot represents a different choice of smoothing parameters or different

optimization algorithm.
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Cost function values of 6 Dbit/pixel AM/FMU1=0.05, 02=0.10 Tone corrected print distortion versus gray level index
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Fig. 18 Plot of cost as a function of the iteration number using both Fig. 19 Print distortion as a function of AM/FM halftoning with 2-bit
the MICD and ICD optimization algorithms for AM/FM halftoning with PWM codes and DSD with DSD. Notice that at each gray level
6-bit PWM codes. Notice that the MICD algorithm achieves a slightly different dot sizes result in substantially different quality.

lower final value of the cost.

almost continuous variation of the pixel width. A second

(Fig. 12. The scans were then converted to a linear reflec- , ,
tance scale. The viewing distance for the human visual Sys_ver5|on of the AM/FM algorithm was tested that used only

: ; . 2-bits per pixel to specify four possible PWM code values
;enrg tr::gdtglr 'gt?(llnixgﬁxgevc;z \évﬁsszzotiegetom% n., that correspond to 0, 28, 42, and 56. In this case, the avail-

9 able dot sizes for each pixel pair in units of pulse width are
g )7 given by 01={0,28,42,56,70,84,98,112The 2-bit AM/FM

~oeg then used DSD to eliminate artifacts of contouring due to

guantization. Both the 6-bit and 2-bit versions of AM/FM

_ used the same pixel justification scheme as that shown in
where the parameter approximately corresponds to the Fig. 4.

correction for printer calibration. We found that the value
=1.5 worked well in all our experiments. .

7 In our experiments, we tegted two versions of the 41 AM/FM LUT Design Results

AM/FM algorithm. Standard implementation of AM/FM  We first present results for AM/FM LUT design using

used 6-bit PWM codes to specify pulse widths. However, AM/FM halftoning with 6-bit PWM codes and no DSD.

as discussed above, the 6-bit PWM codes were restricted td-igure 13 illustrates the initial and smoothed versions of

the range of 0-56. This 6-bit version of AM/FM allows the tone curve and print distortion curve for a dot size of

A(g)=Agt+(Ay—Ap)| 1

. Optimal dot size curve of 2-bit/pixel AM/FM Optimal dot density curve of 2-bit/pixel AM/FM
© minimum ;)rint distortion (inillial condition) ‘ : 03 ; ! ! !
o MICD 014105, 62:0‘1
0451
04 b

=}

o

7]
T

2 031
g z
o g
k] - 0Br
e 5
Q 02+
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0.1+ ]
0055/ o 0 minimum print distortion (initial condition)
: 5 MICD 6,=0.05,6,=0.1
L o 1 L I — I I
) 50 100 150 200 250 50 100 150 200 250
Input gray level Input gray level
(a) (b)

Fig. 20 Plots of (a) optimal dot size curves and (b) optimal dot density curves for AM/FM halftoning
with 2-bit PWM codes and DSD.
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less visible in highlighted areas. In the midtone, the dot size
stays near a value of 0.70. In our experiments, we observed
that dot size 0.70 achieved the highest overall quality half-

tone texture over a range of dot sizes for this particular

printer. In the dark regions, larger dot size is preferable

because it creates large “holes” which are more stable for

printing.

For the case ofr;=0.05 ando,=0.1, we also com-
pared the results of MICD and ICD optimization. Both the
optimal dot size and dot density curves of MICD are
smoother compared with those of ICD. The smooth dot size
and dot density transition is crucial to avoiding abrupt
changes in halftone texture for adjacent gray levels, which
would otherwise be very visible. Figure 18 shows a com-
parison of the change in the cost function value for MICD
and ICD optimization. The converged cost function value is
86.45 for MICD optimization versus 86.74 for ICD optimi-
zation. Thus, ICD optimization is trapped in a local mini-
mum. Generally, we have observed that MICD optimiza-
tion results in consistently lower values of the cost
function.

Figure 19 shows the tone compensated print distortion
curves for AM/FM halftoning with 2-bit PWM codes and
DSD. The results of MICD optimization using;=0.05
and 0,=0.1 are given in Fig. 20. As we can see, in the
highlighted area, the optimal dot size curve stays with dot

@ size #=0.44. Thus, AM/FM halftoning uses purely FM
Fig. 21 Scanned patches from the printouts of a ramp using (a) mo.dulauon. 929'44 correspo_nds tO_ pulse width of 28,
AMIFM halftoning with 6-bit PWM codes, (b) AM/FM halitoning with ~ WHICh is an available pulse width. Since DSD uses a com-
2-bit PWM codes and DSD, (c) Floyd—Steinberg error diffusion, and bination of adjacent available dot sizes to render an inter-
(d) PhotoTone cluster dot screening. mediate dot size, it makes the halftone texture of the inter-
mediate dot size noisier. Therefore, permissible dot sizes
are preferred. For the midtone area, the optimal dot size
stays aroundd=0.67, which corresponds to an available

¢=1.0. Notice that they track each other accurately, but thepulse width of 42. For the shaded region, the dot size goes
smoothed tone curve is guaranteed to be monotonic.

: Lo X ickl hi h i
Figure 14 shows the tone and print distortion curves for up quickly and achieves the desired absorptance and better

each dot size. In general, the larger dot size achievesprlnt stability.
greater absorptancg output at a flxgd dot den§|ty. N0t|ce4_2 Print Samples
that, for small dot sizes, it is impossible to achieve a full
black (A=Ag). As the dot size becomes larger, the dot Here, we compare printouts produced using AM/FM half-
overlap becomes severe, which results in saturation of théoning, Floyd—Steinberg error diffusion, and a clustered dot
output absorptance at high dot densities. screening algonthm_ caII,ed PhotoToﬂeE_hotoTone is de-
The tone compensation curve,,(g) are plotted in signed to use the printer'’s PWM capability and has a screen
Fig. 15. As expected, greater dot density is needed for afrequency of 141 lines per mch._Fond—Stelnberg error dif-
smaller dot size to achieve a given absorptance. Figure 16(“5(;0” was“p(fafrforn(;ta“(j at"60h0 dpi and uzed fPWM codes (éf 0
shows the tone compensated print distortibpg;(g). Im- and 56 as “off*and "on.” The PWM code of 56 was use

tantly. it is clearl that at h egslmini because it allows Floyd—Steinberg error diffusion and pro-
portantly, 1t IS clearly seen that at each gray I6geimini- 4,005 solid black regions with the same absorptance as that
mum distortion is achieved for varying values of dot size produced with the AM/FM algorithms. The results of
0(|)__ i . Floyd—Steinberg error diffusion and PhotoTone screening
Figure 17 shows the dot size and dot density curves thalyere poth tone compensated to match the desired target

result from different choices of smoothing parameters andigne scale.

optimization algorithms. A smaller value of; or o, con- Al figures were obtained by scanning portions of actual
strains the dot size or dot density curve and makes itgo0 dpi printouts. Therefore the figures show the quality
smoother as indicated in E¢8). However, as with any  and defects that were generated in the final prints. The scan

regularized optimization problem, there is a tradeoff be- resolution was 1200 dpi and all the scans are displayed at
tween the smoothness of the dot size/density curves anpproximately 300 dpii.e., 4< magnification.

maximization of the halftone quallty at individual gray lev- First, we compare several gray level patches from a
els. For this experiment, we found that=0.05 ando,  ramp. Figure 21 shows the results. In the highlighted re-
=0.1 yield the best overall subjective quality. gion, AM/FM halftoning achieves superior print quality be-

Notice that the smaller dot size is selected in the high- cause isolated dots are much less visible. Floyd—Steinberg
lighted area. Intuitively, this is because the small dots areerror diffusion produces large dots in the highlighted re-
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Fig. 22 Rendering of a scanned image using AM/FM halftoning with 6-bit PWM codes.

gions because the dot size cannot be modulated as a funaot positions, so it cannot achieve the same high density of
tion of the gray level. The PhotoTone result also has visible small dots that that the AM/FM method achieves. Floyd—
dots in the highlighted region, but these dots are less visibleSteinberg error diffusion also has wormy halftone patterns.
than those in Floyd—Steinberg error diffusion. This is be- In the midtone regions, the halftone texture transition for
cause the PhotoTone algorithm uses the PWM capability toAM/FM halftoning is smooth, and the dots are more uni-
reduce the dot size, but it is still limited to a fixed grid of formly distributed. PhotoTone screening achieves the
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Fig. 23 Rendering of a scanned image using AM/FM halftoning with 2-bit PWM codes and DSD.

smoothest texture transition in 600 dpi printouts due to thestricted to the diagonal pixel pairs of the AM/FM

regular dot placement of cluster dot screening. The midtonealgorithm. However, the regular directional halftone texture
region of Floyd—Steinberg error diffusion produces the and fine dot structure of the Floyd—Steinberg error diffu-
smoothest texture of the four algorithms. The Floyd— sion make it much more prone to texture discontinuities
Steinberg algorithm has an advantage in this respect beand printing instability than either AM/FM or clustered dot
cause it uses the full 600 dpi grid, rather than being re- screening. In the shaded regions, AM/FM halftoning cre-
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Fig. 24 Rendering of a scanned image using Floyd—Steinberg error diffusion.

ates desirable “hole” structures which increase the printing  Overall, PhotoTone screening is the most resistant to
stability. Floyd—Steinberg error diffusion produces rela- banding artifacts. In highlighted and midtone regions, the
tively little halftone graininess in the dark area. But it also banding artifacts of AM/FM halftoning and Floyd—
tends to show worse banding artifacts in practice due to itsSteinberg error diffusion are comparable; however, in the
reduced stability. The PhotoTone algorithm also creates ashaded regions, Floyd—Steinberg error diffusion shows
regular hole structure. worse banding artifacts.

300/ Journal of Electronic Imaging / April 2004 / Vol. 13(2)



AM/FM halftoning: digital halftoning . . .

evasd

J0nN

»

N
a/
TN
L4
~
(t <
RN
] v
{D
i
b ?A,
W
*.... «
Vo
N

Fig. 25 Rendering of a scanned image using PhotoTone cluster dot screening.

Figures 22-25 compare the four halftoning algorithms  For the scanned bars, both AM/FM halftoning and
using a synthesized test image consisting of 120 and 160~Floyd—Steinberg error diffusion show high spatial resolu-
line/in. scan bars, scanned text, and a continuous tone imtion and are free of moirartifacts. Floyd—Steinberg diffu-
age. The line scan bar is particularly important for evaluat- sion achieves slightly better spatial resolution probably due
ing moireresistance. to both inherent sharpening of conventional error
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diffusion?? and pixel grouping of the AM/FM halftoning.
(For this implementation of AM/FM halftoning, the error
diffusion in the FM part was trained to remove the sharp- This research was funded by Hewlett-Packard Inc. The au-
ening effect. However, the PhotoTone algorithm has much thors would like to thank Professor Jan P. Allebach, Peter
lower spatial resolution and serious moasgifacts due to ~ Bauer, George Kerby, and Qian Lin for their valuable input
interactions between its own screen frequency and periodigduring discussions. They also would like to thank Tichiun
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signals in the test image.

Chang for designing the weights and thresholds for the

On the scanned text, the AM/FM algorithm produces a modified error diffusion used in this work.

clean result, whereas the Floyd—Steinberg error diffusion
looks muddy in the background. The AM/FM result with
2-bit PWM codes and DSD has softer text edges, and the
PhotoTone algorithm renders the softest text edge.

For the scanned continuous tone image, the major di
ferences between AM/FM halftoning and Floyd-Steinberg
error diffusion are in the highlighted areas. For example,
AM/FM renders the clouds much more smoothly than
Floyd—Steinberg error diffusion. In the midtone regions, 1.
Floyd—Steinberg error diffusion is somewhat less grainy
due to the smaller dot size, but this reduced graininess 2.
causes greater printing instability. For example, Floyd—
Steinberg error diffusion has more noticable horizontal 4
streaks in the sky region and women'’s legs. These streaks
are caused by banding artifacts and are enhanced by printer
instability. In the dark areas such as the mountain region
above the water, the AM/FM algorithm produces more dis-
tinct holes which can increase graininess. However, these °-
holes are less noticable in the original printout due 0 4
magnification of our figures. 6.

5 Conclusions

In this paper, we presented both a general theory and spe-
cific implementation for AM/FM halftoning. AM/FM half-

toning uses a combination of dot size and dot density 1.

modulation to produce the best possible print quality at
each gray level. Our approach to design of the required dot!!-

size and dot density curves is based on regularized optimi-;.

zation of print quality measured from actual printed and
scanned halftones. We proposed a multiresolution iterative
coordinate decent optimization algorithm to robustly opti-

mize the resulting nonconvex functional, and show that it 14.

performs better than a fixed scale method. Finally, we in-
troduced a dot size diffusion method for use when available
dot sizes must be quantized.

The results show that the AM/FM halftoning algorithm
produces high quality halftone images on electrophoto-

16

graphic printers with pulse width modulation capability. 17-
Generally, AM/FM halftoning produces more stable higher g

quality halftones than conventional error diffusion, while
eliminating the moireartifacts typical of clustered dot
screens. By using small dot sizes in highlighted areas,
AM/FM halftoning reduces or eliminates visible isolated
dots; by using larger dots in dark regions, it increases the

stability of the printed output. Moreover, the combination 21.

of detail rendition, stability, and resistance to mainake it
particularly suitable for scan-to-print applications of elec- ,,
trophotographic printing.
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