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BACKGROUND

Various schemes have been proposed to add a degree of “interactivity” to a printed document
in conjunction with a computer system. These include printing barcodes in the document
which encode universal resource locators and thereby allow printed “hyperlinks” to be acti-
vated. To make the interactivity of a printed document more seamless, and to support more
sophisticated functions such as handwriting entry, it has been proposed to code the surface of a
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t he unai ded human eye. The docunent typically includes data visible to the
user, and the user ostensibly interacts with this visible data using a
sensi ng dwoicees4sms ch in reality detects and decodes the iPaTiAionbher’eoded
data. The coded data may be in the formof discrete tags, each of which
encodes data separately fromother discrete tags. To decode the data in
discrete tags it is first necessary to identify the discrete tag and its
orientation relative to the sensing device. This usually requires the
inclu- sion of target structures in the tag, which add to the overall size
of each dempmehawghbtpositioodndicamg ardyndtionshdicgthghdatavabivhaslgiiestivelytinygsibleto
{educe t?ﬁ udhfdee hien e € el dosh@ent@p 1@@%6&%@% &8 visiile vae is&f arﬂi the ﬁl@%le
ags is ens. 0 n &,n29
(a6 s g o Uy B Dt P e sCocHE oBhick S BB Rl
devi ce t deaedes the invasiblecnded @§pect to the surface, the field of view of the

sensing device may need to be significantly larger than the tag size, as
di scussethé Bodddedaed 829 e iARAE feanbf SisetePRps]igach Bﬁvvh%wén@aés fa s&ﬁ@rately
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ori ent at jrap HfshhR@ teakE&! Adjwbdnh t4pR1886duck Ahé REFeSPRSHFalH 8L OF eaflfltag. One
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si npl est
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nei ghbor sespat thdte surfacanthbdictid sf vivguokthedsendingrievice ngi gdekddo de sTmificantly

provi desjihe thid &b t%gek’l%é £ dis @Gt ihahd Eﬂ:sm@f dpfllitdnr8 ToGRAdMBFTP A, E)h&:itﬁﬂ

t hrough wlg § 224 efined by the glyphs to fdentify the oriente

possi.bly P }3 I've-dis- torted) rectangular grid. This provides the

second | evel of registration, allowi ng glyphs to be sanpled relative to

t he gri dSchemeesdualvé be@gpmpesqdwghphtuse rself-wegisteing patitarns anc theeabypdisneass widlhi ch,

gncg Itoca;t it téiét@Vthﬂﬁs@ la@BIF 3t iSBriAd PatteiMnbé Qﬁtteﬁ?ﬂ oPfhetda: ielfRan @hpHc-t O
e deter 0 I
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So- cal | eﬂrl?ﬁ teHbW&ls)%“PB‘Ft tQ theispnsma siwige: 4@@%&@&0&94 alignmeit

properti e’ét,hetdataemﬂmﬂuema@pnsed as the basis for various self-registering
position-coding pat-.terns. The sensing and subsequent decodi ng of a

posi tiony r?ﬂgél%lég?fo r Qs Br i égﬁﬂ Wontﬁtssdfbdl‘% ﬁlﬁ (ﬁrcftl%rrrre
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OF THE | RVENT ThgithersrBiis peavides ahfbérst devet epragistition. Goddines @larofheabq fiftod
cyclic (itrougdh)th€ péiats@etined b tieqitgstis@o ideatiBthé oribmedadgResiBlR perspéctiveldis-r ar y

R L L T
relatlve to the grid. The sel -reglstenng pattern must contain a target pattern which,
once located, allows the orientation and translation of the glyph grid to be determined. This
provides the third and final level of registration, allowing glyph data to be assembled into data
packets and interpreted. So-called m-sequences, because of their maximal-length and cyclic
properties, have been proposed as the basis for various self-registering position-coding pat-
terns. '

The sensing and subsequent decoding of a position-coding pattern on a surface may be subject
to error, due, for example, to the surface being damaged or dirty. Self-registering patterns do
not directly support the detection and/or correction of errors.

SUMMARY OF THE INVENTION

An arbitrary number of copies of a codeword of a g-ary cyclic (1, k) code C can be concate-
nated to form a sequence of arbitrary length. A window of size n onto the sequence is then
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-4 guaranteed to yield a codeword of C. If the code is designed to contain
exactly n codewords, then the "dinension" of the code is k = logqgn. If the
code i s dweinged’s0 that all n codewords belong to the sace/Aandoothy
cycle, then the windoww |l yield n different codewdrds at n suc- cessive
positions. Since there is a direct correspondence between a codeword and a
position in the, sequence (nodulo n), eash codeword can be uni quely mapped
to one of n (relative) posi- tions. We refer to such a code as a cyclic
position code. Wien the code is designed to have a mnimum di stance of

d, ni n, agnaranteddeo yidld eraodewondpoft ©. ihencodelis desigrzd tdeprtaineekacdynd cadgwondsnber
of eir (rjort%ey auet‘%m%&mﬂ; of Wid @dé i€ @{Eh b(&;g qu? r[f('j ﬁté t6dk isfa@ﬁgﬁéhf Mh%(ball}r?&)de%?dkt ion
provi des, .in 0 road form f det er;m. Ni;Ng. irst, offse

odul o nbelaft @1 S8 fnd Bllcy B BRI wiogR VA Tidle ptieteld oo Rt} n gpe-

| east n ESpsie pasitiense Since giere s ditast eoreaspendspemipeteeina pedssvord agl 4 pesifion in
codewor dthefsequehte hodul6 In),eaplosodevard caxtlbe uhigaellyimaiped ye bhe of p@elativeypasdde
havi ng | G Wekeft %o BhdH L8RS ARRE pilibh Lodd A 16 dodd ' AL 1o have o
obt ai ning, .fromthe '%f‘dﬁ seq&en and at aﬁ)gy |on1corresgo Ing to the
at | east MHRRUMdisiapce OF d e d dﬂ%e?ﬁﬁ Gt U ‘h(f@ww SSATLRT Setechpdrapd gny.
- dmi n +numbermpiraty urhe |f(idy,st~ b pepndrecorested. codeword of the first cyclic
position code; and determ ning an offset, in the first sequence, of the

codewor dAESB#8ingRt BleBebntidA Prdi@IseRVone WRSRT f61M] Hehettdd of UeStmBldeStinst MERR] NY

he fi b ferabl. | sel d he. f ]
T w e e e o e e
mat ch betefBdirechBsistingaf aggpeating disgcedevsord of adissfeypicPasiton eodedhe Brst f¥gliche

f1 agged. pdiiticer dodt haeing lengapp iand ndihiennn distanseldg g qdenmaethod odchdirg: sel ecting a
codeword of the first cyclic position code nost likely to match the first
S.Ub sequence 61512&5&%, %ﬁﬁﬁ@?ﬁstgg Lférﬂgé fhd :%t al rs@ti%n'cg)}reé nding T B at aEtOc§ in the
first subsequence.” |‘§ mié}l rg% u sel e tfgn\g a_code- rd of the first
cyclic posit PURL &&get sebisgueceiof 1 SYAPIS: Whets W 8 "t hdnkitr st subsequence.
The Hanmm ng di st.ange d. ferably def.in [ W, I nat f. e first
cyclic posi ﬁn%%ng% g’&eﬂlr%tﬁ’iiﬁe)g?q%lg g‘fe tg)eaqC éi ‘.’(‘:’el%l Og\{%?g Stta(rég(%{cﬁll o glgﬁgggemaé@ by a
first patt er&et%ﬁmg%ﬂ sefl H{ﬂﬁ@_(i‘iré}%e@!eﬁbé! of thel d JafvoR RS bRthfed 3 tﬁé}_@bny
nmet hod prefer a%rf&{ J %u esf ]gbt aining the first subsequence by detectirng or
sensing at | SASPURREeHISERUSSE L st pattern. Successive symbols of the first
sequence are prefer- ably represented by successive parts of the first
pat t er n Mappingeabie ifinstasubsdspicne prfdrgbly iindadesf sideting ancodtword bhtheafirst nyetiom
dlegr ee OposiHidrode WHiIEE iﬁagaﬂes tHle firSt ﬁbs‘tfq;é@éel B t%lél_@tis 16 ﬁ¥atdh %eluﬁlédta htﬁet: Birst sdie-
allow a gr r r it is preferable that w > n.
SUBSTI Tﬁ@%%ﬁg%%@ﬁé%tﬁwr&fﬁ%& %@%g{;?g PCT/ AUO1/ 01274 -5
Alternatively, mapping the first subsequence includes selecting a codeword of the first cyclic
position code most likely to match the first subsequence in the presence of up to
| (dypin—1)72 | symbol errors in the first subsequence. This may include selecting a code-
word of the first cyclic position code closest in Hamming distance to the first subsequence.
The Hamming distance is preferably defined over w coordinates of the first cyclic position
code.

The first sequence is preferably represented by a first pattern disposed or formed on or in a
first substrate, and the method preferably includes obtaining the first subsequence by detecting
or sensing at least part of the first pattern. Successive symbols of the first sequence are prefer-
ably represented by successive parts of the first pattern arranged in a substantially linear fash-
ion.

To allow a minimum degree of error correction, it is preferable that wzn-d,. +2.To
allow a greater degree of error correction, it is preferable that w > n.
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The net hod may i ncl ude obtai ning addi ti onal subsequences from additi onal
sequences, and thereby additional offsets. The nmethod may further include
deri vi ng wpfobesanres bet ween of f- sets obtai ned from pai r CofAtadpROENt
sequences. The invention also provides, in another broad form a nethod of
determining a first coordinate value of at |east one point with respect. to
a plurality of first sequences, each of tsae first sequences consisting of
a repeating first codeword of a first cyclic position code, the first
cyclic position code having length nl and m ni mum di stance dm,,, , the

met hod i 'Hied odthog: mayp irmilwdenghtaihingraddiimnabgublsequehcdshieorhi additionelgzegneess,cand at

a posi t i \BrebPLl@NBRALMS s Thé BRthdalmhPRRthePIRIRI dabivind difeRACs BBvdenr ott-
subsequen ere h'1 > 2 and wl>nl-dnin +1;

e .of. | th wi1.synbols, wh

nmappi ng seegscqp?%}peqeﬁgquqlrgtofgé@g%aéeqygg “*to a respective codeword of the
first cyclic posi- tion code; determning an offset, in the correspondi ng
first sebueinventionfalsseprvidesémenatherituead folnad methodad detetmingiga st eoarilinateg  a
respect i Wy BE aPlecast Bhe!paint tftiOfespddt 36 aOhIuEeik offfirkth@qaénceb,edsh PnBe BRENT ;
gerl VI NG {lé}{ce? @&tpmﬁfngh .e}rgp%'zzl{iﬁg %}sttclage Jnrdséf §?ﬂ§{e<§r%§§ ’pﬁ?itig%fct)gé GHE First

et ween e corre- spanding ‘palr°of firrst offsets, dand thereby dériving a
r espect i $¥lig Rasigen go Wa}gglﬁpgthfnlf4qd§mmlavmfdé%t@fm9é§ﬁnlaﬁw BehpG ing§rding: om t he
plurality of first differences, the first coordinate value. Preferably at
| east one ofolithiginis] froin alich be et € first deqh@ichs aidat aasshiofi @ibspohdingao the st

coordi nat e ﬁ:«ﬂﬁone’a éging é?&g&tfuesfﬁst sﬁBse![qﬁgr?t%: P n gl wfl 5&?}&30[3? @Vh?x‘&fli ZEnces

is interpreted as_a af? eparating irst —coo nate val ue from an
adj acent co | et &17: mig.T Thi s difference codi ng approach can al so be used

N de b Licit . > .
used Tor er raerits SR dfhe sRESILARIR0R re U ey MNE Gt RECERARITSE ' ©
each di fferetHE’eC,Oder exanpl e. Such a codeword, if cyclic, can also be used

to determne.regi.strati of ,the posit.io ata, obvi.ating .the ed for an
excpl i ¢ o P e oSl & op [6nBRRNPE Bt B Bienle U b IGAIRRE ' b
enbedded i n QW#ined-andsharelhy daterminipg aaespaetive ang of gpbuplily o firg gffsets af therat
signal for tleadtodapaint;One or nore colums (and/or rows) per coordinate may
be reserved for location-specific data. The nethod preferably includes
det er m ni ng dervénmier escl plpatlepairsiaf sheofirst sequenceb ceditfersnee beswieen theicotre-

respect to aspphdinglpatriof GirstERENnSaRIEHICES vigDE fespéctivB@ns 6EQPRrARY ULAfES
consisting @b n&&pﬁg&i ng second codeword of a second cyclic position
code, the second cyé¢lic position code having length n2 and m ni num

di stance dnagutivind, OuiRlchRstalifcdryditnBiferohBs thd Eide coblidnhid Rkd 26) RO AU VWO
02/ 084473 PCT/ AUW01/ 01274 -6 obtaining, fromeach of h2 of the second

sequenc nd .at ositi orr ondi ng.to . , .
g eﬁre?ergbly at feabt one of the Fst GiftBrences 19 interpreted as a digit of the first coordinate
value. Preferably also, at least one of the first differences is interpreted as a marker separating
the first coordinate value from an adjacent coordinate value.

This difference coding approach can also be used to encode both an explicit position and a
codeword, where the codeword is used for error detection. The codeword may be encoded
using one bit of each difference, for example. Such a codeword, if cyclic, can also be used to
determine registration of the position data, obviating the need for an explicit marker differ-
ence. In general, a cyclic position code can be embedded in (or co-located with) other data to
provide a registration signal for that data.

One or more columns (and/or rows) per coordinate may be reserved for location-specific data.

The method preferably includes determining a second coordinate value of the at least one
point with respect to a plurality of second sequences, each of the second sequences consisting
of a repeating second codeword of a second cyclic position code, the second cyclic position

code having length 7, and minimum distance d,,;,, , the method including:
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the at | east one point, a respective second subsequence of |ength w2
synbol s, where h2>2 and w2>n2-dni n2 +1; mappi ng each of the second
subsequerwe20814a3 r especti ve codeword of the second cycli ®CTpa®iniom code;
determ ning an offset, in the correspondi ng second sequence, of each
codeword thus obtained, and thereby determ ning a respective one of a
plurality of second offsets of the at |e&st one point; and deriving, from
the plurality of second offsets, the second coordi nate value. Preferably,
at | east one of the second offsets is interpreted as a digit of the second
coordi nate ohihiving, Abmeraniabf Riglof thetseeondesehoehcesiandada positiondesespondimgy, f or

each of h2 -the RAllehst Rt pbi€ 5REpecBlscebhil QM uenée 66 IEARRH SNCH HRIIYRARTE he

correspondin ir of second offsets, and thereby a Trespective one of a
plurality ofg%%?oa g‘ﬁ?%féféﬁéesf IS’and i ncludes deriving, fromthe plurality
of ~second differencesy dd@cSREDRRA ORt&pYal W odEI &L ARl seorRS Lo
the plurali t%q% first sequences 1Is represent gd by a respective one’of a
plu- rality 4IQ@enat terns di sposed or formed on or in a first
substrate, t ferlfi itﬂg(An'o?ﬁétuﬂl' i) cor?&b@'{uﬂ}mggeclong s&ﬁfeﬁ?@, Bﬁ@%h%dé\b&ﬁtthus .
subsequence by detetting of. sensing a ast part of 'the corr;- s?oqggng
first patter?Pripedraf frspydetagminipg 8 ssprefye SPpRigbp BIUEAltE oL spegpd pifets olrlhe
sequences ar# lesspomspnniegdndy succes- sive parts of the corresponding first
pattern arranged in a substantially linear fashion, and the first patterns
are arr angedddtiving, Sigpsthaplyralityyof seqoar obisetgfhe sGeand goQndinate Yalni on. The
first and second coordi nates nay define orthogonal coordinates, for

exanpl e, Rregdigbly, at (8t cihd 6l 1S sbddnd ofRets eSinddpRe 4bi @ik of Yisd @oondlE@réinket
and secopg, £yg eh?at)&ggl {He9R) tﬁ?@ﬁﬁ}h‘ﬁ?ﬁ@lu&%@d&?ﬁﬂgﬁ PLddaagonal ¢ gﬁ?% gt Mgkes may
be of the sane or diff Fent en% , and may . be Lﬁe sane Iffe en%
Codes. (Pt FARCHReR PIFICERISS DR dhe,SaTesPoRing BE Of Socparolisels) BIdhREbY A

gi ven i nre¥pdstize 8ne Fhapluraive ofsecondhdiffernmpése prdinchrdds dérving\enms theqdurplieyndnt

of the cqdesd Hifsteded, thd fReodd&ordinite vaggual | y optimal . Many other cyclic
position codes also satisfy the criteria of the invention. Many opti nal

codes ar i mpl ex codes. .The invention shall be betier understood fromthe
CoT ow npreferaRlvyetek B i o1oraGis fhIRoisaRera i repocti B APRAIRE 26 L Rl
i nvent i orelifly oh firdfpattemsedisppsedor deamsidnes or SuBIsTeAtstiGEte pRibog inelpdingy AU
WO 02/ 084utdiir3Ghé AbelshBading first subsBiencObpaeteEig N sehsingd it 1EAAMINEShEc@us-e 1
shows po§d (RTTel fﬂ&%ﬂhﬂ)g using a 7-bit cyclic position code; Figure 2 shows
position é%co ingusing a 7-bit cyclic position code in the presence of

errors; _Figure 3 shows elenents of difference coding using a 7-bit cyclic
posi t i onPreéRiably also, successive symbols of each of the first sequences are represented by succes-

sive parts of the corresponding first pattern arranged in a substantially linear fashion, and the
first patterns are arranged in a substantially paralle]l and spaced apart fashion.

The first and second coordinates may define orthogonal coordinates, for example x and y
coordinates in a Cartesian coordinate system. The first and second cyclic position codes used
to encode orthogonai coordinates may be of the same or different length, and may be the same
or different codes.

Optimal binary (g=2) cyclic position codes of various lengths are given in Table 3. The
reverse, the éomplement and the reverse complement of the codes listed in the table are
equally optimal. Many other cyclic position codes also satisfy the criteria of the invention.
Many optimal codes are simplex codes.

The invention shall be better understood from the following, non-limiting, description of pre-
ferred embodiments of the invention with reference to the drawings.
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Figure 4 shows an array of thirteen sequences of a 7-bit cyclic position
code arranged in colums to enable difference coding of horizontal

coor di natwe;02l8849u e 5 shows derivation of a first coordi nCe/Awsiota7on from
a first one of the windows onto the array of Figure 4; Figure 6 shows
derivation of- a second coordinate position froma second one of the w ndows
onto the array of Figure 4; Figure 7 show# derivation of a second

coordi nate position froma third one of the windows onto the array of
Figure 4, Figure 8 shows an interleaving of two orthogonal one-dinensional
posi ti orB&I DESGRIPYIONQ@F THE WINGS) of Figure 8 represented
using the presence or absence of a single undifferentiated glyph; Figure

10 ShOWSFEﬁﬁ:I' Rh&Hd Yt'i&gdé&f)dl'ﬁ Qg a8 bR PYARGAGnWSHAY two di stinct
gl yphs; |gure 11 ovvs an al ern tive interl eavi ng of two or t hogonal

one-di ositi.on e rI eavi ng.of Figure
1177 epr chhee U8 ey R mne T Bin R Tioh e P B iR ol £
shows the inter]eaving of Figure 11 represented using a single

undi f f erlBghreat ebowyplomentsiof égterwe@ﬁ@nswms@ﬂ bt Pig‘étqnsﬁ%lomce%. ts noni nal
position; Figure 14 shows a position-coding array having colums and rows
of |loc atFignr-esﬁo ebowd an ataayaof thifiegu se@quthces b ws -tiheyake positign cbdaatanged om

| ocat i on- speci tolamae toiembladitferepvs coding bfhdtzoawl obordinagey e 14 into
tag-centered | ocation-specific codewords; Figure 16 shows the napping of
data fr Oﬁgh&("fﬁfsh% 8R8akibh 6f & Bk BBSraffae: ﬁ&%ﬁm‘ fPorh RGi8 JrRYof Ae winldows Snds
into interstitigl,.]l gq@?%[}egfpem fic codewords; and Figure 17 shows the
codewor ds of Fl gure d 16 at their correspondl ng | ocations on the

surface. _SUBSTI TUTE SHEET ULE 26) 02/ 84473 01274 -
DSy PTBRIeGE SR D &ga %RRtg ‘&né‘ﬁB‘cPdth Ug Winfgws

i nvention util PE‘é’tE?/BWr?%OWPﬁAon codes in the encodi ng of positional and
functional information on surfaces, principally in the form of

sel f - r egFigteerT shoywaderevation of PGSIoTH CPPrEERING siticNEG Vi SHGUBEMOEShA Windoyes

f eedback shi ft onteghsteay 6IFgRe 49f | ength k consists of k 1-bit stages
nunber ed 0 to k- 1. On each clock the content of stage O forns the next

bit of thiguRll RHEwSSHHRAVIn t&t@@@ﬁhé@m &fe- &h@ﬁohal'®31@%ﬂ%gdéso stage i -

1, and the new content of stage k - is a feedback bit cal- cul at ed by
ddi f h
o a'ggg f) {]*b”sh&ééj ‘-'im%];té 5/%@?3%8%% %8@%8&%&@3%% ﬂa:%k?&gc Ségfa%gén %\e
Vanst one, HandB% ‘B’I’d‘

Figure 10 shows the interleaving of Figure § represented using two distinct glyphs;

Figure 11 shows an alternative interleaving of two orthogonal one-dimensional position
codes;

Flgure 12 shows the 1nterleav1ng of Figure 11 represented using three distinct glyphs and an
empty glyph;

Figure 13 shows the interleaving of Figure 11 represented using a single undifferentiated
glyph offset in one of four directions from its nominal position;

Figure 14 shows a position-coding array having columns and rows of location-specific data;

Figure 15 shows the mapping of data from location-specific columns and rows in the array of
Figure 14 into tag-centered location-specific codewords;

Figure 16 shows the mapping of data from location-specific columns and rows in the array of
Figure 14 into interstitial location-specific codewords; and

Figure 17 shows the codewords of Figures 15 and 16 at their corresponding locations on the
surface.
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Crypt ography, 1997, CRC Press). A maxi num|ength LFSR produces as output a
so-called msequence with a length of 2k -1, in which every possible

non- zer o WOgR®sMAr3 val ue appears once before the sequencePcepdat®i27Because
each k-bit value appears exactly once in the msequence, a k-bit w ndow
into a knowmn m sequence yields a unique k-bit subsequence which in turn
can be interpreted as a unique position wsthin the msequence. Because of
the cyclic nature of an m sequence, a k-bit w ndow onto a recurring

m sequence yields a locally unique position, i.e. nodulo the length n of

the m seDESCRIFFIGN OFPRERERREDWAND QTHEREEMBOBIMENTS\ as

pseudo- noi se (PN) sequences The characteristics and con- struction of PN

sequenceg, ar e di scu exten |ve te

Sequencethe FERAEEARE Tur BLERTAN Tt e gfiBne Sodl in, k. gl Bbigiona
i ncor por@lt n@iyornalamé@nnaélﬁe@n sne’a@ésmncu@élyup thee fprm of seAfregiprNSRRIeNSy . A,
Sl oane in "Pseudo- Random Sequences and Arrays" (Proceedings of the |EEE,

Vol . 64, phamdie CopnéE UBRIG P8 quitlicesont ents of which are herein

incorporated by reference), this w ndow ng pr operty of m sequences can be

ext ended,t 0 di ons b se n to.a two Sj onal

array. Tﬁehr}eéﬁgﬁ%ﬂb%?%e s[h#é Tegist %q&gﬁé&ﬁﬁﬁm OGf Stls H’gifi) Stages ?RTE?HE Ouch

that nl1 &-ZJkDrleaghdlaork the pontantaf stage 6 fermsibe pexirtinef the dutgue‘aqefrncpﬁaﬁ can- The

gut put lntﬂenxomagélzﬁs RloWeyto stagel i1 Bfardythevhéw icBateht s stargbscequemeed@m Hithfalmal n
i agona

cdge 1o ¢kl 92 @é&é?ée?% @%tho%%féﬁ@cﬁrﬁ%‘?@ 535 o ;%W fhe

S. LI oydiegistie(sss MBREGy “bf-op-C-e¥any Oess %’EI Sed-e YusHWE dlf’

by ar r an@rpgograpies up97, r@RG}&esrpmmdeammum-bogm LSRR pacnhhcw@&)mtpg aase—eal&ndd

m sequenﬁleseqﬂé&etml s edmit ¥e2vent i ahichl éve i n@liae %‘glstelcﬁilué’fﬂﬁpeaﬂéhe

col ums 8z e @e@oget € geﬁﬁgﬁc%a}ep%!atg OBQJaﬁg eX&l tk ?t '\’/ﬁﬁ aaﬁg%greﬁacgﬁpﬁ Hmt 91%2 1

overal |

respect i meguerzfe R kxblk V(lnaéow intp wlqaatm mrﬁ?auetnﬁe ye@ﬂaa unjque bit &ubﬁqqusweay
yi el ds awhivhqueudlcan Yekitesprifedsw maumique. posiamhwitinbthe needquemceoBetdvse sfiliar r ay
yi el ds acdﬁc@iké}fahff@ ok &n ?d Eet{ﬁ@ﬁéet b Qb @*’ﬁﬂio%a%o&aﬂe u&%g@@séﬁﬁ%ﬁce %ﬂaﬁlls @Sodally

one-bit fferen bi ts ori zont al

ooei 11 onanighE GeefEn, R, Toefid e erdnon' ot W SEREal. Eatkalind i fepidte,
shift asBbeuensas are plse kaows ras j@ﬁ‘ﬂ@l‘“%%(m JSHRSTICEST ENeSHIRECigrRUE E and FORY' AU
WO 02/ 084utBiolr Y A0 seQiediéds ard discassed aextbesivlyleid Golonhtg $1W.stShel Rupisre-

relativeg {@r %&é:vaAe B PPrds® 188! (e 2BnRRRAUFUNIRCH el Hetéth 1n&91§dr%tb9 By rBr-

encodi ng er thanone bit into the relative vertica gnnent

of each P of col- ums, i.e. by utilizing the full range of relative

shifts allowed by the Iength of the vertical msequence, the

posi t i onAsaltseripedelns Ftly Medc Wilignas azd/ NebA. Stoaes paridPechdoeRklor E@uences and -

hor i zont Alays” (HraRdlfles b the SEEEEVSINGE NG 12eDEOSber §DTE TR StHREo Ol BIOR fe Of

a ki-ar yhg}mlsrﬁgcorporated by reference), this windowing property of m-sequences can be extended to
two dimensions by folding an m-sequence into a two-dimensional array. The length of the
m-sequence must be of the form n = 2" “—1, such that ny = 2 '~ 1 and n, = n/n; are
relatively prime and greater than 1. The output n; X n,-bit array is filled by writing the
m-sequence down the main diagonal of the array and continuing from the opposite side when-

ever an edge is reached.

As described in PCT Application WO 92/17859 (J. Burns and S. Lloyd), the windowing prop-
erty can also be extended to two dimensions by arranging a recurring m-sequence into col-
umns and encoding a second m-sequence into the relative vertical alignment of adjacent
columns. The columns are shifted cyclically to preserve tkhe rectangula]{ shape of the overall
array. Assuming the two m-sequences have lengths 2 '~1 and 27°-1 respectively, a
k, % (k,+ 1) window into the(2 ' — 1) x 2 *-bit array yields a unique k; X (k, + 1) subarray.
Each kq-bit column of the subarray yields a relative k;-bit position, and each pair of columns
yields a one-bit difference for a total of k, bits and hence a ky-bit horizontal position. Once the
horizontal position is known, the cumulative vertical shift associated with the horizontal posi-
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To recover k1 x k2 bits in both dinensions, the difference coding approach
used for the hori- zontal dinension can also be utilized for the vertical
di mensi orwO0i02844l% arranging a recurring msequence intoPCcowdjorami4
encodi ng an msequence into the relative alignnent of adjacent rows. The
m sequence columms and rows nust be spatially interleaved in a known manner
to allow decoding. An msequence can recgr any nunber of tinmes within a
colum (or row) to produce an overall pattern of sufficient size. As
‘described in US Patent 6,208,771 (D.A Jared. et al), orthogonal

coor di natiess canbe bddedendbel ficst wolump’ srreddipeevectEcl pbsitienltd pichamhtsolut¢ vertiaalh

ot her. Eggdidh. sequence is replicated every second row, w th even-nunbered
rows successively offset two bits to the | eft and odd-nunbered rows

successi el y of fset. two bi he Even- nu red ro her e

Gt ne | Bistogting Bl iame: b bdnla e el Gt 8t Bas e

| i nes of umonisteahy utidigingdihadvB range- df5relative shifts ngmted twathy longibof the vertisalch
of their i gga&mecte @Bﬁtﬁ)ﬂ%bﬁl déﬂ@‘nyl’tifflﬂe fcrayt ¥Rrbd dﬁ@aﬁddartalk i Hdri@ntally.
Because ghe z?}[tﬁt &Frefnte 'v g%r él&ﬂerﬂ%ﬂ'k?hﬁr W?f t he

m sequences, e appr oac Fy |n f| cl ent any pure
m sequence approach is that as the required position preC| sion_ _increases,

it is in&p&wsveighyx bxbEnin b@htdemerrsmﬂ the dlithergneeespdinganpsensh sised fr tag etk ay)
into a pasiltdimensids calesles bbadlized fBCTheAmpticat dirnensidDi.008y/ A8gingPa recurrmg

Elr Ir gz ts log)n sehﬁ@nc@'lflﬂ(oefo%c &nd 8ALJih E}th’?éﬁﬂen&aﬂt&)ﬁle%ﬁﬁvé thﬂﬂéhtao hinat e

e s, The e andmt Verfadcr@ R P Sl inEriSieddn a&agw.%%tnmgto
coor di nagléow daepding A m-@guwemn |rmtaay ngmbgheetimed frithinse olymuy (€ 1ew) oy

m sequengdduesen S@RalCpaieradf adficientsidet S of a vertical position coordinate.
Unli ke a pure msequence approach, a marker value (or range) nust then be

used to A@dd d‘gt‘nf %@mﬁ%}f{“@zb %758@@%‘91%@3&%3 &ﬁl rgﬁﬁ‘at cc?otr&HbJeé &%R Part

of one coor € Nbst-si i can coor
As an op?‘i‘%ﬂ%tlﬁlaﬁ msequsaces placedgingied ataﬁt &aelh m-geauenesnis féB‘éﬁaEﬁdn ate
i s codedewsy rsgcdnderaiv, f With ener-nombened rap'prsmacdsslvelgm«mfset ttwe hitshier theodleftdamdat e

i s codedogi. B%Bér}éd rmb %u&c%ssﬁoa§ Io?ts@t t%tonsﬁs e Itgtﬁ Hidd-RiRPGEd $9H€ thereby
coordi nate.i s % ) ah%f r}gﬁp e reﬁ%: % segquences
S eh coteenises Rttt rort R h o5 48 WipwRberky FukS Fste ffhs; S RERAT

rel ati vecedriligaiesnt457, net #90d ée eqchisnsleer, wWith p@febccrf theip interseetions hekdN sefisiaga of
m sequenpes-daiansibaabpasétbnd Bepaise theganglea tkdinkyceddbynafsettibgnhulbiplescopied of the

represen N gl 5@l Yph which can assune one of four
pOSSi - egb\%‘aﬁ’?%p (R L%%%&r’d%l% EfIIElT J(C%ULE 26) RO AU VD 02/ 084473

PCT/ AUOl/ 01274 -10Q As described in PCT Application WO 92/ 17859 (J. Burns
and S. LPogybagly of A0y eRTe MesRYUCHre apmog%&%#@éésc% TBEPIERT] PSR PRROWA ous
ways to amsaases, ithatin¢rteesingly reapénsovei terttaslatna @ivea sibisuenoe (oc anbdysy) into a
det er m nggkitid) ori entabl e m sequence is constructed so that if it contains
a particular
As described in PCT Application WO 00/73887 (P. Ericsson), the difference coding approach
can be used to code a coordinate directly, i.e. the relative vertical alignment of a set of recur-
ring m-sequence columns can code adjacent parts of a horizontal position coordinate, and the
relative horizontal alignment of a set of recurring m-sequence rows can code adjacent parts of
a vertical position coordinate. Unlike a pure m-sequence approach, a marker value (or range)
must then be used to indicate which column (or row) separates the least-significant part of one
coordinate from the most-significant part of the next coordinate. As an optimisation to the dif-
ference coding approach, only one coordinate is coded using the difference coding approach,
while the other coordinate is coded directly. This is possible since once the difference-coded
coordinate is decoded, the absolute alignment of the recurring m-sequences which code the
orthogonal coordinate is known, rather than just their relative alignment. In the described
approach, the two orthogonal sets of m-sequences are combined by pairing spatially coinci-
dent bits and representing each bit pair by a single glyph which can assume one of four possi-
ble values.
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subsequence then it does not contain the reverse of the subsequence. Wen

I maging an array which requires a wi ndow size of k x k, a field of view
with a diwosbres44od at |least k F2 is required unless the ecraaviom of the
array with respect to the inage sensor is constrained. ERROR DETECTI ON AND
CORRECTI ON Assune the data to be coded is broken into k-synbol blocks, with
the g-ary synbols taken fromthe Galois-foteld G-(q). The collection of all
possi ble k-tuples m= (no, nil, nk-1) fornms a vector space over G-(qQq),

cont ai ni ng gk possible vectors. A corresponding block error code C of

| engt h nAsdesiibedinoPCE ApgilicationVWO 99/1B879 JoBeumsradd S Edqydd,1so-called oGihtable,

wher e I\411-563 KerRBECAA b% dﬁhz&‘ﬂ H"va?ﬁﬁ@wﬁ?ﬁt%%élﬂ'e @Hat e olREMBrientatiof Of a Sdbarray-

1 dat k
ohTo & ot e‘ma Rt G i AR s oS 86 Hat 0 Rofififhs A i Rigel
GF(q) coﬂlbéfi’%@n‘%?nth% itdoes nopeantain grecreyerse ghthg SM’pseqas}RnC@oMm ABPEZINE 198 @Y de
cont ai nswhieﬁuaqlamw withdosv kige ef finek sedieldgiviethwithal digmbier rof at feast kQBadl = n

K, rel %éd‘ﬁﬂ%q!ﬁe 6ﬁé1ﬁat?)r3:ofifﬁé‘arr£5h\?iﬂi? ?éi?eét:t? fheBmlab® &5 0GQ 6ndtdnirlell. f Or M8

a vect or space over osed Under addition and
under nultiplication a scal ar c&xﬁnd thus contains the zero vector). The
code is EBBEREI%ETECF'@ Qﬂml k and is referred to as an (n, k) code.
The Hanm ng di stance between two codewords is the nunber of synbols in

whi :j ch t hgsdutie the QiR siscaticlifie brokEh entdi Aéyitiol dledke & &h dhe giaby @;f'mbolg Inq&hd
code is e I std.nct, co s
in the cfggﬁll ﬁ%&lﬁ%&wi’@ Tﬂé %ouéfﬁ&gx%flo%l ?ﬁg k 1 I:S %% ;nl& 3%"’0 e of
any pai rfogms awggtpmﬁacgg}jg QOHta;EIH%g go®asst ﬁVE?tP [5’8{‘?%9% F‘%t

synbol ecader € ofnlength e odesisss of al setiof M hasmbcdroozie'dow ficoscuei-ghiz1}, Where t he
nunber ofiy sypbahe nixtr GRIEH sRhTodE WS RS folth cRA(ch.an N..t 8, DeGiver aldaatadliao it
must cauge ?I?ng&? %?V\@I{C?%ér mlxp%cfﬁ h%tE% q%ﬂ%ﬂlﬂ)e:{ c&ﬁ%\f\&){ndc ;ﬁngé)ﬂl% cml%glo"ﬁ (ﬂqa | m(;;n

di stance ©

equal t oPRFDIP -tuplesapyen SifA) %pr\gfa%ﬁ o6eteTe BH h&@-‘t @Eton%% earmdewa{qseﬁlﬁ
Wi t'h gr eedderconeiightedundancy Triois epsesaed logatithomicalhebyvei ght — toagr, Mki ok &g orcode

can det egy tlﬂ:' Lod@Irh@T RP2UL A Nhe QBdYaD ifa IRER @Rl WPTICFoRAS 31 vaktbr GEbIpHES 6¢erby

t th d
" such SRRy G i e R BROE (Eraa@gm‘?ﬁf TH BBl %oty A0t RatlafR ol ©
di fferenthefzmrﬁepm dbaeads & than widiq haye dicpension k adds toieredings 2p e /@ sedsaor d
onto a data block. 1In the absence of a nore specific characterization, it

I S assungge Hagimih® \#astantBibgtiveelrtivercodakords @ fHe @intbedf 8ymbkielily wiHidithe two

hi gher - M@A&Word (Pffgllr T’Elgtfﬁlg{"ﬁlﬁ“ d?srgglcyzzat Bthb?d;]cﬁ( 8d@?st grsﬂﬁllesg worcﬁﬁs Shus

wei ght are eq my i

t he  codeWBFeot A qfél%unsg@glﬁvvasmm%% e%ﬂ?ﬂﬁﬁ%@“ﬁ’b §tﬁ’é° 118 hedareast | f
t he sanpHeohming dlstasce;:bf)amfrpanmfalmtmcmndewenis ictbenoded t han t he correct
(witten) codeword, then the decoder commits an error. Since codewords are

by defin ﬁE %B érﬁ‘?}ﬁ& &hcgé §%1ﬁl5‘(§leen%?§ & R&oke &%CR% "chﬁﬁét@ﬁz'?ed (flté){i»'eight
possi - UTE I? ﬁU{_ AU WO 0 % {A{.)Jp - T1
e number of symbols 1 corru r an error pa rn to e undetec €, 1t must cause a
codeword to look like another codeword. A code with a minimum distance of d,,;, can thus
detect all error patterns of weight less than or equal to d,,;, — 1. Although a given code can
detect many error patterns with greater weights, this provides a limit on the weight for which a -

code can detect all error patterns.

Given a sampled word possibly corrupted by an error pattern, the decoder maps the sampled
word onto a codeword in C in such a way as to minimize the probability that the codeword is
different from the codeword originally written, and then maps the codeword onto a data block.
In the absence of a more specific characterization, it is assumed that lower-weight error pat-
terns are more likely than higher-weight error patterns, and that all error patterns ‘of equal
weight are equally likely. The maximum likelihood written codeword is thus the codeword
which is closest in Hamming distance to the sampled word. If the sampled word is closer to an
incorrect codeword than the correct (written) codeword, then the decoder commits an error.
Since codewords are by definition at least a distance d,,;, apart, decoder errors are only possi-
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ble if the weight of the error pattern is greater than or equal to dmn/2 .
A maxi mum | i kel i hood decoder can thus correct all error patterns of weight
| ess tharworozesdad to L(dmn -1)/2 1. Equivalently, the @#ertodstocan
correct t errors so long as 2t < dmn The mninum di stance of a |linear code
is limted by the Singleton bound: dmn < n - k + 1. Codes which satisfy
the Singleton bound with equality are cal#ed maxi num di st ance separabl e
(NVMBS). Reed- Sol onobn codes (see Wcker, S.B. and V.K. Bhargava, eds.,
Reed- Sol onon Codes and Their Applications, |EEE Press, 1994, the contents

R/E S\Ahi gfbléfohJ‘@_éi@hfbfi th6 eFrBPpattefi i@%réwer tefnedreqad)o ar e /ehey iliiﬁﬁl-?nlﬁ'ﬁ) likElHopdused
codes, MEedl a sa

word as s%eﬁ%%?tcgh @/%C‘%‘g%ﬁalégeﬁﬁ’agt e%f.“%f ﬁ‘;egg#tlgssptgalﬁ) ?é itﬂq{(ﬁ@inc_og}e}lv\zge dis
known, iEquivalensly, thg slspedsr £&t CQTFRSt HRIFYIS SR n@fasdf@&faiimg rather than being
treated as an error. For exanple, the distance between the erased synbol in
t heI Sgn%@nﬂkﬁmm cﬁ@tfin&dw}%f & diheA<foda g?q lighitsyl rlig’ahj) Bmg@ertﬁmodeum: _di,,ii,§s:n_o¢ k Ell% .

| NC1 UAeqrd{ds ?ch'ﬁﬂg?yr}ﬂe in fe‘?(%}fﬁodﬂﬁ valityard&afed a%mﬁﬁﬁzﬁiﬁfgl?es'e 4rablg00
decodi ng ch. er e thus effect) e*y e ‘r@?ﬁr‘nm- I ce by
one "8 hesa Nlermen ol &seaf%%seass,ﬁ%uﬁnﬁ?ﬁ( giva; oy Resd-SopEPe ean
be cor r@alee dnd HiairApdivatiyns, THBE deessd €994 dlre caontende of whighy ae derai) iricorpo-

er asur esrafed byqBf@rehte Pire the mostFomdnly-ussd S sade Nd biharywaey@s MDS+ f < n
- k + 1. Acode is systematic if each of its codewords contains, wthout

di ficat] it di data bl t a.fixed | ion.. It is th
bossi bl kb Bse if A SR Aot fhatied K8 Chaprttd ot ekl Sinianes Sioiis dogyidpy, 0"
code andntthe codepnd ankyowmrit pair be jgnorusbioaithtapemosss af deceding ratigrghan beings 5
l'i near cegheedesunleeror.oreasmgdlebiheplisiadoes ihetvgeeh e easka] symbwl ibthe daingleidrgordne
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nin— & < 1, it destroys the code’s ability to detect even one error. Equivalently, the length-
w'= n—g of the punctured code must obey w=n-d,; +1 to be error-detecting, and
w2n—d, . +2 to be error-correcting. The decoder for a punctured code can simply treat

deleted coordinates as erasures with respect to the original code.

A block code C is a cyclic code if for every codeword ¢ = (¢, ¢y, ..., €2, ¢p.1) € C, there is
also a codeword ¢” = (¢,,.1, Cg, €1, ---» Cp) € C, i.e. €” is aright cyclic shift of c. It follows that
all n cyclic shifts of ¢ are also codewords in C. If the number of codewords qk exceeds the
length of the code n, then the code contains a number of distinct cycles, with each cycle i con-.
taining s; unique codewords, where s; divides n. If the code contains the zero vector, then the
zero vector forms its own cycle.
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Posi tion decoding via a k-synbol wi ndow onto a recurring m sequence of
length n = 2k -1 does not allow error detection or correction. However,
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forma sequence of arbitrary |length. A w-tedow of size n onto the sequence
is then guaranteed to yield a codeword of C. If the code is designed to
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the Iargest m ni mum di st ance possible not only for its Iength but for any

length n.< 4(m+ 1) - 1. SUBSTI TUTE SHEET (RULE. 26) . RO A
More generally, m-sequences define a subset of the set of simplex codes The simplex codes -

have length # = 4m— 1 and minimum distance d_;, = (n+1)/2 = 2m. As implied by the
name, the codewords of a simplex code define the equidistant vertices of an n-simplex. The
minimum and maximum distances of a simplex code are therefore the same. For n prime, the
Paley construction can be used to construct a cyclic simplex code using quadratic residues (see
MacWilliams, EJ. and N.J.A. Sloane, The Theory of Error-Correcting Codes, North-Holland,
1977, and Wicker, S.B., Error Control Systems for Digital Communication and Storage, Pren-
tice Hall, 1995, the contents of both of which are herein incorporated by reference). For n
prime or n = 21 , then, a simplex code is cyclic and therefore defines a cyclic position
code.

A cyclic simplex code of length n = 4m— 1 defines an optimal cyclic position code in the
sense that it has the largest minimum distance possible not only for its length but for any
length n <4(m+1)-1.
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WO 02/ 084473 PCT/ AU01/ 01274 -13 The "di nension"” of a cyclic position code
Is fractional unless the length of the code is an inte- ger power of the
synbol siwe.02Métacdnsi der a cyclic position code "systemat PCT/AU01/AIA740f its
codewords are distinct in k' = rloggnl synbols. An m sequence defines a
systematic cyclic position code, whereas a cyclic sinplex code in general
may not. \Wen a cyclic position code is pigactured, one or nore synbols are
systematically deleted fromeach codeword of the code. However, since a
punctured cyclic position code is not cyclic, the original codeword is
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4 and therefore allows one error to be corrected.

Table 1

0001011
0010110

0101100 -
1011000
0110001
1100010
1000101

ajlu|lbdjlwln|IFPlO

Table 2 shows the Hamming distance between the first codeword of the code and each of the
other codewords of the code, computed with a one-bit error successively in each of the seven
possible locations in the codeword. In each case the corrupted (i.e. inverted) bit is indicated by
4. Whereas the distance between the corrupted codeword and its uncorrupted original is
exactly one in each case, the distance between the corrupted codeword and each of the other
codewords is never less than three. Since the code (by definition) only contains a single cycle,
the table demonstrates the ability of the code to correct any one-bit error in any codeword.

Table 2.

0001010
000101
000111
0004011
00e1011
0e0l011
4001011

Ujlwiwlwiun{iw]|w

Flrle|lr|r]| e

mjfWwluluvujlw|w]|lw
wlrnmlw|luym|lyojw|w
wWlwluwmjwlumw{iu|jw
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000+011 1 3 553 33 00+1011 1 353355 0+01011 1535335
+001011 1 5 5 3 5 3 3 SUBSTI TUTE SHEET (RULE 26) RO AU WD 02/ 084473

PCT/ AU01/W02Z24844714 Figure 1 shows a sequence 50 consi sti mgTofUOtAe78i r st
codeword of the 7-bit binary cyclic posi-' tion code repeated nmultiple
times. Figure 1 also shows ei ght adjacent 7-bit wi ndows 52 onto the
sequence, each yielding a codeword of thet«€ode and thereby a shift value 54
according to Table 1. Figure 2 shows the same sequence 50 in the presence
of two one-bit errors 60 and 62 respectively. Seven of the eight 7-bit

wi ndows Biguent shavsen ssegemec® doneistdpofethalfisst codewaidrof the'é-bisitinazy cyeli. poshese
€rrors afiéh &se’ &géa??&i AuBHld tilnds tHigied Al JiRisigat AdiRbAt NBit GAKISSPSN Shidd

valid cogewords 58 and. ere shi ft | .. t | clic
bosi 11 oo SEnERes 28 Gicldifd FRNaUr bop Y 88 a5 pRBe ) QR vl RisgWconatfy o
posi t i onlabRid Kigug Zothomisdhe same seapepas SArin the prstsmee ph eveaie-bib cieis 08 apg 62
exhaust i tegpeedaclghSevBabdfeth eighs t7sbit énduiwar X betoi the isequente thepdforedlsdcomtain

cyclic pgsiti 0 Lok ; ¢ ot b es.
i hough&?g @Qfﬁ&%}?ﬁ%@%ﬁ%@é}g%*%gw&fﬁﬂ?? B
and 12 a'# [‘T’giﬁg’f’ ZPA eIeshIL VERES ks e that the optinal codes of

|l ength 7 and 15, and generally of length n = 2k -1, are defined by

m sequenOptimalaGycli¢c BositisreGodssr | i er. Table 3. n k' d,ntn di, Ix t ~irmn code
7344120001011 8 346 1 2 00010111 94 4 6 1 2 000010011 000010111

0001001 1fior #ddést 406 lenftlﬁoﬁﬁl 500803 ird leycic O60SA RbAd. of @ Q11
5001001 cpgh A ¥9ABOH iz carPbd fedRd B Ehdusiifle SEHRH? H9BHe 1ist e Rafacteristics of

00010010

optimal binary cyclic position codes of various lengths, together with specific examples.
Although in most cases the optimal code is systematic, for lengths of 11 and 12 a non-system-
atic code is optimal. Note that the optimal codes of length 7 and 15, and generally of length
n=2_1 , are defined by m-sequences, as discussed earlier.

Table 3.
3 4 4 1 2 0001011
4 8 1 2 00010111
6 1 2 000010011
000010111
000100111
10 4 4 6 1 2 0000100111
8 0000101111
8 0000110111
0001010011
11 4 4 8 1 2 00001001111
6 00001010011
8 00010200111
52 6 6 2 4 00010010111
12 4 4 8 1 4 000100110111
54 8 8 2 4 000010110111
13 4 6 8 2 4 0000100110111
14 4 6 10 2 4 00001001101111
00010011010111
15 8 8 3 000010100110111
16 4 8 10 3 4 0000100110101111
0000101100111101
17 5 8 12 3 4 0000010001101.0111
10,12 ..
18 5 8 12 3 6 000001100101101111
000010011011110101
14 000010101101001111
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12 4 4 8 1 4 000100110111 5a 6 8 2 4 000010110111 13 4 6 8 2 4

0000100110111 14 4 6 10 2 4 00001001101111 00010011010111 15 4 8 8 3 4

00001010000(®2/0844736 4 8 10 3 4 0000100110101111 00001011@0TMAXDOAIZEY 5 8 12
3 4 00000100011010111 10,12 18 5 8 12 3 6 000001100101101111
000010011011110101 14 000010101101001111 SUBSTI TUTE SHEET (RULE 26) RO AU

WO 02/ 084473 PCT/ AUO1/ 01274

000010101111001101 19 5 10 10 4 8 0000101011110010011 20 5 10 14 4 ©6
00000100101011001111 12 00000101011110010011 00000101011110011011

-15- Table 315-n k' dmn dnax t drm n code 12

00001010Mekled11001111 21 5 10 12 4 8 000001010111100100011 22 5 10 14 4 8

0000010
0000011 ;
12 5 10 [0ROPOIOTOGITOPTINIORLIY 2 512165 a(gqggigggg;&ggilﬂ 666+
25 5 12 f1e—b-5-1000061006130D1046021042141 44 16152 546
00000100071019100191110131 | 27 |5 12 16 5 10 00085P1BELE%181010001001111
12 00000101011110010011
00000101011110011011
00001010111011001111
21 5 10 12 4 0000010101121100100011
22 5 10 14 4 8 0000010001101010011111
0000010011000111101101
0000010011011000111101
00000110012110110101111
23 | 5 10 14 4 8 000001000110012120101111
14,16
72 12 12 5 10 ‘ 00000101001100110101111
24 5 12 16 5 8 000010010110111010001111
25 5 12 16 5 8 0000010001100101011011111
14,16,18 ..
26 5 12 16 5 10 00000100011010100111110111
27 5 12 16 5 10 . 000001200101201010001001111
0000011011001111010010101211
28 62 14 16 6 10 0000001001010111010011001111
\0000001011011001010111100011
29 5 14 10 18 0000010010101111210011000121101
00000100101011111010001100111
132 14 12 6 16 00000100111110010101100101011
g2 0000111.0001000100101101110111
31 74 16 16 7 0001001000011101010001111011011
43 72 22 22 10 20 0011010110001000001110100011111011100101001
47 o9 24 24 11 22 000001000011010100011011001001110101001111011212
59 92 30 30 14 28 00100010101101100010000110000011111.0011210111001
00101011101

a. Not systematic.

For coding purposes, a code is considered equivalent to its reverse, its complement, and its
reverse complement, so only one of these is included in the table in each case.

Although the table (mostly) lists systematic cyclic position codes, for code lengths greater
than 7 there are many more non-systematic codes which are also optimal (indicated by ellip-
sis).

A particular cyclic position code can be punctured to reduce its length and hence its posi-
tion-coding precision (and corresponding window size). Table 2 shows that the punctured code
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000001101100111101001010111 28 6a 14 16 6 10 0000001001010111010011001111
00000010110110010101121100011 29 5 14 10 18 00000100101011111001100011101
000001001w0(®»224441910001100111 13a 14 12 6 16 00000100111PCoXX01012790101011
8a 00001110001000100101101110111 31 7a 16 16 7
0001001000011101010001111011011 43 7a 22 22 10 20
0011010110001000001110100011111011100101051 47 9a 24 24 11 22
00000100001101010001101100100111010100111101111 59 9a 30 30 14 28
001000101011011000100001100000111110011110111001 00101011101 a. Not

syst emat plex cbd¥, soelefth dudlipeBgiiex fodedt éhd RblRAS hdaihEduBQlidtyal @idatdrdyithd

rever se,

is |ncIu

ﬁfts %ﬁﬁéé’sg&% th
systematic cycllc posi tion codes,

are manyForsxemplen theyentanal (¢xelic sHaRlenods of lengh Kt

eaﬂagle' ts

I N each case.

reverse conpl enent,
Al t hough the table (nostly)
for code | engths

so only one of these
lists
reater than 7 there

¢ ftaphe. henduaeiiesd toy

ellip- slleﬁgth % PRrik isapdrior toyché |fourpqstirhalocmdes)de lersth B8 iputhe ttable@dTHeooptédalc e
its |engfh &El@&ﬁa‘ézé ek ceaﬂa E&Qni%.gﬁ ‘rés}e% JidaseLaTd SRPOREkhHB
wi ndow Ssi. z% ?f’e 195%1 #panture e. | Sdﬁég‘le“ or, to. l)é
ot har e R o the e % RSO SRR P dBce g i

sim SUBSWif’J@JﬂtEtﬁ@BEEﬂg @RUIZEESQ@)UWU AU WO 02/ 084473 PCT/ AU01/ 01274

code,

=16 pl ex

since each cyclic sinplex code in the table has a m ni num di stance
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reverse distance of 8 and 6 respec- tively,

whi |l e the punctured | ength-19

code has?ﬁ ed m ni mum reverse distance of 9 and
f 4 shows the 19 codewords of the
cond colum of Table 4 shows the
018 obtained by puncturing the
| engt h- 119 Qb‘di'b‘fonll‘%i'o&lo . buboloﬁﬂblltﬂll%lwn i ginal (length-19) punctured
(l er]gt h- 6010101111001001100 001010121100100110

0101011110010011000

010101111001001100

1010111100100110000

101011110010011000

0101111001001100001

010112110010011.0000

1011110010011000010

101111001001100001

0111100100110000101

011110010011000010

1111001001100001010

111100100110000101

1110010011000010101

111001001100001010

1100100110000101011

110010011000010101

1001001100001010111

100100110000101011

0010011000010101110

001001100001010111

0100110000101011110

010011000010101111

1001100001010111100

100110000101011110

0011000010101111001

001100001010111100

0110000101011110010

011000010101111001

1100001010111100100

110000101011110010

1000010101111001001

100001010111100100

One design goal which might favor a particular non-systematic code is the maximization of
the number of set bits in the codewords. This is relevant if the presence or absence of an undif-
ferentiated glyph is used to represent each bit, since it can maximize our ability to discern the
structure of the overall glyph array.

Since a cyclic position code of length »n contains only n codewords, for modest code lengths it
is tractable to decode a sampled word by calculating the Hamming distance between the sam-
pled word and each codeword in turn, and then choosing the closest codeword. For very short
codes a lookup table can also be used. Algebraic decoding can be used for longer codes (see
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codeword codeword 0000101011110010011 000010101111001001
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Conmmuni cati on and Storage, Prentice Hal I, 1995, and Berl ekanmp, E. R

Al gebrai ﬁtlﬁé’gfgﬂﬂal ERe Eosﬂ“&g 1E’§r ?alf’é & exjc%ﬁé‘t ehhaeco‘h% <§J§ ﬂétn%toﬂ of
whi ch are corporate erenc

equi di st*&ﬁlﬂmﬂ%ﬁﬁm fd's 6‘}?@\/\8?1’8'5“‘:{ eﬁ?fu’% P’P?"*pPé Fs %Hon for

decodi ngnshc?ul—dl rMpterthataor spmefk, (egnébdhmlyngtham =25 lafe- -§- Yo ipprimer arstithe

di r ect | yp4lgy BonsBMctididadie waed.al gebraically. The search for an opti nal
cyclic position code of length n and synbol size g can proceed by

Q-ary Cyclic Position Codes

A g-ary cyclic position code of length n = g can be constructed by concatenating g distinct
symbols into a codeword. The minimum (and maximum) distance of the code is equal to its
length, ie. d,,;, = d,,. = n. By way of example, Table 5 shows the 7 codewords of a
7-symbol 7-ary cyclic position code with minimum distance 7. When n = g = 2"~ 1, the
cyclic position code is equivalent to an (n, 1) Reed-Solomon code with the zero vector
removed. The code in Table 5 corresponds to a (7, 1) Reed-Solomon code, for example. -
Whereas a g-ary cyclic position code may contain the zero symbol, the non-zero codewords of
an (n, 1) Reed-Solomon code won’t contain the zero symbol, since the zero symbol only
appears in the zero vector. A Reed-Solomon code will also typically have a different symbol

ordering.

Table 5.

h 'ﬂ

1234567
2345671
3456712
4567123
5671234
6712345
7123456

|| dITWIN|[FH]O
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generating all possible gn codewords in turn, and for each codeword
defining a code which contains the n cyclic shifts of the codeword. The

m ni mum dwetcanga7and m ni mum reverse di s- tance of the coaeTayivivgm
calculated. If the code is the best found so far then it is recorded. A
optimal codes can be found in two passes, i.e. a first pass to determ ne
the characteristics of the optinal code-8and the second pass to enunerate
t he codes which exhibit the optinmal char- acteristics. |If the optimal
cyclic position code is a cyclic sinplex code then a correspondi ng

const r ucAigary dyelihpositien cetde didengtied, =ig ean bé puidiirey te ohkin agtary nydlisrpasi-
prime, %oﬂ-&ﬁ@o‘fﬁfb‘iﬁﬁ?%ﬂgﬁﬁl nf Qg . Nb mats what thiofdctiied lehgth, gone=k, (e. g. 5),

the length n = 2k -1 (e.g. 34) is prime, and the Paley conStruction can be

s, gy, Orce OO o R0RUES, At s g an okt Lonaln
codewor deyclineods sialan ¢ Reed-Falomanngoddi(whetecle>d1. Whencwad i &,;pq#alFor MPs

l'engt h, dodes subhak Resd Solnorrcdles, Byr d@ynpld, dxasphek abl e 5 shows the 7
codewords of a 7-synmbol 7-ary cyclic position code with mnimum di stance

7. \Wen = =2m-1th |, sition code is equivalent to an (n, 1)
Reed- SoI@ﬁﬁﬁﬂﬁ%ﬁgdwPﬁ'"?ﬁgcyf§¥g°§)§%¥§?ée removed. The code in Table 5
corresponds to a (7, 1) Reed-Sol onon code, for_ exanple. hereas a Q-ary
cyclic pba§ Yays dpdedusige-Beasst MOBItoR COdBE APBIARRAS, d%ﬁ@%&ﬁr/ﬁ@r%n&@ds%w&s of
an (n, 1ysileedccioingmadewoderomn’ dychopdsiion ¢die ratherthay aiegeating meequdneezar o

synbol ok ¥xpdRP 6AESnplihalhire 8% KRN to shpHREers10d<@Bidn G err¥l ddrredtis®
typically have a different synmbol ~ ordering. Table 5. codeword shift

1234567L# 2345671 1 %4567%(2912 567123 3 2637 234 4 67123 5h5 b7123456 6
SUBSTI TUTE "SMEEF*pmplesFiye pehals (6 $37buA%y ASGILTRSeEP! the &- At‘g’;dﬁry
cyclic powite digneddéesd prowiddgtthe hasic glemants fer diffaremae eeding Bhst differenceag-72ri
cyclic pgstical posifio afteshotvndelivi éh\palrefgblini®p. < . No nmatter what the
punctured length, dmn = np A g-ary position code of length n > q can be

Ces! 9ned e £ty S BRIy S R e 5
to encode, as base-6 differences, the digits of two successive horizontal coordinates, these
being 103124 and 103134 as indicated at 102 and 104 respectively. The thin rectangles shown
in the figure are included to enable the reader to easily discern each instance of the reference
codeword. In practice only the bit values are encoded. As can be seen in the figure, the code-
word 0001011 is repeated end on end in each column. A difference of 6 is used as a marker
value (denoted by e in the figures) to separate the least-significant digit of one coordinate from
the most-significant digit of the next coordinate.

Figure 4 also shows three 7X7 windows 106, 107 and 108 onto the set of columns. Figures 5, 6
and 7 show the contents of the windows 106, 107 and 108 respectively. Each 7-bit column
within each window can be interpreted as a codeword of the 7-bit code, in turn yielding a shift
value and hence a relative position according to Table 1. Since a sampled 7-bit codeword may
contain errors, it is first decoded to yield a valid codeword, e.g. using a maximum-likelihood
decoder as described earlier (i.e. either directly or algebraically). In Figures 4 to 7 a number of
sampled bits within each window are indicated, by way of example, as errors. Each bit
denoted by ¢ indicates an error, i.e. the corresponding bit has been inverted. Since in the
example there is at most one corrupted bit within a given codeword, each such error is fully
correctable (as described earlier). After decoding each codeword, the difference in shift values
between each pair of adjacent columns then gives a digit of a coordinate value. The difference
between any two adjacent shift values, modulo 7, is invariant of the vertical position of the
window, since the offset of the codewords in each column does not change in the vertical
direction.
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codes such as Reed- Sol onon codes, for exanple, dmn =n - k + 1. Difference
Codi ng using a Cyclic Position Code The vari ous m sequence-based position
codi ng apwoeaodas3 descri bed earlier can be realized usin@Ca/A@e0rxriing
codeword froma cyclic position code rather than a repeati ng m sequence, at
t he expense of sanpling nore than k synbols to support error detection and
error correction. By way of exanple, Figwe 3 shows the seven ways 70

adj acent sequences of the 7-bit code can be aligned. These provide the
basic el enents for difference coding. The differences 72 in vertical

posi t i onHafigorfdlBNehch &tifdsve feldsadititOfromahe! sdite cdordivite of fiohome ddpieeherior 14)
adj acent%iﬁgtg%{eag%ﬁ a]S%Qa(?I}’(;r%anrg(Qllt code arranged into colums to encode,
[ e digl

as base- f'erences, S of two successive horizontal coordinates,
these being 103126 and 103136, as_indicated at 102 and 104 respectively.
The t hi nAp seangifdligareshavipdow A06 Kields shift dalyee 11hef {kidd 5t 6. 2riaBl dok the sp¥aider
t o easi | yolaings snipledcihdnnatmpieiEfrorh thdi®prdefivervends Thesedawordyielt riffsrasdel -

only th if12\%glrges @ coded. As can be seen in the figure, the code-
wor d 00811 11}2i s{r’g%eé?g%qghd on end in each colum. A difference of 6 is

used as a marker value (denqgted b in the figures) to separate the

| east - si i 2 sisumle mattes to assenphle asinglegsopadipate cyen 1ithe digs spat 1ig; adjacs cogfyi t

of the néxbtesosidibeate wih otheviddals 206 hiod\£07. Athe endsk-gi gnifiodotdi gitX®, thd fightand

108 ont oqf i€ nEkerAke Q%W@perﬁeg% 8 18ast-SignARAnt/diSRON thO RfCAMhEMaiep! the
e

wi ndows 106, 107 and Spectively. Each 7-bit colum wthin each

wi ndow can_be interpreted_as a . codewoyd of the 7-hit code, in turn yielding
b o Tt TP ARG SRV o BERER rip oML P ionad Caran A Girea of &8 wledas 2
sanpl ed themharkerddenasedbyrein the figheesh Tans thedirst winfewisisequenge ebdiéiarenee yalu¢sd a
val id cotiewr,d, 18296, UpidGededBX hwid! Bhibsel@incBO 00l 3,de0gdmE @3, sparrddieg the
o st SRR S T R Gt
errors. gt e Tiboiolai e by maliiplving. Ge srcend fpeent by th, erecisionahiye ity
bit has fregmentr(izert0800,, Sir 6 avliere 4 hethe amanbet of digiss én the first framendrandesidingpt ed
bit w thitg fegeienBNoSAIGWITAddin@ACH thé/Astaigritficdn® filabinkit wEElH k&Gt 3P by, Fen

descri beg.és[e%hia&é%gﬁﬁqtthgrmogf_gigg%f%g%ﬁ?ggizﬁl %(Bdeword, the difference in shift

val ues en e parr ol urms t hen gives a digit of a
coordi nate value. The difference between any two adjacent shift val ues,
modul o 7Th¢ second avindow 167 yiehds shifit valvas ob0Qi G i4o ., f4.tlewhigh fiobwn yigldhdidferhe
3}‘ fset Oéndehm@l@ewrzm nm,esz}cdhdca)émmeezaluaw 10BERG#sd. The Iﬂﬁrd/ﬁgrtdbagios
irectiog. RO,
ol BURRN LR SHEE s GRULE 3Gy BB R RALOTAALHATTOARIL WPt

-19 Hori .each Wy its fromthe sanme ¢ I nate or

fromtvmaﬁﬂ?rag’é‘%tvai%‘?fwo '%at es, as well as exactly one marker. As seen in
Figure 5, w ndow 106 yields shift values 110 of { 1, 1, 5, 4, 2, 3, 21 for
t he sevefhe poditiomsf tenpirkel, invwhe wisdow cadbé nexh tbigentafe abighweprdsisionlveerdii n

turn yi e ge dhif QfiGEreYIR s the relative alignment of the window with respect to the coordinate.
’ As shown in Figures 5 to 7, the length of the subsequence to the right of the marker is used to
generate an additional fractional digit, i.e. when the marker is adjacent to the right-hand edge
of the window, the window is defined to be aligned with the coordinate. Other nominal align-
ments are of course possible. In the first window 106 the second subsequence has length 1 and
the fractional coordinate value 116 is thus .14. In the second window 107 the second subse-
quence has length 3 and the fractional coordinate value is thus .3¢. In the third window 108 the
second subsequence has length O and the fractional coordinate value is thus .Og. Still
higher-precision coordinate values can be generated from the relative position of the sensed
coded data in the field of view of the sensing device, the perspective transform of the sensed
coded data, and the known geometry of the sensing device. This is described in more detail in

the present applicant’s co-pending PCT Application WO 00/72287.

The marker may be any difference value, although a difference of n—1 is particularly conve-
nient since it leaves a contiguous range of difference values 0 through n—2, each of which can
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ues 112 of {0, 3, 1,2,6, 11. It is a sinple matter to assenble a single
coordinate even if the digits span two adjacent coor- dinates, as is the
case w t wbotkssswrndows 106 and 107. The nost-significant @cCgiAm®1IOR7She
right of the marker are sinply prepended to the |least-significant digits
to the left of the marker. In the exanple shown in Figures 4 to 7, and as
mentioned earlier, the difference of 6 i s2ased as the marker (denoted by
in the figures). Thus the first wi ndow s sequence of difference values 112
{0, 3, 1, 2, 6, 11 is treated as two subsequences {0, 3, 1, 21 and { 11,
separ at el diyectlyanapped kea b nahdigie i gersesal§ aficourses atiyraedetdrmagpdenappigsiidd and
16. Thesgifafcs PMVed lo’dokdnAe GARE caflbdd@dlfzedal ue 114 of 103126 by

mul tiplying the second fragment by the precision of the first fragnment
(i.e. 100006, or 64 where 4 is the nunber of digits in the first fragnment)
and addlﬁbat'alﬁ'ga'?%nts together. If adding 1 to the |east-significant
fragment would result in carry, then 1 is subtracted fromthe .
nost - si gAitvocdimengieng] pesition Th@Ng agamepnsistddiwedrthpEenal one-Hiransipaph position {0,
6, 4, 5,cdlingarrdyks shatigiy combined oy iisktledlietf Arthr@l:mmenﬁbm%@lﬁloﬁ kodidg drayl,

0, 3} an o d%uﬁ’e% el ds
shift va ni‘lfsfs %‘&aﬁﬁh@ni é éﬁp Bﬁiﬁ% 31&?% I%ﬁiﬁ glgﬁlgéﬁ@gf&d
0, 3, 1,mnterlegyed, fpd so erfor Righer dirhepsipmsp tYBﬁ%’SnSW?é PBE}EP’P COHNSATER LAY
mar ker | be etveded onlewurfage. Bethresedimensigeal gositien goding haey prag dieshesdeddo adiol-
nate val gge. since it reflects the relative alignment of the wi ndow with
respect to the coordinate. As shown in Fi gures 5 to 7 t he Iength of the
subsequence to the r t i n ad na
Fract 1 ondronsrgrenSotdl Basyih <plieRhiaie i feord SYBREIT vife 08 a0 'Llige

of the wWiHHEBEEZCQUSEOWSAASIFtingt alyphsiereprssest thy H&iﬁé'acw}’ﬂboﬂ Hélue%aébedam@ e
O her nomgeadato aételgmne rfegmtsmmneatofhecs;mm lpwd sCbheersdly) tohedbicer thie mirniokavof106
the seco ﬁeﬁ)%@g Secon %tﬁegreséﬂ&e of Ep"aﬁirall %herembﬁysﬁ%eevlwe

116 is t sec sub se- quénce has
length 3 ‘é?ﬁ’c?%rf |szr‘f£r°‘61 %‘P’f‘? Clelgl%rcgn?‘ﬁ’tﬁ’g In the third

w ndow 108 the second subsequence has |length 0 and the fracti onal

coor di naTe avaitl tlee nepdttbdsstin@@sh Strmbdls belbggieg iporthigonalseqamces, sginboly alayds can

]{Je ggne ][ PAIRA dndQBhEen &l AleaMEpHIABbLt inRAscRfion Baween 886l orthebRdl shaltanl dbdidye
|1 e 0 VI

f_ t.h en deV| ce ective transformof the
sensed g%ce a%ngrglgﬁ%e@e%l k%vﬂagsgt%?rgﬁlgﬁgt he sensing device. This is
descri bed in nore detail in_ t_hewgresent apgl i cant's co-pendi ng PCT
Appl i cat Tothe wpproagtyof RETT ApplicatienR¥O 92417858 (hMpray 4nidaY. dhesh vh¢ tveo orthagepalgh a

di f f er enege-iimansibnhlsarfFk hieCsphBdllyyineplRYeed dhdend repredested by ldEearan calog phird GUOUS

SHEET ?ng@ %‘Zﬁ;@%ﬁ%@? OhTAS L dnss T A 85 b%@“%@ PR
to a basET YALENCES general’, of course, any predeterni ned mappi ng from

di fference values to coordinate value can be utilized. Spatial Arrangenent
In the approach of PCT Application WO 00/73887 (P. Ericsson), the two orthogonal

one-dimensional arrays are combined by concatenating spatially coincident bits and represent-
ing each bit pair by a single glyph which can assume one of four possible values. The four pos-
sible values are represented by a dot in one of four positions relative to a nominal grid
position. The alignment of the grid itself is determined by fitting straight lines through the
off-grid dots.

Figure 8 shows a possible spatial interleaving 118 of two orthogonal binary one-dimensional
position arrays 120 and 122. To avoid the need to distinguish different glyphs, the presence
and absence of single undifferentiated glyph can be used in place of two explicit glyphs, as
shown in Figure 9. Alternatively, two distinct glyphs can be used, as shown in Figure 10.

Figure 11 shows an alternative spatial interleaving 124 of two orthogonal binary one-dimen-
sional position arrays 126 and 128, where spatially coincident symbol values from the two
arrays have been combined. Figure 9 shows the interleaving represented using three distinct
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A two-di nensional position coding array consists of two orthogonal

one-di nensi onal position coding arrays spatially conbined or interleaved.
A t hree- dwoep®s@mal position coding array consists of thPeg/Aanthogonal
one-di nensi onal position coding arrays spatially conbined or interleaved.
And so on for higher dinensions. A two-dinensional position coding array
may be encoded on a surface. A three-dingnsional position coding array may
be encoded in a vol- une. A one-dinensional position coding sequence nay
contain g-ary synbols, where g.> 2. It is advantageous to use ¢ distinct
gl yphs t glypRpiRbe Smpth glyq)hdFi{ghrdﬂm stowshind invetleaeiig répreseniedi winghesingle adif-o

det ot m g fgbh ﬁf% i indig ﬁ%&g&éﬁﬁg feoffPY RBRELY poliflofl BUGE LS in
Y

nunmber o I'mzed prese

spati al | EB%@}@ﬁ%m{ 3% i’'se, how ever, a larger synbol si ze provides
nore efficient error correction. To avoid the need to distinguish synbols
bel ongi ngssumiag tikogaicaire o€ cheoneed] gl?pl’irbﬁbﬁ cﬂ’ﬁlye Biscerped, liechnarechazitieridantat ed

gte qﬁ‘g‘,; Qeﬁg)iw% geﬁsdtﬁg gﬁﬁs%dr@i‘ oﬁéhﬁﬁgﬂgﬁ@g M%plﬁm ?é el QbARy o yof -
bCT appl EWAR G SR SEReY 58S p1 oea?iﬁgelasmabm%ﬁ%% lRiencts Sy @Eﬁn

one- di neeerrespanding itajhke fove popsibleprioptatione of &l suboamay. Sinee ﬁl@pm@sélme@swbgrl

di f f er enpog@boEodeaiontitsoredandaguy;, SU&&E&UMIgn%& Ra gt iadddrre€¥ 4S31@@MBAT g@ﬁﬁuu&nces

can al sog he.
approach Qfe %@H tﬂgﬂﬁ?@?ﬁ :38? 518%171% dEth%ﬁfe@éHce %ﬁo &H%%g%ré or%a
one- di rref‘?é‘F%H}flo%?PFaéE?E of oge &y aaféa 9We sﬂa&%a %S\}'l@ar@a ﬁgﬁém
bi t s andAltepragisepterrorshcandzchiniinizeg acrosphoth ssbantglye tqythooke ahomdet odentaigenine
one of four possible values. The four pos- sible values are represented by
a dot i “Tﬁé‘ﬁuﬁfaerf d?‘éhoi%%bﬁlhﬂg‘Froﬁaede?ttain"l‘ﬁc&fhc@aé?,fgﬁ'r&%{s &'l sﬁbal%zsdah'b@%aﬁtﬁ‘e

al i gnnmen f IS det.ermn

hr Ough iR Tof s Pecelipe Soe gt SBmHR stahtp 55 & e RAGHN CysHodiRiian ng
118 of t@®deort hogonal binary one-di nensional position arrays 120 and 122.
To avoid the need to distinguish different glyphs, the presence and

absence Tﬁe sdvagle &FUNAE i esdd cﬁﬁlﬁﬁlmﬁ mxﬁﬂfblﬁ%dl&@&sé of QécihQﬁ 11 cddéords
XPI 10Tt oBIRRe TS A L] GLEe 71 LT BRI N Al md R S CisGhoP"S

can be us e an a
interl eab?Wﬁelléﬁo‘éﬁW(trQ/é“ B‘Ptcﬁé?g@?fh? C‘Eﬁeﬁ‘é’F@llb‘ihéfﬁieﬁﬁ?rP E‘i‘&‘i’ﬁi position arrays
126 and 128, where spatially coincident synbol values fromthe two arrays

have beem ¢rmribsaed. offdrfpts dud t6 bhes fﬁdn@sj ﬂh’é&fuhmv ioﬁ@rrbﬁspﬁ’e@ﬁlﬁﬂg e&fbnuaidogretir ee

di stinct, E;i%%ﬂ sl Er;b%ﬁ'%ﬁ?s the r&%ﬁtﬂ%“tﬁ nf’c%ﬂ’e@t%%(s&éﬁﬂé -21
glsiyggsaa eh@ IEC‘ETEW%/FO% 'X‘g‘r%frhgpaﬂ mmneeg:‘“ Pgui eglr ?ZC?It gns

fromits nom nal position (as suggest ed | n PCT Application WO 00/ 73887) .
Accumulated Shift

A two-dimensional position coding array is typically generated in isolated fragments, with
each fragment coding the coordinate ranges of a single surface such as a physical page. For
proper continuity between fragments, the shift of the initial row and column in each fragment
should reflect the accumulated shift associated with all previous rows and columns. However,
since continuity between fragments is not strictly required, the first row and column of a frag-
ment can have zero shifts.

The following discussion assumes continuity between fragments is desired. For clarity it deals
with the coding of an x coordinate using differences between columns. The same approach
applies to the coding of a y coordinate using differences between rows.

For a given x coordinate, each difference between a pair of earlier columns contributes to the
accumulated shift and thus to the shift of the first column which encodes the coordinate.
Assume each pair of columns encodes a difference between zero and b — 1. Further assume
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Assum ng the structure of the overall glyph array can be discerned, it can
be partitioned into its two constituent orthogonal one-di nensional
posi ti on wodemngt4subar rays. Each subarray of gl yphs can becCasdiogneds4to a
set of one-dinensional position code sequences in four ways, i.e.
corresponding to the four possible orientations of the subarray. Since the
one-di nensi onal position code contains r#dundancy, it can be designed so
that a correct assignnent generates fewer errors than an incorrect
assignment, even in the presence of errors due to other factors. Once the
ori ent at thatnthefx conalisatb aris eprdsentkd bywp, basdk digiisenteath enmcodtd bhe diff¢rences siodr r ay
follows.ghafl ternatively, errors can be mnim zed across both subarrays to
choose a correct orientation. The nunber of errors resulting fromcertain
i ncorrect assignnents of a subarray can be quanti- fied. To do so we define
the reverse mni mum di stance of a one2di mensi onal cyclic position code.
The reverse of a code is a code cqnngﬂkﬁg the symbol -wi se reverse ofgogach
of the codewords of the code. The m Ailnum reverse distance dr,ni,, of a
code is the smallest Hanm ng di stancei=bet ween a codeword in the code and a
codeword in the reverse of the code. In the absence of errors due to other
f act or s, AsssEnethpndiacent eoordinafes &g yenaraied by amaskero i@ twith¥dpghinent of a
subarray is zero. The nunber of errors resulting fromincorrect an
assi gnmemhe adéﬁ&ula@edﬂﬁﬁ@é&ci) dﬁ@miﬁg)givgfbywo has a | ower bound of n x drn
Accumul ated Shift A two-dinmensional position coding array is typically
generated in isolated fragnents, with each fragnent coding the coordinate
ranges of a single surface suéﬁias a physical page. For proper continuity
bet ween fragnents,BKRQ)shﬁgTng;}heuﬂﬁ?g@ﬁd1qu&andgﬁohrnp in each fgagnent
shoul d reflect the accunul ate hift associated with all previous rows and
col utms. However, since contiffiity between fragnents is not strictly
required, the first. ro nd. col.um of:;.a frag- ment can have zero shifts.
The fol | 0§ ?F&uﬂi‘?gaéfifggﬁlﬁlﬁ?%s@d?@%e@ ‘ lilﬁ*l&‘i"?‘}/glﬁ'et ween fragments is desired.
For clarity it deals wth the coding of an x coordinate using differences
between col ums. The sanme approach sapplies to the coding of a y coordinate
usi ng differences between rows. For, a given x coordinate, each difference
between a pair ofA@arhiipr= aﬁ(@mﬁboﬁ,jimm@@,imb a;adddRul at ed shEe®) and
thus to the shift of the first colunn which encodes the coordinate. Assune
each pair of colums encodes a différence between zero and b - 1. Further
assune ik ]ﬁgéka 84473 PCT/ AU01/ 01274 -22
t hat the¥¥§§%g§ﬁ@ﬁ%te X %$?g§¥§§%%te §M%%%§¢é b digits ai, each encoded
by a difference, such that: P-1 x = 11 aibi- (EQ 1)

p-1

xv + Z (A(a; b, 1)) + a;(x mod bi)) (EQ 4)
i=0

These functions for efficiently computing accumulated shift can be conveniently implemented
in a device which prints position-coded surfaces, such as described in the present applicant’s
co-pending PCT Applications WO 00/72126 and WO 00/72127.

Position Coding Variations

As discussed earlier, a difference coding approach can be used to encode a position explicitly
or via an m-sequence. It can also be used to encode a position as a codeword to allow error
detection and error correction.

A difference coding approach can also encode both an explicit position and a codeword, where
the codeword is used for error detection. For example, the codeword may be encoded using
one bit of each difference. Such a codeword, if cyclic, can also be used to determine registra-
tion of the position data, obviating the need for an explicit marker difference.
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I =0 Assune that adjacent coordinates are separated by a marker "digit" with
value v. The accunmul ated shift B(b, i) due to bl is given by: b-1 B(b, i)
= i bi-1 Avpo2/o84a73 1b(b-1)/2 = ib' ' (b-1)/2 (EQR) j=0 The aecunuoavexi4shift
A(ai, b, i) due to aib' is given by: a!-1 A(ai, b, i) =aiB(b, i) + bl Y
j] = aiB(b, i) + btai(ai - 1)/2 (EQ3) =0 The accunulated shift up to but
not including x is given by: P-1 xv + ¥2XA(ai, b, i)) + ai(x nod b')) (EQ
4) 1=0 These functions for efficiently conputing accunul ated shift can be
conveniently inplenented in a device which prints position-coded surfaces,
such as besamerabedcyichic tposition esdntamppeimbedded sn (asplaaied gvithCdthep dhtadatprons
WO 00/72@3@a@ﬁ?ﬂ%ﬁbﬁ@&%@ﬂ@}ﬂuﬁgﬁﬁjiOn Codi ng Variations As discussed
earlier, a difference coding approach can be used to encode a position
explicit] or via an msequence. It can also be used to encode a position
as a codﬁ%?#ef'(fuﬁ?tf%\'flﬁqsr or detection and error correction. A difference
codi ng approach can _al so encode both an explicit position and a codeword,
where tAcdifergacmealling appreacts per wrdass ngemake itogpsy o embrd dgration-spasifioddaor d
may be efirddedunciondflagan@s kiscusbd erdlie pickdit applicant’Sorpeading dEID Applitdtion

e ikuabaeneke ghokde pplienn : o
b at | it A% A p B QS ButitRintl R Rbogiiainay, Slethe WG ARSI ALpGR 2
CRULE 26} OTRE30E Y0818 17 Opsnsiqnahipesions throsgh he IisREHan of Lracgyisqgons]

posi t i onomsedimensinnd) @osifioadddidgiaraysr co-| ocated with) other data to pro-
vide a registration signal for that data. Enbedded Function Flags A

okt nESAEAA O QPRORSIE (98 AT atop e Rt b PRy e
oy oaens BB Rl S s iR 8k PRiob D sl e BSHERT i kel fows)
t wo- di nefesidiffapngseoringanrpesgs rigonvierssly, thei lneasiopripeeifie dataany nghbe alheyeed tor j on

codi ng aindaye faisk irepgsirdtion; € pripnanmasinathosihe ntarkertdifferegde.t he | nteracti on of
two orthogonal one-dinensional position coding arrays. However, one or

more col YRS AR LBEHeBEh sCOH MFhE TR wDerc63EE Y68 Rl b8 DufPbssPsr
error detection and registration, as discussed in the previous section, then the codeword pro-
vides sufficient information for data columns to be ighored. However, since the data columns
may contain arbitrary data, they may induce errors in the codeword. If the codeword is
error-correctable and, during error correction, the only symbols in error are found to be associ-
ated with the data columns, then all is well. If errors also lie elsewhere, then the position data
itself is suspect, and the decoder should report an error.

If only a few bits are required for encoding location-specific data, then the adjacent bits can be
chosen in such a way as to avoid inducing a marker difference in relation to adjacent columns.
This needs to take into account that the data will be error-corrected before being interpreted.
This approach can obviate the need for a registration codeword.

To allow errors in location-specific data to be detected and possibly corrected, redundancy
must be introduced. Since a continuous redundancy scheme based on a cyclic code doesn’t
support arbitrary data, location-specific data is best arranged into codewords of such a size
that the sampling window is guaranteed to contain at least one complete codeword. If the sam-
pling window has a size of n X n (i.e. to work in conjunction with a pair of orthogonal cyclic
position codes of length n), then the size n” of the location-specific data codeword must obey
n'<n/2.

Rather than having two independent codewords of length n” in the two orthogonal one-dimen-
sional position coding arrays, corresponding data from the two arrays can be combined to
form a single codeword of up to length n. The burst error detection and correction capability of
the single larger codeword is better than that of the two smaller codewords, but at the added
cost of sampling a larger area, as discussed below.
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cific data. In this case the difference codi ng approach nust ignore those
colums (and rows) for difference coding purposes. Conversely, the

| ocat i on-wpaei844e3 dat a nust not be allowed to induce fal PETrAagISI27at | ON,
e.g. by inpersonating the marker difference. If the differences between a
set of colums (or rows) encode a codeword for the purposes of error
detection and registration, as discussed.kn the previous section, then the
codeword pro- vides sufficient information for data colunmms to be ignored.
However, since the data columms nmay contain arbitrary data, they may

I nduce €Figfesl4 sholvs@ poaiteiIB0Cof d tvo ditheS0ENPOSItIbE coding Bfraf Which@hasdes famd,
during oqéli g)ﬁigﬁﬁédqgﬂ'ong,}]?e. g&ﬂréfsg? ﬂﬁgkosfoiup“ﬁ%§’oisza&§4,fﬂ%® 1?8’ RSy RSHAC! -
ated wt E‘%‘f t3)\1ta ounnsas_l, t hen 'S well. erifggs glso e els ere,
then t hed4s8&d PrifRedt alsoishowp s oyeglai o dhe: tagh fplymprs ddlh Jdh ra“§1rf8‘d’lsd14fle36§’t an
error. |whishlaye usefl émetridds leration-spagifiedats mtherbadposgidnemeingxditferpecdst i ¢ dat a,
then the adjacent bits can be chosen in such a way as to avoid inducing a
mar ker d ' . i ' - ' t into
account d%%%*gi? e porich By bg%atg?@?‘% @S?%ggﬁﬁggﬁfgﬂéﬁéﬁﬁe@?%%ﬁﬁ%t il

Thi s appREBioHT GoEnndiccd RY teaalid pavares 148 Retering o Fgtad op here Rox Fd
errors |¢plogantewsectdpds danter dardag ib iveatersl octosebiegthe sossnonding slatacqtagrs

r edundanigyo aRiiple alewdid A80CERewtrd (€isa0a il fongi@iematiedlineaiive Saliafirteas ed
on a cycidg 18948e40e58 bm RHPRRMeFenRFobld dloB i dnrol AL BRI LG iondlo 1S
best arran%a_d i'nt o i;odewor S, Qf such_ a_si ze d’&@hﬁ{e e sanpl ) ng w. ndow i’s
guar ant e@ct Bieyiitakloratpn, Tajs ds wrbg%ﬁ@feel@ cfrrQvs indicadngiheourrg

wi ndow hdata guaier eowéspongding toicaeh interstitiyl Katiarquerserj Whe rdsoh isvhiahlogatprai-speoific

Ior th ?Qon@dta WEdded at RIRIGheRy SOH2 SirRds the Rl Hedency. %fté heg shbwse OHII}]/ 213 cb@ét’l
ocat i on: i : A ; F n havi ng two

i ndepenggﬁgﬁggggﬁ%?@g%ggr?‘ge\r%@ﬁwﬁyﬁ%hr?%?ﬁ%m{lgv:gﬁg{rut%ﬂég ncagesé}gﬁ)g-adi nmen- sional
posi tion coding arrays, corresponding data fromthe two arrays can be
conbi nedUsiag this seheanss ilopgtien-cperalip dafa san bp oply beeregevered atmyearbitrasy pesitien if

get ect i otheaind @fahé 8ainpling GERdIW lhsl éwpaﬂﬂ%d tcherésiz ngésanﬁnag gﬁrsizeooiemdd ; rodnib$nedf
etter t : | Jdoe: er codewords, but at the added cost o
sanpl | ngfagﬁf(;é’r e?lﬁgr‘%‘gﬁ% R R R ced bel ow, SUBSTI TUTE SHEET (RULE 26)

RO AU WO 02/ 084473 PCT/ AU01/ 01274 -24 Figure 14 shows a portion 130 of a

t wo- di meENONIRYELIG SELFrREGISTERING RATHERNGhi ch encodes four  two- di nensi onal
positions, i.e. corresponding to four "tags" 132, 134, 136 & 138 shown with

dash eg4 ZWHe'tdas the prévidh$@cEbOWonsidRY&T tha sk @ub&guémg of &ylid RBGuehddd.as M@et?ﬂd
r ows Ve r . .Qn- an
o Lont S Lo, RS e B e, L S

t ag- wi dt POSsHe fogtse ause dpfe Rowtion)of the QsENPEBKR targst BatiesRySinsGeasteapiained
i ndi cat ebklow, thherababilidly efja falesmdtdB is iReffiicienthyglavo Fi gure 15, where a row and
colum intersect in the center of atag it is natural to conbine the

cor r espoRdi g Ha k& H ses %Hk%gov%in%%%}ﬁ&%xw Red@SoloFloAEMAE i€ ubdd oS
natural to .systemati cdl onbi ne r —quarters
produce an error-correc Yble encocﬂng of the data. :

An (n, k) Reed-Solomon code is characterized by its length » and dimension k. The symbol
size g of the code is given by:

q = logy(n+1) (EQ 5)

The maximum number of correctable errors ¢ is given by:

;= Ln—kJ (EQ 6)
2
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152, 154, 156 & 158 fromfour different rows and colums into a codeword
160 corresponding to an interstitial location. This is shown in Figure 16,
wi t h t he woromsi4rndi cati ng the source data quarter corre®pdndiongi2’e each
interstitial data quarter. The result is that |ocation-specific data is
coded at a frequency of tinmes the tag frequency. Figure 17 shows only the
code- words 150 and 160 so derived shown,2stn the positions to which they
correspond. Using this schene, |ocation-specific data can be only be
recovered at an arbitrary position if the size of the sanpling wi ndow is
ex gandengsrca Fitichlaraslowbiy thentinstiez of Gdliakdy wincibearetsk c\l/e\:gadat é@fechﬁjqe.ei hithdat a
codewor d. 4. $.: %gglé I = T .PATTERNS Wher eas the previous
section %dél?%?ggre &@Tjgggg#slgu gé(%d%ﬁ%{;@,’of cyclic sequences as target
patterns, it is also conceivable to use a non-cyclic pattern as a target
pattern. It is generally not possitblne to use a pure data portion of the
overall pattern as a target patter®r "sipBee,(\as expl ained below, the
probability of a false match istli%nzf ?f(gi enlt)l y low. W assune for th(gm)
pur poses of the follow ng anal ysi s=tihat a Reed- Sol onon code is used to
produce an error-correctable encoding of the data. An (n, k) Reed-Sol onon
code i s Thiainapeoiimettdi{gnd beunded)dish n and di mensi on k. The synbol size q
of the code is given by: g = 1og2(n + 1) (EQ5) The maxi mum nunber of
correctable errors t is given by: t = Ln-k] (EQ6) 2 SUBSTI TUTE SHEET (RULE
26) RO AU WO 02/ 084473 PCT/ AU01/ 01274,2%25 For a particul ar codewor dgashe
nunber of "aliases" which can be decoded correctly, i.e. which contain no
nore t ha i i nrordre il g i-(29_ 1)i (EQ7) i=1
This is 2%%?%%%?& 1? glnc?r d%@ﬁﬁ*&?ﬁ?"ﬂg‘?& %rﬁ%rts ‘%%%e‘%@‘ The nunber of

di stinct codewords containing no errors is given by: 2gk (EQ 9) From (EQ 8)
and (EQ 9), the nunber of valid codevgffds is approxi mated by: 17Ct 20k 9+ t)
(EQ 10) The total nunber of codewords is given by: 2gn (EQ 11)

From (EQ 8) and (EQ 9), the number of valid codewords is approximated by:

'lC,Zq(k+ 2 (EQ 10)
The total number of codewords is given by:
24" (EQ 11)

From (EQ 10) and (EQ 11), the probability P of a false maitch is therefore approximated by:

n C 2q(k +1)
P = —t—qn—— (EQ 12)
2
From (EQ 6) this simplifies to:
nct
P = ;q_t (EQ 13)

From (EQ 13), for a (15, 5) code, P has an approximate upper bound of 1/256. Using (EQ 7) as
a more accurate basis for (EQ 10) and hence (EQ 13), P is approximately 1/341.

The probability of a false match when a data codeword of arbitrary value is used as the target
pattern is therefore insufficiently low.
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From (EQ 10) and (EQ 11), the probability P of a false match is therefore
approxi mated by: nC 2q(k+t) P =1t ia (EQ 12) 2g From (EQ 6) this
sinplifiesoteossaad P = qt (EQ 13) 2 From (EQ 13), for aPCImBUMBY1w0de, P
has an approxi mate upper bound of 1/256. Using (EQ 7) as a nobre accurate
basis for (EQ 10) and hence (EQ 13), P is approximately 1/341. The
probability of a false match when a data .godeword of arbitrary value is
used as the target pattern is therefore insufficiently |ow SUBSTI TUTE
SHEET (RULE 26) RO AU WD 02/ 084473 PCT/ AU01/ 01274 -26 From (EQ 8) and (EQ
11), theFpuoEDRY hitd/ (HQ o), thd Hobabikityt @ bf Witdse Matchvieh P@atdepatiedd obfReifld C
val ue isvzgéeegd' %@ %{%mtreg by: nCt2gt Q= (EQ 14) 2gn nC Q 2g(n t)
(EQ 15) rom (q%ng g) or a ('15, 5) code Q has an approxi mate upper bound
of 1/250, 000, 000, which may be acceptable in many applications. It wll be
apparent to those skilled in the art t"@ gt many obvi ous nodifications and
variations may be made to the enfpd described herein w thout gq1s
departing fromthe spirit or scope of 2the invention. SUBSTI TUTE SHEET
(RULE 26) RO AU WD 02/ 084473 PCT/ AU01/01274 -27 CLAIM5S 1. A nethod of
determining a first offset, nmodulo n, @f at |east one point with respect to
a first sequence of at least n sprsrp__ol svtthe first sequence consi stigbqsof a
repeating first codeword of a first gyetilc position code, the fi rst cy)cl iC
position code having length n and mninmumdi stance dmin , the nmethod

cor rospolfIPREEC4SHAY 41 Sheate & b fineoniaan giper Eomeuudt ki O00eNish w

synbol s, maybe ecegptablerin-manysipplieatipns.

It will be apparent to those skilled in the art that many obvious modifications and variations
may be made to the embodiments described herein without departing from the spirit or scope
of the invention.
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mappi ng the first subsequence to a codeword of the first cyclic position
code; and determning an offset, in the first sequence, of the codeword

t hus obt awped/osemsl t hereby determining the first offset. P2I/Alhe/omes hod of
claim 1l wherein mapping the first subsequence includes selecting a code-
word of the first cyclic position code which matches the first subsequence.
3. The nmethod of claim 1 wherein mappi ng €he first subsequence i ncl udes
selecting a code- word of the first cyclic position code nost likely to
match the first subsequence in the resence of up to L(djnin --1)/21
synbol errors in the first subsequerékAlMSThe met hod of claim 1 wherein if
there is no match between the first subsequence and a codeword an error is

fllagged. 15. ANRetIBd BPGkt&mifilniaTirkt YYRRE, SASUUTRR PO IdaBionkipofft VAR GIHIERCE

i ncl udes selfgﬁlﬁg_a cq%ﬁ- rd qé t2€ %Itst CXC|IC.%QSIt on _code cl osest
in Hamming dPSt SHRRNGE TR keapy T Sptqly, e fits Soquence,conisifling of 4 Fspeane fis 1 5
wherei n the ¢edewiondobia Srshaydici posidionicadel the Brst gydisqositinacede biving kkagthin st
cyclic positashm@geem distaddted et thednahodinyluding: he preceding cl ai ms wherein
the first sequence is represenFed by a first pattern disposed or formed on
or in a first subbthinitg fronhthe festiseguanne hudidtregpasiiicai avkmagpontding té ithesat least

subsequence by dgfegdiht)d RSt sEBRGLEEDE 1dn@BFH sPRbblsOWhéB8y Binf-S4 pattern. 8.
The nethod of claim 7 wherein successive synbols of the first Sequence are
represented by suppiagshe/@rspaubsequehcd toen dadewbrdoeait the first ayelmpsitioncode; and

substantially linear fashion. 9. The nethod of any of the preceding clains
wherei n the fir sdetegining aacsises, hthediaet sequeace.if i eodewerbthus pbtaipgd, andt hod
of any of the pr@esbyrigtetniiing thetfaswiffset.he first cyclic position code is a
code listed in Table 3, or is the reverse, the conplenent, or the reverse
conpl eneBt oThamethodef klagmddwhereifaninpirg the first Felesequanae inchides sgleasingtatnode-

precedi ng cl qoftBof¥he figdt @y¥¥idpositihl dode Which mattBes the Girstetieguedte.any of the
preceding clains wherein wn. SUBSTI TUTE SHEET (RULE 26) RO AU WO

02/ 084473. PCThéiethod hi? €khim-128het8in fdppingethé fidst sibsegyenoé intchelep sdextvligngodeai ms
further incl ydider tHeFiedt By OidshsRicnQoaB thart fikel$ €8 mattRdkt BrshsutRéqueh&e Althé east
one point with respect .t seq PQ sequence of tfl ecaslt) n_synbols, the
second sequeREEEBREIRIS hiffee —(62d Syanp vt i B Brd RS (he i1t
cyclic pgsi t R0l of ciEm BN RGdin if‘ﬁ!gwji's g '-mé%ﬁ& ﬁét%f]‘gthetffr&@hﬁgégué{%@(ﬁﬂga

sequence and af a position cor rdgspon ing to the at | east one point, a
second subse&?fi?ﬁ’@é B8R ey 1388 Synbol s; mappi ng the second subsequence to a

codewor d 50 f ’TH@ Irfe{l{oﬁtof %Ya%lni lcwlﬁ)é}éiintﬂ.l%iﬁ\gotﬂg first subsequence includes selecting a code-
word of the first cyclic position code closest in Hamming distance to the first subse- ‘
quence.

6.  The method of claim 5 wherein the Hamming distance is defined over w coordinates of
the first cyclic position code.

7. The method of any of the preceding claims wherein the first sequence is represented by a
first pattern disposed or formed on or in a first substrate, the method including obtaining
the first subsequence by detecting or sensing at least part of the first pattern.

8.  The method of claim 7 wherein successive symbols of the first sequence are represented
by successive parts of the first pattern arranged in a substantially linear fashion.

9.  The method of any of the preceding claims wherein the first cyclic position code is a
simplex code.

10. The method of any of the preceding claims wherein the first cyclic position code is a
code listed in Table 3, or is the reverse, the complement, or the reverse complement of a
code listed in Table 3.

11. The method of any of the preceding claims wherein w2n-d, . +2.

min

12. The method of any of the preceding claims wherein w 2 n.
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and determ ning an offset, in the second sequence, of the codeword thus

obt ai ned, and thereby determ ning the second offset. 14. The nethod of

cl ai m 13 worotle73 ncl udi ng deriving a first difference beragaxvothe7dirst

of fset and the second offset. 15. The nethod of claim 14 wherein the second
sequence is represented by a second pattern disposed or forned on or in
the first substrate, the nethod incl udi ng28ebtai ning the sec- ond
subsequence by detecting or sensing at |east part of the second pattern.
16. The method of claim 13 further including determning a plurality of

addi ti ond}. oflismethod ofreuyibbtha prestdingelaams Fether inshulippdet¢rminiagia sefand oféspect
to one of a @k uhéduld %, &fthadlichdt @i@boint RetHeEPEEt t6h s8éonki@dGienBe 61/4tNOdsEn €ach

of L Bl Ut al gy 08 AU AT QR BRSNS SRR b ArsBlock B ARRERIRO 17!

codeword of
obt ai ni ng, f‘FY&HP@Q@HO%FOQ%@ea‘HQﬁW Bislpdi 1“s;%’equences and at a position

correspondi ng the a st ane res tive addi

subsequence of | HEAMEN OPBGFEORS BT R L A DBTC RSB D the ot least
subsequences to @Ilermlyeéqui’@ @w@me@f enp@ 1 pymbolsicycl i ¢ position code;
and determ ning an aoffset, t he correspon i t]onal uence,  of
each codeword t‘ﬁ‘ﬁgplﬁ%a’éﬁ %?69}1 %’Eﬁxeqﬂlﬁ‘é‘?eéﬁy?cﬂ ‘@‘?rﬂiog?]??g%“ish@"’rhﬁg gHpp gade;
additional offseand 17. The method of claim 16 further including deriving a
plurality of addltlonal di fferences between pairs of the additianal

of fsets. 18. ThedsiemHpidgsn offsel i the segead epqnerste RT Bie codewendihuy qbigingd, an

addi ti onal sequetherby sleteepingng the seaadlvffset. r especti ve one of a plurali ty of
addi tional patterns disposed or formed on or. in the first substrate, the
met hod i | utihgmediod &f alatg 18HBrtees induging demyna adirstidbiference issueendhe fiss by
det ecting oroﬁﬁmsmhgmaéuhﬁmﬁﬁepart of the corresponding additional pattern
19. The nmethod of claim 18 including detecting or sensing w synbols in each
of at |ed%t The methadaf clagnddovheesin tiRGecondreqirnde ifrepresanted by mggcand pattern
coor di nat e Vvaikpe@br firmed dtor M 1c@RbITUbNEA) tHeEHBROE 1ﬁc%cﬁngk%tﬂﬂhﬁig thy s&-

[irot SConenBRTmEeai et ol el bk PR A0 0L el o 10,

01274 -29

ﬁ odewor fll@f t hd Ineod &Y €lainh 19%%&&&1&&19@ dettehﬁmiﬂgr §f)luFaY1 bPadﬁRﬁinfal Sffsegde
aving I eng

ot ot i e Dot B AE B R Einah g W&g@ﬁ&t 'Sk P8 Pl Allional
cor r espondi nifpquenses phatdeast s s¥mbelsecashiof the puralityf adfifieonsli seqyensepragising e of
| ength wl syoftxbe sepeatidiefisst bddezvoad df thle Findt-cgoficpositionnoadp) thg medwld inluding: fir st

subsequences to a respective codeword of the first cyclic
obtaining, from each of the additional sequences and at a position corresponding

to the at least one point, a respective additional subsequence of length w symbols;

mapping each of the additional subsequences to a respective codeword of the first”
cyclic position code; and

determining an offset, in the corresponding additional sequence, of each codeword
thus obtained, and thereby determining the respective additional offset.

17. The method of claim 16 further including deriving a plurality of additional differences
between pairs of the additional offsets.

18. The method of claim 17 wherein each of the plurality of additional sequence is repre-
sented by a respective one of a plurality of additional patterns disposed or formed on or
in the first substrate, the method including obtaining the corresponding additional subse-
quence by detécting or sensing at least part of the corresponding additional pattern.

19. The method of claim 18 including detecting or sensing w symbols in each of at least w
separate sequences.

20. A method of determining a first coordinate value of at least one point with respect to a
plurality of first sequences, each of the first sequences consisting of a repeating first
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position code; determ ning an offset, in the corresponding first sequence,
of each codeword thus obtained, and thereby determ ning a respective one
of a plurwbiotyssaf3 first offsets of the at |east one poi nPCTONIMIATg, for
each of hl-1 pairs of the first sequences, a difference between the
corresponding pair of first offsets, and thereby deriving a respective one
of a plu- rality of first differences; an®- deriving, fromthe plurality of
first differences, the first coordinate value. 21.' The nmethod of claim 20
further including interpreting at |east one of the first differences as a
digit of thecddewstd efoofitt eralie positior code2 theTirst aystib pdsitién cddsi having lemgthlnai m 21
further inc|m1ﬁﬁiﬂlﬂﬁlﬂiﬁﬁﬁeid\”gﬂ athd B&Bbd Bletuddig:t he first differences as a
mar ker separating the first codrdi nate val ue froman adjacent coordinate
val ue. 23. The naitkiothgpfromreacionfh piof tledirssed@erices il attagrosition\whrrespondiaigi N,

+2.  24. The netfyegk ﬁ’cfleﬁ'%n@f@nfg% ré‘s#)_@étf% % ﬁﬁse%%em%f%ﬂktﬂ"wl symibols,  25.

The nmethod of clajm20 ereln e fiirst cyclic position codélsasurplex
code. 26. The ne‘?’h%ﬁidizv%aﬁsmlfdlmgm@i'ﬁlt’he first cyclic position code is
a code listed i - ) le: -
Feverse compl ermniuiapt sith offle st e hEUERRS 0 B RTARIO Ul i et |
further includi MRPSEEOSORPNi ng a second coordinate value of the at |east one
poi nt wi th respeghe by nh Bl fn0lo3esantlS AANEDSES. SPERAALALIGSREON
sequences consi sting of °a repealtl ng.second ¢ devvor of a second cyclic
position code, 9QWenedapddhesshy determinipg passPeciie ang i Adlyraliytoh fisss ogfisets of

m ni mum di st ancetheat led® one phimt; met hod i ncl udi ng: obtai ning, fromeach of h2
of the second sequences and at a position correspond- ing to the at |east
one point, a res§Eing &orsaelabhsulseaiigoh de st $eﬁﬁglqus’v@2d1&9ﬁ¢ﬂc%@t‘é’?efv\ﬁére h2
> 2 and W2 > n2 corgéspontiZngtpais offappoifigtseamdhthefeby lderisiag anespeutiaesisafaqiut o a

respective codevwqiid & gaRd.,£yclic position code; SUBSTI TUTE SHEET
(RULE 26) RC)’AUV%Q'OZI b‘gﬁkﬁ%éfépdiﬂluollmzm 30 determining an offset, in

the correspondi ngerBee0 ibns @e phiekty of fir@ AeifereRAB\AE dirst COoEiM wiled, and
thereby determ ning a respective one of a plurality of second offsets of

t he at | 2hst Thnmethod of claam @0 dathey inctpdifg intarpieting huleast bhe/oftthe fiest difteredfces et s,

t he second cwgkﬁ@f%e\ﬁls%ord’gﬁatexm%_net hod of claim 27 further including
interpreting at east one of the second offsets as a digit of the second

coor di nag® VvEhdseethod of claim 20 or claim 21 further including interpreting at least one of the first
differences as a marker separating the first coordinate value from an adjacent coordinate
value.

i~

23.  The method of any one of claims 20 to 22 wherein wy 27, —d,;, +2.

24. The method of any one of claims 20 to 22 wherein w; 2 n; .

25. The method of claim 20 wherein the first cyclic position code is a simplex code.

26. The method of claim 20 wherein the first cyclic position code is a code listed in Table 3,
or is the reverse, the complement, or the reverse complement of a code listed in Table 3.

27. The method of claim 20 further including determining a second coordinate value of the
at least one point with respect to a plurality of second sequences, each of the second
sequences consisting of a repeating second codeword of a second cyclic position code,
the second cyclic position code having length n, and minimum distance dminz , the
method including:

obtaining, from each of %, of the second sequences and at a position correspond-
ing to the at least one point, a respective second subsequence of length w, sym-

bols, where hy 22 and wy 21y —dy;,, + 13

mapping each of the second subsequences to a respective codeword of the second
cyclic position code;
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29. The nethod of claim 27 or claim28 further including interpreting at

| east one of the sec- ond offsets as a nmarker separating the second

coor di natwowalogsa73 r om an adj acent coordi - nate val ue. 30. PChauwviod of
claim 27 further including deriving, for each of h2 - 1 pairs of the sec-
ond sequences, a difference between the corresponding pair of second

of fsets, and thereby deriving a respecti-te one of a plurality of second

di fferences; and deriving, from the plurality of second differences, the
second coordi nate value. 31. The nmethod of any one of clains 27 to 30
wherein w2 n2 - dbtérnining an off3et, ifithe nesr¢spdnding agppnd sequsheg; oA eanh cddeword30
wherein w2 n2 . g obibeaBindaRer8hy @étatnnm%é aAVB§Ieetive ORCIT Oplufaliy ¢Hl dde@ld ty of

first sequences e pective one of a plurality of first
patterns di sposeé se{sq(ftﬁesgtg&sgogé'pmﬁt ?I rst sub- strate, the nethod

i ncl udi ng obt ai Nididd)$rohPihe HRRAMY o Seddnt DifsSiNRE SASNE BotMdiBed Rffkd. NG OF

sensing at |east part of the corrésponding first pattern. 34. The met hod of
cl ai m 338\heTtal Methivg o€ 6kind @7 Stie liscleding andrpedting helchstront of @RUROGRBoffet

represent ed Agyafﬁgﬁ(fﬁ?ﬁﬁ'%@o Ot)s iRlte VRGeCOr responding first pattern arranged
in a substan- i near |on and the first patterns are arranged in

a substagy i aTﬁé/m%bébf elaird 29 or §Eﬁﬁ QQ f@tﬂ%’r‘incfhi’eﬁﬂg PllerpRing hhRashbofltefses! ai m
33 or claim 34 c‘ﬂﬁ%{s Qr?c@r ﬁaéaﬁgg Btebk d}%o?cimzﬁg G204 £ @%&fg@&%mté ordi-

repr esent ed % econ rn sposed
or fornmed onnat%Y P“h the f| rst substrate t he rret hod i ncl ud| ng obt ai ning the

correspo sec n nce detect.in east part of
t he cor r%tg g@@i%g&? ?‘é’?l?ter l@ggdlﬁge%{lgf r?ﬁc &? Z‘i2mg]3 %ﬁ eD
successi ve sgnﬂﬁ@qeemﬁs aalifergnca hpswewctbp qosespoadios Pair f éeqoeépéfgemaed by
successi ve phefeby'dériting acespeabeandiof @ prredandf prbheé differsncas)@ad derviag, from

substant | a1 e biAaRy of sahgRifrebice afeRdopaL GRS Tanged Tn a

substantial ly space ‘apart ion; and the first patterns

and second rrﬂtetlaéﬂnsd@fenﬁbﬁ@agﬂﬂmsmaosobvhesaawlmh;rydortmgonal fashion to
each other. 37. The nethod of claim27 wherein the i r 8" coordi nate val ue

and secodll cBuruicthatief uay mee oft dgetstidrto d6fwheecin w\rgi nensi onal coordi nate.
38. The nethod of claim 27 wherein the second cyclic position code is a

si npl ex ¥bdelhe meibed pirekrm SHmbrreiresck of the phapliy opbirg 3p@ragcss rEsAricd bp1274
-31 39. The mjsm:ivebne bt pluzdlitpoefiest pattdins dispazad of fotied op@sidt 4 fifstswtsle is a

code |isted ¢ d:% h%dl udlﬁg Blktg nirfg/the %&e%ﬁdtﬁ%??ﬁ%ﬁﬁs@humﬁgIb%'@i%e&ﬁ%%r S€

conpl enent of a rein

the val ues off Sﬁtm%a lﬁ%tﬁ“@ Otc ﬁﬂ’ & HEPAEhod of clai m 27 wherein
the val ugs OofydlABE oPE1afhe3 %{erélﬁ' %‘u&@gg?ve symbols of each of the first sequences are

represented by successive parts of the corresponding first pattern arranged in a substan-
tially linear fashion; and the first patterns are arranged in a substantially parallel and
spaced apart fashion.

35. The method of claim 33 or claim 34 wherein each of the plurality of second sequences is
represented by a respective one of a plurality of second patterns disposed or formed on
or in the first substrate, the method including obtaining the corresponding second subse-
quence by detecting or sensing at least part of the corresponding second pattern.

36. The method of claim 35 wherein successive symbols of each of the second sequences
are represented by successive parts of the corresponding second pattern arranged in a
substantially linear fashion; the second patterns are arranged in a substantially parallel
and spaced apart fashion; and the first patterns and second patterns are arranged in a sub-
stantially orthogonal fashion to each other.

37. The method of claim 27 wherein the first coordinate value and second coordinate value
together define a two-dimensional coordinate.

38. The method of claim 27 wherein the second cyclic position code is a simplex code.
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42. The nethod of claim 27 wherein the first and second cyclic position
codes are the sanme. 43. The nmethod of claim27 wherein the first and
second cywbioe/opsiti on codes are not the sanme. 44. A net Rod/aafordetzer m ni ng
a first offset of at |east one point with respect to a first sequence of
at least n synbols, the first sequence consisting of a repeating first
code- word of a first cyclic position codel the first cyclic position code
having length n, the nethod substantially as herein described with
reference to the drawi ngs. SUBSTI TUTE SHEET (RULE 26) RO AU

39. The method of claim 20 wherein the second cyclic position code is a code listed in Table

3, or is the reverse, the complement, or the reverse complement of a code listed in Table
3.

40. The method of claim 27 wherein the values of n; and n, are the same.
41. The method of claim 27 wherein the values of n; and n, are not the same.
42. The method of claim 27 wherein the first and second cyclic position codes are the same.

43. The method of claim 27 wherein the first and second cyclic position codes are not the
same.

44. A method of determining a first offset of at least one point with respect to a first
sequence of at least n symbols, the first sequence consisting of a repeating first code-
word of a first cyclic position code, the first cyclic position code having length n, the
method substantially as herein described with reference to the drawings.
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