METHOD AND APPARATUS FOR DI THERI NG GRAPHI C | MAGES BACKCROUND ,
[ NVENTI'ON 1. FI ELD OF THE | NVENTI ON: The net hod and ﬁbparatugio laitghe
present ‘invention relates to dithering techni ques used to represent digital
| mges. More particularly, the 5 met hod and apparatus of the present
I'mvention relates to exploiting the full dynam c range of intensities and
di-stributing the quantization error over the entire intensity range. 10

2. ART BACKGROUND A picture or |Image may be t hought of as a continuous
representation of the object projected. It is often desirable to represgnt
| mages on a digital conputer ""dﬁ' devi, GH -§%ﬁkﬁﬁ %a_qﬂiéﬁﬁﬂﬂglﬁxﬁginrér.
However, a conputer and 15 ; ' eSs—arepriary ature. A
conput er di splay conprises a grid of display elenents, referred to as

pi xel s, which can either be in one of a plurality of on states indicative
of -its intensity, In mhich-.{= e (o] pT=T R Prat NI Y= .;&-.ted, or in the off
state in which the pixel |0catro 0 o108 8 oA order to display
continuous inages, the continuous imges nust be converted to discrete 20
representations corresponding to the pixel |ocations on the display device.
A digital | mage BHELMOR TREINVENDION: t he spatial domain and the intensity
dormai n. The anount of nenory avail able dictates the quantized levels 5

avai lable to represent the image. If the resolution-of either sanple space

i.e. tial dint it bel h hol d t .
I(: m'et af!ognls?, ?Re gge :'Pé%‘ear 4y SWE@&%S?&F@E&%W%\‘?’&@“HE%%)s/arrpl es.
mpations). W ot Mg :
of artifici SnelindP6Eaues e tofte ket tibnal inaep. " MEHG Hticilanyjing" ccnce
i ncrenest al rhéthotddrid/apgdrates of fsepresahl invantiinefates to exploiting the full «

dynamic range of intensities and distributing the quantization error over the entire

intensity range.
10 2. ABIBACKGROUND:

A picture or lmége may be thought of as a continuous representation
of the object projected. It is often desirable to represent images on a digital
computer display device such as a monitor or a printer. However, a computer and

15 its output devices are binary in nature. A computer display comprises a grid of (
display elements, referred to as pixels, which can either be in one of a plurality of
on states indicative of its intensity, in which the pixel location is illuminated, orin

the off state in which the pixel location is not illuminated. In order to display

continuous images, the continuous images must be converted to discrete

20




10 effects, such as patterning, color shifting and biasing, are Introduced
«due to the visible threshol di ng between quantized intensity levels. To

m nim ze, the undesirable effects, a technique, referred to as dithering or
digital halftoning, is used. Dithering is a technique which permts the 15
simulation of intensity |evels between quantized |evels by permtting the
eye to integrate fine detail within an area and record only the overall
intensity of t Hepwseatations:easiespendingie thepixeldecativns:on tha-display deyviemgd' s
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sinulate Intensities that |lie between 20 quantization |evels. Typically,

this technique works well, since the eye naturally blends |ndividual pixel
‘val ues such that only t hE"&8@punof memons avajlablp digtates the quantized)leveisa or

i ghbor h | ' f e el ' . U ich :
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I nteractive Corgpatiahandinehsity draps befow & thiedhdii(dae o meHbR) Rvitatidns), theSdd) -
Several types of dithering techniques exist. The types of dithering
algorithms are W'#@Iﬁ%ﬁ‘ﬁéﬂ%‘”ﬂ?@?@’m?emn §amgleso imthedsatensity daerian. | n
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dither matrix, trdrisitions detweendegiohof ihcremen@abinfensior OineruAdsehabR. visibiei cal | y
for area dither, the table has the - 2 - sane nunber of row and col um

el ement s antP t heffects, suchaspatterning.celor skifting @nd biasinghare iatspduced due totheber of
si mul atabl e int TR en. o evel s. The val ues
contained in th@ﬁ?gg%&g&g#ﬁgg@%{% %aab{g&gggﬁg%'%@‘g%{%out whi ch quanti zed

intensity value will be output at each position, that is, should the 5

intensity val ue be quantjzed to the quantized val ue above .or bel ow the
ori gi nal ' To minimize the undesirable effects, a technique, referred to as

dithering or digital halftoning, is used. Dithering is a technique which permits the

15 simulation of intensity levels between quantized levels by permitting the eye to
integrate fine detail within an area and record only the o§erall iniensity of the
area. Dithering aims to sacrifice some of an image's spatial resolution for an
increase in perceived intensity resoluﬁdn. accomplished by averaging the
intensities of several neighboring pixels to simulate intensities that lie between

20 quantization levels. Typically, this technique works well, since the eye naturally
blends individual pixel values such that only the average intensity in the

) surrounding area or heighborhood is perceived. For more information on

dithering, see Ulichney, Digital Halftoning (1987, MIT Press); Foley & Van Dam,
Eundamentals of Interactive Computer Graphics, p. 597-602 (Addison-, Wesley,

25 1984).

Several types of dithering techniques exist. The types of dithering
algorithms are distinguished by the way the neighborhoods are chosen. in the
technique of ordered dither, the neighborhoods are chosen according to a two

30 dimensional set of values, referred to as the dither table or dither matrix, which Is

tiled into the image's coordinate space. Typically for area dither, the table has the



Intensity value. The dither table values are different at each [err]
coordi nate | ocation such that when a constant input intensity is dithered
over sonme area, the output values will alternate in sone patternh between

t he,upper and | ower quantized intensity levels. 10 The ordered dither .
process |'s explained In reference to Figure 1, Process 1.0 determ nes the

the cbrrant pi xaemehitoge)s v 54 odfin albaiePie S o bl Alhe? AP e RO e T
into the inmage qaniedqualking Admber dfsahEiRtibledinensiiibvils Batwles tHe quantisgs € VeTy
15 n pixels, where n is the dinension of the dither table. 'The indices to-
the matrix, [er rgvels.cThevalues eantainedivithe tabla aretused tompkandegisiens ahaup which

SFunt oant b ¢ SRS Won ASh ol By BRS i ol R AR e
matrix. For gxarefsity Valid)Be duarmized e thelquahtizedivalldiabtvé or tielow ta drigihden t he

2 least significant bits of_the Xk/ coordi nates will provide the required.
nmodul o- 4 | ndexi rigtensity value. The dither {ahje yalupscare diffetent ataachixy.eqordindtges are

retrieved from the qatrix.ac i Qo= Jadi ces ernined,, By
the nature of tHgg%%lﬁugﬁ{h%ﬁ'g'gg&&gﬂ%‘%‘ﬁ?@ﬁﬁt@%ﬁgéga#]@eﬁe?:o‘gg\%@m &a i"bes' .
than the input igitpRvalueswinbiterndtd iPs6inG pattern batWeenahd UpperEindiowsr ue, there
must be a predeterm:ned correspondence between each |evel on the output
scal e to a val ucquantizerbintensity levelsie. 1t is the task 30 . of process 3.0 to
det er m ne thﬁ,i nput -scal e base value, which Is the Input scale val ue that.
is nearest to but not. greater than-the ori-ginal “I'nput-intensity and which ..
-3 directly corresponthe briefedidiihecpriotess'is esplainedlin'refegencaito Figueedi ties
(output intensity values). The next process, 4.0, determnes the value In
the stored rangePeess 1.0 determines the appropriate index into the dither matrix based on the
Xy é_oordi_n_ates_oj the current pixel. :COhQGPtUaIly.-__the idea is to 'tila"the-dither' |
~ matrixinto the image coordinate space, thereby replicating-each entry once every -
15 - npixels, w__l_ie_re_ n’is__._th_e'dimeqsibn;of the dither table. The :indie'es:td"th_e matrix, i,

| _are-'déte{mlned'mrding to the tollowl__rig equations:
 lexmodn . Jeymodn

20 Knisa pow"er -_@f two, then it is possible to utilize the least significant bits of the x-y
screen coordinates for Index.ing__t_h'_e__q?_th.er matrix. Forexample, if the dimension of -
the dither matrix is 4x4, then the 2 least significant bits of the x-y coordinates will ‘'
provide.the required modulo-4 indexing.. | o |

25 o 'At-_.proceés 20. the dither values are rétrieved from the -'matriit’ .
according to i-] dither indices determined. By the nature of fhe prol_:lem, the output '
intensity scale __h_a':s.fe'\.,n(e__r ,ent;iés. than the input intensity scale. In orderto
quantize the _inpu__t -.vém_é.- there musf baga' pre_determinéd correspondence _

_ betweeh eaél;\ |evel_,qri the output scale 10 a value on the input scale. ftisthe task' |

30 of process 30 to §éteﬂhine the input-scale base VaIUe._which is the input scale

value that is nearest to but not greater than the -on'ginal,ihput intensity and which
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gquanti zed intensity levels that corresponds to the input-scale base val ue.
¢ This value wll be referred to as the "stored range base value". 5 At
process;5.0, the difference between the input intensity value and the
intensity of its input-scale base value is deternm ned. The result, always
guaranteed to be greater than or equal to zero, is the delta val ue passed

al ong to process §6. Process, 6.0 i s the pivotal di I _process,, .Co ring
the. delta val ue fﬂea[yoc“frﬁgpmd?_ﬁ%gV\?@Pd’é%ﬂ%‘"ﬁﬁfmﬁs ﬂ@"@ﬁ?ﬁgﬁ’a{’wé"‘sf‘n@ ed
rande”base val ue vafuek))eTHaHEXt Prosd| 4.02LsBrmiRe b Valka i the sidred Ringdedit @ val ue
Is less than or equal to the dither value, the stored range base value is

out put; if deltaqusantipeddntensitylievels that ctirreispondsdo the inputeaale ibase valued Thisnge
base plus one is_outpu The oyt put. frgm grocess 6.0 |s the quantized pi xel
val ue that is deﬂB@Ft"ﬂ@ib‘Pﬁ%}S“#{?ﬂﬁ%l3@?@:’%"%’3?359"3'“?1'(';1@ 15 buffer).

Al t hough quangi zed val ues are stored, these values are typically napped
back to an intensity scale with a greater intensity range for display

viewi ng. That |s the task Asipraeess &8s the differeptedietwesenibe input/intensityvalue aad by

| ookup- bl ' : he .f buf d.the vid
ol my | nput (T larfy B6ts1G5R <58 Rash TR lf deifmiieet e Fpe, Bfvalh 0 o
reconstruction ofgyhfiébid1t defediertian bPéqual /iens] i3 theXeRs Valls PaBsbdodIengfos €S

1.0 through 6.0 on successive input 25 values, dithering causes val ues
bot h greater tharpregess B sProeess &.0iis the pivotal dithen process, gomparingthe idglta value

appr ox ot el v Bec 46 18 R @l RAF Rurbliing b fa e ek Hetq Selyl 7138 g oo
|'s applied to al |hi?:ie&'%ﬂ6.5 Spécifidafly, df b 'dekta vAIBER 1668 thawor éual tothedithérd es.

[s-nearly mapping t output intensity scale, ty&ldcal ly via | ook-up tables,
to a range such aale, thestorpdfmangedase yalue isoulputiitdelia ipgreaterdanthe dither - 4 -

value, then the stored range base plus one is output. The output from process 6.0
is the quantized pixel value that is deposited into the pixel store (e.g. a frame
15 buffer).

Although quantized values are stored, these values are typically
mapped back to an intensity scale witha greater intensity range for display
viewing. That is the task of process 7.0, which is usually implemented by lookup-

20 tables lying between the frame buffer output.and the video display input. (This is
not part of dithering per se, but is utilized for reconstruction of the dithered image
Lo for viewing.)

By performing processes 1.0 through 6.0 on successive input
25 values, dithering causes values both greater than and less than the input intensity
to ultimately be displayed, producing regions over which the overall average

intensity is approxfmately equal to the original input intensity.
The dithering process is applied to all portions of the digital image
30 forall intensities. Linearly mapping the output intensity scale, typically via look-up

tables, to a range such as 0-255, implies that the dithered pixel values are
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guantized with even distribution of error throughout the entre range of

| nputs. However, an error distribution problemarises during the dithering
process. The error is not evenly distributed or balanced such that t'he high
end—~Qf the intensity scale is not rrapped to the highest portions of the
~oubput intensity scale. That is, the high Intensity values are clipped

resulting in thg,df6sd Win 'emarsﬁagugtt@;e&gf qu&tf%nBﬁﬂhb%ﬁhW@@Sﬁ B,

under st ood by frrst exam ning -t ution wth regards to x.;?
sinmplified situbbweverpén quaMIsmhmonrpmblemMSesjdmm@rthqgltltemgeprod:ass {The =

illustration and exa set forth in hexadeci :
Consi der an 8 bPFo§ ﬁg}ﬁ?{ e‘(ﬁ!ﬁﬁs‘m’meﬂﬂé?&q?ed st'ﬁbﬂmm%’ r?%ég%?ﬂi??ﬂy to the
nost significan @Bgd Wﬁl
significant 4 blg?ége kng‘?togmrmst g’xtggm?gﬁ%{%g?nsg”chgnpr esg‘?ﬁél nto 4 Eﬂts isto
truncate itsSl ethe high intersity yaluehalefclipgasresthingini the lass of image brightess4 bi t

result after 15 quantlzatlon then [err] The val'ue q(Chl), which is st or.ed
in the 4 bit frame buffer, nust undergo. sone output mapping (typically via

a | ookup table) for di Sp"m!pr&l&ﬁﬁa@%esﬁdhﬁde?ﬁﬁo@ﬁ;ﬁ%ﬁ&dﬂniﬁg Hedérrorshi f t

of 4 bits, a logical output napping nmay be one whic erforns a
conpl enent ary 4distribuion Mlhm&fﬁﬁalol simplified h&uattonmtnuammuomwuthmrttdnmnnu |

Val e atnty & ety i'amie&‘*%sa@ﬁat ang prergles e st i Boloc R Fupb@il
conposed engorely of |nput value hi the 30 aver age output value Is 5
_ ConStder an8. bit input. value hi, where h =the number O
| correspondmg to the most sigmﬁcant 4 brts and = the number eorrespondrng to
the least s_rgrnfcarrt 4__ bits. - The.most expe@rent way to compress hi into 4 bits is to
_ tmneate_its least:eigniﬁmm.. half. _' S__bedﬂ@lly.-_ it q(hl) is the 4 bit result after
15 quantization, then. | |
q(hl) (hl >> 4) & 0f

The value q(hl), which Is stored in the 4 bit frame buffer, must
_ undergo some output mapplng (typically via a lookup table) for display. Since .
_ 20 'q(hl) was created by-a right shrtt of 4 bits, a logical output mapping may be one
which performs a complementary 4 bit shift to the left. The output function, out (), -

will have sixteen entries: . o

o out() = i0, where i € (0, 01).
25, . Therefors, for some quantized value '_q(hl). the observed output will

oufg(hi))= out©h) = ho
_ . Over s_pme spatial domain composed entirely of input value hi, the
30  average output value is - o '



average (hl) = h0 and, for regions of intensity hi, the average error per

pi xel is error(hl) = hi - average (hi) =hl-hO [err] 5 G ven an
i nput scale of O- ff, Fig. 2a illustrates the output resulting from
quaniization by truncation, and Fig. 2b the average error incurred. A
problemthat is Imediately clear fromFig. 2a is that, although the |ow
end of the intensity scale nmaps propet]| mQ.to 0), the high end
cli-pped to a maxi mum of fifteen gradu&ﬁgﬁ (@rﬁ)gp of the original nmaxi mum

i nfehsity. FromFig. 2b """%P"J?ﬁ“;q"'"?%M‘Qﬁ%yé‘)gfaﬁsﬁ’@ﬁg.t‘f@% ion SW ngs

between 0 and f, which is excessive parti es approachi ng
zero. From an observers point of view, this will translate Into the
artificial contours In the output brroghl)=hh- avbdage @), the quantization
error is distributed t hr oughout the intemdiléh0 scale, but is all of the sane
sign. As a result, overall imge energy kDInot conserved and the brightness

15 ofthe4b|tlmage| n d

met hods. f or Q bit to 4 b%%'&bg‘t%'ﬁﬁgﬁng i ;5, ﬁkﬁ 'f’%ilxgl‘aﬁ%{l}égu@ﬂbﬁsﬂgp%l e as
the direct quanHmMuanﬂzatbhfwdmleawm andiFigh2b/the dvbrige @fros inchiredicaout t he

| east significant four bits. wist Is that, before the bit-shift, an 20

entry fromthe SToRiRm thatjz ‘E‘“F%d'aéﬁf)ﬂéﬂaf@mrﬁg izﬁé%mghb‘?‘-!@lt 9 low endeidhe he

result Is clipp f n%}lgg'yc [ | e
contains entri e?ql é}éﬂyﬁséalrelﬁ%s%gé t{) of%élh'ﬁﬂ ek%kﬁ‘ﬁaﬁmog'ﬁ%u%?gse a
maxi mum i ncr eneiftearf graduations shérbof thhlogbnail Mmumfintbiisuyi Feorh Fighi2blit dahde

addition is perforned. Correi&ondr n@mg when the result is shifted 4 bits
to the righfl! t 180, thahthe Rrepr junctien swings between, B andyf; which iSRXCESRIN® car | i er)

wi'l | be either d

WAL ML aﬁgch:{aﬁg ol imdRRES ﬂ?@p?&wnsg 26t0. I FIdh¥ bn GBséterd Pl 'ol VW, tnis ¢
will translate into the a_mﬁclal contours in the output image. In addition, the
quantization error is distributed throughout the intensity scale, but is all of the
same sign. As a result, overall image energy is not conserved and the brightness

1§  of the 4 bit image is noticeably attenuated.

Typically, prior art methods for 8 bit 1o 4 bit dithering rely upon the

- same basic principle as.the direct quantization method described above, that of

shifting out the least significant four bits. The twist is that, before the bit-shift, an

20 entry from the dither table.is added to the incoming pixel value and the result is
clipped to ff.

The strategy will only work if the dither table contains entries in the
range O - 01, as this range of values will cause a maximum increment of 1 in the
25  high 4 bits of the input which the addition is performed. Correspondingly, when
the result is shifted 4 bits to the right, the quantized value for some input hi (as
defined earlier) will be either h or h+1, depending on the dither value.

Analytically, the equation of the quantized value q(hl) is
30



- then average [err]

30 - 6 - [err] where the value d Is an entry fromthe dither table. The;
equation of the quantized value (hi) may al so be described al gorithmcally:
[err] [err] [err] As was the case in the earlier description, the 4 bi't .

val ue q(hl) nust be mapped to the full range of displayable intensities fér
vi gwing. Using the sane sixteen-entry output function, out[err]. 10 : '
[err] the displayed outputs wl _Iq(ﬁmatmme(ﬂ[mnoh)]}smiao[err] 15 .
The average output has nore televance now than'it did in the straight -,
quant i zati on i |yherhiRd bdie d 8 &1 énthy Worh thiedgither Ribledli THecsquatori of the qoantized - alt
ensenbl e average-over ‘the area of the dither table which is equal to the . =
i nput val ue, t heailuee(hd) may Risg betdeserbad-algorithmicaliabl e us to calculate the

net error fromdithering. Based on the three possible cases for out (q
(hi)), the average is 20 - gﬁ .er&hne%d.._ accordi ng toqk@;_iﬂol I oyvl.ng. if (h f_)__.
e : _

v

[err] [err]

. #[o1+0d)<10)then - Q(hI;aOh_
s = ese | q(h) = 0h+01

* As was the case in the earlier description, the 4 bit value (hl) must
 be fﬁa‘_pﬁed'tbuiﬁei ull range of d:i?P'é.Y?b'e_ intensities for viewing. Using the same - |
‘sixteen-eniry 6'|J'tpju_t':'ii.|:ljcti6n,_put. 0. | |

O

10 T '_omi(l)éiQ-_WhQ‘e'_e [O.OT) .

the displayed outputs will then be

CWGedten - oufa@i)eouOet

"els?fii[(bl sod<10)then  outfqGi)]=ouOn=h0
else 0 out{q (hD)j=out:(Oh+01) = h0+10

15 . Theaverage output has more "rel_evanoe-'h:bw than it did in the
straight quantization illustration, Since the purpose of dithering s o create an
_ensemble'-éveraéa.over the area of the dither ta’ble_-'v’vhiéh' is equal to the input -
value; then evaluating ’th_e average will énable us to calculate the net error from - —
dithering. B_ased on the three possible cases for out (q (h)), the average is N
20 determined according to the follpWing: | | | B

if(h--f.)théh.'- | ,.avar._é'ga.-(h'_l. = [Ty :
e - - ' average (hl)=](10-01) (h0) + (O)) (h0+10)]/10 .
slss  average _("'-}. (100 00) & 00 ool t0 1 ho
={10(h0 + 01)] /10 ' . |
- =10h)Ho

= hi
" The eiror, averaged over all pixels in the dither table's
neighborhood, is therefore
25 o |



[:err] [err] The error, averaged over all pixels in the dither table's

» nei ghborhood, is therefore 25 - 7 - [err] [err] Figs. 3a and 3b
respectjvely.illustrate the average output and error functions. Although-
t hexesults show zero error for all inputs between 0 and fo, the fifteen

hi dhe'st intensities, %errf} are | ost, JUSt astheflfteen hlghes
intensities were 5 1 8 the strai @O a r BYQra hstO=0 on. Thus,
for-all images which®%htain a signifi @Hﬁf( & 2 AVesag T' él “fkEQhe hi gh

i ntsAsi t th f.b ht
Iclnl ppzld KI gﬁn?ﬁtengrteyw\%gﬁgg a%f’ &ggﬁ ﬁ'H’é@g “"gif‘g%wgﬁﬂﬁgfs ved
because the er kgictibhs."Rithdigh e RisLins aiowdr@u&@ﬂonar mbahwﬁmn oléhdoomhber

probl em which frequently occurs |Is the error introduced when the size of
the interval (uffteaq highestrittensitiesof1 wﬁhlamsbslanlsmmpinequughmmnsmenarQy

G ther matr By Joatethe;sbelal bt e e St Bl el it caniaing, ~or
values 15 in Ts%nﬂéhﬁﬁdfﬁber%l?ﬁ:h% iA e m&mnsﬂ%té@bl!ﬁé?e will b&'a paRlived: Wen

not equal, the correct proportion of base and base [err] Intensity val ues
does not occur Iesmbftuﬁehmss:dmgo the glippedchighointensity 'cﬁmst H&adﬂmm Mﬁat e
Intensity values is 'Pi rq ni shed

6 val ues. (1 15naray gt Sorpana oefaul IBEBS: s atief b Rl et oo

val ue can neverlpdighcgdeater than 4. Thus, dither matrix

10
Another problem which frequently occurs is the error introduced

when the size of the interval (i.é., the number of values between prequantized
intensity values) is nbt equal to the number of values in the dither matrix. The
dither matrix values are arranged with the assumption that the number of values

15 in the interval equals the number of values in the matrix. When not equal, the
correct proportion of base and base +1 intensity values does.not occur and the
accuracy required to simulate the intermediate intensity values is diminished. For
example, if the dither matrix contains 6 vélues (1-15) and the size of the interval
was 4 (0-3), the distance value can never be greater than 4. Thus, dither matrix

20 values 5 through 15 would always result in the base +1 intensity value being
output resulting in a larger number of base +1 intensity values than the

L proportional amount needed to best simulate the intermediate intensity levels.



20 values 5 through 15 woul d al ways result
tput resulting in a | arger
t he proportional

bei ng ou
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present

SUMVARY OF THE INVENTION It is therefore an object of the .
invention to provide a nethod and apparatus for dithering digital

~I'mages in which an accurate propg@mﬂgwme of intensity val ues
i s generated whereby- the average of the intensity values which occur :
sinmul ates the desired internediate intensity val ues. is an object of

Il nventi

i mges in which the full

utilized.

appar at u
(that 1s,

I nput intensity val ue) and the input
to a mapping function between .the size of the Interval:

|t i sand appaatis fei ditHefing BighdlkhahedViR Which ari &cdafa ipfspontionrsthod and
apparatus for .dithering in-which the. quanti zaticon“error-is evenly o

di stribut ed Scr oceurranes of itsensily valuesis gpasrated whesebythe amenape of theriptgnsityd

Pl U2 B s oo RBR o G0 YRThsb VbR 1, 1

s of ‘th
the c

val ue and the base val ue tis 3(‘|°bl§°t°ftmﬁepfﬁ§9ﬂt invantian torevide a methacd andsi t y

val ue) and the

di st ance

proportion qb bafénsiwdsuis utihdud. base val ues: +1 I s mai ntai ned regardl ess of.
the difference in size of the interval and the range of the dither matrix

bet wee

intensity value |Is adjusted according:
between the 20 base

ABpREn o BTl e f St el b o

thereby insuring that the internediate 25 intensity val ues between

quanti zed val ues are- accq{lgtagl |e%tgﬂh%ﬁgenti&eﬁpﬁﬁgmﬁgygqnﬁﬂanq t he

pr esent

|nvent|

on, the rahge or
apparatus for dltherlng in whlch the quantrzation error rs evenly distributed across

the 1 range oi intenslty values.

15

_ In the method and apparatus oi the present invention. the dlstance
between the base value (that is the closed quantlzed (or scale) lntensity value

' less than the lnput lntenslty value) and the input intensity value is adjusted

20

aword' ng toa mapping iunction between the size of the interval between the

base value and the base value +1 (i e the next larger quantized lntensity vaiue)

and the range of values in the dlther matnx By ad;ustrng the dlstance between

the. base value and the input intenslty value. the correct proportion ot base values

~ and base values + 1 is mamtamed regardless of the differencs in size of the

25

30

interval and the range of the-dither matrix , thereby insuring that the intermediate

intensity values. between quantized values are accurately simulated.

in another embodiment of the prese_nt invention, the range of input

intensity values is. _rnapped to the full range of quantized intensity values by
mapping the minimum and maximum input intensity values respectively to the
minimum and. maximum quantized intensity values and evenly distributing the.

remaining Input Intensity values between the minimum and maximum quantized

in the base +1 intensity val ue
nunber of base +1 Intensity val ues than
anount needed to best sinulate the internmediate' intensity

e
e i Y8 oo di b *§€9E€[i?“ﬁ6v5t?hv§té Riph g’ 2

1 e,



intensity values is mapped to the full range of .quantized intensity val ues
: by mapping the m ni num and nmaxi num i nput intensity val ues respectively to
the 30 . mi ni rum and maxi mum quanti zed intensity values and evenly

dISIL\bUtIng the remaining input Intensity val ues between the m ni nrum and
nax(nun1quant|zed - 9 - intensity values. A second mapping function is
then™ gener ated between the size of the interval and the size of the dither
matFi x to adjust intensily valdes: cA sacandsmapning fioction is thengengrasedbetwean the size of

e at e Qb bt b ek B e A Ao BB Eﬁﬂéﬁﬁiaﬂch
that the inmage enpggs thﬁadcdrbﬂfsaﬁmaﬁbridiﬁntaﬁm@fmaiﬁmﬁﬁl&es| t he 6

10 -  NOTATI ON AND NOVENCLATURE The detail ed descriptions which foIIow
are presented | ar otpyt, the accumulatad ererds radueed ansithe e is evenlyhalanced #ndons

of operations mc .
descri ptions anhd 3‘3@8@?&7‘%’%#?% eag? ggﬁg%n?tﬁé%@%¥hatlﬁ(@é%ﬁbﬁgé%ﬁl]n t he
dat a processi ng agédrservediost ef fectively convey the substance of their work
to others skilled in the art. An algorithmis here, and generally,
conceived to be a self- 10 consistent sequence of steps leading to a
desired result. These steps are those requiring physical manipulations of
physi cal quantities. Usually, though not necessarily, these quantities take
the formof electrical or magnetic signals capabl e of bel ng stored, '
transferred, conbined, conpared, and ot herw se

-10 -



mani pul ated. It proves convenient at times, principally for reasons of

common 15 wusage, to refer to these signals as bits, values, elenents,
synbol s, characters, ternms, nunbers, or the like. It should be borne-in

m ne however, that all of these and simlar ternms are to be associ ated

wi th—t he appropriate physical quantities and are nerely convenient |abels
applied to these quantities. 2(0NOTATION A NOMENGCL ATUREBNI pul ati ons _
performed are often referred-to 1 n-terms, such-as adding or conparing, 7}
which are comonly associated with nental operations perfornmed by a humam®

e commonl y associated wth mental operations per a_huafe
'n most cases, i n any of (1P HABLHSRAPRRE WAl ok B mSSee R o ¢ of

the present inveRginfyof digitheand spfSolidr8prdSentalRAS o Spatafitnaldridia bits Ritkth .~
machi nes for perform.ng the operattons of the present invention include
general purpo$e d eproputerpemaryerthese algorithmie descripionsandsepresentations arethes

i operat i ng o cTATE =B My e Siph Bt nd el fhofiekiB s 0 Tl b Bl
I nvention rel at espé substdrtedf tehiveork ¢ otaBRskilled h the @aput er in 30

processing electrical or other (e.g., mechanical, chemcal) physical
"signals to generate ot her desired physical signals. The present

Gpvemon al =0, rel ot o5 {0 ARBRRAY i AR RARM AR RRBAAE | T,

- conpose a gengy alcoRyicRNE Seduente bstepisleadihg id & dadilsdaedulty Fhvede BtepSiare those

reconfigured by a conputer programstored in the conputer. The al-gorithns

presented herei n readrng physiset manipuiations ot physica! quaptites. ddsually.dheyaheot or .
ot her apparatus. | rbgqular. vari : 0se nachi.nes.nay be
used with progr arﬂs&ﬁﬁ%ﬁwé%sg qg%écﬁgir? é%&ﬂ%ﬁh% H@#’%ﬁ@‘ﬁ’. ﬁ%ﬁ%@?&nﬁﬁ or it._ _
My prove nore CQapabledstbeing stored, transieridd] Combife, ebmparedoandobifisé 0.
performthe required 10 nethod steps. The required structure for a variety
of these machi negnanipylatedydt-proves.convenient at times, principally for reasons of common
15 usage, o re_fértqthe‘se'signals as bits. values, elements, symbols, charact_er’é. -

terms, numbers, or the like. It should be bome in mind, however, that all of these =~

and similar terms are to be associated with ghe_-appropriat_e physiéal quantities. |

and are merely convenient labels applied to these quantities.

20 Further, the manipulations performed are often referred to In terms, N
such as adding or co_mpatin. which are coinmonly asSéci?ated. with- mental ' -
operatidr_ts'pedonnad. by a human operator. No such capability of a human '. : |
opératdr is necessary’. or desirable in most cases, in any bf the operations -

_ described herein which form part of the present invention; the operations are

25 machine operations. Useful machines for performing the .opera'tion's' of the -
present invention include general purpose digital computers or other similar
devices. In all céseé'there- should be borne in mind the distinction between the
method operatioﬁé in 6peratir_|g a computer and ihe method of computation itself._'f

_ The preseht invention relates to -méihod_ steps for operating a computer in

30 proéessiqg electrical or other (e.0., mechaniéal. chemical) physical signals to | _
generate other desired physical signals. |

-11-



fromthe description given below - 12 - BRI EF DESCRI PTI ON OF THE

: DRAW NGS The objects, features and advantages of the nethod and apparatus
of the present invention will be apparent fromthe follow ng detailed
description of 5 the invention in which: FIG 1 is a flow diagram
iII-(GBtrative of a prior art ordered dithered process. 10 Fl GS.
2a and 2b graphically illustrate the outputs after quantization and its
corxyespondi ng error function. FIGS. 3a and 3b graphically illustrate the

outytit after dithering and its corresponding error function. 15 FIG 4

depi cts the illustrative T08RRAcat inventioaalsovelatesda apparatus ferparionming these
present” i nventi : ) - i | ow..char escribing a preferred
20 enbodi ment §P°?ﬁé%r§§§ﬁ%qﬁ@§ﬁ¢%’?? ;FI?P'G"Y %oqsiruéeégo&tllp (%"g?ﬁ)sets fprt h
the average out plipogasiofk hay coMprisd & 'gRABal Silrpddetompifr U ABIceVely !élivi%%% In

the preferred enbodi nent of the present invention. 25 FIGS. 7a “and
graphi cal | y 81| @srecanfiguredby,acpmputer peagram stoed in ghe.camputer Jhetalgarithhed and

?gp?r atus of t hSre%reﬁ(%‘ar};[er&ﬁ'&Wﬁ&t?&e?’%lyi rLl%te%% r'aepsa Y air' %S\rnrep or &ngc ,t hon. -
apparatus. In particular, various general purpose machines may be used with
programs written in accordance with the teachings herein, or it may prove more
convenient to construct more specialized apparatus to perform the required |

10 method steps. The required structure for a variety of these machines will appear

e from the description given below.

-12-



DETAI LED DESCRI PTI ON OF THE | NVENTI ON GENERAL SYSTEM CONFI GURATI O\I 5
Fig. 4 shows a typical conputer-based systemfor the dithering of digi tal

i mages according to the present invention. Shown there is a conputer ‘1
whichy conprises three major conponents. The first of these is the v
mp‘ut//output (I/O circuit 2 which is used to communi cate i nformation in '

appropriately structured formto and fromthe ot arts of the conputer
1. Also shown as a part of 1@-@5@&#&3@"5%%5&0%5& ng unit
(CPY 3 and nenory 4. These latter two elenents are those typically foung

in nost general purpose conputers and alnost.all special purpose computers.

In fact, the several el eifbmobjecterfeahmchndadwamagnsmmheamemodrmdapparalusj to

be representatlve of thi ad cate of, data Particul gr
oanml o of - ot PEBP EreRnEinsbBen.abbE dpbrer o e Blowanc petaisa Geinotfan oy
i ncl ude machg neﬁ,eqm&,gﬁw{,,ﬁghby Sun M crosystens, Inc., Muntain View,

California. Orher conputers having like capabilities nay ‘of course be
adapted In a straightforward manner to performthe functions descri bed

greﬂl)g\évl rrélnfoa:hgmﬂelygoglrgncf‘t{ érﬂ)a{'h“ﬂg.g @ﬁ‘éﬂaﬁ' 8%&‘3 "tem&ﬁf?é i ﬁput |
or

device may act ugidcgsde a card reader, rragnetl c.or paper tape reader,
ot her wel | -known input device (incl udi ng, - of ‘course, anot her corrputer)-. A
mass menory deV| ce 6 is coupled to the I/Ocircuit -2 and provi des

addi t i onal or age capabkté'.}_/%fg %EP.%@%%}@&EB%%%%%ya”anﬁgnet. . .»,
o’

i nclude othé¥ prograns a

or paper tape r gasifiizafn idWs corrispordivi\rrétainctien. |t Wi |1 be appreci at ed .
that the data retained within mass nenory 6, -nay, in appropriate cases, be

incorporated In standard fashion into conputer 1 as part of nenory 4. 30
In addition, a display play
nessages or ot her comﬁ&#%ﬁé“# §bt4{éﬂaé@? 'E'%H%Yﬁ tgg(?uipﬂ?%ﬁgfrgﬂﬁq@%
t ake and its corresponding error function.
15 . _
FIG. 4 depicts the illustrative computer system employed in the
system of the present invention. |

* FIGS. 5a and 5b is a flow chart describing a preferred
20 embodiment of the present invention.

)

FIG. 6 is a table which sets forth the average output and error for - N
incremenfal steps ba’twéen base values in the preferred embodiment of the - -
present invention.

25 _ |

FIGS. 7a and 7b graphically ilustrate the output after dithering
utilizing ihe method and apparatus of ihe_ present invention and its corresponding
error function.

-13-



- 14 - the formof any of several well-known varieties of CRT displays.
. Preferably, the display nonitor 7 displays the graphic inmages, generated
according to-the process of the present invention. A cursor control 8 is
used to select command nodes and provi des a nore conveni ent neans to input
|nf”\hat|on into the 5 system PROCESS DESCRI PTI ON. An i nproved procedure
f or ~di t heri ng which provides greater 10 accuracy I n representlng t he
internmediate intensity val ueg FESTH B t he

di sk#nce separating the input |ntenS|ty value fron1|ts base val ue (al so
referred to as the Input scale base value*) is conputed and conpared to a
di ther val ue extgaiER? R b e Bk A I X to determ ne whet her the

out put intensit varue equa S ' of base val ue orthe base val ue
[err]. In the present 15 invention, when the size of the range of
internediate jntensity vaéﬁezﬁgotmeen the Intensit vaIu?s corresHon ing to

the base and dase +1 val u w5 R typicalcompulesbas of 4he githeri
di ther matrix argqislimsgesaoco tg'tﬁéﬂgﬁé‘m'irﬁreﬁﬁnu%r%@aﬁﬁﬁﬁriﬂh% aefrues

mappi ng function, gener at ed bet ween t range of input Intensity'v
bet ween the int ewhlchpomahsasslhteermammmongns oThﬁiIst:dﬁnsnrislthademVamm

I dth f the dith t Thi d t di st
Val e i o conpar D prewLY fiehls i oo cetpliloralion i sbebtale HpPbied s
det erm ne whet heforhh@aﬁl!'fr@h\tthéBﬁrsgfdrfslbﬂlﬁo%ﬁ{pufeﬁ eﬁlé%'shbhﬁab'&tﬁ?ﬁhty of the

base val ue or the base value +1 he effect of the adjusted
di stance is 10 pcamputer hisithe centrabprocessingrynit{CRU)3 and memady 4h Thesalatter two

Lt ensi Ly val UesSRMSHIR TR R0 YRy YU in MOBANSRIS! FUDRERCRPPYAB S APER

i mage, resul tingaf BpdaidlPlfposs Ebrmaltsrs! TWPTRE B Svbril e menticontained within

computer 1 are intended to be representative of this broad category of data

_ processors. Particular examples of suitable data processors to fill the role of
15 computer 1 include machines manufactured by Sun Microsystems, Inc., Mountain
View, California. Other computers having like capabilities uiay of course be
adapted in a straightforward manner to perfdrm the functions described below.

Also shown in Fig. 4 is an input devicé 5, shown in typical

20 embodiment as a keyboard. It should be understood, however, that the input

device may actually be a card reader, magnetic or paper tape reader, or other
N\ well-known input device (including, of course, another computer). A mass
memoty device 6 is coupled to the VO circuit 2 and pfovides additional storage
_ capability for the computer 1. The mass memory may include other programs and

25  the like-and may take the form of a magnetic or paper tape reader or other well
known device. It will be appreciated that the data retained within mass memory 6,
may, in appropriate cases, be incorporated in standard fashion into computer 1 as
partof memory 4. |

30 In addition, a display monitor 7 is iliustrated which is used to display

messages or other communications to the user. Sucha display monitor may take

<14 -



internediate Intensity values. 30 - 15 - The preferred enbodi nrent of the
present Invention will be described in the context of an 8 bit/pi xel '
conponent to 4 bit/pixel conponent dithering process utlizing the order
dlther process described in the Art Background section of this .
Spgci/fication. However, as will be clear fromreview of this SpeC|f|cat|on

o onse 5 o el B b e

enmbodi ment il ust uebav nhohito 2 dishlayé uleagrhpmé ilvagbs] Gereratéd ABEGIHIAG th WEt i O
first generated between the range of |nput Intensi tg val ues and the range

of quantized 10 prrcesseithe prasertdnvantion.: Agurser pentigl B isysediie seleetnommand

gener at ed between ¢ d the
range of quantize&‘q%%@ﬁégt@' va% Q:iﬁv%{ Actkw%ﬁwhi’gﬁhwn?‘é@#ﬁ%p@
~intensity valug | gyéte@ped to the m ni mum quantized Intensity value and the :
maxi mum i nput -l-nt ensi ty val ue-ls mapped to the maximm quanti zed intensity
val ue. At block 110. ~the remaining 15 val-ues:in ‘the lnput intensity range
are mapped to theg ' 2hHe n the range of quantized intensity

val uea Preferably;~ . Jenly di stributed bet ween the maxi num .
and m ni num val ues. Hovvever the quantized intensity values may be unevenly -

di stributed, depending upon the apgl i'cation-and desired effect. For .-
exanple, it may be desi r ab/A@ improyed procedurefar difhespg which prevides gregtten 20

quant | zed | nt 465! taolraby i riedriig il nfeRBRel bl Valiek, YRINSTROPSRYIfE: ¢ he

eye I's nore senS|t|v anges N I ntensit nten5|t|es an o
decr easi ng the | ntpmcees the)dnstange separatmgltbevlnput latemsltwvalmgemtltsebaeeaamlez(aldo o/

nt ensi t alues -are-cl.oser . tq nal nten | u
| sity values reterred tosas the tnpvkt Ire b%se valueq corrtputed gnd Xclmvgareg ?o adlther :

value extracted lrom the dlther rnatrix to determme whether the output lntenslty

”value equals the lntenslty ot base value or the base value +1. In the present
o 15 : lnventlon. when the suze of the range of lntermedlate intensity values between the
B lntensity values correspondlng to the base and base+1 values and the size. ot the -
' range ot values in the dtther matnx are nct equal the distance. ls adjusted _
; according 1o the mapplng lunction. generated between the range of input intensity-
values between the lntenslty values correspondlng to the base and base+1
20 . values and the range of values in the dither matrlx This adjusted distance value
s compared to the dnther value retrleved trom the dither matrix to determine N
'_ 'whether the output lntenstty ls set to equal the intenslty of the base vaiue or the \...:'
| base value +1 '

| 25 B The effect of the adjusted dlstance ls tc provlde a-more preclse
o companson ot the dnther value retneved trom the dtther matrix and the dtstance
value such that the base lntensxty values are more accurately distributed
'throughout the dtgutal image, resulting in a more accurate representation of the .
intermediate intensity values.
30

-15-



At block 120, the dither matrix to be used is determ ned. The values in the
matrix and the shape of the dither matrix is dependent upon the dithering
met hod enpl oyed. For exanple, a 4x4 matrix conprising values between 0 and
15 may be used to dither an 8 bit/pixel representation to a 4 bit pixel 5
reE;ysentation. At block 130, the first pixel of the digital Inmage to be
dithered is retrieved, and at bl ock 135 the correspondi ng base val ues from
the range of quantized Intensity values is determ ned according to the
mappi ng function between the range of input intensity values and out put
guanti zed intensity values. The base value is the input scale val ue
correspondi ng to an out4ut i ' | ' L Se: sest
to but not greater than e’g#?féht°7'ﬁ’%{""é‘ﬂ°§‘u‘?€ﬁ‘§§fé&§x"E@d‘@ﬁﬁmgg{]ﬂ%‘fﬁ’"ﬁ‘g

fol I owi ng procftRe cériéxt OLaM B bitphieosthpahertioWcbitipixdl compditiint bithdring | Nt ensity
val ue of the base value or the intensity value of the base value +1 (that

i s, the next |prpgess uizingtheprderditheciproeass deseriped in theArnt Background section At
bl ock 150, th j ' ' ' '
Peforrad to acotihs Spiicatn, Biolvl A Wil thear idh RUSW PGy Khedifealdl.”"

bet ween t he 50uhp PresevEinveéntion is mdtdimited 3o armd bitiCHbit dittpringprogess t he base
value and the input intensity value. At block 160, a second nmappi ng

function |Is generated between the Interval between quantized intensity

values In which the 20 _input intensity value |lies and the range of val ues
'n the dither matrix. CHeiIPeesss mare giftinchdescribed b the PERIRITEG 0, | he

error i ntr oducehBdiitettTiusfiatod by e WAFciiftol PR &Ko G oy =! N9 1 Ne
\J{gt egrglj gingttﬂz\grat;g e iswwatn?gﬁzflghnrl%ibnﬁmm%ﬂu; nction szegge t he
?ajn;e bet wedft PW@M%M&%@?‘M@? qggg“?fg“&i?gﬁ?ﬂ!‘the range of

val ues i1 e ginhasusTBbirbiges’tt kP ierdRPvaibddoard thd Ring%f Guimisds e o t he

dither matrix is retrieved. This value at block, 190 1S then conpared

agai nst the adptessityvaies: M block 100,dhe minimue inpigt intansitly vilue isroappedado the i s
greater t han t b I&%ﬁmﬁ%& rlr{téns!ty valug and the maximum input intensity value is
mapped to the maximum quantized intensity vaiue. At bock 110, the remaining
15 values in the input intensity rahge- are mapped to the remaining values in the
range of quantized intensity values. Ptéferahly; the values are evenly distributed
between the maximum and minimum values. However, the quantized intensity
values may be unevenly dlstﬁbuted." depending upon the application and desired
effect. For example, it may be desirable to decrease the interval spacing between
\A 20 Quantized intensity values in the low range of infensity values because the eye is
more sensitive to changes in intenéity at low infensities and by decreasing the
. interval spacing in the l'ow'lntens'ity 'ra'r')gé the quantized intensity values are
- closer to the original input intensity values. '



val ue, at block 200, the output Intensity value is set to the intensity of_i-i_.__

t he base 30 value +1.

to the dither matrix value, the output intensity equals the intensity of.
This process -17- continues via blocks 220 and 230 untif

the/bgse val ue.
t hei Last pixe

accurate repres
di ther conpare

resulting in no
enbodi nent, the

intensity of t henéthed emplayedo For example; @ 4x4 matrix comprising lealmﬂ:hﬁlwmo andhe

base value. |Is t
Intensity val ue
is closest tg'b
matri x value'is

| s evaluated., The resulting dithered image is a nore

s A2, e Ao RS b B R ERE S g}

it iR hd AR BREpe A e difhefinlaftix/ 18 tibpeHdsnt uponftﬁé’aﬁl%nng :

output intensity value nmay be determned to

| f the adjusted distance value |Is | ess than or equal

570 R e B MERE B BAVBR BrechaRe i&%ﬁbﬁr&hﬁcgi‘i‘“ibzefhag '

\tbpregénthficit At'tiock! 130, ihefirst pixel elid: dtgrtalélmli%b tol Be ditheredi isher

| 'ess - than the. adj usted ‘di'st'ance- val ue

e output intensity.

value is the |ntl'ellilsil?@l&M’Q’I‘?@%é@@'ﬂ%@samﬁﬂghﬁé‘ﬂ!’-ﬁﬁé’ﬁ"ﬁﬁ?ﬁﬂ@%l ue is -

o By, Bl bl BEConhy  ml Bt Rpad " or' LY

greater than or
value is set to
the present |nv
exanple in whic
The nunber of q
mappi ng fun

val ues: 10 1

the range of th

15

etivesh the rangd dEihputlintendity vakes Bikd biput Qudntivediptensinevalces.

h: The Input range of intensity values is from 10 to 30 and

uEhe bassvalye-isthp PPWM&‘W§M@Q 19 an outpi quAR
t s
Ve i B SRl ol
GDO;ianSlpﬂlﬂhe (dllav}llﬁfprocess. the output intensity value will either be the
lntenstty value of the base value or the intensrty ‘value of the base value +1 (that
" i, the next larger output quantlzed lntensrty value) '

At block 150 the dlstance value ls determined The distance value

_* (also relered to as a “delta value") ls computed accordmg to the drtterence

20

perlorrning this' mappmg. at block 170 the dlstanoe value is adjusted tcr amore . |

25

30

between the output quantized Intenslty value correspondmg to the: base value
and the mput intensity value At block 160 a second mapping function is-
generated between the Interval between quantized intensity. values ln which the
input intensity value lles and the range ot values in the drther matrix. By

accurate comparison by mimmizmg the error introduced beceuse the range of the
size of the values ol the interval and the range ol vaiues in the drther matrix are

;__,__Eﬁséﬁgﬂ“fﬁf‘a‘ér‘é‘?”%w&%o and. N

O

-unequal The adjusted dtstance value ls determined from the mappmg tunctton of

"the range between tnlermediate values between quanttzed values and therange -

of values in the dither matrix. At block 180 the dlther matrix value lrom the dither. o

‘matrix is retrieved Thrs value at block 190 is then oompared against the adjusted

distance value. it the ad]usted distance. value is greater than the dither matrix
value, at block 200, the output intensity value is set to the intensity of the base
value +1. If the adjusted distance value is less than or equal to the dither matrix

value, the output intensity equals the intensity of the base value. This process

-17 -



The m ni num and mexi num val ues of the input range of intensity val ues
(10,30) 25 are respectively mapped to the nmaxi mum and m ni mum el enents of
the Input scale (0,6). The remai ning val ues of the input range of intensity
values (11-29) are then mapped in contiguous groups or sub-ranges to the
eléﬁants of the Input scale. Preferably, the input scale elenents are

di STributed as evenl y as possible across the remaining input intensity
val-ues. Thi s naycobtinuesoismplocks20 angd 230 untilthp last pigelus evaluated.nThe resultingaci ng
f oreet h&: mappi ng. . The l.nteryal spacing may be conputed gccor.ding to the

fol 1 owi fig equat [dered image fsa mofe acalgkie feprasantior ohihe poina) iaos dus Ahe ¢
Intensity range, ' ' i hdl Wi ' sity
range and k is tf?"léei t%%&ﬂg‘ﬁ%ﬂ?&;ﬁ&?ggg& gﬁ"‘ﬁne“rﬁ%ﬁ%ﬁaéé IH%EB?& g:@?e. Thus
conti nui ng-w t h same nange résuliing én mopd accutatecomparisoms. spaci ng woul d be [err]
The intensit'%_val ues 10, 14 18, 22, 26 and 30 are the output quantized
intensity vaPues to be utilized in the dithering process. Thus, the mapping

i s: 10101 112 13 I nput Aﬂﬁﬁﬁg&ﬂxn another embodiment, thg optput intdtisiy'Valé' biaf)S' ¢ Y

[err]

14; 15, 16, 17 be determinel to be the intensity of the bash valubr tHi®basaOvalis-1. In this 2

18 22,23,24,25 embodipentthe %ase value Is the elemant seq%%ngeo ngrgberzc%rrggpg@’ o ingfo

Alternatively, 4heqLiizbd ftérsRy PABEWRICh nidpa 158 vafi¥ Un the fHptt intddisiyf Seatd NI

the remaining input intensity values, iInstead, taking 1nto consideration

the fact that t thatdyciosest ibus notiess than thetiopus infensity value.i i thardithey matrix| ow

St ensities t har{raﬁ}e is fess than the adjusted distance value, the output intensity value is the

intensity of the base value-1. if the dither matrix value is greater than or equal to

the adjusted distance value, the output intensity value is set to the base value.

15 The preferred embodiment of the prasent invention is further
illustrated by the folloyving numerical example in'whioh:
The input range of intensity values is from 10 to 30; and
The number of quantized elements in the input scale is 6.
Therefore, a mapping function is generated between the input range of intensity
20 values: ' ' |
1011121314 1516 17 18 1920 21 2223 24 25 26 27 28 29 30
4 - and the range of the input scale:
0123456
The minimum and maximum values of the input range of_ intensity values (10,30)
25 are respectively mapped to the maximum and minimum elements of the input
scale (0,6). The remaining values of the input range of intensity values (11-29)
are then mapped in contiguous groups or sub-ranges to the elements of the Input
scale. Preferably, the input scale elements are distributed as evenly as possible
_ across the remaining input intensity values. This may be accomplished by
30 computing uniform interval spacing for the mapping. The interval spéclng may be
computed according to the following equation: |
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hi gh intensiti
mapped to the
val ues. The re

inténsity val u
where the eye
spacing is |lar

need to be sinmulated. 35 The input

es, a larger proportion of the input scale elenents are .

| ower intensity -portion of the input range of intensity

sult of the 30 uneven distribution i's that tihe interval
spaging is snaller at lower Intensities and a | esser number of | nt er medi ate
es. need to be sinulated, and at the higher intensities,

s less sensitive tq_ hanges In Intensity, the Interval
aﬂg of internediate intensity val ues
Intensity val ues conprising the out put

ger and a greater n

P

quanti zed i nten&'llllgremlsuhesMUmntnlemmdalaeeflhatlmimgnsnulrangs (lliShlhee val ues -
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of the quantiz

out put intensi
di st ance val ue

ty val ues are determ ned co
weixample, thel intervekspacingavpuld: mm.—EB:

ring the 5 adjusted
"Ather matrix. The result of .

the conparison deternines if .the. output di t Bet . value is the intensity

correspondi ng
I f the input i
to the output
intensity valu
di st ance vall®e
val ue and the-
val ue i s equal
therefore a no
range of dlsﬁﬁ
matri x, the
functlon bet we

20

25

30

38

Reheg aae 18, 1d 2ead ghdSe gy

oo B MR S

| vialsasitd Ye vtilized ivthe Uithering procees. 1 Shus; themapping 3t out put

e |l ess than or
i s comput &8P
‘base i nt enst

equal’ to the input 10 Intepsity value. The

dtopsity he di fferenge: bet ween OHP
' . In th&%—éﬁ@ﬁt exan

Y ntensity
g-st ance -

to: 20- 18f° ¥1 1 Qrow de a mUe accurate COH‘H%I’I son, and

re 15 accurate pa tern of output

intensity val ues when t he

nce val ues (p1§0fg, ¢ual the range of val ues in ¢ghe dither
ther conpare. val.ué |Is- adjusted accordi ng to the mapping

en the rangm.os 20;2¢r nedi’ ate
T o2,282425
- 26,27,28,20

2

3
4
5

18
22.
26

30

o Altemetwely. the lnput seele elements are not evenly distributed
_among lhe remainlng lnpul mlensny values. lnstead leklng into conslderatuon the

fact that the eye is more sensitive to changes in Intensity: _at low lntensllles.lhan at. . a

 high Intensities, a largerproportion of the input scale elements are mapped 1o the
lower lnlensily-_pemen of the input range of intensity values. lee'-i_esu& of the-

uneven distribution is that the interval spacing is smaller at lower intensities and a

lesser _numpe( of intermediate intensity values.need to be isimulele'd.' and at the

_higher-intensities. Where the eye is less se'n's'i'tive to changes in intensity, the

lnterval spacing is larger and a greater number. ol intermediate intensity values

_ need lo be simulated

The mput lntensuly values comprislng lhe outpul quantized lntens:ty

values and inlermedsale intensily values (lhose values belween quantized -

inlenslly values). are visually simulated by errangemenl of the quantized values in
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intensity val ues between the base val ue and base value +1 (that is, the

: size of the interval) and the range of values in the dither matri x. The
mappi ng function 20 addresses the problem as is present in the exanple,
tha;\the dither matrix has a range of 16 values while the interval has a
rafge of only 4 values. The mapping function I's generated according to the
proportion of the output quantized intensity values, that is, the
praportion of thepredatermingd paitetnsssuch tizs the ays integeatasadved ah aceaandipencbives

i ntefisity val ues i,ch carr Qng. to the base value and the base val ue +1,
and the range of ‘%Faﬂ?"l'ﬂ“’ﬁﬁ@"&ﬂ{"ﬁm matri x. The proportion may be
determ ned according to the foll ow ng equation: [err] [err] - 20 - wher e

ais the proportion, | is the input intensity value to be sinulated, B is
the quantized intensity valhesoulpwt dntepsity valyesrate determined bycemparfingsthand Bl i s

th ti dJntepsity.val [ ds, ,t he,, al + 1.
Ther efore ¢ heS adiibiestpisiRadSall ih & K8 TERR ol e ccheh Bt JBo Spsiit s
in the dither mihé sompavisoR YeldrMmes if the slfpledithdr VRN isHe intéiishy eBrrbsponding

generated between the Interval 18-22 having 4 distance values 0-3, and'the
range of dither rtathe baseyaluggr base valug+1.blcthapresentoxamaleeifithe inpttioteasity r om

an 8 bit represe {,] 4 Dit.r entatio he pr rtion,. a,,is
determ ned: [err] ri# ?a’l‘ég bg?ledvﬁué i§ ﬁg{'ﬁ%p%"gwg %@e r?HP%‘g B‘??ﬂs'tﬁ vehie of
val ues In the rangsbéddise 18 ishhb closestailitpit iténsity vhlas s Widn'tt equal to the input
10 intensity value. The distance value is computed to be the difference between the
v input intensity value and the base intensity value. In the present example, the
distance value is equal to: 20-18 = 2.

To provide a more accurate comparison, and therefore a more

15 accurate pattern of output intensity values when the range of distance values do
not equal the range of values in the dither matrix, the dither compare value is
adjusted according to the mapping function between the range. of intermadiato.
intensity values between the base value and base value +1 (that is, the size of the
interval) and the range of values in the dither matrix. The mapping function

20 addresses the probiarn, as is present in the example, that the dither matrix has a
range of 16 values while the interval has a range of only 4 values. -

The mapping function is generated according to the proportion of the
output quantized intensity values, that is, the pro;ﬁonidn of the range of values in
25 the interval between output intensity values \.nhich correspond to the base value
and the base value +1, and the range of values in the dither matrix. The
proportion may be determined according to the following equation:

-8t

a=gB Bt
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[err] Therefore, according to the mapping function, the distance 2, s t he

adj usted 20 distance value 8 and the value of is conpared to the vaI ue
retrieved fromthe dither matrix to determ ne whether the output ‘Inté€nsity..
val uyeyI's the intensity value of the base value or. the base value +1. The
protess may best be understood by a nore detail ed exanpl e of 25 an 8 bit'
to 4 bit dithering process (It should be noted- in the follow ng exanp -
that the nunberwherea isdtbe propodiang | isdheinput intensityoraiuet tolbe simuiated; Bpﬂhﬁent s I@‘r

2 TR, Bk i 4 BB L, 2

function should qhaﬂmahrxtenﬁ@ »/albe which 8dridspofds folthe Base vaitié ¥teen-entry
. | ook-up table enpl oyed for 8 bit to 4 b|t 30 dithering process,
linearity may be achieved.: mnth the foll ow ng function: - 21 - [err] The

out put function out (i) C
fromO to. ffk‘s and whi ¢h- ﬂ@lrselr%g e‘ﬁ@?ﬂlﬂ%@ﬂi’kﬁé“gﬁgﬁéﬁﬁ%% % ’gBéﬁaaﬁ
steps. 5 Thus avaugaqnnamnhagmampt ion is generated resulting i.n the
mappi ng: ‘i nput intensity quanti zed elenent quantized val ue o
i sequence.nunber . intensity.valwe 10 - . - 0 16 - - ' 0 _
~ .0 17-33 1 3 '

34 5167 . . 3 in the present exarlrgl]e éﬁ%ﬁnng functron is ger?eiated between o
68 ~ . theinterval 18-22 lrawnq..4_.dslance values 0-3, and the range of dither matrix

.. 10 values 0-15 (because llle‘-lmag.e is dithered .lro’m-_.a'n.é:bn'fmpmsenlaﬁon- to a 4 bit

| representation).-

The proportion, a, is determined
a= 22-20 2.

: S "22-18" 4 2 x _
15 andais multiplied by the number of drther values In the range- (1 6) to get the
: -._ad]usted distance value: 8 : .

1_.
. Ddl'z 16-8

o Therefore, acoordmg ) lhe mapprng lunctron, the dlstanoe 2,is lhe adjusted
20  distance value 8 and the: value of is oornpared to the value retrleved lrom the

dither matrix to determine whether the output lntenslty value is the inlensrty value

of the base value or the base value +1.

The prooess may. best be understood by a mere delarled example ol '
25 an 8 bit to 4 bit drthering process (lt should be noted in lhe followrng example that
the numbers.are descnbed in hexadeclmal lonnal ) ll hi represenls an 8 bit lnput.
q(h) is the stored 4 bit value resultrng from drlhenng. and out () is the oulput
lookup table mapprn_g lunct_ron...-the ideal output mapping function should linearly
map (0, f) — (0.,ff). For-'a s_llde_en-’entry look-up lable employed for a 8 bit to 4 bit
30 dithering process, linearity may be achieved wit.h, the following function:

-21-
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15 - 85- 101 | 5 85 102- 118 6

102 119-135 7 119 136-152 8

136 153-.169 - 9 _ 153 20 . 170- 186

10, 170 187-203 11 ' 187 204-220

12'(’\, 204 221-237 13 221 238-254

14 238 25 255 : 15 255
To .properly quantize the incom ng Icutehsli,menalejfo, Wo output intensity

| ewet s are determned, bb and bb+11, between which hi lies. Once these two

val ues are deternined, thEheeutpudduncion but (§ dafines dninteosity scale forg(hl) which
t te 30 th t { el | f
ProportLonet e SenBlS 43, MU Aot Boog |

referred to as t pase for Input hi - 22 - and the 4 bit val ue WhICh
produces output bb is sinply b, and will also be referred to as the base
where the co®ext is appropriate.) Once the base val ue for the i nput val ue

't ensi Ly val o of its ball/a R LB LppeRs generaidesitinddn i Bepeio:

identified as [err] th 'g ,l;ﬁxlnt' pRLn,  a, Is equal to the
adj usted val ue of 8 acg'ge t héy &ﬂctlm# t he range of
intermedi ate intensity values and the range of values wthin the dither

matri x, al sd@ ndi cates th@1froportions o quantized int@nsity val ues °
corresponding to bb and bp;_%&t hat comnbi ne' to

17
Y 34-50° 2 a4
51-67 3 51
68-84 4 68
15 85-101 5 85
102-118 6 102
© 118-135 7 119
136-152 8 136
153-169. 9 153
20 ~ 170-186 10 , 170
187-203 11 187
204-220 - 12 204
Y 221237 18 221
238-254 14 238

25 255 - 15 255

To properly quantize the incoming intensity value, two'output
intensity levels are determined, bb and bb+11, between which hi lies. Once these
two values are determined, the values.can be spatially combined in proportionate

30 numbers to simulate the intensity level hl. (To simplify the nomenclature used in
the following description, the 8 bit value bb is referred to as the base for input hi
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produce the Intensity hi: [err] 15 ' and thus the proportions of:::
the pixels valued at bb and bb+11 that nust be output In order to sinulate

intensity hi are also deterninable fromthe distance, a. The dither table ' . |

enployed here contains a set of singly-occurring .20 numbers spanning a -
| i neat range. In the dithering"process ais conpared to the dither table . -

vl e of the | nelriChe SRR oRBycls BlhLe ¢ ai L OBATERRST "

sixteen table en;ugmtaisuﬁgmlwm;rénwnoatdxvis@ppm@ﬁaeqsed to conpare with™ - :

sevent een possi.bl e values of [err] (because there :are seventeen increnental
steps between bb and bb+11). The probl em can be circunvented by adjusting.

t he di stance value:[err]: 638@{}.8 gﬂ“g?&“ﬁ?ﬁﬁhﬂ&'"{ ngé& nhﬁé&‘ﬁﬁé‘ the

i nterval spacing and the range o ues | Bher r|x

present exans e, dnbmwscpairétmgeho B\p&t mluugivdmnhannieusityobdldeeafelsma@alubes ween
the (seventeen) interval and fhe range of values I'n the dither matrix

(sixteen), the nealuigigds i s distange Is identified a8 By ther o1 | apses t he out put

mapping for - 23 -.  distances 8 and 95 q,t?g sane value if its magmtude
exceeds half the distance ‘between bb and.bb+11.: Thus, instead of conparing

[err] with the dlntthelnténsuydomam a.,wmueisaaipalstbmb ahjastedmdus'ef &acctsdmg)tmut ed.
The second mappi ng function conputes adjusted. distance to be gerr

[err] and[err] ft¥@[raanping Waetion ‘??Q"?% the gange ctitermegiatejintensity vyiies, and "‘3
adj usted di s§gncgnualof Gailles within the dither matrix, also lndf?:al]es the proportions of

quantized intensity values correspondng to bb and bb+11 that combine to
produce the lntensity hi:

| | hi = [(11-8) Gb) + (@) Bb+11)] 11 -
15 ~ andthus the proportions of the pixels valued at bb and bb+11 that
must be output in order to simu_,laté lntensity-hi_-aré also determinable from the
: disténce,- a :

The dither table employed here. contams a set of singly-owurring

20 numbers spanning a linear range. In the dithering process a is compared to the _
| dither table value at the current location and bb. orbb+11 s output depending on e N
the value of the inequality. | - . N

A founh order dither table is used wherem sixteen tabla entrles
! 25 (ranging trom 0 to Of) are used to oompare w:th seventeen possible values of [
(becauss_there are seventsen_incre_mgnt_al __.st__eps_ between bb and bb+11). The
problem can ps. c‘.__rcu_rhvent_ad. by_;adju_’stin'_t:h_e- ,d_ijsténce value § according to the
mapping._fqnciion b_gtws_e_‘n_ the interval __spa__c_in§ and the range of values in the )
dither matrix. In.._tﬁe_ pressnt example,; because there is a singular value difference -
30 Dbetween the-(ssventesn).int_e,rval_and,th'e;. range of values in the dither matrix
| (sixteen), the mapping function utilized simply collapses the output mapping for
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y) - 2 10 3 3 4

4 5 56 - ' 6 7

7 15 . . 8 8 9 8
10 9 11 12 11 20

1377 12 14 13 15

1416 15 25 The effect Is to collapse the

out put nappi ng tistantbs Band@todlie Samevalfe if its Magnitistexcesdschalt the disncs educi ng
t hesnunber of increnmental steps of the interval between base val ues from

seventeen to si Petwaen biyand Bii{. Jhus.dnsteadof camparingRwiththedithar table en¥yand
bb+11, t he | . nd
'n an’ accumul at N Siéed §%§alﬁ@ﬂ€&?m¥;) (ljget%?%dn&f’é&a%n&'erro{esu o

function clinbs mbmesmdmstwdlmm@alafud&safarﬂ 531 {or 858 Besultidp libtHeor e

reversing |t S|"9an for [err]= 9) and subsequently decreasing back to zero.
Figure 6 - ws the average output and error for the Increnental

st eps bet Ween base val uew prLsent exanpl e can
be summari zed -

0 0
1 1
2 2
_ 10 3 3
Y 4 4
" 5 5
6 6
-7 7
15 8 8
9 8
10 9
11 10
12 11
20 13 12
14 13
. 15 14
ié 15
25 The effect. is to collapse the output mapping for distances of 8 and 9

to the. same value, thereby reducing the number of incremental steps of the
* interval between base values from seventeen to sixteen. With only sixteen steps
between base values bb and bb+11, the increment per step is {bb+11 - bb) / 10 =
11/ 10 = 1.1, resulting in an accumulated error of 0.1 per step. in addition, the
30 error function climbs only to a maximum magnitude of 0.8 (for 8 = 8) before
revarsing its sign (for 8 = 9) and subsequently decreasing back to zero. Figure 6
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S algorithmcally as follows: [err] [err] [érr] [err] [err] [er’r].

Utilizing the earlier output mapping function, the outputs are determ ned
as follows: 10 [err] [err] .Now, to determ ne the average output over the -
spat+al domain of the dither table, the occurrences of bb and bb+11 are ' °
avérdged: average(hl) = [err] [err] [err]. [err] 15 '

[err] The error function for input hl may be determ ned as foIIows errb]_\
[err] [er r] and shows the wreggmutmcanﬂmer i/qﬁ m@elnerawgtal 2@95 !5“"99" base .

values. _

. . The dlthenng process of the present example can be summanzed
5 algomhmlcally as follows: '
b (- oﬁ)_é# 4) gof / base ¥/
,s.m -bb -~ I'distance *l
it (5 >oa) then asa r adjusted distance*/
if@>d)then qh)=0b+1 rdis value retneved from dither matrix */
else - qhh=0b :

Util'zing the earlrer output mappmg 1unct|on. the outputs are
determined as follows

10

fa>d)then (hi))= oUt(0b+01) = bb+11
olse ﬁq (mﬁ= out(0b) = bb

Now, to determme the average output over the spatial domain of the -
dither table, the occurrences of bb and bb+11 are ave_raged.

average(hl) = [(10-0a) (bb) + (Oa) (bb+1 1 )] no |
= [(10) 6b) - ©a) bb) + 02) bb) + ©0a) (11)] "o
= [(10) ®b) + (0a) (11)] no
. = bb+(eanno)
.15 ' _ - bb+a+(a110) ,
The eror function for input hi may be determined as 1ollows:
error(hi) = hl - average(hl)
= hi-bb-a-(@/10)
- =3-0a-(@/10)
_ and can be categorized into. three cases:
20
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[err] [err] [err] [err] [err] [err] [err] The analytical results are
graphically depicted In Figures 6a and 6b. 5 Figures 7a and 7b both
denonstrate.-how t he average out put fluctuates about the input value (note
that the scale of the figures greatly exaggerates the apparent nagnitude of
the fluctuati ons). By equally balancing the positive and negative errors
throughout the(w Bladsity scgLobRaglithering process will maintain the

i mage' s ener gy d| stribution,.’ erof(hidais-0g - /e0)-g-0L0=addi tion, due to the
dispersion 10 of error achr ‘eved enpl oying the invention, .the deviation at

any particul ar(z)ote&moay is (Basgﬂa#la(sper that It canngt be visually
detected. Wiile the inventi o errgéh edn 48/]%) &ct & {86@ EuBiIPbn with the

preferred enmbodinent. it is*™ srT Mous al ternati ves,

nmodi fi cati ons, ﬁz’% ?rﬁjﬁ ses be apparent to those skilled In
the art inlig 8f ore é 19” 8I 3‘_p‘ar[s)s gw'g a&%q?}@ t he
- invention has been described® In h re pect t 911

four-bit dithering process, t H@8 .ﬂ)&-ﬁwﬂﬂ)%ﬁ e'utilized in-any size

di thering process. - 26 - CLAIMS 1. A net hod for dithering a digital

I mage froman input intensity range to an output intensity range of
quantized intensity val trha,anamrehwbsouéa&egmrrﬁdeﬁmnnmgucesmmcﬁsb each

pi xel havi ng a'r_l input intensity value associated with it
igures 7a and 7b both demonstrate how the average output fluctuates about the
input value (note that the scale of the figures greatly exaggerates the apparent
magnitude of the ﬂuétuations). By equally balancing the positive and negative
errors throughout the intensity scale, the dithering process will maintain the
image’s energy distribution, eliminating biasing. In addition, due to the dispersion
10 of error achieved employing the invention, the deviation at any particular intensity

is s0 small (1/2) that it cannot be visually detected.

While the invention has been described in conjunction with the -
preferred embodiment, it is evident that numerous alternatives, modifications,

15 variations and uses will be apparent to those skilled in the art in light of the
foregoing description. In particular, although the invention has been described in
detail with respect to an eight-bit to four-bit dithering process, the invention may
be utilized in any size dithering process.
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selected fromthe input intensity range, wherein-the digital inmage is

dithered froma g-bit
p-bit Intensity val ue

sai d net hod conpi sing

| essthan g, the nunber of “el eents in the I nput |nten3|t g 2q -
and the nunber of elenents-in the output 10 |nten5| lﬁ%‘i@%ﬁ rel,
Y

I ntensity val ue per color COnponent per pixel to a
per col or. conponent per pi:x a val ue.

t he steps of : generatlng a f|r Nncd 1 on

“between the input range of:iinténsity val udeLAINS t he output range of
guanti zed intensity val ues; deterntnlng a base val ue for the .input :
Intensity value of the plxel .sai d base-val ue belng an’input scal e val ue”

correspondi ng to the quark tnethédeErdlthenng ‘adighanaye omuh mﬁmalitehﬁtycrhmt
to, but not greater than the Input: intensity val-ue: of the pixel;

deternining the |W@4‘MI'“196$%€NQ19%HH§“EM intensityvaluesysaid digitaimageput
| | C
T hy 1 b ot ot et fich A ebina B PhihER BYRedabE I

intensity val ue osetem)mdmmnpm ihtensntyeraaga.alnmmhe digital imageris ugherlaetrom
di st ance.val ue, bei né;qt he dis ncev’ et ween th ut_ .

di stance value, said

intensity val ue o abitdntpnsity|valygper galofcom
corresponds 10! NegiempbAert Ber gfxemlmg: sﬂs.l}egssvglaﬁ P nn%és déxta@gﬁ:sm

r-
matri x; gener at| ngtbek\puﬁntensmnggbemeﬂmdmea\ummelemeatsgethe‘mdputher '

| the dith t dah f | Iln. the Int I .
2 st ng 1 notd SRS (g oD 2By s el tomrdena e gty 1 uncti on: 30

di t her val ues;

"PB&P‘?’M ‘s‘ﬁ 2 ‘BBS'W

trreving:a dit |

conparing the adjusted di Sééllé?ﬁinbad fifgt r’rlﬂﬁph%j fdaaron»ﬁﬂween tneiiﬂput range of
_ lntenslty values and the output range ol quantnzed mtensity values.

15

- input lntensny value Is within, said lnterval eomprlslng the values fromand o

20

25

30

determimng a base value for the i?put intenslty value ¢ of the pnxel

_ sald base value being an lnput seele value(:correspondlng 1o the quantlzed

intenslty value which Is closest to, but not greater than the Input intensity
value of the pixel; e FII
determlning the lntetval between quantlzed lntenslty values the:

lnclud'ng the intensity value eon'espondlng to the base value up to the

. intenslty value eorrespondlng to the base value - 1

. determining the dlstanee value sald dlstanee value being the

distance between the. lnput lntensity value ot the. plxel and the quantlzed -'

intensity value which eorresponds to the base value.
. providing a dither matrix having a range ot dither vatues.
retrieving a dither value from the dither matrix; '

generating a second mapping tunetien:be"tween the range of dither

values in the dither matrix and the range of values in the interval;
adjusting the distance value according to the second mapping
function; '
eemparing the adjusted distance value and dither value;
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if the adj ust ed di stance value is |less than or equal te-theTetrieved

dither value, setting the output intensity value to be equ
guanti zed intensity value corresponding to the bas\ \‘mm!‘a‘mm“mgdj ust ed
di stance value |Is greater than dither value, settim INIS™ s~ = out put

intensity value to be equal to the quantized intensity value correspondi ng

to the base value + 1; whereby a precise conparison |s made between the

di ther value and the di dttheadjusted distanos Ralub i leédthan bpequal foCthi tbieiaved Y
vakwtes are accurately distributed throughout the digital image, resulting
in a dithered i magedHier value.Seling the-outp "1905ﬂYrVéISPé%ghPﬁ'ﬁ|é¢1“'t9fql{ﬂ‘P§ZQﬁ gital
I mge. 2. The netho : i LN, t . generating a first
mappi ng function coﬁ%%’é‘g{s'ﬁ‘fﬂé&'sﬁ\gggéﬂﬁ°'ﬂ%%%‘ﬁga"gg'm ni mum i nput intensity
val ue to a m ni mum quantif the ddjiisted distance VAIG8 #§ greatepihin dithervaiuag settingithenum

I nput intensity value tqo a maxi pmum quantized i ntensity val ue; and mappi ng

the input |Btensityoutautjatensityvalueto baequalie theAuantizaddtensity t intensity
val ues to the quant&{f%’g&ﬁﬂiﬁ;ﬁitﬁybﬂ ‘;ﬁ%]pqt ween 20 t he m ni nrum and
a

maxi mum quanti zed i ntensrty l"'ues. 3. e hethod of claim2 wherein the

step of mappi ng t hewheRby aipréciseiomparisénisIndetbutwsen the ditherivailue @iftheaxi mum
i nput intensity values to the quantized |ntensity val ues between the

mi ni num and e HstARReNEe Sus thab the quantizad intengity yRies ags, aequpately distriited s
oo oF b ne? P APURNAR Wl Rl g R Al B 1
30 -28- 10 representation of the digital image.
o
2. The method of claim 1 wherein the step of genératihg- a first mapping
function comprises the steps of: |
mapping a minimum input intensity value to a minimum quantized
15 intensity value; -
' mapping a maximum inptt intensity value to a maximum quantized
intensity value; and
mapping the input lntenéity values between the minimum and
maximum input intensity values to the quantized intensity values between
20 the minimum and maximum quantized intensity values.

Y 3. The method of claim 2 wherein the step of mapping the input intensity
values between the minimum and maximum input intensity values to the
quantized intensity values between the minimum and maximum quantized

25 intensity values, evenly distributes contiguous portions of input intensi_ty values to
quantized intensity values wherein the interval spacing between quantized
intensity values is uniform.

30
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4. The nethod of claim2 wherein the step of marppi‘r‘ig"t‘ﬁé’“lmtensity
val ues between the m ni num and maxi mum i nput i nt the :
quantized intensity val ues .between the m ni num a gm lm zed '
intensity val ues, unevenly distributes contiguou o s | mput _
intensity values 5 to quantized intensity val ues wherein the interval

spaci ng bet ween quan . nt r at. ty

val ues than at. hi ghe ﬁ?‘@ tﬁéﬁ&%é@ wﬁerem%%gﬁgtoﬁmpelpggﬁl%{nwn%qgkyeI nM
the steps of gew@klb@aue%naﬁsmwmmmaiumnﬁtmﬂ IRERSIH Valssh tdthet he

di stance val ue conprise th& steps of: 10 - calculating a :
proportion of t iquantizedintessity:Naluestbstween the zmmmnm ancmaximumiguantizedi ng t he 3
adj usted di st a“?"xﬁgﬁy‘rﬁgt{q&;&?\évg@%s?&&és é’Jn@J‘qﬁ.sp o%go PpuPiatongiiy Ve’

values In the di'f

of claim 1 wger b Quntédhensky vaRied whaksh theAnteVaP sparitigebetivebr GuintizBd ensi ty

val ues bei ng 0-255 and the:range of- output intensity val ues having 16
el enents bet weemmnsitydrawslssmdlesaépwer inansitly valugs.than st higherintepsityvaiuesct i on
generates the follow ng mapping: 5 i nput Intensity quantized el enent -

quantized value - . sequence nunber- - intensity. value 0-16 : 0o -
0 17-33 15. The method of ciaiml17w5&em the. steps of gé}fhfﬁlrﬁ a second 2
34 51-67 . 51 68-64 :
68 mappmg function and adjusting the. distance value compnse the steps of:

10 o wlculatmg a proportion of the d‘ stance value to the size of interval;

determinmg the adiusted d‘stance value from the product of the
proponion and number of values in the: d‘ther matrix.
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85- 101 5., . 85 102-118 6

» 102 15 119-135 7 119 136- 152
8 - - 136 153- 169 9 “"Il m M 'Iﬂa
10 - 170 187-203 11 S R
204-220 12 204 221-237
221 238- 254 14 238 255

255 - 30- *  C Ls M T® method of dlaien Trevhbreih quaq@!ﬁarﬂnﬁ ﬁfﬂuﬁﬁ%mtﬁé‘&n gnge
of ¥fenents |nt3 and 15 and the stop o

generating a secOiP ?ﬂ% v?@ﬂ% P?‘Bﬂ O(fgltslé“&t‘% range of gutputintegsityaivesy
function of di straRmg Wél&ﬁﬁnts%etween 0 and 255, the ﬁbﬁﬁ@%ra\ﬁg%eﬁrst mapping

adj ust ed di stance val ue

3 10 function gene:ates the following mappmg . 405
56 5 6 7 7 8
g 15 inpu? intensity  quantized element qua}tt?zed
~—value .___
0-16 0 0
17-33 1 17
10 - 34-50 2 34
51-67 3 51
./ 68-84 4 68
85-101 5 85
102-118. 6 102
15 119-135 7 119
136-152 8 136
153-169 9 153
170-186 10 170
187-203 11 187
20 204-220 12 204
221-237 13 221
o 238-254 14 238
~ | 255 15 255
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11 | 1012 - 11 1
12 20 - 14

14 16 - i 15 -31 - jﬂ“ﬂ jl H[I lng a’
digital image froman input intensity range to y range: of

quantized intensity values,” said digital inmage conprising plxels each -
pi xel having an i nput nSi t hé dithérom. t.he .
input intensity rangé, \?\’h’@r hg‘Fﬂfic‘%ﬁ‘ggﬁ'ﬁ?&?nﬁ‘thg@ %e?g%jm?romS ‘a M -
g-bit intensity ﬁ{&h%r&ﬁwéeh 0'an8BRMAINS sepiof peneratingoa segondimappingnsi ty
val ue per col.or ‘conponent :p pi xel', ‘where isa value |less than g, the ' -
nunber of ‘el emerftmctiongelnerateﬁ;ﬁbﬁfﬂmmﬁwmgm&@i%?‘ l{i Yﬁu e nunber of
el enents In. the output intensity range being 2p, - sald nethod conprising the
steps of: generating a fi g functi 6d- jenput range of 10
intensity val®ies and the Wge of quantized Intensity values; -
determ ning a base value far. ithe input intensity. vaﬂue of the -pixel,
base val ue being an input ‘scat e value correspondlng to the quantlzed
intensity value which is closé%t to; but not |ess than the input intensity
val ue of the pixel; 15 - determini ng 't he gnterval between
quantized intensity val ues.t hé input intensity . value Is within, said -
interval conprising the valuesafrom and Including-t®e intensity val ue '

corresponding to the base value up to the Intens:ty4value corresponding to
the base val4@ - 1; deterninird the di stance val ue,

said

sai d distance value -
bei ng the 5 .5
6 &
_7 g
. é ._8 _
15 9 8
_ 10 _ -
C 11 BT )
2 -
13 12
20 BT .
5 A

. | s
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20 di stance:- between the Input intensity LX nd the
quanti zed intensity val ue which corresponds to the base value; providing a
dither nmatrix having a range of dither values; r M ml m val ue
fromthe dither matri x; generating a second nappi Jm“ﬂm{g“ﬂu il en the
range of dither 25 values in the dither nattix artd fhe®rahge of

values in the interval; adjusting the distance val ue according to the
second mappi ng funct i8n; Adeathed fondithering adiigital iowgd ifromaarcisputditensityrangl oher

lkye; i f the adj d, di ke / h I h
Fetrieved 30 n ol ey fenes Bl riDsBlvanse +at ollilipabs e o be
equal to the quagimpfing AkeSéacH pha hinPéd RPAGAENAG Vele'ditdiasd wilit'e; -

32 - | f the adjusted distance value I's | ess than“dither va setting
t he out put i nt enselgctedfrom the input intensity naoge.fwhemiama' digital imageris dityered from
correspondi ng_to _t se, value - 1- whereby, a. precise conparisop i s nmade
bet weon the. 0B ( h8iaHLIRRESY iR persdlop Fumpgnabt fer st £ R o FBR ISR 80 | T oc
Intensity val UeSpélBﬁc&gﬁdhbﬂgﬁﬂrmx@l. Whbte P iseiivaity BHQ{HQHE. {hd il B%leinﬁﬁlﬁe’

resulting in a dithered | mge Ich Isan accurate representation of the
digital inage. 9inthsjinpubiriensily range being@Riand the alirgber of elemagts i theowput nput

I nt ity 10 t t ' | t f t,i d Int It
val uos, aid i gibanety ripe RSP, el feRtasleonbadie fha b o6 20T "o T ol
Intensity val ue associ at egeNérhlihg d firBEMASHIAG fntigh BdNRedn WAB ingul FgRidty T ange

wherein the digital imge is dithered froma g-bit intensity value per
col or conpond@t per pgnteasity valuesandthe outputrange of\quantizeddntensity valueshponent

Jper pixel, where p is a vflfninfiga éa@é”»}aﬂa 16/1e pUPiRlenSly viiE S 1he pixel,

said base value being an input scale value comresponding to the quantized

intensity value which is closest to, but not less than the input intensity value
of the pixel;

15 determining the interval between quantized fMensity values the
input intensity value Is within, said Interval comprising the values from and
including the Intehsity value corresponding to the base value up fo the
intensity value corresponding to the base value - 1;

determining the distance value, said distance value being the
20 distance betWeen the input intensity value of the pixel and the quantized
intensity value which eorresponds to the base value;
W : providing a dither matrix having a range of dither values;
retrieving a dither value from the dither matrix;
generating a second mgpping fum_:tion between the range of dither
25 values in the dither matrix and the range of values in the interval;
adjusting the distance value according to the second mapping
function;
comparing the adjusted disfance value and dither value;
if the adjusted distance value is greater than or equal to the retrieved

30 dither value, setting the output intensity value to be equal to the quantized

intensity value corresponding ioIthe base value;
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~

15 in the input intensity range being 2g and tMs in the

output intensity range being 2P, said apparatus co for :
generating a first mapping function between the |“ﬁl‘m en5| ty
val ues and the out put range :of quantized intensit

means for determ ning a base value for the input lnten5|ty vaI ue of the - .
pi el , said base val ue beiififio aBjubia staiea valuk i 6 fHah GRABVHIG) et 1P -
quantlzed Intensity val ue which Is closest to,-.but-.not greater thanh the gl
i nput intensity val ueomputtimngtwwlqetmbaraqualdotmeqmmd intpnsitevalue er val "
bet ween quant.ized intensit vatues_the input intensity value is"

wthin, said int ervalmg?é?%y{‘ﬂgaﬁﬂ% i'r om and i:ncl udi'ng the

intensity val ue Co”eﬁﬁﬂﬂﬂyﬂgaré&sééﬁnpﬁ§&l isthatid %b@w&&thb%th@?%lﬁé hitd M@l ue

corresponding to the base.valye:+ 1;" neans fof determning the distance -
val ue, said dbst distanceafaiue mhmtnmunuzmmnsmm ara @ccurptely: distributedt.y

cor esponds 1.« Mopiut I ddhe image. ARG E unelbd i iy el e,

val ues; - ‘33 - reﬁfgmfd}‘roﬂ‘ﬁafgwmﬁ%@ di ther -value fromthe dither
matri x; means for generating a second nmappi ng function between the range of

dither values in the dither matrix and.the range of values in the |nterval

e T o o "osfi s B S 3 Piebe o AR sy,

di ther val uejgl f r&riqb D En-sutest lﬁlbﬁéi@riafge\alquamtzad lrﬁéfislt?bﬂl&e@rsﬁldﬁitaltiﬁaée‘é.- |

retrieved dither ‘means for. setting the-output Intensity value to be
equal to the oompnsing plxels. each pixel having an input intenslty value associated with it

) seleoted trom the input lntenslty range. whereln the digltal image is dnthared tfom :
a q-bit intenslty value per color oomponent per plxel to a p-bit intenslty value per
color component per plxal where p is a value less than q, the number of elements -
15 in the mput intenslty tange bemg 29 and the numbet of elements in the output
o intenslty range belng 2P sald apparatus oomprlslng
| means tor generatmg a ﬁrst mappmg tunclion between the input
- range of intenslty values and the output range of quantized intensity
| ~ values; )
20 o ' means ior determmlng a base value for tho input intensity value ol
' the plxel sald base value being an lnput scale value oorrespondmg to the
quantized lntensity value whlch is closest to. but not greater than the input
intonsity value of the pixal - '
) means tor determming the lntarval betwean quannzad lntenslty
25 | values the lnput intensity value is witlun. said interval comprising the
values from and including the lntenslty value corrasponding to the base-
value up to the intensity value oo:respond’ng to the base value + 1; _
means for determming the dlstanoe value. sald distance value bemg _
the distanoe between the input lntensliy value of the pixel and the '
30 quantized intensnty value wh:ch oorresponds to the base value;

a dlther matnx havmg arange of dnther values;
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.-quant i zed intensity val ue corresponding to the base val ue; | f
; the adjusted distance value i's greater than dither val ue, rreans Tor setting

the output intensity value to be equal to the y val ue
correspondi ng to the base value + 1; whereby a Lm “?H"E m n is made
between the dither value and the distance val ue sugh tha uanti zed
Intensity values are 15 accurately distributed throughout the
digital Image, resulting means fdf tetriaving o dithgevahkd fedm ittse dithenemathat €

repgsentation of the di taI 'J 10. The a aratus of ¢claim9 wherein
the means for generating °?’Tsr 959%!9&”"9@3?%@4 RPing fyyictioa Setwagn the range

neans for mapping a g}&*ﬁs\-l%m%tthéaﬁl?d?ﬁl&r& %ltﬂgrﬁrﬂe%f%l% th F'ﬁﬂ&rvhlzed

Intensity value; means for mapping a maxinmuminput ntens ue to'a
maxi mum quanti zed | nt enS|m9ansdbuadjuslmd thsaddanéauvalmmor@ng ttﬂhbrspuond
Intensity val ues between t} ni mum 25 and maxi muminput intensity
val ues to the quant i magping; H‘P@]Pf‘y val ues between the nini num and maxi mum

quanti zed intensity val Ugjeq orﬁﬁpanngg%erac!du&d Histalite Value am]‘ﬁ"“p%‘{}%‘*}?g

apparatus of claim9 wherein the neans enerating a sec

functi on and neans for adftlmtadmgtdhistahatmhmdsIeskﬂmmmnaﬂo*lhmmveﬂor
calculating a proprotjon of the distance value to -the size of the
interval ; and dither value, means foesetting the output,iptansityt value i ke equal tathe e

adj ust 3gsd; stance divghumfzaam:amy V&€ SoredionbiRg tiHa tsh VaIbe?Nd L he number
10 if the adjusted distance value is greater than dither value, means for
A ' setting the output intensity value' to be equal to ihe quantized intensity
' value edrtesponding to the base value + 1;
whereby-a precise comparison is made between the dither vaiue
_ and the distance valué such that the quantized intensity values are
15 accurately distgibuted throughout the digital image, resulting in a dithered

image which is an accurate representation of the digital image.

10. The apparatus of claim 9 wherein the means for generating a first
mapping function comprises:

20 means for niapping a minifnum input intensity value to a minimum
' quantized intensity value;
\ means for mapping a maxfmukn input ihtensity \)a!ue to a maximum
quantized intensity value; and ) _ _
means for mépping .the Input intensity values between the minimum
25 and maximum input' inten_sity values to the quantized intensity values

 between the minimum and maximum quantized intensity values.

30
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12. An apparatus for dithering a digital imge f-FhG-m—&H—-l—H-BH-E—-l—H-t—e-HSIty
range to an out put intensity- range of quantized |ntenslﬂﬁmval ues

digital imge 10 conprising pixels, each pixel heﬂuu I ﬂ"! |“tMe]nS|ty e
val ue associated with It selected fromthe I nput::i erein .

‘the digital image is dithered froma g-bit intensity vaI ue per color
conmponent per pi xel t'l0TﬂeI@Jthltatuﬂt%lﬁrthYWh@eiHﬁté)ﬁreaﬁﬂd?"geﬁ&ﬁﬁﬁﬁ‘ﬁ'%bediﬂr

pi xel , where p is a value_ less than q, the. number. of el ements - in theied

‘i nput i ntensi tynammgdunciiongarmqnemipmdmstmehe distapte vale comprisdie out put =15 " .

ot hmop! g Funct | on ptestBdir SHBRAR KorPaHn 3Ry ielBies Splf e HE0SER (5"
out put range of qua{n‘elm@ﬂ,aq ryugnm ty val ues; rreans- for determining a base

value for the Input intensity value-of.20 ‘the pixel, said base value
bei ng an I nput scal e valmearsdpre@pmidneg\qadmwdiaunca zelueilmmsthelprgductal ue —

bixel: moans.Tor doPURAPRIRBGTAR he ks Rl if SREABRARHR S ol )"

values the input Intensity value i's within, sai'dinterval conprising the 25
val ues from and including the intensi ty vaI ue:corresponding to the base -
val ue up to the int éaswyanpgratus&mtb@mmd-eglmaemteomaeenntalintensntyl means

between the | e hte T AP Pl oS b isR i) SR, A el RbRL T,
val ue whi chygtordopfpns ltilﬁ%biele Tebéhbﬁ:&ﬂtavﬁlg% ingi intensity value assoéaﬁutvhﬂtrlt matri x

havi ng a range of-dither wvalues;.means: for-rétrieving a dither value from

the dither mat rselactediwnthe lnpmeiategsilydnngeanré\eeﬁinﬂ'g diguimm imptnmg fiooncti oy
~between the r anagq-bit intensity value per color eomponent per pixel to a p-bit intensity value per

color component per pixel Where p is a value less than q, the number of elements
in the input lntensity range bemg 2‘1 and the number et elements in the output '
15 intensity range being 2P sald apparatus eempnsing _ _
o : means tor generatmg a tirst mappmg tunction between the input _ . . _
'range of lntensrty values and the eutput range of quantized intensity - o
values; ' : : — o o
| means tor deterrninlng a base value torthe input intenslty value of. — o,
20 the pixel said base valua being an input scate value eorresponding to the N |
- - quantized lntenslty value which is closest to. but not less than the input |
- ' lntensity value of the pixel; - . . o u
' | means tor determlning the interval between quantized lntensity |
] values the input intenslty value ls wrthin. sald interval comprising the
25 " values irom and including the lntensity value corresponding to the base.  _.
o : value up to the mtensity value correspondmg to the basevalue 1
means for detenmmng the distance value. said distance value being
.the distance between the input intensrty value of the pixel and the
quantized intensity value Which eorres_ponds to the base value;
30 a dither matrix having_a range of dither values; -

means for retrieving a dither value from the dither matrix; -
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~ of dither val ues in the dither matrix and the range—ef—values in the
“interval; means for adjusting the distance value according to the second

mappi ng .function; 5 means for conpar”ﬂu i”'ﬂ J”u di st ance
val ue and dither value; if the .adjusted distance’\# l ‘'t han or

equal to the retrieved dither value, nmeans for 'setting the® oftput intensity
val ue to be equal to the quantized intensity val ue corresponding to the
baseal ue; if the adjust eabags fargeperating asecend mapping functitin betweemthegangeans

f ors~10 tti " t pyt .1 nt I ty, | to b | t
19039, oo B AR by P R b s,
preci se conpari son i s MhglaneesruRRIAG e tibtaRde veRle!iRocaihg!th hé'badonace val ue

such that the quantized Intensity values are accurately distributed
t hroughout the di gi mappingfupgtion;esulting in a dithered i mage which is an

accurate 15_ representation of the digital .image. 13 A od for,
i theri ng a5d1 gl tal | madiea dincomPerpg e st digrefch vpnd Bt ahgt wnilp:
intensity range of quantfiRegdjLstbe afstdnée Vaiud IS greatePihian dr bgldl Yo fhd retrieved
her ei nbefore described with reference to the acconpanying draw ngs. 14.

An apparatus for di dither vaiye.amesngifersettingthe ottputintansityrvalve to be equality theange t o
ot oSt g Rl SC P SSraBbRAR kBl gt art 1211 2
if the adjusted distance value is less than dither value, means for
10 setting the output intensity value to be equal to the quantized intensity
\_ value corresponding to the base value - 1; '
whereby a precise comparison is made between the dither value and the
distance value such that the quantized intensity values are accurately distributed
throughout the digital image, resulting in a dithered image which is an accurate
15 representation of the digital image.

13. A method for dithering a digital image from an input
intensity range to an output intensity range of quantized intensity values,
substantially as hereinbefore described with reference to the accompanying
drawings. '

14, An apparatus for dithering a digital image from an input
-/ intensity range to an output intensity range of quantized intemsity values,
substantially as hereinbefore described with reference to the accompanying

drawings.
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