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Thi s invention relates to the field of conpression and deconpression of
dat a. .- BACKGROUND ART 10 Information is

G Thi S bi na &ﬁa&ﬁﬁﬁﬁ@ﬁﬁ&ﬂﬁﬁ%@ﬁ%@m&ﬁé@& ina

conput er system data storage is a limted resource. To nore efficiently
use data storage resources, data is often conpressed prior to storage
so that |ess storage areagi, c.data is retrieved, it
i s deconpressed for use. < 2t On can be denonstr at ed
by describing the way that inmages are represented in a conputer..
system the transformation of such inmages into a formsuitable for

printin nd t associ ated with such inmages. This
di scuss‘fgonﬂi S wml pti ons of conpression techni ques and

prior art approaches to 20 conpression. If a person were to

| ook closely at a tel evision screen, conmputer display, magazi ne page,
etc., he would f?ﬁh

of tiny dots, ﬁ?éﬁ@%ﬁ&%?@?ﬁégﬂﬂ?}g?gﬁ réé%og'rdﬂ&la ese‘%g%utsﬁ ar eﬂﬁnown as
pi cture el enents, or "pixels,"” when they are on a conputer display and
as dots when printed 25 on a page. The color of each pixel is represented
by a nunbez, val BACKIGROUND ART I mge in a conputer nenory, the nunber
val ue of each pixel of the picture is stored. The nunber val ue

typi call0y represents the color and intensity of the pixel.

Information is represented in a computer system by binary data in the form of
1s and Os. This binary data is often maintained in a data storage device. In a
computer system, data storage is a limited resource. To more efficiently use data
storage resources, data is often compressed prior to storage so that less storage area is

15 required. Wﬁcn the data is retrieved, it is decompressed for use. The need for
compression can be demonstrated by describing the way that images are represented
in a computer system, the transformation of such images into a form suitable for
printing, and the storage problems associated with such images. This discussion is
followed by descriptions of compression techniques and prior art approaches to

20 compression.

If a person were to look closely at a television screen, computer display,
magazine page, etc., he would see that an image is made up of hundreds or thousands
of tiny dots, where each dot is.a different color. These dots are known as picture
elements, or "pixels,” when they are on a computer display and as dots when printed

25 on a page. The color of each pixel is represented by a number value. To store an
image in a computer memory, the number value of each pixel of the picture is stored.

The number value typically represents the color and intensity of the pixel.
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The accuracy with which a docunent can2be reproduced i s dependent on the
"resolution” of the pixels that nake up the docunent. The resolution of a

pi xel is determ ned by the range of. t he nunber val ue used to describe
that pixel. T range of |, X thg nunber value is limted by the nunber of
"bits" in the ragy, Jithwhich a,dofument ¢ae be produeed iy dependéntomcthes o

bi hayi f 0). Th h . f
o1 1 S TERRRE o s o otk B foezed)] e hscbfone! Rtshdn: . For
Fuo. val ueteempisdd 58 Ringe B pilBVaid {84 5 8o Wi pfel “TpE el ¥ e, *
f I Qf: | £ o ile. .
osol ut 1 ane pAbER e Rl Bl BT ool ey AF moblty Fuaiple 1o BEFERE ™ o,

exanpl g dakh p%@l ?aﬁ?ﬁﬁ alb nlb\rghefrgﬂ{/ﬁﬁ%n\tag% W1 8r 6% Bhe gRafRP e MRS

320,000 bhits rmati o requi red to®represent a 100 X

100 pi xel of Ef%gé?vail?rig ef Bk, BRdréffer! the %ﬁiu;ﬁ@nid? W Abcrbrfent. F’K)rb%)é;ag?lé,ecj to as:

a "Franme Buffer” ray array ("G array"). and white
printer hgfed &89bHE bR Pexoéixarii ¥valdiile RirlstoRfle, B4 Bvo ValubiOdre avdiRble forthe | S, the
printer is only capable of printing a bl ack dot at a location or of |eavi ng
the 15 pieelatifawoldignite aViiiablepfoul IRER dof Tolod ob Entéisitp taesl apdllaBled! Wleand
white printer, the inmge " nmust be transfornmed so that its bit

resol ut i ogreamt rhalatibhis desirable; Staanldadmo gleatehesemrfidatagtorage. For eXfngle, if
transformation i s known as "threshol di ng" and consi sts of determ ning, for
each 10 eachipixsl is mepresentesbhy £ 32-bivhiyary nuiebdrc320,008 titstof timfotreationi wowld at t he
correspondi ng | ocation on the printed page is to be black or white.
20 be reqpiredhiougpresant a 409 Kt 110 pixed imegey Such biferrationds stoted dn phiatisi ng, a
printed i mage can appear to have many different shades of gray
dependi ngreériradde ap at F@mﬁglﬁff?ﬂ gegrayagay ("G arrai)t e dots. Wien every ot her

dot is black, fqr exanple, the resultjng printed inmage |, w | |_appear -
gray, be(t;Jausef f\ﬁ?éaq?ﬁtﬂ?g m*g%vae%refﬁagrﬁﬂfaﬁg? Rf/ oﬁlé";]%“etwg@(rt?é’te.l |°R/§Hz Wt?p erls
are capabl e of printin 0 er in n, the hori.zontal. and vertica
direction®: theZ%'%‘t%"e@a?fgﬁ CB?ab?%gs P&“ﬁ’@ ﬁﬁpf‘ﬁiérdoglat ?iq?lcg?{‘%t% of ;4Ye Mades of
gray n | : I I Ve . . white
dots ﬁ% afr%gat?dégali %)Ig{' eﬂ(ﬁgﬁf%ﬁo?gagg |1sat&?e&)§%xgetdiox: aaﬁ%lgﬁﬂit ‘?glg? gxamgk,ﬁgé( arXer that
F€gI ON aPRfu8Y Be transformed so that its bit resolution matches the bit resolution of the printer.

This transformation is known as "thresholding" and consists of determining, for each
pixel in the source image, whether the dot to be printed at the corresponding location on
the printed page is to be black or white.

20 Although the printer can only do black and white printing, a printed image can
appear to have many different shades of gray depending on the pattern of black and
white dots. When every other dot is black, for example, the resulting ‘printed image
will appear gray, because the human eye blends the tiny dots together. Many printers
are capable of printing 600 dots per inch in the horizontal and vertical directions.

25 Because of the large number of tiny dots, other shades of gray can be simulated by the
relative percentage of black and white dots in any region. The more black dots in a

region, the darker that region appears.
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As not ed above, when threshol ding, a decision is nmade for .each pixel, based
on its original color in the source inmage, of whether to print a

bl ack or white dot on the page for that pixel. Consider a.

t hreshol di ng scAensediitvsve, W thpdsildinga Bévisioh RirRslle for each PiRY, WadbE® oh TRIE
may be represented by 8 blts for exanple, giving 256 (28) p053|ble- 5

val ues. Qis ddgﬂx%holodmﬂlemhfwdnﬁgatofdﬁmmm printosiblack vEWhite &Rk iohi the | Nages \

Is to assign a black value to all inmage pixels with a value of 128
(out of 2%ape for thiwopizel. a@dnsider a thresholding schleme wheralehch pixgkinpiheedtoredi th a
val ue of 127 or below. Using threshol ding, an entire multi-bit depth

frame buf fgsayscale iipagmap besemasented byz8 bits for exameple.giving 2561 ®©8&) possible -
However, the resulting inmage is "aliased" (appears |ike steps or contains
j agged 2dgabes. 19ne ghresholing msthodishatodoesenct profiice veg rralisticnsmages s tor oduce
better imges, a_ threshold matri x i s generated and used to determn ne
the thr est?stigea blagkyalugro alh imaggqixels with : a valug of 128 (out of 286) pr abows, @ndrat r i x

uses different hreshold val ues for a X dependi on the
addr ess of%Whitsevalygy F PP‘ﬁ?St with ér"@&& 0% bégE’h dsing @fes{g‘ﬁ’@lﬁgﬁ

buf f : hol d ] h_has
iEdeSLngeﬁpufegﬁlééﬁ@Fﬁl : Oyl L8 Bt 55t i o Beh BT Bt e sare
ocat | on, IRV S%‘@&n&m&é‘%&“‘?w&ﬂsméﬁ 0 s coRARRGegist FePY 128

vl yo 1Z A3 dobs 0. LTRRRRRLOEL o BTRIRIE" A BRUOY NI et AhRRBOMLY 'S

i's an arr gyafk 1@%3:@?&1‘6:(9&1(“%@& to detemmiéQHé ﬂlré%ﬁolﬁéd 9&1@901‘ agx ellforlﬁgé gﬁ@f‘t the

0r|g| nal conti nuous tone I mage. Fi gure a frane

buffer (G arrayj thiskfidld baghC@es mﬂ%&;ﬁt thrés%mwal&es for an 1ma§é ?Héledé&ndﬁx@ Cts a

threshold matrix (T array), with indices i [err Fi'gure

1C depi ct sor the addfash OF Mg Fhkge Wixedlin Rhex @ira@r H&Ms(&cﬁrdeﬂ}@f thé fRme berdr and |
col unms (P[err]). Thus, for exanple, if the pixel maintains a value
of 123 ( Glcbrrspdridyuoe thigshold matriaoell whichthas as limdegendenethrésholdA8vdl.T[Hier | of
Figure 1B), the resulting value is O (P[err] of 25 Figure 1C) due to the
fact that thresheldxedtriv abadendt belthe samensize anbistdftee shraller thew die. Glaeraye Fore

resulting pixel array is created by threshol di n% the G array as foll ows:
example, at one location, an image pixel may be thresholded to black if its value is 128 -

or above, while an image pixel at another location may be black only if its value is 225
or higher. The result of applying the threshold matrix is an array of 1s and Os that
could be printed to represent the original continuous tone image.

20 Figure 1A depicts a frame buffer (G array), with indices i and j (G[i][j]D-
Figure 1B depicts a threshold matrix (T array), with indices i’ and j' (T{i"(j']D. Figure
1C depicts the resulting output or pixel array (P array) with i rows and j columns
(P[i][j]). Thus, for example, if the pixel maintains a value of 123 (G]] of Figure 1A)
and the threshold level is 128 (T1] of Figure 1B), the resulting value is 0 (P11 of

25 Figure 1C) due to the fact that the pixel value is less than the threshold level. Hence the

fesulting pixel array is created by thresholding the G array as follows:
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where Ji][j] is an array of the sane éi mensi ons as P but takes on many
val ues, typically 0,1,...,255. T[i'][]j'] is a threshold array, a
matrix of dinmension n threshold 5 rows by mthreshold colums and taking
on values in a range like G t'ﬁg’l cally 1,2,...,255. For the

t hr eshol di ng (iP'[h'[.i_i%l%GhMHa di'bf (ij) typically: i= i
modul 0 n " _) ~ b othedwigpdul o m 10 where nodul o neans the

remai nder after division. After this thresholding step, the
entire page can be represented in a nenory of 1s and Os by the sane
nunber of bits as there are dots on the page. Even at 1 bit per dot,

the anouniyhefe ORIEY 1 AP Githy Bf e BinCaiRthabAN RS @ buf%ﬁgﬁﬂ?g%?,g f@ﬁg s-8.5 by

11 15 inches a has a r'esolution of 600 dots per € anount

of menor ytyeedRo0,15..,255. TRHP] ®h Hésb) drad, ARRERRY be dirkdnsiHRP thiteshbid
nonochrome). This nmenory in a printer is referred to as a "buffer"”.
Menory 5i Sraws ©yPRN tir¥shoR 6BIaRRS land alEing toni $aladd @AY HRhFDSKEOG, typicallyeduce

t he amount of nmenory required in a printer buffer. In the past; this has
been 1,23..0256p [Hos kiecthbashalditgy(i')) isa fumotipu of@jjowypaller i t hn' to the data
in the buffer. Despite 20 the significant conpression which nmay arise from
t hreshol di ng, further conpression is desired. There are
currently conpression schenmes for single bit data. Sonme of these

schemes work pi'ef emeduloal |y better on data that was originally text and

some work better on data that was originally an i nage. Sonme of these
schenes includé Fu@efdwire 25 standards, such as the | TU standards, using
Huf f encoded run | engths and the JBI G (Joint Bi-level |Image.G oup)
st andard.

where modulo means the remainder after division.

After this thresholding step, the entire page can be represented in a memory of
1s and Os by the same number of bits as there are dots on the page. Even at 1 bit per
dot, the amount of memory required can be substantial. For a page that is 8.5 by 11

15 inches and has a resolution of 600 dots per inch (dpi), the amount of memory needed is
approximately 4.2 megabytes of memory (if monochrome). This memory in a printer is
referred to as a "buffer”. Memory is an expensive component, and it is an advantage to
reduce the amount of memory required in a printer buffer. In the past, this has been
accomplished by applying a "compression algorithm" to the data in the buffer. Despite

20 the significant compression which may arise from thresholding, further compression is
desired.

There are currently compression schemes for single bit data. Some of these
schemes work preferentially better on data that was originally text and some work better
on data that was originally an image. Some of these schemes include facsimile

25 standards, such as the IT U standards, using Huffman encoded run lengths and the

IJBIG (Joh;t Bi-level Image Group) standard.
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There are two distinct famlies of prior art conpression schenmes: |ossy and
| ossl ess. Lossl ess conpression ‘guarantees that no data will be | ost upon a
conpr essi on and deconpression sequence. For exanple, one |ossless

L1 ' hi t.he dat
CorPnss Oneat THIE are two AGHABIEACSE el B HSEARLER MpsEl! i aan® F212
| ossl ess Eg%ei§?§&s%ﬁﬂﬁ%sxoﬁ ?Earﬁﬂgéketﬂﬁt%ol%ata wﬂi’&%ét ﬂ%Hladcoprﬁ)résEﬁﬁed al ong

with the n mes it urs - "'0SSI*éSsS

COMpPr essi gy AEAHEssIHY s8ienBé OV IFdL é’kaﬁ@lé S&i%”l&'éﬁési 681 r&fsmﬁoga{e sion,

e.g., due to the "absence 0f repeating sequences 1 n the ource a for the

above  accoRipBSHRs this DSk tE@b%%arclﬁ't\gethEQiatatfér AGF HpRAthg deQR&HCES SuchOEP-€ssi on
I's used when storing 10 database records spreadsheets or word processing

files.5 "001001001001601003%y Ysihgnihisatddklesse Somprihsiah Sichér¥ e theOSequenber essi on

while risking a loss of a certain amount of accuracy. Hovever,
certain t300d% wéuldtber stored flongwith ahe dombert of times it! RGYsr £siRer I}Rﬁﬁeveﬁcur acy,
such as graphics images and digitized voice. As a result, Iossy

conpr essi lossless odmpressidn séheads amysnat hprovigea safisfactbryr leaeli of compfession,

The nost interesting prior art nmethod is set forth in the JBI G standard.
Pi xel s  e.g..adee 0 cbheasbmce rcnf trhprat;isgxaeqtsneas ior thersourceedata rfomithel sbavet i rel y
processed before row err] i n each row, colummi precedes

col unm[ er¢qam@th@n¢t elsmd%mrxerwcw% losglesss compsesrienis, used when\gbrisig

conpri aes set of nearby |er s that have already been encoded; If, e.g.,
ten dagpbase gecpEdse SRrEads 5%‘5’69"%"314{96?%83@ les.here woul d be 210 possi bl e

contexts. Base frequenc whi ch the urrent context has
been previ ousl 318?%’(?8&?1'8? @cguevleﬁggreat levelrpt} 8@@%&?@%" EP@&E@ P8P ?
rediction is If the

S PR Y A . B K T
I I
T mre%gff%?e%rcﬁ%ﬁx SE T LRGSO 1Tk

decoder S mation, and is .
t her ef ore a @ I'nter prrﬂgt EP?{E‘EIJns %S@gy%ﬁtgé)rdrrnﬁ%%{t he true val ue of
t he pipsel . The mo¥QnB34seifg pAor art method is set forth in the JBIG standard. Pixels

PCT/ US98/ 11732.
are processed in the usual scan order, i.e., rowj is entirely processed before rowj+1 and

in each row, columnj precedes columnj+{. Encoding the current pixel uses a context,
which comprises a set of nearby pixels that have already been encoded: If, e.g., ten
pixels were used as a neighborhood, there would be 210 possible contexts. Based on
20 the frequency with which the current context has been previously encountered, the
encoder makes a prediction and estimates the probability that the prediction is accurate.
If the estimated probability is reliable and near to certainty, then an arithmetic entropy .
encoder can losslessly encode the prediction error (e.g., 0 for no error, 1 for error) with
much less than 1 bit per pixel. The decoder has the same context and frequency
25 information, and is therefore able to interpret the O or 1 to determine the true value of

the pixel.
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al., which is directed to an encodi ng net hod for inmage bitplanes using
condi tioni ng contexts based on pixels fromthe current and previous
bi t pl anes. 5 SUWMMARY OF THE | NVENTI ON

The present invention provides a nethod and apparatus for conpression of
dat a. Whey eas t erfor f, coppressi on schenes .of . the prior art
are often deper‘éf@r?iso B?S'%ab&%t Hgﬂg'%g-lﬁﬁle ga@@f‘hﬁ 'oﬁ‘ﬁ‘llé’s'ééléf,e"t@ﬂép

i nvention provides for e.appljcation of a .10 . pluraljity of conpression
sehenes « dBiapEodEE sind, B 3R biftessSasBe HratimoR PhrsSassd of TS

achi eved. fisst enpodj ment pr.oyides for conpression of each pixel by one
of a f&dﬂﬂea‘f‘ﬁr’fegip%’fd%?‘?‘éf% an8§itropy- based conpressi on schenmes based
upon a probability cost anal ysis. A second enbodi nent provi des.-for
conpressi on of each pixel based on a hybrid context forned using a

pluraligy of conpression s (OF FioNp! obabi lity

determ nation, and thus inprov e op C 0. The first
enbodi ment of the invention provides a nethod for choosing the nost
effective conpression schene per pixel. Anmltiplicity of conpression’
schenes are The presdnt #8Enteschrovide&sd m¥Bbd énd sppamaRdbiédsbradsidh Gfafath. scheme
on a pixel by pixel basis. After associating a cost” with each schene,
t he nmet hodwaeleasthe padbiemde b eoripeésidl §oheinky 6f e pridd artlagy\Bfién Sepehdsht COSt
schenme on a pixel by pixel basis. The sel ected schene provides a

predi ct ed omatheaypd of data being enmppessed| theridventior provides efon thet fyplipattdmabf hi ty

that the prediction is correct. The correctness of the estimate,
ei t her 1@ r ypumalityf efl compréssion lsehrenees ¢wihe dats guchrthat improved tcompyessioo gdtios ahi ch
uses the estimated probability to encode the true or false outcone in

| ess t han ashievedt A girspvsrakadimens tprevideselor icompeassign s z8¢h pbyl by amecefr ate and
not 25 in the vicginity of 0.5. Typically, .the estimated probability is
gr eat er tﬂgﬂmg.%@l. differeg entropy-bgsedceppgsgsigh srig s Ased fpen 8 RFOMSBtEARYdi ng i s

per formed éjnséiyggs. 2R s%cr:clar} gﬁgold(i\'mgnrt] Cp?'gwlligg for comp?ers%((:)g ot each pixel based on a

hybrid context formed using a plurality of compression schemes for improved
15  probability determination, and thus improved entropy encoding.

The first embodiment of the invention provides a method for choosing the most
effective compression scheme per pixel. A multiplicity of compression schemes are
utilized and a cost value is associated with each scheme on a pixel by pixel basis. After
associating a cost with each scheme, the method selects between the most effective or

20 lowest summed cost scheme on a pixel by pixel basis. The selected scheme provides a
predicteci value of the current pixel and an estimate of the probability that the prediction
is correct. The correctness of the estimate, either true or faise, is then encoded by an
entropy encoder which uses the estimated probability to encode the true or false
outcome in less than one bit, provided that the estimated probability is accurate and not

25 in the vicinity of 0.5. Typically, the estimated probability is greater than 0.95. In a
preferred embodiment, the entropy encoding is performed using an arithmetic encoding

process.
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I n one specific enbodi nent, one of the 7corrpressi on schenes utilized is
referred to as the "inverse" schene. The inverse schene predicts the
gray value of a frane buffer pixel. The schenme exam nes a set of

recently scann | Xxe t flne ar W thin whi.ch .t.he .pi xel under
consi deration ﬁrgoxfei %g%ﬂ?}cteﬁnbggﬁqnﬁfﬂg °f§’%§8mi’§s%%‘! %ﬁhﬁi“ﬁaﬁﬁﬁiﬂd lgref 9 ows.

For each Vi QU G piptel. e : v d soci at ed
t hr eshol dR{JIe ilhge‘?%%rr%ngsgﬂ&lﬂ—%r Té)%é%%’%, s%h?ﬁ??é@&tl%?gg%g%age\{agﬁl%ggﬁe[ he

t hreshol d : L, &~ L Sl nge of
150 to ZSEQH?(@l?ﬁé t ersecgﬁ%f:%}e‘gm\%g? ggﬁlcif%@eﬁﬁ?k%‘ﬁﬂ%%gingsetbﬁ#@%tﬁo eg val ue
IS in thewihio®hieh ik dikeltder chiGidéradict & Eiﬁ&grt@'?ﬂﬁ The rahe i HEERRALLLS M th
the simlarly determned range fromthe next closest né€ighbor pixel.

The intser ¢g1idwddg of the threshold matri x ranges continues for each previous
nei ghbor pixel until all pixels have been analyzed or until there is a
contradi ctian, For each prviduylyt dvafined piRélgehe treshelaed el hndhihe hashistgatétd conmon
overlap with the nost recently cal culated range. A value within the
nmost r eceurireshobddiefineairange. oy exarsple /i€ the thiBshobdisclS0dd di: thresksliededlee of t he
val ue of the pixel under consideration. The difference bet ween t he
cor r espondi hghe preethieshaldedhialee &iinl thelrengesifi 158 t@2i55: allf wige thseshbldnd value us at ed.
Subsequently, a probability table is updated which records the nunber of

ti mes a bOnahe pre-thresholded (valueois inethe range pEOutor &40.wi The resaltingi fahge dhice
calcul ation. This probability table is used in the encodjng stage.

20 10 intersected-wih thecsimiery determined rapge fram dheaext ¢lesestasighbeepixehbove i s
one simlar to_that . g% JBI G rgferr,ed to as the "context" schene. A
set of pixels iednterssaing,of ther thigshold matrix sranges; eqpiintgd, I eACh PIEWORhe pi xel

e e SRR P b R e e et R RS
ds t i | | 1 ' f
cach soquiRBENGREL 5 daphd TP Snchploh B s o Romfhol Pty (¥ 16E Wik 0
whi oh t ho AEaRY BaERa T W0ke witn b sfhy SHREN Y & bk U1,
15 selected as an estimate of the value of the pixel under consideration. The difference

between the corresponding threshold value and the estimated value is then calculated.
Subsequently, a probability table is updated which records the number of times a binary
one (1) or zero (0) resulted with that difference calculation. This probability table is
used in the encoding stage.

20 A second scheme utilized in the specific embodiment above is one similar to that
of JBIG, referred to as the "context" scheme. A set of pixels in a frame buffer are
selected. Subsequent to the pixel set's thresholding, the thresﬁolded value§ are
concatenated to provide a binary number. A frequency table is maintained which
records the number of times a binary one (1) or a binary (0) occurs for each sequence of

25 binary numbers for the pixel set. The concatenated binary number is used as an index
into the frequency table, from which the probabilities for use in the encoding stage are

derived.
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In the second enbodi nent of the invent ison, a hybrid context is forned using

a first nunber of bits of the hybrid context to store previous pixel
I nformati on gat hered using a first conpression schene, and using
further portions of the hybrjd context to store previous pixel

i nformation gatRdicegcord srbasiment of thesinxentionna fybradreniextiis formedising &  are

SLor o0 1t A SR R R 0 OS2 B GRS |
B £t R i e, ot Bl BB SRS

P ebabt et i ity Gl ey GE RS SRERBL RS, SRR 7,
cort s, e BN BBt S g L, OB OIS RS

store receptddior i ?ﬂ%@%bﬁhi‘ ShfoMAAHAR In in}@ &g ix'ih%k&hﬁg 3&%@%}?% forde Or dance

with the context ( sthene. A table, 1 ndexed context, is

formed corhabht pigel! MheRioAdatatibh bF difRfend pibdsilityPdet@miniie YéHathek Rl Spect i ve
six-bit JBIG 15 context and the respective Seven-bit gray val ue

di ff er enceredtdd prebatilityovatids’ forAsacke pixedPiind correspeidinglgr high&rod@apiebgopi X el

val ue based on the prediction and the probability determ ned fromthe
hybri d comatios. . ' BRI EF DESCRI PTI ON OF THE

DRAW NGS 20 Figure 1A is a sanple table representing a frane
buf f er10 In a furthBr specificidmtiodinent,canbireeet ditl hybrid wontextris ifommedl tdingshol d
mat ri x. . Figure 1Cis a sanple table rep_resen;in%the resul ting
pi xel arr &pvery bit§ to store tahguankigaddgray valupudiéfetenceidetsrmiBed usiig the inverse Fi gur e
2A is a sanple table representing a frane buffer with enpty cells to be
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table reDra%cs:oergaxllcg i?h tthercgrsxte)cc)t (SiBfEstsgllle);ne. (t:ablel, ?n e}ul,c{ {))% ﬁ% ﬂy%rid context, is

formed containing the probability for a given pixel, having the respective six-bit JBIG
15 context and the respective seven-bit gray value difference, to be "0" or "1". An entropy
encoder encodes the pixel value based on the prediction and the probability determined

. from the hybrid context.

EEDESCRIPTION OF THE DRAWINGS
20
Figure 1A is a sample table representing a frame buffer.
Figure 1B is a sample table representing a threshold matrix.
Figure 1C is a sample table representing the resulting pixel array from
thresholding figure 1A with 1B,
25 Figure 2A is a sample table representing a frame buffer with empty cells to be
estimated by the present invention.
| Figure 2B is a sample table representing a threshold matrix which is utilized in

predicting the empty cells-of figure 2A.
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Figure 2C is a sanple table representing the resulting pixel array which is
utilized in predicting the enpty cells of figure 2A Figure 3

Is a sanple probability table which is utilized in the context schene to

mai ntai n stati Fhee 2C isda sample tableHefittétiig | the Fedul e8P iy QABNSL rati ng
the switching nmethod of the gresent 3 |gnventiotir?.g Qix égl gure 5
is a flowndiirgriapredtoingshe ahptpGellduf fighieease schene. Figure 6
Is a flow di agram denonstrating the process of calculating the g-

estimate of an RigureB\isi samplé probability tableivgiicleis tilisedinf the Wostedicheme to

denonstrating the context method. Figure 8 is an illustration
of one eniamintaimrstatisficsa hybri d cont ext. Figure 9 is a flew

di agram of an encodi ng process inplenenting a hybrid cont ext .
Figure510 i s alhgppidny adilewy diagrdém demofistratieg the swaiching methad of thebmesenent of
the 15 invention. Figure 11 is a pixel diagramillustrating
near est néavgnbons for a nodified JBI G schene. Figure 12
is a threshold diagramfor a nulti-bit enbodinent. Fi gure 13A

is a bl ock di adnigwe afis aflew diegiamglenopvting the ipyersasshemeent i on. 20

Figure 13B is %:,bl océ<,di ram of a hybrid context enbodi nent of the

i nvent i on. igure 6 is a flow diagram dempnsiyafing) ths=gragesst PHRalCHatRE: thavgENT| ON
A nmet hod and apparatus for conpression of data is described. In the

fol | owi ngestggatgggepf%etry n nunmerous, specific details, such as the use of

pr ovi a8 & ot o 'CRGF A BGPERRASTRG g s SoRsaCppme | | OTOe 1O

Figure 8 is an illustration of one embodiment of a hybrid context.

Figure 9 is a flow diagram of an encoding process implementing a hybrid
context.

Figure 10 is 2 mapping diagram for difference values in one embodiment of the

15 invention.

Figure 11 is a pixel diagram illustrating nearest neighbors for a modified JIBIG
scheme.

Figure 12 is a threshold diagram for a multi-bit embodiment.

Figure 13A is a block diagram of a switching embodiment of the invention.

20 Figure 13B is a block diagram of a hybrid context embodiment of the invention,

DETAILED D 1ION OF THE ON

A method and apparatus for compression of data is described. In the following

25 description numerous, specific details, such as the use of the context/JBIG and inverse
schemes, are set forth in order to provide a more thorough understanding of the present
invention. It will be apparent, however, to one skilled in the art, that the present

invention may be practiced without these specific details. In other instances, well
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known features have not been described in detail so as not to unnecessarily
obscure the present invention. Current conpression

net hods akeovebfpshiresdinve mobbaes descrihed imsigtailisoas agti tonepnecessarily ohgaure ther i ng t he
nodel i ng stage, the probability that a pixel value will be a binary one 5
(1) or zeP¥S¢R§ynYequ@d: npted. During the encoding stage, this probability -
is utilized to onpr ess or el s. , A disadvant age

C ncode the pi
associ at ed wi ¢ FUFER| EPEFoEHeR methods e eareRrisel ot ompitlingdid) msncodigme | s
t hat sonme _sch S rk bet.ter on_ dat hat .was . oriqginal]y text-and
sone wor ksﬁﬁ'ﬁﬁnﬁg’&ﬂ%@%k%fm%?eﬂ&@f’m fhat %\PI‘XFIT?@B@.W‘hg"e Cbindry' Gt The
present i pvent.d vier Cones .t hy l,.sad by, applyi.ag a pluraljty of
0" a1 Pt o[t JeBA PR SRR Dofnd WA RGer ol B B . O
costly sc ' e bitg . &@g‘g o, 4 h a,ln a
second en‘go l}%snt?r ga%ﬁitesc eﬁgdls's R hl§'are Gt g&n;?%cgﬁ‘gllté\e I'n oth:f single
hybrid co 951 ' t i 1t h each
of its cons 'J%Eé_elﬁl'?m;ﬁ%gﬁng%emgk%@q§th%%%9§ﬁn%o%?rﬁgﬁ the Tnvention,
as illust bﬁgi%ﬂllj{ exb bkt écRneworkbRtdrdARiat tﬁﬁtm%rigﬂxﬁllyﬂﬁirﬁfé[e.em ively switching
between the nost effective conpression schemes on a pixel by pi xel
basis. The fir ghepr@RnOinvétinoveicohes thisraisi@ntage Hyaipphfing RGNGRY &f
multiplicity of conpressi on nodel i ng schenes which are going to be
used 4@0. differemensielingschiefies of each pixel. t nconieransidiraent, e desEco3tlpistheny t 0
that of JBIG referred to as the context schene, is utilized as one
of the schetwans bhbithis usediel dompress dpalataarid a deeonid embodimeénts elwbnsehérne i20
utilized as_another scheme in the nodeling stage. Prior to
sel ect i ng redugediand cognbingtkinte, a single dybrichcerapiessiom behemathaing dhe adwantageshene
404. Thus, the cost for the context scheme and the cost for the inverse
schenme ar @ssociated wigh eaphf étg corstiient ssBe/8e% on bel ow). The schene with the
| owest sunmed cost inh a pi nei ghbor hood_around the curre (’gd pi xel

xel . .
i s sel ected 406?“%":%!"1“%%&? fheripvegHopas ; SEPfet dy igure 4, provides a me

15 of selectively switching between the most effective compression schemes on a pixel by

pixel basis. The first step of the switching method is that of choosing a multiplicity of
compression modeling schemes which are going to be used 400. In one embodiment of

the invention, a scheme similar to that of JBIG, referred to as the context scheme, is
utilized as one of the schemes in the modeling stage, and the "inverse" scheme is

. 20 utilized as another scheme in the modeling stage. o

Prior to selécting a modeling scheme, a cost value is calculated for each scheme

404. Thus, the cost for the context scheme and the cost for the inverse scheme are
calculated (see discussion below). The scheme with the lowest summed cost in a pixel
neighborhood around the current pixel is selected 406, and the current pixel is encoded

25 using the selected scheme 408. Subsequent to the encoding, the next pixel to be
encoded is selected, and the process is repeated. Such a calculation of costs and
encoding for each pixel permits the most effective or lowest cost scheme to be utilized

to encode each pixel independently.
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pi xel to be encoded is selected,ypnd the process is repeated. Such a
cal cul ati on of costs and encodi ng for each pixel permts the nopst
effective or |owest cost scheme to be utilized to encode each pixel
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In the above er%(gl?ﬁ af‘raé)r‘{% ,empﬂ%lmleﬁngresuewe& sézﬁ%m%;r)reegxlc&sttge P vgalrugyéf\lﬁme of a
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bit is reguobbilited semanaerddiR. If eifler Piobabili§Ss highNGe. clbss WBAE SBé® fuch”
To establish the probability, the inverse schenme predicts the value of the

current5 less thyn ot bibig reguineil & drgbadthe ke bit, resultigl iglkb@bidision) xel s. The
t hreshol d ranges of the nei ghbori ng pixels are intersected until

either all of tTerestabliglk thelpaotmbilitynhe inverss suhemd peadicts the valuaeofrthd g@sergease t o
intersect. If a neighboring pixel range does not intersect with the 10
previ ousl| ypixehtlyr sxarbinthgfanalyking aitsg asightidningppizels.o uThey thresheld eatges qfi thel

ranges are used as the resulti.ng range. A value within the resulting
range i s dJeighbordng pixelsard interssoted gntij either all of thetrangen hevthbean interseeteflar t he

pi xel to be estimated. A table_is then created which records . t he

pr obabi | i ttheganganeease &0 intersechi Hag peighbarimg\pixal range slogsh got( infersact svithethy ( 0)
based t he . . difference val u%. The propability that a pixel will be a
zero (8 dwevopsly intersecind RIXGlTARESS, the previgushhmiexsectsd iyl sangge are used as
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Additionally, in the above embodiment, a scheme similar to that of JBIG,
referred to as the "context” scheme, is utilized. A set of pixels in a frame buffer are
selected and thresholded. The thresholded values are then concatenated to provide a
binary number. A frequency table is compiled which records the number of times a
20 Dbinary one (1) or a binary (0) occurs for each sequence of binary numbers. The
concatenated binary number is used as an index into the frequency table. As a result,
the frequency table maintains the probabilities which may be uﬁﬁed in the encoding
stage. The values in the frequency table may be scaled down at intervals to reduce the
storage requirements of the table.
25 Though various embodiments are described with reference to a "frequency”
table, other means for estimating the probability of the current context may be used to
implement an embodiment of the invention. Typically, a numerical value representative

of a statistical history of a context is stored, though the extent of the history may vary
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inverse sghg@e is a schene which estimates the probability during the
nodel i ng stage for later use in the encoding stage of the present

~

I nvention. Referring to Figure 4, the nodeling stage includes steps
400, 402, and 404. The encodi ng stage i ncl udes steps 406 and 408.
Mor e speciiii JB/CO! S6I chenes are utilized after the

pi xel (p) has been selected 402 and before or as part of the calcul ation of
costs 15 404. The inverse schene is unique and novel in its approach to

estimating the pixel val ue. The inverse schene scans the pixel array
(PLi]1[1Q) row Biherioverssisclpmenisor seleimenwhich estifatesnthe probabiity dedaginksd pi xel s
and the threshold array to predict the current pixel. The

esti mat e avodeting glags fordaterusein the ehepding stage of the present inventionl Refatingtar e t hen
used to make a prediction, with a probablllgﬁé/2 as to the value B24. This is

derived f fghre A the med @imgvstaﬂﬁsm@e@%rsmﬁéeg t@é%t%@@p@o@m stagence of

the gray estipate and the t hr al u
gray F‘;nchlldes steps 4%6 and 408. More spe01 callc;r, \t/he compression schemes are utilized

after the pixel (p) has been selected 402 and before or as part of the calculation of costs
15 404. The inverse scheme is unique and novel in its approach to estimating the pixel

value. The inverse scheme scans the pixel array (P[i][j]) row by row using information

from previously scanned pixels and the threshold array to predict the current pixel.

The estimate of the gray value G24 (Figure 2A) and the threshold value are then
used to make a prediction, with a probability, as to the value B24. This is derived from

20 the previous occurrences of the arithmetic difference of the gray estimate and the
threshold value.

To perform the estimate, a small set of pixels (S) is utili;ed, near to P[i]{j] that
precedes P[i][j] in scan order. T hus, referring to Figure 5, the first step is the selection
of a pixel set 502. In the present example, the scan order is from left to riéht. Thus,

25 the pixels of Figure 2C would be scanned in the following order: P11, P12, P13, P14,
P15, P21, P22, ..., P45, where Pjj represents i rows and j columns. Referring again

to figure 2C, the S-set would likely consist of the values scanned prior to the relevant

pixel and nearby. The relevant pixel is P24 due to the fact that it corresponds to the



To perforwoidsss4mti mate, a small set of pixels (S) is util iESUSIEAP2t o
P[i][j] that precedes P[i][]] npscan order-. Thus, referring to _
Figure 5, the first step is the select of a plxel set 502. In the
present exanple, the scan order is fromleft to right. Thus, 25 the

pi xel s of Figure 2C woul d be scanned in the follow ng order: P[err]
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estimte o i1[j] (the value of the piXxel prior to thresholdl ng)
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In other words, an estimate of (err] (of Figure 2A) may be obtained by
know ng tditaamtaﬁﬁnatylwesulﬂ&e(\tahfeavﬂkyefﬁiguﬁ[mr]Sﬁﬂﬂdﬂygunestﬁﬁéte‘oﬁﬁzgsed as
the threshold to obtain a binary 0 result (the value at P[err] of

Fi gure 2Qpf Figure [22)Imay beroktainedrby knowingf that the value 2(Softhé-ivglue eat Z2p oy be
obt ai ned by knowi ng that the value 219 (the value at T22 of figure
2B) was uBgute38)twas usedastbe thresboldiio pbtaima binagy § ©sule§be value st Rpgl ofe at
Plerr] of 10 Figure 20). _ Referring to Figure 5, after

sel ecﬂOngFi.guwC)af nei ghboring pixels 502, a pixel that has not been
previ ously sel ected (I;Isl%l I's selected fromthe pi xel set (S) 504. Referring
to Figure 2A Refsising tosfigureds af@éelm}tmwﬂeaoiiﬁ;lwgng pixels$0Begpixel that
estimation. If this is rst pixel to be selected 506, then a
first inteasngt vawuslv S?}éct%(NP)%ﬁwrg! froqm the plzs,%l se&fﬁ) 304 eRefgrringey el
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value (BTV) is equal to zero (0), then the value of the pixel (NP) may be assumed to be

lower than the threshold level 510. Conversely, if the binary thresholded value (BTV)

is equal to one (1), then the value of the pixel (NP) may be assumed to be higher than
20 or équal to the threshold level 512. Thus, assuming, as in the preferred embodiment,
that the pixel values are made up of 8 bits (256 different values), the minimum value is
that of zero (0) and the maximum value is that of 255.
The following equations set forth what the range of Gfi]{j] (NP) is depending
on the resulting binary thresholded value (BTV):
25
t S G[i][j] = 255, if the BTV of P[i][jl=1
0 < G[il[j] < t,if the BTV of P(i][j]=0
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m ni mum val ue i s - that of zero (0£ and the maxi num val ue is that of
255. The foll ow ng equat i4ons set forth what the range of
FJi][j] (NP) is depending on the resulting binary threshol ded val ue
(BTV): 25 t [err] Ji][]j] [err] 255 i f the BTV of
PLillj] =1 . : OLQW].G[L}[J'] <t, if the BTV of P[i[]j]
=0 If the bipgyyghyeshnlded value (BTV) at P[i](j] is equal to 1, then it may be inferred that
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| ess t han @O ueRgf 179 edial B SYfRatéGhad h@o.biﬁﬁﬁm%,hfqungh q?‘égual' to aval ue
(BTV) at P13 is 1. é value which was used as a threshol'd was 101 (the

val ue binadt 0 ddBthe thrEdtl Sale T[] dis legsdl td 200, theR Rt ey BS fnfeddedlat hat t he
val ue of GL3 (NP) of Figure 2A is greater than or equal to 101.

Si mi | &0l y thet yabuebat rGi}fj] tih ieas b @90. VRéfaringfto Figure P2, thefbikdrg ulestitiged s O.
The val ue which was used as a threshold for P22 was 219 15 (the value at
T22 of Fi Yalue BBY) aRissis dudie vplue whichayassed g arthusshaldh svast19d Ghel wlveat 22
(NP) is less thanp, 219, Al though the above .exanpl es of Figure 2 denonstrate
that the & 113 of Kigie 28} &s® @ﬁ@t,éwwggpdvt%muqqaﬁlar@ao@

respectiv%l y), .to utilize the I nverse schene of the Present
1

| Pvent | on FLBHS Picie @seabt than oigaRal @ 104, oHimBadE: ety Eesholded JacRred, 20
Based on g B HJRL 58) 0.t Hhe b WHRSH A8 BLoACh % ehdiRolt PR35 SR

esti mat es
15 (the value at T22 of Figure 2B). Consequently, it may be inferred that the value at G22

(NP) is less than 219. Although the above examples of Figure 2 demonstrate that the
values of G13 and G722 are already known (147 and 205 respectively), to utilize the
inverse scheme of the present invention, estimates of all pixels in an S-set must be
performed.

20 Based on the estimates of the surrounding pixels, the inverse scheme estimates
the desired value at G(i]{j] (200_). To make the estimation of X at Gfi][j] (200), the
intervals for each of the pixels in S are intersected. Hence, referring again to Figure 5,
subsequent to the first pixel 506, the intervals associated with the remaining pixels (NP)
in the pixels set (S) are intersected. The intersections are performed sequentially in

25 order of proximity to pixel p. Thus, the intervals associated with the pixels from the S
set are intersected one at a time beginning with the pixel closest to pixel p. Referring to

Figure 2A, if pixel X 200 is the pixel to be estimated and the first pixel to be analyzed is
that of G23 (with a value of 234), the next pixel that would have been scanned is that of
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(200), the ' intervals for each of ghe pixels in S are intersected.
Hence, referring again to Figure 5, subsequent to the first pixel
506, the intervals associated with the remaining pixels (NP) in the

pi xel s set (S) are intersected. The intersections are perforned

sequenti | 0 ofmwir 01 mt ' . e._interval s
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anal yzed/ i nter sect ed 5 14. 1If the binary thresholded value is zero (0),
t hen oncevfgaiof thd pixes (MPOWould '@k thft€of one lesy ahate the' thedshbld VAloeshpbdi ng was
| ess than the threshold value (T). Hence, the nmaxi num val ue of the

pi xel ( NPyxameple.cthe dinarsathresholdae velue of tRpan(NBe(of Figah AQ) isd).udherFemlue
exanmpl e, the binary threshol ded val ue of Sﬂﬂerr] (NP) (rof Figure 2C) is O.
The val uewhich was\gpechanadhigshald fer B22 tyas ahe yalupap Taa ofokigure BB)val ue at

T22 of Figure 2B). .10 Corjsequentl%/, it may_be inferred that the val ue at
&2 (NB) &gmresgsntbhahmme dpfesretbthat the valye at G2 (RIPLds ks Khan 31908 theess t han
219 or 218. Hence, NP has a range of from?O to 218.
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value. For example, referring to Figure 2C, the binary thresholded value (BTV) at P13

is 1. The value which was used as a threshold was 101 (the value at T3 of Figure

2B). As aresult, it can be estimated that the value of G13 (NP) of Figure 2A is greater

than or equal to 101. Hence, the minimum value of the pixel (NP) would be that of
20 101.

If the intersection of the intervals as already determined does not intersect with
the current NP's range, the process stops. As a reéult, it must be determined if an
intersection will occur at all (steps 516 and 518 of Figure 5) If the existing interval
level is greater than the threshold level, and the binary thresholded level was a zero (0),

25 then the ranges do not intersect 516. For example, if the BTV is zero- (0), the existing
interval k;vel is from 210 to 255, and the threshold level is a 200, then the ranges 0-199
and 210-255 do not intersect. As such, the process stops without including the current

NP's range in the intersection.



| f the i nwessssssson of the intervals as already determ ned RICHESIBELTI2.

I ntersect with the current NP s {6ang the process stops. As a
result, it nust be determined if an intersection will occur at all
(steps 516 and 518 of Figure 5). If the existing interval | evel is
greater than the threshold IeveI and the binary threshol ded | evel was a
zero (0), 25 h range do n I nt C For _ ex I f the
BTV is zero (0)g 2= gmterv fsn‘F%sr é‘FS}eé‘}@F qid I?Vrebrﬁngr{geg’é‘%& and

the th 200 Q- d 210-255 d
e it o Bpsho %ﬁgm?vagme Eﬂr)o'@\sgéheﬁgeéegnfgaefﬂa&tﬁrwﬁléd.%%”w ont

:;ICP:T/S Ursg Q?Whg or'xen( l?r g (e:JEl'stgnng interval level is from 09 I%g % the threshold le\i% is
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then the VI@JEQE Qatéé(}eﬁﬂﬁn%gﬂe fervdl o e tarl @fo?ﬁ&%ierse&fﬁms oér}’ Wf%%r BRYCESS

st ops. ot’her assum ng that an intersectl occur,
then the %m%!zu,rw FigiresyalFor example£if the dafigd RIALAE piXed A (d fixeNf &8st Nt erval
to the range of the intersection (St eps 5% , 522, and 524 of Figure
5). For exedRinéty tb hikehd) wan geeateprth@noRequiak & 260 (200253 ahd thd aa@s tfor
proximty to pixel p) was greater than or equal to 200 (200-255), and the
range for some othes pixel Bi(the pixei inalexBcl¢destepromimity to pixalkp)twad kessaﬁtanarm)(()m ty to

pi xel was | ess than 210 (0- 10 210), the intersection of the two
i nt er vl s 218), theintez@otionoPthe two intervals is from 200ke2 it er sect i on of t he ranges
in close proxinmty to pixel p then continues. Continuing with the

above exanpl e, Theeintemsestioneof therrapges- in1dosgoprogimityety pixel pt des contigues.
with the next, previous pixel in the scan. Referring to Figure 2, assum ng

that the &optipuing with the ﬁé«?\@teecaeplet the infersection 290316 &oelda@ea ibe dntsssecteds upr a,
to estimate the val ue .of X |nte val s .for the Lgatxﬂew§ in the

S-set (t hd¥Hh {bg nexigredpuyRIRgl Pn&te;ﬁc%‘b éﬁ%e%“é ? ’tgPY‘Fa? RISURRE -set

i nt er sect ed Thu

ot imat o daeppre st T Sygl eh Sisehed S, b Rp oo bR f $uPUE B “ana
of P o) Wegfyiﬂﬁ*é e HE R o, m BBl 1o R A Sl i T

teﬁ t j[ mat ed jhiefecteld.eThis, Mefirsiifixd tebd &tinfatedns dat 661035, T és‘ﬂfaatd)#ﬁatt@zj he fact .
a

would be, its binary thresholded value (BTV) and its threshold value are examined.
The binary thresholded value (BT V) of P23 is 1 and the threshold value is 197. Thus,

it may be estimated that G23 must be greater than or equal to 197. Due to the fact that

20 the pixels in Figure 2 are made up of 8 bits, the maximum value is 255. Hence, the
interval for G23 is from 197-255.

The next pixel in closest proximity is that of G22. The binary thresholded value

(BTV) of P22 is 0 and the corresponding threshold level at T22 is 219. Therefore, the
estimated value for G22 must be lower than 219. The intersection of the intervals from

25 (23 and G722 is then calculated. G722 ranges from O to 218 and G23 ranges from 197-
255. Therefore, the intersection must be lower than 218 but higher than 197. Such an
intersection results in an interval from 197-218. This process is then repeated with the

next pixel in the closest proximity to X 200.



20 the pW@9H58s2 Figure 2 are made up of 8 bits, the maxi MEA/VEIHTIZs 255,
Hence, the " interval for &3 is fr 197- 255. The next

pi xel in closest proximty is that of err]. The binary threshol ded val ue
(BTV) of P22 is O and the corresponding threshold |level at T22 is 219. ,
Therefore, the ~estimated value for Jerr] nust be lower than 219. The
cal oul ated. o &P el 67 gl SRinde F oS (eritiiops S Been

255. Ther r ' [ 1.0 | han . . [ . than
197. Suchﬁfaeﬁl2 %etd?&idr?fl Qﬁgé?@%ﬂgﬁQ/rhg}é'éptog??enﬁggge#ﬁtogpg}g%lgﬁxﬁlﬁﬁ ?@‘gpgi‘é@‘ Thi s
process i h ' Rhe ' TR taproximty
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been 5 ("CERHitiohB")f (516 and 518V, lih WhiACGE retheNod hobmbBCintdieffiGE s S Of

pi xel s i n(t he S—oset )h(gve glj been I nt ersee‘(lztit}edo("C%ndr“ln.m':avglrll1 A") ?‘g%) The
second  copgimhined® occurs when the i ntersection results in an enpty set
(i.e. the threshold intervals did not intersect) 5 ("Condition B") (516
and 518), i n wifiontinuiag avithithe gnampleoabovaothe maypit glosestt pikelds thabof G 1. The

exam ned. Continuing with the exanple above, the next closest
pi xel is binary Grestolied valge (BTV) atifionds § andithedhneshpddilevel ayd2q BrIA1. skbus21 is 0
and the threshold |evel at T21 is 111. Thus, . .the value of &1 nust be
| ess t hantheveluerefds2 inmastdsdess dindrl 1« Mhe intersectipn of this intervad wihothe abave

I nterval (197-218; results in a set which is between 0 and 111 and al so

bet wed 1gwerval (197-218Brespiiein dsatychighistbetwiesn Ghands Lthandaplse betwesn 497+ he two
interval s_do not inter resultirjq%

fs%lect in a "contradiction". As a
resul t, "&bbdiProfe B hasthaern sueh VRlReXifin.cadMg ntervals idqr eotviatessegt d not

i ) he .i nt, , of he i.nt, | f h .

e s LN IZ—’O?}%@% s Ret Lt Sydenoleh) 15

F h 1 ltin i i Jnt i ti 1 - ti t

grg(ﬁjmd_t t ) 5@%@%&@% R e e R lg’?‘ecge??ftp?:%”f?fiﬁstis???aﬁl 't Im: ®)
narti o e A . .

| ooor et e lacl Berb&8ln WHch maintaird 3 bk SEReldied LIGPAAY OF Hhe ToSHLtIng

intersgrted, cpgitingledifiny Midrsedfith diGval PRt isieitﬂﬂﬁﬁ@-(g-'e&iﬁx&e) and
selected for G[i]{j] (pixél p). Referring to Figure 6, if "Condition A" has been met

—h

602A, then the midpoint of the resulting intersection is used as the g-estimate 604.

Thus, if all pixels are intersected, condition A is met and the midpoint is used. In the

above example, if no contradiction had resulted and all of the pixel intervals had been

20 intersected, the midpoint between 197 and 218 (the value 208) would be used as the g-

estimate. If "Condition B" has been met 602B, then the value closest to the

contradiction is utilized (Steps 606, 608, and 610). Thus, if pixel intervals do not
intersect, condition B is met and an endpoint is used.

In the above example, the resulting intersection interval is from 197-218.

25 Further, the contradiction and hélting arose with a value of 111 (Step 606A of Figure

6). Therefore, the value closest to the contradiction, yet still within the interval is that

of 197, which is then used as the g-estimate 608. ‘If the contradiction had occurred with

a non intersecting interval of 230-255 (Step 606B of Figure 6), then the endpoint of



above exanpbesg/sgssz N0 contradi ction had resulted and all of poerURSStAl32.
intervals had been 20 intersected, the m dpoint betvveen 197 and 218 (the

val ue 208) woul d be used as the g- 18 ostimate. | f "Condition B" has
been met 602B, then the value closest to the contradiction is
utilized (Steps 606, 608, and 610). Thus, if pixel intervals do not
intersect, condition Bis nmet and an endp0| nt i s used. In the

above ex a%ﬁ vouldye Pmt% grestinate eqanseoi is the slosest valuefte dha costradiction 25
Furt her, E‘f gntr %[ﬂ% nd halting arose with a value of 111 (Step 606A
of Fi gure( 0) (St TS t he value closest to the contradiction, yet

il h I h d h
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218 wou Jp%)?éféan the }éo% vglgf (patior pB‘ec 'usT eh Uy diff eqcuﬁlg IB? g—egtéqxateg}xg.gs to the
cont r adi Clpr ) t The first
step in eer; Y%‘gegg‘gmgd??gn@;%@gr%?orq%gﬁxg)atpgl%]ot ai ni ng/ conmputing a
difference value. The difference value (diff) is the difference between the
g-estimte for 5 pixel p and the threshold value (T) for pixel p. Thus,

di ff equal s thejiff- 8S¢estBhfe mﬂghll Ti"][j"] where T[i'"][j'] is the
‘threshol d value for the pixel at P[i][j]: ' diff = g-estimte
- T[i' 107" ] 10 Once again continuing with the above exanple, the val ue
197 is the g-estimate. Diff is therefore equal to 197 - T[i'][]j'].
T[i']1[10] Oncetagainpoateitg with el abovesexamipdd, tHevalit497tinehe g-estimvae.uDifftis T24
220). Thus, diff is equal to 197 - 214 or -17. The val ue of
diff is ugh‘tteﬁxe equal e h®2x ¥, oB{id(i ingheapresent exanplel ipeqiahtn 214 {the

froma tabl ri gstatj tical histo |nf rnatlonfor each context.
For ei ght - q% f%' epglﬂ‘fsrrﬁ’(f egiiRy t ‘Phﬁesﬁé i ues, diff may retain

values in the r.ang 253, 2 4.
'flhe value of5 glff is used as the context for obtalmng an estimated probability

from a table comprising statistical history information for each context. For eight-bit g-
15 estimates and threshold values, diff may retain values in the range: -255, -254, ..., 253,
254, |

(g valuesin 0, 1, .. 255
t values in 1, .., 255)
20
The current pixel bit value and the associated diff value context may be used to
update the statisticél information in the table.
In one embodiment, statistics are maintained on the approximate number of
times previously for each diff value that P[i]J(j] has resulted in a binary O after
25 thresholding and the number of times P[i](j] has resuited in a binary 1 after
thresholding. Thus, a table indexed by the diff value context may be created which

maintains approximate statistical information gathered over a number of past pixels.
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The current pixel bit value and the asggci ated diff val ue context may be
used to update the statistical information in the table.

I n one enbodi nent, statistics are maintained on the approxi mate nunber of
times previously for each diff value that P[i][j] has resulted in a binary

0 af 25 th ' . ' RN | ted i

oi nary 1 af tor Tor SepRAERASELAAORBERG K whif iR i vhbok el EEAME
ary. _ STRUST _ nel
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PCT/ US98/ hddid2imations thereof would be recorded. B this f
For exanpl %5 It for se\ieeon out of fgrtei masase eorrll thse r?jﬁepc%a?rgglv{[g? ge4,

Plerr] wagstimated. Preb) 3§'€quadlto thy &BnfAtd StbbdbARG ShitQfe (pi¥ESs Bl Binaty Was-a 1,
such frequencies/statisticCs or approxi mati ons thereof woul d be

recor degl. ot it i lthrBR ; ' .
Prob[ e?}j] Tﬁgﬁ'g%&ﬁk l%lghfﬁ%&@gi?%g%ééﬁfg{?gﬁtl | tyxgﬁ%tte% ktl%negﬁiﬁeehr@%%gfbi nary
|. 5 Theaktows, a a5 probi heukbeiatn tiaaluef a'pgrokﬁﬂatélljlelioa(sﬁO.Bhrléx%bgti& of ten
times when the diff value was a -4, prob[err] would retain the val ue
of appr oxieqadlad yhedstMart peobabilify AR tBE pixel i§ a binary 0.eSindlarky) ift f3€ n@SidvaRt ed
probability that the pixel is a binary 0. Simlarly, if for the seven

of the | asf thedastit¢mémesivben thndiffivalie was aed, 1 was 40, Pfoboryounid setainCthe

prob[err] would retain the val ue of approximately 7/10 or 0.7. It
shoul d be vahieed apprakimdtelyt76t0adr Q7. &t Bloudd bbadred that e totkDof the phobabilities
prob[err] + prob[err] =1 7/10 + 3/ 10 =1. 15 Thus, both
probabld i ti$ & need not be estinated in all enbodiments, as one probability
may be determ ned fromthe other. As previously stated, the
"frequency" table inplenentation for estimating probabilities is one

exanpl e of howpt%ro%)g%ir&i)ltgli nformati on nay be determ ned for each

7/10 +3/10= 1.

15 Thus, both probabilities need not be estimated in all embodiments, as one probability
may be determined from the other.

As previously stated, the "frequency" table implementation for estimating

probabilities is one example of how probability information may be determined for each

context. Other methods for estimating the probability associated with each diff value

20 context may also be used within the scope of the invention.

CO XT COMP ION S

A second scheme used in some embodiments of the invention is a variation of

25 the JIBIG scheme described above. Referring to Figure 7, the pixels in S or a similar
set are utilized (802). The binary thresholded values (BTV) are concatenated to provide

a binary number which is then used as an index into a table of frequency c01;nts (804).

The estimated probability table is compiled from each previous occurrence of the index



context. @vdresg;ssast hods for estimating the probability assocpet/ssesniriz each
diff value 20 context may al so be useéiovm'thi n the scope of the i'nvention.
CONTEXT COVPRESSI ON SCHEME A second schene used in sone
enbodi ments of the invention is a variation of 25 the JBIG schene

descri bed above. Referring to Figure 7, the pixels in S or a simlar

oncat enafeRHeD (OB dpis Tethod 3HieRY R aRORT CONFEHIPLOTnoHeRSadS e an
i nd I nt t abl f t 804) . .. Th Jnpted .
or obabi 11 EFRERFGORE® B B RS L Rt S meininet P TG (B ncox
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PCT/ US98/ %%%%cs of prob] or probQ in the context/JBIG scheme.
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probabil it h iBesteshi ' : ] ped by
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Thus, the dighay, ﬂh@igi&ﬁa%ﬁit#' higde o Aékt Vit £brePUt10PFwdule® bk aSt id GexainifRA by he next
bit was a 1. imlarly, the probability that the next bit after 1101

woul d be dodkihg tEh@ppRPride location of Eekhtilg at P101heTRRD HRPGbR iadicasattiapn of
the table at 1101. Thus, the table indicates that 8/ 13 or 8 out of
the | ast 2313 onBut bh cherlasttlhtithesjadse wexbit W 4 &bl Eharapleainay atsondomtain 10
approxi mati ons rather than exact values. After each pixel is encoded, the
tabl e 1& approximgtites gdthen than cxact vahuesappfiepedcht pixelt it ¢repded . the table is

SW TCHI NG METHCD 15 . The generation of a context (e.g., a diff
val ue or apdsedte peerdtheepprepriageiatistics. assigning of a probability to the
context is the nodeling portion of the conpression. Thus, the inverse
schene and context schenme conprise the nodeling portion of an

enbodi nment &f” LNV, Eﬁﬂ If the probabilities are accurate and close to
1, high ' s achieved. In other words, the nore accurate

the probabilities are and

15 The generation of a context (e.g., a diff value or a JBIG-type context) and
assigning of a probability to the context is the modeling portion of the compression.
Thus, the inverse scheme and context scheme comprise the modeling portion of an
embodiment of the invention. If the probabilities are accurate and close to 1, high
compression is achieved. In other words, the more accurate the probabilities are and .

20 closerto 1 (or 10 out of 10 times; or 7/7 times...), the higher the compression.

In some embodiments, an entropy encoder may update the prediction and
probabilit_y data in a feedback arrangement. Modeling may thus be performed during
the encoding process by an adaptive encoder. For example, if a certain context and bit
value are occurring with greater frequency, the estimated probability for that context

25 may be- adjusted upwards if the predicti.on matches the actual bit value, or downwards if
the prediction does not match the actual bit value.

The portion of conipression which involves conversion of the prediction, the

estimated probability, and the actual bit value into encoded bits is called entropy



20 cl oseVP8¥48453r 10 out of 10 tines; or 7/7 times ... ), PCRUSAVINE the

conpr essi on. In sone enb Finents, an entropy encoder may
update the prediction and probabilTity data in a feedback arrangenent.
Model i ng may t hus be perfornmed during t he encodi ng process by an
adaptive encoder. For exanple, if a certain context and bit val ue are

oceurr 1 ng eheddingl’ ORIy ICHUBHREE Jh ARRA! mERsear B ANabishe! Yf bl Hieh

context 25 nmay be adjdsted upwar It the prediction matches the actual

bit val ue,infFmaei Wandsddd in a symbol.NThig,aflé ﬁigh@x“th_@%&ggﬁtof %@&ag&%éct ual
bit wval ue. The portion of conpression I ch 1 nvol Ves

conver si onnék ifoemaicioic 6bitains. Inthis respect, Eohé Gk @BwroFOORBAIrg! Bits 8 dath he
actual bit value into encoded bits is called entropy WO 98/ 58452
PCT/ US98/ ia}BBe encoded using a number of bits corresponding to their information €ntent.~ -
encoding. Entropy is a termof art which neans or is a neasure of how nmuch
i nf or med i dvery preslictaisie dits have slpwbnéntropise, reduire fwerisits tb bacodet r opy of a

nessage, the nmore information it contains. In this respect, if one
uses entropy ens®thenprobability of a ¢emtain bit incraasgs.bibe eoopressionsibtainesl nsinger of
bits corresponding to their ‘i nformati on content. 5 Very predictable bits

have a | oREHOBYERGHGING inerepseguThes, thevabiecHve ks te gseonsabgme which results in the As t he
probability of a certain bit increases, the conpression obtained using

ent ropy erfBgheshprobatiliyforeachpixed Thesefors thediestpossibleregtropencodimganeuldni ch
lts in t , hi st habi |ity f h pi xel. Theref , th

st sy g eARGH PR af Sl AR s b e
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pi xel s prig}&béb%tl?.[i][j] (and the threshold array) is _ referred to as

t he context:  [err] {prediction =1, with estinated probability =

prob[err] The infc]%ﬁ%& Fdgrting te pikelsPri6Std PRI tatt! BRARSAJIY aftay) is

prob[err] = prob[err
referred to as the context:

15

P[i][j] = prediction =1, with estimated probability = prob,
= prediction =0, with estimated probability =1~ prob; = prob,

In this respect, the probability that P[i][j] is equal to 1 is prob; and the probability that
P[i][j] is equal to O is probg. Thus, using the context scheme and referring to Figure 3,
20 the estimated probability, probi, that P{i][j] will have a binary value of 1 (300) is
approximately 4/10 or 0.4 and the estimated probability, probg, that P[i][j] will have a
binary value of O is approximately |
1-proby or 1 - 0.4 = 0.6 or 6/10.
Using arithmetic encoding (a type of entropy encoding), the higher the
25 probability, the higher the compression capability. In order to determine the number of

bits which are required to encode a set of binary numbers, the probability is used in a



In this reepmsesseszt he probability that P[i][j] is equal to Pdrgusssabferr]
and the probability that Plil[j] ds equal to O is prob[err]. Thus,
using the context schene and referri ngzzto Figure 3, 20 the estimted
probability, prob[err], that P[i][j] will have a binary value of 1 (300) is
approximately 4/10 or 0.4 and the estimated probability, probo, that
Pli][j] wll.have . jnary value of 0 is approxinmately

1- prob| eﬂf’?ar&mf ‘-’ﬁ‘fﬂl%‘@' O.BJ@‘%FI}/"‘S!‘@BITY’ the namber of bits E?élPHS‘f 30 ianFods: Ac

encodi ng ,(.a_type.of entropy encoding), the higher the 25 probability, the
hi gher thén%ﬁpé’%?” a&géﬂmﬁlﬂgﬁlﬂﬁf order to determine the nunber of
bits which are required to encode a set of binary nunbers, the probability
is used in a WD 98/ 58452

PCT/ US98/ 11732]og> if the outcome P[i][fj]= 1 and 22~

| ogarithm c cal culprobgn. More specitically, the nunber of bits required to
encode_a bi naryl nunper with a known probability is:

| og[er?] if t%w e ytqome Blillids 0. 5 log[err] if the
outconme P[i][]j] = 1 Thus, conpression will take place according to
t he above statistics using arithnetic encodi ng. | f

prob[err] is an accurate reflection of the true probability, the expected

oy S na. bi PLiTLiL i . by . :
O br oby el POSTEReR Bl BAFE Sesking of the fosd SERFORS, b apjhmetc

= - (gﬁcga%g;[err]) log[err] (1-prob[err]) - prob[err] log[err] prob[err]
15 " keep this cost low, the estimate of prob[err] needs to be

accurate and aff bBF® &P accurate réfle@ionlofffhe RARSHBbADILIHS ﬂ'fe"@&g@&éd @BdtEin Of
prob[err] nmoves away from 0.5, the nunber of bits required to encode

t he r @gpesichdigWits @ ettiolic PRIIJ1§AS98n bythi s results due to the fact that if

- (probQ) log2 probg - probi log2 proby

]

- (1-probi) loga (1-probi) - probj logg probi

15 To keep this cost low, the estimate of prob; needs to be accurate and as close to
O or 1 as possible. As the estimate of proby moves away from 0.5, the number of bits
required to encode the respective pixel bit decreases. This results due to the fact that if
prob; is near Q (i.e., probg is near 1), then the number of bits required to encode that bit
is close to 0. Similarly, if prob, is near 1, then the number 6f bits required to encode

20 that bit is also close to 0. Thus, the closer the probability is to 0 or 1, the lower the cost
of encoding is.

The probability prob; is a conditional probability, conditioned on the context
used. In the embodiment described herein, two different contexts (schemes) are utilized
and whichever context (scheme) results in the lowest total cost over a set of previously

25 encoded pixels is the scheme used for encoding the current bit. In other embodiments,
more than two schemes may be cost-evaluated for encoding each pixel bit.

At each previously scanned pixel, the cost to encode that pixel is computed as:



prob[err] WRHE4F2 0 (i.e., probo is near 1), then the nunbePCHUSHH1II2
required to encode that bit is chgse to 0. Simlarly, if prob[err] is
near 1, then the nunmber of bits required to encode 20 that bit is also
close to 0. Thus, the closer the probability is to 0 or 1, the |ower the
cost of encoding is. The probability prob[err] is a
conditional probability, conditioned on the context used. In the
enbodi ment described herein, two different contexts (schenes) are utilized

and whi chever cont exuogﬁpbbp@yemmmeinv@sdgaamh@mest total cost over a set
of previously 25 encoded pixels is the scheme used for encoding the’ '
current bit. |mandthedogngrobjPBI&Efor the conternschethdan two schemes may be

cost -eval uated for encodi ng each pixel bit. At each

previ ously scanned pixel, the cost to encode that pixel is conmputed as:

WD 98/ 58452 .

PCT/ US98/ ifithe pixel was a one. Similarly, - log2 prob(IBVeISe and - logy probgContoXt if the

- log2prob[err] for the inverse schene and - log2prob[err]
for the c®inchwes azempwhen probillYeritand probyfORiL arg thgprobailityl estimates fromy g2
prob[err] and - |log2 probo[err] if the pi xel was a zero, when

prob[ err] tagmiaverse aitdeqntexssehemes. probability estimtes from t he inverse
and cont ext schenes. . The next step is to add up the cost for
the set of previhsusKistemisdeadd pp theicest faythp set of previpysly enpededpixals.stplerre. The
schenme with the | ower sumig used to, predict P[i[j]. .In of her words,

the schenm®Sw ¢PF $35B schras. dhemehemeotith the lower sum s essd t?mae%gqs&[&}[iﬂ}g.ln
Sl e R gRRbeh ol g e SRR e R SRS o8 R B L2, 18
encodi ng. T LA aETRes R & tpetmaprsr FEEEH vl e iRt sotS 1 FECpi 40 BE ¢ anea
in the P[ 'shlrh}edgieo%?xf m'égéagﬁxrt %c'ﬂgm§ SP& e g&%f’%eg%y %bﬁ]SsWté GRES ale’ Akrsd®

pi xel to pIxe endin e CcOst assocCla each schene.

B ooty BB MO i il ghiotrs SeBE ey
regi sters feq: Sixel sBariflifit tHeFYiJf} Skdy. Hence, the scheme used may be switched from
15 pixel to pixel depending on the cost associated with each scheme.

Figure 13A is a functional block diagram illustrating a switching embodiment of
the invention. In Figure 13A, scanned data is stored in registers (e.g., a shift register)
or memory cells 1500 for use in encoding the data. The neighboring pixel bit values
1505 of the set S from registers 1500 are provided to the muiti-scheme context/index

20 generator 1501. Contexts or indices 1506 are generated for each scheme using methods
such as those described for the inverse and JBIG schemes.

Contexts and indicés (such as diff and the JBIG context) 1506 are presented to
the statistics/probability tables 1502 to access the respective stored predictions and
probabilities 1507 for each scheme. The prediction/probability values 1507 are

25 provided to the cost analysis switcher/selector 1503 for determination of the current
encoding scheme, based on the cost analysis described above. The

prediction/probability 1508 for the selected scheme is then provided to entropy
encoding engine 1504. The current pixel bit value 1509 from registers 1500 is also



or menory webs/ss4db00 for use in encoding the data. The nei ghdrusssgipszxel

bit val ues 1505 of the set S fro;én Fegisters 1500 are provided to the
mul ti-scheme context/index 20 generat # 1501. Contexts or indices 1506 are
generated for each schene using nethods such as those described for

the inverse and JBI G schenes. Cont ext s and indi ces (such as
diff and the JBl G context) 1506 are presented to
statisti cé’F‘b‘fl@?ﬁab?"I i $DTOPY heBoding cengie, cl9fds gk ]P*§§‘E)e@{1| \ﬂé‘3 syalpe dof

prediction ilities 15 7 for each schepe. The

predicti ol ?5& P‘?meaﬁ@g CREQPY SR 1“556‘1351505?%&1'9"6&?%@“%? datl ysi s
smﬁtcher/;s ctor 1503 for determ nation of the current encodi ng
schene, b é on the cost analysis descri bed above. The

B e AT S

regi st /S ﬁg@gme,soﬁh?é} may be embowgdgﬁ/ Sftfnfe functions implemented ig ;general
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provi ded tgd i ' :
predlctlon?%rooagﬁﬁhﬁgg%gg§%lgﬁg?%%?&gﬁé%l%ggngﬁgﬁggqgggﬁﬁg¥g§UCes encoded
data a;,é%ggwarefuncn 1s. The functional blocks of Figure 13A may be
enbodi ed in de ated electronic 5 hardware, or they may be enbodied in
software functions inplenented in general el ectroni ¢ hardware, or
they may be enbodied in a conbination of dedicated hardware and
sof t war e THVBRIDCONTEXT METHUBRI D CONTEXT METHOD 10 A second
enbodi ment of the invention utilizes nmultiple conpression schenmes to
forn1a1&ybrid context for each pixel. By using a hybrid context, the

enbodi nent is able to take advantage of the unique statlstlcal
aspects of eachAsesapdembodimentdftheinvention utilizesanwltiple comgressien sehebmbitd i ty for
each possible hybrid context. The resultlng hybrid 15 context can provide
i nproved greaiadiybed coptext for ach pixel. By Maing i bjuisi conteds the grepdiment is

able to take advantage of the unique statistical aspects of each compression scheme in

determining the probability for each possible hybrid context. The resulting hybrid
15 context can provide improved prediction ability (ie., higher probabilities) with
correspondingly higher compression ratios.

The hybrid context is formed by assigning a portion of bits in the context to
each compression scheme. The size of the total context and the apportionment of the
bits between the respective schemes may vary for different embodiments. For the

20 purpose of clarity, a specific embodiment having a two-scheme thirteen-bit context is
described.

In this embodiment, the thirteen-bit context is separated into a seven-bit portion
assigned to the inverse scheme, and a six-bit portion assigned to an abbreviated JBIG
scheme. This apportionment is illustrated in Figure 8. As shown, the six least

25 significant bits (B6-B1) of the thirteen-bit context store the JBIG context information,
and the seven most Signiﬁcant bits (D6-D0) store the inverse scheme information.

Similar embodiments may have a different ordering of this context information.
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Is fornmed by assigning a portion of bi#g in the context to each
conpressi on schene. The size of the tofal context and the apportionnent of
t he bits between the respective schenmes may vary for different

enbodi ments. For the 20 purpose of clarity, a specific enbodi nent havi ng
a two- schemet tee -bit, con In this

b
enbodi nent , AF4Q é’é?]“ﬁ‘?stp t%ﬁ%éﬁf‘f?@%%&mb ‘f“ﬁ?‘%}""& eaglisgn Thetsehor t i on
i d th h bi t, t dt
assi gned (0 Lfgel O SR PRk lied 35 SHOVBIRGHEP o 1 | ESRPESERS U i gur e
8. As sh | i f t bit 6- B1
thi vt con. Bleer B, ke8RS B 1 HE repBls e 58 Hoarit g5 %n‘)’lﬂltm Being, dbe 1

R A A T
IDQZTI'? L U=y ?@éc&e the abbre%e%%?@%@&ext portion for the hybrid context.

The set of prewvwes?éee%ee%ve&s%s%héxﬁéieaf:ﬁ&t;sfu&fﬁf@ ?ragﬁ%ﬁv}ﬁ] w08 aﬁ'ef

The set S consfsts of six previous pi val ue own I n Figure

11. BO repy gfitined b@escribed vma? fH thSlnverdd SIRAR U rEiftedshiY Bastigh thdie Si X
near est nei'ghbors, with Bl e| ng nearest neig bor B2 Deing the

second neaéspsdtiveehied @f ,th@pxevmilihplxuaw@e?s Ekf&éh@@n theSor@ro BE, BPEB3,
abbrevi ated JBI G context portion for the hybrid context. Wth

respect t etd he maiveaisthepriosineolho trextesppikéls Gince ttixe néagesh pixeld vaitainsthé mat i on
is perfornmed as described previously for the inverse schene by progressing
t hr ough t hiéghest predictispdoformetiomndiasothér embodinmentsyue feidue thealhmeant of
preferably in the order of B 1, B2, B3, etc., to maintain the
priority étlculaiompenpixel, the Xghy el crangméorrﬁewrelspquis wely ecuecakiutatechby 10
hi ghest predictive information. |In other enbodi nents, to reduce the anount
of calvan and storesh & repdsrappeater] salcylatign ofthg dntersegiigas peRecsssast. alhe)i xel s
may be precal cul ate and stored to render eﬁeat ed

I

(0]
cal cul at i GAICBiAtQH, e L}?Pevsléc%qhexeﬁ UHE S8E ofpremise In prionty eyt ipitel

reduction, #s achl eved with some conpromise in priority of the pixel
i nformatid The resulting difference value (diff) between the

gray Vfé ue est "ﬂﬁt ﬁsﬁagg tdﬁ?erence value (diff) between the gray value estimate and the
current pixel threshold is typically within the range of -255 to 254, e.g., for eight-bit
pixel data. In order to reduce this difference value into the prescribed seven bits, the
difference value is remapped into the range of 0 to 127. One such mapping is illustrated
in Figure 10. .
20 In Figure 10, the difference value (diff) is mapped into the seven bit difference
value (diff") for generation of the inverse scheme portion of the hybrid context as

follows:

0, fordiff< -64
diff'={diff + 64, for-64<diff <63
127, for diff > 63

25



current piwelosssgseshold is typically within the range of - 2BETSIRA432 €. g. ,
for eight-bit pi xel data. In ordgr to reduce this difference value
into the prescribed seven bits, the 6 difference value is remapped i nto

the range of 0 to 127. One such mapping is illustrated in Figure 10.
20 In Figure 10, the difference value (diff) is mapped into the
seven bit difference value (diff') for generation of the inverse
schene porkhieobaye distdbytiasy fog déffn?%)@tes al!ﬁnel' probabilityl maglution for gray value

0, for diff < -64 rf] di ff + 64, for - 64 [err]
diff [err ]esgglates near the threshold value at the cost of clamping giff’ fpx gray 'yglye estimates O
98/ 58452
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statistic anal ysrs 3 2EY
establ i sh t for
use int heﬁéﬁ%ér)igg@é gﬂr‘lt%:%bg |&%% ggg%rgrllgéﬁoﬁ 8‘5@%‘%3@‘? |dso \ﬁﬁgg%ﬁ“bﬂ%ne
tracking the nmnbaeoﬂueéiﬂenéés STCéakl pRESIar ectméaachhdoafetﬂu e?rofctﬁﬁéseé‘dch and

t he nunber of tinmes each parEpl cul ar context resulte "1" or a

"0." The rgstiduliri@nfkoRsiltdd ih)a fl0rora "0ar tTheutaitingl frobati ensi atpmeuﬁrd a
"1," for exanple, would then be an approxi mate count of tines that

par ti cll arcontext exyieldr UL dor exainble, Grouldithen by ahh@poxiiae codof txesahs count

for occurrences of that particular context. Al so, as nentioned
previ ous| yparéoulard epitéateproduced @ritif ofiyidedchydére wmgrall pappreximbt@t caint cfordur i ng
encoding to naintain probability data, or some conbi nation of

stati sti cadccuneanaesiof thatopastitaar i opatest c ddsm gasnepntinned qureviousl, an adaptive Fi gure
9 is a flow diagramfor the encoding process using the hybrid context.
In step 116WODYeaceder may upiistectatistiescluring eneeding o maiatain piobabilitydatasicsus

i xel s. In st
P some gombmanon of statistical analysis and adaptive encoding may be used.

15 Figure 9 is a flow diagram for the encoding process using the hybrid context.
In step 1100, the six-bit JBIG context is determined from six previous pixels. In step
1101, the seven-bit inverse scheme context (diff") is determined. The relative order in
which steps 1100 and 1101 are performed is not critical to the operation of the
embodiment. In step 1102, the two context pertions are combined into a single hybrid

20 context, and, in subsequent step 1103, the context is used as an index into the statistics
table to obtain the prediction and estimated probability for that context. In step 1104,
the prediction, estimated probability and actal current bit value are provided to an
entropy encoder for encoding of the current bit.

On the decoding side, an entropy decoder will receive the encoded bit. By

25 performing similar operations to steps 1100-1104, the hybrid context is formed and
applied to the same or a simﬂm §tatistic$ table to obtain the prediction and probability.

The entropy decoder is thus able to decode the current bit value.



1101, the WRP#33432 ¢ i nverse schene cont ext (diff) is deterr‘r‘i"‘r?‘é‘g].sg%le732

relative order in whi ch steps 1189 and 1101 are performed is not
critical to the operation of the - enbodinent. In step 1102, the two
context pertions are conbined into a single hybrid 20 context, and, in
subsequent step 1103, the context is used as an index into the statistics
tabl e to obt ai ngfhie ABBdiEtd q&c@aﬁhlegfohm%ﬁr bl f th nt ext .
In step 1104, el the prediction, estinmted p?g%g%tihliglt %ﬁy @Eﬁhagﬁa

current biémbeditientdfehdnoendted Th Figie 13B, scaitittidafiis SfAdR redigtbrsqBgQdi ng of
the current bit. On the decodi ng side, an entropy decoder

wi | | 1 ecei shift régister) oo deeindry tcellB) 50@ Forpesef inreicoding ithe Uata. ODiey Adiplbiiing0 St eps
1100-1104, the hybrid context is formed and applied to the same or a
simlar stpikekhit ealudsalH05 (e.g., Gioratha s¢ttfonS eftomtregistersniS0p medprovidet Yo the--

The entropy decoder is thus able to decode the current bit val ue.
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Fi gure 13Be4ch sehemenesingymethods suck asithwge desciibéd for thetinvaysesandyBIGd:cheamese x t
enbodi ment of the invention. In .Figure 13B, scanned data is stored in
registers (e.g. Contexts and indices (suelyias (dafif Yo dliffhendthe IBIG consat) 196 ewse i n
encodi ng the data. The_ nei ghborin bit val ues 1505 ( , from

the set S Bovides tp hypgid é@‘?‘%’f‘éege@'g@@ bl to g‘% gg‘lﬂ"é’éﬂd figfothybrid @n‘%ﬁ§?2-s chene
cach schentI B R 13Jad BERSFAISE 1 o Qe ussro BRI Fble 1507 i arced® g 951 G
361 G cafe efeppectisn storgd AL ShdBionunfiy d3Rs 5 68 Rl cbhust achtme, 11

o esent eq PSS BBALfly ERUSCHSE e Ktfrent hyorig AR} 5 BRR'SRNiad? I ebeFopy
Schone. | ThaiollicaliThsl Al BRI Yie 4900 o rigifterdiBopie L o
cont ext i SpihaRdRS @1’{9@# U504 afdbdseP¥n the value%'f%éﬂi&ﬂm?ﬂ?%d%ﬁi& 3948, dpmecurrent

pi xel bit val ue 150 omregi sters 1500 is al so provi ded t0 engi ne
1504, and bsGegtoances @ficodldataai510r edi ction/ probability 1508, engine
1504 produces encoded data 1510. 15 The functional bl ocks of Figure

13B maygSbe enbolhe duriction dilavks of Figuee 183Bnhay be embodied in dedicated electronic
hardware, or they may be embodied in software functions implemented in general
electronic hardware, or they may be embodied in a combination of dedicated hardware

and software functions.
20 OPY/ARIT ENCO

The present invention permits the selective switching of compression schemes
based on cost analysis, or the combining of compression schemes in a hybrid context.

The objective is to represent the pixel array in fewer bits than n rows by m columns.
25 The encoding stage of the invention utilizes the pmbabiﬁﬁes obtained in the
modeling stage to encode the bits such that they are represented in fewer bits. This is
performed through entropy encoding. In an embodiment of the present invention, the

method of arithmetic encoding is utilized to perform entropy encoding.
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. gener al el ectroni ¢ hardware, or ey may be enbodied in a conbination
of dedi cated hardware and soft e functions. 20 ENTROPY/ ARTHVETI C
ENCODI NG The present invention permts the selective
swi tching of conpression schenes based on cost analysis, or the

schenes in_a brid_context. The obj ective
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The abaye h i ' i

conpre?s/eéﬂx? ?ﬁlgﬁdgﬁ 8@?%‘% 0 oﬁ%—“g?%ﬂa gﬁ{%ﬁﬁﬁ%?ﬁt@@?ﬁéﬁ ur htg?ﬁ g%enpressed
by the threSIRIA e 3br EAG pik¥e RHirb© treshbldWdlhesDie Wi&é&sf&%a&lbg&%l &killed
in the art that the nethods of the invention'may be simlarly applied
to nul ti - Rii¥idéltHeanitimasixd vame kéhge titd oufBYctidBs, eabh sdclibR $1ReLBLdBY SN I N
Figure 12 such that two-bit data is the result. Rather 'than oneé

t hr eshol d bitevdlee (00 0¢a10) 1R).xel , three threshold val ues are provided for
each pixel to divide the initial pixel value range into four
sections, each Meltt-bibschemps map be entodgd an 4 bav by bit basibi (Biweikeienqoding fidy 10,
11). "Multi-bit schemes may be encoded on a bit by bit basis.

Bi t wi s¥0 erteqetriogmedihy ddsigriating bit-pltanaefivr the dites suphas anposb isignificantdsit-plane t he
data, such as a nost significant bit-plane and | east significant

bi t - pl ane.angdedst pignifishuthit-pleng. hEachchitplaesdis tbem gnaoded pping dhe bi-leyeladata
schenmes descri bed above, though |esser bit-planes may take advant gqge of the
predi ct i vechemes deseribsdiplioye thaugh {eseer Bisrnlanss g1y take advantageofife predicgVeear est

nei ghbor sefs includjing bits . .n ., adj acent bit-planes. . .
g Sin ormation in dle g'xore s1gmhcant bits by us? g nearest ne1ghl§)or setssinclud.lng bits in

adjacent bit-planes.

15 Magnitude code representations may be used to permit encoding of subsequent
bits based on the encoding of the previously encoded bits of a pixel. For example, if
the three-bit magnitude code values 000, 001, 011 and 111 are assigned to the two-bit
pixel values 00, 01, 10 and 11, then the second bit need be encoded only if the most
significant bit is a zero, and likewise, the least significant bit need be encoded only if

20 the second bit is zero. Thus, multi-bit compression may be performed using the
methods of the present invention. _

Thus a method and apparatus for data compression has been described in
conjunction with one or more specific embodiments. The invention is defined by the

claims and their full scope of equivalents.
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of subsequent - bits. based on the ﬁycoding of the previously encoded
bits of a pixel. For exanple, if the three-bit magni tude code val ues
000, 001, 011 and 111 are assigned to the two-bit pi xel val ues 00,

01, 10 and 11, then the second bit need be encoded only if the nost
significant bit is a zero, and Iikeﬁgzggﬁthe | east significant bit need be
encoded only if 20 the second bit 0. Thus, nulti-bit conpression may
be perforned using the nmet hods of the present invention.

Thus a nmet hod and apparatus for data conpression has been described in

s a method an _ been desoribed in
by The. " "ol me hneTRary PSR L R AT Same el bl °' ' "¢
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CLAI MB5 lecting a pitel-set (S/MrOE 1RERotsDY sdAhfddl fikd1Oth FpidéiB¥raydl ue of a
frame buffer cg? Fc C rrapgi sisﬁg(sé\ thg S(gs'fseps of@i 5 #p Y; selecting a

pi xel -set (S) frteysedling inRyvaly fvERPIXER i thel ixtlosed ik Shretdebt@)g process
intersecting intervals frompixels in the pixel-set, said intersecting
process comprjgmgrﬂreissdp@@f;t he steps of: determ ning an
interval (1) froma first pixel in the pixel-set;

determ ning a pi xel dettmaining an(iRle}val (Tpfromacfireepixgliin e pixelséte pi xel -set; 10
intersecting said interval (1) with said pixel interval. (Pl) to create a

new . i ermining Apixel-interval (PI) from another pixeliih thelpixed-setpt an enpty
set, adjusting | to equal N ; and . .. . .selecting a gray value from
the irlerval (1). intersectingsaid intepval (I) withsaidqtizeldntervak(Pd) ta aregip@rneh sai d

pi xel -set (S) i,s constructed from pi xel s closest in proximty to the
pi xel of the fistewabiNDer cell being predicted. 3. The

scherre of clal m 1 WERFL1 2 doh: Qhok e BS54 N, il o7 V2! S 19

selecting a gray value from the interval (I).

15 2. The scheme of claim 1 wherein said pixel-set (S) is constructed from

pixels closest in proximity to the pixel of the frame buffer cell being predicted.

3. The scheme of claim 1 wherein said step of intersecting intervals is
conducted in order of proximity to the pixel of the frame buffer cell being predicted.
20

4. The scheme of claim 1 wherein said pixel interval (PI) is greater than or
equal to a threshold value if a corresponding binary thresholded pixel value is 1.

3. The scheme of claim 1 wherein said pixel interval (PI) is less than a

25 threshold value if a corresponding binary thresholded pixel value is 0.

6. The scheme of claim 1 wherein said gray value is a midpoint of the

interval (I) if NI does not contain the empty set.

* c L M s *



conduct edMO98s8d®r of proximty to the pixel of the frame REWEISAEIR being

predicted. 20 4. Th cheme of claim 1 wherein said pixe
interval (Pl) is greater than or equal to a threshold value if a
correspondi ng binary threshol ded pixel value is 1. 5. The

schene of claim 1l wherein said pixel interval (Pl) is less than a 25
threshold value if a corresponding binary threshol ded pi xel value is 0.
6. The schene of claim 1 wherein said gray value is a mdpoint of the

:D?:Er/e[J\égg / (1|1)7 3i N ﬂ%es%héh% of &Qﬁr?l%ﬁel?gn IR é‘a? Salve is an endpoin V\ng% 8452

. 15(}]1 erein said gray value is an endpoint of the _
|nterval %z?; @a S an (r]ﬁ)gté{; set. 5 8. The schene of claim

7 wherein sai d endpoint is the endpoint closest to t he pi xel -interval
(PI'). 9. The schene of claim 1l further conprising the
step g 8. The s@ﬁ’éﬂi’@bf Elﬂmﬁ@'v&eﬁb‘i@&’m& %hdtﬁmit% %etéi{ Eéi'ﬂ?bl@séﬁid I X

val ue. 10 he schene of cllaim9 furt conprising the
st eps of ‘the pixel-interval ®Df orm ng a di fference value fromsaid conparing step;
and utilizing said difference value as a pixel context. 15
11. The schene of claim 10 wherein said step of utilizing said difference
val ue conprises the steps of: accessing statistical

i nf or mat i on i dexedlheyschemneloficlaifrel fmther coatpnisingalmeistep of:
comparing said gray value to a threshold matrix value.
10
10.  The scheme of claim 9 further comprising the steps of:
forming a difference value from said compaﬁng step; and

utilizing said difference value as a pixel context.

15 11.  The scheme of claim 10 wherein said step of utilizing said difference
value comprises the steps of:
accessing statistical information indexed by said difference value; and

performing entropy encoding using said statistical information.

20 12. A method for compressing data in a computer system comprising the
steps of: | |
providing a plurality of modeling schemes;
calculating an estimated cost to encode a previous set of pixels for each
modeling scheme;
25 selecting a lowest cost scheme from said plurality of modeling schemes; and

encoding the pixel based on said lowest cost scheme.

13.  The method of claim 12 wherein two modeling schemes are provided.

* [ L M S *
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12. A method for conpressing data in conputer system conprising the
steps of: provi ding a pIu?aIity of nodeling schenes;
calculating an estimted cost to encode a previous set of pixels for each
nodel i ng schene; 25 selecting a | owest cost schene from said
plurality of nodeling schenes; and encodi ng the pi xel based
on said | owest cost schene. 13. The met hod of claim 12

wherein two noggl i ngpsGRenss oAtRiR19\WAEEn one of the mbBeIfY ?&%ﬁéi is a

PCT/ US98/ 11732
14. The coRbNRQEhdHhe. cI aim 12 wherein one of the nodeling schemes is a

cont ext schenme. 15. The met hod of claim 12 wherein one of
t he nodel i ng scherres is an i nverse schene. 16.~- The
met hod of claim 15 wherein said calculating step conprises the st eps
of: 18 15 calny réthéd oft clir@ 1abivhérbiy deadf the thod®linisthetdsU8 for each
pi xel in said previous set is 1; and etermning a

nunber of idvietse sblesgs] on said probability. 17. The net hod of

claim 16 wherein for each pixel P[err] in said previous set, 15 the
encodi ng cost for the inverse schene is approximately equal to:
-log prob[err], inverse if said pixel inal else -log
probo[err] invdbse iThesnéthopiok elaim riSawberein said calculating wiepr @ngprisbs el |
inverse is the estimate derived from previ ous occurrences of
- steps of:
10 calculating aprobabiiity that a pixel bit value for each pixel in said previous set
is 1;and

determining a number of bits based on said probability.

17.  The method of claim 16 wherein for each pixel Pjj in said previous set,
15 the encoding cost for the inverse scheme is approximately equal to:
-log proby1ij» inverse jf said pixel in a 1
else  -log probgiil: inverse if said pixelina 0
where probji J» inverse js the estimate derived from previous occurrences of

Pij's context; where probpl j, inverse = 1.probpi, j, inverse,

20
18.  The method of claim 14 wherein said calculating step comprises the
| steps of:
calculating a probability that a pixel bit value is 0; and -
determining a number of bits based on said probability.
25
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Pij s conwaxdsissedzere prob[err] inverse = 1-probo[err] inveror/usgairaz.

18. The nmet hod of claim 14 wherein said cal culating step conprises the
steps of: calculating a %obabi lity..that a pixel bit value is
0; and determ ning a nunber of bits based on said
probability. 25 WO 98/ 58452 U
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19. The met Wbt of Tha methed of clajey i whersin for sachnixed |Pijrnesaid prewioysset. pr evi ous
set, the encodi ng cost for the context schene is approxi mately equal
to: the encoding cost for the coufexsrseligimsris ppproximasely ¢quakiet d pixel in a 1

el se -1og prob[err] ,cont ext. i L ixel.ina 0 5 wher e
prob[err] inverse iéoﬁﬂ‘@%ili’fégr%%glfg iR %% bm previ ous occurrences of

Pij's context; er r o r Laverse.=,1- prob[err] 20.
The net hod of Eai Mﬁﬁgpﬁﬁﬁé@é‘?dr?tésngiga%@@&e&Ph%bstep conprises arithmetic
encodi gg. 10 wherf: grcfbr_}ivg’ i.n‘é&geis theT%arrﬁFetc{éﬁgc@{‘m&ﬁﬁ%&sﬁ%&&%&cﬁ%§f said total

cost for all piXxe ai revi ous Se cost for
the indi vp.dualspiXehs Pqﬁﬁfiﬁj,idi@fse._.j . D§tint@se t he context schene
and for Yﬁg ?é\r%/er’se slz:e ene and \/\here?Pﬁ)ngcherre havi ng the | ower cost
Is used to encode a current pixel. 15 22. An apparatus for
predicting a gray value of a frame buffer cell conpri si ng:
means for integgectsq | LY ' bdli; ' g&ﬁ (hnegkect ed
from prev‘?’ouswggdgglhggdaélﬁ}(ggﬁ%rgh)égigﬁfgﬁ%gg %gé/(%% [ SI nt erggcti ng
means  CoNgHcb&ingd-

10

21.  The method of claim 13, wherein said total cost for all pixels in said
previous set is the sum of the cost for the individual pixels, where there is a cost for the
context scheme and for the inverse scheme and where the scheme having the lower cost

is used to encode a current pixel.

15
22.  An apparatus for predicting a gray value of a frame buffer cell
comprising:
means for intersecting intervals from pixels in a pixel-set (S) selected from
previously scanned pixels in a pixel array, said intersecting means comprising:
20 means for determining a resulting interval (RI) from a first pixel in the
pixel-set;
means for determining a pixel-interval (PI) from another pixel in the
pixel-set;
means for intersecting said resulting interval (RI) with said pixel interval
25 (PD) to create a new interval (NI)

means for adjusting RI to equal NI, if NI is not an empty set; and

means for selecting a gray value from the resulting interval (RI).

I



20 WO 9858452 pans for determining a resulting inter VU om a

first pixel in the pi xel3zet; means for
determ ning a pixel-interval (Pl) fromanother pixel in the

pi xel -set; means for intersecting said resulting
interval (RI) with said pixel interval 25 (PlI') to create a new

interval (NI) 23 The ap(paargtus of claim %%r&@%mﬁ?u#\%tsétr@ Bbm&)ﬂs&%iﬂéls N, i

Nl is not an enpty set mean r se gray vaI ue

from t he glesgst!ih pR&ifnity & the bixeFbDithe frame buffer celBeiAB PR,

PCT/ US98/ 11732 33
23. The apparatus of claim 22 wherein said pixel-set (S) conprises
pi xel s closest in proximty to the pixel of the frame buffer cell

bei ng predictezd, The apparatus of cladf.22 whdi€inapidanedny foointeterting aervhierei n
said nmeans for intersecting intervals 5 conprise nmeans to Intersect in

order Hf qompriseinieans w inersepi incdrderf oft proxitrityrto thaipikelrofche frame buffdpeaielig

predicted. 25. The apparatus of claim22 wherein said
pi xel i ntheingprediptell. i s greater than or equal to a threshold value if
a correspondi ng bi-level pixel value is 1. 10 26. The

apparatus of claim22 wherein said pixel interval (Pl) is less than a

threshold value if a corresponding bi-| evelaéc;l)i xel value is 0. :
27.  The appat®t us mamaéﬁmﬁmlméﬁémr%m gmavnmawlbss greptesfennt  of

the 15 resulting jnterval 1) if IS _not an enp set.
28. Th@rﬁﬁﬁrtﬁg&@eﬁ"l‘u@}‘?ﬁl? ?°W°B¢ﬁggﬁleﬁe]§?“éﬁl V@'&F el s an endpoint of
t he resulting interval (RI) if NIl is an enpty set. 20 29.

The aE)?)ar atus of claim 28 wherein said endpoint is the endpoint closest
26.  The apparatus of claim 22 wherein said pixel interval (PI) is less than a

threshold value if a corresponding bi-level pixel value is 0.

27.  The apparatus of claim 22 wherein said gray value is a midpoint of the
15 resulting interval (RI) if NI is not an empty set.

28.  The apparatus of claim 22 wherein said gray value is an endpoint of the

resulting interval (RI) if NI is an empty set.

20 29.  The apparatus of claim 28 wherein said endpoint is the endpoint closest

to the pixel-interval (PI).

30.  The apparatus of claim 22 further comprising:
means for comparing said gray value to a threshold matrix value.
25
31.  The apparatus of c.:laim 30 further comprising:
means for applying a difference value generated from said comparing means as

a pixel context,

QT



to the pi YP/58d8 val (PI). 30.  The apparREWES¥IBRai m 22

further conprising: meangg for conparing said gray value to a
threshold matrix value. 25 31. The apparatus of claim 30
further conpri sing: means for applying a difference val ue
generated from said conparing neans as a pixel context. WO
98/ 58452

PCT/ US98/ 11732 34

32. Th t | Al ' | V] 3 [ X
reans for aboo nonty il ot it 31 Shareitlii ARANL RaAEARDREIPL 200,
val ue; and mgans for acces%ﬂxg%&rtigtgo%}’ infd}fr 61 inB&ERIDY B BfbEnG! VileS Eﬂdi; al

i nformati on. o apparatus-for conpressin tain a
conputer syst eiﬂ&ﬁﬁg& lefiddABr receiving said statisticABifbtmh@dn, C@l cul ating an esti mat ed
a

cost to conpress revious set of pixels for each one of a plurality
of nodgling schenes; nmeans for selecting a | owest cost schene;
and 10 nmeans for encoding the pixel based on a sel ected schene.

34.  The appadst usAffappdratustorZompredhfdaainh édngméris Mefcoffpfi€ingng schenes
conpri se two nodeling schenes. 15 35. he apparatus of claim
33 wher ei n onemednstfbxecaloniieing ag estithedcost o cdmpress a previbaK et HE pevEhs for

36. The apparatus of claim33 wherein one of the nodeling schenmes is an
i nver se saaakwpe of a plurality of modeling schemes;
means for selecting a lowest cost scheme; and

10 means for encoding the pixel based on a selected scheme.

34.  The apparatus of claim 33 wherein said plurality of modeling schemes

comprise two modeling schemes.

15 35.  The apparatus of claim 33 wherein one of the modeling schemes is a

context scheme.

36.  The apparatus of claim 33 wherein one of the modeling schemes is an

inverse scheme.

20
37.  The apparatus of claim 33 wherein said means for calculating further
comprise:
means for calculating a probability that a bit value is 1; and
means for determining a number of bits based on said probability.
25

ey



20 WO 98/58453 7 . The apparatus of clai m 33 wherei n saPETREBIIBYr

cal cul ating fudrther conpri se: 35 means for calculating a
probability that a bit value is 1; and means for determning a
nunber of bits based on said probability. 25 WO 98/ 58452

PCT/ US98/ 11732 35

38. The appangtus of claim3 erein far each, pixel P.| i.n sai.d previous
set, the encod?ﬁg C(;@F @Bm&]ﬁ@?icﬁggﬁgewr}?ﬁﬁrér F%cha%?ﬁo?a r‘éé@?}’fs&&s to:
-log probferr] if said ppxel .in a1l . . else . -log prob[err]

i nver se igets%?f]?ﬁn‘b‘?‘ﬁ%g C‘?Sﬁh‘é%& invegse scheme is appjoximately s8R0 s the estimate
derived from previouy iij nese ®faid nivel infAl 1 S context; where prob[err] =
1-prob[err] ﬁ)g%&ﬂ;’lfﬁ 39. 1?%%%pgglpgrdait us of claim 36 wherein said

means for caicgis@tirl bibdifsinverse i ARl 8653 10 nmeans for-
calculating a probablg)lglf#y hat a b‘l:f?ﬁvg%eﬁl s 0; and means for

deter migni ng a RypEReprobl i Diiterdzas aed QimaideridReRiprdvidus occurrences of 40.
The apparatus of claim 39 wherein said nunber of bits is approximately
equal to: pﬁ& context; where ;ﬁgﬁﬁ,erm}lemmmgﬂ,@b@;pm}wsel is said probability.

41. The apparatus of claim 33 wherein said nmeans forencodi ng conprise an
arithnetic encoder. 20 42. A nethod for conpressing data in a
conput er system conprising the steps of: generating a

first context bmsed MR gphtatdt of QHRI 96 SWHRFeiS GR@NMReans for calculating furfiRfer ating
a second context based on a second conpressi on schene;
comprises: ' '
10 means for calculating a probability that a bit value is 0; and

means for determining a number of bits based on said probability.

40.  The apparatus of claim 39 wherein said number of bits is approximately

equal to:

15 iogz , wherein proby is said probabilitj.

prob,

41.  The apparatus of claim 33 wherein said means for encoding comprise an

arithmetic encoder.
20 42. A method for compressing data in a computer system, comprising the
steps of:

generating a first context based on a first compression scheme; -
generating a second context based on a second compression scheme;
forming a hybrid context comprising said first context and said second context;

25 accessing stétistical information indexed by said hybrid context; and

performing entropy encoding using said statistical information.

LT



form ng aWQBsF#52Zont ext conprising said first context and BGI/HSHEddRd

context; 25 accessing statisggcal information indexed by said
hybrid context; and perform ng entropy encodi ng using said
statistical information. WD 98/ 58452

PCT/ US98/ 11732. 36 _
43. The neth of .¢laim4 erel.n sai.d step o enerating a first

cont ext %grrpri @?raﬁ@z%égg’b@ 4gfwherem sad 5€p 0}3‘%8’&’?‘%3?%“ §or*%r ay val ue
for a pixel; . determining a difference between said gray
val ue and%émgggegélﬁ?s%?%gt t hreshol d 5 val ue. 44. The

nmet hod of cl ai m@?‘[ I i . estimating said gray val ue
conprises the rsé%ée}g% :&?vzﬁ&éf&a&ﬁ&’%gterm ning a first value range for a

first adjacent tﬁlci‘rﬁ{é)iing %Qigference between%%fd%r?e ?éh'?ﬁgaxﬁi f&%ﬂp?iﬁéldﬁ%sﬁo%'ge“ for a

second adj acent piXx erm ning an ersection range
of sai & f ik val ue range and said second val ue range. '
45.  The nethod of claim43 wherein said difference conprises a first 15
nunber of bits, said nmethod further conprising the step of:

mappi ng said difference into a second nunber of bits smaller than said

first _ nuniger  OfhefthétBod of claim 43 wherein said §tep of ddtienatiag baid gody whai m 42
wherein said step of generating a second context 20 conprises the step of:
det er m ni rgmprisexttheftepsofghbori ng pi xel $; and concatenating a

plurality of bit values of said neighboring pixels to formsaid
second cont ext .deterining a first value viiige for 2 fiiest adjatentipiaél; cl ai m 42 wherein said
statistical information conprises a
' determining a second value range for a second adjacent pixel; and
determining an intersection range of said first value range and said second value

range.

45.  The method of claim 43 wherein said difference comprises a first
15 number of bits, said method further comprising the step of:
mapping said difference into a second number of bits smaller than said first

number of bits,

46.  The method of claim 42 wherein said step of generating a second context
20 comprises the step of:

determining a set of neighboring pixels; and

concatenating a plurality of bit values of séid neighboring pixels to form said

second context.

25 47.  The method of claim 42 wherein said statistical information comprises a

prediction and a probability.

QT



predi ct i ofVRPRIS845r obabi i ty. VO 98/ 58452 PCT/US98/11732

PCT/ US98/ 11732 37 _ 37

48. The net hod of claim47 further conprising the steps of:

“counting occurrences of each hybrid context value in a portion of data; and
determ ning said prediction and said probability from said counting. 5

49.  The net hgg of Tﬁéﬂieiﬁo‘&%f}é'ﬁﬁhﬂﬁ@mﬂi&goﬁbﬁsg% erBﬁ § 8f:m ng entropy

encodi ng conprises the step of: 0 ng arithmetic encoding

based on said ghfifingloclitrentés oFahch 1beRBAkLWlue in 2 portion of data; arkd- An
apparatus for conpressing data in a conmputer system conprising: 10

a plurality of dgtex@ihingaaldasedittionemdisiidPeeBability from said counting.@ cont ext
generator receiving a set of pixel values fromsaid nenory, said set of

pi xel val ues conprising pixel values adjacent a current pixel value,--said
gener at or providing a plurality of contexts associated with a

plural Bty of cdéfpreThemetsedufwiasm 46 wherein said step of pdrfermingwaieeopy by sai d
plurality of contexts, said tables having statistical 15 information; :
cost - baseenadingxomprisesthe siepgfisai d statistical information fromsaid tables

and providing statistical information associated with a | owest cost
conpr essi on sc petermipg arithmetic encoding baseg-pnesatshpredigtianandrsaidpselabilitiy sai d
current pixel value fromsaid nenory and said statistical information

fromsaid cost-based sel ector, said encoding engine 20 providing encoded

out put . 51. The a g%r atus of claimb50 wherein said context
gener at or conpPPses An apparatus for compressingdataip a gampHGT SIS SOMPHSAS'se schene

di f fer,ence val ue;, and . nmeans for concatenating previous pixel
val ueﬁ) 25 a plurality of pixeLyalues stqred MIPEMORY s of clai m 50 wherein said

encodi ng engi n % coRER! éesngrsa'tor receiving a set of pixel values from said memory, said set of

pixel values comprising pixel values adjacent a current pixel value, said generator
providing a plurality of contexts associated with a plurality of compression schemes;
tables indexed by said plurality of contexts, said tables having statistical
15 information;
cost-based selector receiving said statistical information from said tables and
providing statistical information associated with a lowest cost compression scheme; and
an encoding engine receiving said current pixel value from said memory and
said statistical information from said cost-based selector, said encoding engine

20 providing encoded output.

51.  The apparatus of claim 50 wherein said context generator comprises:
means for determining an inverse scheme difference value; and

means for concatenating previous pixel values.

52.  The apparatus of claim 50 wherein said encoding engine comprises:

an arithmetic encoder.
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“an arit hmewioossadsader . WO 98/ 58452 PCT/US98/11732.

PCT/ US98/ 11732 38 38 .
53. The apparatus of claimb50 wherei #3sai d statistical information
conpri ses a prediction and a probability value associated with each

cont ext . 4. The apparatus of claim50 wherein said

5
cost - based sel ector .conpri ses: 5 . ans.for .cal cul ating a cost
based on a prog bi | .Tﬁv%ﬂa ,sogﬂalmwwheremsaﬁ%talt,lé mf?)‘?‘“é’@*‘@@?‘?ﬁffsa | onest
cost schene,

. " DD, An . atatus fo onpressing data in a
conput er wgidémo&&gsﬁpg?%;htyvalueassocxgtg v ﬁ?@rcﬂ‘f‘?‘g of pixel val ues stored

in menory; 10 a context generator receiving a set of pixel

val ues fromsaid nenory, said set of pi xel val ues conpri sing pi xel
val ues adj acentga C Q“é i g | di ng-a
plurality of cc;srzltt' ext‘fst{egagéom a@ég&%ﬁ?@wg@%nﬂsﬁ@%@%& ?:ecl)errcﬁ?recs?g{pgi#sécherres; :

a hybrigl cont eﬁe&gE@.{)@gﬁ&ggg%{b&ﬁéﬁh%@ﬁﬂj@&%ly%;g%?cont exts and

generating a e i ndexed by said '

hybrid cont ext &k fod@ib@nd ' RI0wier Rkkhéhd.cal information; and

an encodi ng engine recelving said current pixel value fromsaid nenory and
said statistical information fromsaid table, said encoding engi ne
provi di ng encoded output. 20 56. The appar at us of

cl ai m 55 wher ei35.sai Aln agpiatud fop enrapm@ésiig daediara cd@fputer system comprising:neans f or
determ ning an inverse schene difference value; and means for

concat enat i ng parpuratitysofipizet valued siersd in merdry; 57. The apparatus of
cl ai m 55 wherein said encodi ng engi ne conpri ses:
10 a context generator receiving a set of pixel values from said memory, said set of
pixel values comprising pixel values adjacent a current pixel value, said generator
providing a plurality of contexts associated with a plurality of compression schemes;
a hybrid context generator receiving said plurality of contexts and generating a
hybrid context;
15 a table indexed by said hybrid context, said table having statistical information;
and

an encoding engine receiving said current pixel value from said memory and

said statistical information from said table, said encoding engine providing encoded

output.
20
56.  The-apparatus of ¢laim 55 wherein said context generator comprises:
means for determining an inverse scheme difference value; and ]
means for concatenating previous pixel values.
25 57.  The apparatus of claim 55 wherein said encoding engine comprises:

an arithmetic encoder.

oy



an arit hnQ WB¥4¥oder . WO 98/ 58452 PCT/US98/11732

PCT/ US98/ 11732 39 - 39

58. The apparatus of claimb55 wherein said statistical information

conpri ses a prediction and a probability value associated with each
cont ext . 59. The apparatus of claim55 wherein said hybrid

context gener asgr  The GG aim 55 wherein sqid sABARA hRmrGAGF ARAfiAkL N0 Sai d

plurality of contexts. e apparatus o m gg
10

wher ei n sabRafRnbh held & ngb@Kﬂit)gﬂmﬁr Aldardd ki 4ch context, CONPI i SES:

means for happing a context "having a first nunmber of bits into a second
nunber of bits, said second nunber being | ess than said first nunber.
61. A conput er program product conpri sing: a conput er usable
nmedi um havi ng §9npuThe apgastaddiclamPs wierein dsiddybed catext §ndriter ei n f ok-
perform ng data conpression operations in a conputer system said

conput 8r ¢ompgrisesn product conpri sing: conput er readabl e
program code configured to cause a conputer to generate a first

cont ext based wmeans for cencatenaingaii pluralityloficentexts. conput er

readabl e program code configured to cause a conputer to generate a 20
second context based on a second conpressi on schene; conput er

readabl e program code configured to_cause a .congqter to forma_ - hybri d
cont ext conpri §Png Jheapparatys okdaimeS whateinsaiddysed eoniext garesator further

conput er readabl e program code configured to cause a conputer to access
statisti cEP™PR¥EY nati on i ndexed by said hybrid context; and 25

conmputer readabl e ogram code configured to cause a conputer.to perform
entr oé@ encodi H&“ﬁgf"r‘i%@&’@ as"tOQF?‘QW aﬁﬁ?@%’ﬁl&f pghx_ts ifito 4 Second mumber

of bits, said second number being less than said first number.

61. A computer program product comprising:
a computer usable medium having computer readable program code embodied
15 therein for performing data compressian::eperations in a computer system, said
computer program product comprising:
computer readable program code configured to cause a computer to generate a
first context based on a first compression scheme;
computer readable program code configured to cause a computer to generate a
20 second context based ona second compression scheme;
computer readable program code configured to cause a computer to form a
hybrid context comprising said first context and said second context;
computer readable program code configured to cause a computer to access
statistical information indexed by said hybrid context; and
25 computer readable program code configured to cause a computer to perform

entropy encoding using said statistical information.

T
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62. The conputer program product of cPai m 61 wherein said conputer

readabl e program code configured to cause a conmputer to generate a first

cont ext conpri ses: conput er readabl e program code

configured to caygse a_conputer to estimate a 5 gray value for a pixel;
6Zorpiherd

and m mpYsEMPErapy praduckriaim Ghwhsrginsaid cogpdigtise a

computer to determ ne a di fference between said gr val ue and a
current pi x@ag?ﬁ? B’éqgfﬁnﬁlcqpoﬂ‘i?éﬁgmeé to cause a compuieg {0 gene aﬁ%ﬁfﬁﬂ‘?& program
product of c¢laim 62 wherein said conputer 10 readabl e program code
configured TR e a conputer to estinate a gray val ue conpri ses:

conput er readabl ?0 5&&[1%%3%93 a&?ﬂdgggé&%g@%gﬁgg@g%?pgﬂ%gt%resttiﬁatg%t erm ne

a first value*range tor conput er

r eadabl e gpr onf Lgured to cause a conputer to determne a 15
5 g&&%ldé‘}gxgarﬁ&@l ard!

second val u ange a $econd adj acent pixel; and conput er

R P e R A A oS sl g

i ntersection range val ue rarge and sal cond val ue range.
64. The c &Eb@tﬂr&@ﬁ@ﬁﬂ%f%ﬁkaﬁ&a%&é&?ﬁ%l&ﬁ’&h@lﬁ%ﬁﬁ!d difference 20
conprises a first number of "br'ts, said conputer readabl e program code
configured to - cause a conputer to generate a first context further
conpri si ng: conput er readabl e program code configured to cause
a conputer to nma@3sai The computgt progragimeroduct bbclains6X wheéteinaldesongfutdpi t s
smal l er than said first nunber of bits. WD 98/ 58452

PCT/ US9801 1 ®adable program code configured to cause a computer to estimate a gray #dlue

comprises:
computer readable program code configured to cause a computer to determine a
first value range for a first adjacent pixel;
computer readable program code configured to cause a computer to determine a
15 second value range for a second adjacent pixel; and
computer readable program code configured to cause a computer to determine an

intersection range of said first value range and said second value range.

64.  The computer program product of claim 62 wherein said difference
20 comprises a first number of bits, said computer readable program code configured to
cause a computer to generate a first context further comprising:
computer readable program code configured to cause a computer to map said

difference into a second number of bits smaller than said first number of bits.

LUt



65. The WS84 program product of claim 61 wherein sai d RGHPIPBAL732
readabl e progriam code configured to cayge a conputer to generate a second

cont ext conpri ses: conput er readabl e program code
configured to cause a conputer to determne a 5 set of neighboring
pi xel s; and conput er readabl e program code configured to cause

2 comuter Lo, CoRSRt kS Btk b Shinkh] PRl
COmUL et " QLR B ool BN ADEL S8l Bk S o

The conpute m%ﬂggsam product of claim 66 wherein said conputer usabl e
medi um furt her*conpri ses: conput er readabl e program code

configured to caysgpnaer AR ﬁrgg;%gfﬁgggonﬂg%r%%ﬁs%rﬁggxgg&r ﬁ?&é?ergﬁrg{)'“ 'g

context value in a portion o? uter re

program godgetqgrﬁgjgg% pifels:ainde a conputer to determ ne sai d
predi ction and said probability fromsaid count of occurrences.

68.  The conput bmPLRIFRATAIN fidpin Qide ehfighr&ifio\bhRke Al cOmpaied i-@iBatbite 20
readabl e program code configured to cause a conputer to perform entropy

encodi ng  a plurelityfibitadlues of said neighboring piXelstte foritaith¥cendécgsxdm code
configured to cause a conputer to perform arithnmetic encodi ng based
on said prediction and said probability.

66.  The computer program product of claim 61 wherein said statistical

10 information comprises a prediction and a probability.

67.  The computer program product of claim 66 wherein said computer
usable medium further comprises:
computer readable program code configured to cause a computer to count
15 occurrences of each hybrid context value in a portion of data; and
computer readable program code configured to cause a computer to determine

said prediction and said probability from said count of occurrences.

68.  The computer program product of claim 67 wherein said computer
20 readable program code configured to cause a computer to perform entropy encoding:
conprises:
computer readable program code configured té cause a computer to perform

arithmetic encoding based on said prediction and said probability.
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