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Abstract meet these goals, the successful device must have the ability
to print acceptablequality images on awide variety of

Xerographicandoffset solid ink technologieare currently substrates reliably. Although both technologiesler study
dominant in the networked office color printer marké¢re, generally render text acceptably,each possesses a set of
speed, reliability, ease-of-use, cost-per-copynd image limitations when grayscale images are considered.
quality areall importantfactors tothe office customer who In the case ofoffset solid ink technologymaterial
is often on a tightoudget. Bothxerographyand solid ink  properties of thenk andthe print processing stepgithin
have been able tdeliver acceptabléext output on awide the printer dandeed affordgreat medidlexibility; however,
variety of inexpensive papers; however, suchas always in currentimplementations of the technology, images may
the casefor halftonedimages. Interestingly, whemalftoned appeargrainy to the customer, especially ameas oflight
image quality fails, it is ofterfor widely different reasons optical density (in the range 0.1 to 0.3). The primagson
depending on the technology employed. for this perceivedgranularity is theminimum diameter and

While offset solid ink exhibitexcellentreceivermedia  optical density of the smallesichievablemark. Although
independence, halftondthages mayappeargrainy to the beyondthe scope othis paper, a thorough analysis of the
customer.Xerographically producedimages, on theother solid ink printing process may béound elsewhere in the
hand, are not so oftencharacterized by halftone-induced literature?
graininess, butather bymottle, or image non-uniformity, Color xerography, in theetworked officecolor printer
depending on the characteristics of the receiver mes#id to  market, generally yields images afceptablémage quality
generatgdhe output. Thdocus of the followingresearch is on many non-coatedpapers. It is alsogenerally true,
to quantify these characteristicsand tie them to specific  however, that image quality is substantially mdependent
attributes of the printing systenssudied. Inorder to do so, on receiver medigroperties than in thease ofoffset solid
a relatively recently developed technique is employed for thiek technology. It is notaltogether uncommon to come
measurement of imageoise, orgranularity, based on the across a papethat, aside from the granularity issue
Wiener (or noise-power) spectrum dhe output>?® These mentioned above, yieldacceptabledmage view quality (as
noise measurementsare then correlated to physical differentiatedfrom imagedurability quality, for example) in
phenomena of therinting systemsstudied. Finally, a a solid inkdevice andunacceptablémage view quality in a
simple methodbased orprinting system physical attributes xerographic deviceThe converse is very rarelfrue. While
is introduced toestimate thereflection optical density at an explanation of the physics of tkerographic process is

which maximum granularity occurs. beyond this paper, thesre good examplesvailable®” The
] focus instead will be on theffects ofthesedependencies on
Introduction halftoned image view quality.

Figure 1 contrasts a 20% digital ti(draylevel 51 out
In the networked office color printer market, two of 256) printed with solid ink technology against
technologies are especially common. Xerography (or xerography. The bitmap used in both cases was generated via
electrophotographly with its substantial history in the the well known blue noise or high frequency weighted
office environment, fits well into thiarena where speed and noise, techniqu&gNote that in bothrenderingsalthough the
cost-per-copy are sinportant. Offset solidink technology, paper,bitmap, and spatial addressability remainedonstant
a relatively new entry to the market, hamde fantastic between printers, the resulting output is vasiferent. Of
strides to gain significant marksharebased orits ease-of- course, this is to be expected, but it is interestingnalyze
use, ownership cost,and cost-per-copy relative to the manner in whichthe two samplesliffer. The solid ink
xerographic machines. While the xerographic and offset soliexample is characterized by a failpmogenous distribution
ink printing mechanismsare entirely different, to the of printed dots ofhighly uniform size and shape. The
customer, theyare the same. In this marketyhere the xerographic example, on the other hand, is characterized by a
output generated by the machines is often used as a tool seihimum mark sizeapparently much smaller thahat of
the usersideas, image view quality is afmportant solid ink. Also, thexerographicsampleappears to have an
attribute, together with theriteria listedabove. Inorder to  undulating lowfrequency component, that is, thepatial
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density of the toner dots varies in a somewbatrelated robust analyses of image noise. In the classic text by Dainty
fashion. It is this latter trait that manifests itselfrasttle  andShaw, noise in photographic images iisodeled as a
in xerographic prints on some papers. stationaryergodic process. A stationary process possesses
statistics thatarethe same oveall areas ofthe image, and
an ergodic process possesses statistics that cdetdrenined
from a single sampling of the image. If thesenditions
hold, it is possible to showquite convenientlythat a
measurement of the first order image statistics revegd®ad
dealabout the noise content of the image, especially if the
noise distribution is Gaussian.

In the case of image granularity, however, it is
necessary tmbtain informationregardingthe spatial nature
of the image noise. For stationagygodic processes, the
second ordeprobability density functiomevealsthat at any
point in the image, the value of the point lies within some
discrete delta. Although this second order probability
function is generallyuite conputationally challenging, in

the case of a Gaussian distribution, it is complesplscified

Quantifying Halll‘:t)(l)ﬂg?e'[]rggge View Quality _by the autoc_orrelation funption of 'ﬂ'rma_ge. This result is
indeed pleasing, as the Wiener-Khintchin theorem states that
%pe Wener noise power spectrumand the autocorrelation
unction are Fourier transform pairs, so

Flgure 1: Hardcopy renderlngs of a ZO%IgltaT tlnt halftoned
using a blue noise mask and printed onommon low cost 20#
bond paper. Solid ink at left; xerography at right.

To put Figure 1 in context, it should be noted that at horm
viewing distance (between 2&nd 30 cmfor an 8.5"x11”
page), the dots printed using solid iake perceptible, while o
those ofxerographyaremost commonly not. This point is  W(UV) = [[C(& me """ dédn (2)
of great importance, as it ihe fundamental reason for the C(&,n) = HW(U’ v)e 27U gy (3)
perception of granularity in solithk prints. The eye’s

response tdrequencymay bemodeled bythe well docu-  or more simply,

mented Visual Transfer Function (VTE)®where

W(u,v) = O C(, 4
VIEUY) = (V) = C(& )] (4)
where§ andn areoffsets. It is important tanderscore the
% 25107609 u +v? (1 @ 05236 u”+v? ), NSV point that inorder totake advantage otheseconveniences,
/7 @D the imagesstudied must closely approximate stationary
E us+v° <1 ergodic Gaussian processes. If this is the dhsegexists a

straightforward approach tthe computation ofperceived
Figure 2 presents a density plot of the VEEntered at image noise, or granularity. This general methodhasbeen
zero, with limits of plus and minus 15 cycless/mmNote  applied in the recent pastnd is given by
that although thequation doesttenuatdrequencies greater
than a couple cycles/mmather aggressively, theimage

printed in this manuscript will surelyappear even more v 2
dramatic due to the effects of the printing process. IV IU W(u, v)VTF*(u, v)dudv -
9= ——~Vu 5

[ JVTF2(u,v)dudv
VU

It is important to point out that in keeping with the
published technique, imageare first cast in terms of
reflectance beforéheir statisticsare calculated. In practice,
the Wener spectrum may bestimated directlyusing the
well known periodogram approaghor by computing the
autocorrelation of the image and making use of equation (4).
The merits of the lattempproach have beepresented
Figure 2: Density plot of the VTF; scale is -15 to +15 cyc/mm. recently’

The more the imagedisobeythe above constraints of

Given thisunderstanding ofhe eye’s spatial frequency  stationarity, ergodicity,and Gaussian behavior, thmore
filtering effect, focusturns to the noise content of the questionablethe validity of the results. In the following
image. Following thdead ofotherresearchers ithis field,  experiments, one blue noise dithering technique wsasl for
it makesgood sense taraw onthe efforts of silver halide  all of the samplesnalyzed Although a white noiselither
scientists, as in this research can be found some ohtis#  would have beerstatistically more appropriate, visually it
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would not havebeen. While such a blue noise distributionpurposes. Tharbitrary constantc hasbeen chosen tgield
doesnot strictly abide bythe guidelinesstatedabove, in  satisfactory reproductions in this manuscript (hopefully).

actuality there wasfound to be sufficient power at all
frequencies to yield results of adequate precision.

Figure 3 illustrates thérequencycomponents of two
halftone patterns. The topxample representhe case of
blue noise dithering, with itgharacteristicattenuation of

View Quality

Measurement of the Effects of Ink and
Media Interaction on Halftoned Image

low frequencydetail. In stark contrast, theottom example  Given this metric for the perception of image granularity, it
representdhe case ofordereddithering, characterized by a is now possible tquantify some of theeffects ofink and
concentration of energy at lofrequency angeriodic energy mediainteractions onhalftonedimage quality. Inorder to
spikes at arate consistent with the samplingcheme and gain an understanding of the quality ohalftonedimage, it
halftonefrequency.From this example, it is obvious that is critical to make several measurements acthss tonal
the ordereddither pattern underminghe foundation of the range. Of course, in terms of first order image statisthus,
granularity derivation, specifically that imaglesmedusing is no newidea andwell known techniquesallow their

ordered dithers are not random processes by any stretch.  straight forward measurement.

It has onlypeen fairly

recently, though, that it haseen so convenient to compute
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Figure 3: 20% fill halftone patterngnd their respectiveFourier
spectra. Bluenoise, top; 30 angled, bottom. Frequencyplots
on same scale as Figure 2.

Granularity vs. Optical Density for Xerography on Two Papers
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higher order imagstatistics. To thiend, inpreviouswork
of note? granularity has been plotted against mean
reflectancelndeed,this is a logicalapproachbased on the
computation of granularity in terms offlectanceEven so,
for reasonghat will be made clear in the paragraphs to
come, in the presemésearchgranularity is plotted against
reflection optical density.

Figure 4: Granularity vs. Optical Density for Xerogmaphy.
It is interesting to note that in actuakrographic ~HMLP =Hammermill Laser Print.

printers, the blue noise ditheringgorithms common to
solid ink systemsare not widely used.Rather,dispersed dot
and hybrid combinations ofdisperseddot and blue noise
dithers are used tohelp mask artifacts induced by the
printing mechanism and to compensate fordharacteristics
of the exposure system. Blue noise dithering was used in the
experimentation primarily to maintain alignment with the
statistical guidelines, but also #fford simpler comparison
betweenthe two printing systems. Although nqgtiantified
in this researchyisible patterningcaused bythe dithering
methods employed bysome xerographic machines can
actually decrease image quality.

Please note that in Figure 3, as in all following
presentations offrequency data, the results have been
transformed by
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Granularity vs. Optical Density for Solid Ink on Two Papers
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Figure 5: Granularity vs. Optical Density for Solid Ink.

Observations of Media Property Effects
Figures 4 and 5 present image granularity as a function

Display(u,v) =c¢ EI]og[1+ |F(u, v)|] (6)

as has been previously sugge&teih order tocompress the
inherently high dynamic range &kquencyplots for display
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of optical density for xerography and offset sah# on two
papers. First and foremost, note the shape of the cwitle,
a characteristionaximum between0.25 and 0.35 optical
densityunits (ODU). Notefurther the dependence on media
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type for the two technologies. In both cases, granularity fqolay a role of increasing importance to image view quality.
the samples printed on a 20&nd copier paper ikigher in  This is especially true in thease ofxerographywhere the
the low to mid section of the tonal range. Tdiifferences marks are actually comprised of a largeaumber of toner
were found to bedirectly attributable to the physical particles on theorder of 10um in diameter. Wile their
properties of the paper. nature makes it difficult tgorint on somesurfaces, it also
Figure 6 contains a set of four images. The top tw&nhances image view quality. As their spatial distribution is
imageswere made byransmitting light throughun-imaged roughly Gaussian, thedges ofdots are effectively blurred,
papersamples. Théeft-hand sample isHammermill Laser  making detection by the eye more difficult. D@isnted via
Print; the right-hand sample is 2@bnd copier papeNote  solid ink technologyreceive nosuch benefit, as shown by
the appearance ofottle in thecopier paper. It is primarily the SEM images.
this fact that leads to an increase igranularity and a ,
corresponding degradation in image viguality. Theeffects e
of the differences in the paper on granularity carolierved .
via the spectral distributions of th&alftoned images
resulting from their use. The lower two images of Figure 6
are the Fourier spectra of 40% digitellftonedimagesmade
with xerography using the papers picturedabove. The
compressedspectrum of the imagerinted on 20# bond
paper leads to high values for the autocorrelatmahence,
granularity.

Figure 7: SEM images of single dots on HMLP. Solid Inkeét,
xerography at right.

An interestingcase inwhich image view quality is
adverselyaffected bypaper structuranay befound in the
analysis of rough textured papers. Such papers are useeh
in specialty applications where the aesthétil andlook of
the paperitself is used toconvey a certaimguality. The
textured finishes applied to the sheetduring the paper
manufacturing process may or may notpeeiodic over the
dimensions of the sheet. It is interesting to point out, that
an analysis of suclperiodic texturedpatterns using the
granularity metric aslefinedabove, strictly speaking, is in
violation of the underlying statistical principles. However, it
was found via Fourier analysis that although the
contribution of the periodic patterning is significatftere is
substantial random noise content throughout the sheet.
Visual analysis confirms this fact, aserographic images
printed on this paper appeatboth spatially banded and
grainy.

g In Figure 8, granularity measurements for sugbaper
are presented togetherth those of Figure 4. Although the
maximum granularity is nogreaterfor the textured paper
(labeledCC) than for thebond paperthe high granularity
extends much further along the optical density axis. Viewing
the samples closelsevealsthat although the meadensity
is increasing over thisange, higheorder statistics(namely
the autocorrelation) remains nearlyonstant. Whiletoner
continues to bedeposited onto the sheet, its spatial
distribution is limited by the structure, random or otherwise,
of the rough sheet. This fact isrther evidenced bythe low
maximum opticaldensity on the graph (of sampC). A
final observationregarding this material is thatunder
magnification, ink are@overage issubstantially incomplete
below a density of aboud.75, which is the pointvhere
granularity finally begins todecrease.This correlation
between granularityand ink area coverage isindeed
' interesting and worthy of further investigation.

Figure 6: The effect ofpaper formation on granularity.Upper
images are transmission illumination views of HMLP at left an
20# Bond at right. Lower vieware Fourier ectra ofhalftoned
images printed on above papers with xerography.

In addition to the effects of paperformation, paper
roughness plays a role in high quabtgrographicandsolid
ink printing. Althoughstated earlier, it isvorth pointing
out again thatcurrent productsbased onboth of these
technologies do perforiwell on several non-coated papers.
Even so,especially in thecase ofxerography, there is a
dependency onroughness thattan degrade image view
quality.

Figure 7 reveals high magnification views rafnimum
mark size dotgrinted on Hammermill Laser Print paper
with both technologies. Through visual analysis thése
SEM images, it becomes apparent that as bmthnologies
move to smallerand smaller minimum mark sizes
variations in thesurfacestructure of theeceiver mediawill
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Granularity vs. Optical Density
For Xerography on Three Papers
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Figure 8: Granularity in xerography on rough, textured paper.

Observations of Ink Property Effects

Due to thefact that the halftoningorocess involved in
the reproduction of solithk andxerographidmagescan be
modeled asbinomial mixing of ink and paper optical
densities, it is logical texpectthat the maximunvariance
in image density fluctuatiomould occur at goint midway
betweenthe ends ofthe tonal scale. While in aidealized
grid structure this is indeed the case, most printing
technologies, including the solid inkand xerographic
processesare far from ideal. To borrow a ternfrom
conventional printingdot gainaffectsthe tonereproduction

Copyright 1998, IS&T

gain is notinduced atthe pointwhen toner is brougtinto
contactwith the paper; rather, it is durindusing of the
image, again under heahdpressure, that physicdbt gain
occurs.

Due to thedot gain effects inherent in the systems
studied, a fairlyuniform layer ofink coversthe paper well
before100% digital fill is achievedvia halftoning. At the
point that this uniform layer ofoverage is reachedpntrast
is greatly reduced, and the noise level drops rapidly. At some
point prior to this,there is an evenly distributdainomial
distribution of dark andight areas orthe page. It is athis
point that the maximum image noisedgpected according
to binomial statistics. lrorder to approximatethis point,
the well known Yule-Nielserequation suffices. Cast in
terms of optical density, the equation may be written as

M-10"°""Q

(7)

where%T is thepercent dotarea coverage dhe sample in
question Dt is the optical density of the sample in question,
Dsis the optical density of an area of solid ink coverage, and
n is an empirically derived factor relating to thelight
scattering properties of the ink and paper. Asdésre is to
determinethe optical density at which the noise of the
binomial distribution is maximizedgquation (7)must be

characteristics of both systems under study. Dot gain may Bgyed forDt at%T = 50. Doing so yields

defined asthe physicaland optical enlargement opfrinted
dots by the printing systemsed to generatine output and
the measuremensystem used to quantify it. Figure 9

illustrates the effects of dot gain. While 40% of the pixels in

the blue noise halftonarray wereemployed toproduce the
magnified images shown, the output isféct much darker.

Stated another way, although it waesiredthat 40% of the
pagearea beprinted, much more than 40%rea coverage
resulted.

Figure 9: Enlargements of a 40% digitaint printed on 20#
bond paper. Solid ink at left; xerography at right.

While optical dot gain effects arecommon to all
hardcopyhalftones, physicaflot gain effects arespecific to

M-10"%" 7

8
> (8)

U
Dt,, =—-nlog[1 -
O

In practice, n for the paper under study was
predeterminedThe area atwhich Ds should be taken was
determined with theid of adigital microscope by selecting
the ditheredregion in whichthere were no spaceshetween
printed dots and minimal overlapping of dots.

Given this measurement and a valuerfgiaroundl.5),
it was possible to estimate the optical density at the point of
maximum noise. Although this estimate is stiffected by
dot gain, the region over which thiet area isapproximated
is reduced, thereby reducing error. For the examples given in
Figures 4 and 5 above, the ertmtweenthe measured value
and the estimate wadound to beless than 7%. The
technique isreally not applicable to samples such as the
subject of Figure 8, in which the image quality is so
degradedhat a consisteriyer of ink is never achieved. It
is, however, useful as a tool tietermine arestimate of the
point at which it is mostritical to quantifythe granularity
of printing systems such as those studied herein.

the device used to generate the hardcopy. In the case of offset

solid ink technology, the ductile ink drops spread a gilealt
when theyare transferred, undéeatand pressure, from the

Summary and Conclusions

intermediate drum tdhe paper surface. In xerography, dot Given thecurrent state-of-the-arthe halftonedimage view
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quality of solid ink prints isnfluenced by a differerget of
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parametersghan the view quality ofxerographic prints.

Slotto

Copyright 1998, IS&T

making numerous measurements, and  Eric

Ignoring mechanical anomalies such asbanding and Segerstrom and Ron Burr for supporting this research.

concentrating on technology issues, in tlase ofsolid ink,
the maximum granularity igovernedprimarily by thesize
and contrast of theminimum mark. While it is possible
enhanceimage quality through the use of sonméghly
uniform specialty medias, it igare that receiver media
choice causes customer rejection on the basis of iptage
view quality. In xerography, more often the opposite is true.
The minimum mark size igarely the limiting factor in
image quality. Usually, in cases of questionable pyirglity
on non-coatedpapers, artifacts result from poor formation
and/or high surface roughness of the paper.

An analysis of granularitynd optical densityrevealed
that maximum granularity of a binahalftonedprint occurs
at the point in which half the pattearea is covereavith
ink. Although thisfact was determinedempirically, it is
supported bythe statistics of binomial distributions. Dot
gain effects cause this point to occur well below 50% digital
coverage in both solid inknd xerographicsystems.Further
effects of dotgain result in completarea coverage of the
paper well before maximum optical density is achieved. This
is especially true of solidink systems in which
hemispherical dotare physically smashednto platelets via
the image transfer/fixing process. This is an important
point, as once this complete layer of ink heendeposited,
the contrast is greatlyeducedandthe noise contribution of
the dithering process iattenuatedwith a corresponding
decrease in granularity.
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