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STORACGE DEVICES This invention relates generally to probe-based data
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20 May 2000, pp323-340, “The ‘Millipede’- More Than One Thousand Tips for Future AFM

Data Storage”, Vettiger et al., and the references cited therein. As described in this document,
while basic read/write operations can be implemented using a single cantilever probe, in
practice an integrated array of individually-addressable cantilevers is employed in order to
increase data rates.

25 A basic write operation in these probe-based storage devices thus involves creation of
a pit in the storage surface by a micromechanical probe mechanism. As the pit is created,
material is displaced by the probe and deposited in the area around the indentation. In the
AFM-based device discussed above for example, melted polymer is deposited in the area
around a pit creating “donut walls”, or “rings”, which have a higher topological profile than

30 the polymer background. If a pit is formed sufficiently near to an existing pit, the displaced
material can partly fill the existing pit, effectively changing a “1” to a “0” and thus erasing the

“1”. The physical mechanism exploited for probe-based data storage thus imposes a limit on



WO 2004/ 003909 PCT/1B2003/ 002542 2 the smallest distance between pits
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zeros, where d is a predetermined number > 1. The effect of this coding is to ensure that
successive pits to be left in the storage surface after a write operation are always separated by
at least one “no-pit”. This coding therefore allows the stored bit density to be increased over

25 the uncoded case where the minimum bit spacing is constrained to Twmi, as explained above. In
the second coding stage, an algorithm is employed to generate an overwrite bit sequence from
the coded input bit sequence. In simple terms, the algorithms employed here are based on the
premise that writing a pit can erase an existing, neighboring pit on either side of the new pit
due to displacement of material as discussed above. When the resulting overwrite bit

30 sequence is written on the storage surface, the effect is to record either the original coded

input bit sequence, or the complement of this bit sequence, depending on particular operating



WO 2004/ 003909 PCT/ 1 B2003/002542 3 paraneters. This result is independent
of the bit values of the old data which is overwitten, and hence erasing
of ol d dawe 206+/006909r equi red. The power expenditure in amgTABL@M3MNZASEE
operation in probe-based storage devides is directly related to the nunber
of pits formed in the storage surface. Fromthe principles 5 underlying the
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t he present invention there is provid hod f 15 overwriting data
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presence and absenpce of |ts ormed in. a storage surface by a probe of the
v carveRaidaRIRa P Paahal SEohatichsthe et SUen T at. BetReas vo. bi f <

of 18 V8htaptionaltags &Pﬂlﬁ%daﬁ%ﬁnsﬂéﬁaﬁoﬁ‘ﬁ?th@%%@%%&%n@%ctb@@ﬁéred bits of

val ue x, where d iS5 a predeterm ned nunb 0 generating overwite
dat a ulra@:-mmnmpatglmyhepmywd Tinppreseaiairayetticrsensibleh dirbettoyeiwritenggp be

repres nts alue p in the data storage dey i hen any bit of
Vel e S PR wih Eslices! AT cOBRRTIPI0S CORPAHAIS HERAS SPERREd P ELE PSR of

val ue Qt,entz(@llcgtmﬁ@%a%gag% of L < 2d bits of value x in the coded input
data is encoded as a run of L overwite data bits of value p, and 25 (c)

any boundediacanling tolome agpkchpf the pfeselinreenkion therdiis proddetl 2 methoddat a i s
|te data bits consisti.n f value p

andS Eveisgihg i o mabCEg apts e etiep SYFTELE OB BPFIHIEL REDR bi o ar e
Rl ) U e Nl
bi t s ebmphiseshbegi nni ng of the run, and 30 (c3) f or n > 1, each of the n
glc;r/S I B;Oémsjcglglggggp%t tdgtta such Ela successwetbr{s op a 9:!11'1[13 i 1n CV\QC(? %%ﬁ( (Pac[)a3 e?r(e):g
separated by at least d bits of value X, where d is a predetermined number > 2;
20 generating overwrite data bits by encoding the coded input data bits such that, if a pit
represents a bit of value p in the data storage device, then
(a) any bit of value x in the coded input data is encoded as an overwrite data bit of value p,
(b) any bounded run of L < 2d bits of value X in the coded input data is encoded as a run of L
overwrite data bits of value p, and
25 (c) any bounded run of L > 2d bits of value X in the coded input data is encoded as a run of L
overwrite data bits consisting of n bits of value p and (L - n) bits of value p where
n = CEIL[(L - 2d)/d] and the n bits are positioned in the run such that
(c1) there is a bit of value p within d bits of the end of the run,
(c2) there is a bit of value p within 2d + 1 bits of the beginning of the run, and

30 (c3)for n > 1, each of the n bits is within d bits of another of the n bits; and



4 overwiting data on the storage surface with the overwite data bits at a
bit spacing such that witing an overwite data bit of value p can erase
an exi st iwg 200400809val ue p within d bits of that overwpCrdaBzms/aoadssx. Thus,
in overwite methods enbodying the in¥ention, the input data to be stored
inthe 5 device is first coded to ensure that, in the coded input data,

successi VeyBiviriingfdada &@ﬂfe'sﬁﬂig%rsurﬁ@ WEh ¥ne(oValHitc M Hie aEJa Bt spadinp di f f erent
enbodi ments) are separated bé.t ¢ | east d bits of the | enent a_p% val ue x
(s} e
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encodi ng Wh%Qelﬁ%VWI?tg nﬁﬁdd§%ﬁ1ﬁ§d§1fﬂ§tﬁehﬁ%ﬁ%@ GO Rput 405 % bedstorel i RN (C) .
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differe i ment It1on (b) speci e encodi ng for bounded 15
runs ’Ehbplraimimﬂsdiluﬁﬁ)ebdumhuadddmgpmedsmes 9(2 An ovdsr&/rxt@uedequmpnms teha, where
ed herein is_a run bits of a_.giv e which is
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of L datatis emcfod\idihajm xverwﬂtdx&ta:bldeﬂvalump,twhme f.is thiediteraluewllch isi s encoded as a

run of L 20 qverwrjte data bits of val ue p. ndi t (.c ecifies the
encodfRTgsEd YU b e dhle storageleyics: That 5 pas g@tbét valy el“’lB?ﬁbS r&éersas 4n the
code I $ erwite
dat aq)ﬂll'?s | C%}t@rag%??@gé‘{g?blkv %gt o %i sﬁlﬁﬁﬁ?&d ?Lﬁﬂ' ;{’)%eg% val ue p,
wher eonrse b€BIdr [ (ih diffétet/ enﬂbodm@éﬁlu‘e donditaon f(bl)npbcuﬁlﬂs tﬁEthqd)mg fop belsreieﬂs t he

smal | est integer that i reater than_aor. e uaI . The bi.fs of val ue
15 SURR]! ISR POk elof %iﬂfleﬁuw the penedipmitihin Whod sspPUgd e Sy ce
Sub- Q@E'&'hérhfﬂ%aﬁﬁl 3f bifsCda witiPE 'ﬁduﬁée@mcﬁh d€s ges bitbkag The

overwite bit sequence ge erate according to this encodl ng process can
t hen complemdritan valnet Fe isttarcagebounded ameofdymroaansumtnedgtelgoplewdadiiyw- witten

data., The blt for this, oyerwite operati such t hat
Wi ti AT ﬁ?’ﬁﬁeﬁfg wed gy ay uéc‘i?r@lg & Cﬁgl)ﬁdiltﬂ‘?lh@’? A1 |bf’u dePR st or age
surf %ﬁglst‘ﬁ%rbf IhifsS& \aa'iheeiﬁ( {rthé 9&1@9' 1ﬁp19fdaféalx1ﬁ§re@_, WZH hb @n&i)d@& h$a Alln 412t

overwr it This bit-spacing condition be explained in nore
de20aidvetyvetito wataHite of @gluk p. Chndition {(a) gpd:drﬁaesdheewodhg fhi boumdegivms of mgthhe

;t gr j.:gggag)hfsfqi]gofgfgfu%gggﬁg% Q@deleraﬁﬁgaaa gi%sl? Ilsllgcht}f'\%}/t\e rl?nnlstengod\é IalsJ g%u ofa nd x. If
L overwrite data bits which consists of n bits of value p and (L - n) bits of value p, where
n = CEIL[(L - 2d)/d]. (The known function CEIL(y) represents the smallest integer that is
greater than or equal to y). The n bits of value p are positioned in the L-bit run here such that
25 all of the three sub-conditions (c1), (c2) and (c3) specified above are satisfied. The overwrite
bit sequence generated according to this encoding process can then be written on the storage
surface over existing, previously-written data. The bit spacing for this overwrite operation is
set such that writing an overwrite bit of value p (i.e. writing a pit on the storage surface) can
erase an existing bit of value p within d bits of that overwrite bit. This bit-spacing condition
30 will be explained in more detail below.
The result of writing the overwrite bit sequence on the storage surface depends on the

relationship between the values p and x. If p = X, then the bit sequence recorded on the
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coded input data. In the alternative case where p = x, the recorded bit
sequence wol20040®390e conpl enent (i.e. the bit-inversi onpcafiBRtogoested i nput
data. This wll be denonstrated belo® and in both cases it will be seen
that the result is independent of the bit values of the old data which is
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explained in nore detail below. 10 The present invention is predicated on
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15 within d bi osi.t.ions. Met nbodyi ng the invention generate
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For coded input data sequences which begin and end with a bit of value x,

conditgkien0f the(tagdher surfay bitlsionsitiey permittdd by thistd-¢ansiraint citeeigpvdrerisimgican coded
in dat.a ence. .l n such 20 cases, .th | ti i t

o ey ey DR R GRRE Sonpaaodrr e s BY B sl 3% cont ai ns
the QupéHep élia%zlg h%él%aﬂ%ﬁ‘?@?ére&fed Bbdwe. Bf paabiisr, B dePubdsadink Pert§ a®yEer Wi te

operati on. e bits of value p are witten as pits on the storage
sur f apasing for svritingrof khetaysrwiite aequeneg sneimtial mrgingaf pipeanserasgdrheistangpini num

e ddedritit = BY paRBaMaeos Shiodsng s BERY i epRerale SR gReRt sefGH Vol ue R
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relatively mnor inpact on overa power consunption since the renai nder of
t he Ithetsterageisntase. wi |l be optinmally encoded as just described. However, in
preferred such start

"t he T ofRbRTaRd Tahaen casheaueh iR pad S bR Gl E <o ighac S ar
ggeo%%)ﬁf) "(clz)lchﬁ)o@@@regﬁgﬁ%n:t fh@:céhlc_éj:glﬁggthé‘éhti&;bogy&{n‘ghi 42 SRAERId. IH su%ﬂ" LS can b'et
ptinmally encode yo ol , €encodl ng e run as a run O overwilte
d&@0a chies shefesvliingovprwrindata sequence will be optimal in the sense that the overwrite
sequence contains the minimum possible number of bits of value p required for the overwrite
operation. Since bits of value p are written as pits on the storage surface, this translates to a
minimum number of pits and hence minimum power consumption for the overwrite
operation. In general, of course, a coded bit sequence might start and/or end with a run of bits
25 of value X. These runs could be encoded in various ways in the overwrite sequence, with
relatively minor impact on overall power consumption since the remainder of the bit sequence
will be optimally encoded as just described. However, in preferred embodiments such start
and/or end runs can be optimally encoded in the following manner. Considering first a run of
L bits of value X at the start of the coded input data for an overwrite operation, this can be

30 optimally encoded by:

if L. < d, encoding the run as a run of L overwrite data bits of value p; and



WO 2004/ 003909 PCT/1B2003/002542 6 if L > d, encoding the run as a run of
L overwite data bits consisting of mbits of value p and (L - m bits of
val ue p vilver2e04m0390€El L[ (L - d)/d] and the mbits are po®CTiBm®a/002542 t he run
such that (1) there is a bit of value p within d bits of the end of the
run, 5 (2) there is a bit of value p within d + 1 bits of the begi nning of
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ruf  of L (dvbereris aditkftvalis p within defli bitscbfithe kagingiing ofth¢ o, atbve t er mi nat ed

by one bit_of val ue funs val x at the end of
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bit is required to give the correct recorded bit pattern but can be ignored

on stilisegubnoptoatlly emeddd byt as expl ai ned bel ow. By appl yi ng these
addi ti onal. fncodl ngcaco diti ons forfiuns 0 alue x at the start

its.
and end ofif Fré&- €58 o r-Vart o) é)vﬁwrftfégl?)tﬁi’i‘tﬁgf " Phe entire

OV@r Wri t e ;pj L 1SePIeBERIM the Pén P4 HiBf (LD f)hﬁ%rWﬁte‘ﬂhﬂa'blt‘éQﬂﬁﬁétﬁhgtcﬁ'ﬂt m ni num
possi bl e nunber of 20 bits of value p, and hence will require m nimum power

expelbdsbﬂwducp]tetmmnawéfoqunbéntprehmtp end Waile in general any codi ng schene
inmposing g.d > 2 con int _can be | oyed far . the initi d|ng of the
i nput dat éfﬂﬁrzélfgfli’ c}HPﬁﬁﬁtr%DBﬂﬂt)'hgwagﬁhqfﬁa ﬁ‘fqnﬁléfa%%p MMhased on
Pri ngipl cfv%n%te Bhta &Em &emga i E:(Blmlttl@lfj%c) ﬁﬁove@mﬁﬁﬁéa bRbAY bi Bfedue p
Conventionally Iin 25 such codes constraint signifies that

s ucc dhgs,wens 6fd. >nd bheoﬁ:mileezix ki thesadwé ﬂms:oelc(bmpgéqlmrn ateetcededas rynsapfL" d"

ros and at "K" | ai.ned ab .h
oy e B eBtaE Bt wltiE it Al ¥t bt el i it of T oy Bt Sl kisi3ling |
prohiphiit re(fu‘ﬁ@d f‘cp%ﬁ)%QHé E)fect lec%rdéd%ltpétkrlpﬁutkwb@%%%lﬁnl sdBseqlerft'dafax = 0) in
t he coded 1 nput data hus, whi " conventi onaIIy represent

n u nbecasl-@it az ex;da;nadmehnvrésemmgﬂmss adﬁltwrraé e@@dmg\@ndit@ns faaues st r ai nt s
PCT / p@%}%\g /xoaégse%‘?tgrl% tnd 9 tt;e%o%led 1npu? gﬁg fot%%tv\é\gt%%pé%ﬁgg the\:/\gltlzrg 047003909
overwrite bit sequence will be optimal in that it will contain the minimum possible number of
20 bits of value p, and hence will require minimum power expenditure in the overwrite
operation.
While in general any coding scheme imposing a d > 2 constraint can be employed for
the initial coding of the input data, preferred embodiments of the invention utilize codes
based on principles of RLL (Run-Length Limited) (d, k) constraint codes. Conventionally in
25 such codes, the (d, k) constraint signifies that successive 1’s in the coded bit sequence are
separated by at least “d” zeros and at most “k” zeros, where k > d. As explained above
however, in different embodiments of the invention the initial input data coding may prohibit
two consecutive *“1’s” (x = 1) or two consecutive “0’s” (x = 0) in the coded input data. Thus,

while “d” and “k>’ conventionally represent numbers of zeros, in some embodiments of the

30 invention these constraints may apply to the numbers of “1's” allowed between zeros.



7 A second aspect of the present invention provides coding apparatus for
coding data for storage in a probe-based data storage device wherein data
i S represwpot2ed/wgowhe presence and absence of pits for PeEd/IBZIOXIESEr age
surface by a probe of the device. The7apparatus conprises: a coder for
coding input data to be stored in the device such that successive bits of a

5 val ue x ARedod@ aGREEEF the préseritahvendbe pFoviis abdidg ypahtub eatbdilgliatagoof val ue
X, where d is a g@edeterm ned nunber > 2; an overwite pattern generator

for gépregain aprobrrbasad ideia strage dsivics Wherein daldiinrgprasented byléht nressoee agk a bits

such that ..a bit of value x in the, c ata is _enco as an
overiPheteeaRpi Bmetin § ot Siea Agton Ol 56 dRABE TabBrePs SO5RAE: o° o

val ue x i rhédﬂ%rfb?@@&in% Mk a8 bé StoRAGRARM AR e BubithaPduckessR¥BitWOF A€ dat a
bits of value x, and any bounded run of L > 2d bits of value x in the

codedvalugruin that@deidslnprtckata@de sepatatedpy afledst d bigeefwaleex duhese Bils & consi sting

of n b| s of. v d (L - n) bits of value x where n = CEIL[(L - 2d)/d]
and tHfg& %erﬁ}lfl@arﬁwgbebggptloned in the run such that 15 (c 1) there is a bit

of val ue Xm%%mﬁte%aﬁéﬁlsﬁeﬁ&aio? Corebefing HferivHib ddts Biks bP&iRding te bi t  of

value x within s of the beginning of the run, and (c3) for n >
1, eaaﬂded;inmhéatmbm swhitkatwi thin d bits of another of the n bits. Simlarl Y,

a thi ec f t he inv i on provide odi n ratu codln dat a
For " @ BRBES velie hitome Shibinng Bl 8 il it edRRRE Rt B pBhafeE

r epy e3¢t PeodNed RS JHICL0A%Rs 8P ¢aludR iRRREDA&I RbuPddiSisfAESRM s A rén §f prage
surface by a probe of the device, the apparatus conprising: a coder for

codi r@/elrwpta:tdatbdnesdf(yabemanded in the deV| ce such that successive bits of a

! el enbaodtaf R et of bithek Hinbar 16 ol bapiody ehid Sarvaetl
gener @Je%rlfeclfatagﬁﬁ%ﬂ&hﬂﬁ% SUEHIN detvandald ﬁldt{[,t ) Bts %P@Qﬁé Revilche coded input

data bits such that (a) any bit of value x in the coded input data is
encodmeet CGHILHR @dé/ﬂ\]\nandﬁlaiablﬁs dre pogifioneal inéhoaun saél) thahy bounded run of L < 2d

21135 @l i v S P A ok RaRECed, 5 2 fun,of L overite
I N thea¢adrds b"l}ﬁl&f Vgﬁf&% Wwihif Qﬁqdf’gl’@@f e bl nithg bf RV, Vé{hlit e data bits
consisting of n bits of value x and ‘% val ue x where n =
CEl L[ (cB) for 2d) 1,ebactaoftkhe hebity ibwithinat bthﬁ@moﬁh@n@fdhc n btlthe run such that

Similarly, a third aspect of the invention provides coding apparatus for coding data for
storage in a probe-based data storage device wherein data is represented by the presence and

20 absence of pits formed in a storage surface by a probe of the device, the apparatus

comprising:

a coder for coding input data to be stored in the device such that successive bits of a
value x in the coded input data are separated by at least d bits of value X, where dis a
predetermined number > 2;

25 an overwrite pattern génerator for generating overwrite data bits by encoding the

coded input data bits such that

(a) any bit of value x in the coded input data is encoded as an overwrite data bit of value X,
(b) any bounded run of L < 2d bits of value X in the coded input data is encoded as a run of L
overwrite data bits of value x, and

30 (c) any bounded run of L > 2d bits of value X in the coded input data is encoded as a run of L.

overwrite data bits consisting of n bits of value X and (L - n) bits of value x where

n = CEIL[(L - 2d)/d] and the n bits are positioned in the run such that



WD 2004/ 003909 PCT/ |1 B2003/002542 8 (c 1) there is a bit of value x within
d bits of the end of the run, (c2) there is a bit of value x within 2d + 1
bits of twe 2doegiosrwong of the run, and (c3) for n > 1, eachBaio3véS4n bits
is wthin d bits of another of the n Bits. Codi ng apparatus enbodying the
second and third aspects of the invention thus 5 generate overwite data

S €U0 QiserdMY Lhit 6BVRIREX S § BHs bPtha efd 6@ M@Lhani sm of a data storage
device for use in overwiting previously-witten data. For a given input

dat a (€Ddhesartser bit ebwilumX apibin 2d ord titsted diei bheginning ofdeord, azdbect of the

i nventj.qn generates an overw.i.t.e .,.sequence i,.ch Ji.s the conpl ement of that
prod3%§égonurg> pﬁaé;_ﬁ“éﬁ&e% SOJGQYIH nfltli’étsgﬁ?qo EXY g’gtnblgsf the invention. Coding
appar at us gRhRGppRGTsReRAGRB dhasREd ardf thirdd 8seBi @R tHedRvémioh@par ti cul arl'y
suitable for use with probe-based storage devices in which a bit of value x

i 5 \gendrateoversvrie gata s¢quences)whiCh dimzs suppligdaiowsprebromashianm ¢fce ddid rd aspect
of th§>§i nvent i gn is. particul arlvi suitaple forF use. w t.h rdotbe-baesed st or age
devi R3S eYyre dot w5 n Prespripne B oty wilter fa g 3 g i) SRR oo
case.coliiAf afY RS bhnBolihg BRILEMINHRNES BE BthehNof BhePRRAAWSVrieaN then be
supplied directly to the probe nmechanismas the data to be witten on the

st or ageuedée whichacthe chioptensmt obthahprogyned byfappareium gmapdiingatheshisdadpdctbe used

W th e .opposi t .ype of rope; based storage devjce (i.e..where a pit
repr é’ig?‘?tl_g&gmﬂ?lté%‘}lxg ﬁ@%%ﬂg?%ﬁ%%% © §egene agpﬁct ?efﬁh? "}V%gtlor‘slﬁeci fied) sinply
byiol pugichiafg shitate fdraké RehtgsHCHTBE RBRBE d&idestin SvHMEL W bf PalS&gience in the
stordage device to obtain the final wite sequence to be witten on the

st or agetesuas fagite(p =The Codingrappantua eabodyiny thedkirdraspheidy thomventomdge and
recover f data.in a probe-hased 0 dat.a .st arage ,devi c erein data is
st or é’&“\{?ﬁ?ﬂflﬁéu’&a%? Bﬁé‘sgﬁ’ﬂ FL00Ased ﬁﬁlfaﬁﬁge‘é{_%esﬂgr 1%%‘?%?@"%% & i bed, and
wher gjialka fie@d £) adcieasd HeAdRrwite baGBqlehcs sGRAREH By theRgpRhtut Wo net hods
depending on the rel ationship between the values p and X in a particular

case.can thep be suppliednditehy toothe giabelmdchpism dathe daga todeovmitandoriihe pleragor mi ng t he

i nverse. of _the codi whi ch s initiall appl,i e o the.input .data to

g ersﬁ’?fécet W@?S‘Efegmggﬁff oﬁﬁ?‘ﬁgg %@'ésr(fo"@/q‘ bepgsp—édf lg‘ntbﬁ OPRRIE Pﬁ’& i%hal 25 i nput
dat a grspelRE0Y /b8ge BYvitakicnGhtRe: HoRPlssmNL bR bf iR oMl anditad vhiem t he
storage surface "and then perform ng the inverse of 'the initial input data

codi ribat jih epdcificei singry by mivietingy(i.e paking thesompbanent 0b the pvawdintgqaensedecodi ng

data.in a, probe-based. dat tora devi ce, the . appapatus co I.Si ng coding
apparlﬁtrtllfsmﬁgg%‘zervé"lermQP%FIE&‘&EE’@I ?Vggedse%edm%tod%ec‘gag?rpg%Fhec?g%rg%ﬁ g *“Yat a read
from the striae@isHhfsdplovidiahethodstiBEstOREOHRT rebsvedy baAL 4 probspheaent the
inverse 30 of the code inplenented by the coder of the coding apparatus.

APA rdatadpregridaviceombareia datadk atoreshahthp stoesepseiags byrramsthpd aghgseinbeierd ar
devi Cd%’scrlbted,% va?ergllg PRI fI‘OI%rdlé) srto}age surface is decoded by one of two methods
depending on the relationship between the values p and x in a particular case. If p = x then the
original input data is recovered by performing the inverse of the coding which was initially
- applied to the input data to generate the coded input data. However, if p = X then the original
25 input data is recovered by taking the complement of the data read from the storage surface
and then performing the inverse of the initial input data coding. The invention similarly
provides apparatus for coding and decoding data in a probe-based data storage device, the
apparatus comprising coding apparatus as hereinbefore described and a decoder for decoding
data read from the storage surface, wherein the decoder is arranged to implement the inverse
30 of the code implemented by the coder of the coding apparatus. Again, depending on the

relationship between p and x in a particular device, it may be necessary, prior to



WO 2004/ 003909 PCT/1B2003/ 002542 9 inplenenting the inverse code, to take
the conpl enent of the data read fromthe storage surface. This step could
t her ef or ewbeoprotmwned by the decoder itself in sone eniPediIBE0B/802542The
invention al so extends to probe-based9data storage devices enpl oyi ng

met hods and apparatus as herei nbefore described. In particular, a further

as peGhpRnchiis 1hB ISV Hriedbde XoRAIR S [@het bagedatilead Sbar Mg etoppear at us
conprising: a storage surface; a probe nmechanismfor storing data on the

st or agdacsuThiasteplspuldsheriefige pe perfarmeddiythe de¢pder Heall esome) embosimeriant ed by
t he presence.and.absence of pit t bi.t. Jocations.on the surface: a coder
for codi ngﬁf’ HbVSPtlﬁ%?]ﬁo £5epds @tpé?sb@a’qsr‘?dtdﬁ{? Sg%r\%%gevéﬁeé i %Pfln%%@jedg give bits
of a anéQpﬁé%taﬁa%aangé@ré&@&%ddnm%ﬁaﬂ&,arf@rt@&%}g@& fltbeynwintibgast d bits
of value 'x, where d is a predeterm ned nunber > 2; an overwite pattern

gerfe patvidesfpoobegeased dithntpragesappariatue coatmishigt s by encodi ng the coded i nput
data bits such that, if a pit represents a bit of value p then (a) any bit
of val ue RSIH28 ¥ 36YHed i nput data is encoded as an overwite data bit of

val ue p, a]pﬁolﬁet}he&ﬂ)ﬁspfpfbﬁl dedinE4Ra 8h the StoffbeliulfBcOby ¥R Yitd tRefehfsuerded

input data'ts encoded as a run of L overwite data bits of value p, and
(c) dmy dbuncecesentad by the pre@uchindsbsenceadfigtsyat bit lodationpoe theisnpfate;dat a i s
encoded as a._r of L .overwite data .bits consisting of n.bit.s of value p
A (L - REORFEr i ipat AR <D BRI TEs o R ISR 1o ar e
PO tyaRR&An it EJMRd it BHGArd ffrated B+ &'1dast BRI of SalBe Rl Whede di8laue p within d
b?lt%s gﬁthg endd?%f I%J[ﬁle run, %?Z)aethesge iasS a bit0 of \e/afue Sv&itahi n2d + 1
bi t s ppddetammired guntbeng 20f the run, and (c3) for n > 1, each of the n bits

is wthin d bits,of another of .the n hits; wherein the prob chanismis
arranged, VGBS PAIGDERIFROE U AFIETOHE ALY da DS By Pacmg TR 1 he
oVer Wit Linfet ftPbitSsudh it BE b pRREFLBAQSHER of bﬁh?‘ﬁ"’théﬂ ng an overwite data

t
bit of 25 value p can erase an ‘existing bit of value p within d bits of
t hat (evauywbit dfevablatxainshe coded ig@ridatalis iehcaded ap ab evermdise detadit afvatue paher e

| er{P] G DOBBSEGER SR e PESPLALE k) THBr RGO 1 rkptad By LS siody  ng
the | RUENEL Qe HAQOr ViIGESVEESa. Enbodi ments of the invention will now be
descri bed, by way of engrpl e, with 30 reference to the acconpanying
dr awi (ngsyiboundridoion oFLgu2é bils ofvatuesc ive thetdodedinpuk dath aggrentet assa pneiid- based
data oS\/terOwrr%g %atg%\lltis %gnsisting of n bits of value p and (L - n) bits of value p Where
n = CEIL[(L - 2d)/d] and the n bits are positioned in the run such that
20 (cl) there is a bit of value p within d bits of the end of the run,
(c2) there is a bit of value p within 2d + 1 bits of the beginning of the run, and -
(c3) for n > 1, each of the n bits is within d bits of another of the n bits;
wherein the probe mechanism is arranged, in use, to overwrite data on the storage
surface with the overwrite data bits at a bit spacing such that writing an overwrite data bit of
25 value p can erase an existing bit of value p within d bits of that overwrite data bit.
In general it is to be understood that, where features are described herein with
reference to a method embodying the invention, corresponding features may be provided in
apparatus embodying the invention, and vice versa.
Embodiments of the invention will now be described, by way of example, with
30 reference to the accompanying drawings in which:

Figure 1 is a schematic block diagram of a probe-based data storage device

embodying the invention;



enbodyi ng the invention; WO 2004/003909 PCT/1B2003/002542 10 Figure 2
illustrates the principle of the increased surface bit-density avail abl e
when a dwe 280«¢wd®9i s utilized in the Figure 1 enbodi nemCI/IB2gsnes4s3, 4 and
5 are tables illustrating encodi ng sctWenes which can be inplenmented in the
overwite pattern generator of Figure 1 where d = 2; 5 Figure 6 illustrates

an over W FitrODenadtiess the ptih@pleiof ticcindred@MisaFadeshingeraity evdhbienghenschene
embodyi ng the anengion;.Eigure 7 is a table conparing an encodi ng schene
enmbodyi2epde kre utilivedhin e Figure 1 embodisrriiédi ng schemes disclosed in our earlier

Eur opean pat ent | jcati referenced above: Fi dur -l engt h
pr obabi | iﬁgggesf %?P&/é)g élf’?ctg@]e% uﬁ%ﬁﬂ'@fgc? 18%1?%][??165%Cﬁecgn%%g&g%ﬁﬁﬂ{c}gti on;
Fi gui8Be Qvedditd Qaftb $dllRS JFPIRAG il Rghefd empodi ment of the invention with
the two encoding nethods fromour earlier application; Figure 11 is a

t abl e i| | Bighrabiigstenieodi ongredisapestiohiic thedignrpd dewist apipaeean¢odinghe
overvvijiiete E@Hﬁ,{ern %gnerat.or‘ of Figure 1 where d = 3; 15 Figure 12 is a

t abl ¥FPEG Vi EARYEINY schemes for use in an alternative enbodi nent
wher e thepfite Y3k Heable Eoﬁpm@dgtdaﬁrﬁaaﬁg déhdnld et ddgiRShemveMeswith eveper at i on
for the alCernative enbodinent of Figure 12. Figure 1 shows a probe-based

st or ayediestltemes disobuyd imgourtverlien Fernpeampatdiepplésstion referepced aboveides a
pr obe- st or.age chani smwhich, in.this enbodi ment, .c ri ses a | 1i pede
pr obe- st oﬁlﬁgﬁe gﬁ?&?s ?}nqlﬁ“{;'i]i’ nglg% fues doF té{"roreé’ﬁo‘ggg %Fhogggré’%%qr&mﬂc‘:\é}r rcuitry 3,

ofipt ASyifcuRs; described in the docunent referenced above. Under control of
driver/detector circuitry 3, the probe array 2 can thus be used to wite
and read Bateeof ahidOsue fahlee comparipminenbodimentayéhe ingelitiom with thRéwedevi ce 1
al so i nc| udes _cadi_ng/ decodj.n ratus which is indicated generally 25 at
5. TH¥LHEMGhHS th’fog]ﬁolﬁ‘feaéjdﬁ?"ﬁgﬁ%%%di ng apparatus 5 consists of a (d, k)

coder 6 aP%uf‘@ 119Y Gfei1k HfusBalidSsie o8R0 EIRInRY: whiGPEMEsifBlesersdionhdet ween
the data input and the array driver/detector circuitry 3. The decodi ng

por t beerwaife pattemgedenoaiofdigppamdtetsd § 3consi sts of a (d, k) decoder 8
cqopnect ed_bhet n the driver/detector circuitry 3 and.the.data output. In
og rati onF@Prgﬁé lﬂé\;ﬁgg}ﬁqsﬁﬁ & Fab mtgéabeénes?t%rr'é& 151311%16%5%\%(1 to (d, k)
codeLyBodttei whabe tHEBIEIRAL £ =0, 6d k) code with d > 2 to generate coded

i nput data bits bo, bl, b2,..., etc. The ] ) .
Figure 13 illustrates an overwrite operation for the alternative embodiment of Figure

12.
Figure 1 shows a probe-based storage device 1 embodying the invention. The device 1
20 includes a probe-storage mechanism which, in this embodiment, comprises a Millipede
probe-storage array 2, with associated array driver & detector circuitry 3, of the type
described in the document referenced above. Under control of driver/detector circuitry 3, the
probe array 2 can thus be used to write and read data on the surface of a polymer storage
medium 4. The device 1 also includes coding/decoding apparatus which is indicated generally
25 at 5. The coding portion of coding/decoding apparatus 5 consists of a (d, k) coder 6 and an
overwrite pattern generator 7 connected as shown between the data input and the array
driver/detector circuitry 3. The decoding portion of coding/decoding apparatus 5 consists of a
(d, k) decoder 8 connected between the driver/detector circuitry 3 and the data output.
| In operation of the device, input data to be stored is supplied to (d, k) coder 6 which
30 implements a (d, k) code with d > 2 to generate coded input data bits bg, b1, b3, ..., etc. The
(d, k) coder can be implemented in known manner, the (d, k) code applied ensuring that

successive bits of a particular value x in the coded input data are separated by at least d and at



(d, k) coder can be inplenented in known manner, the (d, k) code applied
ensuring that successive bits of a particular value x in the coded input
dat a ar e wepassioe®woby at | east d and at WO 2004/ 003909 PCT/1BBRSOBRSE02542
11 nost k bits of value x, where k >d. The (d, k) coded input data bo, bl,

b2, ..., is supplied to overwite pattern generator 7 which inplenents an
encogiofitk Bt \EMRIRSE GilidRer >fduThe ed, khebdsd inb@ ENTR BE, 8,20 iOnpplied toe bi t
sequence vo, vl1, v2, ..., etc. This overwite data vo,_vV i

1, V2, ..., 1Is
out paverwoitepatieyn ghnevasor Twhichimplengniganesiceding schemedistcribed Ayrther Peofr i te t he

overwite data on the.5 storage surface, 4. W th I acj as.di scussed
bel olfl SR ‘b‘feé‘gﬂpﬁeblg%?ﬂtb%ﬂcﬁgﬁ’t"}’_‘ﬁt"'t stcagﬁ‘ﬁr%a@{fﬁg?a%ﬁeﬁ ot 't he
St Or 8&IBuBIAS Grifer IRRIBSERhRh@rRbs probe ¥AhYE t0 drite(the Bverfvrite ddta ol ks, a " 1"
in the"overwite data supplied to circuitry 3 is witten as a pit on

st Br sigengs wnifareel, with a®it spacinges divenssadi hedowlat a corresponding to "no-pit". In

addi tion, _i is assu .that.x =1 in,the, (d odi n rocess, so that
the (d, kf° &’Grﬁ’g’csfe%'i ‘?’i‘?@o IRt K aﬁsqrﬁedr:@ﬁﬂw éorglfe@%&%g{og‘ F)Slslﬁg%eezgsi ve I's in
the F@?&Qnﬂs R ﬂ?lflahfé 48 (. dd= D2Thus, a1 2EPHE REMRIEHatR¥uiilicl easitcudirand at

e

nost zer osS. V(\)hl , in-general, any code which inposes a d > 2 constraint
wi | | 3a$ veivten pea pitioostapigeoudaow, af@” inethh oderveiid detg comgesphrding (e iorpih -

particular exanples of (d,. k).c whi ch may be_enpl here.are the two
Pt B on S5 S B ] 053 oS T, D5 40 s

apg! h%ﬁl&r't@ﬂu 648 bEAGE aRPUSossit B8’ GRS de@inpi ual HobABP).Laadion is
incorporated herein by reference. The follow ng description of operation of
t he sgraesehby ertbasdimednt mbstlk zehess Whiksuin gemetahang redepveichimposepa d203 code.

I n oper ati,on.?f t he enhodi pent, .#he rﬁfﬁfleCtboc{){'th[E d = t2 COQr?itﬁ][%.ir nt is that
succ&esispnt vill aloy OPERTIPR Pt OYWHIIEMENAGS ROQGYIRE IR IVPRIIRN: RAREIES  oper at i on
wi t i d MBploydihddé bR the (W itedd/L OVB 10N6odeyr f ace bi t
densF?%nﬁlgpgg@i’ ﬁg?ée&ggg%léggﬁn%xa? eégﬂg gyt hat fort ﬁ:Jncoded ZOV%atg as illustrated
schendetriledir guriearlier Buropedh palit spplicgtioe referoneediahove tecceonsing ef which f or med i n

stqrage. surface 4 at the m pi mum possible spacing.Tin (d.e. th ].Ni mum

dilst #Reiecalipn WdP&%POqutrhcff‘@n Pretgehena bRl d?FgPPté%‘gsfeOP_tehaémF?’F "t due
to di3nLACRIRAIm A WRRIS 8éus- onhiBE exdmisiOded (Hlabfecodsher e adj acent "I's" can
occur in the bit sequence, Tin thus represents the m ninmm possible bit
spaci ng f dn operatiomef thatmbodiment thst affegtyef hadf=2 eonsipinhisghef succsg¥hst rai nt 25
however, successive "I's" wll always be separated b "0's",
so t RESH ﬁ‘? ub & storage, Jyrfage er_rae‘aﬂ{eeod)ef%m?rvﬁﬁﬁf 3RS ?‘ﬁ%éﬁ?{%’% te‘%f\.l\DAft this

bi t  SR8ieY THid alfos| (RWGurta bit\Fehdityd bdTncroxed vrhpLedioth@ffovalceged Wil l
erase a previously-witten "1" within 2 bit positions of the newy-witten
0\26r \datatas ibistrathdeschanaticslly acdigeiet2. Fhisrfiguee sheiws tvp specesiyapigsioaped mhi ch i s

xpl O ted DS RETAELL e SXSUEMLR O, 168 6hd Rl WiSandd ) iy SPCI N0

writing the second pit will not erase the first pit due to displacement of material). For

uncoded data, where adjacent “1°s” can occur in the bit sequence, Ty thus represents the
minimum possible bit spacing for writing data on the storage surface. With a d =2 constraint
25 however, successive “1’s” will always be separated by at least two “0’s”, so the minimum bit
spacing is reduced to Tp/3 as illustrated. At this bit spacing, it follows that writing an
overwrite bit of value 1 will erase a previously-written “1” within +2 bit positions of the
newly-written overwrite bit due to displacement of material. It is this effect which is exploited
in the overwrite system to be described. Thus, the bit-spacing utilized for write operations in
30 the present embodiment is such that writing a “1” will erase a previously-written “1” within
+2 bit positions of the newly-written “1”. Note that this bit spacing need not be the minimum

possible bit spacing for d = 2. While the minimum bit spacing is ideally employed in order to



30 the present enbodinent is such that witing a "1" will erase a
previously-witten "1" within 2 bit positions of the newly-witten "1".
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then the run of L zeros in the bi-pattern is encoded as a run of L zeros in the vi-pattern. In this
example therefore, the first three overwrite patterns in the table are identical to the
corresponding bi-patterns. For the remaining b;-patterns L > 2d, and the runs of L zeros are

25 encoded according to a different rule. Each of these runs is encoded as a run of L overwrite
bits consisting of n “1’s” and (L - n) zeros, where the number n is given by
n = CEILL(L - 2d)/d]. Thus: for 2d <L < 3d, n=1; for 3d < L < 4d, n=2; and so on. Moreover,
the position of the n “1’s” in the run of overwrite bits is important. Consideration of the runs
shown in the table shows that, in all cases: there is a “1” within d bits of the end of the run;

30 thereis a “1” within 2d + 1 bits of the beginning of the run; and if n > 1, each of the n “1°s” is

within d bits of another of the n “1°s”



shown in the table shows that, in all cases: there is a "1" within d bits
of the end of the run; 30 there is a "1" within 2d + 1 bits of the
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thereafter, the overwrite patterns are unique, whereas, for the remaining bi-patterns, there is a
choice of vi-patterns which can be used in overwrite pattern generator 7. Each of the

25 bi-patterns consists of a run of L zeros, where 1 < L < 10, terminated by a “1”. According to

2 ”

the general rule that “1°s” in the coded input data are always encoded as “1’s” in the
overwrite data, the “1°s” at the end of the bi-patterns in the figure are encoded as “1°s” at the
end of the corresponding vi-patterns, as demarcated by the broken lines in the columns. The
remaining part of each bi-pattern is a run of L zeros, and these runs are not bounded runs

30 since there is no preceding bi-pattern which terminates in a “1”. These L-bit runs are encoded
in the vi-patterns such that one of two conditions is satisfied depending on the value of L. For

L <d,ie. L <2 here, the run is encoded as a run of L zeros in the vi-pattern. However, each



remai ning part of each bi-pattern is a run of L zeros, and these runs are
not bounded runs 30 since there is no preceding b; pattern which term nates
in a "1".wOheekoBobit runs are encoded in the v; pattePa3/IB2OBIAIE one of
two conditions is satisfied dependi ngl4on the value of L. For L <d, i.e. L
< 2 here, the run is encoded as a run of L zeros in the vi -pattern.
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ensure that the resulting recorded bit pattern, excluding the extra bit itself, is the correct

b;-pattern.

The tables of Figure 3 to 5 give all the possible vi-patterns which can be utilized in
25 overwrite pattern generator 7 for the (2, 10) code and which contain the minimal possible

29

number of “1’s” necessary to achieve direct overwriting. Where the v;-pattern for a given
bi-pattern is not unique, any one of the equivalent v;-patterns can be used, so that a different
vi-pattern might be used for the same by-pattern at different times. For simplicity of
implementation, however, the overwrite pattern generator will generally be configured to

30 encode a given bi-pattern as a given vi-pattern. In a preferred embodiment, therefore, the
overwrite pattern generator 7 encodes each bi-pattern in Figures 3 to 5 as the corresponding

vi-pattern which is listed first in the tables where there is a choice. These vi-patterns contain a
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patterns beneath the’ overwrite sequence in the figure Sshows the bit pattern
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bold. "Since witing a "1" can erase a previously-witten "1" within 2 bits
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the first of these shows the recorded pattern after vo is written, the second shows the recorded
pattern after v, is written, and so on. In each pattern, the newly-written bit is shown in bold.
Since writing a “1” can erase a previously-written “1” within 2 bits of the write position, |
25 each write operation can potentially affect the values of five consecutive bits (decreasing to
three consecutive bits towards the beginning and end of the write sequence) within the area
bounded by broken lines in the figure. As the write operation progresses, the old data is
gradually transformed into the new b; sequence. Once the extra bit v1s at the end of the
overwrite sequence has been written, it can be seen that the recorded 18-bit sequence prior to
30 this extra bit is the required b; sequence. Note from this example that it can never be
necessary to erase two “1’s” both to the left or both to the right of the write position, since

two consecutive “1’s” are prohibited by the (d, k) code. Also, when a “1” is written at the



bounded by broken lines in the figure. As the wite operation progresses,
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operation. The significance of the power saving here is demonstrated by the following

analysis.

Let P, be the power required for a single write operation (i.e. writing a single “1” in
the above example), and p; be the probability of a run-length of i consecutive zeros both
25 preceded and followed by a “1” (i.e. a bounded run of i zeros). Taking the (2, 10) code

discussed above as an example, then, from Figure 7, the average power dissipation for each

the three methods is given by:

10

P rnethodt =Pw 2 lpz (1)
i=2

10
Pethoaz = Py, 2 (l - I)Pz 2)

=2



di scussed above as an exanple, then, fromFigure 7, the average power

di ssipation for each the three nethods is given by: 10 Pnethodl = Pw I

| pi (1) we2odo3®ret hodl = Pw Z (i - |)pi (2) i=2 WO PQIABLOIDQRS42
PCT/ | B2003/ 002542 17 Pnew=Pw( p2+p3 -W- p4+2p5+2P6+3p7+3p8+4p9+4Pt o) (3)
The power required for any particular overwite nethod should be neasured
agai r}%wim(pzqqﬁazﬂqm}jsmgz 7§ 9ps R4PASUE Wi te operation on a(g) ean
storage surface. The power required for such a basic wite operation is:
10 integ requiped £or anyi paztigylan aperwiiteomatbod shewdd be pirasared agpist theduct i on in
powercodi SSi ﬁation t_IF‘trouEh.usi.t one. et hoglFov r anot her ..i=2 can be
quantFPEEIEPE PRY S Jgh PA%t &5 %%?r%thonr%fb hiiorge pfaces MPoWelor o fA B =
Pret heglAredTbr subliat hasByiites n ig@dvant ages of one nethod over anot her
depend on the run-length 10 probabilities of the specific code used. The
run-1ength prpbabilities have been estimated for the two rate 8/ 16 (2, 10)
codesp di scho qﬁ'zn:qigvr earlier application (referred to as "Code ¥4 and

" Code é‘?) an%shown in the table of Figure 8. Based on these probabilities,
t he power dissipation of the various nethods for both codes is indicated
in the table of Figure 9. The power dissipation reduction factors for the
three. ovecdwmit thods,. wi.th Method 1.as.a 15 reference, are shown in the
Labl ST6F Py durd- 16 TPUGtig 1B BoWEEA T pHiAR OuER psifk 88° Mtiod QUFEAORE | ng Code
2 for exaﬁf)l e, Method 2 requires 73.2% of the power required by Method 1,
wher eas_t he n«,? gt hod, requi res onll)é637, Z?f%of this power. Conpared to a

w A L) .
si mpl%@n ke APanttist Erathie o ROWH: distipaiinn Sabiondector” i WhELE met hod requires only
abouthggo/gme power, whereas (5)

The power advantages of one method over another depend on the run-length

10 probabilities of the specific code used. The run-length probabilities have been estimated for
the two rate 8/16 (2,10) codes disclosed in our earlier application (referred to as “Code 1” and
“Code 2”’) and shown in the table of Figure 8. Based on these probabilities, the power
dissipation of the various methods for both codes is indicated in the table of Figure 9. The
power dissipation reduction factors for the three overwrite methods, with Method 1 as a

15 reference, are shown in the table of Figure 10. It can be seen from these tables that, when
using Code 2 for example, Method 2 requires 73.2% of the power required by Method 1,
whereas the new maethod requires only 37.2% of this power. Compared to a simple write
operation on a clean substrate, the new method requires only about 39% more power, whereas
Method 2 requires about 173% more power. The new overwrite system thus offers a dramatic

20 saving in power consumption over the earlier overwrite methods.

While operation of the overwrite system has been illustrated above for a (2,10) code,
by applying the general encoding rules for generating overwrite patterns the system can be
employed with any d > 2 code. By way of example, Figure 11 shows the overwrite patterns
for basic bi-patterns (equivalent to those of Figure 3) with a d=3 code. These can of course be

25 continued for any value of k. Indeed, while the k-constraint is desirable for timing recovery
purposes, a k constraint is not in theory necessary for operation of the overwrite technique. In
addition, while the value x=p=1 in the above example, the system can be applied with either
value of x and either value of p using the generalized rules set out earlier. By way of example,

Figure 12 shows the equivalent table to Figure 3 for an alternative embodiment in which x =



Met hod 2 requires about 173% nore power. The new overwrite systemthus
offers a dramatic 20 saving in power consunption over the earlier
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19 CLAIM5 1. A nethod for overwiting data in a probe-based data storage
device (1) wherein data is represented by the presence and absence of pits
formed i nwe 2004m0aye surface (4) by a probe 5 of the dewcCrdaB2abeozsx hod
conprising: coding input data such th& successive bits of a value x in the

coded input data (bo, b 1, b2, ...,) are separated by at least d bits of
val ue x, where d is a predeterm negamgsber 2; generating overwite data
bits (vo, v 1, v2, ...,) by encoding the coded input data bits 10 (bo, bl,
b2, ...,) such that, if a pit represents a bit of val ue p in the data

t d t hen.. f d. t dat b

SCOL9° b o ek Bl Bl e Bl B Bl Rt 0203 ¢

bou nd@fépféé@mea b& the prekeRéd a%moafbsééﬁle Bepiks fdtmbd & @ﬁé@ge kPt (Gpdyaa flobe. b1, b2,
IS encoded as a run of overwite data bits of val ue p, and 15 (c)

an35 Mﬂwctknhqeuthemﬁeﬂh.o&ccﬁnprbm§ of value x in the coded input data (b o, bi,
b2, . enco run of, L.overwite data bits. consisting of n

i ts”of vaPdesimaRdeesach fiet HteSvisr b o hRh paokE RObTEBRGHT | Sd)/ d] and
the mppi bEZJ A e) %%b}%éﬁé’(@@gy biehdd@ vitd Bf $AIGOKL Qﬁéreﬁ%hpﬁé&fe?nﬂn%d%u&'b&r of value
p Wthi’n bit he end of the run, (c2) there is a bit of value p

wi t hin2;2d + 1 bits of the beginning of the run, and 20 (c3) for n > 1,

each of the n hits is w d bits of another. of the

overwriti fgREFAtRE OYFIYHE ‘i“\t% &0 f‘Zace)a}E}Z?n‘\RP]tnﬁ tl?%%(’dﬁaermk‘} 5%%%3& a bits

(Vﬂ’) B b1 WAy ....) suchkhat3F adittepreSRRC BifoSH H%e%ﬂats'td}g%ea&vﬁ\é‘%l)‘"’fﬂehe dat a
of 'val ue"'p can erase an existing bit of value p within d bits of that

overv(/a)ambdmmramax in2be 2oded inmtt Hatd (bs belbaj .mpdisiencalediasad overetiteddaty, for a

run %f qut bits of value x at the start of the coded input data (bo, bl, b2,
Bverwite operation: if L < d, encoding the run as a run of L

over gﬁe(pfu Sf@f< ¥abi€ovar@id tile'eod’edanl?cQﬁ%dﬂb@gnEﬂe I'yg as a run of

L overvvrlte ata bits conS|st|ng of mbits of value p and {L - m) bits of
vaI ueanpodmidensemnqu:EIva[\x(ritedatdbltsi])fmmb pHemdm bits are positioned 30 in the

o kol PRS2 P e A 3, O, en ot e
t he rdiBodedNd a\Wh 3PP IVORRRO QaR et EERABRE B B2 of PMlue p and (L - n) bits of
value p where n = CEIL[(L - 2d)/d] and the n bits are positioned in the run such that
(c1) there is a bit of value p within d bits of the end of the run,
(c2) there is a bit of value p within 2d + 1 bits of the beginning of the run, and
20 (c3) for n > 1, each of the n bits is within d bits of another of the n bits; and
overwriting data on the storage surface (4) with the overwrite data bits (vo, v1, vz, ..., )
at a bit spacing such that writing an overwrite data bit of value p can erase an existing bit of

value p within d bits of that overwrite data bit.

25 2. A method as claimed in claim 1 including, for a run of L bits of value X at the start of
the coded input data (bg, by, b2, ..., ) for an overwrite operation:
if L < d, encoding the run as a run of L overwrite data bits of value p; and
if L > d, encoding the run as a run of L overwrite data bits consisting of m bits of
value p and (L - m) bits of value p where m = CEIL[(L - d)/d] and the m bits are positioned
30 in the run such that
(1) there is a bit of value p within d bits of the end of the run,
(2) there is a bit of value p within d + 1 bits of the beginning of the run, and



(3) for m> 1, each of the mbits is within d bits of another of the m
bits. 3. Anethod as clained in claim1 or claim2 including, for a run of
L bits ofwoabugrozsoat the end of the coded i nput data (IPEI/IB203OR542 .. ,)
for an overwite operation: 5if L <2, encoding the run as a run of L
overwite data bits of value p; if d <L < 2d, encoding the run as a run of

(L +(d)foPMer Wehatieotib an bitd & whieis i itk BPaithdr of Hiet® bits. val ue p term nated by
one bit of value p; and if L > 2d, encoding the run as a run of (L + 1)
overwite data bits consisting of a run of L overwite data bits according

to cgndition (c) of claijml.term nateg. nechit__of . A
nmet hgd as Aclingé‘ﬂé g f%qlr%@nﬁiaéglgjd?rncém@e%n%ﬁl\ﬂg% g?na rp)'ﬂl:ObeH§9pvﬁ h?r%? ﬁgd as
cl ai pRrdnf a¥coabE R Asta 0 Ab MpYNEN GbPaoverrite dferitioh Net hod as clained in
any preceding claimwherein d = 2. 7. A nethod as clainmed in any preceding

cl &i m wheifdi § di ereodinghe duxas arsn obbeveuih daladits afivadusski ve bits of a val ue

x in the coded input data.(bo, b 1 . ar. e rated. | east d
and at noé]f‘{jﬁgbér ?‘g BrOVEE bt Ty a%g{neo_qil‘#sl)ad‘)ﬁrr“érd@t ciaﬁ%%ﬁgaorhsbsg%éﬁ)%; d. 20 8.
A Mebiedr At AirBshiddbEb 61 Jf WS Riakdd = 2 and k = 10. 9. A method for
storage and recovery of data in a probe-based data storage device (1)

wher ei n détla>i2d, enspdingdh vah dsya rumef @y -edpaverwatrddatibdviscengpting ofa morned in a

St or PRy et Aeeihas eedrate T B e Gyl ebnmh ST e Ehe B sh elss,

prigcedi ng claim and decoding data read fromthe storage surface (4) by: -
if said value x equals said value p in the data storage device (1),

per f é m ng\ mhthod anvieimsel ofany peccedidg nlpimpyierddprol t he i nput data to generate
said coded i nput data 30 (bo, bi, b2, ..., ); and WO 2004/ 003909
PCT/ 1 B2003/ 002542 21 - if said value x equals said value p in the data

storage deyvingfiodadklalfed MGnGPrReENBBlaim Wherdigxdata read fromthe storage
surface and then perform ng the inverse of the coding applied to the input

data to generate said coded input data (b 0, bl, b2, ...,) ; thereby to
recover said jnput data,. 5 10. di appar.at.us,for coding data for
S5t dge ; a aelspBis chludingdy ice iP5 Bt ANREER u 2!

7. A method as claimed in any preceding claim wherein the input data is coded such that
successive bits of a value x in the coded input data (bo, b1,b3,..., ) are separated by at least d
and at most k bits of value X, where k is a predetermined number > d.

20

8. A method as claimed in claim 7 wherein d = 2 andk=10.

9. A method for storage and recovery of data in a probe-based data storage device (1)
wherein data is represented by the presence and absence of pits formed in a storage surface
25 (4) by a probe of the device, the method comprising storing data on the storage surface (4) by
a method as claimed in any preceding claim, and decoding data read from the storage surface
(4) by:
- if said value x equals said value p in the data storage device (1), performing the
inverse of the coding applied to the input data to generate said coded input data

30 (bo,bl,bz,...,); and



wherein data is represented by the presence and absence of pits fornmed in a
storage surface (4) by a probe of the device, the apparatus conprising: a
coder (6)wbaoo4amadag i nput data to be stored in the deviPca/1BuOB02AT
successive bits of 10 a value x in tHe coded input data (b0, bl, b2, ...,)
are separated by at least d bits of value x, where d is a predeterm ned
nunber > 2if sgidl PMBE quh@lsﬁ@idt@[dé Jianee aite &to&a?g}: deoice gakieg dfei coghpbareenir i t e
data bits (Vo, V1, v2, encodi ng the coded input data blés (bo,

bl, b2, .ofthy At readfzam (d@ St@rlﬂge mrfacgﬁnd,gqeg@egfomng ﬁ@l%f‘défdo |th‘|’oﬁ‘? 1g&t a (bo,

bl, b2, . nco an overwi 5 f value x, (b) any

bounded rﬁll??l%fltf’t ”Eg?éﬁgfge%ﬁt éalx Clg%’d[d]%é&da 5) dg’ta (bo b 1, b2,
)hei-e% t@fé%g%psﬁglﬁ%ftld@taof L overwite data bi ts of vaI ue x, and (c) any

bounded fun of L > 2d bits of value x in the coded i nput data (b 0o, bl, b2i

.5,) is encoded as a run of L overwite data bits consisting of n bits of

val dth
nbi 50 ar 600 anmBhut fof corime i Bt Realn A £ oR pareiall! e e TR e %
Wi t h'&v'ﬂef&rp&at@ iOfeprbi@n@Atbyahe hi8ercdAnd 66séhed HIRJiQ fofined iBialstdthgevdakfage X Wi t hin

2d 1 bits of the beginning of the run, and (c3) for n > 1, each of the n
bi ts(4)sbyvapr¢>bmo¢ﬂtkmdesn¢ﬂ‘ t@rﬁp@h@tus@bmpnémg bits. 25 11. Codi ng apparatus for

codi ng data tora ro bas stora ev erein
data is réﬁ?‘i?ge@ ﬁ?&@pﬁ?‘i%%ﬁﬁée 3 gérb@“gﬁ%lcglsuéi’letpg ‘(L“)Creg‘sé%ﬁl s eﬁhst or age
S%f 2G81lue A 0RY cBAd ?ﬁt &lta UhEH A8Y]1.C9 ard E@aﬁd@&ﬁtﬁ}aﬁtll@sﬂ@m bfsiaMg x,a coder

(6) for coding i nput data to be stored in the device (1) such that

succedsionkishigredetefmiedaiupwexr >i2n t he coded i nput data (bo, bl, b2, ...,

are separated b east t f value x 30 r.e IS a pr erm ned
number > 39 OX?F%V@rRﬁFﬁef%g%ﬁfE{%@r@ f?é FERARGE ?fow?gvgagaelﬁes qgﬁ ¥ Hg 2oV gdﬁ ite

dat aef?é&d?ng(ti’{é)ooﬁéd uﬁ%t data:bits (BY, b1, @9C00) fghiue coded i nput data bits (b0,

bl, b2, such th WO 2004/ 003909 PCT/ | B2003/ 002542 22 (a) any bit of

vaI uga)any |b1ttolﬁ erahmjzem themeded pat dato (bobbi b2.b2) is encofled as arevsEaHeslataan

\g/rlte data bit of value x, (b) any bounded run of L < 2d bits of val ue
1| {40l Vélie&d i nput data (bo, bl, b2, ...,) is encoded as a run of L
Over\(%)'atn%/b‘aﬁ’ﬂ(?e@fﬁrﬁoﬂi,%lﬂ% of vaRiB & 15tﬁ@éo@ﬂ)inﬂ1@dﬁ!td¢5|o,bwbzof )Lis> 2d bits of

value x I'n the coded input data (bo, bl, b2, ...,) is encoded as a run of
L ovenewdeties alatin oLt averwrits data bigs offvatueti.tadof val ue x and (L - n) bits of

(c) any bounded run of L > 2d bits of value X in the coded input data (bo, b1, b2, ..., ) is

encoded as a run of L overwrite data bits consisting of n bits of value x and (L. - n) bits of
20 value X where n = CEIL[(L - 2d)/d] and the n bits are positioned in the run such that

(cl) there is a bit of value x within d bits of the end of the run, |

(c2) there is a bit of value x within 2d + 1 bits of the beginning of the run, and

(c3) forn> 1, each of the n bits is within d bits of another of the n bits.

25 11. Coding apparatus for coding data for storage in a probe-based data storage device (1)
wherein data is represented by the presence and absence of pits formed in a storage surface
(4) by a probe of the device, the apparatus comprising:
a coder (6) for coding input data to be stored in the device (1) such that successive bits
of a value x in the coded input data (bo, b1, b2, ..., ) are separated by at least d bits of value X,
30 where d is a predetermined number > 2;
an overwrite pattern generator (7) for generating overwrite data bits (vo, v1,v2,...,) by

encoding the coded input data bits (bo, b1, b2, ..., ) such that



value x where n = CEILL(L - 2d)/dl and the n bits are positioned in the run
such that (cl) there is a bit of value x within d bits of the end-of the
run, (c2)wbheeeoos®9a bit of value x within 2d + 1 bits eCTiBzObeesSIMi ng of
the run, and 10 (c3) for n > 1, each2of the n bits is within d bits of
another of the n bits. 12. Apparatus (5) for coding and decoding data in a

pr ober) hagBH of dilae stivHRGDIEEMpGEddd jbo, M85 01,0 idatddeday @psweseriteatitdy t he
presence and_absence of pits formed in a storage surface (4) by a probe of
t he blé@f&@luetihe apparatus (5) conprising: 15 coding apparatus as claimed in

Ct or ByamBpwiied b oL S SRR Ry e Bl 4R B D et e

i nvers@ded ad DRmCSTdeovRRHeTRIAL 6ith dwaRid af@der (6). 13. Probe-based data
stor de apparatus (1) conprising: _ 20 a storage surface (4); a probe

nmedhémiasyrbo@)deflgun of o > Jddigaf alsa thhéh%mﬂedg@%datﬂé@ab(@)z by orming pits

therein such that..data i sented b e of pits
at bFEcodgd At # BROEdnO YRR es‘{f%l%lgs Coflﬁl)sgn%gfc%ggsr 8{‘6]? ogndg di lﬁg‘ﬁﬁ%%%ut data to
be stamed Wik he deyias ﬁgﬁll] dnb e SURERSPoViiohdd i tBd runducdthwal ue x in the
coded input data (b0, bl, ..,) are separated by at least d bits of

val uécly theravsertst of vadueX p/rltémed itnofitbdendipbide 180,2:  an overwrl te pat tern

gener ) f.or nexat a bit v ...,) by
encoé‘%ghqég ac‘BEI%%I Wlthﬁ%g%{PB b%(’%)g’ %ﬁln%&tﬁ %Itljdgh that, if a pit
repr ?c%‘?'i‘&sn9lbééch%ffthfeaﬁbh@s1@w1ﬁ1ﬁ1€8bﬁ§’of§ﬂotl@éﬂbfﬂietnl§lfs value x in the coded

i nput data (b0, ..,) is encoded as an overwite data bit of val ue

p, WO 2004/ 003909 PCT/IBZOOS/ 002542 23 (b) any bounded run of L< 2d bits

f h ded
of | Tover ephtils ERERPnE R af ity CBia YuySehye BimalslearTREFTD %05 bits
of  VJHdfein datd id ﬁéﬁre@&ﬁ@(ﬂb& {hB Phesiddetnnti RBsenld of Pids formed in d Soragie@fee as a run

of L overwite data bits consisting of n bits of value p and (L - n) bits
of MWWObemﬁ@r:eiewcatmma(aLUS(SZQQmquSIQg}d the n bits are positioned in

t th [ u t hi d bit f th d
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begi nni ng aQfecédie (&)4Br d@Bding (FaRredPfrom the Qtora%@@ﬁrf&fe @hehedcbbdes (8)s Wi thin d
bits of another of the n bits;
being arranged to implement the inverse of the code implemented by said coder (6).

13.  Probe-based data storage apparatus (1) comprising:
20 a storage surface (4);

a probe mechanism (2) for storing data on the storage surface (4) by forming pits
therein such that data is represented by the presence and absence of pits at bit locations on the
surface (4);

a coder (6) for coding input data to be stored in the device such that successive bits of

25 avalue x in the coded input data (bo, b1, b2, ...,) are separated by at least d bits of value X,
where d is a predetermined number > 2;

an overwrite pattern generator (7) for generating overwrite data bits (vo,v1,v2,...,) by
encoding the coded input data bits (bo, b1, b2, ..., ) such that, if a pit represents a bit of value p
then

30 (a) any bit of value x in the coded input data (bg, b1, b, ..., ) is encoded as an overwrite data

bit of value p,



wherein the probe nmechanism (2) is arranged, in use, to overwite data on
the storage 10 surface (4) wth the overwite data bits (vo, v1, v2, ...,)
at a bit wpacimg3mach that witing an overwite data biPCTaB20wabers4p can
erase an existing bit of value p withi3n d bits of that overwite data bit.
14. Apparatus as clained in claim13 wherein the overwite pattern
gene(®tay boundedsun 5L aradeviged vhle xenchdédigd tnputdateibd, bbitks..Of isval ue x at
the start of the coded input data (bo,_bl, b2, ...,) for an overwite

oper &8gagad py/a ryry off L evegwritedagaibifroftvalilerludnds a run of L overwite data bits

of RO YRyBhp Rl b oby 3 BRGS0 L ARglie O b Ovorri te data

Val'ue p where m

= CEbhddded as 8hdrddf 2oebrivhies d&@ﬁi&@o@ﬁ@til?& A bignethvali® il he)mis osuch t hat
(1) there is a bit of value p within bits of the end of the run, (2)

t hér salug pawlsire nof CERIGe 251 tanidrihein bity atgipositiohed indheyawi syah gt of t he run,

and for > each. of its;is. wthind bits of another of the m
bi ts.(é]géhef%?s ag%bgé@lhffsp ‘é’étgl(pl éﬁﬁse(()r]?t ?le%q %tist f 158" or cl ai m 14 wherein the

over ) tigr®atd §if bf SRSy ditdin 2d ¥ ) bits _oﬁﬂfeajagﬁﬁinfgwf teneadiqdlg a run of L bits
of value x at the end of the coded input data (b o, bl, b2, ...,) for an

over 3)tfer opdr eachf theyn bifs is withinid biss ebafiothgr ohthenbitsas a run of L overwite

data bits qf value p: if . d < L.< 2d, encoding the run a (L + 1)
overwr i tewgﬁfeén h]etp§&?:eorﬁ‘§(ih§f“isﬂ‘;(2?)fs alffang‘;dfblf PSS OGRS d%‘?atoélrérﬁgl Etg? Jegg by one
bi1h Qhrt¥RlMPwih R MR A4 KRIPNY, PST/ ) BRADY/ PR duchdBatiiritingan?d,

encoding the run as a run of (L + 1) overwite data bits consisting of a
run ogérviritedatahitiof #aldapxabierase ag exisdiehjt olovabusiwithisrd pigy ofdhatvarwiite3

term na ed by one bit of value p. 5 16. Apparatus as clainmed in any one of
cl ai H’Ea “to 15 including a decoder (8) for decoding data read fromthe
storage surface (4), the decoder (8) being arranged to recover the input
data by: if said value x equals said value p, performng the inverse of the
codi A¢. appgippethtusmsichremed hpﬁ@indlﬁ whetsingbp evertsite patlre BRSPS dat a (bo,

b b2, ... - agnd 10 i id.val ue e | I.d, val t aki ng the
e dmpr et s SiopdP a0t pLLET PLYRNAE o cRIHRLT BEH RIS e hen
perf @pdTbng,t.he fonvebs@waie bfteatiadiyng applied to the input data to generate
said coded I nput data (bo, bl, b2, ..., ). ) _
if L <d, encoding the run as a run of L overwrite data bits of value p; and
if L > d, encoding the run as a run of L overwrite data bits consisting of m bits of
value p and (L - m) bits of value p where m = CEILI[(L - d)/d] and the m bits are positioned
20 in the run such that
(1) there is a bit of value p within d bits of the end of the run,
(2) there is a bit of value p within d + 1 bits of the beginning of the run, and

(3) for m > 1, each of the m bits is within d bits of another of the m bits.

25 15.  Apparatus as claimed in claim 13 or claim 14 wherein the overwrite pattern generator
(7) is arranged for encoding a run of L bits of value X at the end of the coded input data
(bo,b1,bo, ...,) for an overwrite operation by:

if L < d, encoding the run as a run of L overwrite data bits of value p;
if d < L < 2d, encoding the run as a run of (L. + 1) overwrite data bits consisting of L

30 bits of value p terminated by one bit of value p; and



17. Apparatus as clained in any one of clains 13 to 16 wherein p = 1. 15
18. Apparatus as clained in any one of clains 13 to 17 wherein the probe
mechani srvO2po4/@esmri ses a plurality of individually-adecagBziobeo2ssnbes for
witing data on the storage surface I#4). 20 19. Apparatus as clained in
any one of clains 10 to 18 wherein x = 1. 20. Apparatus as clained in any

one of cl ai1s 2H0edRdik tHhRIMEIsR rfin of & +33 oveBPdfedatiSbisSconkBtiNEOf 4 funany one
of clainms 10 to 20 wherein the coder (6) is arranged 25 to code the input

dat a 0§ Ligiverwrite deiaduie ss¢ordinpite eongtitien (ehpiielaimil3 teteingisddy onapiitofyatug ( bo,
bl, b2, ...) ) are separated by at least d and at nost k bits of val ue x,
wheré k is a predeterm ned nunber > d. 22. Apparatus as clained in claim
21 wherein d = 2 and k = 10.

5 16.  Apparatus as claimed in any one of claims 13 to 15 including a decoder (8) for
decoding data read from the storage surface (4), the decoder (8) being arranged to recover the
input data by:

if said value x equals said value p, performing the inverse of the coding applied to the
input data to generate said coded input data (bg, b1,b2, ..., ); and
10 if said value X equals said value p, taking the complement of the data read from the
storage surface (4) and then performing the inverse of the coding applied to the input data to

generate said coded input data (bo, b1, b2, ..., ).

17.  Apparatus as claimed in any one of claims 13 to 16 wherein p = 1.

15
18.  Apparatus as claimed in any one of claims 13 to 17 wherein the probe mechanism (2)
comprises a plurality of individually-addressable probes for writing data on the storage
surface (4).

20 19.  Apparatus as claimed in any one of claims 10 to 18 wherein x = 1.
20.  Apparatus as claimed in any one of claims 10 to 19 wherein d = 2.
21. Apparatus as claimed in any one of claims 10 to 20 wherein the coder (6) is arranged

25 to code the input data such that successive bits of a value x in the coded input data
(bo,b1,ba,...,) are separated by at least d and at most k bits of value X, where k is a

predetermined number > d.

22.  Apparatus as claimed in claim 21 whereind =2 and k = 10.



