WO 02/ 059685 PCT/ US01/ 49538 Adj usting Subpi xel Intensity Val ues Based Upon
Lum nance Characteristics of the Subpixels in Liquid Crystal D splays
Backgr ourogk/059s85 | nvention 5 Field of the Invention The PaTarsvi/ens3s el at es
to liquid crystal displays (LCDs) and, nore particularly, to inproving the
vi ewi ng angl e Adjusting Suhipixel dhtdnisity ¥ alugs Basedi Epbaykuniidabescri pti on of

the Rel aod AriChRphefBiRids of A Subipisthlind AR CRISEIDRIERE [ 7 Om poor

vi ewi ng angl e characteristics ol Ift a evel reve as a
function of view ng angle) over a range of subpixel intensity values

between the bright and dark sBadl@goustd of iR Maédess | i qui d crystal nodes
used in these displays, the nost commonly used is the Twi sted Nemati c node

(TN node), which has poorer 15 view ng angle characteristics than other
nodes. Typically, a normally white node is used, so that the fully bright

state orre% onds to a |low applied voltage and the fully dark state
corres%@ﬂé@-ﬁ@ﬂaﬂﬁﬂgﬁ applied voltage. The display picture elenents are
commonly referred to as pixels, where each pixel usually consists of a

group of thride isvimpion edlstes talimplig crystd] digplewn(LCirs) andyinuere pattisitbedly sto Typi cal
LCDs have a stripe pixel geometry, where the pixels are square in shape, 20

and whemrdfihg S RRIvigE Gndé haRAnedicasf NQfid thalal &fsplapes Wi th the height of a
full pixel and width of "one third of a full pixel.” For the normally white
node, using 8-bit drive per color, the highest applied voltage corresponds
to an intensity value of zero, and the | owest applied voltage corresponds
to an intensity value of 255. Intensity values are also referred to as
di gi t0a|Dgsexipiion of lat igital to anal og conversion val ues (DAC val ues).
25 The poor view ng angle characteristics result fromthe variation in
opti cal trandostssadem Bquid diyisfab display aagll esuffes frool pag eidvang pydle elthractertsiss t he
liquid crystal cell gap. At a viewing angle of 1
(color shift and level reversal, as a function of viewing angle) over a range of subpixel intensity
values between the bright and dark states. Of the various liquid crystal modes used in these
displays, the most commonly used is the Twisted Nematic mode (TN mode), which has poorer
15 viewing angle characteristics than other modes. Typically, a normally white mode is used, so
that the fully bright state corresponds to a low applied voltage and the fully dark state
corresponds to a high applied voltage. The display picture elements are commonly referred to as
pixels, where each pixel usually consists of a group of three subpixels, namely red, green, and
blue subpixels. Typical LCDs have a stripe pixel geometry, where the pixels are square in shape,
20 and where all subpixels are shaped as vertical stripes with the height of a full pixel and width of
one third of a full pixel. For the normally white mode, using 8-bit drive per color, the highest
applied voltage corresponds to an intensity value of zero, and the lowest applied voltage
corresponds to an intensity value of 255. Intensity values are also referred to as digital pixel
levels, or digital to analog conversion values (DAC values).
25 The poor viewing angle characteristics result from the variation in optical transmission at

different angles as voltage is applied across the liquid crystal cell gap. At a viewing angle of
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WO 02/ 059685 PCT/ USO01/ 49538 normal incidence to the surface of the

di splay, the lum nance increases with digital pixel level, roughly

fol | ow ngwe oposssss | aw, generally referred to as a ganma c®CTAISOFIG38 1 is an
i deal i zed gamma curve illustrating the relationship between | um nance and
di git alnoﬁﬁ&lémlﬂ@iﬁé Ito the syefperatf the displaisribe lunpandedngregeanih digitphpixet leweh
normal incidence, the ganma curve becones distorted. 5 For a given digital
pi xel hkewgdly fdleihgnpoaadeawygdneadly séfenadioyasv gamma emvegFERJI ie an kdealizétl shows
the general trend of relative |lum nance variation over all view ng angles
as a f%@ﬁﬁﬂao&r{?é AvEYel ] has a
non- norrot oni ¢ de%%%?éﬁ%gﬂ%%ﬁ%aﬁgﬁﬁ%g&%%ﬁhnmﬁ%% %ﬁiﬁ%ﬁﬂ’g%ﬁ$g§?%?@%%ﬁ
occurrl.ni over rang e of p| er | evel s son wher betvveen t he dark sta(i1
and. br IHRERSE 2 AL VieTg i g PO FIGERES, e BHpIa Fue bepaes Jipgus
technlg‘e t hat rOV|des a neM/set of analog reference voltages to the data
dri vér soeegrvpnsiigital pixehlencl, theileminaned yasiss glaenaly withlviewispanglel Fed diomsui try
to be added to the drive electronics for the panel. To work well, the

met hod the gshetal @end ef eiative tuniiphii@g@siafion ovbirhflefenihg gagedascafimesort of the
switched every two or nore franes. This is necessary to provide both

POSI iy %ﬁ‘g&x%?ﬁ%l' e Lét‘?cgﬁﬁ lﬁ‘rﬁﬂﬂp&t l%a%' l%ntlﬂoﬁcngmg'dﬁn]d dll“{) otng% %_lge\fe'i ame

ratels he swtching rate o € ganmma curve
| ess. |f. t

ulation in |um nance betwe e two curye s large
enough M LB S S5 A BUE OV SORE ) HEF R OB BReRH 6 dakp on
flicker will occur. Human visual sensitivity to flicker peaks at about 10
Hz, andtatandshsighisieteity at 30 Hz is quite large. Alternatively, if the
liquid crystal response speed is not fast enough to fully respond within
t wo 1for ame t iUTESs Pat. N0 5181 % 688 gOHi 2@l aley@ibal a tichaiue thavpidvides e di st éh
average position within the cell structure, and the |um nance will not
vary W'ahﬁo% 'ré%@rené@\‘?ol{ éé’x‘otthé‘gat& HHL&@@G&%%%P%%' ‘rhi%ere&ﬁﬁes%&ru%ﬂﬁ of the
two gamma Curves, no 1 nprovenent Vi ew ng ang e characteristics will
occur 917 t |be hni
wher ebyp%%?jl@éfg?@mo E%cf@éé%ﬂge ive 5w e R R ol .88 Vel Tegid; o
that the | owest reference voltages are increased 25 to suppress | evel
r ever sa¢quits reffRneroddtagaor different gemmeusaitves tibbe switehed eperly awp pemore frames.

This is necessary to provide both positive and negative voltages sequentially to the pixel. If the
15 frame rate is 60 Hz, the switching rate of the gamma curve would be 30 Hz or less. If the
modulation in luminance between the two gamma curves is large enough, as required to improve
the viewing angle characteristics, then flicker will occur. Human visual sensitivity to flicker
peaks at about 10 Hz, and the sensitivity at 30 Hz is quite large. Alternatively, if the liquid
crystal response speed is not fast enough to fully respond within two frame times, then the liquid
20 crystal director will maintain an average position within the cell structure, and the luminance will
not vary With\time. ’fhe resulting luminance value will be the average of the two gamma curves,
and no improvement in viewing angle characteristics will occur.
U. S. Pat. No. 5,489,917 to Ikezaki et al. describes a technique whereby the reference
voltage set is altered from the usual condition in that the lowest reference voltages are increased

25 to suppress level reversal. For TN-mode LCDs with the usual rubbing and polarizer
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2 WO 02/ 059685 PCT/ US01/ 49538 configuration, this nethod inproves the
viewi ng angl e characteristics in the upward direction (downward-| ooking)
only. Thewbenebseseversal condition is nmuch stronger in thecdasusasaes
direction_(upward-I|ooking), so this nethod does not address the

nost . nepi@uttian, this methodayproves te vigwingiangle chirgefierigficanythe upwarddirestiost i cs.
The nmethod requires that the total range of reference 5 voltages be

decr eag@slynwhrtidBoldh@udly. CTRS leyellrevhi€ SoidiortlisnanthGtioafeen aos@iwar@st ratio
of the panel. G S. Fawett and G F. Schrack in "Halftoning Techni ques

f
Usi ng ﬁf%&fon?ﬂéﬁvﬁﬁf-fo%ﬂ'mg?, sBHAE %%%%Fgﬁottgaﬂr St e rﬁ/&lﬁg?t?{e/aél’e BReierYPinthe

(1986), describes gener al gorit r proéLC|ng one 1 nmages on any

device, displ.ay, or printer which has limted ayscale capahility. U S. 10
ot | NyettsabeaY el Gtegtenihcs, gmstod bt s RS R R AL etk wi t b
ti me-varying phase shift which was intended for LCDs with relatively few

i nt edsivoliages by dearesedaivhieh sighifecagibntedodeshiiae dynaFaouzage ard caitrastantio of the

Fei genbl att et al. is to produce nearly continuous-tone inages with devices
whi ch hayg. |imted grayscale capability. The present invention is intended
for use with LCDs wth full grayscale capability, and takes full advantage

of this capgbid kliceFhiAh! ¥ schPRIEANABHES oo AludkAYES] Bl ChlrectRS
t al. 0O no S ?tﬁolgl I[?

Fei genbl att e provide a ne to I nprove € VI éw ng ahgl e

nd. HoSTRsRog PaTOny O 24 Pt J955ic S80) EFIIPS Svacl DESHITSA PBIRER case

the acceptable view ng angle range of TN-node TFTLCDs. This work was
descr i helftoby irBagasmnetny aevice,risphayt, pwprinveit whixh haDsmijed gy @ake/cagalility. iUhS.
Hal ft one Met hods,"™ SID 20 Digest, pp. 148-150 (1989); Sarnia et al. in "A

W dg0VipaiviNgg 52381982 %o Fsige@ilétﬂ e deSdvieRa hekiong niddhdd WA tifdeaysHas Bhase Shilt
Di gest, pp. 555-557 (1991); Sunata et al. in "A Wde-View ng-Angle

0 gl 5 R My SR Bl B O e
IVED'?ELS g\?vgctett gtfal.w %%Ee}/gle% -a?tge_t ﬁf.] slt% p-rroF(iru_clé %Easrly%sgn‘ﬂguoﬁl-tgrtleo Prr?agg %ﬁ%l%%lcees
which have limited grayscale capability. The present invention is intended for use with LCDs
with full grayscale capability, and takes full advantage of this capability. Finally, the techniques
15 of Fawcett et Aal. and Feigenblatt et al. do not provide a method to improve the viewing angle
characteristics with the halftone process.

.In work done by both Honeywell and Hosiden Corporation, a split pixel structure has
been used to increase the acceptable viewing angle range of TN-mode TFTLCDs. This work was
described by Sarma et al. in “Active-Matrix LCDs Using Gray-Scale in Halftone Methods,” SID

20 Digest, pp. 148-150 (1989); Sarma et al. in “A Wide-Viewing—Aﬁgle 5-in.-Diagonal AMLCD
Using Halftone Grayscale,” SID Digest, pp. 555-557 (1991); Sunata et al. in “A
Wide-Viewing-Angle 10-Inch-Diagonal Full-Color Active Matrix LCD Using a
Halftone-Grayscale Method,” Int. Display Res. Conf. Record, pp. 255-257 (1991); Ugai et al. in

“Deployment of Wide-Viewing-Angle TFT-LCDs Using Halftone Gray-Scale Method,”

25 Electronics and Communications in Japan, Pt. 2, Vol. 80, No. 5, pp. 89-98 (1997). A summary
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25 El ectronics and Conmuni cations in Japan, Pt. 2, Vol. 80, No. 5, pp.
89-98 (1997). A summary 3 WD 02/059685 PCT/ US01/49538 of this work is
al so gi Vewoin/0596885. Pat. No. 5,847,688 to Chi et al. I|n tirCI/uSevmIsgue,

each i xel |s di vided into t |l er split suppixels. An additional
st or agé’ @g}%%’iﬂf Braljossiyen Ilrﬁge%%?h\ﬁ)ocgr%gﬁ@% ) hWPtﬂi H thisdeedmidueozagh

capaci tances of the two split subpixels to provide a different pixel

vol t ageubpix¢lHe dividedsiptol twossmblexsilis sutipixalhi Anwdditiofiad stomaggi capavitetispititized in
voltage applied to the 5 conmbination of two split subpixels, the

t r ansmicsib@ihtioh withedis®tent load @@a&ﬁa&eé 5f the'twd BilitSabFxeld W Srovid@ Ghnfreds: | S
descri bed by the authors as a "hal ftone gray-scale nethod." The nethod is

pecausd b SPARETa T P LU BRRLE Mol SRk B et ot lggp. bR R e

ratiq of the cap C|ta ces e atlo of .vol tages, w || approxi mately the
same >f 6P P}a“%l? P PP }té%}‘él?lég transmigeien %’ff} ﬁséasu%mlwéwt Hechamer {Bisent
10 snal | er-subpi xel vol tages, the transm ssi on and vi ewi ng angl e

char actteshingpuiedsdestribétebyt the asthmislas asthbliione gmyesceale mudthadie Tha mmthdzyls ibfiong
together the light fromthe two smaller subpixels, the view ng angle

char actig{leSeh&Stha heahELsubbi@PisdrghicF a8 YRSotBer. %&@e@ﬂe Faflodf SHRPE ,
subpi xel . A major di sadvant age of this approach is that a speC| subpi xel

structuyre,.i LU T dat e, 1L.hi s

t echnol B hie iE sl St eSlensis BB Eg R (ol ShaR B BBR o abRadf et e
di spl ays, cont a| ni ng subpi xel s as smal | _as 159 by 477 mcrons. As the pixel
area | $PP@sERaslydhe samesfos glisubrixel levsio iigye guepaubrizricolias agfﬂ)mfferffﬂtxe|
structure becone increasingly difficult to inplenment. This [imts the

ext dit stallehsubpixehivsltagepribatrimsoassideasippéwing anglechapeteasticsiofi thertwatsimll

di splays, in which both a [arge nunber and large density of pixels is

requi r &gbpik8s arehA MR med Bl BBk ‘#kt‘h@r B0 Bohi fr&th Sh¥o dnidldr §L%B£elseﬁle
subpi xel d| nmensi ons of apprOX| mat e 42 x 20 126 mcrons. Qgura, et al.,

M xt ur diosing g Mg ilfisa al%cﬁ%%@%ﬁg Jarre0s) raletld ofGingt BERRRICA for
i mproving the view ng _angle characteristics of TFTLCDs by using addl tive
gr ay- | &%aer dipadvaptage of this'approach is that a special subpixel structure is required within the
array on the glass panel. To date, this technology has been successfully applied in aircraft cabin
15 entertainment displays, containing subpixels as small as 159 by 477 microns. As the pixel area is
decreased, the additional storage capacitance and split pixel structure become increasingly
difficult to implement. This limits the extent to which this approach can be applied to computer
information displays, in which both a large number and large density of pixels is required. For
example, a display with 200 pixels per inch requires subpixel dimensions of approximately 42 x
20 126 microns.
Ogura, et al., in “A Wide-Viewing-Angle Gray-Scale TFT-LCD Using Additive
Gray-Level Mixture Driving,” SID Digest, pp. 593-596 (1992), describe a technique for
improving the viewing angle characteristics of TFTLCDs by using additive gray-level mixture

driving. In that work, pixels in odd columns are supplied with pixel voltages different from

25 pixels in even columns. The voltage difference between columns is held at a constant value,
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driving. In that work, pixels in odd colums are supplied with pixel

vol tages different from 25 pixels in even columms. The voltage difference
bet ween cwbuwos6Bs hel d at a constant value, 4 WO 02/ 059@8%/USC443801/ 49538
slightly less than the threshold voltage of the liquid crystal material. -
The t ech8h@lesy bauthedhreghold yaltegspfithaliqud ervsipbmateriph nkherte¢hniquerequires a
alternate colums are connected to data driver chips above and bel ow t he
array. dual-birdrduty drivelr hgratgymeat)dn bdidhatehatksluhngat aohectedrnto ddth @siveiidiips
have different sets of reference voltages supplied to them This approach -
was - ap b eadbdove tROAFR! Firibintde i &pedd BEHRhI s SRAE, dffer ?}hgs WaRst found
that the horizontal view ng range was increased by about 10 degrees. This
paper gqntaips the understandi.ng that..pair.s of. pixel ol ums..c be

Sonbi ndth 't SEfeREY 508 Of RErGREolSsiPRiea ieed o TR APrreachyes wfied ity of
the technique_ is that a special, on-glass configuration is required,
nameldy neraalky-wiis kvistsdrmenatis ormede LGRe lowe fosnd tabdehorirenaliievingrangebe
nodi fied to provide an extra set of reference voltages. 10 Anot her problem
i s thatwa in@assedby abditsOtdepebyve dhisc phpervonthixe thewddes@agdingithdt paes of sigell t i n
a lumnance which for all |levels matches the case where both col uims have

t he sa | I hSrol : ] =Sha ;
rE%hﬂl'Jﬁﬁedan}()@ cbABhed td Bhrol Sl ‘H@@\Eg gﬁﬁ@ %ﬁarQéteI%tﬁF‘. gfig g]etl'lcwr%c\xj osf tﬂée 3

transm ssi on-vol tage characteristics are typica

nemat i de L Havi a.constant offset voltage ,whi,ch.s in endent of
e i noEinae ot el s a8 LBt BiaBi RS an el R F AR oDl O LrReEtoR
checkerboard or alternating-colum 15 kind of inage pattern wil|l not be

pr oper | Khercentel deptropiss neust alap he prwdifeedrie pravidgancexingisgied! refgrence geltagespond to

the offset voltage, the pattern could either be twice as intense or may

di sappemothaipisideh hethat £ distant efffen befuesn telumpigsl &okidpRs Wik wongswlnigl £
characteristics of liquid crystal displays involve altered or special

pi xel o bl O i i Lihi g :
2 AU PRI G, S5, RS il P SR eSS 1R
vertical, .alignment (MWA), and jn-plane sw.tchin | PS). These techni S
whi oh i edTuptat s apy Suluiieavoaie ifaderi kit bRkalofhFy
mor e expensive to devel op and manufacture than techni ques which )
twisted nematic mode LCDs. Having a constant offset voltage which 1s independent of the input

pixel data also causes problems with fine image patterns. A checkerboard or alternating-column
15 kind of image pattern will not be properly rendered. For certain patterns in which pixel data
correspond to the offset voltage, the pattern could either be twice as intense or may disappear
altogether.
Other techniques to improve the viewing angle characteristics of liquid crystal displays
involve altered or special pixel structures, liquid crystal modes, or wiring within the panel array.
20 Examples of other techniques include dual-domain TN-mode, multidomain vertical alignment
(MVA) and in-plane switching (IPS). These techniques which require special structures within
the glass panel are inherently more expensive to develop and manufacture than techniques which
avoid special structures. The IPS mode generally requires more power in operation than the

other modes. As such, these techniques have more general applicability to desktop monitors than

25 to notebook computer displays. Furthermore, many of these approaches are generally not
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avoi d special structures. The IPS node generally requires nore power in
operation than the other nodes. As such, these techni ques have nore
general awploeosdsBi ity to desktop nonitors than 25 to not elpcoRiSovms6k er

di spl ays. Furthernore, many of these approaches are generally not 5 WO
02/ 05963npibty t9dugh dgsiy pixek ewigibsrause spasiay bixgbsigictyrepiequire that alesgdecause
speci al pixel structures require that a large fraction of the total

avai | atftatian efitheeotdeamaileble tireatbeelepoted astbe plirposevd vigwiipginglel iffipkexaant Thelhe
remaining fraction limts the aperture area which can be achieved in a

desi gn boxeh 1:@4; j L, Lie [ . e
ol o di Tl KRl IRl BAn, T e HRA AL CREP qHAEN G e S ST BRa 7
inthe art t ovi.de, an.efficient and | cost nechani sm1hat .inproves
the. vt Pt SR RE R RS PORREE of oS fic pravr e Wit Biborely panel s,
especially for notebook conputer displays. Summary of the Invention 10
The ret hod arWsdpparamais ef naefén heasidaprdndesn ¢ffiniept v Idw castueeshahism thaist
way to inprove the view ng angle characteristics of liquid crystal

di spl ayimprokes theréseinl ahpieehhiacteristivs 0¥ i miedern Bauitfchyseil dﬁbla&?ﬁh@ﬁlieﬁ cdiglyvegi fy
the intensity values (in digital form of the subpixels of the display

usi ng Qotdehk REMbGENDL 5 that take into consideration the non-ideal
| um nan((:)e 15 chgr act elrﬂig%tsi cs of the subpixels of the panel, thereby

i nproving the displayed i mage by suppressing or elimnating |evel reversal
and color shift over a wide range of view ng angles. According to the
present invention, the data which is supplied to the panel is altered,
therefore, it is not necessarySummary ef therIngentige the |iquid crystal cell,
pi xel structure, or glass panel, which are expensive and difficult to

i npl@ment. The present invention can be 20 inplemented within the display
subsystem the data processing portion of the controller electronics

1M, SRRl AR BB A SRS AR T,
thist ?&Bpolvg e \ifie gnogva%zle clﬁg}ejc’é%stics of liquid crystal displays. The present invention
provides an efficient mechanism to modify the intensity values (in digital form) of the subpixels
of the display using dithering techniques that take into consideration the non-ideal luminance
15 characteristics of the subpixels of the panel, thereby improving the displayed image by
suppressing or eliminating level reversal and color shift over a wide range of viewing angles.
Apcording to the present invention, the data which is supplied to the panel is altered;
therefore, it is not necessary to alter or change the liquid crystal cell, pixel structure, or glass
panel, which are expensive and difficult to implement. The present invention can be
20 implemented within the display subsystem, the data processing portion of the controller
electronics within the display module, or operating system or application software. As the pixel
density increases, the image quality and overall performance of this technique improves. Unlike
other techniques which involve changes in physical pixel structure, this invention is easy to

implement as the pixel density increases. This technique does not require special structures

25 within the glass panel, and is intended for use with LCD’s with full grayscale capability, and
6



ot her techni ques which invol ve changes in physical pixel structure, this
invention is easy to inplenent as the pixel density increases. This

t echni quewo®e®s988% require special structures 25 w thin tiReTgiSassspanel ,
and is intended for use with LCD's with full grayscale capability, and 6
WO 02/ (3rsdull pdvantass of Al sapapHits s el asahﬁ/ﬁwtcg@@m&ra@mf toepaitsil.| flnt additipn,
well as the full dynam c range of the panel. In addition, inage data
cont ai rimage tatx conthinirgy @kt line artodrhuhier imfbanatini can be presbe ey slesorddd iore
described in nore detail below Because only the data is altered, the

met hod qfai PRIGY. aBESauSEBn I8 E @R [l RA, Y ntﬁgffod "’%P%ramﬁ.t"g% b CoftRiifeq %Xgﬂ%

turning it off conpletely or altering the degree the view
angl e charac i stics are.changed. this invention oth the l.unm nance
and col'8F" &Wiﬁ@%g%&l{ & ﬁg%gﬁﬂ)hfgelﬁroéa]rteéﬂlgs‘gﬁdegfﬁee%p‘?’]%@éﬂ’(e IS 88t i on

not only inproves viewi ng angle characteristics, it can also be used to

i mpr ovengls| araﬁ@ﬁa@@r?éﬁ@h@gqgc@ﬁhwanvegyon,é@sh ihetlpminaneseansl aofsirebangss Maths t o
a range having well-behaved states, w thout reduction in the nunber of

r ender afidveing @ahgle sire edudddi s t echni que could be applied to any liquid crystal
di spl ay which has view ng angle variations. Exanples include

thin-filmt ' e o TI TN tal . di T : '

act i ve- ot 11 e G e G el e S ot BE R cth 3o ERAT B9
t i St devi whi ch add i xels i h | d .mad f
any et eirRiove EE b Restael Re i) PY eBlncing g obpGeicl G asf Fige PvifE con
(poly-Si), single-crystal silicon, or organic nmaterials. The 15 invention

i s al sovalbbehawedstates.ovigiaws redkrigsinghe nymber@f sengstahle aplasl ay devi ces, such

as passive-matrix LCDs, otherw se known as super-tw sted nematic liquid

crysttal di spitaychdiGINEGlS be appiidd fte amyokkd e tivisal dishlay whithtiae vieting ehdé
generating an inproved i mage according to the present invention, intensity

oL v VSRR A e e TR P S8 SR Ul pecco
eSS o s SIS el S, o AL praecar ¢409,48 g gpendence
devices which address the pixels in the array could be made of any material, such as amorphous
silicon (a-Si), polycrystalline silicon (poly-Si), single-crystal silicon, or organic materials. The
15 invention is also applicable to other kinds of liquid crystal display devices, such as
passive-matrix LCDs, otherwise known as super-twisted nematic liquid crystal displays
(STNLCDS); and ferroelectric LCDs.
In the method of generating an improved image according to the present invention,
intensity values associated with the data elements of an image are modified to reduce the number
20 of mid-tone intensity values between the bright and de;rk intensity values. Intensity values are
modified according to the dependence of subpixel luminance on intensity and at least one
viewing angle of the liquid crystal display. Intensity values are also modified according to other
defined conditions on the data elements of the image. For example, if the data elements of a

portion the image meet certain criteria, there is no modification of the intensity values.



viewing angle of the liquid crystal display. Intensity values are also

nodi fi ed according to other defined conditions on the data elenents of the
i mge. Fowoezasgsb®, if the data elements of a portion thecCrnsgesoseet
certain criteria, there is no nodification of the intensity values. 7 WO
02/ 059685 PdTRESTErabeBbodiment, plastalakity oftspiespraviding i1 associphian betwesn of
entries providing an associ ation between intensity value and |um nance

val ue fintensitybyaiveedns lofhirancd Gluefos pllyixdlnofdn 1L.EPdisplaiein\vt Rbtiogie viRdhe
direction are provided. In addition, a second plurality of entries

provi digpgleafeSsPat drdalied. 1R MGG 3 deB) lufam}’e&gejnﬁYes:;)?éa\ggi}lg%ﬂ abBLRASA LY

val ues outside the md-tone intensity range are pro e Intensity
val ues ;are modified to. reduce the nunber of m d-tone val.ues .by: enerating
2 T oot S PR fud AR Ve s et AR e
plurality of entries for image data, identifying a target intensity

cor r s pepddedy The inteasity vatiesate mogifiedde myuchthe num%gt ofphigktane vgluesbyent r i es,
and identifying intensities outside the m d-tone range by using the second

pl ur al igeyerafingeafirst GamindfceMatuefi@h etitipce] appasigtvaficfasiap tHerfirst ualisy gir esent
invention is a pixel data processor wthin the electronics of the display

e R R R e s T R T R LA TN

processor, .nodj fies intensity.val ues associated wi.th the data el enents of
P F g TRl B ied, SheskintPe iR RS Bl B Bt oriarase b sthedlh ¢ he
bright and dark intensity values. Intensity values are 15 nodified

accor diseepndplurhlityddgehitténce of subpi xel |uminance on intensity and at | east
one viewi ng angle or range of viewi ng angles of the liquid crystal

di sploay. Therhahgeferred shikdiey adcerliny ©Ihépdsafl WRhBGES aGfixd] Matapr et
invention wll be apparent fromthe follow ng description of preferred

ebod; e@ﬂ%@g@jﬁléﬁpggiﬁe})sgfﬂ%e;]agwé%ﬁ&gfagéﬁ{meﬁeﬁ@d bDfart BELCIRROM A% dERW NTS-
integrated circuit (ASIC) contained within the display panel module. The pixel data processor
modifies intensity values associated with the data elements of an image to reduce the number of
mid-tone intensity values between the bright and dark intensity values. Intensity values are
15 modified according to the dependence of subpixel luminance on intensity and at least one‘
viewing angle or range of viewing angles of the liquid crystal display.
The above and other features and advantages of the present invention will be apparent
from the following description of preferred embodiments of the invention with reference to the
accompanying drawings.

20

Brief Description of the Drawings

FIG. 1 is a graph illustrating the idealized dependence of luminance on digital pixel level

intensity values, at a viewing angle of normal incidence.



FIG 1 is a graph illustrating the idealized dependence of |um nance on
digital pixel level intensity values, at a view ng angle of nornal

i nci dencew0d2MP682/ 059685 PCT/ US01/ 49538 FIG 2 is a graplTiushustssat i ng
the relative_|um nance variation over a range of viewng angles as the

i ntensity vailde? ifctcgienl dhistrating thaeelgivedwningnes wariabion REcIdatiergseatiewing) G 3
is functional block diagram of a conputer systemin which the present

i nvent iangles asthe etcwsityodiediecteaes Gondthe brighf siae to thealarkbdtastek di agram of the
di spl ay subsystemof FIG 3. FIG 5 is a functional block diagramof the

D spl ay Contmal fuB&shbi : E : 0 t he
fer i | L onial b & fufifford BIBLIRYiafYIRY! Plonk I%‘%rgﬁéfr?ih Fich 8 pftslii#ealon

pol ar pl otb of .l umnance of a TN-node TFTLCD for level 255. 10 FIG 8 is a
pol ar Préot eoetmqot‘il}ﬁdnance of a TN-node TFTLCD for level 0. FIG 9 is a graph
showi ng the | um nance of a TN-npbde TFTLCD in the vertical plane. FIG 10

i s adgraph &G 4if niamedonabblogk digeeam af thpidisplay|sehesteyfflGI & 9 at a
vertical view ng angle of 62 degrees bel ow normal incidence. FIG 11 is a
graph of di ffi@r ®ixd fuinciimnd blesk diagtanosf the DisidayvEontiatiel avd Pwphg Aanrgl &€ FIGS
FIG 12 is a graph of the yell owblue shift of a typical TN-node TFTLCD for
uniforpp gray with RRG=B. FIG 13 is an illustration of pixel polarities

used in rowinversion. FIG 14 is an illustration of pixel polarities used
in dot inversion., FIG. 15.is an illustrat.ion.of .a full, pixel 2x2 pattern,
Wit h dot i mbkPeh i EeoRbedefled chafitriingpt Bnidnon n iy 1656 el 2
pattern. FIG 17 is an illustration of a full pixel 4x2 pattern. FIG 18 is
an i | | ust r atfil@n’ sfa polax@otddipmmaseme acEN-tpedet Bf H.CD for level 255.

10 FIG. 8 is a polar plot of luminance of a TN-mode TFTLCD for level 0.

FIG. 9 is a graph showing the luminance of a TN-mode TFTLCD in the vertical plane.
' FIG. 10 is a graph of luminance versus digital pixel level from FIG. 9 at a vertical viewing angle
of 62 degrees below normal incidence.
FIG. 11 is a graph of differential contrast ratios versus vertical viewing angle.
15 FIG. 12 is a graph of the yellow-blue shift of a typical TN-mode TFTLCD for uniform
gray with R=G=B.
FIG. 13 is an illustration of pixel polarities used in row inversion.
FIG. 14 is an illustration of pixel polarities used in dot inversion.
FIG. 15 is an illustration of a full pixel 2x2 pattern, with dot inve;sion.
20 FIG. 16 is an illustration of a full pixel 2x4 pattern.
FIG. 17 is an illustration of a full pixel 4x2 pattern.
FIG. 18 is an illustration of a 4x2 double subpixel pattern.
FIG. 19 is an illustration of a 2x2 subpixel pattern with a green/magenta arrangement.
FIG. 20 is an illustration of a 14x14 staggered subpixel pattern, with a majority of bright

25 subpixels.



FIG 19 is an illustration of a 2x2 subpixel pattern with a green/ nagenta
arrangenent. FIG 20 is an illustration of a 14x14 staggered subpi xel
pattern, wotop/osvwes®mj ority of bright 25 subpixels. 9 WO 02,P05A58649538

PCT/ US01/ 49538 FIG 21 is an_illustration of a 14x 14 staggered subpi xel
pattern, w tHGCa2higasillpsiragion @hp d4x k4 sipgaeeqdssubpixel patern, vith ay@pieris off dasky
chart of halftone pixel processing. FIG 23 is a flow chart for full pixel
2x2 patstigpirels5 FIG 24 is a flow chart for doubl e subpixel 4x2 pattern.
FIG 25 is a flow chart for 2x2 subpi xel pattern, where pixels are

processed Wililt}!.ﬁQis@gen%?a‘["ﬁpﬁzQJh%fhﬁh@heﬁ&ef o@es_%g.ph illustrating a linear

hal ftone relationship for ideal gamma characteristics. 10 FIG 27 is a

graph illustxati ower - Law -hal f rel ationship for ideal gamm
characteri StF{I@Q?%@&%ﬁ%%%%&TBB{ﬁf 2’%%%81. nproved |inear hal ftone
relationship for |ookup table for typical TN node panel transfer

char act er i sthilgs24 pjadlovp ghart fog dgpbls sulptivslidng PRilenance ver sus vi ewi ng angl e
for different Iinear halftone 15 curves. FIG 30 is a graph illustrating a
li near -1 aw &IGo23 ishnfléw chak r @uadulpiixe paperacwbat pikel vt Procossed Madhin the
separation between |light and dark branches. FIG 31 is an illustration of a
2x2 sulph¥ebrbike pattern for 25% | um nance using quad pixel processing.
20 FIG 32 is an illustration of a 2x2 subpixel-like pattern for 75%

| um nance “?1892(9 Psaadgra i ﬁﬁllstrﬁlrn%cael?nseiarn Ratftone relationship for ideal gamma
characteristics.
10 FIG. 27 is a graph illustrating a power-law halftone relationship for ideal gamma
characteristics.
FIG. 28 is a graph showing improved linear halftone relationship for lookup table for
typical TN-mode panel transfer characteristics.
FIG. 29 is a graph showing luminance versus viewing angle for different linear halftone
15 curves.
FIG. 30 is a graph illustrating a linear-law algorithm for 2x2 quad pixel processing, with
maximal separation between light and dark branches.
FIG. 31 is an illustration of a 2x2 subpixel-like pattern for 25% luminance using quad
pixel processing.
20 FIG. 32 is an illustration of a 2x2 subpixel-like pattern for 75% luminance using quad
pixel processing.
FIG. 33 is an illustration of a 4x2 double subpixel-like pattern for 25% luminance using
‘quad pixel processing.
FIG. 34 is an illustration of a 4x2 double subpixel-like pattern for 25% luminance using
25 quad pixel processing.
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FIG 33 is an illustration of a 4x2 doubl e subpixel-like pattern for 25%

| um nance using quad pixel processing. FIG 34 is an illustration of a 4x2
doubl e suWwpiozmFIeBs ke pattern for 25% | um nance using 25 qoadispi/xwsbs
processing. 10 WO 02/ 059685 PCT/USQ1/ 49538 Description of the Preferred
Enbodi nents The overal | dPeskriptien of thedirefarredcEmblodimpentyst em t hat enbodi es
the present invention is depicted in FIG 3. As shown, a conputer system
100 includes a processor 102 which is 5 operatively coupled to system
menory 104 and ot her conponents via a system bus 106. The system nenory

104 i ncl udesthapdom a&méam%@‘aﬁ,\éxérﬁgo : %ﬁsthat%&aggggﬁé dsenY b st he

conputer system 100 and application ware, 1f nee or the sake of

descri pti o t stem, bus 106 i s shown as. a single bus; however, it is
oad | yieiBilad inFIE® iinaRtye dompis RaRH I nGe i rroec b B RE R,

conprise one or nore buses (which may utilize different bus protocols) 10
dependli erpraipety edwplagrteystenmigreorsid @4 ded piar efmpdnents aigausystens et Ko 08, For
exanple, the systembus 106 may include a plurality of buses organized in

a hi er agytent mlenidey h@t ineRidesranylPiciatess entvpg thatstbits e dReRBlgay Gl lof eeed
systens. The operating system and application software are typically

| oaded &g}{é&t&“ séxﬁfwﬁafaﬁ%%o b RSESdet 3t tlﬁ%%%&@@@de%&?;ﬁioﬁuﬁﬁ fitod

fixed di ve or nonvol ati [ e’ menory. I'n addition, e oper ng

system and gpplj cation software 15 may be Joaded into system nenory 104
7 om nebUol @S s 8 i0els BSCEHh St FORtBABR! 0 U SRt e
nodem a |ocal area network adapter network, a wi de area network adapter
or ot hesysteonbusineneoroptisteaneds mdre puses Guhighmayutitive digferent bug p®taspls) at | vel y
couple to processor 102 via the system bus 106. The 1/0O devices 108 nay

i ncl uoledepeli@ivip @pol thet ehiteatuge Aid dediplvf PatconifftertsgtémaOD! For exapgiletthe1g
devi ce such as a nouse, trackball, or |light pen tor user input, and speech

20, SCOBBk 6: {n2PHER TRy 360508 8 WG ARA bt 3 i
in modern Intel-based architected systems. The operating system and application software are
typically loaded into the system memory 104 from persistent storage 109, such as a fixed disk
drive or other nonvolatile memory. In addition, the operating system and application software

15 may be loaded into system memory 104 from network resources via a communication adapter
(not shown) such as a modem, a local area network adapter network, a wide area network adapter
or other communication device. Input/output (I/O) devices 108 operatively couple to processor
102 via the system bus .106. The 1/0O devices 108 may include a keyboard, template or touch pad
for text entry, a pointing device such as a mouse, trackball, or light pen for user input, and speech

20 recognition for speech input.

The operating system controls the allocation and usage of the hardware resources of the
computer system 100, and is the foundation on which the application software is built. The
application software works in conjun{ction with the operating system and user input to perform

specific tasks. Examples of application software include a word processor, spreadsheet program,

25 web-browser, video player, 3-D modeling and navigation sdftware, 3-D game software, etc.
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conmput er system 100, and is the foundation on which the application
software is built. The application software works in conjunction wth the
oper at i ngweyssassand user input to perform specific task®CTHSanpses of
application software include _a word processor, spreadsheet:pro ram 25

web- br owser , WrEgemppicsytem 30inehules Pﬁ@P’e’t’ﬁdﬂl??é(W@a]tliodha@éﬁefWg?t@- D gane
software, etc. 11 WD 02/059685 PCT/ US01/ 49538 The conputer system 100

i ncl udgso@sshir 40P apd hebryytsmanerhdy H0Hata thatestérades 106 Goergiyydeskiglayl02 and
the system nmenory 104 via the system bus 106.. General ly, the display
subsystapykdeh PRESRERSs ﬁocgeaa%riﬁfageg fBPSEﬁIa%Qﬁ Y cﬁ@r@yd&@cé Q@ bgg foy device

112 based 'upon conmands generated by the process 102 and transterred to

the dis system 110 via th 5 st em bus 106. .The .operatipng. system
ol uaSBrenR BRTLET b 1 pthslohT o Snd KERTERAS ¢ oty Fupbi R e P tee
"graphics progranm ng interface") that is used by other parts of the

oper at IS8y EdR9- and application software to transfer commands and data to
the display subsystem 110 in order to generate inmages for display on the
di spl ay devilde.ophtatiag sysan inodwdek yn ihplemepiatiod bhHg pey@imminibtedfacd O
application-software works in conjunction with the graphics progranmm ng

oL SRk bostutl g e o ity Bl el pitbn,

t hr ee- di nensi onal "gra u

anay or 4By RSP S Ge BRI ) Bt bR Saelt SR SR Rt KT

progranm ng interface to generate commands associated with the data in a
f or m s @epepiedmpggs fos display oh sheyfispnagevicen SYetesneci Beallyothe mperating sistamn and/pre

commands to the display subsystem 110 via the system bus 106. The displ ay
s ubslys tapphichion pefthareorkhim cpimatiowwith dhecgrapleck frygiaheniag iatersts tb toadelaey at e
image data for display on the djsplay device. The commands transferred to

the di ; imBnd : '
S o SBlcRis 848 B, BB Aa mequm@ndsg@ﬁg%gﬁcg%%%ﬁ:ﬂgsﬁeﬁgm@%n g

command to draw a W ndow, Co_rﬁ‘ran to ren (
erc. - THO dF e b SuEblede 23 tay o0y sBvrag a0 LEahgh R et stithtas o
CRT di spl ay
and/or application software works in conjunction with the graphics programming interface to
generate commands associated with the data in a form suitable for use by the display subsystem
15 110, and transfers the commands to the display subsystem 110 via the system bus 106. The
display subsystem 110 performs the operations dictated by the commands to generate image data
for display on the display device. The commands transferred to the display system may be, for
example, a command to draw a line, a command to draw a window, a command to render a
bit-map image, a command to render a three dimensional image, a command to decode a video
20 stream, etc. The display device 112 may utilize raster scan techniques (such as a CRT display
device) or array switching techniques (such as liquid crystal/TFT display device) to display the
pixels.
The display subsystem 110 of the present invention as described below may be

implemented in hardware as, for example, a gate array or a chip set that includes at least one

25 programmable sequencer, memory, integer processing unit(s) and floating point unit(s), if
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device) or array switching techniques (such as liquid crystal/TFT display
device) to display the pixels. The display subsystem 110 of the present

i nvent i orwa2408x83 i bed bel ow may be inpl enmented i n har dweCe/ts91/4456%
exanple, a gate array or a chip set that includes at |east one 25

pr ogr ari¢edide 18 additipe.che displey sybsystamdd Omarivelade h paralleliand&y pinetingd oat i ng
point unit(s), if 12 WO 02/ 059685 PCT/ US01/ 49538 . needed. In addition, the
di spl ayarchifestyst. dmticl il tepmativienthe didplag splsysteinel 10angl/ 0 infl@aénte®th software
architecture. In the alternative, the display subsystem 110 nay be

i mpl emapgrk vl SO RENSEr. Tlgég%&%or‘fﬁ e SRR g g%?ﬁ%??&ﬁ?fé@éss&ﬁx be a

conventional general purpose processor, a part o cessor 102,

or part_ of oprocessor. integrated with the host processor 102. 5

oxan) PaiortIRRl BEEESOL 1l e A erachelol iR R e AR peoceinol  Mhcal 1 .
the exenplary display subsystem 110 includes a control processor 200 (not
showd) t hat Aupemaleekthedisplaysubasicantl (s shawmindley 4. iMoot speeifiohltsinthet s of
the display subsystem 110. The display subsystem 110 attaches to the

syst emelseiaplhf6display subsgsiemi N0 éndledes a20Rtro b ERsdr 980 $n@RHowh) theSsupedisas f r om
and to the system bus 106 by perform ng the communi cati on protocol of the

system j | i . ic 204
hat PR R S o e ST PO e
system bus 106. t0 nerat.e i mage d for, displ t he di spl ay device
112, “TREbSrRY L GRS Su% Sy el BRSTCA hect Residse S0 oV G el Afd e e
speci al purpose hardware for performng a specific class of operations. 15
The i malge foem andjtmibe aysiem thys ﬂgébm@ﬁrayng ibgicomaouidatios pmteadl phtha systeme
buffer 206 under <control of a nenory controller 208. In addition, the

conti@ntbas 0d6.t he franme buffer 206 can be read back and transferred to the
system control processor 102 via the nenory controller 208 and host

E[ (r;t :‘{ L?gecgﬁglre dﬁ?&gfs?lﬁ%%ﬁgli I[(g{ncl%ggs G¥RLS I%lgicyz(ﬂQHataﬂe%rrﬁyﬁfei‘o%iex%ﬂan menory
dictated by the commands received via the system bus 106 to generate image data for display on
the display device 112. The display logic 204 may include a microprocessor or may include
special purpose hardware for performing a specific class of operations.

15 The image data generated by the display logic 204 is stored in a frame buffer 206 under
control of a memory controller 208. In addition, the contents of the frame buffer 206 can be read
back and transferred to the system control processor 102 via the memory controller 208 and host
interface 202.

The frame buffer 206 typically contains sufficient.memory to store color data (in digital

20 form) for each pixel of the display device 112. Conventionally, the color data consists of three
sets of bits (for example, 3 8-bit integers) representing red, green and blue (r,g,b) colors for each
pixel. Conventionally, the frame buffer 206 is arranged in a matrix of rows and columns each n
bits deep wherein the particular row and column address corresponds to the pixel location on the

display device 112. In addition, the display subsystem 110 may include two frame buffers. In

25 the conventional system, one of the frame buffers serves as the active display portion, while the
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20 form for each pixel of the display device 112. Conventionally, the
color data consists of three sets of bits (for exanple, 3 8-bit integers)
repr esentwog2n0smss green and blue (r,g,b) colors for each PpPITA®s01/49538
Conventionally, the frame buffer 206 is arranged in a matrix of rows and
col umstheaftame bulbfer & updatsd ipresubsaquetialigpday: i Kithen frame Wuadmey Phamge Aigar eeing
corresponds to the pixel location on the display device 112. In addition,

the di splivytosndesiys iredacdidant@yith e nedés divhe kysasre 100 thepatichlar @bnriddén which
conventional system one of the franme buffers serves as the active display

ortio I er frame buffer is
5pdat egheT%hgﬁbvgggﬁgﬁn@gggﬁgs%?%ﬁ%ﬁtﬁ?ﬁsﬁﬁ?@gﬁ%y change from bei ng
active to inactive in accor e W t he needs of .the system 100; . the
Dort]cul o IBRP R | Thace Msheby et i Rein iR e e ke videnl ovant
to the present invention. The display subsystem 110 al so includes video
ti m Ag tindgg signala thay gentyd ks wanséer wif dizel dBa fiom thg freimgriffer 206to thedisplay t he
transfer of pixel data fromthe frame buffer 206 to the display device
112. Meegics pex.i Mog@bpeyifichlig thé dideo fimihdieglcidGeRdriteg @ @(&bmk gigpalxgl cl ock
signal, a horizontal synchronization signal (or HSYNCH signal) and a

vert| C%#Z&{%ﬁl&&{?&héﬁ%@d}l ﬁ%rg@ gdé Héﬁ?@(\fﬁﬁé‘gnal PG aRie%t‘?Ja]l E}Iin%ﬁ}%fn?zitaﬁgf'il Eignal

represen ransition en pixe I'ma given line o I'spl ay.
The HSY. i.an represents the transition fromone |jne to another |jne
of the &g%f@%) Z'thed% 1& ,cﬂérﬁala REroyaAKhY tngitign @F@ww Sn gV e thon
fromone frame (i.e., the last |ine of a frane) to the next frame (i.e.,

the fi ditpldyi rideofISYMNECH eignalfrepressntsothe traesitions frbmyongddine ¢e anotidrdingiodde ti mi ng
signals are provided to nenory controll'er 208, which generates an address

si gnal dppssdeyReNardUES VSIYIEOH tsighhN@pfeséiathe teubiabh Gdni HRY Bl (i Ehehals ess
signals generated by the nenory controller 208 are provided to the frane

buf f er e r 5¢ R i f e.fr ffer
206, 1| ATSSh afT kbt Ao tling 2. ORREBES of RERLL A b ISR P
fromthe frame buffer 206 and transferred to a palette DAC 220. The palette
DAC 220 napdberides;tinging gignals gig provided ianemery sontellei 408 whithezeperates @g| or

space (which, for exanple, nay be a 24 bit integer value) used on the
di spl apddiessefignahbased uphe such video timing signals supplied thereto. The address signals

generated by the memory controller 208 are provided to the frame buffer 206 to cycle through the
15 pixel locations of the frame buffer 206. In each address cycle, the pixel data for one or more
pixels is read from the frame buffer 206 and transferred to a palette DAC 220.

The palette DAC 220 maps the pixel data output from the frame buffer 206 to a color
space (which, for example, may be a 24 bit integer value) used on the display. Preferably, the
palette DAC 200 utilizes a table look-up that operates synchronously with the pixei clock signal

20 generated by the video timing logic 214.

In computer systems (e.g., desktop computer systems), the palette DAC 220 forwards the
transformed pixel data to a video encoder 230 that encodes the transformed pixel data into a
video signal, such as an NTSC signal, MPEG video signal or HDTV signal, for output to a video

device 112-1, such as a CRT monitor. The video device 112-1 includes a decoder, display
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pal ette DAC 200 utilizes a table | ook-up that operates synchronously with
the pixel clock signal 20 generated by the video timng logic 214. In
conput er wsbm/amﬁsie g., desktop conputer system;) the palPeTtuso G320

f or war ds tra(ﬁ Qr thgl‘rad) (g:l ]céiat to a wg der 230 that encodes
the trdi8 8 Faphe % tae degnélag aioplay IRSSRFFPIEPSted Py il |
MPEG vi deo si gnal or HDTV signal, for output to a VI deo device 112-1, such
as a CHixehdaiatepcodetiibergindeo devi ce 112-1 includes a decoder, display 14 WO
02/ 059685 PCT/ US01/49538 controller and a display that decodes t he vi deo
signal and dhspheyxsmphitr kyskaes (cQR bR domputtRE thdpaise DACBL2DNRAHAHs the

therein. In sone conputer systens (e. g not ebook conputers), the paI ette

DAC 22 I X

DAC 22 RBES o AR A Bl PR E 220y B
receiyv i xel _dat a, rlallzesthe pi xel data into a.bit stream and
t ranst ef g tﬁ‘i‘é‘%ﬁfeﬁ 23? F"e?&%ﬁeF eI dgiaa perigl g gleﬂ@l slatg jrip aab“?ﬁ“@ﬁmsﬁ%d seri al
channel . The display nodule 112-2 includes a serial link receiver 224 that
r ecei végnsiees the bitstremnite a Bisplagmadstule, 1 1252 overertiigh spekd kerial anemmet t Bre digftayand
receiver 224 operate synchronously with the pixel clock signal generated

by the niodlgo112-Mimduded@iseridlithk rbki @t 20W kidyt BcefvBE theditl slearnl PefbraBlStHet t €r
222 and 10 receiver 224 is the DS90CR383/ DS90CR284 channel Ilnk

commun St eI PR% en LT P R ki ARBbLYE i e R st

preferably i gg)é(ude cl.ock signal generat ed by the serial link transmtter
222t haenerped uthe, ¥ides figHng logioy IteiAerrIpls pigha perit Hik Hpawanifigr 2eand deo
timng logic 214. The serial link receiver 224 \tilizes the clock signal

commifnirecet ed 2B4 isvhe DINERSEBAI0CR2R4 thamshiink man@d2@umd by Matioaglei ver 224 to
reconstruct the pixel clock signal. For exanple, the clock signal

CoNMMUNiFeHiCshdubSt, Weediths, ﬁfé%ﬁg’iﬁbls'doﬁﬁnﬁrﬁm&\tv@én the zerﬁam ﬁnk fafdnYiger 224 may
be the pixel clock signal stepped down by a factor of 2N (where N is an

Ipp ;:lger réeec,r%ivgﬁgééﬂ Bregcg?li)lgqnc@dc%e a (‘tl{))(é%%lpai ﬁ%‘%&%?%}{ ﬁagesler\{éalrlmizténgr%?‘cg 553 t}}att]e
is derived from the pixel clock signal generated by the video timing logic 214. The serial link
receiver 224 utilizes the clock signal communicated between the serial link transmitter 222 and

15 receiver 224 to reconstruct the pixel clock signal. For example, the clock signal communicated
between the serial link transmitter 222 and receiver 224 may be the pixel clock signal stepped
down by a factor of 2~ (where N is an integer greater than of equal to 0).

The serial receiver 224 recovers the pixel data from the serial bit stream, and forwards
the pixel data to display controller 226. In addition, the serial link receiver 224 utilizes the clock

20 signal communicated between the serial link transmitter 222 and receiver 224 to reconstruct the
pixel clock signal, and forwards the pixel clock signal to the display controller 226. The display
controller 226 utilizes the pixel clock signal and pixel data received from the serial link receiver
224 to generate signals supplied to a display array 228 to thereby generate an image for display.

The display controller 226 utilizes a predetermined driving scheme (for example, row

25 inversion, column inversion, or dot inversion) to generate the image for display. FIG. 5
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the pixel data to display controller 226. In addition, the serial l|ink
receiver 224 utilizes the clock 20 signal conmunicated between the serial
i nk tramnsoioenesss222 and recei ver 224 to reconstruct the pCIaiSOv#Bek

signal ,..and forwards the pixel clock signal to t di spl contrall 226.
The' o dibites B serapieby cobesteriat i iEmEY Sensiafet A ad Ryl SR ofHicta: a
received fromthe serial link receiver 224 to generate signals supplied to
a di spldayMearerspycifiedly, thetdigplasbsontye Hen26enelndésmagyeorly 301 dorsypdrang tha pixebidapl ay
controller 226 utilizes a predeterm ned driving schene (for exanple, row

25 1 nvebsieded & BeYidl RxRhvet 074, RikeldfbcdsEine Eb ity 30D (WiEile isayicAlieerhb@maedl f or
display. FIG 15 WO 02/ 059685 PCT/ US01/49538 1l lustrates an exenplary

enbodi t i ; j 4,
Vore. s PRgfiPr S GE Aoyl RALAGRlhe fRE1 AREWHIeER: Bty 31 afofius e
storing th i xel data for ded b he serial recejver 224.  Pi.xel

o oo S orheBicel SSioshe APl ATy ¥ Lo Soplh e 2 inplyes Y BFl or a
gate array) transfornms the pixel data stored in nmenory 301 and outputs the
5 tr anstbcomtlpieit 38@tadiquid eiysiabi¢edln 18y arak a backliglg 32Fhdhdiligpidayystalicel) 228

includes a liquid crystal cell control circuit 310, a liquid crystal cell

318, an@nolRAlklt 3YDinchidts, abandl divetcshptheats, £€1.ED ceRméIlRILSEBIZ W dourtkO
i ncl udes, as panel driver conponents, an LCD controller LSI 312, a source

driver 3. i 4 t l.er

tr anat SFive o ARUEgNrath, HET CT RSN i e b B BRI RAG, 0E
recei ver 224, which signals are received fromthe, 10 displ a ntroller '
226, aﬁ@lbﬁ%&h@%@%&%ﬂ osophie LBt var Ay orhish 5icanla af%%caﬁffdggami%r 314,
including timng control signals generated fromthe pixel data clock. The

sourlde dikplayeron8aber 2Pénandaduwputa signaly testhalseurse dredr 3(16 andtiel gate droven 14,
corresponding to the supplied pixel data and outputs the gray scal e signal

(i n angh@@dih@HiMin@ordthe sRRRE Bidrabe Al Be bixdEdAh clobe ThSRIBE Biver¥16 AN
exanpl e of the source driver 316 is the MPT57481 Source Driver manufactured
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to provide the gray scale signals (in analog form)_ supplied .on the data
i nes toytRUethe sPosrlc aisakdibpnates Dris) or i pPLrialy dera ine ofAbe dRBlApPEaD! t he
gate | I;neexmple of the source driver 316 is the MPT57481 Source Driver manufactured and sold by
15 Texas Instruments. Gate line driver 314 generates addressing signal(s) to activate appropriate
subpixels of the display array in order to provide the gray scale signals (in analog form) supplied
on the data lines to the appropriate subpixels of the display array. An example of the gate line
driver circuitry 309 is the MPT57604 Gate Driver manufactured and sold by Texas Instruments.
The backlight 324 illuminates the liquid crystal cell 318 from the back or the side. The backlight
20 324 includes a fluorescent tube 320 and an inverter power source 322. The display controller
226 may also be provided with a user interface 305, to allow the user to adjust, for example, the
degree to which the viewing angle characteristics are changed.
According to the present invention, the data sent to the display array is modified to

enhance the viewing angle characteristics of the liquid crystal display. The data modification

25 may be implemented in hardware within the display subsystem or, as is preferred, entirely within
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driver circuitry 309 is the MPT57604 Gate Driver manufactured and sold by
Texas Instrunments. The backlight 324 illumnates the liquid crystal cell
318 fromwbe2loswks or the side. The backlight 20 324 incl uste3/usof/hases escent
tube 320 and an inverter power source 322. The display controller 226 may
al so béhdasg presessinig perion eithe conteqllen glectapEes wishig thodisplaemedale. ¢ adj ust |
for exanple, the degree to which the viewi ng angle characteristics are
changecdltehativelgdimgparatitgsystomesepplicatioe softwaxe. The sovare seaytreside bhenygi spl ay
array is nodified to enhance the view ng angle characteristics of the
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hardware within the di spllay subsystemor, "as iS preferred, entirely within
16 WO 02/ 05968 CI/ UsS01/ 49538 t.he data . processin rti.on _of . th

control Ler eitederanPuBoHiemicRors e asp Ry e Bt i@ Pniel afy n
operating systemor application software. The software may reside on any
nedi dmSEehefall lamigange arthpigivate angla derastevistiep. Freesiy used liguyd crystal dirplaysape,
CD, etc. The data nodification scheme depends on the properties of the

| i qui d havy géal viekviglaagle chamuotehists in tlee Bright satec dhaviewinganglg chargdteristics in
characteristics. Presently used liquid crystal displays have good view ng
angl e GhANAR Bl Rhy 6Spbdt, bit®ebisd Ble 18MmAlahice fgt}@laﬂi{)ﬁy\”slggﬂﬂﬁglcﬁe not affect the
characteristics In tﬁe dark state may be poor, bu ecause t%e | um nance
isrelatively smal.l his does not affect..the viewer's rceptian, . For

cor ¢ af MITETRS Pl bl SR YTy e BB o hensh behion T G ARGRIELE at s,
the | um nance deviates strongly froman isotropic or Lanbertian

di st ri istatesohediminapeediviies stenghydram an ingtrapicos Lembertiah disitibptingyids viewing

| um nance does not nonotonically increase with pixel I|evel. This adversely
af f 0t singlegaridmgertab aldwing hiyoleaths lurginetde@loes hotirhorichicaltinasiservavtepisal . By
suppressing these problematic md-tone levels in favor of brighter or

dar ker jLeyelgs agﬁggsqu; eFEN theii&ﬁ%ﬁwgyp?}%ﬁu%’l‘ﬁg%ofo? Shil :dgzﬁﬂﬁéét' [ RAAL eB:%' evel

for the viewer, t does soO usli ay el énents ave good Vi ew ng
angl e characterjistics., The inprovenents in view ng angle 15 chgracterjstics
Ao acKHEVES AR HOHEmANS MICHRE IPLin Fvar oL BREREL R G vl Dedigsghc o
| um nance of a liquid crystal display roughly follows a power-I|aw

invention achieves the desired luminance level for the viewer, but does so using display elements

which have good viewing angle characteristics. The improvements in viewing angle
15 characteristics are achieved concurrent with some loss of image resolution.
The subpixel luminance of a liquid crystal display roughly follows a power-law
| dependence on digital pixel level, sometimes referred to as the gamma characteristics or gamma
curve. Ideally, the subpixel luminance versus input digital subpixel level follows the simple
relationship given in Eq. 1 below. Yo and Ypy are the maximum and minimum luminances at
20 normal incidence to the display, and # is the pixel digital level, or DAC level. For a display with
8-bit color, each subpixel has 256 levels, and the levels span the range from 0 to 255. A plot of

this relationship is given in FIG. 6, for y = 3.0 and Ymax/Ymin = 500.

Y= Ymin + (Ymax — Ymin) + (/255)7 Eq. (1)

25
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dependence on digital pixel level, sonetines referred to as the gamma

characteristics or gamma curve. ldeally, the subpixel |um nance versus

i nput di gwDak/osaskpi xel |evel follows the sinple relation®lirsgi/4sss i n Eq.

1 below. Ymax and Y;,, are_the paxi num and ni ni num | um nances at_ 20 nornma

i nci derdanyt dauidervstal fisalpys dnaotfollewhis relationshiginggaisely, butiapteadexiihitemape) |

For a display with 8-bit color, each subpixel has 256 |evels, and the

| evel s chpantetik@csraitigan Srshaped duove? Gbwhidh heahasxdfnunt hinsinarek atéwnstd pixelslegilven

in FIG 6, for y =3.0 and Y,,,ax/Ymn = 500. Y= Ymn + (Ymax - Ymin) '
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di splays do not follow this relationship p , but 1 nstead

ganmma haracteristics wth an S shaped cur i n, whi t.ne i

7o narETEARURL SRl oS SPERRRR 3 ¥ ot haden Rl e o
an S-shaped gamma curve for a typical liquid crystal display found in

not eBodkansBissienaersup selhvalings baacteristics avhigh ampyaliocSishapeduids eftgmsersoneeusly s
have 5 transm ssion versus cell voltage characteristics, which are al so

S- shapexdsunhdd thst thé Seshape ofthe arasdnyissions shemederishiag lebdetoSnSSsipped fahine curve.
transm ssion characteristics |leads to an S-shaped ganma curve. The shape

of the mrmgpé:éflrme ohRnd QLRI H@t@mﬁﬁ?ﬁe& Be e aﬁic.%gag gh?ig@tQ{]%ﬁ\tﬂﬁs}ﬁg badegRshi p

between piXel levéls and drive voltages provi Iquid crystal

panel . For,.nost liquid crystal .nodes, and .pi xe] ,cell structures used in
TrT coprog e e e o e REE R cBSRLBER. W th viewi g angl 6.
Furthernore, as the pixel |evel is decreased from the bright state, the
vari ation i Fargashhaed onistah madeswappizelgiel styetpres upeshigel THL (s Wienlgmanagice s
beconmes | arger. Exanples of polar plots of |um nance versus view ng angl e

for W does sétedmamncnstantwille viEwTh i gde. eFgiheanoreNasithépixél Rael iktésredSed Gompi xel
| evel s 255 and 0, where all subpixels are the same value (R=G=B), i.e. the

gray cqofgiti ' i . r ISt .ex hi hi over
Phe” ent s ouR Ui s RSV ARELAD hiiind BR9Re e ke SHERTHEL Bt CPvBAMEMERE TV ee,
the | ugt nance over o, angee of RUAEL | evel s oan be; excessivply briant

twisted-nematic mode TFTLCD are given in FIG. 7 and FIG. 8 for pixel levels 255 and 0, where

all subpixels are the same value (R=G=B), i.e. the gray condition. Considering the range of

15 characteristics exhibited over the entire range of pixel levels (0 to 255), at particular viewing
angles, the luminance over a range of pixel levels can be excessively bright compared to the
gamma curve at normal incidence, or excessively dark compared to the gamma curve. For some
liquid crystal configurations, at particular viewing angles, the luminance relationship with pixel
level can become reversed, that is, the luminance ét lower pixel values can be brighter than the

20 luminance at higher pixel values. This situation is referred to as level reversal, and images
viewed at these angles with pixel values in this range exhibit reverse contrast. For
twisted-nematic mode liquid crystal displays, all of these effects generally occur. For liquid
crystal displays with wide-viewing-angle modes other than twisted-nematic, there are also
variations in luminance (and color) with viewing angle, but those generally do not exhibit level

25 reversal.
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gama curve at normal incidence, or excessively dark conpared to the gamm
curve. For sonme |liquid crystal configurations, at particular view ng

angl es, twe okuosicsmnce rel ati onship with pixel |evel can perarserisser sed,
that is, the,lum pance at | ower pixel valyes can be brighter. than the 20

| uni nance at Pt Ramete et el il (h8 SirpReesLyatition in niwce,
reversal, and images viewed at these angles with pixel values in this
range expwgiin thegigeioabdisentionaastthe meident vigwingdngleriavariedrfivate beloguiadmet yst al

di splays, all of these effects generally occur. For liquid crystal

di spl ayscidérich tvhlsiBre\iogmblngeidagiee ArDskampld bfethe luhdiRatcsichitterigiiRtveBus t her e
are also wvariations in lumnance (and color) with view ng angle, but those
gener alJo): nok i bkt | ; ir : : : - 40538
or i ST Rk e pet e g A0 LR TR SR P e
in ynnance accurs ip the vertical direction, .as the incident view ng

angl o IS0 PBA TR THPEBINRD G R FRE n QO 10t HETIAAES Hefoe. An
exanpl e of the |um nance characteristics versus vertical view ng angle for
a tw stastmutbateangls afifalepiegsi Bositivestadues of visivdyg angley(thesa) donreriodd t@ thewlpveind 5
consists of a famly of curves corresponding to vertical cuts in polar

pl ots afirebtich frfamaRe pinedRorndd (ARHiGREd Evevearf ardhed@BfceRues B@ﬂ'eb\iiﬂ(%iaﬂg@é ues of

view ng angle (theta) correspond to the upward irection fromthe panel
nor mal ' : j VAN gl
Cor o5 SenarthE I e NNAE i A ARAE et EndiBelAR @y BN BT 10 soon e

upward). It is seen that ) pi xel leyel, is reduced from 255 toward O,
t he |uﬁ§ﬁ%erﬁséeld%‘aai s R PaS 1 DS nipRRaR FEK mgp%frtm@t\é?r%a?zer 0to
positive theta angles. As the incident angle increases above zero, the

| umi anteviog augls tha ofieeraty positivesbéty asgles edls thangkidént ange itcogpetsedbove pevay d
the hi ghest pixel Ilevels. The | um nance behavior in this region is

excessiNeliniRidcd Rlirvedbedoi®e mbfd AeRly PAGHICandE6SQASERhERLAUFIZRE BighbNPifepm | Y
of lum nance curves retain nost of ‘their relative Spacing, but the overal
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this redgi on is excessively dark. For . . i .
ecreases below zero, the family of luminance curves retain most of their relative spacing, but

the overall magnitude of the curves drops off much more sharply with incident angle than for the
15 case of positive incident angles. The luminance behavior in this region is excessively dark. For
the lowest pixel levels, as the viewing angle is made more negative, the luminance curves cross,
corresponding to the level reversal condition discussed previously. For the very highest positive
incident viewing angles and pixel levels, there can also be some level reversal.
In FIG. 10, a plot of luminance versus pixel level at a vertical viewing angle of -62
20 degrees is shown for the data in FIG. 9. At this viewing angle, the luminance generally exhibits a
local maximum, and does not follow a gamma-type relationship. The luminance is not
monotonic, and peaks at a mid-tone gray level below the midpoint of the range of levels. This
luminance can be viewed as an error function, with a maximum error for midrange pixel levels.
To examine the level reversal effect more closely, a plot of a family of differential

25 contrast ratios can be constructed from the data in FIG. 9, as shown in FIG. 11. The differential
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the | owest pixel levels, as the viewng angle is nmade nore negative, the
| um nance curves cross, corresponding to the level reversal condition
di scussedwprie®swss| y. For the very highest positive inci @€EmtUSVi/e@88hyg

angl es an i xel leyels, there can also be sone.|level rev . In FIG 10,
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20 degrees is shown for the data in FIG 9. At this view ng angle, the
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the data in FIG 9, as shown in FIG 11. The differential 19 WO 02/059685
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sel ected pixel levels. In FIG 11, several ratios of |evels are shown.
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FIG 11, it is ident that .the differential contrast ratiqs do not fol| ow
this réPléEIYf‘ém‘ﬁﬁ;V&eﬂw&fi» rfa%ﬁ%tfrtgetﬁ? nQR- kﬁfﬂ&ﬁ@rfg@lqnﬁhlp fical 9f ECHsmgarapsmal
degrees, the differential contrast ratios remain relatively well behaved,
r ef | ectingideriche Foomeidentavieyogranglee irathe cangh i3 5 tty pBe dhe difffel«nibial comamstratiosedf

i nci dence. For incident viewing angles in the range +35 to +80, the

di f f er i highest @RELaBEpS BldWS, Bllicatifieoféed ?&kxs‘aﬁ%r%n&&&ﬁ%e@ﬁﬁ?&hﬁes in the

i ndicative of |evel reversal. For incident viewing angles in the 10 range

of t o, -80 r e diftfer i.al I a ratio characteristics. very
ot r oor R P Rt B b Bl Bplpl Bl SRRSO

bel ow Il evel 31, the mininmumdifferential = contrast_ ratio reaches a val ue

cl ose tA6ceptadls behayiort Femthe Jovssst iyckigytlebedpwdevsl 8 1. the mpigpse difiepantishe  pi xel
| evel is increased, the mninumdifferential contrast ratio dips strongly
bel ow Epntaaxt rdtioeeadhes atvilon chke tdhke faraniertival viatvirg amgleast about -40 degreewe gad thee

i nci dent view ng angles. The snall est

pixel level is increased, the minimum differential contrast ratio dips strongly below 1, and the

location of the minimum ratio moves to larger negative incident viewing angles. The smallest

15 differential contrast ratio occurs between levels 223 and 207 at an incident viewing angle of
about -65 degrees. For levels higher than this, the differential contrast becomes larger than 1 for
all vertical viewing angles between 0 and -80 degrees. It is clear from this plot, that for negative
vertical viewing angles, a broad range of pixel levels between approximately level 31 and level
223 exhibit undesirable level reversal characteristics.

20 Similar transmission characteristics for twisted-nematic mode liquid crystals are shown as
FIG. 2b and FIG. 3b in U.S. Pat. No. 5,489,917 to Ikezaki, et al., in which level reversal
phenomena are exhibited in upward and downward directions dependent upon the exact liquid
crystal mode. A general feature of the characteristics shown in FIG. 11 and in Ikezaki is that for

a given set of viewing angle conditions and range of pixel levels, the luminance error associated
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between fully bright (level 255) and fully dark (level 0 ) the change in
v' 19 |chrageaticity ghanges froncyellowigh at lryeh 25 5cﬂ¢rhi>wa1t piclieve} Oc Hawsgesdlopwlire gl iowi sh
at level 255 to bluish at level 0. This yellowblue shift is typical of

nmost | itgpleal of hyst Bduidicsstahyisplag @fodes:OForiifil g%wh\ibh chnteian fgiiifiéans hgmbéd sant
nunber of bright pixels the appearance of color occurs relative to the
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chro ma'fb}r ﬁi’}xw 1 tﬁ@ P%Cg&fa&f::%lggtaatslhé #Ot{ H% g&g% 8ta1-']éh a’h&{ﬂﬁajea&:dss raltrﬁfereqcev el
: 3mdﬁgﬁﬁlg1%§1gn R %Vclhggge 1tnh a%f% t?\w/\/lﬁl %2 Jt?dgle a g cglgln ghr1 towa:r fle blute 2? ’Ehe the

level is decreased. Provided the display has a large contrast ratio, that is, the luminance of the
15 bright state is much larger than the luminance of the dark state, the color shift will be most
noticeable for the mid-tone graylevels. The bluish condition of fully dark pixels near level 0
cannot be discerned relative to white; they appear black because their luminance is sufficiently
low. However, the bluish condition of mid-tone gray pixels can be discerned relative to white
because luminance of the mid-tone grayle\tels is significant compared to fully bright pixel
20 luminance.

In the present invention, these undesirable effects are removed by decreasing the number
of image pixel values which have mid-tone levels. This is done by processing pixel data values
to produce a halftone image, in which one group of pixels is made brighter than the input values -
and another group of pixels is made darker than the input values. The pixel data values can be

25 chosen in such a way that the luminance is locally preserved in the image. Both the bright and
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15 bright state is nuch larger than the | um nance of the dark state, the
color shift will be nobst noticeable for the md-tone graylevels. The

bl ui sh cowoioiosassdf fully dark pixels near |level 0 cannoPChaSdi/swses ned
relative to white; they appear black because their |um nance is
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have nore desirable view ng angle characteristics than the m d-tone gray
pi xel s lumiinagie woaiiwe to thechrightrespef the @ésbvitlualibrighepikelage. The vi ewi ng angl e
characteristics will be dom nated by the bright pixels, which are nuch

nor e Vi si bl eAnB@Rsdri @okdatint BhXR! Soupdofighkels WaMat thd gio@p oPBrigh Qbkelt Bkt t he
| um nance viewi ng angl e characteristics of a halftone i nage approaches 5
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i ndi vi dual bright pixels. A necessary constraint on the groups of pixels is
that tHBVYRSDpeHodsed ke ddvasihe pandd. E%gmnnel@ﬁﬁeﬁlﬁr aplimeee Feglkang phengriena, it
nunbers of positive and negative subpixels, as determ ned by the inversion
met hdd is secbssany tr ¢haagd the potaniey of firelndoftagdszeeflyl subseguera ficmeardwethsimaerk) 109
phenonena, it 10 is necessary to change the polarity of pixel voltages

every Sf\alﬁﬁ&qwi)%vefth@Efﬁa%e':d-ﬁ%ﬁﬂl?fﬂ@ﬁfdﬁlg preb&ibd BeLa Eaﬁ{lé)&%?sttﬁlﬁ eff@&gﬁ% guality,

i ncludi ng suppression of capacitive crosstalk effects, 1t I1s beneficial to
et | nedenel ol BRlEmleln® b Bt b i i f Fpmg WEFEioTE TRRET pdRdbs 1y
within the sane franme, alternating in )
case that all pixels in the array are the same polarity within the same frame, alternating in
subsequent frames. Column inversion is define to be the case that the pixel voltages alternate
15 between columns within the array and also alternate between frames. Row inversion is the case
that the pixel voltages alternate between rows within the array and also alternate between frames,
as shown in FIG. 13. Dot inversion combines alternation of pixel voltage polarity with both row
and column and between frames as shown in FIG. 14. Typically, at present,
commercially-available notebook computer TFTLCDs are driven using row inversion, while
20 present desktop monitor TFTLCDs are driven using dot inversion.
. To satisfy the requirement that flicker is not observed, the bright subpixel voltages must
be approximately evenly split between positive and negative values. The balance of positive and
negative pixels should be matched, consistent with the ability of the human visual system to

perceive flicker. The balance must be achieved over a region smaller than the minimal area over

25 which the human visual system can perceive flicker. Other issues of image sticking and crosstalk
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bet ween fweame®s9sROwW i nversion is the case that the pixel Peolusayes3s

alternate between rows within the.arra nd.al so al ternate between franes,
s showopRSyiene BRCEsAiials PE RAabaRA R JpReeTatTioh o epr RN e age
polarity with both row and colum and between frames as shown in FIG 14.
Typi calseistiediif heawimber okpppiisiccing Inegative Mixchpre bplenesdovikhie e dpupeicentramdibs ar e
driven using row inversion, while 20 present desktop nonitor TFTLCDs are
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' mRge COMEM: chingSheNY eRnANNE th¥hiokel AiPlns Bhirhoe Badksth will be bRt dPOf
describe the different patterns, for the purposes of the following discussion, it is assumed that the
15 image data is uniforrﬁ from pixel to pixel, such as a mid-level gray color.

Examples of uniform patterns are now described. One of the simplest patterns is a 2x2
full pixel checkerboard, shown in FIG. 15. In this pattern, each full pixel, consisting of three
subpixels R, G, and B is made either dark or bright. The full pixels alternate between dark and
bright. Under row inversion, the polarities of all subpixels within each bright pixel are the same,

20 the polarities alternate between rows, and the number of bright positive pixels are exactly
matched by the number of bright negative pixels. This pattefn is acceptable for panels driven
under row inversion. However, under dot inversion, with polarities as shown in FIG. 15, it is
seen that the number of bright positive and bright negative pixels is not balanced.

Patterns which exactly balance the number of bright positive and bright negative i)ixels

25 under both row inversion and dot inversion are shown in FIG. 16, FIG. 17, FIG. 18, and FIG. 19.
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content is changing sharply from pixel to pixel, then the halftone pattern
wll be disrupted. To descri be the different patterns, for the purposes of
the foll Gm'()mg/os%ss:ussi on, is assuned that the 15 i rTB.gePdafIIEOI/QSIimI form
from pi x to pixel uch m d-1 evel gray col or,. | es of uniform
pat t er n%?aﬂ%e%w thess dig @?50@%@66196 proeery that eeptlphal ﬂ}erqulwa dagkeneq gnd

pi xel checkerboard, shown in FIG 15. In this pattern, each full pixel,
consi sthahighepixelsraeebrighitimidx #16. K ill@stratexh Ml ixetRoté peiterngin \dlaiclktlmrpetib&iighy :
The full pixels alternate between dark and bright. Under row inversion,

t he poliaDiphie®Sindhe BbrizontH Birs@loh antiuiRel$aCHe REMOATdiIRLHS]. PrEhidMerRae, 20
the polarities alternate between rows, and the nunber of bright positive

pi xel s ca;&ns&?egpc{aé cplt top%%ﬁ’é S Slaied q??ﬁusfe AR B bpaEAR Ll ik b ! S

pattern 1I's acc rrven |nv

under_ dot, i nvers wi t h arities as in FIG 15 IS _seen that
the rurASEPCGHY by @ﬁ?l%mhwogﬁtdlwwncﬂiaa@ syl the; veticsl Flge%’é’ﬁl J&eanced.
Patterns which exactly bal ance the nunber of bright positive and bright
negat i Vighiened sr dezkened degiomrotdmsisoed d fwllgrixsil oRIGN@ illustrateswatamiblersubpizek4dmn i n
FIG 16, FIG 17, FIG 18, and FIG 19. 23 W) 02/059685 PCT/ US01/ 49538 All

pat t er Rttbi, mﬁso@lghtegeu 65daAk&Rd $EA6:B dohgswﬂqﬁiﬂdfshmke@mm 3\ lnaétfatésme

pi xel s ‘are darkened and half the pixels are bri ghtened. FIG

o SRl AR o B ée%etcugrﬁs 2!

bri ght enge ’iﬂ? ﬁened r.egi ons, consi st of

i |1 ust rogt Eena prfarkened gpgignscamgist frgithes EhSlIAHF éﬁbﬁ%‘ﬂ osa@éarloéavtme;ls i Ehege

pi xels in the horizontal direction and 2 pixels in the vertical direction.
The 10brargthrenmdsible abénrlenegemaenty fon thecsubhpixsh 2x@f pattefny hdmelly eeden/mkdg@ntal 8
illustrates a doubl e subpixel 4x2 pattern. The brightened or darkened

regi onsed/ensi &td Bhe/SelpAl! 0k ngéeaﬁhag%h@ coldr @radgenhdnk RERBIFIGS Ui xel  2x2

pattern. e perlodl city is pi xel's in both horizontal and vertical

directions. Jhe i-ah r kened [ egi con t ngl e
subpi el or EApRIP P GHs M A ERE kS AP R Sh N Bl 2 i 21
arrangenents for the subpl xel 2x2 pattern, nanely green/magenta, red/cyan,

and bl JdIe§epatisiis crpde deasaibedaydressrelonbpixal Ml d otsins Shese priserashavs a1 G
19.
periodicity of 14 full pixels in both the horizontal and vertical directions, with a total of 588

15 subpixels in each repeated pattern. In FIG. 20, the bright subpixels constitute 57.1% of the total
number of subpixels within the repeated pattern, with equal numbers of subpixels with opposite
polarity. The dark subpixels constitute 42.9% of the total, also with equal numbers of subpixels
with opposite polarity. The pattern shown in FIG. 21 is similar to that just described, except that
the dark subpixels and bright subpixels constitute 57.1% and 42.9% of the total, respectively.

20 From the description of these patterns, it is clear that many possible uniform patterns can
be constructed which satisfy the required conditions for this invention.

Most of these patterns can be created in the display image data by processing pairs of
pixels within the same row in the image data, moving through the pixel data on a row by row
basis. Some patterns may also require that pixels in adjacent rows be processed together. In that

25 case, an entire line of pixel values must be stored in a line buffer. If a small number of pixels can
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Exanpl es of patterns with nuch | arger repeat distances are shown FIG 20
and FIG 21. These patterns can be descri bed as staggered subpi xel 14x14
patterns. wWohesssghtt erns have a periodicity of 14 full pipceltsoi/usboth the
hori zontal and vertjcal directions, with a total ,of 588 15 subpixels in
each r el5dApPEEssddeedhsr ingrpupp dlth?osmtlh@nbbqrgﬁppe%wx@re@@éﬁl@t@pmbe 57. 1% of
the total nunber of subpixels wthin the repeated pattern, with equal
nunber prodessadoppidlyl, st avatdiccopprdiblet with paditeal fitgne rathefod diickdisplbpi ¥edescipiat oft ut e
42. 9% of the total, also with equal nunbers of subpixels wth opposite

pol arit uwtétepﬂaatpt&re@aﬁ@ A9 Withifr tHe sasb rb i 5w thOflbRahalt usticiescr i bed,
except that the dark subpi-xels and bright subpixels constitute 57.1% and

42, 9% of herik0bBn  SHPEEHINERY R BF R WS ARELIALOR el DRk e

patterns, it 1s°C y possible Gni T

constructed whi ch satisfy the required conditions for this invention. Mst
of t mes&2dhl PEtehehecssroprd aaEareégom in R dids b yfirstpieges aa@%terwn%whe@wrng
pairs of pixels within the same row in the inmge data, noving through the
pi xel dmt thedirstapixavin e rowwis tdbes skeppedo itthp pisted rave isnavgn ahs first dged subpixedd are

pi xel s in adjacent rows be processed together. In that 25 case, an entire

line ofighirse®land Mg gbml@?s ShifRIdes) 1 Mlidikd Rt tHeQbw. IIF the phiRkdw fugder  of
pi xel s can 24 WO 02/ 059685 PCT/ US 1/ 49 38 be processed t oget her |n gr oups

rapi iy aa g SR rele SRR RLL R pOReBiiBle ARLA SRRy AL

description of ai rwise pixel processin | ow wi t h| n the sanme row i s shown
in t he IPPoWAHERE thepopytey logazlonrapém%dlegmgtﬁ@daﬁe@ﬁa jKel. Ay te REcseTvefingow

t he pi xel data could be processed for the 5 2x2 fuII pi xel checkerboard

pat t ¥r rartstmdvextiwhiéi €antdih solldhblobks aff sattratpd celotspit dehezessaryetowbse fdrehe presencot

the first pixel inthe rowis to be skipped. If the pixel rowis even, the

first tdrpeensubpl #ehe idhs data nﬁfeﬁﬁ'er saaquahe eﬁﬁé’i‘rlé\}el‘g oP 95 A1tpd sﬁlbgbtet fecf by 1
full pixel within the row th eplxe row is od retdin the starting

h I h f I
"o The elisa: GRdpRithE rstﬁr#e%b%t%%“t 57 et rqﬁwp%tter%w%ttdﬁﬂg PRl ol
subpi xel . Next, to preserve line 10 art and text which contai n soI i d bl ocks

of sat (eawedifos shegrubpixels which prsyeas ehanging the pixeblevelalyss sdwen e difference

between input subpixel level values is larger than a threshold level value. A suitable threshold

15 differertce is about 100 levels. Next, the two values of pixel luminance are determined for the
pair of pixel levels using a characterization lookup table (LUT). The characterization LUT is
simply the calibration curve of the pixel luminance versus pixel level. If the panel characteristics
can be described by a simple mathematical relationship, then LUT #1 could be formula. The
average luminance of the pair of pixels is then calculated. Next, using LUT #1 in reverse, the

20 target average level is determined as that pixel level which corresponds to the average luminance
of the pair of pixels. Finally, the two new DAC levels are then determined for the pair of pixels,
using an algorithm LUT. The algorithm LUT is the halftone algorithm curve. The optimal
halftone algorithm curve will be different for different calibration curves and different liquid

crystal display technologies.
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of this material in the inmage data. |If either subpixel is either level 0 or
255, the subpixel level values at this |ocation remain unchanged by the
al gori t hmvoARwerssat i vel y, a threshold test could be usedPCarusbhesstibpi xel s

whi ch prevents.changing th i.xel |evel | ues .when .t ifferen et ween
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Asuitable threshold 15 difference is about: 100 |evels. Next, the two val ues
of pi xehowpmp HEpcH aFhe gsaema} phagcierisies arp éhe samterasder the fewchatial G2 ygita
characterization | ookup table (LUT). The characterization LUT is sinply

t he calwith diffecent branehingfcondidons. X@dth bfitherfhme ehavie s BEG. [@3aakl Al€@VR4 invbivet he
panel characteristics can be described by a sinple nathemati cal
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pair of pixels is then cal cul ated. Next, using everse, the 20

targ vier age, |l evel is determ ne s that pi xel |evel i ch corresponds to
t e o aTHER RGeS Hicat g S TRl o7 visfRL o8 sihe aaffi: vi o Rirel RS

| evel s are then determ ned for the pair of pixels, wusing an algorithm LUT.
The al gBdysinhlEUAS.| Shis flovnehiartdepaibgh germresnss eenevasionpihsheohy sehpixehpgatermone
algorithmcurve will be different for different calibration curves and

di f f er showhiigBIG 19crystal di splay technol ogi es. 25 WO 02/ 059685

PCT/ US01/ 49538 A different flow chart for the generation of the double

subpi xel 4x 1 : 1Syt i } .

char act er i st e o BORIELCRr bibriBtiof A 1 e Sfe pfRed AR described

di fferent, branching.conditions. Both. .of the flow charts in FIG 23 .and FI G
24 | nv o Eat b I8 RS NP Simeted St dSbrtPe SR SIAYE B o e

i mge. An exanple of a flow chart 5 which involves processing pairs of

pi xel0 gange 22 th?-R, aska samma @62 drim genstally\the Aesited tasgavelueoWes riosv capisidenthien
FIG 25. This flow chart describes the process generation of the 2x2

subpi xehseqthbt the dispRiyawnsien clieriaterisfics foblowgo@anmstipercBws &/ithfa nepfigibyBdn N

di spl ays, a ganma-type transfer curve, as described in Equation (1), is
desi r eqy; ial 7 i s have gammas in the 10
range 2.1§M?§h£.ﬁ%m£g%§ %‘“g?&%@%@%&%ﬁgr y the desired target val ue.
W now consi der the

Y = Yimax - (n/255)7 Eq. (3)
For the following discussion, we consider a pattern in which exactly one half of the pixels are
15 bright and one half are dark. We desire to match the macroscopic luminance of the halftone
pattern to that of a uniform pattern. For a uniform pattern, in which all pixels have the same
level, the microscopic pixel luminance is the same as the macroscopic luminance. The
macroscopic luminance of the halftone pattern is given by:
Yht = %Ymax * (%)y+%ymax * ;Tbs U Eq. (4)
20 where n, and m; are the levels of the dark and bright pixels in the halftone pattern.
We first consider that the dark pixels are made as dark as possible, 7= 0, with negligible
luminance. The macroscopic luminance of this halftone pattern will match the macroscopic

luminance of a uniform pattern when the microscopic luminance of the individual bright pixels is
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case that the display transfer characteristics follow a ganma-type curve,
with a negligibly small m nimum | um nance, Ymn. The transfer

char acterWetOiZ/G)S%ase then: Y= Ymax ' (n/255)y Eq. (3) For PChaShokdsesnvi ng

di scussi on Qfgﬁ Pattern .n which exactly one half of the pixels
Ao 15 BRTGHIVEHHACHR B S e ormyBgtieras Hop o gy emittast 1eYed of ther@ieBp! ¢

| um nance of the halftone pattern to that of a uniformpattern. For a

uni f or magetnt 8r, e Hamewhi ch al | pi xel s have the sane |evel, the mcroscopic
pi xel lum nance is the sane as the rracroscopi c | um nance. The macroscopic
| um nance of the halftgﬂe paltern i Yht ;=n 2 pfmax ' ( n 255)Y + 2
Ymax (255)y Eq. (4) Kiner 2 rgaan 2155 are x| ‘e Eﬂi of the dark &AdO)
bright pixels in the halftone pattern. W first consider that the dark

pi xel s are made as dark as possible, nd = 0, with negligible |um nance.
The macroscopic | um nance of this halftone pattern will natch the
MBcr Gs Qifig fdri]l WeBsRief a uniform pattern when the mcroscopic |um nance
of the indi VI dual bright pixels is 26 WD 02/ 059685 PCT/ USO1/ 49538 exactly
twice that of the pixels of the uniform 5 E@ For a given target |evel
of the uniform pattern, n, we rm;nmf§ Ymax n (255)Y = Ymax ( Bg5)6Y
Eq. (5) 5 Solving for nb, we obtain: nb =n- (2)1/y Eq. (6) Under these
condi t i{gn& o} I o r get
pi xel Ievertﬁegcec‘f@lrlltgéaﬂrs ﬁégéﬁﬁ%ﬁ{r@%ﬁ% %E?llfa gtb?l %&el%ﬁ& a? ﬁ%ltwp %%flleeiglrrp |l e
i'S provi = 2.2, 1. Al so, the yniform

bat §er b [0t n ERERABRReS S IRt e Tallo ng Sambledy Brovieds 861 Y T 740 137

| uni nance can be matched by a halftone pattern with equal nunbers of fully
bri ght Adsoebsy at2.2, ¢welnifa2mpastonth 1hmlidaycelbedontes ¥eV,s, #ta giesldéveDof 186. This

10 luminance can be matched by a halftone pattern with equal numbers of fully bright pixels at level
255 and fully dark pixels at level 0.
For target levels larger than 186, the halftone bright pixels have saturated at level 255,

and to match the target level luminance, the level of the dark pixels must be increased above 0.

1 255
max (255)y Y= Y = 2 Y max (255 Ymax 55 Eq. (7)
15
The solution for the dark pixel levels becomes:

)
] Eq. 8)

ng=255-12- (%) -1
This relationship of bright and dark halftone pixel values to the target level, referred to as the
linear algorithm, is shown in FIG. 26. An undesirable aspect of this algorithm is the presence of
20 sharp corners in the curves for bright and dark pixel values, occurring near the point of 50%
luminance. Images on liquid crystal displays processed with this algorithm typically exhibit
luminance banding and strong color shifts for luminances near 50% of maximum. Through
suitable functional modifications to the algorithm, the sharp corners in the curves can be

smoothed. Examples of suitable functions include power-law and complementary error
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expl
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color shifts as conpared to the linear algorithm Al though the maxinmm
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with the Ilinear algorithm better results have been obtained with a power

| aw

al aRffddaBixelPas # qweﬂll@me furk gix%i DS RLRe /S o6 %g@taw aghy DX fionsWfp R9AEN.

consider a panel wth i1deal gamma-faw transter char

Equatiqn 3. . F ower:l aw rel ati onship, a convenient way to define the
dar k bﬁgﬁgﬁﬂpég\fai@nh\g(}t?%ﬁ@%eg » pair is to define the .dark pixel DAC

value nd as a power law relationship to the nt arget DAC value, n, with an
exporent p, 10 n d = 255 ( 255)p Fe: 209 - (555)° Eq. (9)

so that the luminance of the dark subpixels, Y , is given by:

255(355)7 17 7
Yiark = Yimax - [ 755 = Yimax (55_5.)}9)1 Eq. (10)

The sum of the luminances of the dark and bright pixels must equal the luminance of the target
15 DAC value, normalized to take into account that each of the pixel pairs occupies one half of the

surface area.

2Y=2Ymax * (2_’5?'5_))) = Y aori + Ybright = YVmax * (%)py + Ybright Eq. (11)

Solving for Yrigu :

20 Ybright = Ymax * [2(% 7 — ('Q_’;_S)py] = Ymax * (_2%))/ Eq. (12)

Solving for n :

n n ' 1/y
np=255. [Z(E)V — (553)7 ] 7 Eq. (13)
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so that the |um nance of the dark subpixels, Yaark , is given by: [255.(5)P
Y n Ydark = Ymax 255 =Ymax ' (255)PY Eq. (10) The sum of the |um nances of
t he dar k wod2bsdeght pi xel s nmust equal the |um nance of thecrarsge$9s3d5 DAC
val ue, normalized to take into account that each of the pixel pairs
occupi d5thsrmeweapt= bftheththe bsight ansedagk sehpixel Yurminanopswye the s2m6,) thatdg,rthere is no
Ybright = Ymax (255)P" + Ybright Eq. (11) Solving for Ybr;gl,, : 20

Ybr i ghthaHtotimx A¢§ &Sjower pis 2dddd¥d dhedudiimnce obthelark §ubpixelSollvwagdf s1d the :
nb = 255 [2(255)1 - (255)PY J 1 Egq. (13) 28 WO 02/059685 PCT/ US01/ 49538
I f the =11 j pxel ' e
sare, AparnePof (i brighf Qubdifousts Bitea oAl purs BhiER cab 1 ARAE AR Gf ohl

| um nance, of the dark suhpixels is | owered nd the .lumn of the

br 1 ght eibhpstes SiesRudlh i Fisthoshr not o too e e G TR abloe a%ero i
and bright branches, respectively. If the power p is nade too |arge, then
for toa r2égt theAgnirahesesf the darkttsarBhig B0 smipdl, suahi thairtbe regfiiredh binaiaanice of drechrighs
too small, such that the required | um nance of the bright subpixels would
exceed stibpikelorw@ht nessed &l Ibeightnessprat dedst abn cudditemls 6F nl NI His caggethet he
maxi mum error occurs for DAC val ues sonewhat bel ow | evel 255. At present,
there i ] Kk i L [ v k

w g PRAAR h SR Skl L lak Ty TR AT (! iRl BoiEHy
nunerically. For, example, if = 2.2, then the Xi jum 10 val ue of IS
2,01, AapvhHamalttiagomtonsy LAY yalue & @ngrwﬂmtéﬁgéglnﬂyt]@n&FWy
as pis increased beyond 2.01. Since the view ng angle characteristics
gener alepr,i bap tlevealas of hean be famdtrivorericeliywe dior brargple, g 24y theb tlanmarisming
increased, it is desirable to increase the value of p, as long as the

| um ARGERIEEST Ps 2.01 " FHAEIniReRGE SREARKGws that the error increases quite slowly as p is

increased beyond 2.01. Since the viewing angle characteristics generally improve as the
separation between bright and dark branches is increased, it is desirable to increase the value of

P, as long as the luminance error introduced is acceptable.
A summary of the error introduced for different values of p is shown in Table 1, for y=
15 2.2. The range over which error occurs is shown, with the average value within that range, the
maximum error and the DAC value at which the maximum error occurs. The human visual
system can detect luminance differences of approximately 0.5 to 1.0%, for patches of light which
are in close proximity. Without side-by-side comparisons, errors of up to several percent are
probably acceptable, because the overall effect on the gamma curve transfer characteristics will
20 not be noticeable in images. The average and maximum etrors for p = 2.4 are about 1%,
gradually increasing to between 3 and 4% for p = 3.0. Examples of light and dark branches of

the power-law algorithm are shown in FIG. 27.
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A summary of the error introduced for different values of p is shown in
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Table 1. Summary of power-law errors for y =2.2.

5 The errors can be suppressed by a suitable combination of linear algorithm and
power-law algorithm DAC values. Specifically, the dark branch DAC levels can be the
power-law values below the range in which error occurs, and linear algorithm values within the
range where errors would normally occur with the power-law algorithm.

As shown in FIG. 4, typical liquid crystal display panels do not exhibit ideal gamma-type
10 transfer characteristics. The algorithms previously described can be applied to the non-ideal
transfer characteristics, which will result in halftone image characteristics which are also
non-ideal. This could be done by calculating all halftone pixel levels based on the known
luminance values of the panel, instead of a formula based on ideal characteristics. In FIG. 28, an
example of linear algorithm levels is shown, applied to a typical panel with non-ideal display
15 transfer characteristics, such at that shown in FIG. 6.
An alternative is to first modify the pixel data input to the panel to correct for the inherent
non-ideal transfer characteristics, and achieve ideal gamma-law transfer characteristics. To do
this, a gamma-correction LUT is constructed to change the input levels to new levels such that

the output characteristics now follow an ideal gamma law characteristic. The gamma-correction
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and achi eve jdeal ganma-law transfer characteristics. To do this, a

ganmma- c3Eeeslche gt Immingnesonsmeiedhane fastos ehtme Thie follyutsimplyels ¢ consequence
| evel s such that the output characteristics now foll ow an ideal gamma | aw

char acttkatitsd fumindiice of édredarichalftend pirels 3hndDbe h AR Gtk R/ TG HebaZouhtUT
can be conmbined with the algorithm LUT so that ganma correction and

hal f1 onnadrg WrhinifiRe FRRSHAK SRR, @ﬁeethg&gfffcail Bp R SinfPRY: BFil Htrhalf e.ﬂiﬁepget
ma Imt

macr oscopi ¢ | um nances | ess than 50% o mum an upper or the

| um nances of the bright | ftane.pixels is easil]y established. Assum ng
negl i gﬂglingqap&%sr;g%\g'hgtnessgﬁ% ! t%rg%ﬁﬁ%@rfafi?e' amsf qn ‘?1%?2’%6‘%‘3@6% c
| um nance, the |um nance of the bright pixels cannot exceed the target
| uni Iameaxipymmadiosvablesieparatienc basweert biight anddark biasichesef the hadftgneapixel levels.
consequence that the |um nance of the dark halftone pixels cannot be

snal | er t harExgefidienibdisv &) ghowi Battte berdviewinn 2l O chadabtdiarieLare obta ddda the
state, the theoretical upper Iimt for bright halftone pixel [|umnance is

e, t | or | ftone pix nce
he. 10 Mt paen A E ol BrEher ARG b ER TR A E AR T o

hal ft one pi xel |].evel N o :
sepeRatlon wiuch s allowed. Reductions in color variation and pattern visibility also occur as the

separation between the two branches is reduced. Semi-empirical methods can be used to
15 establish several algorithm curves which optimize one aspect of the image quality or another.
These curves may be user-selectable. In general, the curves will follow the shape of the curves in
FIG. 26 or FIG. 27, with different degrees of separation between the bright and dark branches,
and sharpness of the corners in the transition region near 50% luminance.
FIG. 29 shows a plot of measured luminance versus vertical viewing angle characteristics
20 of a TN-mode panel, for a 2x4 double subpixel halftone pattern, using a linear algorithm curve
with maximum separation between the bright and dark branches, and pairwise pixel processing.
The characteristics are shown for different target luminance values. As the target luminance is
reduced from 100%, the viewing angle characteristics initially degrade from the white state
condition, with the location of peak luminance shifting away from normal incidence. As the

25 target luminance approaches 50% of maximum, the viewing angle characteristics return to the
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Experiments have shown that the best view ng angle characteristics are
obt ai ned when the difference between bright and dark branches of the curve
are sonmeviNeto2loexsss t han t he nmaxi mum separation which is alPConmsdr/49Ragiuct i ons
in color variatiop.and, pattern yisibility alsq occur as the separation
bet ween RiffSttGGoH o sRp §C€i’1%|¥v58’é‘&he E@%-C%%P?lil bup fapganpsdeocdhisde used to
15 establish several algorithmcurves which optim ze one aspect of the
i mage auratdteds bocause tietfds luniihawe coudities coregspbiadsits ene balf dettatal sumber afener al |
the curves will follow the shape of the curves in FIG 26 or FIG 27, with

di f f er giitelsiRad @etheThlly BRGtFohARoRENWERR dilte hRIheltfuBy daflards (BE Rghes, and
sharpness of the corners in the transition region near 50% | um nance. FIG

char act PRt R dFaBae Rt bR K Tha1e pU8 iRt B TRt one

pattern, .ysing a linear algorithmcurve wth maxi num separation between
t he rilﬁﬁae%ﬁd dark branches, and pairw se pixel processing. The
characteristics are shown for different target |um nance values. As the
target | umi nelhothe preaediigcéstussiameg Mg thdralguiidwi dgaitseppbicd apatietrsrinst i cs
initially degrade fromthe white state condition, with the |ocation of

peak | umhiclaaeRtl$ RAIF bF 1@ pANaY arlkdafReRS 4R hal NG tHE PEls a&sbﬁ%ﬁer%a it 8cOflftone
| um nance approaches 50% of maxi nrum the view ng angle characteristics

g B, BRGSO OO ST VA 05 R

expect ed, because t he 5&)%Ium’ nance condition corresponds to one half the
t ot al ﬁfﬁ%@mwst B¢ aldsred proordipgly+ hae preeeding disgssiongrrgiconemnedvith thene ot her
hal f held fully dark. As the target |um nance is further reduced bel ow
50%1G velchlabibn ahbaftpeakubpgal maloes whichwegur fim pairsy tranis, a darki snbpidelnumd.a bight of
the precedi ng discussion regarding the algorithmdetails applied to

pat t er RgbpiRel. WheGlibExaAPakry vIAH ar@brdcBRe@bfl e bMafhal keMahaRMmb ab (£5x 1 he
pi xel s are brightened i'n the halftone inage. For patterns with proportions

AT N e N I A G
arranged into acceptable patterns was also discussed.
If the pixel density in the array is large enough, approximately 170 pixels per inch or

15 larger, then the viewing angle characteristics can be further improved, without a significantly
noticeable reduction in image resolution, by processing 2x2 blocks of pixels, referred to herein as
quad pixel processing. With quad blocks containing 4 pixels, the bright and dark subpixel
luminance distribution can be refined. The average luminance of a quad block is calculated via
the calibration LUT by adding up the 4 subpixel luminances and dividing by 4. The target level is

20 also determined using the LUT in reverse. If all 4 subpixels were held at the target level, the
luminance would match the average luminance of the original block of subpixels. If the average
luminance is between 75% and 100% of maximum, then one of the 4 pixels in the block is made
darker, while the remaining 3 pixels are held at or close to maximum brightness. If the average
luminance is between 50% and 75%, then 1 pixel is fully or nearly fully dark, 1 pixel is in an

25 intermediate state, and the 2 remaining pixels are held at or close to maximum brightness. If the
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10 cal cul ation of hal ftone subpi xel values which occur in pairs, that is, a
dark subpi xel and a bright subpixel. The subpixel pairs which are
pr ocessedwomalsbek®e contai ned within the sane row (a 2x1 [PCoakpr/eas3g t hin

t he sane colum, (a 1x2 bl oc Ho e bl ocks of hal ftone subpixels are

ar r angety *i3g¢ gu%’é’é’é‘iﬁlﬁéfﬁéveﬁ%?%%’r%g% thansprigels @rrsilly or pearydally daky 1 gisedi ¢y
inthe array is |large enough, approximately 170 pixels per inch or 15

| ar ger ,1s tthamintdymediataitatg, addghe] cdnmainiog eiicd is ledd atam chse famakierun byiglovesd,

wi thout a significantly noticeable reduction in image resolution, by

pr ocesdf i@ aR¥eblasienfis Beosrks 094 £1de1VEdhd?3 PRERIafe Aly of Haf 1y dark, and
processing. Wth quad bl ocks containing 4 pixels, the gl’l ght "and” dar k

subpi x i i:St.rd i . e refined. The average | um nance of a
guad bﬁ%%&kggbggﬁ ufgfigzéﬁg&hﬁﬂ%&%EP?%ration LUT by adding up the 4

ixel lum i vi.di 4.. Th ) I |, is 2 I
det ey ned cof AERRE OF B eleFtiten B &l e P c S Ba bt RERn P & héh Beh e
target level, the |umnance would match the average |um nance of the
or i gi naepdrhidarkbaiweenithiligbt and daik btapchesof agph ofithemfona pixelsiis masimieeh TE and
100% of maxi num then one of the 4 pixels in the block is made darker,

whi | e tdueyes @OEbsPoRd tBa B-¥sthSnarer medvﬂicmoﬁacma@%&@ 1dvel, iexdiBHaN el heiesys. | f
the average |um nance is between 50% and 75% then pixel is fully or

nearly v i LS =Nt e i . nd . 2

e mioi oY G eI PLTEe 24 U oiEeA SORE SR B TP Be BT NIR R 52 wo
02/ 059685 PCT/ US01/49538 average Iuninag e | s between 25% and 50% then 2
pi xel s SSAESDHAHY (rpgd g1y daketis gigfegming EW@ pattern geqeration REoReditbe e

state, and the 1 remaining pixel is held at or close to nmaxi mum bri ght ness.
| f tlfe adgositlage Thisdandecene by definvieg the(tiapidel1664tionhareash pkX qual Hoek dul |y or
nearly fully dark, and the 1 remaining pixel is at an internedi ate state.
5 An exgiabgs AIB @nadd DOk $HdWMnfiaITa8ad pi xel processing is shown in FIG 30,
in which the separation between the |ight and dark branches of each of the
four pixels is maximzed. The curves correspond to a 5-colum LUT in which
for each target level, the digital pixel |levels of each of the four pixels
in the 2x2 block are specified. The order in which the four pixels are

A| B
C|D

15

Table 2. Pixel locations within each 2x2 quad block.

Different patterns can be generated by specifying the order in which the subpixels within the
quad block are turned on. As the target pixel level is increased from 0 to 2535, for the individual
20 red, green, or blue subpixels, charts showing the order in which the subpixels are turned on are
given in Table 3 and Table 4. These turn-on sequences result in patterns which do not exhibit
flicker, following the criteria discussed previously. Table 3 defines how the 2x2 subpixel pattern

may be generated, and Table 4 defines how the 4x2 double subpixel pattern may be generated.
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sequentially turned brighter or darker is determned by the pattern
generation portion of the 10 algorithm This can be done by defining the
four pixeWwoloeostsBdns i n each 2x2 quad bl ock as | ocati onsPATRISC/4®ekl D, as
shown in Table 2. AB CD 15_.Taple 2., Pixel | ogations thin each 2x2
quad bIGEREEler e A et e Trdhe e SRS R HoRy SHAR S YRR e Bider | n
whi ch the subpixels within the quad block are turned on. As the target

pi xel 1betgen I, G Ry auked. A farguadblosks intherizental seqatingt.dithel turnpon seguenagrieen,
or blue subpixels, charts showing the order in which the subpixels are

t ur ned theredrsaibpjixelein the 4kakloabld sabsixdlgiatiernkltefaes ®etviden (B, A5 DGnd G ESC Befoul| t
in patterns which do not exhibit flicker, followng the criteria discussed
previ Oqﬁﬁhé{blo'gﬁp{nql&izgﬁ{ai BeReht@wW the 2x2 subpi xel pattern may be generat ed,
and Tabl e 4 defines how the 4x2 doubl e subpi xel pattern nmay be generat ed.
33 02/ 059685 PCT/ US01/ 49538 For exanple, the turn-on sequence for the
red subpi xels in the 2x2 subpi xel pattern alternates between D, C B, A and
C,D A Bfor guad blocks in horizaontal sequence. The turn-on sequence for
t he redlewbionxel sAin theBax2! doubl e [suldpi xdl pAttern BltefnaCes betden
C B, A D &DA, D, GiB for 3quad blocksg inl hor|li zomnt al| sequence. 15 | pcati on{A B
CDABGREENRED 4 3 2 123 4/1 2 GREEM1 2 34 21 493 LU 4 323 3141
2 TablregBypSUbpi Xel” furp-on|Seguente tp generaite [a 2y2 SpbpiXet[patyer
10

Table 3. Subpixel turn-on sequence to generate a 2x2 subpixel pattern.

10
location A B C D A B C D
RED 3 2 1 4 1 4 3 2
GREEN 4 3 2 1 2 1 4 3
BLUE 1 4 3 2 3 2 1 4
Table 4. Subpixel turn-on sequence to generate a 4x2 double subpixel pattern.
15 At 50% target luminance the subpixel patterns generated with this process match the 2x2

subpixel pattern shown in FIG. 19 and the 4x2 double subpixel pattern shown in FIG. 18.
Examples of the 2x2 subpixel pattern at 25% and 75% target luminance are shown in FIG. 31
and FIG. 32. Strictly speaking, the patterns at 25% and 75% do not have perfect 2x2 subpixel
symmetry as for the 50% luminance pattern, but they do maintain the same color character of this
20 pattern. Examples of the 4x2 double subpixel pattern at 25% and 75% luminance are shown in
FIG 33 and FIG 34. In similar fashion, these patterns do not possess perfect 4x2 double subpixel

symmetry, but they do maintain the same color character of this pattern.
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location ABCDABCD RED3 2141432 GREEN43212143 BLUE
14323214 Table 4. Subpi xel turn-on sequence to generate a 4x2 double
subpi xel wetwesasss 15 At 50% target | um nance the subpi xel Ppatuser/ms3s

generated with. thi [ oces t t.he 2x2 ubpi xel ., pattern shown in FIG
19 and the ﬂ&eoﬁgl?lgq‘é%% 1)%%?”%&‘?18? ’%tgﬁ/ﬁ”?‘ﬁaﬁe&egrfés.es fropL KR {0 ¢ he
2x2 subpj xel pattern at 25% and 75% target |um nance are shown in FIG 31
and FI guingpumsthejshifisiin plon pachig, viewing gagle shargctaristizs gaecahouty o9e kidf thait have

perfect 2x2 subpixel symetry as for the 50% | um nance pattern, but they
do mai rexhibited by tsarehriglcapptibhtoasdinof ixelshiThii apahicguenceof astlkg the takdre
4x2 doubl e subpi xel pattern at 25% and 75% | um nance are shown in FIG 33

and Fl Guihanbdradb&padhed %Q%c‘ﬂrbu%% 255 ﬁg’a&%@tt 38kaS nggégﬁiigﬁg&%? c ?iﬁgee%teaéﬁ( 2

doubl e subpi xel “symmetry, but o maintain t or chdracter of

this pattern,.34 WO 02/ 0596385 .PCT/ US01/ 49538 . Fo he techni gue applied in
oo B Gk e A AR LT e ZOLP SR i FRtk 6 S SNPHPROIIERE shi f1 o
in color and in view ng angle characteristics are about one half that

exhi bi tBangsy by % Lunivad sixgbproresgingasrarh pixef withinghesblowh irgverees duminance
consequence of reducing the target |um nance range spanned by each pi xel
by a f dodmbriglit todark, Hertapai avsiage lpnkeahcquhasgs Sy23%. a thidGihy, theRka@kioniof hi n
the pair traverses |um nance frombright to dark, the target average

| um nangepCRanGaERnEY fréﬁ’i%‘ionlr:ﬁf ingikl@ﬁicer(.%g(ﬁlo“}ﬁriﬂ ?rgl}g:artl gg rSREEH B At Yhd hi N

t he bl ock traverses [ um nance rombright to target’ average

| um nance. changes by .25% In this way,. the excursion of the peak |um nance
from ng'ﬂffawﬂﬁﬁgﬁf%?@ﬁﬁélngé@?ﬁ(SmnﬁIHVﬁ(@g gegle charaqleristisyyced by about one

hal f, wth corresponding inprovenent in view ng angle characteristics. 10
Fr om0t he eadirp@rtheipaterstsansipetpeeiingrefia¢hemisimths algorithve ferl gomisetmixdlor
pai rwi se pixel processing, it should be recognized that further
| npr ov gineseksing, it shoaldpneasguived thdt fbdieer PabiodEments in the appearance of the patterns
resulting from quad pixel processing can also be achieved by appropriate smoothing or other
modification of the curves illustrated in FIG. 30. For example, as the target luminance is
increased, it is not necessary to fully turn on one pixel within the quad block before another pixel
15 isturned on. In this way, the four curves shown in FIG. 30 can overlap, which will ameliorate
the abrupt color and luminance changes which might otherwise occur near the boundaries of the
four curves.
For certain conditions met by the image data, it is necessary to turn off the halftone
algorithm process. For example, if a portion of the image is black text on a white background,
20 the halftone algorithm can bé turned off by detecting the presence of a subpixel with level 255 or
0. For processing of subpixel pairs, if either subpixel has a value of 0 or 255, then no
modification is made to the subpixel data. Text or other portions of the image which contain

fully saturated subpixels are not halftoned, and the local contrast between subpixels is preserved.

Other criteria can be introduced, by testing for the presence of antialiasing or font smoothing. In
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resulting fromquad pixel processing can al so be achi eved by appropriate
snoot hing or other nodification of the curves illustrated in FIG 30. For
exanpl e, WO 0Rloe68ar get | um nance is increased, it IS not POFASSFMSYS t O

tur nea "B B EFE s Rt R RE bt PRI R PR AT sE P i cn

wll aneliorate the abrupt color and | um nance changes whi ch m ght
ot her wi 98ty Eaiyraied gelog igan plsphearesededf the four curves. For certain
conditions nmet by the inage data, it is necessary to turn off the halftone

al gori t hm priegsssentFmvesticangnée rédlizad polidrdwirepfoftwiee, iofBgembmalib@eR t ext on
a white background, 20 the halftone algorithmcan be turned off by

det ect Igivdie aid GRAGE. Al préfehidlPBinkBlinitht b Al erfidR iOimembitty B REERLNY Of
subpi xel pairs, if either subpixel has a value o or EE, then no

nmodi fd cat.ion_k.s. made to the.subpi.xel .data. Text. or other portions of the

i mage§ V\e%lh%:? gvg:ﬁ%ngtlﬁﬁﬁai’falﬂr?vsss}% aﬁ?lypgafﬂﬁgsf%lf egercéo?fﬁf Wﬁtgﬁ‘ff'iif)ﬂgﬂfayand t he

| ocal contrast between subpixels is preserved. Qher criteria can be

i nt r oduBtile. povew tagneskilled én theagletidecledr thaitthisinvestion cay be ismlenented hi ng.
In 35 WD 02/ 059685 PCT/ US01/ 49538 this way, the high contrast of letters
can be wities drevdishlayanubsidtan hardefarg aphiingly stemagasvant of Withioht aﬁ')plioaﬁfbtw ated
col or can al so be preserved. The present invention can be realized in

har dwarggfiwagf t ware, or a conbination of hardware and software. A preferred
enbodi nent of this invention is inplemented in hardware 5 entirely wthin

the data progessing,. ortti on o t%i].]zcc?nt roll eﬁ%e%lge tronics within the
di spl ay modul™® PrESREVEFIUAASaE 8 IRIZPT Bhf GoRig pYIon {0 que compyier SYIgM. 4 g
invention can be inplenented wthin the display subsystem hardware,
operd iipg disjidlpuied @gﬁpﬁm}@f‘iﬂlfﬁmeﬂmﬁlﬁmﬁf@ aggoipread aciass seveudl imenconneTied pr esent
i nvention can be realized in a centralized fashion in one conputer system

or 10 compatetlsgstenmd UAsgkindificomputsesyste { diesthertapphratiBatigptad for SRfr@EAL od€r 0SS
several interconnected conputer systens. Any kind of conputer system- or

other FRPALEHE RIGHR el - EM¥d. "] tP¥lbal combination of hardware and software could

be a general purpose computer system with a computer program that, when being loaded and
executed, controls the computer system such that it carries out the methods described herein.

15 vThe present invention can also be embedded in a computer program product, which comprises all
the features enabling the implementation of the methods described herein, and which - when
loaded in a computer system - is able to carry out these methods.

Computer program means or computer program in the present context means any
expression, in any language, code or notation, of a set of instructions intended to cause a system

20 having an information processing capability to perform a particular function either directly or
after either or both of the following a) conversion to another language, code or ﬁotation; b)
reproductioﬁ in a different material form.

While the invention has been particularly shown and described with respect to illustrative

and preferred embodiments thereof, it will be understood by those skilled in the art that the
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the invention described herein - is suited. A typical conbination of

har dware and software could be a general purpose conputer systemwth a
conput er Wo®ss8: hat, when being | oaded and executed, ceoTrushE495B%
conmput stem,s hat it.carri he ods descrlbed her ei n

S B I A R e A S S S
whi ch conprises all the features enabling the inplenentation of the
nethod§PHé§éﬁ§%§E(ﬁémémﬁmﬁamﬁwﬁﬁﬂbﬁhlnﬂmeﬁﬂn$oaded in a conputer system -
is able to carry out these nethods. Conputer program nmeans or conputer
programin the present context neans any expression, in any |anguage, code
or notation, of a set of instructions intended to cause a system 20 having
an i nformation processing capability to performa particular function
either directly or after either or both of the follow ng a) conversion to
anot her | anguage, code or notation; b) reproduction in a different

material form Wiile the invention has been particularly shown and
described with respect to illustrative and preferred enbodi nents thereof,
it will be understood by those skilled in the art that the 36 WD 02/ 059685
PCT/ US01/ 49538 foregoi ng and ot her changes in formand detail may be nade
therein without departing fromthe spirit and scope of the invention as
set forth in the clainms. 37 WO 02/ 059685 PCT/US01/49538 W claim 1. A

nmet hod for generating an inmage for display on a display device having a
plurality of subpixels, the method conprising the steps of: Providing, in
digital form |um nance data which associates intensity values wwth 5
correspondi ng | um nance val ues characteri zing | um nance of said subpixels
in at least one viewing angle direction for a range of said intensity

val ues; providing a group of subpixel data elenents representing color of a
portion of said
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i mge, wherein each of said subpixel data elenents conprises an intensity
val ue; nodifying said intensity values for said subpixel data elenents in
sai d grouwo 0205%85ed upon said | um nance data to reduce tRrReTrISObe&s3®f said
subpixagﬁcii t have a lum nance value in a range of md-tone |um nance

val ues between a bright |um nance value and a dark |um nance val ue; and
outputting said dified intensjty values for said subpixel data el enents
of said grdup f%n&t%?ﬂ@pg%wrwg&ndn@&gyd&@lﬁyé@.a@aﬂwdwhwm&m of
claim1l1, wherein the nodifying step further conprises the sub-steps of:

st or i nglutiahitysoffsiibsikelspthe methoal qompriainigtile sitpssaft ri es each provi di ng an

associ ation between an intensity value and a correspondi ng | um nance val ue

characterizi ng | Uoidne iPdighalifirm StARIaked Sath Whith alsiﬁﬁ%esqmnéﬂ?ﬁgl&& véiﬂg' e

direction; 20 storing, in a second menory, a plurality of ent S eac

pr OViSdic'agfg?ﬂBn gﬁﬁli(r)l?ﬁa%ng?val{?gstc%@‘ﬁeﬁzﬁl%{ll%g{nahget &) {gffébéﬁlaﬁef%gﬂgw?gg? d target

correspondi'ng s ntensi'ty val ues afe a

intensity value; identifying particular |unjnance values stored in said
first ﬁ%%ﬁP%aPastd“eetm@E epésqlaﬂféﬁ%ﬁltwgiﬂﬁwues of "sai d subpi xel data
el ements of said group; 38 WO 02/059685 PCT/US01/49538 generating a first

| uni nance val ue kusedingparowhel whpiketddtaelements nepresenting eesr ofat mrtich bfsasdi d
first nmenory; identifying a first target intensity value stored in said

first nAReps,wHeadin esRthiibubpiReSitfelbmEst chplifANE entddiySalye; | dentifying a
particular set of intensity values stored in said second nmenory that

correspend L2, so gl ARk LIURRRH S B0 R s

10 based upon said luminance data to reduce the number of said subpixels that have a luminance
value in a range of mid-tone luminance values between a bright luminance value and a dark
luminance value; and

outputting said modified intensity values for said subpixel data elements of said
group for display on said display device.

15 2. The method of claim 1, wherein the modifying step further comprises the
sub-steps of: |

storing, in a first memory, a plurality of entries each providing an association
between an intensity value and a corresponding luminance value characterizing luminance of said
subpixels in at least one viewing angle direction;

20 storing, in a second memory, a plurality of entries each providing an association
between a target intensity value and a corresponding set of intensity values that are above and
below said target intensity value; *

identifying particular luminance values stored in said first memory that

correspond to intensity values of said subpixel data elements of said group;
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upon said particular set of intensity values. 3. The nethod of claim 2,
wherein said subpi xel data elenents in said group are 10 elenents of full
pi xel s whwoh2asesadj acent to each other in said i nage. 4. PChasoe#dsesl of

claim2, wherein the nodifyi step further co i ses. the step of: setting
Cntensi by val ues §GFeapa SR BREH AL RGST BOEd oL
particul ar set of intensity values. 5. The nethod of claim2, wherein said
first |soredintaed (et memosyderived by 15 cal cul ating an average | umi nance

val ue of the particular |um nance values stored in the first nenory. 6.

The et hod of cl adentifyingteefirei targehimtamsily Faluagosdddn sdid firfiehemayRbirsgonting
sub-steps of: evaluating said subpixel data elenents for satisfaction of a

set of Predeleriinedce fﬁué‘*ri teria;, nmodifying said intensity values if said
criteria are not satisfied;, and maintaining said intensity values if said

criteria are sati.gfied. 7. The nmethod.of claim11 further conprisin e
Steps of: 30" o B GEYESETBRS P dasyTY JalES agh A g el e g
conversion that caonverts the nodified intensity values for said subpixel
dat a elwmsiondde sajdifastdrgeigntensihi valgh:@Bd formto data signals in anal og
form and supplying the data signals in analog formto subpixels of the
di spl ay devi ce fanodilyinlg ammity rgluehfor paid sulgpixafdatadermemgim darbgroaebised by
sai d subpi xel data el enments of said group. 8. The nethod of claim?7,

uher el ufshisadi ol sEiiGhich Gy Spl ay device performms —said
gi tal -to-anal og conversion and supplies the data signals in analog form
to subpixel 3, of t"ﬂ% mgtihgg lo? glafjrr? 5,‘ whérein said subpixel data elements in said group are
10 elements of full pixels which are adjacent to each other in said image.
4. The method of claim 2, wherein the modifying step further comprises the step of:
setting intensity values for said subpixel data elements in said group to said
particular set of intensity values.
5. The method of claim 2, wherein said first luminance value is derived by
15 calculating an average luminance value of the particular luminance values stored in the first
memory.
6. The method of claim 1, wherein the modifying step further comprises the
sub-steps of:
evaluating said subpixel data elements for satisfaction of a set of predetermined
20 criteria;
modifying said intensity values if said criteria are not satisfied; and

maintaining said intensity values if said criteria are satisfied.

7. The method of claim 1, further comprising the steps of:

39



9. The nethod of claim1l, wherein display logic of a display subsystem
operatively 10 coupled to said display device: provides said |um nance
data i n dwgiocakeBdrm provides said group of subpixel dat@CelusnE#sss

representing color_pf a porti of ,said image; nodifies sai.d intensity
val ues for said s%%l”??g}gp %@}gﬁﬁgtf)' lr?tg§°P¥Fr§‘8*?ﬁiab?%})'ﬁrtﬁﬁ‘§é’a°&g%d U’E%ﬁl ai d

| um nance data;  and outputs said nodified intensi t¥ values for said

subpi xevalugster sidksbnixs! dota slementspf saig o framiginl lom toglate densls ingnalegi ce.
10. The method of claim1l, wherein each step is performed by application

sof t warfermexgicuti ng on a conputer system 20 11. The nmethod of claiml,
wherei n said subpi xel data elenents representing said image are logically

partitioned into s%BpfF)fiﬂgat)ﬁeBBtarsi@PﬁISQHg?agﬁ%ﬂimﬁo stBpixdlD 6 ARG evgrtgggfn 10,

wherein said group of subpixel data nts conprise a palr - o

ele ts in.one of the ws of the array. 13. . The t hod of clai,m 10,
wher o1 s s doriah ot Y Fude bokps i bconieCoobBingl R A8 meBls of s Bttt

el ements in one of the colunns of the array. 40 WD 02/ 059685 PCT/ US01/ 49538
14. The met hbd of Thamethed of chiie F ewhersia crcyiteyuptestal uthp displaydisvige ePdpmeg s
are elements of full pixels which conprise a 2x2 quad bl ock of data

el ementsaid digitdieo-analay cofversidhendmipplics tht dataaigialk,in whatog formstaisdbpirels by theg
step further conprises reducing perceptible variance in |um nance over

di fferepipi gwig angles with respect to the display of the 5 immge. 16.
The net hopd of claim1, wherein said nodifying step further conprises

; :ggglc? gt opt geg;[.b%l rggt\fxg('[l Iof {::lcﬁn I1,n wﬁ&leﬁlrdi%\fgyr logf-cfc;f %rd?srf)tlayvsiu%\s@spe% gge%t?vsel}w th
10 coupled to said display device:
provides said luminance data in digital form;
provides said group of subpixel data elements representing color of a portion of
said image;
modifies said intensity values for said subpixel data elements in said group based
15 upon said luminance data; and
outputs said modified intensity values for said subpixel data elements of said
group for display on said display device.
10.  The method of claim 1, wherein each step is performed by application software
executing on a computer system.
20 11.  The method of claim 1, wherein said subpixel data elements representing said
image are logically partitioned into an array of rows and columns.
12.  The method of claim 10, wherein said group of subpixel data elements comprise a
pair of data elements inv one of the rows of the array.

13.  The method of claim 10, wherein said group of subpixel data elements comprise a

25 pair of data elements in one of the columns of the array.
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i mge. 17. A programmabl e storage device readable by a digital processing
apparatus and 10 tangi bly enbodyi ng a program of instructions executable
by the digyDtoalsgssdcessi ng apparatus to perform nmet hod st @pg/udsor49geser at i ng

an i mage for, display o ispl evi.ce .havi ng l.ural it of subpi xel s,
t he net hod slt4epsptftﬁvfﬂ?t?lggﬂg.cla§? i@i‘gﬁeﬁ%}nﬁﬁ iSHARC SHEIP%?I ‘JvaFF‘ %Prﬁ?]?téﬁref orm

whi ch associates intensity values with corresponding |um nance val ues

char act@emertngl fuumlx@wéwéfcomlae 8 dispivasl Wogkolxdatd dements irethe Brray.ewi ng angl e
direction for a range of said intensity values; providing a group of

subpi xel datib. el eNmnhsthoépf elagml | whereinlsaid mbdifyipostep nthef canprtkes rdtgidg
wherei n each of said subpixel data el enents conprises an intensity val ue;
modi T yi o . NG r ,

o oup. T e T i s P B oL OO Biplho i
subpixel s that have a |um nance 20 value in a range of m d-tone | um nance
val ues 'Bée%een a bri ght | um nance value and a dark | um nance val ue; and
outputting said nodified intensity values for said subpixel data el enents
of said grofp fofhednehpdof elaing i wherpigspidynertiingsten Birtheneomyprisgs taduainge
storage device of claim17, wherein the nodifying step further 25

conpr i gesceptiblesuatiamdednsool ovel i@ /iH5D0 Abg St beI0 Bk disilay bMe i n a
first nenory, a plurality of entries each providing an association between
an intghRskiy value and a correspondi ng | um nance val ue characterizing

| um nance”of said subpixels in at |east one view ng angle direction;

2ssoci ot i on s bk nemarebiesBelas ety ie i B EsrPhe I e et of
intensity values that are above and below said target intensity val ue;
10 tangibly embodying a program of instructions executable by the digital processing apparatus to
perform method steps for generating an image for display on a display device having a plurality
of subpixels, the method steps comprising:
providing luminance data, in digital form, which associates intensity values with
corresponding luminance values characterizing luminance of said subpixels in at least one
15 viewing angle direction for a range of said intensity values;
providing a group of subpixel data elements representing color of a portion of said
image, wherein each of said subpixel data elements comprises an intensity value;
modifying said intensity values for said subpixel data elements in said group
based upon said luminance data to reduce the number of said subpixels that have a luminance
20 value in a range of mid-tone luminance values between a bright luminance value and a dark
luminance value; and
outputting said modified intensity values for said subpixel data elements of said
group for display on said display device.
18.  The programmable storage device of claim 17, wherein the modifying step further

25 comprises the sub-steps of:
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identifying particular |um nance values stored in said first nmenory that
correspond to intensity values of said subpixel data elenents of said
group; geweriawsysgs a first | um nance val ue based upon the pamrtisoutwsss

| um nance values 10 stored.in said first npry; identifying a first
target intensity V4%t gfséﬁlep’r‘?%é‘ip&“@ﬁ?ﬁﬁ%ﬁ%FW’cﬂfPY’égécﬁﬁ‘gﬁswlat‘% sai d
first |um nance value; identifying a particular set of intensity val ues

st or ed Uchvesaiay igsedhovalemandya eangspondgrlamprmge vaus ehatgactrizing lumyigance of said
intensity value; and 15 nodifying intensity values for said subpixel data
el ementsabpirels dn at 1g4sd upe biRsdith angpeodiregdiont particul ar set of intensity val ues.
19. The programmabl e storage device of claim 18, wherein said subpixel data
el ements in said : f : i [ ; ' $ .to
each other in saisgéi ’ggégecg%&%}ﬁfg%%géérgh ogleéﬁis?? S%dgmg&%gg%g%ﬁﬁﬁgpm 18,
wher el aid first.lum nance value 20 is derived by cal culating an average
i bR T i dreh A EF el BT aRenEne 7 oh sty B GRR Ar B ey
menory. 21. An apparatus for generating an inmage for display on a display
devi ce teew prad sargglinfensityt¥plust  subpi xel s conprising: 42 WO 02/ 059685

PCT/ USO01/ 49538 a first nenory wherein |um nance data, in digital form

whi ch associ at es idaitidpisp tpyrticvial iesinivdelvahes slesdddn daid girktuném@nakatval ues
characterizing |lum nance of said subpixels in at |east one view ng angle

directi @g}g I i I red; econd nenory
wher ei n&geéﬁgggog sg‘ﬁg’?ﬁlg?&%fd ag%Pié{%nL%uigelr%g%P%tsogﬁ%?%&ggl or of 5 a
portion of said imge, wherein each o ai d”subpilxel .data el.enents
Bompri ses. an i nt EROFAYE AR AN GHEPRSSHEPORLY RRTRORE WRERATCE SFKES whi ch
nodi fies said intensity values for said subpixel data

10 stored in said first memory;

identifying a first target intensity value stored in said first memory corresponding
to said first luminance value;
identifying a particular set of intensity values stored in said second memory that
correspond to said first target intensity value; and
15 modifying intensity values for said subpixel data elements in said group based
upon said particular set of intensity values.
19.  The programmable storage device of claim 18, wherein said subpixel data
elements in said group are elements of full pixels which are adjacent to each other in said image.
20.  The programmable storage device of claim 18, wherein said first luminance value
20 is derived by calculating an average luminance value of the particular luminance values stored in
the first memory.
21.  An apparatus for generating an image for display on a display device having a

plurality of subpixels comprising:
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el ements in said group based upon said | um nance data to reduce the nunber
of said subpixels that have a |um nance value in a range of m d-tone

| um nancewoakuoessbet ween a bright |um nance 10 val ue andPaTdmpk495881i nance
val ue. 22. A conpuier, conprising: a display devi whi ch _di spl ays, an .

i mge; and a pro @bmemmwhgﬁwail@é%ana% Hayig dé%ﬁ%? BIbAGR aerriales Infgaihei n
said data is configured to control said display device in order to display
sai d i mages vdathcomespaidmgslaingnageat salives chbfctopizingdumednsoof sait subpixels immtie | s
di spl ayed as: a plurality of subpixels logically partitioned into a first

cat egor¥asebgk e le GiAdcEEROF a WY & ifttenditiBvalids ate faleggory of subpixel s
are supplied with a data signal of a first polarity, the second category

of subpi xels are i i t i | ar |

opposi re sai d 11 rofeas Snbl e Bl BEMbaRel S SRR Rk ignat
percej ved flicker jn the displayed i e, nd erein: the suppixels

Bor 1 s ml%o}é%fdamé%génﬂh?rgmre@gﬁ 8@&#?%@%3@? SISMERES QOB ISCHALBIISIEN valye
said i mage, wherein each of said data el enents conprises an intensity

val ue, asmeforedeam n said 25 intensity val ues have been nodified to reduce
t he nunber of said data elenments having a 43 WO 02/ 059685 PCT/ US01/ 49538

| um nance val ue cRrihRsHeNEENRB11EOVEBh thddifiRRaidtiMteddtyiilhed for agNaMpslel data
m d-tone | um nance val ues between a bright |um nance value and a dark

ropr cocniran Mo Voud AR ORBY A | Bl e B R S S B R e

24. The C(frrput r of claim?23, Wnerei]_g each of said sugefi xel s_corresponds to
a dat a thaiheyeAfunisaRceswis ing rangsafimiditpng luagpgice valugs Betygen obrighiduginages o
colors, and wherein a full pixel

10 wvalue and a dark luminance value.

22. A computer, comprising:
a display device which displays an image; and
a processor which provides data to said display device, wherein said data is
configured to control said display device in order to display said image, and wherein said data is
15 configured so that said image is displayed as:
a plurality of subpixels logically partitioned into a first category and a second
category, wherein:
the first category of subpixels are supplied with a data signal of a first polarity,
the second category of subpixels are supplied with a data signal of a second
20 polarity opposite said first polarity, and
the subpixels are partitioned to reduce perceived flicker in the displayed image;
and wherein:
the subpixels correspond to data elements representing color of at least a portion
of said image, wherein each of said data elements comprises an intensity value, and wherein said

25 intensity values have been modified to reduce the number of said data elements having a
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conprises subpixels corresponding to the colors of said group. 25. The
conputer of claim24, wherein said subpixels corresponding to said nodified
i nt ensi t ywoakoessare arranged in pairs of subpixels, and Ro@ErEson44568 each
pai r of subpixels, the 10_|um nance of a first subpixel of sajid pair of
subpi x dPguRagce valgs cerespanding Husaid, Begy ValHe Hoh@ege el mikioge haninange ARSI xel s
and the | um nance of a second subpi xel of said pair of subpixels is darker
t han t Heetweesralyeghit limhinaneevabife adiadlapalumiofncswblpexel s. 26. The conput er of
claim 25, wherein said pattern has a periodicity of 2 full pixels along

said rows amgh 2 foid cophpifdrofalMP2s Fhekefitdaiiia cleRenidheireletis@kdd Rahde £E
subpi xel s are 15 elenents of full pixels which are adjacent to each other

in sai %%1@@3 arffbo eﬁqﬁtocrg{;@%g% Irmgl aim 26, wherein for each full pixel
i g U%pl Xel's )

conpri si corresponding to said nodified intensity val ues, said
subpi xel s caopprisjing said fuyll .pixel are one of said second subpixels of
sai d %ai r of%ubp%@e‘f%ﬂpdﬁﬁ #ﬁlaéfnf2i3r§’her§lﬂfﬁf°§k8f§al‘éﬁu@§f GPATEEPQIdS T adptax el s.
20 28. The computer of claim25, wherein said pattern has a periodicity of
2 full gémeltsepredenting s pauicnlansolanih agrbup bf fwox@lmsoralcologs, aad evhelinianfid] piaeld
wherein said pair of subpixels are elenments of full pixels which are

adj acendoniRiseasibpReRorieByohdind tb MRI®I0rd 35 sall@rsupput er of claim 28, wherein
for each full pixel conprising subpixels corresponding to said nodified

A e

subpi xel s and said first subpixels of said pair of subpixels. 30, The
conput eRteafIYayehassarrapeed 81 pritsAf §ubpixelsand yeherein fuepeipait ehsubpixglss the|
pi xels along said rows and 2 full pixels along said colums, and wherein
sai dl (pdimimihcs ofxplivst bwbpited obsad pate of subpixelwik briphteethan e average dumaidpacerft t o
each other in said image. 31. The conputer of claim30, wherein for each
ful'l pigsed pe0dbSikBY 284 BRI BliSance of a second subpixel of said pair of subpixels is darker

than the average luminance of said pair of subpixels.

26.  The computer of claim 25, wherein said pattern has a periodicity of 2 full pixels
along said rows and 2 full pixels along said columns, and wherein said pair of subpixels are

15 elements of full pixels which are adjacent to each other in said image.

27.  The computer of claim 26, wherein for each full pixel comprising subpixels
corresponding to said modified intensity values, said subpixels comprising said full pixel are one
of said second subpixels of said pair of subpixels and said first subpixels of said pair of
subpixels.

20 28.  The computer of claim 25, wherein said pattern has a periodicity of 2 full pixels
along said rows and 4 full pixels along said columns, and wherein said pair of subpixels are
elements of full pixels which are adjacent to each other in said image.

29.  The computer of claim 28, wherein for each full pixel comprising subpixels

corresponding to said modified intensity values, said subpixels comprising said full pixel are one
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corresponding to said nodified intensity val ues, said subpixels conprising
said full pixel are one of said second subpixels of said pair of subpixels
and sai d wWorewssebpi xel s of said pair of subpixels. 10 3PCTNse1/eBaPUt er of

cl aim 30 er ei aid. s i.xels _carresponding.to said modified Jntensit
Caruos et BB R S S R s P g R el el ond

subpi xel s of said pair of subpixels and said first subpixels of said pair
of subpiueeixsls. 33. The conputer of claim25, wherein said pattern has a
periodicity of 2 full pixels along said row and 2 subpi xels al ong said
col um, and 3her eThe canghtauwiRiangl2S, wherear saihg@ri s alferioGivity af 4 €6lhpixelg
between a first row of adjacent couples conprising said first subpixels of

sai d pajipy ;aiomlw gzﬁegsfgu%ﬁ% at)ﬁgsé;a cgﬁgqag,fanamreﬁg@ggaﬁ WPRinESLeEs E .Sgi d

pai r of subpi xels an second Tow O acent coup conprrsing sai

secon ubpi xe of. said.pair af s i xels, .separated by one of said first
subpigeégngﬁsgg ]ﬂﬁ?F“%F%§H%ﬁ%i%?@&ﬂﬁﬁﬁoéﬁgnﬁﬁ' 4f of clai m 33, wherein
said first and second rows conprise adjacent 20 couples of blue and red
subpi xel s seplar at Bep ymmier of ckaim 3Yuppeics for ggh fmﬂ@lwgmmnmub@p@ﬂsn 33,
wherein said first and second rows conprise adjacent couples of blue and
gr een scopRbpa@ldingste paidahedifiby imeasity ealusy)bgid xebpixedcomprisieOsmdifigl pigél £t ahen
33, wherein. said first and second rows conprise adjacent couples of green

and 1 ed[SufiRe¥ &l SsubFRRIHrSH d Phir O SutPitis SR Bt subpidR of said pair of

subpixels.

10 32.  The computer of claim 30, wherein said subpixels corresponding to said modified
intensity values are arranged in adj aceﬁt couples comprising one of said second subpixels of said
pair of subpixels and éaid first subpixels of said pair of subpixels.

33.  The computer of claim 25, wherein said pattern has a periodicity of 2 full pixels
along said row and 2 subpixels along said column, and wherein said subpixels are arranged in

15 rows alternating between a first row of adjacent couples comprising said first subpixels of said
pair of subpixels, separated by one of said second subpixels of said pair of subpixels and a
second row of adjacent couples comprising said second subpixels of said pair of subpixels,
separated by one of said first subpixels of said pair of subpixels.

34.  The computer of claim 33, wherein said first and second rows comprise adjacent

20 couples of blue and red subpixels separated by one green subpixel.

35. The computer of claim 33, wherein said first and second rows comprise adjacent
couples of blue and green subpixels separated by one red subpixel.

36.  The computer of claim 33, wherein said first and second rows comprise adjacent
couples of green and red subpixels separated by one blue subpixel.

25
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