WD 2007/ 056106PCT/ US2006/ 042896 RECOVERI NG FROM A NON- VOLATI LE MEMORY

FAI LURE BACKGROUND [001] The invention generally relates to non-vol atile
menory. 5[002] Non-vol atile sem conductor nenories, such as flash nenories,
are attractjve for applications in which data is to be preserved in the
event of a NOHM®EYSt em shut down/ hi ber nation or power S206/042896,s . g
menory that is fornmed fromflash nenory devices may be used to store data
in a disk cache or a solid state disk. Al though a typical flash nenory has

a signifi cant | yRECO¥ERING FROM ATRONVO] A TIBE MEMORKY FAILERIEVi ce, 10

unli ke the magnetic storage device, the cells of the tlash nmenory typically
cannot be rewitten without first being erased. [3] As a nore
specific exanple, before a bit of data is stored in a conventional flash
menory cell, the cell is first eBﬁﬁEﬁHuNmNDhis erased state, the cell is
such as a logic "one" state, for

I ndi cative of articul ar | C,. St ,

example. In a @B& eﬁﬁé‘iﬁ‘fmﬂ}ﬂqﬁe erlly 15 é‘iﬁ‘%‘n"ql ﬁetwgm? ash nenory cell, if a
|l ogic gne is t tored.in the c t hen t he te of .the cell remains
unchanged. - Hovd¥d: Nesrvelatie Sriebbatereriosen aickas etk ereriee Ko/ |, then. t he
cell is phges p?&aﬁ&%ﬁﬂ%hkﬁﬁaﬁ@tbb&@re@eﬁﬁlﬁtﬂe%bﬁ o5 h Abiehal Bs}ateﬁu a
typical wite to a flash menory cell typically inyolves two nenory

oper at | onshutdown/hibernagign F’%\Eqvﬁﬁfaflﬁfee r'%g% aﬂ‘?@“’ﬁé iy forwed fromdlgshy second
operati Onmreﬁ’loﬁrr Rl hiEe dseWioGtord &tLinQf didkNBcHEFR sy idRtk disE R RBougR Ul ti pl e

operations, in turn, contribute to the overall time to wite to the flash
menory. BEpical fskurmen) fesa crnifiemtipimer resess time thaya megngtic storage gevice,

|| usggat ﬁxﬁ{ke%ezﬁa YRS %&%@%ﬁé &lls 5@@5&#&?}%‘5&%{]& afly ORRYGLEL 1 | ©

seni conduct or y accor ng to an e e 1 nvention.
[5] Fig. wnﬂmwthﬂ%ﬁ%tbhwﬁof a nenory system according to an enbodi nent

25 of the invention.
[003] As a more specific example, before a bit of data is stored in a conventional

flash memory cell, the cell is first erased. In this erased state, the cell is indicative of a
particular logic state, such as a logic "one" state, for example. In a subsequent write

15  operation to the flash memory cell, if a logic one is to be stored in the cell, then the state
of the cell remains unchanged. However, if a logic zero is to be stored in the cell, then the
cell is progfammed to change the cell to a zero logic state. Thus, a typical write to a flash
memory cell typically involves two memory operations: a first operation to erase the
memory cell; and a second operation to program the logic state of the memory cell. These

20  multiple operations, in furn, confribute to the overall time to write to the flash memory.

BRIEF DESCRIPTION OF THE DRAWING

[004] Fig. 1 is an illustration of a dynamic addressing scheme used with a non-

volatile semiconductor memory according to an embodiment of the invention.

[005] Fig. 2 is a block diagram of a memory system according to an embodiment

25  of the invention.

[006] Figs. 3A and 3B are depictions of volatile and non-volatile memory space
in accordance with embodiments of the present invention.



[6] Figs. 3A and 3B are depictions of volatile and non-volatile nenory
space in accordance with enbodi nents of the present invention. WO

2007/ 056106PC T/ US20061042896 [7] Figs. 4 is a flow di agram depi cting
a technique_used in connection with a wite operation to a non-volatile
seni conduct B0 WEPSFY6 according to different enbodi nent SCEUSERE428ent i on.
[8 Fig. 5is a flow diagramdepicting a technique used in connection with

a5 wite oper gghPukL aﬂﬁﬁ? '%}ani SR ARTME b INBIREMIAGRAI N to

di fferent enbodi antlsog t eﬁi‘% @ntdie%‘r:l. 9] Fig. 6 is an illustration
of an i nt ewritechiezation tedion-veiatile seriqopdustns memery ackerdingde didferenb- physi cal
translatiq wer failure according to an enbodi nent of the

i nventi one%%?%ﬁﬁﬁhhig%"&ﬁ?s a flow di agram depicting a technique to
reconstruct th i.cal.- | a- ' : 1 Qb Bl 8 ; ower
failure accord rqug%g%s%ﬁ%‘gw@&%%g%% nt is_on. ¢ n&%fd(')%%f Fig. 8is
a flowsdi agitaopedsioh td 4 wy-wiakikdsgmidoadusta peenery asaordingdmdifierenbdi nent . 15[ 0012]

Fig. 9 is a, fl.ow di agramdepicting a technique for updating the checkpoint
accor di nge?’Bo‘%}Wgn%ﬂﬂtg Pﬁ%ngnto.g' [0013] Fig. 10 is a flow diagramfor start up

according to o odi.en 4 i . | ' | the Fig. 10
fl ow di agram [b%Qf@g%‘z%lg*tpa& %Lf%igtlersn}eél ltqst(a)@ﬁﬁ i %E&%ﬁggﬁ&g{omut er
syst em ac tayichl-Rgptysical traidatienitabil afens pofertiibre svoerding doan G@abodindEDoDESCRI PTI ON

the invention.

10 [0010] Fig. 7 is a flow diagram depicting a technique to reconstruct the logical-to-
physical translation table after a power failure according to an embodiment of the

invention.

[0011] Fig. 8 is a flow diagram depicting steady state operation of one
embodiment.

15 [0012] Fig. 9 is a flow diagram depicting a technique for updating the checkpoint

according to one embodiment.
J0013] Fig. 10 is a flow diagram for start up according to one embodiment.
[0014] Fig. 11 is a continuation of the Fig. 10 flow diagram.

{0015] Fig. 12 is a block diagram of a computer system according to an
20 embodiment of the invention.

DETAILED DESCRIPTION

{0016] In accordance with some embodiments, dynamic addressing is used in
connection with a non-volatile semiconductor memory for purposes of reducing the write
latency of the memory. More specifically, in accordance with some embodiments, the

25 non-volatile memory is, from a software standpoint, addressed using logical addresses.
From the standpoint of the physical read and write operations that are performed with the
memory, the dynamic addressing translates, or maps, the logical addresses to physical
addresses of the memory. The dynamic addressing continually changes the mapping
between the logical and physical addresses to ensure that a logical write operation causes



[0016] In accordance wth some enbodi nents, dynam c addressing is used in
connection with a non-volatile sem conductor nenory for purposes of
reducing the wite latency of the menmory. Mre specifically, in accordance
with sone e%g%b_go%g@g the 25 non-volatile nenory is, froma software

st andpoi nt , usi ng | ogi cal addresses. From t hdI{EAYPBIBE of the
physical read and wite operations that are performed with the nenory, the

dynami ¢ a‘&ﬁ%@ﬁéﬂ&e&ﬁ@@ﬁﬂeﬁh@sﬁmﬂﬁ%@&o d@@eatlamf&@dt R PRRRSs)LPaRNYSI cal
addresses of the nenory. dynam ¢ addr essi ng conP| nual |y changes t he

mappi ng bepmeehulemmqsguw W}ﬁm@éﬂesmamwm operatifneoreduges a | ogi cal
write operaliMhoEANsESTYR CO0ARIIRIPEETLIEARAAAAAY B, 1 O be stored
at a eren ySIC

in a previ ou erased [ocation al address) of
t he non- vcab@ssels to mnarvwiatile Memery (mettmmehamhdatawroéttmngal lecatiogiandithewr i t e

oper at i.on re?%ﬁ%%tl?ed%&a”@h%n@& r%é%ﬂp%ljmaflo%eﬁm be conpared to

conven |ona ressi ng ccesses 10 non-volatile nenDry (one

to erase/i nvaI Mtopee edgp 9& cﬁ'ﬁ'glt$? a{ |1|9 cco:%%e&{]@&?xy%t her to wite the

data at the ne -era tlon Mor e
speci fi calehgapdmﬁte;adyngaﬁc@d&egmgspham ranps thegbysital hddssses ofabadi ment s, a

Gy o SOHLgR s R A S R L SRR 2 e @

repr esent Shdlhﬁssigﬁﬁﬁﬁﬁ)gfbethdﬁhms whéseaehdmeﬁammohoaﬂs msmeedamdeaﬂpmmry cells
are er are re to 10 be r anme re dy t e

Sei orla By pigtma hd ds e R D TS 1o Rrtea §ess B Tur R La

addr esses réﬁi’&%ntél Eysﬁs%ﬁﬁdte@ée@ﬂmav\ﬂré &sq_ﬁﬂ&[ Mt%ﬁieinsfytd&ﬂéthﬁttsﬁfr@vﬂﬂdaﬁhdatﬁ and |
are assign gi.c sses e use 00 repr t he physica
addr esses a?ﬂ%rﬁaw&nperféewg‘@é&asseamhauerétpav rsprﬁ%fniséhfgt@w %?ieé%sa?sed Wi th

| ogi cal  agigh RS RSeraffle MR dafl Q@n@foﬁ%&%so&%dﬂ‘im% adiedscRanese®f the used
pool 40 are re%gouped into the poo en bl ock erase operations

are used beewpssdhe shysicglaideesiss atike uied ageld0 arzsegreneadinte fhediankipgel cal
addr egges g Wheﬁ ﬁm&@&%& dpPRtiodsa REPRIerRE Befighdus TRIcRs (hdeds FofBlambltpn €rasi ng

the physical addresses One at a tine in response to each logical "wite

oper at i on of phtydicalddiixessgha i iy notedibatiipmbloel csase IlSeImPFé giicieny ﬂ?«ﬂbﬁ% e NAND f | ash

menory, f As a nore
specific gﬁ ﬁ@k%%esgggﬁmégeyﬂ?%%%ggq ﬁélgg{es i 0%(% % associated wth
a set of aﬁhmryllly:,ehft son-wilatiememyry (sich 85 DNANSY flash semory, folesanile eynory may
transiti or(}nlbet t %asg%ank 20, valid 30 and used 40 pools in the

fol |l owi ng mgﬁ’ ral'ly, such as at startup of the systemthat

he. pRys: cal t@ﬁlﬁ bt e e Lk ey

virtue of (dsmcm@pdlmﬂimsetbfmmiorpodls @Gnendre lqoatjom) oﬁhemmdv@&!tﬂemdmow avai |l abl e

o o par o Papsiforchelfen itk 20 B S AP IREFS mok e AN aE oG 0 o he

| ogi cal aBidtiflssueh af fatariup of e bydtehsthaitinjogubrads théwonplo)ilcemicdducess 14; and
t he physical addr 14 then becone rt t he val i ool .30, Anot her
writo Yo FREOBteREEeiig eSS D Al 12 belmisus BebliR e Aot

25  other words, by virtue of being in the blank pool 20, the physical address 14 is available

for assignment to a particular logical address. Thus, when data is writien to a particular
logical address, the physical address 14 is assigned to the logical address so that the data is
stored at the physical address 14; and the physical address 14 then becomes part of the
valid pool 30. Another write to the physical address 14, however, cannot occur without

30 the memory cells that are associated with the physical address 14 being erased. Therefore,
when the next write occurs to the same logical address, another physical address is

assigned to the logical address, and the memory content that is associated with the

3




30 the menory cells that are associated with the physical address 14 being
erased. Therefore, when the next wite occurs to the sanme | ogical address,
anot her physical address is assigned to the |ogical address, and the nenory

content th iated with the physical address ones _invalid,
or "used, agvgzta?] ﬁ‘iclsmal address 14 becones part of ?Pﬁ:gﬂﬁg‘ggo%& 40.
[ 0019] The menory cells associated with the phyS| cal address 14 are not

necessari piydidilEddeaé B bectiasi@thidPO T uAC AR tHRG LY éié‘a@dddred@llﬂbéo%hﬁ@?artéﬁese
menory ce Is are 5 erased in a block erase operation. At this t he

physi cal 3001%7 once agai n becones part of the blank pool 20 and nay be

assi gned to anot her | ogi cal address. 55020% ferrl ng to Fig. 2, in
accor dance wi t WOYnkhearmeay srlls essogipted pith T Ad ﬁ{?r”g?tsystem 50 uses

the aboveydQsGriiyiRfhedikit driscd dpd, ﬁ%ﬁéﬁﬁé%&”&t%é}”%e@ﬂeﬁ&yﬁﬁﬁ% n

connection wth a non-vol ati| e sem conductor nass storage nenory 54 (herein

10 cal ﬁedetanellﬂﬁ@mc%ﬂaqueenﬁenéﬂywm the phvsicabaddgess i4hepcenstinry. The

non- vol at 159{5 ells 55 that
are addr e?seg{wgﬁl tﬁﬁ'i/sl ca@lﬁﬁﬁg’éﬁ%% h accorg%ﬁicgm%ﬁ*ssgrre enbodi nment s
of the 'nvent'@@ q{e?aﬂﬁgfalﬂlgrz %cSHrdén@@wﬁF Jerioated tRALIQEGE dynam c

addr essi ng by ert|n bet Weén ogi cal and physical address spaces Mor e
speci ficak |n;emor>nsya@m&0dla¢sdhe ioverdesoneedaiyharnic addvessingfscheme 10%0d maeht i on, the

controlle m ¢ random
access rne%st)erﬁgn %Wﬂk@ﬂaﬁnﬁmﬁﬁ e%[ﬂ?gn@g Ts%%&%g 5 ore(lgigI a

| ogi cab- toqjlcylshed'abn-wlasﬂs n@miognS4" p lshah a8 2 ﬂ@#henemryc’a‘ht# m-*@laﬂlQﬁemmbl e"),

whi ch t he ontroIIer 5 ses if or UL t j;cal addresses
1o the phitrunin el SR Spa imdi FaRSS gl TRRRLEMIMEER ST 11
changes, addiessésusn adchrdamevithcboine embadiments bﬁhainhrgnuoppkadsmollé!ézbﬂaezo tabl e
62 to track the re of, each | cal address.to different physical
addr esses MmOy SYFB‘B”%@?‘“%@“EF‘%’B%& ‘ﬁ%@’&g %J%O?PIV be?”ﬁela%glg?l(ﬁ ce with sone
enbodi menpBysicalwidiesd shtes e MERSEeyifiCdlly Sth@btdancd Wit sonposmhbodiine o et hat

i ndi cates.which f the hysi cal ddre s of th 54 are ncl uded in
t he bl? nk IygRjfonothe 1&‘ s qaupl earﬁ%vo %H‘e{’lﬂ’g@oﬁ{cgg?gg’m%ﬁag ¥ perform

awite OB&E@tm@ﬁbr_? gamAM)pradamaﬂd ﬁﬁ@&omﬁibﬁ;eﬁe@ta@tdresra ﬁ%wa]'—t@- 25 general,

sel ects an avail abl e physical address fromthe bl ank abl e 66, updates

the L2P t Bysicabimnslationdable 62 therainsealiedp "l dalde’s, Wlacmhece@wélet PPspHPsi cal

address, o€ bf ﬁéﬂﬁﬁngttﬁ@logféﬁlra%%%@ﬂo% MiykitA 2806480 ARk hmbg4non-vol atile
menory 54 at the selected gh ysi cal address.
Th15 mapping continually changes, and thus, the controller 52 continually updates the L2P

20  table 62 to track the remapping of each logical address to different physical addresses.

[0021] As also depicted in Fig. 2, in accordance with some embodiments, the
volatile memory 60 stores a blank pool table 66 that indicates which of the physical
addresses of the memory 54 are included in the blank pool 20 (see Fig. 1). Thus, when the
controller 52 is to perform a write operation to a logical address, the controller 52, in

25  general, selects an available physical address from the blank pool table 66, updates the
L2P tabie 62 to remap the logical address to the selected physical address, and performs
the corresponding write operation to the non-volatile memory 54 at the selected physical
address.

[0022] The volatile memory 60 may also store metadaia 68 that contains (among
30  other possible information) information regarding the consumption state of the memory

content that is stored at each physical address. In accordance with some embodiments of



[0022] The volatile nenory 60 may al so store netadata 68 that contains
(anmong 30 other possible information) information regarding the consunption
state of the nmenory content that is stored at each physical address. In
accordance with sonme enbodi nents of the invention, for each addressable

| ocati on of woleeomeesies/ol atil e nenory 54, the netadata 6&CIrAEI86N4%5\Whet her
the data content that is stored in the location is used, valid or blank. In

addition to the blank poo] ta 60, t abl 2_and adata 68, the
vol ati| e meaipyejtign f c%%déﬁsagicgbqaﬁ?ﬁ ﬁ!’lﬁget ’?‘15‘6%"?@%”“?%03%?’(;%%%% ér accessibl e
medi um 70 ¢& h}ﬁ{;]oatéwﬂeﬁertﬁéw&&%m BAUS Siofel & 16 Rickidnl ietiseB2valid opbledior m one or
more of the physical wite, address trftn | at.ion an(%{@i{h?rgla{ﬂ%covery
t echni quedn addiitonde thechlapkipgeldeple 6, L2 table 62 and e mmgta ¢ §%8 ar i ze, the
control ler h bRtrSBRORY M 2 8OmpsteSicodstivienhadivimT0 that, t hat i s

T B e 2 dor So MabpLL

i ndi cative physi cal address mapping and indicative of the
st at es 50f vitier cxaduiedseuisithe qontieliey 57 tnsripmm anegt Mose O BAPISICA WS nenory 54.

[y be 400N AASR SR SLAGS SR ALRRRed e volati Lo merory

60, as co 0 a nonvo nory (such as the nmenory 54), due to the

rel atively asiqpsPRRESS sl i bifiolel HliskALSRIRIY nbflondidisBiofde. hi gh

nunber of acce to mai ntal n this information. The _v%l ati l?

i nf or mat i difotrmstioh éhas tsandichtiveofthnlogislae-physicrbedsiress mepniagend adpatve gl ¢

shut down, hi bernat.e uspen L{dMile Mbhery 5aNG mfe0r ed

t her ef romdé?fh"“t%?"it%li %&tbds%iaﬁ %ﬁe%@gﬁ‘iﬁ?@?ﬁ%_ However ,e In cg};gneral , a potenti al
chal | efige adhinfagbfisso storhsnéioinformation rathe whlgtile mieromn 60, encarmgrediti 28f%r ed in t he

volatile nmemory 60 is lost,.in the n -aJ ; ower
failure orvo&“m?m%%m%WVOQngﬁé ?8{.18 %fatf“ﬁ%}ﬁgaﬁ%ﬁ%?%?% i C B‘gtgg up of the
contents Gllatitanatirits0, gveiiehetigh Gabenyf doecspendesd to maitaib thisinfopsaticgly be

I nsufficient, by thense|]ves, tor ove[‘ﬁ‘w@ Iosa IP{(/\%; VRl Qn,  Therefore,
upon r ecovieyoltlsintormatiop gay b ét,"regﬁ%m@o T PEPO 3 e T d

-

je “linawar e of the
| ogi cal - t uplywh Gferd e Rispéhdatde: golver depsatorpicl, and mstated shepéfranhen var i ous
addressabl e nenory | ocations of the volatile gelmf'}?rﬁ/ 54 ﬁ]?ﬁ%sttgéﬁ' u%/oul d be
unabl el o subwawest FeheatreMme; HPWFYRRE 8RoTah FPOfRRA SOG B TV < UOI AT i | e
menory 60.i 00241/l dhaR6EARAFR6RI M th vaNTE nembndsY e kssin thdwentafiar ol | er 52
performs a single 25 (instead of two, for exangl e) Wrtﬁl‘ie}‘ Eer. ion to the
non- vol at i feiuregsnely as apowebiailpre opefpato the MEROY TR Phn gﬁ FH9° recovery of
the infor ' ' | be hads kiREEbhckaps ey b2P tabl e 62
%Enk.ﬂgggﬁggghﬁ@s %fg& o A0 B0 la be b pé fgy

and the blan for exanpl at is stored in the volatile
menory 60 iadufficiers, Hyahémselyes, towscayshthe dist isformation, Fhexefore, PIAPISOXFTY fioF o

ope! a3 2 S %,r‘itgenc?on%r%ﬁé{%@%uld’ﬁe%%é Bfthe Rafl-RSpL9sitdl MBpsihaERi @E Sequence

nunber, '
consumption states of the various addressable memory locations of the volatile memory 54

and thus, would be unable to reconstruct the information that was stored in the volatile
memory 60.

[0024] In accordance with some embodiments, the controller 52 performs a single

25  (instead of two, for example) write operation to the non-volatile memory 54 for a logical
write operatibn. To permit recovery of the information (such as the information that is
stored in the L2P table 62 and the blank pool table 66, for example) that is stored in the
volatile memory 60 after a failure, the controlier 52, in each physical write operation,
stores a sequence information, such as a time stamp or sequence number, in the non-

30  volatile memory 54. More specifically, in accordance with some embodiments of the
invention, the controller 52 generates a global sequence number for each write operation
to the non-volatile memory 54. The controller 52 increments the global sequence number

5



30 volatile nenory 54. More specifically, in accordance with sone

enbodi nents of the invention, the controller 52 generates a gl obal sequence
nunber for each wite operation to the non-volatile nmenory 54. The
controller 52 increnents the global sequence nunber for each wite
operation s&XNE¢MNe sequence number has an increasi ngTASHEALES exanpl e)
for the wite operations. As described bel ow, the sequence nunbers are used
by the CO%{&kﬂ%ﬁteF%eaa&ﬂo t%*hﬁﬁcéﬁnﬁb@?&ﬁ%ﬁfﬂé&ﬁsﬁ%‘@aiﬁé@ﬁl ine of prior
write operations (oCcurring before the failure) to determ ne which

addr essablesamplelor e wrigs opetationso rAsisEaibpd hﬂlw,manmn@mhwearweﬂ &Ydata (and

th | 0025

Fi ;ar e%i‘ﬁ%&ﬁ-ﬁ%@éﬁgﬂ% ‘Q%ﬂh@@g; r%@%#%ﬁ&g?ﬁn?%% Y, at%%ﬁory 6([). Vo} atile
menory 60 (beveiringdsfore tHe faduteproyde®Tmingtwhich aiddreisellelvcativas phige verl-valgilphysi cal
transl gﬁ | Oemi P 5P 6% AP LAALE agsg sgh%%&.l tolBoBY WSk ila dafafiNS! At 1 0N

tabl e espo resses suc

| ogical addr espgnsfidue 3 L st &eﬂgftﬂgvaﬁmé in%ﬂorf&ﬂ o

[ 0026] The net rov e correspondence “bet ween phyS| cal
addr esses mdntigy 6@inchdetractizetory Hadvtﬁdhanaiuﬂestheﬁdgmaht@tarswal theslationused, vali d,

or free, a | as Lnf or I on. The, vol at i | &, TENDI Y 60 al so

i ncl udes 53%%?4%#@%%{;%%“8%&’6%%?*%% 28' laﬂ %glctpﬁowa fidi cat es which of
t wo non- vebaéspbtiefit Batwees lopicathddiasds patnisdogidhl addrddbesiOs2,and thent |y valid. A
checkp int store FQ é}on vol atile nenory 54, the directory 77a and

met adé a 6’8“%19?0?‘1?[%35/91’895 fAdeSSSS- cortain time frane. The bl ank pool table 66
|ncludesaI|s e activ | ocati,ons, .ca d the active free
list 66a, that 0[92@ %ﬁ?%?&%ﬁ%fﬁrﬁﬁ%ﬁtﬁéwoﬂgﬁl °F Ry ?Pa‘g’é”ﬁ%en er ased.

Al 'so proviad@dsses fogial dddfekseh,id tHeaBlisupPeibn §tath) te itied, IvShd?.oﬂﬁees agWwtlar i st of
the free locations to be accessed next, | abel ed next free |ist 66b, in

Figure 3A2s piherigfoEmgtionn ynper is stored in the vol atlle menory 60 in the

regi ster 69. A_seguence nber pr oy d for eac nsaction a
consecutive fa@@?ﬁn elvﬁl"ﬂ?g %Qﬂr’@ g‘gesé%?md’? F‘?ﬁ%erg?ored in a
storage 7@hamaicafs KRRE Yt 8 dof-volkklcARsHnd: vafdd@h@k@m@q«am}ﬁcm&mﬁlpe present

i nvention. 25[0028] Referring to Fi ure 3B, the ngn-volatile nenory 54
i ncl udes vRkd. 24 chpgkpoint stores, in the non-volatile memory 54, the directory 77a and metadata

68 as they exist at a certain time frame. The blank pool table 66 includes a list of the

active free memory locations, called the active free list 66a, that are available for active
use since they have been erased. Also provided, as part of the blank pool table 66, is a
20  similar list of the free locations fo be accessed next, labeled next free list 66b, in Figure
3A. A sequence number is stored in the volatile memory 60 in the register 65. A
sequence number is provided for each transaction in a consecutive fashion. In some
embodiments, a set of instructions stored in a storage 70 may be executed to implement

various embodiments of the present invention.

25 [0028] Referring to Figure 3B, the non-volatile memory 54 includes the actual
checkpoint data set storage locations 75a and 75b. As mentioned previously, the volatile
memory 60 indicates which of those checkpoints, either A or B, is valid in register 71.
Each checkpoint stores the directory 77a and the active free list 66a for a given checkpoint
as it existed in volatile memory at a certain point in time. A current valid checkpoint

30 indicator is also stored in the non-volatile memory in the register 71 and a flag is stored at

79, indicating whether or not a system shutdown was “clean” or, instead, was the result of



checkpoi nt data set storage |ocations 75a and 75b. As nentioned previously,
the volatile nmenory 60 indicates which of those checkpoints, either A or B,
is valid in register 71. Each checkpoint stores the directory 77a and the
active free |list 66a for a given checkpoint as it existed in volatile
menory at awW@aP’@Fd%point in time. A current valid che®kBISHO/BBYndi cat or
Is also stored in the non-volatile nenory in the register 71 and a flag S

net oad. B dg el oS binth SRR i B BB AT Bt BT

Final ly, galudesidnibmetadatpinyladiogihelsemabdeanmber. sectors i s provi ded. Each
page may include atom c netadata including the sequence nunber. [ 0029]
The two checkp[(l)'(ml] Tiﬁttﬁoslm‘clqmmdageetlsmﬂmﬁonigéaa:cdd?Slwbutei@rmem copi es of

t he direct /7a a f.r t 66 r r ch ar eas,
so that wh g“?ﬁt%%‘i‘?% %’fé@gg NG ra‘glegeoagesr%a |on efore t he
wite goeg Ee\:haﬁing&rmmmoﬁaw eva3b bpbrationdlefopd the wrilddves adtessse theeakypoi nt i s
preserved

l e the older checkpoint is era e.i.nformati on about
o of C¥HEl chesppio CRISA SaacIATa i Rresee ed STIe thercliet Hhso Ryt Se: | o
checkpoi mménoaﬁtm@ﬂna%l% laBout hﬁmﬂ@fﬁb i ScHEEKPRInts 8 Qaldd i sfofed imthe-cu@émt i | e
menory 54. For exanpl e, the use of two checkpoints |s a antrgﬁ us in case

a fail ur evalidaeekpamt losatiog 7 infthe velatils memor fland the non-vola sequence
nunbers agg ?ﬁ:tuleoifhe AeUFiko BREIBRG:Pis bihahtaBB0s Hﬁ‘ca‘s@@faﬁﬁi&'&bﬁﬁs WHievery wite
to the non-vo l'e menory duri'ng run tine. Therefore, the directory 77 can
be red®nsupdatingelcheckpriided, by just reading all the metadata in the array

and by under st andi E&lthe sequence of writes, Sequence nunbers are used, but
checkpoi nt 15 96} e@mwnamb@&mmyﬁaﬁerowwwt%éenst are made in

addit| on, ; AEeRRAIGY chdy botfe th B HBh GRRIISSEIY Bthe}h find. THAGORNEKPOI Nt
copies serve as a starting point for the recovery and the active free |ist
shows evedigeqay @7 cirale heopsthistsd ifnsedad: bjalluﬁtyewfi&aﬂléhﬁ wetadata IRk ¥M¥ckpoi nt was
| ast upda whRka Bher s

associ at e%“&yt'ﬁlr&%%&hgtheg%xﬁ%g?act [ vgé#ur ee | g%@ﬁrgiga#ga%geﬁspect ed to

r econgs r ucdpi®f deniidectbn apdthﬂ:acmerfmctlﬁirqreméamhédlﬁomecc@rdm&'@ thenory, or even

the entir ank .poa abl.e recovery is
faster. %’Ff’)’@ﬁ‘éeﬁﬂgé’ L?‘% ST ﬁn r‘fl(%gln B{GE%Q"?(% ngi{ t(r%ergh st 66b since
by defi ni tdcoveri hebike hawaticols sﬁmevergqaagaethart haswngotnnteﬁly hlmtﬂeasmce: heckpoi nt

opdate. | Ao E R Saa® ThEERR, S5 AR R adiiBlhd KGuldcf bl ST nks

associated with the page and the active free list need to be inspected to reconstruct

20 completely the directory. Neither the entire memory, or even the entire blank pool table
66, need be read, and, therefore, recovery is faster. For example, there is no need to check
the next free list 66b since by definition these locations have not been used since the last

checkpoint update.

[0031] Checkpoints are taken whenever the active free list shrinks below a
25  threshold of free locations available for use. The time between checkpoints, how much
memory must be read to recover, and, therefore, how long it takes to recover is a function
of how many entries are in the active free list and what the threshold is set to. The
threshold shoutd not be too low as time is taken to create a new checkpoint. If the active
free list 66a is empty, further operation of the device may need to wait until the new
30 checkpoint is complete.




25 threshold of free locations available for use. The tinme between

checkpoi nts, how nuch nenory nust be read to recover, and, therefore, how
long it takes to recover is a function of how nany entries are in the
active free _|list and what the threshold is set to. The threshold shoul d not

be too | ow YO P¥WEPE t aken to create a new checkpoi nt PCTfUSR0RE042896; ve free
list 66a is enpty, further operation of the device nay need to wait until

the new 30 chegjepg 'K@fe&ﬁgfb‘?@'4fe£1 ort §%lth§§if1@&ﬁl§d&ﬂﬁéu‘ﬂs&'t&m tibsf]

accordance with sone enbodi nen e i nvention e controller 52
perforns &hetcontellenb2pgoringa teghm@ﬁﬂomcmwmagﬁhdwcal\onmmpm i ons.

P

i or ent PO 4 E WabE 7%3%3%@%328{%5%4@&153% PR REREL, (P o
wite opemtnombcatfﬁhm a Ibgwal address ﬁtr dififarens wiidqpepertipomn Thus, doqrefiist wute ar

091 o2l 2R RGP IR i, ) Rl oo R B o2

t he no
| ogi cal adfithe asn-vblatie emioryaid; emd ﬁﬁthume;ttamté q:emtmnd:oﬁhﬁmglw% amchbssaﬂdr ess of

t he non- volatlle 54, Puysuant.to t t echnique 74 controller 52
o oo™ beumioses? Gaes b caond Aheral Silrs: i AT Berdey st ysi cal
nenmory | oesthe GEnitutatd, 8 obd@llens2 syorés (8iocia 7S sbiirndeafinbpR)ad mglcano menory

| ocati on that was assigned to the |ogjcal _address, above, the
sequence AYEEFST iy Hi?"iwaiﬁ’@m%ﬂ?‘fa&? tgollqcvely fgicpiy ﬂ?ﬂé“lp ¥ tion in the

vol atijhe %%Wlo@ﬁnoﬁftﬁaﬁvaéﬁﬁgﬂh@%fhre%ﬁﬁl QJdre%sfﬁt bisduBsed above, h@033] Referring
to Fig. 5, the controller 52 (see Fi erforma techpi que 150 in

response ﬁ?ﬂ“@ﬁqe%%%mtt@%@?lﬁﬁ%??mwtﬁ) gEpticgrin the ot i on targets
a | ogi cal yulp AN 85 me BekulBrleoRb ginpat a to be stored at the |ogical

address. Pursuant to the technique 150, the controller 52 obtains a

physi cal addr e@ﬁﬁ %férﬁﬁgﬂo%ﬁ Bape BSHRSSS2 (§éégd(;gr gg:snﬁ%/ petfdrRiG dMBiguegi cal

address to | ook up the partlcuiar physi cal _a romthe L2P table 62

(see Fi g li)mr@@pow@m@mahwtbpmwsiheins@ahwpmm@ﬂ%e‘@ﬁéw@ét er m nes
(di amy %éiﬂéss\a@@mﬁamg &% B1Y %&ﬁ'a&%g‘i’c{ s¥ B rrant iR téc'ﬁm&'dét e often
a thou hysi cal

t he case normal operation a particular ' addr ess
may be asi¥b ﬂwtoeu&wqmobtaniﬁmcﬁedﬂwaffmﬂw kaglcal agldrept @oh ag py ofing he nmenory

system 50th(e§§g§ca'ﬂ&kesg )co' ook up the particular physical address from the L2P table 62 (see
Fig. 2), as depicted in block 152. The controlier 52 then determines (diamond 154)
whether the physical address is valid. This is quite often the case during normal operation,
20 although a particular physical address may be associated with the blank pool after initial
power up of the memory system 50 (see Fig. 2).

[0034] If the controller 52 determines (diamond 154) that the current physical
address is valid, the controller 52 marks (block 158) the current physical address as invalid
in the L2P table 62. Thus, if the current physical address currently stores valid data,

25  pursuant to the dynamic addressing scheme discussed herein, another physical address is
used (as described further below) to store the data that is the subject of the current logical
write operation. Next, the controller 52 updates (block 162) the volatile metadata 68 to
indicate that the content data 82 (see Figs. 2 and 4) at the current physical address.

[0035] Either after block 162 or after determining (diamond 154) that the current
30 physical address is invalid, the controller 52 retrieves (block 174) the next physical
address from the blank pool 20 (to replace the current physical address) and increments

{block 178) a sequence counter. It is assumed for the embodiment discussed in connection

8




[0034] If the controller 52 determ nes (dianond 154) that the current
physi cal address is valid, the controller 52 marks (block 158) the current
physi cal address as invalid in the L2P table 62. Thus, if the current

physi cal address currently stores valid data, 25 pursuant to the dynam c
addr essi ng ¥ORME#0&cussed herein, another physical ad§TES06RI2P6ed (as
described further below) to store the data that is the subject of the

current | QmGAb st S1RRE:HdnOloublEX usda HoGRNE! Rl diBhusaatdidla! o5 (b) OCK

162) the vo e neta torndicate t e content data 82 (see

Fi gs. 2 amepadiye latal sétmenercounier neybsiusal forsidh bgival {d0GSSE In #cordance afither bl ock
162 or after determni di anmnd 154) that the current 30 physical address
is invali S&Gfﬁgboﬁgﬁ?qso%ém@ur%t rieves (block 174) the next physi cal

A e emom BRI soBESler SPnbh Rl BIAR sbIVRe ST i OB @idh!c ©5°)

and i ncrenents a“'séquence counter. IS assune or the
enbodi gentncllidesiis seplence namberant logival adGre2s) Gythe 564 Phf(cal ad8RBO6/ 042896 wit h

Fig. 5 that,a glgb seguen counter i e r. as _discussed above,
a separ at g“"s&@'gqnﬁg’?ﬂfu@ﬁggﬁ?fﬁg W%lfesr@ﬁckoéztﬁ%g‘z? W@?ﬁtﬂ hfagg‘?r%‘fﬁ?gn aﬁlér ess, in
accor danc gewiphfxidal iiFeseibeliogRaltaddess. t he i nvention. [0036] The controller
52 then wites (block 180) the content and netadata (which 5 includes the

seguence nubefooaTIdEdr paipesds oftdsmBsdting thetl2R talda6 dfies b dlureathdr ess.
Subsequently, the controller 5 at es | oc 2) .the L2P tab 62 to
map, or aSSitEpler 3AHsesAiRmpATS) 8 P@@ﬁ?‘é’?g a&'?’ﬁ‘é°]a?’8%j’|t8g1”m§%§rd%g‘§%£[0037] For
pur posgs & riges orHRitinIe | 90 eiclhdk N-&8 th®bfriés? 92 {dniiesq 9221924 €,192e control | er

52 uses a tenporary tahle 190, an exenpl ary enbodi nment, of ich. is depicted
10i n Fi g. depictyas axamples); eash phwhighsasseeip “?fbmpéfﬂéﬁlﬁlf\%&'gg‘fégéfseﬁﬁlﬁ’es 1921,

1922, .. . }%ntroller 52 may use a logical address pointer 197 for purposes of looking up a
particular entry 192. In accordance with some embodiments of the invention, each entry
192 includes a field 194 that indicates a physical address for the logical address and a field

15 196 that indicates the last (and largest) sequence number that has been found so far.

Therefore, the controller 52 updates the eniries 192 as the controller 52 scans through the
non-volatile memory 54 (after a failure) so that at the end of the scan, each entry 192
indicates the most recently used physical address for each logical address (i.e., the
physical address having the highest sequence number).

20 [0038] As a more specific example of the use of the table 190, in accordance with
some embodiments of the invention, the controller 52 generally perforins a technique 200
that is depicted in Fig. 7. Pursuant to the technique 200, the controller 52 initializes (202)
the table 190. For example, this initialization may include storing values (such asa "-1,"
for example) in each entry 192 (of the table 190) that do not correspond to a physical

25  address or last sequence number, to indicate the initialized status of the entry 192. The
controller 52 nexf reads (block 204) metadata from the next physical address of the non-
volatile memory 54. If the metadata indicates that memory content is invalid (diamond
206), then the coniroller 52 determines (diamond 208) whether there is another physical
address to process and if so, returns to block 204. Blank pool and used pool

30  reconstruction may be done in the same pass, in accordance with some embodiments of

the invention.



depicted as exanples), each of which is associated with a particul ar

| ogi cal address. Thus, the controller 52 may use a | ogi cal address pointer
197 for purposes of |ooking up a particular entry 192. In accordance with
sonme enbodi nents of the invention, each entry 192 includes a field 194 that
i ndi cates a"BrHYY%UP® address for the |ogical address aRGTHSIPENMP%s 196
that indicates the |last (and | argest) sequence nunber that has been found

far. Theref ' ' i
so far er ef pugao] 1ine: &mﬂr&ﬁi BéterPindd lf(’dﬁhiﬁﬁl zobymsfl&% 2&1?%%8%3 ﬁsvag&‘e

controller 52 scans_through the non-volatile nenor ter a tfailure) so

that at t Heendhgcosiroles2 setmeves Gledk 24A) th lestoequenes mmbss entiydramthe tablscent | y
used_phy ST gpliordBitiaaicisk RipicaPiirdsOf @gsg?% %Wt sich Ml ! address

havi ng the hi ghest sequernce nunbe 0[ 00 re specific’exanpl e of
the use ofantivdscationpethisdegical sddsese isrsthaertia thei rémarp insatorbddharentwlatie t he

i nvent ion, I [ . {0, hni 00.that is
dop ct S jradriy SRR coftbolREsPERGh e (B0 Wi bl it i "3
i nitializeslid d@2}hetchutrdllahfZ2det@MineF tat thx sequéree ntunber is mottheahitizlideion may

i nclude stofi val yes u s a"4." faor | e), in _each entry 192 (of
the tabl e vf@‘ﬁ? %eﬁ%e%g%t&n%f %%e?e%%ﬁddm?%ﬁ& lﬁ@%eéﬁeﬂnﬁﬁdmgceor | ast
sequence mumberis the targestiieqadnec ikmber fir thedbgizat dddiésatsol farOff riof) ghe@Rbrityo] 192. The
ddr cas. ofBE RHHBIAOr OUsBrSh et DR ca podiet RAAC e lopcabedoshar memory
cont env i gadindiedtédho(fali if (HRREan} B8)beed [v0ited, BRd €0 BtRIIELS2 Reltcd@IRK TDMES

(di anond 208) whether there is anot her physical address to_process and if

so, ret ur (e egdge pt heprevigpsphysisy godrgssdo tndisgte ford thexorrpspending santent on nay be

done in t g $PiBedd@8hs 'damﬁcmrcda@a&rm'ﬁﬂaa&@gﬁro&rﬁa%aﬁa%mf ankil86
i nvention. 003 ]1 I'f the controller 52 determ nes (di anmond 206)

that the E6AFiENE) effeciable 190 for the comesnonding logipal pddipssr Ooptreldhanipsecseds( bl ock
210) the kPEbmSRIBIRNE FhidH MRonisHer 52 aét&mli&b%héﬁal ﬁoaﬁgppﬂggeaﬂah&e@%“ cul ar
at p al a

| ogi cal address that is associated with t ysi c ress. Thus, an
i ndi cafi ofp bsrprogessed] Haob dien dhtchonseller 52 basspwileted thersamrand the tableck@0i on of t he

non-vol at hmeén@@gza&arg%ﬁmhéwa@gtdﬁog%@'eh es P9 (GLALTE BRSicgTond 214)

that the sequence nunber Is va , e co m nes t hat
t he sequenenstintayitherredonstrugted LAR tabhe 6. Alhiug, dulaccatdeede, withhsome telmbodimeatts ol | er 52

determ ne k gg@ﬂ rent,oge nce. nu i.s the | argest
sequence %ﬂéﬁger o(ra’ %%ggﬁtégg%%ﬁﬁaa}a%rﬁ%éy es%&flgg . %gc%ng%@o?lﬁgﬁeé%aﬁtt?ol
ret urns t cecdnstnretribe R2Bablebher wi se, the | ast physical address used for the

| ogi cal address 10 (as indicated so far in the scan) has been | ocated, and
t he c@trol | er[0840]\Mitsatle stateloperationdTOpe erbddireentraf thel pteserd inveiltongs evi ous

physi cal address .to indicate that t carrespondi.ng.content data is "used."
Subs equen? ?teflﬁgg%%gsgfelr%&eﬁocﬁﬁo%@ SEETEL Y RS freg Resps %?la °194 and 196
(see Fi g. véltilehctiviedret Hi1l66a 40iAditated infhdook GA2.ENEP Pakich grel cogitedahd thdsk ess.

Control then ceeds t i,anqond, 208 | ich the contro]ler_ 52 determ nes
whet her ali®t ﬁgﬁgﬁ?ﬁ%ﬁ? d‘%&a%g’gh{lg “f%tr‘!“f%q’ﬁreg]ﬁﬁraﬁlf’éé"?@f}.m #lPSﬁ%“t‘l; then the
controller 52 | et ca and the table .has been

construct ed. Idas‘?l;%oﬁgﬁ&dnﬁgfﬁffngﬁoggﬁ‘?é“tkﬁ%‘mewp?tf’e?cisééaa EIEPHS 6) the table
190 cofist ediwties the reconstructed L2P table 62. Thus, in accordance with
sone enbodi nents of the invention, the controller 52 nmay extract the data

194 at the corfob42]iRefentdg tb Fepuscs fhd checl@o@OEidatéproceBS 0D BELiheH) € 62.
determining whether the volatile active free list is less than a threshold. If so, it is

desirable to increase the number of locations in the active free list so that there is no

chance that sufficient Jocations would not be available without building another
30  checkpoint update while the system waits for the new checkpoint.

10



20[ 0040] Steady state operation of one enbodi nent of the present I nvention
Is depicted in Figure 8. There, the process 340 begi ns by consum ng free
pages fromthe volatile active free |list 66a as indicated in block 342. New

pages are created and those new added pages are added to the volatil e next
free list 68 QYNE cated in bl ock 344. [0041] Final | PCTU$2096/842896346, t he
checkpoi nt update process 300 (Figure 9) is 25call ed. [ 0042] Referring

to Figure 9, theomaslep@itdine YRHa LSy f”’?*#’ I,ng
whet her the volr[ati F]e agt ityeefreetﬁ;é?E{Lﬁgéﬁéﬁﬁg%éégﬁ?lﬁrlggﬁ%ﬁé. so, it

i s desi r abbevelefile mepensissisise” i 8A) exrindiented inbinck 364.t Inemeatberi wads, itde | i st so
that ther egdgmiR IAGA ' - N0 yail abl e

wi t hout bu(ih:;:t din d?%%?%gﬁe%g&gé‘gﬁéégﬁr%}gﬁg&gﬁéﬂt&ﬁﬁ? %ce&ﬂsays eg‘?m"‘a\%‘\‘/a‘? ts for

t he new chditerioni e (Fig. 3A) fronh e 4airent validlietkpointis tientchpied intethe Hirstory t he
currentes vald LAt Is r; he . vglatil e nory. register 71
(Fig. 3n) e R S R R O‘ik‘o’?&f%e volgtls Aoyt & i ned

whi ch of tlistischpiekintn the sctive diee Bstiof the hew aoui-velatile ¢hdckiist admdicmed i blockhe

vol atil e d:;;(]%ect ory 77a (Fig. 3A) fromthe current valid checkpoint is then
copied int0o the directory 5 of anew non-vol atil e checkpoint as indicated in

bl ock 306. The volsat il e ive free i Is,.copled into the active
free list of tmoeo‘qant\?vh“ﬁ% A= (iolfea“tc'li?’lal(t%l en(?ﬁte%el?ﬁﬁs%’tg a‘i@i%ﬁ’?é&f@%"? ﬁSttﬂf&ek 308.
[0044] Therealhewlatilehvheokpbiat aslinditatedtin bloele310. Stheicsfi@rtie durkedt ¥44@ active free
list of, the new npon-yolatile checkpojnt as indicated in block 310.

Ther eaiot e rc,%e“tkﬂ‘émglﬂlbf’é‘rf{‘e V ?tfeiﬁm%sw&’(gi@}l%d?‘?ﬁm? B ﬂﬁaqg taf8e 98y cherknoingng

non- vol at igk éndivated iyblosk THaFaadly,ithe dnfifes HEthe 6HE T Gitate ASvddielieabid i n bl ock
311. Fi naléféqiﬁthe entries in the next free list are noved to the active

free |ist tfdindifetsd i Rlopl 3% 312. [0045] Turning now to Figure 10,
the startup pr s..318 beging, by reading the non-volatile clean shutdown
flag (from regf@gg}l‘wﬂgﬁc’g%ﬁ 1ggrB)10£e fi3rEpaaecsss 318 begige ky reading the

non-volatile clean shuidown flag (from register 79 in Fig, 3B) as indicated in block 322.

15 Also, the non-volatile current valid checkpoint flag (from register 71 in Fig. 3B) is read in
block 324. The non-volatile clean shutdown flag is set to false in block 326, just in case
there is a failure in the course of running the startup process 318. Then, a check at
diamond 328 determines whether the last shutdown before the startup was a clean
shutdown. A clean shutdown is one in which there was not a failure and in which there

20 was time to transfer the settings from the volatile to the non-volatile memory. Ifa clean
shutdown was detected in diamond 328, then the volatile directory is restored from the
stored non-volatile directory and the active free list is restored from the current valid
checkpoint as indicated in block 330.

[0046] However, if a clean shutdown did not occur, then the non-volatile directory

25  and the active free list are read from the current valid checkpoint into volatile memory as
indicated in block 332. Then, the task begins of updating the last available directory and
metadata. In block 334, for each entry in the active free list, the metadata and sequence
number is read from the non-volatile memory. Only the active free list entries must be
considered. Those entries in the next fiee list were not used by definition and, therefore,

30 need not be utilized in the course of resurrecting the directory. This may save
considerable time. Finally, the directory and the active free list are updated, as indicated
in block 336, by proceeding as indicated in the process 300 (Figure 9).
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15 Al so, the non-volatile current valid checkpoint flag (fromregister 71
in Fig. 3B) is read in block 324. The non-volatile clean shutdown flag is
set to false in block 326, just in case there is a failure in the course of
running the_startu rocess 318. Then, a check at dianond 328 det erm nes
whet her the“Fﬁ@Fmgﬁﬂgdomn before the startup was a cl eZGTEIRUOHEFS A cl ean
shutdown is one in which there was not a failure and in which there 20 was
time to transf herSiRb hi ; t; i) ihbe menory.
If a clean shuﬁ@gmn maségg?giﬁggepﬁlg?gﬁgﬁﬁkgggfafﬂgﬁ%?ﬁgﬂﬁﬁﬁgf%$%

di r ect or y themexifeedistlg smpbminitipdizing theawxtiing livlo prindiceediinrbdedkdsy. Fod t he active

free list . ' ' ' jcated in
bl ook 330 7R {5 R ffhitd S obiife Blhiaf o ot bihel RS RBbUacaBecd il 18 €1 L
non- vol at ibleek 354. cBteahgck@sintin dpdated, waing theprbease3 18§ iFigre 10, endithf newh t he

Then,  Phe To8 R DRI B obflek et kloB TR b Bl Gl Bocch Mo" 2%

met adat a. rédsambd.ock 334, for each entry in the active free list, the
nmet adat a and sequence nunber is read fromthe non-volatile nenory. Only the
active free |i M048rTheingsnory systeestoeeedigld) edy bdsed dn ewmdrielyess differétie next free

list were nqt used definitkon, and,..t heref.or.e 0 need t he utilized in
the cour s@PRTcayque ﬁ’f“%‘&‘?’ Y fheTat ?‘g%dtdg??ll% #ﬁqesmﬁgo%g\%osé%%sﬁn &fabl e time.
Finally, thinthe @opostthessbended chirhd. or Exaepld, insiccatimeupitattede as i ndi cat ed

I n bl ock 336, . by proceeding as indicated i_p th rac 0 igure 9). WO
2007/ 38616 ?B‘X%g’s’tiememf’ﬁ’cfﬁ m?ﬁ%?ﬁagﬁ%ﬁ%e%%wﬁ%l, in the
process 3%her biodirhedd STAY ihPehitn, Bive 1B&hdry BEtehSD HeXbe 4 dislecdchesdret 0 enpty,
initiali zi;gpthe next free list, as indi ca(iee_d in block 35 ext free

] I . ..The
list is creadkeds wytiniedrksry RAIPoOyes Figok? qepists i sramplary EmRodimept Qds er ased,
in bl ock 35fnutdhEchbEaERSh Mat insorpileidl M€ meHSly 1 9sttSOP RS Eiiputek8 of Figure

10, and the nhext 5free list is noved to the active free list in block 356.
Then, t he azchitectiye 330mey b useding dpalgop ar lapten gpEputer, as exquaiesg] The nenory

system 50 (see Fig. 2) may be used in a variety of different applications
and t His, mny[@ﬂ%f'@eéﬁmpgﬁw%ﬁéﬂ’@cbﬁe&%ﬁoqeﬁi%ﬁﬂ(ﬂ‘l‘“‘&‘f’é"ﬁﬁossi ble and are

within the, Sesrs, b £9s &uplelo ﬁ%m%ém.%eicﬂmgﬁﬁﬂymce with
sone 10 eﬁ%grg?rgrrerﬁt S "0 tx%gﬂi@jrﬂ:@en% i gg,e t hae menory system 50 may be a solid
state di sR50 mayalsninglufies neblrifgmmmemery huh@69.11bas i doypled tartbe misteBY§ESsy st em 50
may be a g'ﬁié hﬁr (ﬁ%&%s 8F esthblishing communication between the processor 252 and 2 system

memory, such as a dynamic random access memory (DRAM) 60. In accordance with

20  some embodiments of the invention, the DRAM 60 is an embodiment of the volatile

=l

memory 60, although other volatile memories may be used in other embodiments of the

invention. The DRAM 60 may be coupled to the memory hub 260 via 2 memory bus 262.

The memory hub 260 may include the controller 52 in some embodiments of the

invention, although the controller 52 may be separate from the memory hub 260, in other
25  embodiments of the invention.

[0050] As depicted in Fig. 12, in accordance with some embodiments of the
invention, the non-volatile memory may be a NAND flash memory, although other types
of non-volatile memory may be used in its place, in accordance with other embodiments of
the invention. For example, in other embodiments of the invention, a ferroelectric

30  polymer memory may be used in place of the NAND flash memory.
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cache for nultiple disks or RAID volunes. Fig. 12 depicts an exenpl ary
enbodi nent of a conputer architecture 250 that incorporates the nenory
system 50. The conputer architecture 250 may be used in a desktop or |aptop
conputer, as_exanples. 15[0049] The conputer system 250 includes a
processor 2892 PUAES8¢ nore nicroprocessors, for exanpl SCTU$6PL8%oupl ed to
a system bus 256. The conputer system 250 may al so include a north bridge,

or menory hub 266517 ?Iﬂé‘fneﬂn&y%ﬂ@b@ﬁlla% ﬁltérﬂee &ﬁéfbfa&@sgeggleggsgeﬁ Bls Bprpgses of

establ i shing conmuni cati on”bet ween e processor a system nmenory,

such as a ¥WphsripkerslGompenent tasepnnestRGY) brRARpd & Ataelesateb@aaicePani t h 20
mog ' i - 60,4 di nent..of th
vora e s gl epb AR of o ok PR BRRRE Al

vol atil e nmenof menori e % ot her
enmbodi nentitomThe REl $pevishinternst Gibhp, FoRM.G0regan/S78#4. cThepA @Bl istdesdribed fenor y hub

260 via a . b 260, i.ncl.ude the. controller 52
in s\(;lmé eﬁ%&ﬁ@%lggéﬁgg}%\%n?ﬁ%?%gﬁsﬁ%%%%g%lﬁgegﬁwﬁ@rP‘lﬁﬁhs ey be
separ at e fluyrl K96pEninte) ChupbraflGidof SantadTlivey Califorgiah THe PENES 208 rdafle i nventi on.

[0050] As depicgted in Fig. 12. in accqrdan with me enbodi nents of the
i nvent i on,C%Pﬁg’%ﬁﬁ%FVB‘ea?%“gm 3Fe 3( g);gw Fﬁs']g@ﬁ 2exaf e AR hough
ot her typéms 270 mayesopleafor banipl)® BispBRuriae 205 ek drived 4 Sisplhp®e tokiz accor dance

wi th ot her ﬁﬂbgdi ts of the invention. For exanple, in other enbodi nents
of the i nV&HTTFEE =2 ferroel ectric 30 pol ymer menory may be used in place of

t he D fl ash ry. . N Q51] The nenory hub 260 nay interface

ot herN% uses to[qﬁﬁgf)%gﬁpé%dﬂﬁ?%%g,m?]ﬁewa%ﬁvﬂ grBpdiments abibpent

| nt er connénvenfidiCthe ndasory i 280Gha3beA6GEED 8 lsikth FFARNOIGS, ifbutb® D) bus 270,
i n sonme enb 9 t 0{1 the invention. The PCl_Specification Is avail able
from The ﬁﬁli? %ggﬂ}eifo %@5@% pegvisisntoyeses fos g §D-ROMydnivegPd aad almd AGP i s
descri bed disR dhivel2dbd e}d'a.ﬁffeﬁ CFuMhERAdRE, WD FHPPY Iﬁa}/ ﬂ?%%ee A.rf%f;?[‘ﬂa&%

Speci ficatign, Revision nt el

i .0, published on July 31,
Cor por at i 8R VGrexBation bes 2¥2a AndE@ FomTOHPr284 Tiry becpuninddo Ard/Qrexpassioive, f or
exanphe, 2sn@ldiifrebdi b Afta GOk hblChaddnd i Bdify Bl bus 272 and the AGP
I di splay (?I’I yer

bus 270 may coupl'e, for exanple, a that drives a display
277 to the Sysfoossyaws ndR8 el @k ORBRLcHAS tAER G GE hFikii8 i, accor dance
wi th sone enbo%io?ms]nts of tﬁe inv.entci on, ?Eg%ﬁe&%biﬁy%lidglsfé%el%@ be coupl ed
to a sout Ruppses gEexamplenss qthep utziationsgare pgssiblp)antl ats witin th¥ keopk pOBRUD 280 may

provide i hARCESmE Ofn Q'Fimﬁﬁ%m ' and.ashard disk.dri.ve 292, as

exanpl es. EQIIS'—l;{iJé_rt‘herrrpre, St e %%[)té%g%%/ pr%e\%ugxgpaonce?sﬁ %ers?rébfg for an 1/0

expansi onhésein, melpdingheipr@essGit the bloeess 280} thegrodess 2001the prbcess 300 ehel / O

2XPAN%H O gichs 3P, Fon B MDY BhodGosd S50ty W hp o i TRHRG,Z 86 N 2
software, or firmware. In some embodiments, implemented in software, processes may

constitute instructions that may be stored in a computer-readable or computer accessible
memory. That memory may be a magnetic or semiconductor memory. Examples of
suitable memories are extremely varied and include flash memories, disk drives, hard disk
25  drives, optical memories, read only memories, and randomly accessible memories, as
examples. For example, referring to Figure 12, such memories can include the system

memory 60, flash memory 54, magnetic memory 292, and optical memory 294.

[0054] References throughout this specification to “one embodiment” or “an
embodiment” mean that a particular feature, structure, or characteristic described in
30 comnection with the embodiment is included in at least one implementation encompassed
within the present invention. Thus, appearances of the phrase “one embodiment” or “in an

embodiment” are not necessarily referring to the same embodiment. Furthermore, the
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[0053] It is noted that the architecture that is depicted in Fig. 12 is
nmerely for purposes of exanple, as other variations are possible and are
wi thin the scope of the appended clains. In sone enbodi nents of the present
i nvention, Qvocesses descri bed herein, including the process 74, the
process 150 V4 HE/B6WEess 200, the process 300, the 20 JiCIASIW6AREY% { he
process 340, and the process 350 may be inplenented in hardware, software,

or fi fmrﬁ‘arhduﬂh:%é&ﬁfeﬁ%&%&eﬁm&t%@ﬁgb} Enbibd @]t g SRl HeriS °> Y

constitute instructions that be stored In a COITp er-rea e or

conmput er aether M@W?mb@mntmtyd ansdallzactafonmgmey beersompassédc onduct or
nmenory. Exgigh are extrenely varied and incl ude
flash rrermrl es, (fl w%@ggﬂe&nﬂgjggwgﬁgk 25 drives, optical rrermrl es, read

only nmenori es, vﬁglg r exarrpl e,
referring to F| gure 1 Q{EQJ}{-?] mﬁnﬁ#@sﬁggﬁg%gﬁa%%?%%ﬁ{ ry 60,
fl ash rémW@mOfemgdmenb, ﬂheﬂmkﬂlleQﬁzﬂ;e arhetillogppreciate nmmuynﬁﬂlﬁcanons [0054]

Ref er ences S n Lo enbodi

enbodi ment™ h%eﬁlgérégpﬁéﬁ%%ghar E’Sﬂ? ndé tﬁ rpgendgggﬁﬁﬂﬁogera@?s @nar act erl stic
descri bed modlﬁ@txmdmmmmuwhmnehmmispmand@opmtmdpﬁsdnﬂ at |east one
|nplenentat|og enconpassed within the present invention. Thus, appearances
of the phrase tne enbodi ment" or "in an enmbodi ment" are not necessarlly
referring to the sane enbodinent. Furthernore, the particular features,
structures, or characteristics may be instituted in other suitable forns
other than the particular enbodinent illustrated and all such forns may be
enconpassed within the clains of the present application. [0055] Wile the
present invention has been described with respect to a limted 5 nunber of
enbodi nments, those skilled in the art will appreciate nunerous
nodi fi cations and variations therefrom It is intended that the appended
clainms cover all such nodifications and variations as fall within the true
spirit and scope of this present invention. Wat is claimed is: 1. A

met hod conpri si ng:
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storing a checkpoint of the consunption status of nenory | ocations;
storing a first list of entirely erased nenory |ocations available to be
used, said list excluding erased nenory | ocations erased since the storage

of said checkpoint; and storing a second list of entirely erased
menory | o iongl noti.avai | able to be used because they were erased since
the storag dfieckpoi nt, said first and second |lists being separate

lists. 2. The nmethod of claim 1 conprising: performng a plurality of
wite operations to store data in different physical nenory |ocations, each
of the physi calABSHIAFOMBESIg ons bei ng associated with a | ogical address

shared | 0. COMMAEUBAEiP DY L CalouBBABE abiP6ARERRY 108y, | Storing

sequence information in the physical ocations to 1 ndicate which one
of the wite optaringofist bgmirentrly erased Bemdiydogativhoavadhble tabengsd, faidt her

conpri si ng: : | l.agai r Ln_th ysical . menory

| ocat i onsq;tsge)?c%uéllm @Z%r%rewlatgpjglﬁ gag)fng ? l%?(sa&\?\ﬁr%?ct% Zéeospt)%r?%% (%3%}5& %8@@??‘&&53 ast. 4.
The net hod of claingaXecanddisebhertinely paged mamorekations acwdvaltatte &l Wwadt of a
non- vol atile nor t he ,met h further ¢ rysi.ng. . in response to

cach of ¢ HEgief FEY (ks Gived unce Jinsioe SLor kRO osyih ey and Secare BSS

transl at i @eingabpaeate Hsti.cati ve of a nmappi ng between the | ogi cal address and

one of the physical nmenory |locations. 5. The nmethod of claim 2, further
conpri si ng: in response to a failure, using the sequence information

to reconspruct ThenQ@dIrclafRepRting @ansl ation table indicative of a
mappi ng between the | ogical address and one of the physical nenory

| ocations. 6. PrEomEng@dplyrality af wie dperatiney to stepy datanig: diffrent physical
memory locations, each of the physical memory locations being associated with a logical

address shared in common among the physical memory locations; and
storing sequence information in the physical memory locations to indicate which

one of the write operations occurred last.

3. The method of claim 2, further comprising:
storing the logical address in the physical memory locations to indicate which one

of the write operations occurred last.

4, The method of claim 2, wherein the physical memory locations are part of a non-
volatile memory, the method further comprising;

in response to each of the write operations, updating a logical-to-physical address
translation table indicative of a mapping between the logical address and one of the

physical memory locations.

5. The method of claim 2, further comprising:
in response to a failure, using the sequence information to reconstruct a logical-to-
physical translation table indicative of a mapping between the logical address and one of

the physical memory locations.

6. The method of claim 5, further comprising:
15



in response to a failure, using the sequence information to determ ne which
of the physical nenory |ocations do not store valid data for the |ogical
address. 7. The nmethod of claim1 including periodically devel oping a
checkpoi nt indicating the consunption status of nmenory |locations. 8. The

met hod of claim7 includi updat i sai d checkpqi nt en the nunber of
erased menory I%E?PPW@Q@%‘“F%BP@Q% ssauenee gugrahan [peirimipe whishplothg. 9.

The met hoghgficdl lnddnidry ldcatidnd db Met sfore SERPMRL for theAofitalladiRss. ' €const ructing the
consunption status of nenory | ocations using said checkpoint and said |ist

of erased nenory |ocations available to be used. 10. The nethod of claim?9

i ncluding,7,in the AaKHEEEr &iimupﬁﬁféjgﬂg &ﬁb&@@ﬁ%@%@h a &Eg@gﬁ?é dfégﬂ?% be

| ocations fromsaid |ist of erased mmenory not

used to sdhefcansenpton sawsnfymansaldcationsavai | abl e to be used. 11. The net hod
of claim 10 including mai ntai ning duplicate checkpoints. 12. An apparatus
conprising: a controller; a volatile nmenory coupled to said controller; a
non-vol at i8 e néihermetbod af/cleiou flimduding spdatng eaitl rchédk@oint #Mhen the numbed of i I St

non-vol ati |l e nory .l ocation.t tore heckpoi pt of the consunption
stat us of ef?éﬁ‘g’%&?mf%’clgﬁ%(?ﬁ%avﬁﬂfﬁgfq l?es‘lse‘gfaﬁégglggd’ tﬁ’?ﬁw | ocations avail abl e
to be used, said |ist excluding erased nenory | ocations erased since the

storage of, sai cheg{Ep{giorg]t .and a second |list of entirely erased nenory
| ocat i ons “not i meBed of slaim { dacluding #uksepanse Jo \iefadlues: sewastsictige thhe

storage Okofsahipti6h SRlRUMhemSd Hcdtiohs bisiRg gaiﬁ%g&?)o{.lﬁ-t Sha st 189 oP RRALAL €
I troller, to

lists. 13. The apparatus of Claim 12, said con I'n response
fai lure, tmymesplosationsgvailapleftobersedon to reconstruct a | ogical -t o- physi cal
transl ation table indicative of the mappi ng between a | ogical address and a
physi cal nenory |ocation in said non-volatile nenory

10. The method of claim 9 including, in the course of updating said checkpoint,

transferring locations from said list of erased memory locations not available to be used to

said list of memory locations available to be used.
11. The method of claim 10 including maintaining duplicate checkpoints.

12. An apparatus comprising:

a controller;

a volatile memory coupled to said controller;

a non-volatile memory array coupled to said controller; and

a first non-volatile memory location to store a checkpoint of the consumption
status of memory locations and a list of erased memory locations available to be used,
said list excluding erased memory locations erased since the storage of said checkpoint,
and a second list of entirely erased memory locations not available to be used because
they were erased since the storage of said checkpoint, said first and second lists being

scparate lists.

13. The apparatus of claim 12, said controller, in response to failure, to use sequence
information to reconstruct a logical-to-physical translation table indicative of the mapping
between a logical address and a physical memory location in said non-volatile memory
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16 array. 14. The apparatus of claim 13, said controller, in response to a
failure, to use the sequence information to determ ne which of the physi cal
menory | ocations do not store valid data for the |ogical address. 15. The
apparatus of claim 12, said controller to periodically devel op a checkpoi nt
i ndi cating the consunption status of nenory |locations in said non-volatile
menory ar@8#¢Y- 16. The apparatus of claim 15, said controller to update
sai d checkpoi nt when the nunber of erased nmenory | ocations available to be
used falls below a threshold. 17. The apparatus of claim 15, said

cont rol | eld4. i n Thesappargws tof claital3d, said, controllerc imesspanse ta hdaidwnswonpeitbe st at us

of nenory j i id. Kpai | I erased. nenory
ocat i one SR BREHENDS G \HHERQE e AR Bhdinor Slbn 4ERT I

cont r ol | ervalid dats fre tiedogisa adfirespdat i ng sai d checkpoint, to transfer

| ocations froma |list of erased nenory | ocations not available to be used
to said |ist of erased nenory |ocations available to be used. 19. The
appar at us 16f CITae rappdtatus aF dla@A L[ edidl RbntkdlleP®d Péritidically Mkveday 8 cabdpbipi nts in
said non-vol.atile nenory array. _20. The apparatus of claim 19 including a
storage t&HFRGPS thefonsigRtion 6@&8@1‘?&1"%‘9&“&’“@% AUl RORElglils memery &y d
duplicate checkpoints. 21. A conputer readable storage nedi um storing
instructions that, when executed, enable a processor-based systemto: store
a checkpoilfit ofThe separains efslainnl 5s said ponwollardewpgate seidtcheskpoint when thest ore a
first lis | TRIRY, ' ' I e used, said
list excléﬁ@%gﬁg%g%§%¥ﬁ§%§?§&F0catﬁgﬂgggﬁkgggfg?%ggbﬁﬁgﬁgﬁgwgge of said
checkpoi nt, and store a second list of entirely erased nenory

Lecatt ons 5ot kA §0-56, 5 S BSERLRS IBmURIs s HtRE e hdstutle

the consumption status of memory locations using said checkpoint and said list of erased

memory locations available to be used.

18.  The apparatus of claim 17, said controller, in the course of updating said
checkpoint, to transfer locations from a list of erased memory locations not available to

be used to said list of erased memory locations available to be used.

19. The apparatus of claim 18, said controller to maintain duplicate checkpoints in

said non-volatile memory array.

20. The apparatus of claim 19 including a storage to store an indicator to indicate a

valid checkpoint of said duplicate checkpoints.

21. A computer readable storage medium storing instructions that, when executed,
enable a processor-based system to:

store a checkpoint of the consumption status of memory locations;

store a first list of entirely erased memory locations available to be used, said list
excluding erased memory locations erased since the storage of said checkpoint, and

store a second list of entirely erased memory locations not available to be used
because they were erased since the storage of said checkpoint, said first and second lists
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17 being separate lists. 22. The nedium of claim21 further storing
instructions that, when executed, enable the processor-based system in
response to a failure, to use sequence information to reconstruct a

| ogi cal -to-physical translation table indicative of the mappi ng between

| ogi cal a?}dr ess aaﬁd .a{ﬁphysi cal nmenory location. 23. The nediumof claim?2l
further s SWﬁ%paf %](l? ctions that, when executed, enable the
processor-based system in response to a failure, to reconstruct said

| ogi cal -tqQphysical translatjon table using said |list of erased nenory

| ocat i onsggvai ITi‘B!“éed’E‘Bﬂ BEclaurd! fither storipg insguctiong that.owhegs exgputed gnshierpr v

| ocat i ons {§OproddkBbrl BREE syt CinUR8bnse to a failure, to use sequence information to

reconstruct a logical-to-physical translation table indicative of the mapping between

logical address and a physical memory location.

23. The medium of claim 21 further storing instructions that, when executed, enable
the processor-based system, in response to a failure, to reconstruct said logical-to-
physical translation table using said list of erased memory locations available to be used

and not using said list of erased memory locations not available to be used.
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