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2236464 METHOD AND APPARATUS FOR NON- LI NEAR DI THERI NG OF DLi3isFAles) WASES
BACKGROUND OF, THE | NVENTI ON 1. Field of the invention; The nmethod and
dppar at us ; of t he present Invention relates to difthering techni ques used to
“represent digital inages. Mre particularly, the method and apparatus of
the present Invention relates to the non-linear dithering of digital

| mages. 5 2. ART, BECKGROUND: A pictare or inmage may be thought of as a
continuous representation of the object projected.. is often desirable to
repr 'ent |mages on a. di gltal conput er dISp| Iy devi ce such as_a nonitor or
aprin Howev ¢ETHOD ANDARPARATUS, FER jNOK : HERING. OF DIGETAL RUGES i n nat ure.

A corrputer di spl ay 10 corrprlses a grid of display elenents, referred to as
pi xel s, which can either WWMn states indicative
of its intensity, In which the pixel location is illumnated, or in the off
state in which tgﬁ Eixil Iocatiﬁn is not Illuminated. In order t o- di spl ay
conti nuous i tmged 3 mages must be converted to di screte
representations corresponding to the pixel |ocations on -2- the display

device. A digital inmage is quantized in both the spatial domain and the

i ntensity domain. TheThemetiodind'apparatus shiheprbsant ikiehtion rdldtes to/ant i zed
| evel s '

dithering techniques used to represent digital images. More particularly, the
method and apparatus of the present invention relates to'the non-linear
dithering of digital images. '

2.  ABT BACKGROUND:

A picture or image may be thought ofasa continuous
representation of the 'obieet projected. Itis often desirable to represent images
on a digital computer display device such as a monitor or a printer. However, &

' computer and its output devices are binary in nature. A computer display
10 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, or in the off state in which the pixe! location is not
illuminated. In order to dis'play continuous images, fhe continuous images must
be converted to discieto representations corresponding 1o the pixel locations on



5 avai-lable to represent the image. If the resolution of either sanple
space (i.e. spatial and intensity) drops below a threshold (due to nenory
limitations), the eye will detect the discrete boundaries betweeh sapples. =
In the intensity domain, insufficient resolution is marked by the presence

of artificial edges delimting the transitions between regions of

I ncrenmental intensity. O her 10 wundesirable visible effects, such as
patterning, color shifting and biasing,- are introduced due to the visible

t hreshol di ng ,between guanti,zed..intensity |evels. . I Ni 17 t he )
undesi rabl e éﬁ? gﬂ’@y Vic8e Iﬁ&ﬂﬁﬂ?mﬂ? E%&i‘?'?ﬁdﬁ‘sb%ﬁt'%ﬁ’#@% g?'“ﬁl'b?"f‘%\l -t
hal ftoni ng, iRe i&rbity dohfafi.i N0 is a technique which permts 15 the

simul ation of I ntengrty | evel s bet ween quantized levels by permtting the

eye to integrate fine detail within an area and record only the overall
intensity of the area._Dithering ains to sacrifice sonme of an inage's

spatial resolution forTishamaentgisaemery Available dictatas thesquantized lavelsi on,
acconpl i shed b eradin [N Sk L f.several neighboring,pi xel's to
aoComD! > Bed sUELE o e BhGR st Vil RErEBLAESL B <51 3,
this techni qupaHaIdnY iN@hsity) SrolsbdIow atlfoshald tiae wmb_hwiﬁmg%dég,%' pi xel
val ues such that only the average intensity I'n the surrounding area or

nei ghbor hood dys wilt detect/thé disorete houndaridschetweeémsampledi trthei intgnsityee U i chney,
Digital Halftonin $1987, MT Press); Foley & Van Dam_ Fundanental s of

| nteractive if, dpsufficignresolution is qarkes by thepresence efartificial egges 19354) .
Several type it ' . ' i Ste _ di I ng

al gorithns a?’eeﬂﬁ'l'tg'l |tﬁggﬁa§%'éﬁ%%ﬁ\?\ﬁé¢iaef iﬁ%&gﬁbﬁ#ﬁ@%@%ﬂyar%ngﬂosen. In
the techipquengbsiritie visibiglefides, subh as pattainimy, BoRA Shifting dndasiasingcargr di ng to
a-tw 30 dinensional set of values, referred to as the dither table or

di t her mat ri ntroduced due to the yisible thresholding between quantized intensity levels.

To minimize the undesirable effects, a technique, referred to as
dithering or digital halﬁoning. is ué_ed.' Dithering is a technique which permits
15 the simulation of intensity levels bétween quantized levels by permitting the eye
to integrate fine detail within an area and record .dnly the oﬁmll intensity of the
area. Dithering aims to sacrifice some of an ima'ge's spatial resolution for an
increase in perceived intensity resélution. accomplished by averaging the
intensities of several neighboﬁng pixels to simuiate 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 neighborhood is perceived. For more information on
dithering, see Ulichney, Digital Halftoning (1987, MIT Press); Foley & Van Dam,
mmmmmmmmmm p. 597-602 (Addison-, Wesley,
25 1984). | |

Several types of dithering techniqdes exist. The types of dithering
algorithms are distinguished by the way the neighbofhoods 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



-3- istiled into the inage's coordinate space. Typically for area dither
the tabl e has the sanme nunber of row and columm el enents and the tota
nunber of entries in the table equals the nunber of sinulatable intensity
. level s between the quantized | evels. The values contained in the table are

used to make 5 decisions about which quantized intensity value wll be
out put at each position, that is, should the intensity value be quantized
to the quantized val ue above or below the3original intensity value. The

di ther tabl e vi (e inb thelimdge'stiordihatespacy. TypieytoPaiea dither thetabid/Ch t hat

wher~& constant input intensity is dithered over sone area, the out put
val ues wi || al thasthe same number pbrowcand calumealernéents apg ¢he tbtal number ofier

guanti zed i ntensi A eve{aileeThe ordered dither process i s explained in

reference to FiegHies in the equals the uraber; of simylgtable jptegsity levelsbetween ni o
h ith ' - | Lxel .
Concept ual 1y b aBeRzRd Meld! Ty GRPESHARbah fhe 1h0lg oy Lédd o Mo -

coor di nat e gpadecisiongradout which iquaitized infenBity vally wilBE obtpot it dach! dasltion, Wher e
nis the dinension of the dither table. The indices to the matrix. i-J, are

det er mi ned accdhatiisghould the intensitywalue ba)quaritized to fherqyantiged value above grower
of two, then it (s possjble,to utiljze fthe least siqgnificant bits of the
X-y screen coo&’&b%&@s"w?f'ﬁﬂ?ﬁ)'ﬁﬁluﬁhe dither tablg yalyes arg ditferaptateach; ( he

e oy o A3 6 Boh o il o AR oI AL ol ©
process 2.0, tisond areathedutms values will akerrnaw ih soneigatterrbétwsen the upper
. 10 and lower quantized intensity levels.
U
The ordered dither process is explained in reference to Figure 1.
Process 1.0 determines the appropriate index into the dither matrix based on
the x-y coordinates of the cunem‘bixei. Conceptually, the idea is to “tile” the
15 dither matrix into the image coordinate space, themby replicating each entry
once every n pixels, where n is the dimension of the dither table. The indices to

the matrix, i-j, are determined according to the following equations:

| =xmod n . j=ymodn
20 o | | | |
L ~ Hnisapowerof two, thenitis possiblé to utilize the least significant bits of the
| x-y screen coordinates for indexing the dither matrix. ?or_e‘xample, 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.
" At process 2.0, the dither values are retrieved from the matrix
- according to i-j dither indices determined. By the nature of the problem, the ,
output intensity scale has fewer entries than the input intensity scale. In order to
quantize the input value, there must be a predetermined co__rrespondence

30 between each level on the output scale to a value on the input scale. It is the



according to i-j dither indices determned. By the nature of the problem

the output intensity scale has fewer entries than the input intensity

scale. In order to quantize the input value, there nust be a predetermined .
correspondence 30 between each |evel on the output scale to a value’on the

I nput scale. It is the . -4- task of process 3.0 to determ ne the

| nput - scal e base value, which is the input scale value that is nearest to

but not greater than the original input-igntensity and which directly

S oteen "5 o B pt Biodisd 3 o)l Goldritinei e FHERE sBdip bASE Nake. Wicn el 5
intensity | evglafe mﬁs: et id REHIERIAS bhpga:m%ea:aﬁ%ﬁﬁ%tbﬁ%.r OC@%:T@bgsﬁdﬁe will

be referred to as t ‘stored range base va

di ff erence bewhickdirettly corresponds foresvalye ircthe stored! rarige of iteasities| Thease val ue
is determ ned. The result, always guaranteed to 10 be greater t han or
equal to zerd‘e’qtﬂ"QQ%S-o%pwt@W@"w&@g@&@ inthmstores! sange o quamizedPr ocess 6.0

i s the piyot | t h uet t he dither

val ue. and Sour e EveRaraTsp o Re innyEedsie bésel DS el by "ni gher
val ue. Speci frgfedddito dsfthbhﬁoFthﬁgéIWVéléeﬂ ess than or equal to the dither
val ue, the stored range base value ts output; If delta is greater than the

dither value, then 15 the stored range base plus one is output. The out put
fromprocess 6.0 is thmuantlzed |er value that |Is deposited Into-the

pixel store (e.g. a fr&HhBrasess 8o the,gitferanen bejwaan 1&@3@90@”@%\'@"& ored,
ntonsi Ly r a1 iBlEdle bEBEREGS Blitamingl TR RBM dhaBi aferiplomaa ;0.
whi ch i s 1gsuad greater tivarPor 65liahio zero, is the delta value passed along to process 6.0. J

Process 6.0 is the pivotal di_ther process, comparing the delta value to the dither - - |

" value and outputting either the stored range base value or the next higher
value. Specificaly, if the delta value is less than or equal 1o the dither valus, the
stored range base value is output; if delta is greater than the dither value, then
15 the stored range base plus one is output. The Ompht from process 6.0 is the
 quantized pixel \}alue_ that is deposited into the pixel store (e.g. a frame buffer).

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

25 . By performing processes 1.0 through 6.0 on successive input
values, dithering causes 'valbesbo'th g_réate_r than and less than the input
intensity to ultimately be displayed, producing regions over which the overall
average intensity is app'r'oximately_' 'equal. to ihe original input intensity.



| ookup-tables |ying between the franme buffer output and the video display
input. (This is not part of dithering per se, but is utilized for
Feconstruction of the dithered image for view ng.) .25 By _

. perfornming processes 1.0 through 6.0 on successive’input values, dithering
causes val ues both greater than and | ess than the input intensity to
ultimately be displayed, producing regions over which the overall average
intensity is approximately equal to the original input intensity. The
dithering process is applied to all portions of the digital imge for al
intensities. However, it i-s known that the eye is nore sensitive to
variations at | ower |ntenS|t|es than at higher intensities. Therefore
results of the ditheri n'&mdltlteasg peaceiss is-applied toall pbmensaofethadiglm"ﬂg‘aect ive
as the results are at g tenS| | es. SUMVARY. OF THE
NTENTI O 1t et @iigfaneilps.. HowBrRrc Rmomnchalibe ave is Mo meneAve B pr ovi de a
nmet hod and ap S

quant | zat i on. EHRIOHS atibwét MeREhEPER G hho! HRASRel HRbRRS reduiEBl the

nmet hod and appitheting plocessiatiibwer m;nsutIesr\bneqiotthﬂemtVefasthlresmslaﬁ aons in
intensity the eye perceives are mnimzed.
5 higher intensities. -



10 It is further an object of the present invention to provide
a nethod and apparatus for dithering digital images in which snmaller

guanti zation levels are used at |lower intensities than at higher *
intensities, thereby accommpdating for the greater sensitivity of thé eye
at lower intensities than at higher intensities. 15 The net hod
and apparatus of the present invention takes into consideration that the
eye is nore sehsitive to intensity variations at |ow levels than at high
| evel s and produces higher quality dithgred i mages by enploying a sectioned
or piecew se linear quantization strategy which sacrifices the fineness
interval spacing at the hi gh GAMMRY DE THE INVENTIONcale in order to 20

achi eve greater accuracy of  reproduction at the low end. In a preferred
enbodi ment, the input intensity values are divided into three ranges, a | ow

range, nedi um range angliehi o ?gﬁ#g R . ' sity
| evel s at the Iow.rangglspga?fgﬁmegpﬁya ma e'rnqtaf!uan tmgyé&%{'&r% _
bet ween i nt eremdtappaeataes for dithering digitalumages gsing ndniingdr quamgegatiohhe nedi um
range preferably has snaller spacing between intensity values than In the
hi gh rang§. In conjunction with the different interval spacing in the

di fferent ranges, sep t " hmé ' A L.di t he range
of internediate int englli Fyﬁv%%‘g?% 0 %&%ﬁ%@éﬁ%ﬁ%ﬁ%%gﬂ@h\gﬁgﬁl AND
NOVENCLATURE apparatigs for diteerihg<is whithi tﬁé%rﬁﬁ&iatbariaﬂoh@m intensily ﬂfeeéVe?d | argely
in terms of algorithnms and synbolic representations of operations on data

- bits 5 withiperegivesmgratrainimizethry. These al gorithmic descriptions and
representations

10 It is further an object of the présent invention to provide a method -
and apparatus for dithering digital images in which smaller quantization levels
are used at lower intensities than at higher intensities, thereby accommodating

for the greater sensitivity of the eye at lower intensities than at higher intensities.

15 The method and apparatus of the present invention takes into
consideration that the eye is more _serisitive to intensity variations at low levels
than at high leyels and produces higher quality dithered images by employing a
sectioned dr'pi'ecewise linear quantization strategy which sacrifices the
fineness of interval spacing at the high end of the intensity scale in order to
20 achieve greater accuracy of reproduction at the low end. | | G

In a preferred embodiment, the input intensity values are divided
into three fanges. a low range, medium range and high range. The_ spacing
b_etweén output intensity levels at the low range is significantly smaller than the

25 épacing between intensity levels ét the medium range and high r'ange.' The
medium range preferably has smaller spacing between intensity values than in
the high range. In conjunction' with the diﬂérent interval spacing in the different
ranges, separate dither matrices are employed providing the range of

intermediate intensity values to be simulated.



are the neans used by those skilled in the data processing arts to nost
effectively convey the substance of their work to others skilled in the
art. An algofithmis here, and generally, conceived-to be a self- 10
consi stent sequence of steps leading to a desired result. These steps are
t hose requiring physical manipul ations of physical quantities. Usually,

t hough not necessarily, these quantities take the formof electrical or
magneti ¢ signal s capabl e of being stored, transferred, conbined, conpared,
and .otherw se mani pul ated. It proves convguient at tines, principally for
reasetfs of conmon 15 usage NQTATION i RENCLOATUREAS bits, val ues,

el enents, synbols, characters, terns, nunbers, or the like. It should be
borne in m nd, however, that all of these and simlar terns are to be

iated with th ' ' L |
conventent | abel s appl | TP Pl BeuchpiBhe PHER toiblysre Hbsdthéts Ry ., e
mani pul ations tefmé of Agerithme antisymboRé AIprésdntatiohs of GiseiEtions e d:a8 bi¢ldi ng or

conparing, which are commonly associated with mental operations perforned
by a human Sopewithin a.cormputaramerpeya dihese pigofithmic desariptiprs: andrepresentatioss ar v,

orm par i of 1918 18 meang usdl nries skled Ring Balehnesssing 56 o it e -
oper ations. Usgf iv%ﬂ?&Jﬂbng?&??ﬂM%@@?%@@?%meér‘]e present

i nvention include general “purpose er simlar
devices. In all cases there should be borne in nmind the distinction between
the method operations in operating a conputer and the method of conputation
itself. The present invAR ntm|sg»eég.a ganerally. eanspived o be gselft i ng a

COMRHEET D GRSBHRE Bbdlfbnb BF b Rlacig 18 Welirb rébun. THEES ReB& are fHogd” °2')

requ'iring physical manipulations of physical quantities. Usually, though not

necessarily, these quantities take the form of electrical or magnetic signals
capable of being stored, transferred, combined, compared, and otherwise
manipulated. [t proves convenient at times, principélly .fdr reasons of common
15 usage, to refer to.these signals as bits, values, elements, symbols, characters,
terms, numbers, or the like. it should be borne in mind, however, that all of
these and similar terms are to be associated with the appropriate physical
quantities and are merely convenient labels applied to these quantities.

20 “Further, the manipulations performe'd are often referred to in terms,
such as adding or comparing, which are cbmmdnly associated with mental
operations performed by a human operator. No such capability of a human
operator is necessary, or desirable _in most cases, in any of the operations
described herein which form part of the present invention; the operations are

25 machine operations. Useful machines for performing the operations of the
present invention include general purpose digital computers or other similar
devices. In all cases there should be borne in mind the distinction between the
method operations in operating a computer énd the method of computation
itself. The present invention relates to method steps for operating a computer in



generate ot her desired physical signals. The present invention also relates
to apparatus for performing 5 these operations. This apparatus may be
- specially constructed for the required purposes or It nmay conprise a
. general purpose conputer as selectively activated or reconfigured by ‘a
- conputer programstored in the conputer. The al gorithns presented herein
are not inherently related to a particular conputer or other apparatus. In
particul ar, various general purpose nmachines may be 10 used wi th prograns
witten in accordance with the teachings herein, or it nmay prove nore
convenient to construct nore specialized apparatus to performthe requi ed
met hod steps. The required structure foP -a variety of these machines will
appear from ikt i ' 8!, ical ScheRttedl piyeitahbighalshb OF THE
DRAW NGS Thetdgﬁdeégtﬁgdl%g%?ggﬁgﬂ&égdygﬁ?ggceagg%q t he net hod gnd appar at us
of the presergenerateotheresiréd physicappignalst from the followi ng detailed 5
descri'ption of the invention in which: FIG 1 is.a flow diagram
illustrative of a prior art ordered dithered process. 10 FI G

2 dop ot e 1 1) USLt 3t h oo e R M BT o (1
the sensi g Vithyseodpdritfordy CTHiO apieratus endy Beespsacially consthustedifor the required

purposes or it may oompriée a general purpose cémputer as selectively

activated or reconfigured by a cdmputer program stored in the computer. The

algorithms presented herein are not inherently related to a particular computer |

or other apparatus. In particular, various general purposé machines may be o/

10 used with programs written in accordance with thé teachings hersin, or it may -

prove hoi'e cohveni_ent td construct more'specializ'ed apparatus to perform the

réquir'ed method steps.  The required structure for a variety of these machines

will appear from the description given below.



FIG 418 a flowchart depicting the preferred enbodi nent of the process of
the present invention. FIGS. 5a, 5b and 5c illustrate the sub-ranges of a
preferred 20" enbodi nent of the present invention. FIGS. 6a, 6b and 6¢
[I'lustrate exenplary dither matrices to be used with the preferred

enbodi mrent of the present invention. 25 9 FIGS. 7a, 7b, 7c and
7d illustrate a nunerical exanple of an alrased vector enploying a -
preferred enbodi ment of the ge® Hiechib4itN bR e DEAwiiae 8P 8¢ and 8d

illustrate a nunerical exanp € 0 ~enpl oyi ng a
preferred enbodi nrent of the present invention. 30 DETAI LED DESCRI PTI ON
OF THE | NVENTI ON GENERAL_ SYSTEMCONFI GURATI ON 5 _ Fig. 2 shows a
typi cal conputer-based shheiehigats featuresandiadvantages ofdhemethod anthes accor di ng

to th t . ' Lh ' t 1 whjch ' th
i o componenPRBSE dtie BRAER inalien it Fe SBRRHY fom 9ot eidwiog detate ¢ 2
which is usgd dascHpOiBH of fhdlifveritioRinWhicRY | N appropriately structured form

to and fromthe other parts of the conputer 1. Also shown as a 10 part of
conputer 1 is the central processing unit (CPU) 3 and nenory 4. These

latter two el ements are ghose typically found in nobst general purpose
computers and al nost al Ir't'gpid’f ﬁ?ﬁgﬂﬁiﬂfé@ ilystrativa-pfa prior ariende thereder a|
el ements cont appRdegV thin conputer 1 are intended to be representative of

this broad category of data processors. Particul ar sexanpl es of suitable
data processors to

10 FIG. 2 depicts the illustrative oompmer system employed in the
U system of the present invention. '

FIG. 3 illustrates a logarithmic function representing the
sensitivity of the eye to varying intensity levels. |
15 | | o o
'FIG. 4 is a flowchart depicting the preferred embodiment of the
process of the present invention.

FIGS. 5a, 5b and 5S¢ illustrate the sub-ranges of a preferred
20 embodiment of the present invention. ' '

FIGS. 6a, 6b and 6c¢ illustrate exemplary dither matrices to be
used with the preferred embodiment of the present invention.

25 FIGS. 7a, 7b, 7c and 7d illustrate a numerical example of an
aliased vector employing a preferred embodiment of the present invention.

FIGS. 8a, 8b, 8¢ and 8d illustrate a numerical example of an
anti-aliased vector employing a preferred embodiment of the present invention. -
30



15 fill the role of conputer | Include machi nes manufactured by Sun

M crosystens, Inc., Muwuntain View, California. O her conputers having |ike
capabilities may of course be adapted In a straightforward manner to
performthe functions described bel ow. 20 Also shown in Fig. 2
I's an input device 5, shown in typical enbodi nent as a keyboard. It should
be understood, however, that the |npu11dey|ce may actually be a card

- reader, magnetic or paper t. own i nput device
(|nclud|ng, of course, ard - “Mevice 6 is coupled
to the 1/0 circuit 2 and prOV|des addltlonal storage 25 capability for e
conputer 1. The nass nennry may |nclude ot her prograns and the |i ke and nmay
take the fornGg RYS INFIGURATION- reader or other well known
device. It wll be appreC|ated that the data retained within nmass nenory 6,
may, in appropriate cases," be |ncorporated I n standard fashion into

f .
1ot rat & v cn is uEBh2hols aifeical cotolfel bkt sysferlaind nhdiheiet ., °
the user. Suc@igialfhagésacoording wthWeéeikﬁ\vbmbnf BHOvA theRyisH cormpiRerd

wel | - known varietes of CRT displays. Preferably, the display nonitor 7
di spl ays the yhupnbmpﬁawb@egaabrqomm@macﬂmmmtbeseuamepmpummm t he

present inven}jQn, A cursor, co 8 is, Iect CO d nodes and
P vt des. . oS GBLE M 15588 IS borhmyRicsR ot TaBRIR SPRoBTRRE syor om -
PROCESS  DESCRitRbhurbl form to and from the other parts of the computer 1. Also shown as a

10 part of computer 1 is the central processing unit (CPU) 3 and memory 4. These

latter two elements are those typically found in most general purpose computers - \)
and almost all special purpose computers. In fact, the several elements |
contained within computer 1 are intended to be representative of this broad
category of data processors. Particular examples of suitable data Processors to - .
15 fill the role of computer 1 include machines manu'facturqd by Sun Microsystems,
inc., Mountain View, California. Other computers having fike capabilities may of
course be adapted in a straightforward manner to perform the functions
described below.

20 Also shown in Fig. 2 is an input device 5, shown in typical
embodiment as a keyboard. it should be understood, however, that the input o
device may actually be a card reader, magnetic or paper tape reader, or other

- well-known input device (including, of course, another oompute'r)-.-' A mass
memory device 6 is coupled to the VO circuit 2 and provides additional storage

25  capability for the computer 1. The mass memory may include other programs
and the fike 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 tashion into
computer 1 as part of memory 4.

30



10 I'n the nmethod and apparatus of the present invention a non-I|inear

quanti zation nmodel provides for smaller intensity interval spacing at the

{ owner |nten5|t|es at the cost of an increase in interval spacing at the

hi gher intensities. 15 : The range of input: intensity values is
divided into sections representing low intensity ranges, nediumintensity
ranges and high intensity ranges. The nethoth of sel ecting the nunber of
ranges .to be enployed i In the foll ow ng exanpl e

described in which an 85|Bi@ggﬁg$hégi§%§&ﬁ€’5? ﬂ”*‘@!ﬂ!"ﬂ@?‘éﬂ"mw

bi tAedlor, 3 | ickgdy i t hmi ¢
function. The choi cye of ?gﬁgg's"b&‘g?“ﬁﬂ 'gsgmttﬁeﬁgact ﬁafﬁ’gb%éf
stored dit her ednayfakethe formof 8ny of sbviral wallknewn parietios o CRTISsIaNt scheme

is only 16. Usi re than 3 ranges_woul d have resulted in a better
appr oxi mat i on tﬁc}g%'ﬁé@ a'EB'aV f A displaysihe peaphisimages genemtad have

| Ttl e si gndt | RpratiY He Socedl ol i Brdlth ISR A BB 8 ERATE eag 9 o

8 to 5 bits persefuet command aivdes afd providey a Fﬁo@é‘éoﬁﬁhﬁmohﬁihh% toeﬂ We i ncrease

in hardware conplexity and overhead for a greater er o ges The
number of rangdRfounationfito theeysteras i ntensity |levels In each 30 range are
sel ected such that the totality of the ranges enconpasses the - 12 -
conplete range of input intensity |levels. Preferably the sections are

Selected to cl misjlgﬂmm%ar Ithm c function which describes the
eyes! sensitivity to changes 1n intensity. For information on eye
sensitivity0to intensity see Pratt, '

p _ in the method and apparatus of the present invention a non-linear
quantization model provides for smaller intensity interval spacing at the lower
intensities at the cost of an increase in interval spacing at the higher intensities.

15 - The range of input inténsity values is divided into sections
representing low intensity ranges, medium intensity ranges and high intensity
ranges. The method of selecting the number of ranges to be employed is

- implementation dependent. In the following example described in which an 8
bit/color representation is dithered to 4 bit/color, 3 linear ranges have been

20 usedto approkimate a logarithmic function. The choice of 3 ranges was based
on the fact that the number of stored dithered values in an 8 to 4 bit dither per
color component scheme is only 16. Using more than 3 ranges would have
resulted in a better approximation to the desired logarithmic functioh but would
also have required a greater amount of hardware and computational overhead

25 with little significéht improvement in image quality. However, dithering from an
8 to 5 bits per color component or higher might have justified the increase in
hardware complexity and overhead for a greater number of ranges.

The number of ranges and the number of intensity levels in each

30 range are selected such that the totality of the ranges encompasses the
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Processing. pp 32-47 (Wley), CGonzalez and Wintz, Digital

imge 5 Processing, pp 13-21 (Addison-Wesley 1977); Netravali and Prasada,
- "Adaptive Quantization of Picture Signals Using Spatial Msking","
. Proceedings of th IEE, Vol. 65, No. 4, (April 1977). An exenplary
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of quantized intensity values in the |ow range at the cost of 30
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15

changes in intensity is applied to an input range values which span from 0 to

255. Two intermediate points close 1o the logarithmic function are selected. A - .
first straight line betwe_en 0 and the first point selected and is determined

: representative of one intensity range. A second straight line is determined

20

25

30

between the two intermediate poirits which is representative of a second
_intensity range. A third intensity range corresponds to the straight line drawn
between the second selected point and 255. Ideally, the position and length of
the lines are selected so as 10 minimize the error between the desired
logarithmic function and the piecewise (straight-line) approximetion. Any
straight line approximation technique, such as linear regression'. may be used
to minimize the approximation error. |

The ranges may also be divided according 1o the locality of
concentration of intensity values in the digital image. For example, it has been
found that a great proportion of intensity values when the image is depth cued
into a black background reside in the range of 0-100. Thus it is desirable to

increase the number of quantized intensity values in the low range at the cost of |

decreasing the number of quantized intensity values in the high range.

sensitivity to changes in intensity is-
shown in Fig. 3. Fig. 3 shows the functtdis-of the ratio of changes in

rl. ' ' values, |, far arjety of 10 -background
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- 13 - Optimally, the intensity range shoul d be divided into a |arge number
of sub-ranges because the | arger the nunber of sub-ranges, the nore closely
the eye sensitivity function may be enul ated. Howeyer, the nore sub- 5
ranges utilized, the greater the CPU overhead and degradation in processing
speed. Therefore, a bal ance between the nunber of sub-ranges and processing
speed nust be achieved. For.instance, in the follow ng exanple illustrated
by Figs. 5 and 6, the input-range of intensities i's:divided Into three
sub-ranges - a lowintensity range, a nmedi @B~ ntensity range and a high 10

ow 1t ensi ©y-sube 1 ange. CHRRaly e, FBBRby e A5 be ndet e St © '
| ntensi ty sub- alABeRofiih-tgBs beddlisa1he 1eidgt A hGMBEAG sub-rafided il mbrd! ensi ty

sub-range. A dither matrix i's then create or each of the sub-ranges,

wherei n 15 t helosalyithe eye semsitivity fimotionmiayibe emylatede iHowdver, ithie moreeslibat e

I ntensity val ues bet \Mf,en uanti zed obtpout Intensity levels. The dither
matrix i s adsmiRNgasdl 'ﬂ?‘?rgP&FEﬂ%R' the CFYt overhead.angd degradationda #racgssieg er ni ne
whi ch quant i zeQahid CHR. hd betlle waom rgf;q%' i.an. The val ues
contained in t%gbéhi't E&@?&#’% QQE%“ see'? el n"tﬂggrrr?ggpg‘te htdgﬁsi ty val ues

bet ween quant i pestessinglspeed must bé achidved. cRotiimstance, in thedolipwing éxampble evel s
are separated b val_spacing of 15 the dither matrix would contain

an inter
the val ues 0 t(ﬂ}:‘ﬁ'lf.ﬂeﬂ(ﬂm&- 5 and 8. 1he inpubranga of intensitiegds divided inta threer dwar e

configurations r . ' ' ' - nodi fied

slightly to notsalg'g%ﬁqi%g %HW \L‘ﬁiq‘w&é%ﬁwgﬁmgﬁ'ﬁ%‘@s&% F@hl ncl ude

nore than qpe GREnsitycrange, Wherdifiingt intbsity VaReS OB P4 AIIBEAES td thedbw Val ues.

For further information on the formation of dither matrices see Ui chney,
o/ intensity sub-range, values 55-156 are allocated to the medium intensity sub-

range and values 157-255 are alloea_te_d to the _high intensity sub-range.

A dither matrix is then created for each of. the sub-raﬁges, wherein

15 the values in the dither matrix represent the intermediate intensity values
‘between quantized output intensity levels. The dither matrix is a small two
dimensional set of values which is used to determine which quantized intensity
value will be output at each position. The values contained in the dither matrix
comprise the intermediate intensity values between quantized levels. Thus, for

20 example, if the quantized levels are separated by an interval spacing of 15, the
dither matrix wouid contain the values 0 to 14. However, depending on such
considerations as hardware configurations and memory allocations, the dither
matrix can be modified slightly to not include all intermediate intensity values or
to include more than one occurrence of each of the intermediate intensity

25 values. For further information on the formation of dither matrices see Ulichney,
Digital Halftoning (MIT Press, 1988); Foley and Van Dam, Principles of
Interactive Graphics, pp. 597-602 (Addision-Wesley 1984).

The dithering process is then initiated for each of the pixels

30 wherein the input intensity values are quahtized to the quantized output



Digital Halftoning (MT Press, 1988); Foley and Van Dam Principles of

I nteractive Graphics, pp. 597-602 (Addision-Wsley 1984). The dithering
process is then initiated for each of the pixels 30 wherein the input
intensity values are quantized to the quantized out put - 14 - intensity
| evel s in such a manner that the eye integrates over areas of quantized
intensity levels and perceives the intgraediate intensity levels desired. A

POt e 11 ow ARBPEEpvelt o Sipnd R shELIGE by indaiag 507 g, b qvrdzed """
val ues are diiMgAgty loabis ahl BoicBThe MbriAkiatéinfinshpNvoRidaRbdl es. M - ! fge

Intensities and hi'gh intensities. Preferably th nber of sub-ranges used
is limted to three thereby mnimzing the conpl exity of- the process whi |l e
mai nt ai ni ng the advant

es of . provid |fferent i nt erval aci.ng a
different 10 sub- rang&1 "Qf?"?‘ﬁg@%ﬁ' 0@20 the pregeptinyent ésF’Q dwith be

equal in gz g but it is
pr ef erred%t hgpgm @&eﬂg’% %}énsl [@ar grtlgtgfk?whels'ﬁ%ﬁ]éf 'W‘H 'ﬁgﬁ'ﬁt@ hi gh and .
medi um i nt ensyalyes’ &8 Pvidédointy’ sub-engés indidative oHbwaritensities, \fﬁb-remqw ng between
quantized output |evels. 15 At bl ock 210 the total nunber of

quanti zed outipensities/and highinteasities. JPrgterably thecnumberef sub-rangesiusedds:
a0l R B b sy sﬁgﬁ.»ws&ﬁgf?;‘ﬂ:nggngﬁgn
eensty.ratiBNalig Dy ERaph cbporEuateti ARG 5 BakEY 0 !
greater tlige ssubsrahges ¢fiintensities. i the size of the irarigas may/be Edma! husizeeto cover _
the full range of input intensity ranges but It is preferred that the lower intensity &/
range(s) is smaller than the high and medium intensity ranges to provide for the ' )
smaller interval spaeing between euantized output levels.
15 At block 210 the total number of quantized output levels available
are divided among the sub-ranges. Preferably the quantized levels are divided
in such a manner that a larger number of quantized levels are associated with
the low intensity range than the high intensity range. The larger number of
quantized levels in tﬁ_e low intensity range, the smaller the interval spacing and
20 therefore the greater the sensitivity to variations in intensity.- -'The number of _
- quantized leveis per. sUb-range and the size of the sub-tange determines the U
interval spacing between quantized output intenslty levels and therefore the
amount of sensitivity to variations in. intensny levels.

25 . Atbiock 220'the quantized levels assigned 1o each sub-range are
arranged within each sub-range. Preferably, the quantized levels assigned to
each sub-range are Iinearly arranged within each sub-range such that within
each range the quantized intensity levels are equally spaced apart to simplify
the dither matrices miliied.

30 |



"« :
guanti zed | evel s per sub-range and the size of the sub-range determ nes the
I nterval spacing between quantized output intensity Jevels and therefore
the anmount of sensitivity to variations in Intensity |levels. 25

At bl ock 220 the quantized l'evel s assigned to each.sub-range are arranged
W't hin each sub-range. Preferably, the quantized |evels assigned to each
sub-range are linearly arranged within each sub-1sange such that wi thin each

th tized int I yal |y spaced t t i pl i f
heai thor matri cos uti |1 Aieock 888 sepaiueies o€ ofaperiicion eath.ol i r i
s prepared for g@sfaryes!dh® & bidck 286/ i g:taafen%;&gaﬁ%@ehnﬁerwww ntensity

val ues are dithered to the quanti zed out I nt evel s. € process

is not limited tquadtizetoutpudintehisityimvelsr dhepsocess ot limitedto e ity ofdihed X
used in the process nust correspond to the 5 sub-range the input intensity

| evel is | ocat edPlRcERshowayen thedithar matrix ysed inthgRsacsss mush EoERSPORE 1P thet her
d £ b ' : ' s A ti f
Phe  Spoci 11 cot i oRubtiarbe B8R iféhell fevelis dhatedtiviid. RRSKINBIRGTRE' " ©

described by an pfbcess igmhkorddred dittiee prot@seBestribed with réspettits FigArRKNARL i ON
to a4 bit intensity representation. It is preferred that the full i nput
val ue range i s nRpekaround seatipn obthei Specifigation. val ue range, inplying that
input level O nust map to output level 0, and input |evel 255 nmust map to
output level 15. In the exanple illustrated by Figs. 5 and 6b out put

intensity levels are allo bR ! leet ' : to
L Y ol YB3 Bee 2y ORIy AR prekant iniHiE iy Best e bEKibERET o
10 example of dithering an 8 bit intensity representation to a 4 bit intensity
W representation. It is preferred that the full input value range is mapped into the
entire output value range, implying that input level 0 must map to output level 0,
and input level 255 must map to output level 15. In the example illustrated by
Figs. 5 and 6b output intemsity levels are allocated to input
- 15 intensities in the range O to 54, 6 levels to the mid-range 54-156
and 3 levels to the high range 156-255. The quantization function
is illustrated in tabular form in Fig. 5a graphically in Fig. 5c
and functionally in Fig. 5b. |

The dither matrices used in the present example are shown in
20 Figs. 6a, 6b and 6¢. As stated previously, because the number of input
intensities between each quantization Ievei is different for each of the three
ranges - 9 for the first range, 17 for the second range aqd 33 for the third range -
a different dither matrix must be used for dithering values' that féll into each of
the three ranges.
25
Typically, a dither matrix should contain one element per
-intermediate intensity to be dithered, suggesting that the three required matrices
should possess 9, 17 and 33 entries respectively. However, it is preferred, for
purposes of optimal hardware design of this example, that a matrix obmprises

30 an even number of entries, more preferably a number of entries that are powers



and 3 levels to the high range 156-255. The quanti zation function is
illustrated in tabular formin Fig. 5a graphically in Fig. 5¢c and
functionally in Fig. 5b. The dither matrices used in the present exanple
are showmn in 20 Figs. 6a, 6b and 6¢c. As stated previously, because the
nunber of input intensities between each quantization level is different
for each of the three ranges - 9 for the first range, 17 for the second
range and 33 for the third range - a different dither matrix nmust be used
for dithering values that fall into eachy@f. the three ranges. 25 Typically,

i her cq, sugle; 1 e hraghth s o6h BT vellh 4 of AR oI NPBRL 7 1

and 33 ent ri Trug it A6 it subtraited iionraeh, thet numbdrof itérmisdiaté Mendity lsvers of
opti mal hardware design of this exanple, that a matrix conprises 30 an

even nunber betwean quantizechigvelsareipowars of tworghtired =23, d#1r# 86 =t24a83-4r e povers
16 - of two,,.l n.d he present exanple each of the values are off a power of

two by one. 7&65? one is subtracted fromeach, the nunber of internediate

intensity_ .l evel s between quantized |evels are powers of twd: 9-1 = 8 =

[err] 171 = 16 = [err] 33-1 =32 = [err]. 5 Preferably the matrices

enpl oyed for each of the ranges is of the sane size such as the natrices

illustrated in Figs. 6a, 6b and 6¢c. Fig. 6a shows '

-

Preferably thé matrices employed for each of the ranges is of the
same size such as the matrices illustrated in Figs. 6a, 6b and 6¢. Fig. 6a shows
a third order matrix for the low intensity range of the present example containing v
values in the range of 0-7. For ease of indexing, there are two periods of the
pattemn replicated within the 4x4 matrix. Fig. 6b shows a dispersed dot matrix
10 having 16 dither values in the ranga of 0-15 used for the mid-range intensity
values. | |

" The matrix for the high range of input values, shown in Fig. 6c, is
the middle range matrix multiblied by two. The ideal matrix is a fifth order
diamond matrix containing values 0-31, and would require a 64 entry (8x8)

15 table for storage. In order to keep the storage requirements low, and aiso to
maintain uniform indexing for all matrices, the smaller 4x4 table is preferred.
Although the increment of two between dither matrix values causes pairs of
input values to be mapped to identical output values, the vléual effect is not
perceived because the eye is much less sensitive to intensity variations at high

20 intensities.

Once the sub-ranges and corresponding matrices have been
established. the input intensity levels are dithered. An exemplary dithering
process is the area dithering process set forth in Fig. 1.



athird order matrix for the lowintensity range of the present exanple
contai ning values in the range of 0-7. For ease of indexing, there are two
peri ods of the pattern replicated within the 4x4 matrix.. Fig. 6b shows a
“di spersed dot matrix 10 having 16 dither values in the range of 0-15 used
for the md-range intensity values. The matrix for: the high range of input
val ues, shown in Fig. 6¢c, Is the mddle range matrix nmultiplied by twd. The
ideal matrix is a fifth order dianmond matrix containing val ues 0-31, and
moulthequire a 64 entry (8x8) 15 table flor storage. In order to keep the
storage requirements low, and also to maintain uniformindexing for al
matrices, the snmaller 4x4 table is preferred. Al though the increnment of two
bet ween dither matrix val ues causes pairs of input values to be mapped to

i dentical output values, the visual effect is not perceived because the eye
is much |l ess sensitive to intensity variations at high 20 intensities. Once
t he sub-ranges and corriﬁgf dipg matrices have been established, the input

idnt ﬁnsi ty levels are di 3'7 ncand {4 Hustrate antinst nynpﬂeaigmmpb t ge gr ea
[ [ 7 7/ 7 7

D11 Ustr ate’a ey the einod ohi Spodrays efsfié presabd jnvéRiorc Fiptis 28 shows of
the present i wgiaddaralsalébalwbexo?ara‘impﬁs xj}éﬂ@@e@:ﬁﬁgsngg’ gf?m@re,{ om

(X y) coordinates (5, 25) to (25.15) whe
i nt er pol at ed dheinjensity lepeliis irtedpoiated:alony ,thé)eﬁarﬂafﬂ'ﬂv%bt& &@ﬁﬂn&'&i’b”g at

255.
5 and ending at 255.

— : - The dithering process is performed using the dither matrices
shown on Fig. 7b. Each of the non-lingar dither matrices is applied only to a
limited range of intensities. More pariicularly. the first dither matrix (low intensity
range matrix} is used for intensity-values in the range 0-54, the second matrix

10 (medium intensity range matrix) is used for intensity values in the range 55-156
and the third matrix (high intensity range matrix) is used for Qalues in the range
167-255. '

_ The results of the computations perlormed accordmg to the
process of the present inventnon are set forth in the table of Fig. 7¢c, where
o 15 Gaispiay is the dithered output value, and graphucally represanted by the
ﬂlustration set forth in Fig. 7d. o



‘The dithering process is perfornmed using the dither matrices shown on Fig.
7b. Each of the non-linear dither matrices is applied only to a limted
range of intensitires. More particularly, the first dither matrix (4 ow
ntensity range matrix) is used for intensity values in the range 0-54, the
second matrix 10 (nmediumintensity range matrix) is used for intensity
values in the range 55-156 and the third qgatrix (high intensity range
matri x) is used for values in the range 157-255. The results of the :
conput ati ons per f or med Figsc8a,8b, §ctand 8dsepiotth asscorid sumericabexample invent i on

t forth t he tabl f Fi wh the dithered
Ot Ut vl e, WhiRh 4y aaRec vachty thish e in hclis Sadred wbop g POIROYENGr or 1 7
Fi 7d. , I
whieh an al | a2EBpraori @&*%@ﬁ*ﬁh&“ﬁ“@%@'ﬁﬁgﬁ.% e et hod"
and appar gt usus?}dhhbopmemruxammtho{vﬁdﬁhﬂuttmwllnHblmwtbldwheal:process i's
- in the pres on,the vecto e
PCh |3 a5 5 shaagLAni:alared eI SEmwR s, RPNt i 251 10088 thin IPRs (5
25) to (25, 1Ehens§g@vb@tugnam&r%vﬂn&rg&afea«a e gpdll ) the ygagro! at od o ong

the span of t egl nni ng -at val ue ending at 255. The

di t hering probegianing apthefvaluetwf O.emdendingeat@Ssher matrices 10 shown in Fig.
. 8b. Each dither matrix is a 3x1 6 matrix conprising the nunber- of
internedi ate intensity val ues between quanti zed iotensity levels. The 3x16

oecurrence of tne. nunbdn® BRERAARE it péifermad Beng WY Glral Mbey, 19 1
10 shown in Fig. 8b. Each dither matrix is a 3x16 matrix comprising the number of
intermediate intensity values between quantized intensity levels. The 3x16 W
. matrices are formed by three separate lines each containing a single
occurrence of the number of intermediate intensity values wherein the _
emphasis on the arrangement of the-values is to ensure that each of the three-
15 entry columns sums up to approximately tﬁe same value. More particularly, the
first matrix, the low intensity range matrix, consists of the values 0-7 reflective of
the small interval spacing (8) in the low intensity range. The values are
arranged such that the average intensity is rhaintained over a local area
because there are only eight intermediate values and the width of the matrix is
20 16, the values are repeated to fill thq matrix. Similarly, the second matrix, the
" medium range intensity matrix, consists of vaiues 0-15 reflective of a slightly
larger interval spacing (16).

The third dither matrix, the l_'nigh intensity range matrix, consists of
25 intermediate values O to 31 indicative of the large interval spacing (32). In order
to fit the range of values into the 16 column matrix, the even values between 0
and 31 are utilized. As noted .earlier. the increment of iwo between dither matrix
values will cause pairs of inp{n values to be mapped to identical output values,
but such drawback is minimal because the eye sensitivity to intensity variatiohs
30 is greatly diminished at the higher intensities.



enphasi s on the arrangenent of the values is to ensure that each of the
three- 15 entry colums suns up to approximtely the sane value. Mre
particularly, the first matrix, the low Intensity range matrix, consists of
the values 0-7 reflective of the small interval spacing (8) In the | ow
intensity range. The values are arranged such that..the average intensity is
mai nt ai ned over a | ocal area because there are only eight internediate
values and the width of the matrix is 20 16, the val.ues are repeated to
fill,the matrix. Simlarly, the second tmyri x, the nediumrange intensity
matrW, consists of values 0.15 reflective of a slightly larger internal
spaci ng (16). The thirdThesedithared valugs ntay then beistdred untilthe comespoviding:
consi sts of 25, I|ntermedi € V?I es 0 to 31 indicative of the |arge

i nterval spaciM®? 35 9"'tPHf {9&18 ookzip fable e dispiay on display devica: An owsputs
colum matri X, YHeti%A G : etillzed . As noted
earlier, the i'ﬁ%@@ﬂgnt dﬁfﬁ@%@%&ﬁ“ﬂﬁ’ﬁ@gbﬁéﬁﬁ‘ﬂ'@‘&(éﬁﬁww"&@_a§§° pairs
of input v@ udheir orifinalvalie.dFbPex I 1hg! riéSare - wback
I's mniml because tghe eye sensi tﬁ?yﬁtagqlwﬁg% vari ﬂ%@%@ 'qléél

great |y di m nibackdheexamplesidgsenbedabove:ti es. -19- These dithered val ues
may then be stored until the correspondi ng pixels are output to the | ook-up
table for display on a display device. An output, mapping function is
gener at ed whi ch nmaps lﬁmhﬁ))e iq{ikx0d intensity] vidrgasq(h<® their
original value. For exanple, the follow ng functjons are enployed to map

back the exanpl es described ab X )[err]
\[rq(i -6)):17]4-54 > for6<q()<12

[[q ®- 12)x 33]+ 156 ) for12<q@)<15

0 - While the inveniion has been described in conjunction with the
preferred embodiment, it is evident that numerous alternatives, modifications,
- variations and uses will be apparent to those skilléd in tho- art in light of the
foregoing description. Particularly it is evident that the invention is equally
applicable to color images as it is to greyscale images. Furthermore, it is
15 evident that the invention described is not limited to an 8 bit to 4 bit dithering
process but is applicable to any dithering scheme.



[err] [err] 10 VWil e the invention has been described in
conjunction with the preferred enbodinent, it is evident that nunerous

alternatives, nodifications, variations and uses to those -~
skilled in the art in light of the foregoing des”“lwllmﬁlnﬂgmﬁmll arly it
is evident that the invention Is equally applicabls &0 colwor s nages as it
is to greyscale imges. Furthernore, it i sz 15 evident that the invention
described is not linmted to.an 8 bit to 2 Bit ditheri ng process but is
applicable to any dithering schene. Ciaflls- CLAIMS 1. A nethod for ,
dithering a digital inmage froman input Intensity range to an out put b
~intensity range, said digital inmage conprising pixels, each pixel 5 having
an intensity value associated with it selected fromthe input intensity

range, wherein thd.di gi Byethogdgeditheriggadigital image framaninput intenedy f3nges| ue
per pixel to a g-bit jntensity val ue per pixel, A . greater
than g, said mqh%m w&q@yﬁéﬂ%gﬁk&@%ﬁa‘ ﬁpégedﬁ}ﬁg:ﬁ:#@g W&Er gﬁéﬂ’%ﬁ' I nput
i ntensity gal | | viife adddci ith it .@pﬁ?',g hé fhpdt infarsityn of the
out put intsén3| ngﬁgneﬁﬁ%&a correspg%e(ﬂwg]h gesg'teimon o} ?h@e ipgfout Intensity
range wher ebyrange, whereimthe digital mbgeistditherad from p-pitdntensityvalus pespigeld to a
quantized intensity value in the corresponding input intensity section in
each secti on, torana-bilimeasityalye peepixelewhep i§i VIV cgirdater than \q,vedides bei ng
an interval spacing _' : . '

method comprising the steps of:

dividing the range of input intensity values into seclibns;

10 assig_n_ing a section of the omput intgnsity range toa | U
corresponding section of the input intensity range whereby the elements
in éach output imehsity section correspond to a quantized intensity value
in the oorresponding inpgt&intens'ity section in each section, the number

. of values between 'q_uantizéd intenéity values being an interval spacing
15 for the se_étiqn; | o .
génerating a dither matrix for each section of the input intensity
range, the number of values in the dither matrix equal to the count of
intermediate intensity values between qua'miz_ed intensity values in the
respective sections, the entries . in each dither matrix equal to the

20 _ values in the range of and the interval spacing for the section which are
representative 'of the number of intermediate intensity values between
quantized intensity levels, said elements organize& to provide the
desired visual perception of the intermediate intensity values;
| retrieving a dither value from the dither matrix for each pixel value;

25 . deterrhiriing the input-scale base value for a pixel value, said
input-scale base value being the value less than or equal to the pixel
value and which directly corresponds to a quantized intensity value;

determining a quantized intensity value which corresponds to the

input-scale base value;



15 for the section; generating a dither—matrix for each section of
the Input intensity range, the number of values In the dither matrix equal
to the count” of internediate intensity values Hﬂmﬂﬂmlnuﬁ[m mﬁl ntensity
values in the respective sections, the entries elﬁ trix equal
to the 20 val ues in the range of 0 and tﬁe‘interﬂalssp’am ng for the

section which are representative of the nunber of internediate intensity
val ues between quantized intensity |evel st 2aid elements organized to

PO e, e, et 11 V1l 155 by e B i R . L >

det ernini ng the i ngadig Bﬁé’é@alb&?@leﬁi'm&h G ) 48 rpbtBUis et v U1 - Scal e

base val ue being the value | ess than or equa to e piI xel value and which
di rectly corresponsattingth® autputiinteasity Iatrdrferlhp phedl teebe dquattoithe quantized
gquanti zed intensity val ue which corresponds to the input-scal e base val ue;
- 21 - if the diffiBtensity vBBreen t he I nput intensity value and the input-

Setting thE out put i ni R rahef Byfleehind Byt FrorsR SRt Ankig ™

quanti zed intensit ¥saigbege value is %reaterthan tHefreH%%dHftf\é‘frW gﬁfgpﬁlﬁﬂat he

input intensity value and the input- scale base value is gre; n the

retrieved dither velipeatinterisity Iayethethmplpelttmheteqmaltoyahean!izeﬁ@mtehtity pi xel to

be equal to a quantized intensity
value which corresponds to the input-scale base value +1;

whereby the sections are divided and assigned to provide greater
U 10 accuracy in one section at the cost of accuracy in another section.

2.  The method of claim 1 wherein the step of dividing the range of
input intensity values into sections__comprises: _
selecting a function of eyé éenéitiVity to changes in intensity;
15 dividing the function into portions, .the number of portions equaling
the number of sections of the input intensity range;
computing a straight line approximation for each of the portions:
and |
- utilizing the straight line approximation to determine the elements
20 “of the output intensity rangé sections and the correspondence to the
sections of the input intensity range.



val ue whi ch corresponds to the input-scale base value +1; whereby the
sections are divided and assigned to provide greater 10O accuracy in one

section at the cost of accuracy in an ' The net hod of g
claim 1l wherein the step of dividing ; im"i'E myﬂ ljt intensity val ues
into sections conprises: selecting a iy wsensitivity to changes

in Intensity; 15 _ dividing the function into portions, the
nunber of portions equaling the nunber of sections of the input intensity
range; conputing a straight |ine apprex2mation for each of the portions;
and utilizing the3dstr g methotcofalaimo wiretdimthel cutpisttrange ofintensite valoest s 0
of the output intensity range sections and the correspondence to the -
sections of ateselagted aceoding toythe funption of the eyes' sensitivityrte-changesdn Bghtc| ai m 2
wherein the outpyt range. of .intensity values are selected according to the
function of l"}ﬁ%ﬁ%‘ye’é‘e é%‘h?f f’ﬁ"@'{%ﬁ?dxe%fﬁﬁ%%°ﬁﬁtq“r°‘§h'(g'yﬁ§ BATPESPS: t he step
of dividing the input : s 1 ] ' . inag two

i ntermedi ate points al%eﬁglﬂ@gg&ro\;gﬁ?@%?%geeﬁtﬁ*\fﬁ??@é@%%pré?hﬁ@ {lh%n of the
eyes' sengitivityfinetiehanMeseyes' satiskivity to/chahgies iminténsByt he | ow intensity
section to be the values along a straight |ine approxi mati on between the
begi nni ng of the curvedetetnining the dew intansityraection to basthe: values-aloagia

determining the Mo ohi e apgrosmation betwesn the Bughifing of R Euve 4
first intennegiafe point selected;
determining the mid intensity section of the output intensity range
10 to be the vatues along a straight'line approximation between the first o
intermediate value and the second intermediate value selected; - '
det_erm_ining-the high iménsity section fo be the values along a
straight line approximatior between the second intermediate value and -
the end of the curve. |
15 whereby the '_ohtput range of intensity values are proportionately

assigned to the input intensity range.

4, The method of claim 1 wherein the step of dividing the range of
input intensity value _intc' sections corﬁprises:

20 " determining the sections of the range having a greater v

oohcentration d_f occurrences of intenéity valu§s’; and |
dividing the input intensity range such that the sections having the

greater concentration of intensity values are smaller than the sections
having a lesser concentration of intensity values.

25



10 to be the values al ong a_straight—Hneapproxi mati on between the
first internedi ate value and the second interne '\ﬁﬁgval ue sel ected:

.determ ning'the high intensity secti ‘\“ﬂ“‘m es along a straight
| i ne approxi mati on between”t he seconﬁ“ | ue and the end of the

curve. 15 wher eby the output radngé of intensi ty values are
proportionately assigned to the input intensity range. 4. The net hod of
claiml1l wherein'the step of dividing the range of input intensity val ue
into sections conprises: 20 - @term ning the sections of the
range/ havi ng a gre®. er. Theowsthodiof clainvd wheeeiny ences of intensity val ues;
and dividing the input intensity range such that the sections having the

greater concentration othe digitalimage {abe ditherpd issdenth gued taddafe secti ons

having a | esser concepntratio f intensity values. 25 - 23 - 5. The
met hod of claim4 :k?%?%’?ﬂad'twdi gital image to be dithered is depth cued

to a dark background; ajh sigebt ERcHIraicH GRRCIAbA fq&ea%%ge L

intensity values is at e low intensity val ues;

around theg ow i nt ¢he ldw interisitg valuessnal | er than -a section around the high

I ntensity val ues.
: whereby a section around the low intensity values is smaller than a

section around the high intensity values. .

6. The method of claim 5 wherein:
W, 10 : p equals 8 thereby providing an input intensity range of 256
~ values; |
q equals 4 thereby providing an output intensity range of 16
values; and S~ . '
the range of input intensity vaiues is divided into a low intensity
15 section mid-intensity section and high intensity section .

7.  The method of claim 6 wherein:
the low intensity section of input intensity values extends from 0 to
54; '
o 20 the mid intenéity section of input intensity values extends from 55
to 156; and '
the high intensity section of input intensity values extends from
157 o 255. |



6. The net hod of cl ai p equals 8 thereby

provi di ng an input intensi e of 256 val-ues; g equals 4 thereby
providing an output int mﬁn ﬂi Hll Im val ues; and the range of input

intensity values is divi tensity 15 section
md-intensity section and’ hi gh |nten5|ty section. 7. The nethod of claim
6 wherein: the lowintensity section of input intensity values extends from
0 to 54; 20 the md intensity section of input intensity val ues
extends from55 to 156; and the high I‘n?t"ensMy secti-on of Input intensity
val ues extends farom Thé mathddof claim 24vherdin: The nethod of claim 7 wher e
the step of assigning a section of the out put intensity range to a

correspondi ng sect i otheostepobassigning asection ahthe autput u’@maltvmetgsm gni ng
out put Intensity values .0 to

he |
of input i nten5|°PV9§B¢'!ﬂ9!9 S%@@ngﬂﬁ'%ﬂﬁau%vtﬁ"mﬂﬁfn%sr@' tl RfiseSes 7 to 13652' ?Re
md intensity section of é#?dﬂlnd aﬁtﬁﬂﬁh{e\ﬁsw& oq@gltg%gﬁvpménéhyl ntensity

values 13 to 15 to the high™
5 ~ section of input intensity values; - -

assigning output intensity values 7 1o 12 to the mid intensity
section of input intensity values; - .
as_sig_ning output intensity values 13 to 15 to the high
intensity section of input intensity values; and
10 the step of generating a dither matrix for each section o/
comprises: ’
generating a dither matrix corresponding to the low intensity
section having elements 0 to 7; | |
generating a dither matrix corresponding to the mid
15 intensity section having elements 0 to 15;
generating a ditﬁer matrix corresponding to the high -

intensity section having elements 0 to 31.



iﬁtensity section of input intensity values; and 10 : t he

step of generating a dither matrix for each seePFen—emqﬂpH—ses—generati ng a
dither matrix corresponding to the low intensity section haV|n eIe

-to 7; generating a dither matrix correspondi ng tawugm HIIH

intensity section having elenents 0 to 15; gener trix
corresponding to the high intensity section having e ement's 0 to 31. -
25 - 9. The nethod of clai m8 wherein 26e-di gital image is dithered using

20 area dither and the dither matrices conprise the values: 0 7.7 1 6
4 2~ 5 31 6 0 75 3 4 2 for the matrix whi'ch
corresponds to the lowintensity section; 1 15 2 12 9 5 10 6

3 13 0 14 11 7 8 4

9, The method of claim 8 wherein the digital image is dithered using

20 area dither and the dither matrices comprise the values:
0 7 1 6

4 2 5 3
1 6 0 7
5 3 -4 2|

for the matrix which corresponds to the low intensity section;

1 15 2 12

9- 5 10 6}
'3 13 0 14
11 7 8 4




- 26.- for the mauix whi ch corresponds to the md intensity section; 2 30

4 24 18 10 12 6 26 - 22 ‘14 16 8 for the matrix

whi ch corresponds t |ty section. 5 10. The nmethod of claim -
8 wherein the digi tmm'ﬁ,MImﬁHJ"mEr ed using vector aligned dither ‘and the
di ther matrices conpri $e thenvas ues 042715360427 1536110

for the matrix which corresponds to “t he |l ow intensity section; 10 8 4 10 2
12 6 14 1 9 5 11 3 13 7 151 for the matri x 26h+ ch corresponds to the md
intensity section; 15 22 6 25 14
301 for the matrix whi fg{\ "::eorrnraten: p%lxgli@?%@stp%naﬂtﬁhaﬁma gﬁ%ﬁ?@ i%(t:l%ﬁon 27
- 11. Anethod for dithering a digital inmage froman input range of
intensity values to an output rgng® ofgg ntegsitag yal ues, the range of -

val ues determ ned by the nunber Jof bits represent]ng each intensity val ue,
said digital image conprising pijxelgs, 1@ach2@i xef2 paving an intensity val ue
of p-bits 5 associated with.itf wwthin the firstjrange of intensity

val ues, wherein the digital 6 26 0 28

22 14 16 8

for the matrix which corresponds to the high intensity section.
5 - v
10. The method of claim 8 wherein the digital image is dithered using

vector aligned dither and the dither matrices comprise the values:

10427153604271536|

10 for the matrix which corresponds to the low intensity section;

084102126 14195113137 15|

for the matrix which corresponds to the mid intensity section;

15 |0 16 8 20 4 24 12 28 2 18 10 22 6 25 14 30|

for the matrix which corresponds to the high intensity section.



image is dithered froma p-bit repres’eﬁmblt representation,
the value of p being greater than the mmmet hod conpri si ng
the steps ofr dividing the input range m‘m ﬂ&m““ﬂ ues into sections
representative of a lowintensity secti en, cmd i ht ensi‘ty section and high
10 - intensity section; dividing the output range of intensity values
into sections representative of a |ow intensj by section, md intensity

section and high intensity section to correspond' respectively to the | ow
intensity section, nil i/ ®athodordithering aedmll&hugagﬁ froran inputyange oh of t he

bomet Fy " ooct afehsisy velugs AT Buipth Finge s indi SAGE: o e P Aleb
cor r espondi no | abimingl 893hé hu#es! bmtshﬂgméhg@aq;gam Ay A5 sefy iharcac"

i ntensity section enents I n eac UES

in the range beimagercdmprising peetsmacwmkelmmgram intensityvalgeof pdits Whi ch are
" representative of the nunber of i nternedi ate intensity val ues

bet ween quai i zZ2ssociatedhwith it \Mlthlmtb@ first renge, °§@tﬁ$ﬁhva|§&$.mf&f@ném dighalgani zed
to provide the desir.ed,. erc tlone%} ﬁ |nt madlat Jnt '}/

val ues; retri evimﬂf ejs d’i'%ﬁ'@ﬁ Eﬁﬂrﬁs Yo to f@H’?ﬁe §\° YEAYRal ue
the dither mat rb &%Fﬁtréﬁsfthﬁﬁlt vélﬁe réa?d' ﬁﬁttfd&&(?g%sﬂﬁ tﬂ&@f‘élﬁﬁ%'?:t upon

25 t he put ensity v ue o termning

i nput - scal e base val ue f(d‘vudinglth@inpuaiauge osmtéhsity’lmbeﬁmbeeblm val ue being
the value less than or equal. to the pixel value; determ ning a quantized

i ntensity val ue whi ceprasentative afia law intersitg gection, mid intepsity sectionanshiighval ue;

. 10 intensity section;

-~ dividing the output range of intensity values into sections
representative of a low intensity section, mid intensity section and high
intensity section to correspond respectively to the low intensity section,
mid intensity s_ection and<high inte'nsily sectibn of the input intensity

15 range, wherein the elements in each o'utput intensity section correspond
| to a quantized intensity value in the corresponding input intensity section;
generating a dither matrix for each intensity section, the elements
in each dither matrix equal to'the values in the range between 0 and the
interval spacing for the section, which are representative of the number qf.
'20' intermediate intensity values between quantized intensity values in each
- section, séid éléments organized to provide the desired visual perception
of the intermediate intensity values; |
retn'evi_nQ a dither value from a dither matrix for each pixel value
the dither matrix the dither value is retrieved from being dependent upon
25 the input intensity value of the pixel; |
determining the input-scale base value for a pixel value, said
input-scale base value being {he value less than or equal to the pixel
value;

~ determining a quantized intensity value which corresponds to the

30 input-scale base value;



- 28 - if the difference between the input intensity value and the input-
scal e base value is less than or equal to the retrieved dither val ue,

setting the output intensity level for tThe pixel to be equal to the .
guanti zed intensity val if the difference between the

I nput intensity val ue amﬂlﬂnﬂﬂ"mﬂlmwuﬂl e base value is greater than the
retrieved dither value, getting tmesoutput intensity level for the pixel to
be equal to a quantized intensity value which corresponds to the

i nput - scal e base val ue +1. 10 - 1228The nmethod of claim 11 wherein a
greater nunber output iihtherdiffergncecbetweemthe inputintensityvalbe ahd the inpatasi t y\o/

section than in the igh i ntensity section to provide a higher precision of
di thering for i nplﬁcan'l asryalye isjess-thapior gaualktadhe mirieveddither yaluection. 15

13. The net hod of | LeLDed RE | f Nt Ity values are
sel ected accordi ng%@ﬂ%%t@gﬁs"&p&%E&gé%b&ggﬁn% ?'Nhtl f‘{)ﬁ\eoa/uéﬁgﬂ"g{s in
light intensity, tih&n%lt?ﬁaiﬁﬁ; ghgi ding the I nput range of intensity val ues
conprises: selecting a tunction of eye sensitivity to changes in intensity;
sel ecti ng 8 wo i nt er mediitthe ditférence betwaen thecinputdintenpityevalne and theinpaP
function of the eyes' sensitivity to changes in intensity;, determning the
low i ntensity sect$cP basealue is draaterthan the setreved @ﬂ'!ﬁﬁf\'aﬁllﬁnietMQ)Mi mat i on

el oot od: det o ry AU s epl G 8B hitel o bb et B s ERBE LAY ong o 25
strai ght |ine appryathé@whidhcd?Rispinds tbfiRe friputbcdie basevdgll, val ue and the

10 12. The method of claim 11 wherein_a greater number output intensity W
values are Iecated in the low intensity section’than in the high intensity section
to provide a higher precision of dithering for input intensity values within the low
intensity section. | |

15 _ 13. The method of claim12 vivherein the input range of intensity values
are selected according to the tunét_ion of the eyes’ sensitivity to changes in light
intensity, the step of dividing the input range ot.intensity values comprises:

| seiecting a function of eye sensitivity to changes in intensity;
selecting two intermediate points along a curve representing the

20 function of the eyes’ sensitivity to changes in intensity; U

~ determining the low intensity section to be the values along a
straight line approximation between the 'beginning of the curve and the
first intermediate point selected; |
determining the mid intensity section to be the values along a
25 straight line approximation between the first intermediate value and the
second intermediate value selected; and
determining the high intensity section to be the values along a
straight' line approximation between the second intermediate value and
the end of the curve.
30 |



second internedi ate val ue sel ected; and deternining the hi gh intensity
section to be the values along a straight |inge approximati on between the

second internedi ate value and the en 0 0 29 14. The net hod
.of claim1ll wherein: the digital i rragummlum“l““ﬂuﬁ is depth cued to a
dark background; the greatest concentratrontof® odcurrence of intensity

val ues occurs 5 within the lowintensity section; whereby the | ow
intensity section is snmaller than the mid %nd high dintensity sections. 15.
The method of claim 144wh i : ..p eguals 8 thereby

prov#el—i’ ng an i nput in?lé}nsie‘{hg rﬁeatr'\‘ég%fhﬁgél\%eﬁee'gf g equal s 4 thereby

provi ding an output intenghé dightarargeho b6 ditRéredss défik cuédtd ﬁfdafksi ty section
of input intensity values extends fromO to 15 - 54; the md intensity
section of input intcbrokgtoundt ues extends from55 to 156; and the high

Intensity section of input intensitcx val ues extends from .
the greatest concentration of occurrence of intensity values occurs

5 within the low intensity section;
whereby the low intensity section is smaller than the mid and high
intensity sections. |
15. The method of claim 1& wherein:
10 p equals 8 thereby providing an input intensity range of 256
values; '
q equals 4 thereby providing an output intensity range of 16
values; .

the low intensity section of input intensity values extends from 0 to

15 54
tr;e mid intensity section of input intensity values extends from 55
to 156; and _
the high intensity section of input intensity values extends from
157 to 255;
20



1 57 to 255; 20 - 30 - 16. The nethod of claim 15 wherein: the | ow i
section of output intensity values ranges fromO to 6, inclusive; the md
section of out ' it es ranges from7 to 12, 5 ‘i ncl usi ve;
and the high sggllllﬂ"mam«“nﬂlrntensi ty values ranges. from 13 to 15,

I ncl usive; the threr tmatri1 X corresponding to the low intensity section
having el enents in the range of 0 to 7; _10 , the dither matrix
corresponding to the md intensity sect PO havi ng elenments in the range of

0 to 15; and the digt herhgrﬁbmogaggiﬁ,sfsgmﬁg@g,;to the high intensity secti-on
having el enments in the range of 0 to 31. 15 ..17. The nethod of cle# m
16 wherein the digit althehew eectiondficutput ihtensity yalwes aanhesfeomDid 6, he di t her
matri ces conprise, the, values: 0O 7 1 6 4 2 5 31 6 0

75 3 4 oinclusivéihe matri x which corresponds to the lowintensity

section; the mid section of output intensity values ranges from 7 to 12,

5 inclusive; and _

the high section of output intensity values ranges from 13 to 15,
inclusive;

the dither matrix corresponding to the Tow intensify section having
elements in the range of O to 7; _

10 the dithér matrix corresponding to the mid i_niensity section having

elements in the range of 0 to 15;and

the dither matrix corresponding to the high intensity section having
elements in the rangé of'q to 31. |

15 17. The method of claim 16 wherein the digital image is dithered using
area dither and the dither matrices comprise the values:

0o 7 1
4 2 5
6
3

N W oo

1 0 |
5 4 21 W~/

for the matrix which corresponds to the low intensity section;

20
1 18 2 12

9 5 10 6
3 13 0 14
1 7 8 4

for the matrix which corresponds o the mid intensity section;




201 15 2 129 5 10 63 13 0 14M t he
matri x which corresponds to the md intensity sectlgml"” 4
24 18 10 20 12 6 26 0 28 22 14 m glhl ch

~corresponds to the high intensity section. 18. The! et héd bf vcl

wherein the digital image is dithered using 5 vector aligned dlther and
the dither matrices conprise the values:-P0-4 27 1536042715361
for the matrix which corresponds tp ti; #OWI te y section; 10
1084102 12 6 14 1 9 5 11 3 13 7458%or ri x which corresponds
to thenid intensity section; |0 1p ﬁ]ZqI?A ﬁ 2}%8 2 18 10 22 6 25 14 301
for the matrix which corresponds tp Pnte ty section. 15

6 26 0
22 14 16 8

for the matrix which corresponds to the high intensity section.

18, The method of claim 16 wherein the digital image is dithered using

- 5 vector aligned dither and the dither matrices comprise the values:

[0427153604271536]

for the matrix which corresponds to the low intensity section;

10 | 1084102126 14195113 13 7 15|

for the matrix which corresponds to the mid intensity section;

10 16 8 20 4 24 12 28 2 18 10 22 6 25 14 30|
for the matrix which comesponds to the high intensity section.
15 |



- 32 19. Anmeri ng a digital imge froman input

Intensity ran utput intensity range, said digital inage conprising
pi xel s, each mﬂ”ﬂ?’ﬂw’ M ntensity val ue associated with it selected -
fromthe input*irten L wherein the digital imge is dithered from

a p-bit intensity value 5 per pixel to a g-bit intensity value per pixel,
where p is a value greater than g, saikg .apparatus conprising: neans for

di viding the range of input intensity values into sections; neans for
assigning a secti ofAn appasatup dor dithedng atdigitalimage fsom avinputiptendityg -~
section of the ir}gut I nt gsit A ranae wh;rebé fthe elenments 10 " in ‘seth
out put i nt erf&"8§ @&9"8?!51 plepsity,@nEe $R1G digitalimags cOmANSiNG RIYeIS#arh i n t he

correspondi ' kel | s t.] siafGePwi Qo ither matrix
for each sec f%‘anﬁﬁﬁﬁ%ﬂyéﬁ@eﬁl '? range?g?m?ﬁ%na\vgl ues in the
di t her mat riintensitplrarige, Whersintmé dighaliifiiage ieditivéred froea P-bivintensitg valgt veen
quanti zed intensity values 15 : I n the respective sections, the
entries i ecpePixelito@q-hitintensityyalue pes pixel wheragsisiavalvee gmager hhinvgen 0
and the int ervﬁeﬁcgnﬁq for .the section which are representative of the
nunber of int& fEUT FOERTIFIRBval ues between quantized intensity |evels,

Lo o £ P S MR A oty B B

di ther value fromthe cdéadseruraﬁigdm% a®ectietof the ovtput itesity TRAGSIY &'
determ ning the input-scal e base value for a pixel value, said input-scale
base val ue bei ng ¢afeespanding isection ofthe input inlemsitycange whereby thelelamentsl whi ch

directl y1’()C orr eSpQurr}desac Oou?puq li'rﬂg;ts' esdec{igrt\, %]r?éé%n\éatgléeduantized intensity value
in the corresponding input intensity section;
means for generating a dither matrix for each section of the input
intensity range, the number of values in the dither matrix equal to the |
count of intermediate Inte;isity values between quantized intensity values
15 in the respective sections, the entries in @ach dither matrix equal to the
values in'the range between 0.and the interval spacing for the section
which are representative of the number of intermediate intensity values
between quantized intensity levels, said elements organized to provide
the desired visual perceptidn of the intermediate intensity values;
20 means for retrieving a dither vaiue from the dither matrix for each
pixel value; : et
means for determining the input-scale bése'Vaibe for a pixel value, |
said input-scale base value being the value less than or equal to the
pixel value and which directly corresponds to a quantized intensity value;
25 . means for determining a quantized intensity value which
corresponds to the input-scale base value; S
if the difference between the input intensity value and the input-
'scalé base value is less than or eqdal to the retrieved dither value,
means for setting the output intensity level for the pixel to be equal to the

30 quantized intensity value;



25 means for determining a quantized_intensity val ue which
corresponds to the input-scale base value; if the difference between the
i*nput i ntensi'ty value and the input- scal e base valmﬂ ' ﬂJ or equal
to the retrieved dither value, neans for setting ‘tmml mm I,ty | evel
for the pixel to be equal to the 30 quant i zed i ht ensity svakue; -
33 - if the difference between the input intensity value and the input-
scal e base value is greater than the retrieved dither value, neans for
setting the output intensity level for the& ﬁ)‘(el to be equal to a quantized
inteksity val ue which corifihg piffetendecbétween tHelihpambaAsiyodziue ahd thetihputs

wher eby the sections are divided and assigned to provide greater accuracy
in one section at tscaleobasecvalugisigreater thandhe rétaevedadithepMalueomeans.for

apparatus of claim 19 wherein the nmeans for djvidi the r e of [ nput
i I?\Itoensi ty val ues i nt¥ptEghesteyt ‘F’f'ng‘(e?i‘m ¢ pixel 18 be eq EQPBW'zeg

sel ecting a TunCt ] orlafheRy Gans Whidr riabobflue (NG Fhul Bokis 188 vl J227° o

dividing the function 1h 0 rons equal i g t he
nurber of segtions -GhhéreBy teséctions are divideti EntiaissigRed fo provideogreierng a
straight line approximation for each of the 15 portions; and neans
for utilizing taecusacyingne section ap\becoshofiacowracy indanotherisestiome el enents of
the output intensity range sections and the correspondence

-

20. The apparatus of claim 19 wherein the means for dividing the
range of input intensity values into sections comprises:
— 10 means for selecting a function of eye sehsitivity to changes in.
intensity; | |
means for dividing the funclion into portions, the number of
portions equaling the number of sections of the input intensity range;
means for computing a straight line approximation for each of th_e
15 portions;.and o _
| means for utilizing the straight. line approximation to determine the
elements 'of.the output intensity range sections and the correspondence

to the sections of the input intensity range.



to the sections of the input intensity range. -34- 21. The apparatus of -
cl aim 20 wherein the output range of intensity values are sel ected

according to the functien—ef—the eyes' sensitivity to changes in‘light
intensity, the nmeans for dividing the input range of intensity val ues

conpri ses: “ |\“ ‘Mns for selecting two intermedi ate points al ong
a curve repﬁm“m\ m ction of the eyes' sensitivity to changes in

intensity; neans f'or "deter ni ni ng the low intensity section to be the val ues
al ong a straight |ine approxi mati om Hetween the begi nning of the curve .and

the first internpgiat %Q%E?%e@pagm %d—ﬂlherein the output 8f infinsipt er i wishg

the md intensity section” output Intensity range to be the val ues
al ong a st rajglds areseleted acdoting to tHectunetion dfitke byes’ sensitivityrtodhanges/al ue
and the second internedi ate val ue sel ected;, neans for determning the high
intensity sdotligbhintansity, thaanaansfecdividing the input rangs of istepsihyyYalues ne

approxi mati on between the second internedi ate value and the end of the
curve. wher BMRMR®Sout put range of intensity values are proportionately

assigned g o the | NPt Rt setoltiilio iRBrmediate poirts aldify §RuRRAl US of claim

19 wherei'n the neans rdividing the range of input intensity value into
sections conpri sagpresentivg fherfunietioer ofithe eyes’ sensitivity ito cbangest indnteasity havi ng
a greater means fo’f determining the low intensity_section to be the values

along a stréight line approximation betwéen the beginning of the curve

and the first intermediate point selected;

10 means for determining the mid intensity section of the output @/
intensity range to be the values along a.straight line approximation )
between the first intermediate value and the second ihtenn_ediaie value
selected; S |

means for determining the 'high intensity section to be the values

15 along a straight line approximation between the second intermediate
value and the end of the wM;_
whereby the output range of intensity values are proportionately

assigned to the input intensity range.

20. 22. The apparatus of claim 19 wherein the means for dividing the v,
range of énput intensity value into sections 'C_Omprises;*‘ .
| means for determining the sections of the range having a greater
concentration 61 occurrences of intensity values; and
means for dividing the input intensity range such that the sections
25 having the greater concentration of intensity values are smaller than the

sections having a lesser concentration of intensity values.



concentration of occurrences of intensity values; and nmeans for dividing
the input intensity range such that the sections aving the
greater concentration of intensity values are s t han the séctions

- having a [esser concentration of Intensity val u% 'zﬂ ﬂm The met hod
of claim22 wherein: the digital inmage to be di'ther m#’ ed'toa
dar k. background; and the greatest concentration of occurrenc,se o intensity

values is at 5 the | ow i ntensPty val ues; whereby a section around
the-| ow i ntensity valsuesthe niikd .on around the high

i nt e\qs‘fty val ues. 24. The apparadtﬁgd% g’lhén wherein: 10 p
equal s 8 thereby provi dlﬂ@diﬂitamﬁagelorbeeameﬁ'wr&l?ﬂ\aied?ﬁﬁauaikue& q equal s
4 thereby providing an output intensity range of 16 values; and the range
of input intensity \bapwguné. andn ded into a low i ntenS| ty 15 section
md-intensity section an tens tion, arat uys of

clai m24 wherein: the | 0&7 @é“oﬂﬁ’ BPC‘I'W q';[ﬂtgﬁg&p?"(ﬁﬂ B

extends frog 0 to 54y E’Q"{“e"s"%ga'“es- t he m d intensity section of input
intensity vaI ues exten rom :

whereby a section around the low intensity values is smaller than a

section around the high intensity values.

24. The apparatus of claim23 wherein:
U 10 P equals 8 thereby provudmg an input intensity range of 256
values. .
- qequals 4 thereby providing an output intensity range of 16
values; and . |
the range of input iniensity values is divided into a low intensity
- 15 section mid-intensity section and high intensity section. .
25. The apparatus of claim 24 wherein:
the low intensity section of input intensity values extends from 0 to
54;
20 the mid intensity section of input intensity values extends from 55
to 156; and '
the high intensity section of input intensity values extends from
157 to 255.



to 156; and t ' [ 'mLsection of input intensity val ues extends
from1l57 to 2 ﬂl lm H' mﬂl“ e apparatus of claim25 wherein: the neans
for assigning a sectton®ofsSthe output intensity range to a correspondi ng

section of the input intensity range conprises; nmeans for assigni ng ‘out put
intensity values O to 6 to the low5 intensity section of

| nput intensity val ues; neans for ass& gning output intensity values 7 to 12
to the md intensity section of inpu? i'ntensity val ues; neans for assigning

out put intensity 2al UfRe aBparatusofichaiin e Whedeid:Nt ensity section of input -
I ntensity val ues; and 10339_ £ th(la means for generating a di tdar

matri x for each sectithe means fos assigning asettion githe oatput intensity réwsge toed r i X
corresponding to the | ow intensi tp{ sectiion having elenents in the range of

0 to 7; means forogesRanding.sectionof the input intepsity, rangsfOmAnsesiio the 15
T Tt ensity seotTon ha el BRRRHG bkt AR FlRe e YRR
having egenents in t hgydraity 3eionCoflifput intensity values; |
means for assigning output intensity val_ues 710 12 to the
mid intensity section of input intensity values;
means for assigning output intensity values 13 10 15 to the
high intensity séclion' of input'intensity values; and
10 the means for generating a dither matrix for each section
comprises: |
means for generating a dither matrix corresponding to the
low intensity section having elements in the range of 0 o7
means for ge\ne'rating._a dither matrix corresponding to the
15 mid intensity section having elements in_the range of O to 15;
" means for generating a dither matrix corresponding to the

high i,ntensify section having elements in the range of 0 to 31.



- 37 - 27. The apparatus of claim 26 wherein the digital 1mage is di t hered

20 using area dither and the dither matri ces C 0 7

1t 6 4 27 5 31 6 0 75 2 for the rratrlx WhIC
corresponds to the | ow intensity section; 1 15 Jm"wmum(umum

13 0 14 11 7 8 4 . 3B - for the mat ondsto
the md intensity section; 2 30 4 24 18 10 28

22 14 16 8 for the matrix which corresponds to the hlgh |nten5|ty
section. 5 28. The apparatus of clarm?”2F wherein the digital inmage is

di t héced using vector aligned dither and the dither matrices conprise the
val ues:

27. The apparatus of claim 26 wherein the digital image is dithered

20 using area dither and the dither matrices comprise the values:
0 7 1 6 '

v 4 2 5 3
1 6 0 7
5 3 "4 2

for the matrix which corresponds to the low intensity section;




10427153604271536110 for the matrix which 3
corresponds to the |OWI ection; 10 84 10 2 12 6 14 1 9 5 11 3 13

7 151 for the ' orresponds to the md intensity sectiwon; 15
| 016 8 20 4 ﬂ ﬂ 2 6 25 14 301 for the matrix which -
corresponds to t’he ch| gh y section. - 39 - 29. An apparatus for

dithering a digital image from an i nput range of intensity values to an
out put range of intensity values, the range3Epf_ val ues determ ned by the
nunber of bits representing each intensity value, said digital inmge .-
conprising pixels, eaclorshematmawhich carrespands o the midiintensity sedsions 5 U
associated with it within the first range of intensity values, wherein the
digital image is dithered froma p-bit representajion to a q-b|t
representation, the value of p EL BOcat A t | the value of g, said

met hod conprising the steps of: ns for dividinpg the input range of
intensity values into sections r sd at?Qe o k| ow i ntensi ty section,
md intensity section and high 1P [ﬁens {y section; neans for

di vidi ng the output range of int en§ t)?sval 9t p sections representative
of alowintensity section, md %a ctlﬂ and high intensity
section to correspond respective ;} o] t4he ensity section, md

intensity section and fgeqhe Hﬁﬂ‘ﬁhbﬁc&ﬁﬁiﬂdﬁaﬁ Lﬁﬁ?ﬁ?ﬁ fhg?ﬂesri]‘iiecto

intensity range, wherein the elenents 1 n eac ity section
correspon® to a quantized intensity value in the correspondi ng i nput

28. The apparatus of claim 27 wherein the digital image is dithered

using vector aligned dither and the dither matricésbomprise the values: \J

10427153604271536| |
10 for the matrix which corresponds to the low intensity section;

108410212614195 113137 15]
for the matrix which corresponds to the mid intensity section;

15 10 16 8 20 4 24 12 28 2 18 10 22 6 25 14 30|

for the matrix which corresponds to the high intensity section.



intensity section; neans for generati ng a di\therw’rra,tr,i._wpeach—#ﬂ{'ensi ty
section; the elenents in each dither matrix equal to the values in the

range between 20 0 and the interval spacin | lﬁﬂmum whi ch
~are representative of the nunber of internediate ﬂ' \mm Biibet ween
quanti zed intensity values In each section, said ekenent's dt gdni zed to

provide the desired visual perception of_ &jhe internediate intensity val ues;
means for retrieving a dither value froma dither matrix for each 25

pi xel “val ue the dithej majpi ﬂﬁl’_&ﬁlsGibF?ﬁ{en'@'aUdgﬂa‘ljrhg?é_ freivesh ifnPamdhebrw

depekdent upon the input intensity value of the pix means for

det er mi ni ng t he intepsity-vahsdstolemsoutputirange of intenpitycedlues; theerangeiad valugat - scal e
base val ue being the value less than or equal to the pixel value; . . 10 -
means for det er detgrmined by the: nuraberiof biss terresenting eagh intensity value, aiddigital; e
I nput -scal e base value; if, the difference, be ] i t 4 sity val ue
and the input- é’@égﬁcﬂg?@s\'?ﬂl%ﬁ%@apéggef h%ﬂﬁ%mgﬁé'&é%%yt%%f ‘P'éﬁ'l eved

di ther valueg 5 : ' i tyaih [HeC AR Vdhitdior the
pi xel to be gquaalss?%atteﬁerm %igﬂétﬁ@etﬁg?ﬁrﬂ ginhge ?g |@gf0ﬂ{g;vagdr%. F’bewhnemc?i ?Péér'ence
bet ween the i npyhapsisdithdrad Womepditdeplesentation to & qditrepresentatibnthe value

greater than the retrieved dither value, neans for setting the output ¢
intensity |evel ofgrbeinggisatesithartheevalupefiq, said:methad compdsing the steps of:
means for dividing the input range of intensity values into sections
representative of a low intensity '_section. mid intensity section and high
10 intensity section;
means for dividing the output range of intensity values into
sections representative of _é low intensity section, mid intensity section
and high intensity section\to correspond pspemiwly to the low intensity |
section, mid intensity section and high intensity section of the input
15 intensity range, wherein the elements in each output intensity section
corresp;_md to a quantized intensity value in the corresponding input
_.intensity section; _
means for generatihg a dither matrix for each intensity section; the
elements in each dither matrix eqdal to the values in the range between
20 0 and the interval spacing for the section, which are representative of the
number of intermediate intensity values between quantized intensity
values in each section, said elements organized to provide the desired
visual perception of the intermediate intensity values;
-means for retrieving a dither value from a dither matrix for each
25 pixel value the dither matrix the dither value is retrieved from being
dependent upon the input intensity value of the pixel;
means for détermining the input-scale base value for a pixel value,
said input-scale base value being the value less than or equal to the

pixel value;



10 . i ntensity value which corresponds to the input-scal e base val ue
+1. 30. The apparatus—of—etaim 29 wherein a greater nunber out put intensity |
val ues are Iocat e | ow intensity section than in the high |nten5|ty -
section to provi @"MI; IM IMS' on of dithering for input intensity
values within 1 Ity section. - 41 - 31. The nethod of
claim 30 wherein the |nput range of intensity values are sel ected according

- to the function of the eyes' sensitivity to changes in light intensity, the
means for dividing the input range of in#Rnrsity values conprising: neans
for providing a functimgafy tof Wetetibing & Gubitized IRUASAP Galle which

intensity; means for selecting two Inter late polnts along a curve

representing the éormesponds ¢ theinputyseale basesvdiue;i ty to changes in intensity;
neans for deternmining the |low intensity section to be the values along a

strai ght |ine approxi ﬂﬁtﬂecﬁlﬂ%ﬂ%bmﬁé the: inpwhintepsity valwe andthe inpyt-

d the f t t t t ed: f det the md
it enarty Secti onsaale Base Fels e fee€ iariripte TS shitersd HisaRBY e
b f
o6l oot od: Sand noamed ?‘5?@%%"%?%‘5’%‘ iéhhy fosPeR e pRAE TR RIS T,

val ues 15 quantized inten ud;iamd appr oxi mati on between the second
i nternmedi ate val ue and the end of the curve. 32. The nethod of claim29
wher ei n: If the difference between the input intensny value and the input-

scale base value is greater than the vetneved dither value, means for
setting the output intensity level for the pmel,to be equalto a quantized

10 intensity value which corresponds to 'the input-scale basé value +1.

30; The apparatus of claim 29 wherein a gréater number output
intensity values are located in ttie low iﬁtensity section than in the high intensity -
section to provide a higher precision of dithering for input intensity values within

15  the low intensity section.



the digktal image to be dithered is depth cued to a dark 20

background; the greatest concentration of occurrence
gccurs within the lowintensity section; whereby the
is smaller than the md and high Intensity sections.

TG RN EAE

€ t42". 33" The

apparatus of claim 32 wherein: p equals 8 thereby'prOV|d|ng an i nput
i ntensity range of 256 values; q equals 4 thereby providing an out put
intensity range of 16 5 val ues; the Law éntensity section of input

|t oaat 15 val ues oxt ore THEMethocfortaim! SWwHbrid oSl g St ibeRsf ydtit
i ntensity secti ars eélettad docbRrmIYeithy iRk of Mé}‘%ﬁssdn'éﬂm)lﬁ?cﬁahg%ﬁ\ light-

The apparatus of claim 33 wherein: the | ow section of output intensity
val ues ranges f intengity; theameass for dividing the inputvrange b{aum\ensnywabasmmprmngput

intensity values ranges from7 to 12

means for providing a function of eye sensmvnty to changes in

5 intensity;

means for selecting two intermediate points along a curve |

representing the function of the eyes’ sensitivity to changes in intensity;

means for determining the low intensify section to be the values

along a straight line approximation between the beginning of the curve

10 and the first intermediate point selected;

means for determining the mid intensity section to be the values

along a straight line approximation between the first intermediate value

and the second intermedggte_ value selected; and

means for determining the high intensity section to be the values

15 along a straight line approximation 'beh'neen the second intermediate

value and the end of the curve.

32.. The method of claim 29 wherein:

the digital image to be dithered is depth cued to a dark

20 background;

 within the fow intensity section;

the greatest concentration of occurrence of intensity values occurs

whereby the low intensity section is smaller than the mid and high

intensity sections.
25



I ncl usi ve; _and the hi gh section of output intensity val ues ranges from 13
to 15, inclusive; the dither matrix corresponding to the | ow
intensity seﬂmﬂ lllﬂ“mmrmm;ants in the range of 0 to 7; the dither matrix »
correspondin nsity section having el enents in the range of X
0 to 15; and the®dithd #fatfix corresponding to the high intensity section -
havi ng 25 elements in the range of 0 to 31. -43- 35. The
apparatus of claim 34 wherein the digital Fmage is dlthered usi ng area

C51I t heg imd t he di Sger 7@5;’)@;%&3%@@%?%%&%' ues: - 7 1 6 4 _,:-2

for the matrix whighs
corresponds to the | oV bailS Bithe viding &n mb'inﬁinté’ns ¥dngb of256 10 6 3
13 0 14 11 7 \éb %4 Por ?Eg%tr& corrngsponds to the md
intensity secti onvaldes;30 4

q equals 4 thereby providing an output intensity range of 16
5 values;

the low intensity section of input intensity values extends from 0 to

54;
‘the mid intensity section of input intenéity values extends from 55
to 156; and ' |
10 the high intensity section of input intensity values extends from W,
157 to 255;
34. The apparatus of glaim 33 wherein:
the low section of output intensity values ranges from 0 to 6,
15 inclusive; ' ' |
the mid section of output intensity values ranges from 7 to 12,
inclusive; and
the high section of output intensity values ranges from 13 to 15,
inclusive; |
20 the dither matrix corresponding to the low intensity section having o

elements in the range of O to 7; .
the dither matrix comresponding to the mid iﬁtensw section having
- elements in the range of 0 to 15; and
the dither matrix corresponding to the high intensity section having
25 elements in the range of 0 to 31.



ZI.LS 10 .20 12 6 26 0 28 10 22 16

8 for the matrix which corresponds to the high intenS|ty section. - 44 -
36. The apparatus of claim35 wherein the digital “ Eueﬂ u5| ng
vector aligned dither and the dither matrlces corrprl mﬁwﬂlu

71 5360427153615 for the mat#1 xc whi ci¥ cérresponds

to the lowintensity section; [err]0 8 4 10 2 12 614 1 9 5 11 3 13 7 151
for the matrix which corresponds to the nmid intensity section; 10

10 168 20 4 24 12 28 2 18 10 22 6 25 14 301 for the matrix which
corresponds to the high intensity section. 437. A nmethod for dithering a
digital imge from an p 34 (H B85¢ Hithdragoe

. substantially as herei %%e%rdeéﬁﬁélplg?égﬁngS %ﬁ%%ﬁgﬁgt ﬁisagfor di t hering
a digital inmage Usingiarea ditartaridthe ditherymaticgscomprise thetvaluest nt ensi ty range

substantially as hereinbefore described with reference to the acconpanying
. drawi ngs.

o 7 1 8
4 2 5 3
1 6 0 7
5 3 4 2

5 for the matrix which corresponds to the low intensity section;
-~ 1 15 2 12
9 § 10 6
3 13 0 14
117 8 4
for the matrix which corresponds to the mid intensity sectipn;
2 30 4 24
18 10 20 | 12}
6 26 0 28
: | - 22 14 16 8
; 10
W .

for the matrix which corresponds to the high intensity section.
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- 44 -
36. The apparatus of claim 35 wherein the digital image is dithered
using vector aligned dither and the dither matrices comprise the values:

lo4a27153604271536]

5 for the matrix which corresponds to the low intensity section;

108410212614195113137 15]

for the matrix which corresponds to the mid intensity section;

10 |0 16 8 20 4 24 12 28 2 18 10 22 6 25 14 30/

for the matrix which corresponds to the high intensity section.

37. h method for ditheriﬁg a digital image from an input intensity
range to an output intensity range substantially as hereinbefore described.
15 o
38. An apparatus for dithering a digital image from an input
intensity range to an output intensity range substantially as hereinbefore \‘)

described with reference to the accompanying.drawings.



