; €3ehep26hTOPERATI NG SYSTEM | NDEPENDENT MODULAR PROGRAWMM NG METHOD FOR
ROBUST JUST-I N-TI ME RESPONSE TO 5 MULTI PLE ASYNCHRONOUS DATA STREAMS

| NCORPORATI ON BY REFERENCE | ncorporated by reference herein is Appendi x A,
whi ch contains conputer programlistings. Appendix A contains the
followi ng: 10 Nanme of file: CHANNEL.C, date of creation: 1/ 17/2003; size:
15 KB; Nane of file: |INTSPACE.C, date of creation: 1/ 17/2003; size: 8 KB;
Nane of file: RNCOVWON. H date of creation: 1/20/2003; size: 7 KB; Nane of
file: SUMVARY. COD; date of creation: 2/6/2003; size: 8 KB; Nane of file:
TASKCODE. C; date of creation: 1/ 17/2003; size: 4 KB; 15 Nanme of file:
TESTS. C, date of creation: 1/17/2003; size: 4 KB; and' Nanme of file:
TESTS. H daPEESAERKAtSHaT EM-INDERBNDENT 40P KA REARRGEMNDI G THE

mul't1pl e 20 aeynaknghonr o Agyed IS FRE RESPORE: L co o an
oper & i ngsyst em i nd@pENUEPILE AR eHRORGE@S M AVANESTRRANSd its application
to a storage device controller to acconplish robust just-in-tine response

to multiple asynchronous data streanms. 25 SUMMARY OF THE | NVENTION I n one
aspect, I i i.des a programm ng net hod whi ch includes
provi di %%@?@@%p@#%g%ﬁ?ﬁmre task queues, and zero or nore

condi tion quesespoFatdl bpkfdrende MR8 Abpbntsk AURVHIBhSRAHaNsE by being

branched to fromcode outside it to its beginni gggand 30 branching to code
out si deCPmaites pPrpgrammoléstimes h Appsndiy dueontaing fallpwshg:l  queue program

an gueue i Qi r Ig asks; the t ' rog enoves
A dueue SOPELRLRS R T Bal o5k Eies bt Bl SRS Broof s en
includes a coaghé of filétUSES PAOE! @HAR of cFltRUSH :CONL A POOS; SEO08AKBNDI €
t asks and associ ated conditions. The condition 5 queue program determ nes

t he val i di t yNefne pé fites RNCQMMQNsHe date of wireatiomel f 20K 2008; sizde”. KBf t he

condition isqtr e it u rogram.temn task Eromthe
condi ti on qu%ﬁ%ﬁ&@?'a@@%ﬁﬁg@ﬁi ﬁage ngﬁea&%@f %/a%(ﬂ&?’a%ei %c‘ﬁg]des
task ending Do bhfile:"PASKEODEZE! Bat®@BEcrditid®r B/ I'NAP00nesucagggor task,
and the task queue progé‘%m or the 10 condition queue program handl es each

suckd successBeme sk fily BEBHSICr datd afcraatm:pl ALT H003; simeadtliéBkandeue or a
condition qu T )r N thod further. in es. praviding a fan
construct, wﬁl%%ﬁe iog%égprgg$?§?{baag§8g%?ﬁuq%sﬁ/ }Zé\?bagf & n?,’el'lggone or nore
child tasks, the fan construct including a parent-global fan end counter

and a parent 15 global fan end task. The parent task either runs the code
of eachB@I@K@ng[bDf‘bﬂ‘é%Wﬂaﬁ]Nd task in a task queue. Each child

task referen zer r re successor tasks to form, chi.ld sequence. For
each child  XATBAL e%%ﬁo%g%&g%%ﬁ? SPEEWF?FS\F} bcart?Prf%é)rIl&%?‘git“aan P¥e child
seq@ncasyrdtieraishid dats etReneat 16eHreiTRNLsS it RelaRes evlrobpbaltidan end
counter, and places the 20 parent-global fan end task in a task queue if

al | chi pysteasiigdaperderem r aregrammeinghmeshpd adiitscapplication toomy be

used to I Udot hr each pseudot hread. being,.a singl e seguence of
cont rol ,SEO\(/}\naghQ}segf ccejer ‘E’%%ﬁl%gﬁg t%ﬁ%ﬁﬁbpelbﬁﬂ} rh%uﬁg-}ﬁ F%Hg}e 0% %é%%&i on,
i npl eneptigitiple agpneResabn Glasi StAsarhedependent way.

25 SUMMARY OF THE INVENTION
In one aspect, the present invention provides a programming method
which includes providing one or more tasks, one or more task queues, and
zero or more condition queues. Each task is a program that is run in
sequence by being branched to from code outside it to its beginning and
30 branching to code outside it after it ends. Each task queue includes a task
1




25 I'n anot her aspect, the present invention provides a software program for
controlling a RAID, constructed using the above-described programm ng

nmet hod, the program having a single or multiple task queues working in
synchrony with hardware interrupt code. The RAID core programincludes a
plurality of requesters, a resource allocator, and a plurality of stripe 2
parity and 1 O master operation handler | oops, each being inplenented as a
pseudot hread. The requesters are started by 10 requests fromdriver calls

i ssued by a user, and places its request in a queue nmanaged by the

al | ocat GUEUFHRIOZrRBE a1gra (ESHEaN tegn igezeroRie B e Saskpe i B3 ABAUE

handl er I i i t I e _reso S

o th ot SR SRR e O Bup R i SRR SRS R o
comuni cahditidmh ke incihdey aoforilicioh gatae §rvEtas. ard sadphendati ve RAID
core pr ogr amincludes a plurality of requesters, a core chainer, a resource
al | ocat 6PIIRANG ZBTQ PAIMNPLE tasksy angdasseciatpdgamnditons. ke epndiih bei ng

bt vidon h ey SRR BT B VSl B OB bR R RO  ER BE T T
It is toadles imdedst.otttlcesndinidh ihede)thg Worglidenajaud psegiaphi on and the

follow ng detail ed description are exenplary and explanatory and are 15
i nt endedCEOVEE dhpdaskirenethegpndiiian axeye ané plasesmthotagdsinpdieskd. BRI EF

quouo. prsg s B b paesarricy el fode PRAFHEBRERD 2ot brion eue

) a
queue proogram Figure 2 1s a tlow diag us

progr ammei? fguoaeduccedsdl axsldi agd aheithbksfiaid Pogainddradest ruct . Figure
4 is a flow diagramillustrating _an end fan construct. Figure 5 illustrates

t hel@t r Genditeonqueusopregiom denslles eachmuch suaeessorApBkdceitheng to one

nbodi - t., i thon.. Fi b | d
T ust r Shnmdog i0r PREGAR'it TN IAHupbb B fofgRlad Uiclier) °L7 O L%9°TS &
f1 ow di agr anflihlel prsigrainmgn @ niedioeshathenindledesindividing ofarfriconsankt, Fi gure

8 is a flow diagram.illustrating an allocator in the enbodi nent of Figure
5. 3 Mlyghdsqal pertion odw BRERHAIRSK thatimelenenges ong ppanonesehild taskse
enbodi i i I t r f _a software
core fz)nrfﬁ ‘(E:(gn rcgh%%cérﬁiﬁl%ﬂ{g%go%;thﬁ%ﬂgln a %@‘?ﬁz’ﬁnﬁ% érlﬁ%)io iprfaéﬁ?gof t he
pr eb®nt giohedrfhhand bask giite: pdrdrt taskl cithert aghaitheldodet sfadddi0cRild ahek

chainer in _the alternative enbodi ment of Figure 10.

or places the child task in a task queue. Each child task references zero or
more successor tasks to form a child sequence. For each child, an end fan
component is provided in the last task of the child sequence. The end fan
component decrements the parent-global fan end counter, and places the

20  parent-global fan end task in a task queue if all child tasks have been
completed. The above program constructs may be used to form
pseudothreads, each pseudothread being a single sequence of control, with
interruptions allowed but no concurrency of execution, implemented in an
operating system independent way.

25 In another aspect, the present invention provides a software program
for controlling a RAID, constructed using the above-described programming
method, the program having a single or multiple task queues working in

synchrony with hardware interrupt code. The RAID core program includes

a plurality of requesters, a resource allocator, and a plurality of stripe

2



Figure 12 is a flow diagramillustrating an allocator in the alternative
enbodi nent of Figure 10. 10 DETAI LED DESCRI PTI ON OF THE PREFERRED

EMBODI MENTS The present invention relates to an

oper ati ng-system i ndependent nodul ar progranmm ng net hod that advant ageously
acconpl i shes robust just-in-tine response to nultiple asynchronous data
streans. Although the programm ng nethod is described in detail as applied
in a storage 15 device controller such as a RAID driver, those skilled in

the art will re nize that the nethod and its pringiples _can be readily
app|ied1it861ta{t%5?§e1@iaééerd?mfé&0na angitteloopss £aah deing dmpiemended 28 2 obot i ¢

SeNsor s pseRloiRtead AMedth @SRy art ol BYTEY AL B dAGKIRAN T Nt TN
firmnvare; asynchronous hardware failure enufators® and trace buffers; non 20
CPU- i nt esssiack bytat assy ddgdacenits mequiest insi yeewahearaged batthet | cs

gat herin rmdulmii T keér conponent of the operating-systemindependent
modul ar 3OGEFS T A 62@)& responds h Hek seqdester aihiengpeahicn bandiers,

I nst & ucty UoSie y ik ' LS ure,

| ndependontys SETan Srofi PEhEFL) AUBRa R Rk, B il Aol T el ¢
may havepeoatiohdidredletfiewhper ataynguaysi eepassteaCPUscadnshtinidateayithra even
whet her there is.an operating system In a conventional operating system a
t hread ipéugplfﬁyﬂ@pcg d&fcehr ough a process' code, with its own program
counter, systgmi{eplst . i

i nterrupted, res&%e%éﬁ% %??%gﬁ%rg% it‘ﬁélgﬁggp%Pg%]?ag{é&gjgsl{eg%e%eﬁghaent
way. | ncarechbindt)reesssedirop ediichngr, sl anplueakityt bf eadpe parhe andibdng whil e

oth thread or threads.are in an_interrupted state. As will be seen bel ow,
a pgéudé?ﬁ?‘@ﬁde%%&eﬂ?&bmtpge@ﬁ%%ﬁl Rerit BserdpHaresdesERts RHGERAEGH i s a

single Eﬁggﬁé}ﬁ?p&fmés%ﬂ EPdion"bd il deBt SRR FATDA gg‘f‘ﬁﬂg?é’%vi{}?o&toncur rency
of executidn, inplenmented I n an operating system | ndependent way. The

pr esent interenptiog usqal Kreapabditg. ext ends t he wel | - known conputing paradi gm
of conmmuni cating s CSP) and the programm ng | anguage

i al
occanTM whi cht }%t%ﬁggﬁg%%%@%ﬁ ‘t’@%&i@é& i(t}ataif@msﬁna@eesmlc%woamw #éd n
C AR i i ti.al i -
ot er nat T oiopo Y BIEHELAR ResRBUER AE A AERET Md ERBIIAE Ad are |

ent 15 et yntethiedtr provideduate;r dgsingneidn of gasidvendizac as htaigaad.ur r ent
processes whi ch conmuni cate via one-way channels, was devel oped to run on
the INMOS transputer. Conventional CSP art has, been 15 either confined to a
particu UE’?('E SRS Ghib) designed for it (such as the
transpuiggl)dwor a?%t@nﬁgﬁper ati %%%ye(%}sdependent user space code w t hout

j ust-in-ti me Fagyre hrisroflowr disgoaseillStratieg el travk asde progyamt.i onal t hread
techni ques in.non-CSP systens have been qperating-system dependent whet her
in user spac% 11T 7 IR & hew g%gg%m HRtptoating wec G gUEHE AL@EFB-t hei r

| ackgof robust VY, {] am code t hat
r eg%)%nds to gl(% er ngﬁgglvgﬁﬁrsd a??@ﬁ%sé%ﬁéggh%ﬁ%ﬁr&%

oper at i ng- sy $ignradépsredBotv, diaggardiliusrstinghirc enidantdongtirgerlvant age t hat
t hey cease t%.work a@ t he ogi{lati ng system changes; or enbedded firmare,
whi ch requi r & 1B prbysatee thasiricturg of 4 sobwass soue fer cantrollimg axi bl e.
The pre ! ] i H efdet which is

reconfi ﬁggb??anéhgggﬁ@/?%@%?%% t ho%tpﬁ[%g#hgﬁ‘{%g%g%si veness, and is
oper at i ng- sy fignrdsndiep emde6th) aetd trggimdsilbisteatngithehgmibalseugependent , it
typé'gal Wi | | cgonﬂ nu%1 58 wor k t hrough years of upgrades.

gures 7- an
Figure 7 is a flow diagram illustrating a requester in the embodiment
of Figure 5.
Figure 8 is a flow diagram illustrating an allocator in the embodiment

of Figure 5.




5 The hardware required for supporting prograns witten according to the
present invention includes one or nultiple CPUs wth standard hardware
interrupt capability, standard |10 ports, standard resource sharing in the
case of nmultiple CPUs, and a sequencer that can handle at 5 | east one task
gueue (described below). A sequencer is a device on a CPU that, fromthe
CPU state upon conpletion of an instruction and external stimuli,

determ nes the next instruction to be run. A sequencer may be inpl enented
as a hardwar %_seqeg%ncer oré? sof tware sequencer, A hardware sequencer
performs the MO WAG flowdirgram Husiraangéssirerg master unthse i nstruction
irrplied!pfﬁb(? ¢ pnstruction or instructions as its successor,

usual | yet e(s g?ﬁt\?mgfng@rfgﬁ'ucti on, but often an instruction pointed to by a

branch or | ofpgury 10niltsaddtys ekelstshstelrg)ofid sbftanebedrs ondontisliinehi on
pointed to by a table indexed bé a detected hardware interrupt condition
forced FPYR BRECTSHBE et alisynetive suRedimenhobihe prsentgnwentiaar e

sequenci ng, r i ! i|ed de, :buil. pon this raw
capa“gi lity, gﬁ@ﬁ%?gg %gﬁ%%ggﬂloﬁ{%%?%?hé% cé(grz% &?%1%% S}Hts%l%t he sequencer.
These r effiernatieatetnbosdirgencohFigunee10by nost post-1980 m croprocessors

i ncl udi ng standard_ CPUs and enbedded processors, sone exanples of which
i ncl ude the 8esges d2ipestlowdiagaanmyiliumtrapes ammaboeatoriipstherliemmeadtsor s and

cl ones; e%(ﬁgﬁerﬁﬂyg?ﬁig%geléparc processors; the specialized enbedded

processors nade sane manufacturers; the Mcrochip Technol ogies PIC
enbedded processors; and, in general, any processor on which a standard
assenbl er_or iler can run. According to _enbodi nents of the present

C
Covidt | ETAILERRESCRIPTION 95 THE PRERFREEINFMBODIMENTS scquonce from
v ST THF BB | SIS s from
ke 19 STE i oo IRRR Gol dH BRENRIFe Uyt dif AORHAEAEIO 19 OF

out si de médtlari proghagiming gnethiod tHtadamtapasaslyt acaenplishésioeust after
it ends. Rupnipng a task refers_tq branching to the beginning of a task,
runni ngJPSSINHERE FeEPRnse o ngultinle asyRehronay sitaiacHr efmSo puehcode

out si de ¢} it %nﬁx% " I r queue of
t asks vvlt!tl% Q?‘ng%rgﬁ%l ng%%ﬁé?&gggﬁ:ﬁ%@% (gi'%teg')l Lr%f%@é’g‘r@ g%h%nﬁ%g%r anched to
f r ob®d codevimet mteoller sachtas HERAID deiyer Attt saskiblednightieoagogé] out side it if

and when it ends; élﬁ% as 5 long . as there are tasks in_the queue, the

pr ogr antEeRENIERdhat the methed Andues guinsaplesian herepdiyanpliadkta adker r om
t he quewe:; {-Chvi I i gueue; and
(d) tas Elgvﬁn%ya%{é&?dgégg{tg% %@ﬂé"n%‘%?b%&%ﬁ%u%ﬂﬁh & {/Oﬁgﬁcdé‘%ha%&%e added by

i nt er r ugbatrdly, andrictgat@sisonipylet Hadwdrecds, backab herd puir e net hods.
10 Relevant to (a) above, "task idle code" refer to code outside a task

queue, tEEREATGA popHs hagdwaredadlven csnpglaiaps ppd Gacaduliers; §98ue when
t heyd aslopfeHeerd ) ni_ng, i . ask queue
branches }\ﬂﬂenﬁ? tﬁ‘éﬁglrsé%g%xwéﬁp es %g#d ngﬂiﬁg\lgﬁggdd%t% ér(%i ﬁsg%&g‘g‘éé ating system
and progaémerdingenodnlésdl e 1 oop in an enbedded processor, and a 15
comuni cat i oq‘ | oop (such as network or SCSI target code) in firmmare on
The key component of the operating-system-independent modular
programming method is a technique for creating “thread-like” instruction
sequences, referred to as “pseudothreads” in this disclosure, independently
25 of any thread structure which the operating system itself may have, or
whether the operating system has a thread structure, or even whether there
is an operating system. In a conventional operating system, a thread is a
flow of execution through a process’ code, with its own program counter,

system registers, and stack. A thread is started, run, interrupted, resumed

4




an enbedded processor with or without a real-tinme operating system ( RTOS)
Rel evant to (d) above, a "predecessor task" is a task previously run that
ref erences another task in its task ending code ("task ending code" refers
to code that is run last in a task before returning control to the task 20
gueue); and a "successor task" is a task referenced in the task endi ng code
of the predecessor task. For exanple, the task endi ng code of a predecessor
task may cause a successor task to be added to a particular task queue.
When mul tiple task queues are present, they nmay be assigned rel ative

priori t PES. tarmipgied & AmpPerAting sysiemaslspsndeas way)-, [r Remrdfigihsgpdas 25
runs th i N i ] i iority
ok quobeLiiEhe spSforhy ohBTRINEY SaBNbY rlblie SR pREGER kIOt 2 Y
as wel | aas isuhsanwenipiedgsaes., As dilllbeesdeor Below, s psedddthreadi cate that the
code seg;enc_ encl osed therein_is atom c, neaning that the code sequence is
7 uni AFEPTUPEI 1B EnRREINSIEH of he PreseRisEIVERtiaN fsed slglesemBlcgcer i abl es)
W L5 N0 CERERM GEPRARKAG WAL ABE0RI B8E%i0 JASIUIEADy o xblGuBH) U] P OCessI ng
case, code ruhning on other . I'n~enbodinent's "of” the“present invention

var i ous inngié¢rmensed in talicopedsias ey ptceh éndbpynaéwniwayt 0 ensure the 5 proper
functioning and the robustness of the program For exanple, the task ending
code of a prdded¥essnt ipgntien dplemenys anshextends the Webrknowig

di . oS . pal o il .  The task
6 20053 g A SR K500 S A, TR, O Sorpd e Lo
queues. pEegemhliyig lamliagt @ccask™MOwRIiES isbysbe dir €SPt Aatebctptisry obe gi ven

different priorities._Nesting is acconplished by providi _ngi a step in the TQ
pr otff amcfsd;r capdkiandhing ke br Hoarey Comympmigriing Mool fiocesseshi gher

- - t - _ 4 ) . f . - - - T -
Ir[:(rjln?(ralrrp yr ?ﬁlci%ﬁ step ?%aﬁ%%ﬁf?%%},r#%%?& isplrrl% 8?? ?{;aeéla’gprlg};s%f&%g?%%elp)sl3) o
al | hi ghereipr irnitsten th@ty amfheeogiam (IXnignagt efedighedtibec a0 &goribe det er m nes

whet her the current TQis enpty (step _14%. If the current TQis not enpty
(N in sFEPCYEEnUBPROCEFBeT Hiiph commiinipatewa onestaey shenackudves and renoves

it fron n I s i ty (Y
i ot eporay OB IS g BB e s EARARE Converd A5 E e e Ped™
nesld ngeithehicordimepl tcoaigarticadde Huedware iphastbirahspsfcalyedssibhedfoangd 13
are om i:%ftgﬂ In the exanple shown in Fig. 1, steps 11, 12 and 14 are atomc
as i ndi agthenganspBEe) voF Bas, begm PRemtie-sEStomarianeiantyasarity TQ)
and ste -ner for gH t a part of
R e R S SR R
hi gher Ranpl, iconiventioask thueud tedmiuesdht ©onCSPWystdhs Havieybé@sk has
started and bhefore it has ended, either cooperatively or preenptively,
accor di REST RESYSHINaferrRdshwhgthen iy usst spake ot ihi kryned epans: andt er r upt

an omy¢, T 8.4l i I y the sanme
o o Sar s e ok for MREIRY 8 188, SRksR Sul L ULV B, 0d 15
al | ow t Benventiongl gfrobrainecody tiodt tespoarls exesnal events has been

either highly operating-system-dependent, e.g. drivers, which has the

disadvantage that they cease to work as the operating system changes; or
embedded firmware, which require one program per device, and is

25 unmodular and inflexible. The present invention provides independent
modular code, which is reconfigurable and easily testable without losing
responsiveness, and is operating-system-independent. Although such code
is hardware-dependent, it typically will continue to work through years of

upgrades.




Mul tiple task queues may al so run on separate CPUs. In this case, they may
run i ndependently and concurrently as |long as any resource 5 shared by two
or nore of themis read-only to all of them and until they are forced to
synchroni ze by a comruni cati on or condition gueue operation (described
below). A "condition queue" (CQ is a programand a queue of tasks and
associ ated conditions. Each queue, except for the specialized short ones 10
mai nt ai ned by comruni cati on channels and alternations (described |ater),
contains a s gyence of entries_ inplenmented as condition structures. Each
entry cont ai nS€NREHEAYS BRAIEEE far SEPPOFHBE TQREAMAWEae3eCqIsliRg an t o

have be f ‘y\pﬁ;g_, whi ch can
only chgﬂgéﬁ-ﬁ%}n al Srfécﬂﬁ)ﬁﬁlﬁ%le%eﬁ%{' %h@%légiﬁggﬂ@%s%nggﬁ ng the

l'i f eti mhat8walretiheerenpt apabiliyyp sephdaid 10 prass, ybenrkirdrredsbarval i dity of
the test may have changed, the test procedure is run atomcally and if it
i s foundhering 1n the gaae of myltiple LBHsaandsk seaeencerhat camibagdle athe t est

I i h e & . b
nyviner et Rk e P Esc el telo ). SRR S e % SRR RH AL ogr am

i's 20 dehat,ifpenh thd TPEREAtengpoh @omgletidn ¢Ban lihstiietieengdhienefugue i s not
enpty (N in step 22), the program checks the validity of the condition
associ atEgWi; deterakinegdhe Rextiassigetion o fiear s s SEQUeRETC@adi B¢ on queue
(step 2 [ [ itian true (X in 24 ikt removes the
corres pg%?é’uléﬁg%g h (;ff‘%f% %1 %?‘?H@rg %)%&ht%lgﬁr éﬁg“luse&f‘g?lé%%ﬁﬁegﬁ 'pér forms

appr opr hairdwsiratseqiened; peifoenis thavoltdwiyfimaidge dppantiig tdehd ask to
t he, end of an .appropriate task queue (step 27). If the CQinplenents a

spet? al MFEgUsd céion BRPEed d8uthe psedRusdnsHaIckiare PR AR sTgHICtiONSESAtS el ect |

this st ' QWA o 1B <l St L ackn c back on a
condi ti %ﬁlcglej%sudeﬂi nlsut\églgc(jﬁ% fogﬂ)t as lglﬁgﬁ%ftlcé%ftﬁ?ﬁﬁgelgs&g?%t@ E1z:alclé:%glorrpani ed by
an 9  aduwatecketcoby s btandleadilogp] or antitnally sixelesiPERg inBrdfchdsaskaan a . task
gqueue. (c) If the programfords_a condition false (Nin step 24), it either

exits (&ReFustpn poinked tovsa dpbls Bilqred by erdgteetnd hardwase intarmaphext

task (s i t i S naordered (N in
step ZS%SB?%H %lf@#tercﬂ géb?ttg%@m?ﬁgs@gg%ﬁ%%&&%%ﬁggﬁgh?‘g%éc}g'nay be added
to 1he Sofitvdrcosequeusngheypiassedsik asebinmbledosiecomnpiledl estbs assidds t ask with
interrupts disabled. Typically, entries are added to the end of the

condi t i S¥PORuEYE rapuFaPAbE e aRdsidador st toavoillaliesal nmitede bre
R ke s N g A S E e N

i ndi cat edichyptdvesdorbirecibdinie stamddtd CPUs AhdemBbeddbd ysbeasssts| Bohdie
figure, a cor]di ti.o .qﬂe,ue may be ordered or not ordere step 25). Rel evant
to (d) SB8ywlesof é*g?i& tiINGHIGE Fhe $0x80 sedendinclading the:8986¢ aasoall ftssk

- refgs enggdeidsdiiGt @ etorfdiAg 509 10ha AL 8UEEES38ELRRK; the specialized

embedded processors made by these same manufacturers; the Microchip
Technologies PIC embedded processors; and, in general, any processor on
which a standard assembler or C compiler can run.
According to embodiments of the present invention, a “task” is a
25 short-lived program that runs in sequence from beginning to end, except for

possible interrupts or the possible running of tasks from a higher priority
task queue, that can be branched to from code outside it to its beginning,
and that can branch to code outside it after it ends. Running a task refers

to branching to the beginning of a task, running its instructions in

6




15 (with interrupts disabled). Wen the task ending code of the predecessor
is run, the successor task is run or added unconditionally onto a task
gqueue if the condition is true, or added to a condition queue if the
condition is false. The condition nay be trivial, i.e., always true; thus,
a condition branch includes the unconditional branch to a successor task.
20 The queues in a TQ or CQ can be inplenented by any suitable programm ng
structure. Further according to enbodi nents of the present invention, a
"fan" construct refers tg_a set of zerq or nore "child tasks" referenced in

the t asREEHANRE ’BHLIGNCRING 4 gropepcede caysile itiaftrn fends. t A “4ask
t - , : i i| gt . t-gl obal f
Pd coudhRRRr (100 163 SRURLA pBHTP RLENE dfed il AR BigRARL o 9 han

r ef er enpropestiepi§ar ThefTQ @rogoamned:e beuseasdwid tafos tedaiggsri<chitbd
sequence (or sinply referred tqo as a "child"), At the end of each child
sequencéls Begingiag; and ceenbeigh te sogecuitsids itihear whes ificnsls; foleas upt s

di sabl e r r.ent 0 f [, 0.l oad the
par e - LGS HLFORE, (Rs PRAER TS o Rl FRUP Bh u S8 WY
parent’ guear, endl thaak réesueeshe hesRaremt tHeogaet el iee prBgrdmi énds
construction, each fan has a well-defined term nation condition |eading to

the or d&hen theimats BA taske pp theraeue;Rnd (datasks maydax addedHatthies, a

child i T ar et t L al e not her,fan. The usg of the
fan cong%1 raué:ffﬂ} S r%qgio?lég’ %\ﬁgﬁn %ﬂ?@reegﬁtgg%%&eﬁ}tﬁgﬁipgﬁebgEygggglgrtﬁggk to a
par ent bysdxtefhal c@dd,|drusiheztRitableanetiosdd.r uct, where a parent task
branches into child sequences with parent code sequence resum ng at

"enHeode" (t Relamrdaiocta afogpaltaskridin godaskefer tp gods qutside adesk an end

fan congtruct . i €. t hat: 1 f h, chil d sequence.
In thi saﬁa‘fgﬁbit%%‘k?eﬂ %hﬁﬁﬁ%s%%h:‘b%%%?‘%éo‘gﬁgﬁrlfﬂg t%éﬁhg%%skﬁ%mg%ri abl e

"I s werpahenisklgulzeie satormaupte aridabt buibeis dde t6 Whidhethe ik t he
variable "nleft" iis the fan end counter that indicates the nunber of

“chi | dr eAVeHS: bragidiss whepat epast desamplss phéask idlstcosiedipcinde epesatingh

hi l ety T ot L . ] P Ty i 2
un (ot SySERE I Brprarm gL B0, M 1 LB ot B Sl B B pasks (M
i n B% epcdR)marrtcagonriesp (siep a8 etwarkt dit SQ&I&E&%&H cideg TAdiinwake ohhe

children are_ specified in the parent as a |loop of N tries of which any can
be canceéPeRmbradedi procesye) Wi ar matlsput g rgabtisne epsratige 20sBudl ean array

of N el RRROS sk eaekd Ml bkl SRS AR TR SASHLNG:AR 2,
om t t edthat references another task in its task ending code (“task ending code”
refers to code that is run last in a task before returning control to the task
20 queue); and a “successor task” is a task referenced in the task ending code
of the predecessor task. For example, the task ending code of a
predecessor task may cause a successor task to be added to a particular
task queue. When multiple task queues are present, they may be assigned
relative priorities. In this situation, in the above step (b), the TQ program
25 runs the first task in the queue only if no other nonempty higher priority
task queues are present.
Fig. 1 illustrates a task queue program. In Fig. 1 as well as
subsequent figures, a double border is used to indicate that the code

sequence enclosed therein is atomic, meaning that the code sequence is
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In the "Run iprev-th child" steps (steps 35 and 39), a child may run to
conpletion within the "Run iprev-th child" step; that is, the "end fan" 25
construct (shown in Fig. 4) is run within "Run iprev-th child". O, a child
task may run to its end in "Run iprev-th child", but instead of running the
end fan construct, it generates a successor (or, through a nested fan,
successors). The successor may in turn generate successor(s), and the final
task in such a sequence nust contain the end fan construct. As a 11

result, |urality of child igq#ences_nay exi st concurrentl¥. In an

a . |
al ter naHf%}ﬁtffrﬂﬂ&P HERG SR 398 PI¥PESSiomeoL fasoerresitc-gr ¥ariaRisp) prilkes t he

child task ddd el 35k | WA WGS 3 : all al |

chi | dren'V\f ISI utq;.g runr%ﬁﬁty\?gs q%%%gggpﬂlhg§Ig?ﬂ§r%¥lﬁleémacl%tsgr tive 5

i mpl emectae] code thaniiyoni gihey-CPUshilhdmbbdimentd bé tihapestertr ogr am may be
designed to run the entire child sequence to con*ﬁ)l etion. Al of the above

al t er natP{RIAR ¥aziohs RartiRngplthe cods arenarclgrdly Ripmis fo snepse tBeand 39
et . : . RG’ : oan
ShorS, BepBey Mo diSA0Ra i WO nCLIbE e LRORHIN ol Babife @l 10°

by the pasleending andend ecpredaesabetisk id efpichly ianotiial Iy dbfollowiNg(step 30

in Fig. 3) and is decrenmented by the end fan_conponent of each child
sequenc@l 107, Qi WitSsi st iptadisablndy wil) megn alpmicecofi-ent if a child

is not activ I . o i 0. ) ".step in
the end fan %l(ectg%%oﬁg%\%é %?O%%Qﬁg zstqlél?l 315?1}&%’;%% H&ﬁﬁﬁﬁg%ﬁgﬁﬁg t he
endcode poioritiyetashramtudsn Gesierally henylsipda taslodecsieqgunng e preseaitfardred by a
Chigiéj onll%/ gnen the. parent's f.an end counter nleft. is O (Nin step 42 of
Fi gtU 4) may e giyep diffepantpripgtics. (Festngis pecepplisbed. byrpeopdinge progr am

(Fig. 3’ | 1 . :St. i ns the
parent' étﬂing@%g@%%?gg%e%ﬁu&g Cﬁégggggg@%po%éaéggue %1(:30 ﬂr%lc eirncléase t hat
none of wiedhhir elmyl iigher ipriadty ¥Q is\ton-ahpty Gtepad 1Y 12). dfephid®er |t can be
seen t h%&'io?‘}/tyulsb qg 1'10I -I;E].?I‘th’y {I\P fn Fs)%lerl:)e ?t2],rtlf1r<]§1 lJE,heehE)grhee\i*I }g)Il‘Ji(S)I'ity TQ is run

(step 13). If all higher priority TQs are empty (Y in step 12), the program

15 determines whether the current TQ is empty (step 14). If the current TQ is
not empty (N in step 14), the program performs the next task in the queue
and removes it from the queue (step 15). The program ends if the current
TQ is empty (Y in step 14}. Alternatively, a task queue may be provided
without the nesting of higher priority task queues, in which case steps 12

20 and 13 are omitted. In the example shown in Fig. 1, steps 11, 12 and 14
are atomic as indicated by the double border, while step 13 (Run higher
priority TQ} and step 15 (Remove and perform next task) are not required to
be a part of the atomic code.

Alternatively, a task queue may be implemented such that a higher

25 priority task queue can run after a lower priority task has started and
before it has ended, either cooperatively or preemptively, according to the
implementation, as long as such running does not interrupt an atomic code

block. This implementation may be illustrated by the same flow diagram as




active child of the current active child (the child determ ned active in
step 32). The purpose of this is so that the parent program if it does not
25 conplete all children within the parent |oop, can fall through to the

| ast active child, so that the last active child my be viewed as the
successor of the parent. Then final "Run iprev-th child" step (step 39)
runs the |ast active child. If all active children are conpleted in the
parent |oop, then the last child will find nleft==0 when it runs step 42 of

its end fan construgt 12 Fi g. As a result, the parent's endcode wll
be run VOB J4g ﬁﬁ?FaPtﬁé@gﬁe@giéﬁm% fiedogwnaliew thg Tunisgydci al Iy t he

ways t he; 11 Bly v and i are set and increnented/ decrenented,
are exenﬁ ryﬁon(l?&ypcé %u%{egseapproprl ate program flow may be inpl enment ed,

so long as tMuhtplbdaeh urees miziyt dlabadirbyntdepapate TP I hgispedsnt
endcode hs run when %é&&chl | dren are conpleted. In an end fan construct
shown i AREY FHav TUPHECEHEE: HF]BG%‘F\dFﬁ@{CH(HFfFF&%ﬁédOng qs' PR¥ TERBRECEN| ef t "),

st eps 42 sﬁlak‘?d @Jyet;]vgg B&ur)loré”‘ rﬁgsﬁ%ag?o% %?%hérﬂ Sar?ci] i J,Ple e atom c.

Alternatlve nen ste rray’beo f the

atom c lalrecfdxrceﬂ!std sy:gclasanm@bmtoﬁﬁﬁmﬁ@dtem @z)cdrﬁhﬁbﬁrqwew bbefettﬁm
decrenen ({Eﬁﬁs(%et?%f(gé p 41) The fan construct shown in Fig. 3 is not required

to be af Wk or the "decrenent nleft"” step (step 33). Thus, the

parent program ey that has
been pl aced %n %QSP %‘%ﬁéhﬁ@%as aogfsﬁﬁ%ﬁprl ué\g&%‘f gs%%‘si?
i npl eneatsociatedoondititwes.” Rach gueuef bxedpt! fdr thte@pel@ieﬂi:&%i $hertadiidsd 1N a TQ

runni ng e child' s cade, the "Run iprev-th child ep.is atomc.
TheP(gbo%a%éﬁ?qC}oEH C&W%ﬁgt%@ﬁaﬂ%@m@@twsf(@@ﬁiﬁ%@@ﬁéﬂi@ﬁ)ﬁ eads. A

s eudotBhEadls 4 SeRusRANEREAAL, PEHGTRII0N SHUEGRRROL SuLATKS BLAR!I 1O

wth a task el oaded onto t queue y |n external code,

or as aeahiyt dom‘aﬁhsmcedé bﬁoclcantilmw&q:ﬂda:eaemaew@ﬁch héWkl@dJWhem) t he
uncondi ti onal branch or froma fan to the

f Sﬁciﬁé?@a@ﬁv %h‘%@gngaa wasRftatked i the sBif cay) Whinla cendi ng
when a Lagk chahgk 'T%I?lsfaﬂ\éé BOUL P AANML £8f Pfue to false during the lifetime
15 of the entry. At appropriate times, whenever the validity of the test may
have changed, the test procedure is run atomically and if it is found true,
its code is placed on a task queue. The running of the test may also change
other state, as with a semaphore. The CQ program can be run anywhere,
including within an interrupt. The general flow of the CQ program is

20  described with reference to Fig. 2. (a) If the condition queue is not empty (N
in step 22), the program checks the validity of the condition associated with
each task in the order of the tasks in the condition queue (step 23). (b) If it
finds a condition true (Y in step 24), it removes the corresponding entry
from the condition queue (step 26) and performs appropriate state

25 adjustments, which may include appending the task to the end of an
appropriate task queue (step 27). If the CQ implements a specialized
communication procedure such as the alternation, or CSP select, this step
may involve (not shown in Fig. 2) placing the task back on a condition

queue instead of a task queue, but this is always accompanied by an
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25 uncondi tional branch, a successor, or a fan. Each pseudothread is a
singl e sequence of control, with interruptions allowed but no concurrency.
A fan and a corresponding end fan conponent may operate to forma plurality
of pseudot hreads exi sting concurrently. Point-to-point comunication

bet ween pseudot hreads, including selection, is done with specialized short
13 condi ti on queues, executed within the conmuni cati ng pseudot hreads

t hensel ves. Wil e such a conparison is not intended to be Iimting on the
scope of the g&gsent | nvention, those familjar with CSP (occam) wll

r ecogni 2EVERSE & stRte lsadiep tecclinahaintselasing the tank enentasinguese.

constru ; f S A ed to
ot eretd) P SCRRERR R dE e Rt R AR ABRPT LB e RS Tt
comuni @& ibthaaf) tootdakdd¥nst stegt 355 ughclasckshtioat st tallRteg@ayes, and

Al ternations my be inp|enented bygzgeci alized condition queues. Condition

queues sy @btﬁﬂ% sherheeked hﬂa"rhql: iy pensorslerpd 4N i8ethephdrles(dnd separate
o) : S UPRSH . : and.
Cqus re iR R aks Ehi o dndiii (RTINS i, FEUTEIN o BEE Bobdifih,

pr ocessiqugliel enlydby tesikienditlg céde af Lpteidc@ssantadli aiflainrape an

uncondi tjonal channel as they 15 relate to the channel (a one-entry
" condi t CévRRlgduclyrisaldy s grtrigshmimpdded da)thessnd ef the conditiend caryesl | ows.

R R e e e R e L P

a condition queue C ann I'n*a’ sy
queue c beaditedaniyndicte wiitkizpdee cpaditien dee) Peeferdhigl tlde vatiege 20

address or is NULL, where a workspace structure points to a task and
program in this example is atomic code as indicated by the double border
in Fig. 2. Also, as illustrated in the figure, a condition quetue may be
ordered or not ordered (step 25).

Relevant to (d) above, a “condition branch” is a condition and a

successor task referenced in the task ending code of a predecessor task

15 = (with interrupts disabled). When the task ending code of the predecessor is
run, the successor task is run or added unconditionally onto a task queue
if the condition is true, or added to a condition queue if the condition is
false. The condition may be trivial, i.e., always true; thus, a condition
branch includes the unconditional branch to a successor task.

20 The queues in a TQ or CQ can be implemented by any suitable
programming structure.

Further according to embodiments of the present invention, a “fan”
construct refers to a set of zero or more “child tasks” referenced in the task
ending code of a “parent” predecessor, together with a parent-global fan

25 counter numbering the child tasks, a parent-global fan end counter and a
parent-global fan end task. Each child task may then reference a sequence
of zero or more successor tasks forming a child sequence (or simply referred
to as a “child”). At the end of each child sequence, an “end fan” component

is provided, which runs with interrupts disabled to decrement the parent’s
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contains other state and conmuni cati on paraneters. The condition consists
of a test of whether the pointer is nonNULL. Pseudothread A (or B) checks
the channel ¢, if it finds ¢ NULL, it wites its successor task into the
channel (i.e. places the workspace pointer for its successor task in the 25
condition queue) and unconditionally exits. If it finds ¢ nonNULL, it
perfornms the comuni cation, wites the task found in the channel (bel onging
to the other pseudothread) into the task queue, and either continues or

ol vedad Phe tEaRTR rtlnnt e Rarsvics Far one testata f tagk st che "
out put t icdgirRELLBEeS I %@fb.BT‘?ﬁ'édpéreﬂi?‘fgﬁ]eﬁd (taﬁﬁ%ghh{ém?élﬁgﬁém éé!h%ﬁm/g tries

to select ¢, A checks the conditio e wor kspace pol nte In C.
possi bi Isetipefnisee By thoislgorigrubaon Achicindan thees aveaihelefined thdingtibannel
enpty), in i ch case ites its successor task into ¢ and
uncondi FP&H%%Q%&?%& st FySURRitPTROE et parent-gFansimey Re A in c,
and §i nehedshad . iHatiis [ oY N i e of A
o ¥ oSk fHatip, AL fif AigOhay B Libdrer IRl BRLAES BilolReT tah®, D1, 2
not al r §dwyushef ¢he dan comstnactt isarglliredewhen tharetibenoposisabidnet y (Scenari o
2) is 10 that when A[tries to sell{ect ¢ and checks the condition in c, A
finds BSHTCESIY sk tad RareRt (as of a channel output attenpt by B or as a
resul t of theisesendsfbes AifaR QIEH-AUS wiEERAA A rdnILIE KraflbHed oM N the
selection aftefward). I'n this case A advances its own state to "ready",
| eaves childcsrmuatiesamithi pardryg cuiEcsspmndesresutmalg attgndeoddigthask queue,
it conti nge t ftslipi cgﬁso%. (or.places its successor on the task queue
and" éxj P& Mi g11® E% S ]I%-f’ dintstrates an epdifanycensizusblie t§“3maly
happen gaA¥ thhf8s ruhf ' elni PG WAL ion.
Each scenario | ei\i;g? ?ﬁg{%ﬁ?gpﬁﬁé :cgln&il%@%?gglgéﬁsazgvﬂkfggf %glrﬁél g’r ge(%}gﬁl owed
by a seltesks aoé sphcified in the paremer The variabie “chisnthel parartsgiobal ém t akes
pl ace 20 exact as_in an unconditional transm ssign wth B always the
first r&gw%?lb FaRumRers T}eeﬁ%l‘i‘h% A B yATR %?\HWWOW 8 CBdch as a
LLTer QBudier B iRAcARA! HNRukASr BcKitaRYPehd! ATLLIE 16 PRAIh A eue
estrip

after the alternation cones ready for any reason. The above ion
i mpl2neidibs patdntiprogratSwsis cachochidd todieterr@meTifdt ps antivel dstivedcigidder al

structure of .an operating-system i ndependent uodul.ar programyi ng .jret hod
have beéﬂs%%ggwﬁg‘ftp %%rhé‘g'ﬁé%na ele? %falfl&é)’%pr tlp}"?f(fé]ﬁtqbém ?ﬁ"d €r ogr am
for conigfdivd8hid inC ' = ri bed
pr ogr anm ng ' met hod %Fﬁgqgﬁgg%g %)v%%{dggﬁggteéﬁg?gﬁuwﬁlﬁgﬁ%{% q%(tr;eues
wor ki ng eimbadinedntothewitilires are specified in the parent as a loop of N tries of

which any can be canceled (made inactive} by a FALSE in a pre-existing

20 Boolean array of N elements. Alternatively, the children can simply be
specified as an array (i.e. all children are active), in which case steps 32
and 33 can be omitted.

In the “Run iprev-th child” steps (steps 35 and 39), a child may run
to compietion within the “Run iprev-th child” step; that is, the “end fan”

25 construct (shown in Fig. 4) is run within “Run iprev-th child”. Or, a child
task may run to its end in “Run iprev-th child”, but instead of running the
end fan construct, it generates a successor (or, through a nested fan,
successors). The successor may in turn generate successor(s), and the

final task in such a sequence must contain the end fan construct. As a
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hardware interrupt code. This program can coexist with any operating system
capabl e of yielding control to such a task queue and interrupts, and |ater
recei ving control back. Operating systenms with such capabilities include
nost standard operating systens including RTOS's. The program5 can al so
operate on a processor that does not have an operating system all that is
required is task idle code that is capable of starting a pseudothread. Such
a program may be constructed using the nodul ar programm ng net hod descri bed
ul at.in with tasks in such a fashion that the

above by po the_t ueues)

t asks arrgg‘dftgﬁrﬁﬂ%ghﬁﬁ%ggﬂémsﬁﬁﬁ exsHuanaHgently prlagart abl e
properti Qe ; J : « ukj ng: i i.cating

W th eagﬁﬁe g%l%grgee{n gm@k@%&%ﬁé%ﬁ%n% i(‘jat au%{[ &%&&n’gélﬁ? gﬂ?yugfa%@gl{ Fme

f ashi on chaldtasdr froatiasl quadweuivatt catsriasnisgoits asddatia tids @ams «Avai | abl e, but

with al rigrjty than the 10 respgnse so as tQ avoi d excessive
| at ency.(’lqlﬁjaﬁrfeﬁé@g{]b%éu% by theitapk mirusésle o vo reatharcdfennagieo 15 CSP

| es, j | ‘ o by it
par ot , TRECRCRaBDh, TP RATRraPin: AR RSP BF phlal RSN e tion 5

r esour cée. désigned de rval thk extirs chilinsegeaicdtd sompleisénl Mt bfrehd adbiven by
the conditi on queues. Hardware comruni cation Li“nks ”a_nd Events are

i npl emeREEHINBYVED RdE COBRISL B dESwSs BNA the werd pRaIn Ay stepsa3@apde39a | nk,
or poi NighiPn@ Y i j AN a [ L L.C i_ith flow
control, ngly&gig%w%ﬁ%g?&e%&%é&gwg %%fgn‘}g%@%; ﬁgﬁ?\% ggﬁ%%ge\?iogeth eady. An
event, ichilidheaskense used by CSP inpl enenters, may be handl ed by a condition

gue under ntrol of the eventi ng device's interrupt code. Miltiple task
quetiés can i ee‘??ﬁﬁr?tut}%f)gﬂil%ﬂaﬂ“?n rBdogde iy shilddsdleisrapped byathe | el i sm
wi th no i ﬁé{p]]q% : » t . iBle, and
conpl et gﬁ%g{éﬁg fgllgrrp yE(glg}r}t ro Z% nte?]t’ fﬂgﬁy@gﬁ%&gf@g@g %éﬁﬁﬁg gl t asks

and t he apd i de¢grenmerited bpthe kadoieuesmpbhent Idf daghneiiidd sehaenbasaseon t he
nts_of the present invention jncluding the task

descriptions of enbodi 1 ir
queue ahfdc%lﬁ’g‘?t_teﬁéﬁt%ggénn%l& Pl @K Pyrihepangsft it %hlldel%&@ﬁﬁpgge died.cr i bed
bel ow, Hopsers rbp b I rid1es)! ofhy ARl EE4G L SRP Rl LORA R on W T be
able to carry out” various” st'ate

1S component of a child (step 43 in Fig. 4), which runs the endcode of the

parent to resume the parent code sequence, is performed by a child only
when the parent’s fan end counter nleft is O (N in step 42 of Fig. 4), i.e.,
when that child is the last to complete. The parent program (Fig. 3) also
includes a “Run endcode” step (step 40), which runs the parent’s endcode
20 to resume the parent code sequence in the case that none of the N children
is active (N in step 31 and Y in step 38).
It can be seen that by using “iprev”, the parent runs the previous
active child of the current active child (the child determined active in step
32). The purpose of this is so that the parent program, if it does not
25 complete all children within the parent loop, can fall through to the last
active child, so that the last active child may be viewed as the successor of
the parent. Then final “Run iprev-th child” step (step 39) runs the last
active child. If all active children are completed in the parent loop, then the

last child will find nleft==0 when it runs step 42 of its end fan construct
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5 machines of a storage device controller. As a specific exanple of a
storage device controller, a generic software core for a RAID application
constructed using the operating-system ndependent nodul ar programmi ng

met hod i s described now. RAID (redundant array of inexpensive disks) is a
storage systemthat may be 10 used to increase disk reliability. Several
different types of RAID system have been defined: RAID-O, RAID-1, RAID 2,
RAID-3, RAID-4, and RAID-5. In a further RAID system the nunber of

dundant. d : | | t d
ol oot aBTE oli s & TE8UHn @ ABHA HREALDE SHBLY GBS dRT He dn Tsmon y
t 2,
PR gy S e S e R R R A L KR K scegle
the presexnti am/eﬂtt and 1nsrcandnte.cb/fdefarenmrﬁéﬁ[)as¢ exegfplamsbnly t Aat cthpports

one or nore | evel s res |tiple selectable data redundancy
when apﬁ‘P&aPP Pfﬂ%rad? Zq%@gP lﬁte@héoslpagaﬁg%ﬂareghéégeraﬁae| s able

to psovidRididdtsy thd paPer0ahSPR 1S ARy QY W rears.
One particul ar- ayppl i ?gﬁ onaog%phgﬁgﬁ%ésﬂﬁ({dv\grg core | srpgﬁ kgtaﬁv\lgr Kk

At t achedoBipetagbt) device that includes a plurality of disk drives with a
server and cgntrol ftvvare that can execute data I/O requests from ot her

net wor k servep&h ‘?’6 ag QQQS&FECE pROWEskY Fist ifothsrcadserpaiian F%F@h’%&t ations,
sone RAL t « «Bf;nt €r m nol ogy
is ill ugﬁétallvgbg%%gﬁgqléﬁ §E¢En?%ﬂdg§ldt%£é>|0?3 ﬂ%g@%gg% t he present
i nvent| @ndncndaﬁysrsﬁfmmlto b dtdmrk" Altemaﬂe@lyed@e“ﬁhndamaccbde”astbpr ger

add ) redeter | engt nd offset fromthe start of the
2l Eos CBREIanrpS pRtSiag dybe sarrobiochs sefaps s isiostiieh égen | s

t ypi caI luy) 8s RPNEN thﬁ\ﬁﬁ | €41\9" t e Hdknto ol 2
byt es, an():I t he aé%réss s%a@(gg}?@ '?ﬁostt??r(lge)% i dr'glg%%suaace ?E%tﬁ mpﬁt-out put
(10 dewmd*“egl Bke rmtmeqkumd tape atomie, exdfqﬁtfonftherfdbcfhmenf;‘nwc’hsa@ a di sk
partiti 5 is an | O deyice that can{recelve or transmt

? . >A;s"bl,ﬁ]ﬁk devi ce” gl
data onl é} By obRYS oG PREFRLPFOSHAR Ay Sie 8 terrainte Q%’eeXEH&PEﬁAA?YeabI ock
.size". Twp i | I

512 byt es (??@gsgde/te}l%de}rﬁa%eé gé(%?%gs? lwié?oc}:](lzldd%élg(?gﬂ %4169 ﬁrel(?lfrht}? ock or
. "sof? watke bnndkl‘nema‘abmayheteaﬂw “Rurnrighev-thakbiid” stepgelacesltheplhdldin t he

- hardwar e e. is an alternative block definition, often
~ used to ?H 5“5'11’6]8% tg‘lei%“fcﬁ%tcoﬁﬁyﬂb"e RHBIpeevthaghidiastedr 1st he

. hardvvargt&h@_oftware bl ock size. RAID operations are perforned on chunks or
sets of chunks. A "virtual address space" (of a RAID or other conpound
bl ock devi ceflhiesalovs describehpragrhradaretsustsanayvibd bisedvibi fohml O can be
transmtted .t from,t he d .15 devi ce peari ng from outside the
compound® ﬁggpﬁéreﬁéisi f‘H] PSG‘\B&BH{‘)W?BMIF? %‘T’%}%ﬁﬁ%ﬂp BY&SECEPBPHTULCEPTN e
devige. tdfies dabarihg withf é{{}:dﬁleyi ng devices,
and may gener ateloéhelrIﬂh a?ﬁ%ﬁ%{eﬁr]&%ta Ig%;éj%{pa ty", ich can be used
for recovdegenderinexindeal godey afexs aecluﬂddawkma fza,aromtivnairgd irabl e. I n this
sense, arit ral termincl udi he 20 . .mrrored data of a RAID
o0 RasBlighde thia T ERtFieE tgec%mqeaﬁ%gaékp% Brecirlifien %u&cgnpletma addr ess
space (b?&ncﬂ'drtﬁ'éfn 8hhRS t)he =21 LA4R Q Qhchaﬁ "EQBCR_{H%?% ks of
data and/or parity on each a set o er yI ng devi ces

stri pe" peqUbeces)t andrﬁnctlelngh'enaa tatk |tq:mndmtes witksyt ambncﬁtﬂiﬁt@f m ned by,

the,data _and parity, on the real stri o the exclusio
92§ AoadiE onaybranch a sUuccessor, Ra fan.' Rack pseudot read is a single

sequence of control, with interruptions allowed but no concurrency. A fan
and a corresponding end fan component may operate to form a plurality of
pseudothreads existing concurrently. Point-to-point communication

between pseudothreads, including selection, is done with specialized short
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25 anything outside either stripe, and the stripe is chosen to be the
smal | est contiguous unit possible for which this can be said. The stripe
si ze and organi zation is dependent on which RAID algorithmis being used.
Fig. 5illustrates the overall construction of a RAID software core
according to an enbodi nent of the present invention. The RAID core 18
nonitors the state of a RAID array or nmultiple RAID arrays, allocates
resources to the constituent operations of the RAID array(s), accepts
requests _for .input and output.fromthe users) of fhe RAI rray(s), and

r espond< RS HGHHNYSY e&chﬁgﬁ?q W EMIE; i %%@%Eﬁ%‘t“?‘?&’é’ﬁ@ﬁéper ations
by 5 trapsdelydrg correct state and data to the user(s). The core includes
a plurality of requesters 51, a resource allocator 52, and a plurality of
stripe parityWhild sudhrasoenpalisoniipeatdatendgd 58 beHamlting onhésescmpponent s
is inplenepted as a.pseuydot hread._ The requesters are short-1ived

pseudot Iﬂﬁ'ﬁﬁéxﬁﬁ?'&ﬁngwtﬁ%ﬂwe(féﬁ&ﬁﬁé ith\Collpecpras vall reepgrize $bat cal | s
10 igsu e j I river calls
to t?ea? l;lte %egﬁbi% rﬁgeag%)ftwaga 2 lg%erdegae:;&n??é}? %ﬁy\glg@e;s%‘lcéggﬁé}g? g)f%evi ce. The
al | ocat dirog@ss,saral shedhe drohgntifaadcqssandot higate thad toeisppletsertiotliide

requestg_{@?é{ﬁthe stri pﬁ mi%ii_ers 5?1, or clock stimuli froma tinmer 54 to
al | ocat geustiyigti dniadiition, thetandaed GFF gerppamdeation apds al so
| ong- | i vedidol RARMALRr Sads i i | | s | ock
data devices 55 (suchﬁgas di g%?ﬂa#ﬁg%%ﬁ%h@%%\%g’b %%El%g\f}%l%é%ﬂs%?
const i t Uteeinyplenoen tedr ey RpEEiadizedyonditioadgli¢ues), Canditidardydurs agwi ce 55
may.he a RAID core, .which results in nested RAIDs. In the case of a nested
Rl )t AERIGEE IS AU e QS tERCiRIReR a5 SarmapinErs pasksenatats GRY
conveni epGewdrBigardfledsat! r ei:d) gl sk r,to the
under | yi ng g_fe\}-i ce. V\ﬁeﬁ soﬁﬁsléelgl,ﬂtﬁﬁzeterm%ﬁé’?gﬁl%gﬁ%ut?%régg iljlr?derstood to
mean anyegquireaidrg Stairagpeardey Cisbd idantitdl (iet. SMPI (syidmetriondilsks.

the term"user". should be understood to refer to any processes,

Simlarl " 0
tlhr eads %P%%%Hﬁlﬁ%?%gﬁ%q@%? Fnal to the RAID core that issue the requests.
25 Each requesi&h exhmSleS %Vﬂ%grr%&?aﬁ@ﬁ%cﬁﬂﬁ%ﬁﬁl ch?,ﬁl?l%g agrtthlegn of a

pseudot hread, when the required resources are allocated. e crea
r eqli@st eelade todberchamedlie arseentgdioratition quatthéngsed fmecessary for its

ol aci ng COTE PR, e AIHYBIALEA GiF IOHGw VOCRRRBIORA! User process,
in 19  communication may occur between two pseudothreads A and B via a
condition queue c (a channel) in a symmetrical fashion. The condition
queue c holds a single workspace pointer which is either a workspace
- 20 address or is NULL, where a workspace structure points to a task and
contains other state and communication parameters. The condition
consists of a test of whether the pointer is nonNULL. Pseudothread A (or B)
checks the channel c, if it finds ¢ NULL, it writes its successor task into the
channel (i.e. places the workspace pointer for its successor task in the
25 condition queue} and unconditionally exits. If it finds ¢ nonNULL, it
performs the communication, writes the task found in the channel
(belonging to the other pseudothread) into the task queue, and either

continues or puts its own successor into the task queue and exits.
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a task queue, followed by the user process sleeping. The request queue is a
circul ar queue nmanaged by the allocator 52. The requester 51 may |live only
| ong enough to place its request in the request queue, though its request
may have to be nmaintained in nenory longer, if it contains 5 information
necessary to permt data 10 to the underlying devices w thout superfluous
copying. The allocator 52 is "waked" by communication froma requester 51
or a stripe master 53 or by clock ticks fron1the timer 54. The allocator 52

is trigger ed&ﬁ/ ]é P/ occ " Al teLtEatl on" const I uct %@hexhaustl vel y
tests 10 resodt B&CEEH %HBEV Esﬁr’r@ TP PSTRAP £ 9FSeudot hr eads
of ot hekelotPRS) alld &n ﬁt@kﬁuh@ﬁ&qﬁfotﬁ?@é&% afll é‘hh WI(G&DriditiBnCr | ti cal

feature of the invention, |'6Wi ng just-in-tirne arﬁ% i'smand response
whi | e plqmwaI@I)yV&hond’L hges aosehmhah tA oheck&Hadh coacluemu (ﬂreowoakspmﬁest er 51

dto Db th I t d h
communt BAERISR) 55 (ORF PRI FRatibiriad) fo FhRCAriics KBS BRSNS Con of Some
operati qULL, (GRShAE] &B?t;ﬁp‘?ﬂ \ﬁ:n% “&i@e d%%(rh@& 1@%%&%5?&3{%1{ ol Sahferefore

al ways notified when I as a o or a Job co ete, and is given
access tmcairiditinhallyexitsn &bbaequanﬂ?;swh&atﬁ 01&|Clk!§l¢ VB wvﬂtf?ﬁnm ksc, menory
ilures, IDcreatlon rebui | di ng,

| | | di sk f
gggtruc%:ngﬁib hg'd td;Bif%S?ﬂ qFf‘éE‘&t‘rOé}m §1%?@%B@V%q3a%13e%ta\ﬁﬁpéﬁ\ ®habl e
those Skfée{aﬁg A4 Wistedlitsaf (@/ﬁ z‘atc\é@%gﬁgﬂur A t yuéxfﬂrig%% every

state machi and resource ocat on nee next step or steps in
t he RAI Elmadp’eiﬂmrepand'limccabdl\tmrml]ywaté oArfothet poasrtshtj,o(&:eaﬂarm Bhis

Dt e Hadt oAl tia Slent e, Cor i by coRgHoR e fadh BRGSdR ?ﬁgg‘? ey e
cal cul agdipRe2Rg/0fe HREST EWH%I%V‘{&LF@L%%&&BPS ny'rsBWs W el 8 out put

to that stripe master 53, which hea om agal n by tﬁe a Iocator
52 onl y sebend tstep 10é qupreyiowp Scahiaoi 1 svidarec did inat wial thedsel2btionThe stri pe

master 5 t ask nnent.s fromthe al) oc r 52, and can spawn
a plur aﬁ?ﬁwﬁgt E%I%’@I C?ﬁf‘e‘&ﬁd slt%é“ﬁ‘s?%ettﬁeJr@‘F p lea¥s' end fan"” P
-const r ugtraesell Bed gatd sﬁ&ci ttaﬁ?éé‘dgpéﬁ%%t%sﬁaﬁ'ﬁ%éésfts dedi cat ed

to one of the underlying bloc a eV| ces '55. Each of "t pseudot hr eads
56 5% eepsntimuc® Mswmlcees$czrn(abrt;danemaisam,)codseor b8 thredtatddt quemaiama at i on

onen or Frial e et Afrigd haptithe Sly S BE Alla M SAr D2 Rap JiamRen. ©
under | yignyRstesti ?rs%&?etﬁ%‘{%%ﬁeﬁ%%@ k@%é%ﬁlgﬁlﬁé)sefeeﬁ%d' Rich
I Cct e an er ent

just-in-tine response to their unpre asynchr onous
behavi oscemhgodeavqetinaattersatidniny” raady)” apdetahabtfprafolioweddry ariority,

perfor it u on.on the dat ent recejved by this 1O Thus,
each st PE% n%%?’glﬂ&bé‘f%ﬁ%ﬂ%%ﬁﬁa G ¢ %F@Sf?r@ﬁlsgi‘lsﬁw HeEsPlasss and
bl ogk d%Xh§ﬂ¥ i aﬁnﬁl&ﬂcﬁﬁbn%p%fﬁ{érﬁ&%m it BRRASA hd frdieRdg gJ write

user data w correct parity data fromor to e RAID 15 array(s). The
stripe mummm%]rtam@tmosépmedtcm @Rtmdlfm:hquﬁde,r sychgsdetimer (di sk) 55

i ndependent!ly respon t he rrands rra t by fhe stripe ster 53.
Di sks of&F4fe B eﬁgﬁf‘h&l? ¥ IEGFYE?V L}quqrﬁilgopcﬂ‘t"?%?@?ﬂ once.
One exappt @aﬂe%naa@ﬂl dtﬁnle@ @eaégqeﬁaﬁg%e%oﬁatfﬁq@aﬁo% td%rscﬁg)@fd?ﬁr fromthe
di sks. Read ahead allows the 20 disks to operate w thout stopping, and thus
to produnpletncatsrmsil knswer CSP/occam constructs.
25 The principles and general structure of an operating-system-
independent modular programming method have been described. Another
aspect of the present invention is a program for controlling a hardware

device, constructed using the above-described programming method, the

program having a single or multiple task queues working in synchrony with
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Anot her exanple is a server (such as an e-nmail server) where a | arge nunber
of users access the disks at essentially random | ocations. |If dozens of
such access requests are handl ed together, the requests can be ordered so
as to seek through the disks in a certain order, e.g. fromthe inner 25
dianmeter to the outer dianeter of the disks and back, rather than bouncing
randomy across the disk. This is sonetines called an elevator algorithm
One purpose of nmultiple stripe master design according to enbodi nents of

t he present invention is to ort read ahead and &#evator al gorithnms. For

exanpl e MRS FBH T HPF B8 ekt ErRIOSE) M GRIERCER VIR A ARCEUME di sk. 21
Thi s i S s36RARIpREE oPYidI&iNH cn &GO fsugﬁnegltameel %&%t&?ﬁﬁ}:&@'s&ﬁ The

commit condition queue allows the disk driver to take requests from
mul ti pl datsrmepeivingg tentrol draddy  Olperatang syateihe withreiioh eapapilitiesl way. Once

o what YT ecoBt SRR ch GPe TR SHP MmO e RE RTS8 o Padrogram o
dos Vi . . or " g sk d
undeg | yicag £liss ‘bﬁé&hﬁ@én@}ﬁrﬁ&f&%? Mhaf dBeS Mt Hﬁ@aﬁ;cﬁfké‘%%%%%sg% & one

condi tion queue, wakes up the stripe master on t hese
demands thatisoemiicedds dask adleeshd Sitrageisatdpaifle i staltove acesmotuthtreadr e

i npl eme%t_e as 10 pseudot hreads riorit I%% t he various tasks may be
cont r ol FEFTHE BIPETAE MGYdPe FoRS ‘@%élstl g Eg@?ép?gfrel?’é?&raﬁk@%t hr eads.
For eXa@ﬁﬁé&roc?&@s&ibé@h%&%ﬁ‘%o@ﬁieﬂé‘ﬁ%e i%%%& S;Th%ﬁ%k yvplgﬁfta%ms RATdU

cal cul ati ons may be provi ded"t I ori seudot hr eads™ of
t hese calfashim that tlsksasits abe osganized ingpenslothitedds avitde pabaseand

o Mhonebediss T LRSS A ! Aok RSk o GoH T Rradlym © o
di sk- se@&ﬂmﬂ%@é@ﬂg%ﬁ 3% ek ® Wiﬂpﬁ'gi?ﬁéﬁf‘éﬁou &3 SEUAGhY ina .

di stributed usage of resources required under CSP makes 1t possi

muf t i - pjestedsitimge fashiper, arel petforeoning malnmationspankook asad4® hecbmesr head,
and wi t hout e.of slow and unpredi ctabl e operating 20 syst em dependent SMP
(symmet ArelaARRe U B fagst El;?_ﬁ%ﬁél%@lq o serReRspapaRip fred

- oper at i BgceyEtE MreRdePedentodRe Modtidd enBALR &H{t?ol?\ﬂgtgﬁlzﬁgréﬁﬁﬁttbcm ars of

a given device, or protocol, or operating system are rough

" cald i n€Shyuldsi sh thiat sogkildtprogesy stvars anlyviessurceg geat wede astnadbn t he

RAI D core, andtwel |,- defined 25 "ca‘{hl o] tls" whi ch are called by the | D core
and mustCHRAER SPAdHaH IO FI SIPLOESIARY TRRIECRR SHES AR T6ad- at

| east tBagerésthl@dsS R&MIeYMAih R Randehi-88dS t%_ﬁf@cgiln\iﬁﬁae exenpl ified

in the sanple code included in Appendi x A contal ned a conpact disc that
has beefashhooripotiat ednbjtioefpreaese. Hindwaat coniraumiyatads dinkslamk st andard

D AU 2 e eI By S SRS S S b B 200t e

e o B e R b PRE 1 i g

RAI D st dewiceswiht flgw cwmintsol; maay bei itpleirrn taddoy ai sjgele hhH-qisauddtdndads,

and RAI Bexe}{créal)éady. An event, in the sense used by CSP implementers, may be
handled by a condition queue under control of the eventing device’s
interrupt code. Multiple task queues can implement low priority and

25  separate CPU hardware parallelism, with no operating system support.
Latency is kept as low as possible, and completely and simply controlled, by
the interrupt-based queuing of tasks and the priority control on the

queues.
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mani pul ation calls that create, rebuild and destroy RAID arrays. They may
al so conveniently include |lowlevel bit manipulation calls that can be
called fromunderlying interrupt service routines to signal disk done
and/or failed, and calling the appropriate condition queues. These are al so
10 straightforward to those skilled in the art of RAID and device driver
coding, in light of the specialized requirenents described in enbodi nents
of the present invention. Callins shoul d be used with caution, especially

t hose that change state tQ i ntroduce race ondrtr by
viol ation of q?h% &%@Eﬁ“?‘%ﬁf“ﬁ? ti? rr%ﬁ%épéﬁ@@ﬁ GRS Cﬁ‘nrﬁlé‘ssocr at ed
dynani ¢ gresehnyidldriedt iilud gﬂ%ntﬁ@rfﬁﬁ'r& el é(nﬂ%&'fcﬁﬁﬁﬁrlgfedé omunlimted

nunbers "of threads or pseudothreads of " 1O users tot ftware core,
wi t hout rpanipulatiog, eisewpldssi thid eXaympﬂesr desuribed eto) thode skilledenye

oppor t wAPISyaRS Y TSI ErpiSeheaton GE01 bE abe (o oA DAB L VAXIDHE S e

requgst%a&ﬁ%mfyag %Edl%lé@k‘éﬁﬂ" Qi | the requester, and other
pseudot hreads possibly receiving it romthe requester, release it through

a cal |l out, t e aasipeolfic exaingphs sframtemget deRecRanrellay er fdrmvic Boftamirter how
many use IO, and _in fact | eaves the external

r.oce be attenptin
code in 85% ?%Fﬁ%&ﬁ%ﬁ’ﬁﬁcﬁﬁgnﬁ rafted ew&&l&oroﬁr%%gwsm the RAID
core's @ﬁggﬁ&g@éﬁ@%dﬁw g%n\?\%?lgﬁkﬁ g lShHBEEA S VASARYS Program

conponents_of the RAID co e program conponents are
i npl enerﬁx@hmd&m@eudxﬁﬁrmetpenﬁmgsdmﬁé}a)s armioﬁigb) systenathegeng bor the

fl di in Fi 9. 11 Synmbol s. 61 61b d 61
FepfBeeocEhie SRTeASE digk by 0Bl g SevFral b omo MRy o RALD Syatamned set of
copi es (lﬁ%r'é)beé?{déﬁﬂéﬁ‘ mrbyopmﬂcfdmyﬂaﬁzgfggg R%{/bnbng’l AR © bei ng

started. Synbol 62 represents the end o a represents a
channel Ina ﬁrrthporﬁﬁéﬂgeyst@mﬂﬂﬂe BAman d)ihreahlmiamﬁmrzas (ing thiet metof rom 5

t he centger of .the flo ram o the e) .repre a_.condition eue or
an ext erd%ﬁfi rGd EE’HXWS ﬁ@"{aﬁs @ﬁﬂglz%ﬁgghﬁsc auP Q]H’:%&]Ié"rocggsu
wakeup kol QdBs, ra@seﬁraea lﬁp@drﬁhrd}a e, §em%é%€ ﬂgﬁﬁgan% ot her

pseudot hr eads. Symbdl 63c (with an arr W po nting i nwar e center of
t hel$| oﬁemaeld\r(arﬁ%@@@mwdedm@mmhal999dnnvreallowadr tA gangrieURATD ti nmer

10 wait | s 63a, .63b and 63¢ are ed synbol s that nmay be used to
connect a@’ﬁ‘l‘:@ 198 AGGUsig g@egﬁ]goé: Igﬁ"& %%ep?egéﬁf”én'flﬂ@ igia deWebn of

f1 ow of {§0AtEAID sfod, gmogfpc-rtdsq% ﬁh@q e sane
poi nt indicate br ancr’rg?ng When no EF%W I s%{))l\t/mhp(%% ot ?a@ﬁgrcgm flowis
downwar ¢uppprrioinbliiple epresablesdataf mdwnﬂmha:)umthe(n apprameates etHoet hr ead 15

spawni ng,_nmany hi | seudot hreads), and s 64c represents an end fan
constru EHP&(Taﬁg%u ﬁ?%ﬁ%é&r%ﬂl?%f‘% st%#elfﬁrﬂﬁoéfé‘f%Jq$tx’éHt]§’é? of
COPRES @EsFoméOts ARG ¢ ﬁ%ﬁr&@ou@?ia%laﬂf@iﬁlsmﬁ@ ﬁa.rﬁéﬁ 1a2°b and 65c

represent code bl ocks.” Sy 5a represents a sequence of tasks
wi t hout a@lp&i@l@tlng ofghebBAIBSnirepreeser & adAS (Netwotk Aselchetl Storage) 20

pass, e b kln s al l.o @5c represents a selectl n anmong
zero or Sqﬁé{} \Aggfry %i‘glg%rﬁ TIVGRREHD ScSHiVEBATRY i)(see
synbol §6ﬁ\n1%ﬁbct‘l\fht@éﬁcé§&%t\é‘deﬁﬁq L g g3 Sﬂkgﬂ@% fto a

state in which the programwalts eterna rert perform;
furt her act i dpsfacitabotise Gﬁaeﬁﬁgiom@ﬁﬁmeﬁmlbamplmémm sde RAID

co ation 6a r r.esen condi ti o ueye an external
o TE BRoRn G s U eHIRSRE e SlSSutRion ctgﬁ’a}”t’f)ﬁ’rgydﬁeue wai t.
Sy nbol Gbestrafle LRI Rrrid ﬂ@#lnt%ﬂ@'&ﬂeﬂo it th(.slégggtlz oP%He " @nt S an
out put channel wait”. Synbol 66e represents an alternatio | tion (tiner)
sel ect . iSjaTdn GBfanyergsgsent s an al ternation channel (i nput) sel ect.
A “block” is a sequence of data in a larger address space, of a

predetermined length, and offset from the start of the address space by an
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24  Synbol 66g represents an output channel to alternation and end
program Comruni cation 66a is non-waiting and conmuni cati ons 66b-66g al | ow
waiting. In an alternation, the channel select is separate fromthe channe
i nput (see the explanation of steps 803, 804, 805 and 806 below). 5
Al ternation paths can be deactivated by Bool eans. Using the | egend shown in
Fig. 6, the programflow diagrans Figs. 7 9 are explained below. Figs. 7, 8

and 9 illustrate exarrpl es of a requester, an allocator, and a stripe

mast er, .respecti ch.as co nents .51, 52 d53 sho n Fig

Ror er 11 HOEST G fdBAE 18t EIPLRt Foy aaIN 6 BavEy RLATEal | or eat ed
(synbol mf@Qltiple W@bﬁ&s REatHIRRNES c§i1aF BP5AD HREsCXhl th ers are

spawned and d| sappear at the behest of user processes, which are higher
| evel expecnas thalkimgarciddmss speicest! aminpaeitpat {6} avice tibde diskck 702

i t d whi t 703 whe t
wai tact OF Tbputt Sl ot Mgk SRS Shch As’s Ak R BanpyA Sblet ASARSEnt 1y
in a5 copdliphi 1@ deViRE & hARI JA ARG DY Ttlhéﬁls?}hito&éﬁa%nla;r b‘ﬂ?dﬁs &t %tc%rtzagﬁ is a

condi tion queue where the condition may be change a semaphore. The Req
Semaphomeiniemymi sizeechllnd the “latitdeateoblockosirehi &ypﬁmlhzothlhenn'ﬂqum er 700

that the.l att f th Ch | 708. | I tipl
Fequest 876 5% POBRE SRR RS of ¥Ry BIGJTEES R §7eai oM ASTbm can' b i n
possessirRrah tﬂaea Rest1iChavne! tRL t&hh ‘Yl @g &L@’oft\%r%bl&&”%'aﬁ‘ﬂr ng Req

Semaphor e, the al I ocat or controls which e many requesters i
possess takemto traferRecprChatager multplgi ofcihet hanineeblcmkF@qe Seérbqdtmank” 707 i s

d b t.h ter 700,.1th t Kk t t he task
"o e e gl eens il Bletlhletmisiop clftbsed eI RE P ASEE g UK FrbTEhe. user
processpj be%&@&f&%ﬂd&?tﬁ&ﬂéﬁﬁi@hﬁrd%&&%r%%%a& FRRRAGS | RAgegh the Req

Channel 708 to the allocator which ultimately causes the request to be
pI aced pperafgons epepegireuesd andclomiks vinesets gl ebierkspr Advamuallhddsgssol

. aog‘tE Pt h zagé » (o?r RRT]S%JI:[ ot Oeraégnggjgahﬁoglocﬂ deevqge)pigoag Bﬁ)ﬂ{’@l‘g v esgnt s the
address space within which IO can be transmitted to or from the compound

15 device, appearing from outside the compound device as if it were linearly
organized block IO on a single device. The data is in fact distributed among
several underlying devices, and may generate other “invisible” data, called
“parity”, which can be used for recovery if an underlying device or devices
become unavailable. In this sense, “parity” is a general term including the

20 mirrored data of a RAID1 or RAID10. A “stripe” is a contiguous set of
chunks in a virtual address space (the “virtual stripe”), corresponding to a
chunk or set of chunks of data and/or parity on each of a set of underlying
devices (the “real stripe”). The data on the virtual stripe determines, and is
determined by, the data and parity on the real stripe, to the exclusion of

25 anything outside either stripe, and the stripe is chosen to be the smallest
contiguous unit possible for which this can be said. The stripe size and
organization is dependent on which RAID algorithm is being used.

Fig. 5 illustrates the overall construction of a RAID software core

according to an embodiment of the present invention. The RAID core
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25 requester programends after the nessage is transmtted through the
Reg Channel 708, regardl ess of whether the receiver (here the allocator) is
ready to receive and handl e the nmessage (as described later). It should be
clear fromthe context here that the word "progrant refers to a

pseudot hread. 5 Thus, "requester program’ is a requester pseudothread, and
"end progrant refers to ending the pseudothread rather than the entire RAID
core program The sane neaning i s under stood el sewhere in t he di scl osure
whenever_th 7 .as as Fi 8 9, 11 and 12,

In Fig. |
t he typén%‘f‘-%%%ﬂa S ﬁlﬁ?e‘)fg%gg‘@ A 4“7(1%,18@1%\%%9 agsy :ﬁ Iptafess( b))

repr ese 1%{% E%}g Y. and 705
(see sy%%?%dggﬁoﬁd}%géﬂ%ﬂ pretlrg?ll% %fytg%afﬁéngfm% @ E’Qﬁ sel ection

or pass rc@acstsxﬁostmpmtmoum,\t froks thasisen(s) hé thaJRATD armmb lanéD3) or

after a seud t hr ead di sa eared n the case for synbol 705 15 In
the flo %ﬁ% CBimﬂeg'é’ lure %séaﬁszfrozrhéh@&@@sglymt epertionshyand

63c Qretfh%%}nlt‘ﬁﬂ %ﬁ@&@sfaqm%a%go ;ﬂg%&%@. W;&g%ﬂ@aaeg serve to

connect two fl ow™di agrans together Anef synbol 708
in the péqwg:yewf 1efugstds ahoa trasome aﬁ]ﬂmutek 5y bl a8dlaralityt bes@aipocat or
(Fig. et hcfiprepresent a channel fromthe requester 20 to the

aIIocat |pasiers (REIPSIRRTIREPIO3y Rih obthese cempenests iFi g. 7)
and thelﬁ%lﬁ%ﬁ%@@%ea gﬁéﬁ?tﬂa#ptlﬁle%dh {9 ghtlsg&%%{re(éﬂ&t |fpkgt 0get her

represent "a semaphore rom-t or to the requester. The
al | ocat @SeadC)thBeadisswhnd:iedrwsmrtedf (spawned) byHireduesks Gfrc&slS@ﬂ‘icer o4lls he

aII at or 9n i s ust-l n- ggms flesponse [t provides for 25
ni &%ﬁ%ﬁb \mlﬁe RE USEGRedt e Pef@TSHEIGH9n sllowssths drivangaladel i t at es
just - " TR HERIRS Lol Rt Rof £AUGP oA HIBELREHIRALALS . TRAGIRAGGoPY DO S

Req Channel 812 and Req Senmaphore 8/ 3 connect the al
request &L issa 5l¢pglallnng-15mdl pseuddihecadghas yabpdsdPackhehreqoebtdis@ 1,Pack

Semaphoy tfie s%rlpe%qgs ers f e(P | Ilte)gk sltlml%lﬁrl]'grerl aBt%I%er 2591 to allocate resources
and initiate actions. The stripe masters 53 are also long-lived

15 pseudothreads each communicating with a plurality of block data devices
55 (such as disks). The plurality of block devices may constitute one or
more RAID arrays. In addition, an underlying device 55 may be a RAID
core, which results in nested RAIDs. In the case of a nested RAID, the user
37 is a stripe master of a higher level RAID. For convenience, this

20 disclosure usés the term “disk” to refer to the underlying device. When so
used, the term “disk” should be understood to mean any suitable storage
device and should not be limited to disks. Similarly, the term “user” should
be understood to refer to any processes, threads or pseudothreads external
to the RAID core that issue the requests.

25 Each requester 51 is spawned by an external process, thread or
pseudothread, when the required resources are allocated. The creation of a
requester 51 occurs in the user code, after waiting if necessary for its little
memory workspace to be dynamically allocated, and completes with the

placing of the request, with information on how to wake its user process, in
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together with the correspondi ng edge synbols 920, 919 and 921 in Fig. 9,
connect the allocator with the stripe masters 900 in Fig. 9 to provide
comuni cati on t herebetween. A "pack"” is a pack of requests, such as a
plurality of read requests for reading data in the sane disk area within
the 5 sane stripe. The allocator submts a pack of requests to stripe
masters through Pack Replies [i] Channels 818. A plurality of Pack Replies
[i] Channels nay be present, one for each stripe master. A stripe naster

900 communi cates a d jgnal to the allocator through the Pack Channel

816 whef? T‘a%‘é?ﬁﬁe@?@&yaés BY 1P qiReS R AcESH I PITRe Ihifc "BUTRSRETE B17 10
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of the Redy Ghagrebughlto Fh8chys rémpuest] ini {Heereqmetshans:, tAsvighditsat ed by
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After i APERERS %Y?lg%‘ff( £?§5 BasytaIngd g dae %éRngsr,"lﬁwma@&m%i mer Alt" 803

i S execyhRFmS ; ' Al eCt . "AtT
stands for al té@ﬁ?ﬁ%ﬁﬁ#ﬁ?ﬁﬂé%ﬂﬁ@%& Iebc:tgq'}qﬁ d%ﬁ@l%te%?a&%%%%t
al | ocat supergoamoaegyisg.on i nput, and wakes up at inputs fromone of three

sources: a ready signal froma requester thrqugh the Req Channel 812, a
ready si gnal ﬁﬁéﬁ%%?ﬂ%lﬁ?ﬁ%@%@cﬂthywmcgaw fw@iamwstgxél @hd a
ti meout oS&@HA nidRe 83tdMBY, lc@ééc g§g§ ff}érﬁ%ef*&ﬁlérss@ ‘I%‘%é%@a“c%}- sl ferrupt

| evel ) condition queue handl er, unctions to wake u e allocator from
time totriggeresl/by the GBP podeami “Apteraation” reeesitmect, arfd exthdnptieeliynpstss from
dif{@rent sour ces a&)rive &t t he "ﬁlt select” state 804 .in clase proximty,
al | MG | FeRIISEGTete PelPTy Tinet s dhe deang conpiTeRtipssndethreads ofotheE; si on”
805 is eyseditpss ﬁﬂgle_tﬁ?re%ldeacé’c}r&'i‘oﬁgf gﬁ%s%fbe%t ]le c?ﬁl@&l P0G L dehe 1nputs
to receive comunication from In the case when nore than one Input is
r egi st etkd invértige) alowing gnerin-theenpasalelismdang reepanpe edelepnovsly
priority. J\ﬁ;en only acé{.rrer ﬁ{? input is_received, "pass" is selected and
no corm%ﬁf) PRIACEORAUeRSnHech sxaldes Fem aprgurstroyl is asgimad & nbol
812 and MR wIHIA kLhsFELg ; the
bTeh@hggf o o sﬁ’xigge%lﬁq (I)Fﬂéé%, ‘?Iﬁg f%g:ﬁk%(%}g%ﬁlﬁﬁgﬂoﬁ

upper arm (ending with an arrow, e sy ndi cates a
reaty siftpmala $ipe heastal S mmestn8ithe whirpdetior dfasene apergodiorg Wit h an

arrow and a filled-in circle, see nmb 66¢c Ln Fig. 6(b)). .5 indicates a
data cofmGhEaRs ai?onrﬂeﬂ’asfa 5P hi‘ﬁepaﬁ < 52"1§ﬁgﬁy%érﬁﬁéwa§ao

al | ocat i@t bl i r : i dto
he ohatioamct REkn 10 s S0 B Por R JoD RIS N B8 LA bt BPANT Doy
t he al | seferorativn hbows pacties pdatre vabditgs watbanharks magenonpbdler exanpl e is

when a rea si,gnal. .| s received froma strjpe master through the Pack
Channel aﬁg‘l‘/‘bﬂ{ ed%q? {?dhfr&s’ %hf%@t{% rﬁg’hl&]lég?gq%é&stqu the requests
at gdie Beasti®imtRguiRgHests, %ﬁi@ﬂ?ér%éﬂ}’a@léé%ﬂﬁ:n ghabfe ik akigaator will
send a user process wakeup signal (814) to notify the user process that
subnmi t t €de @ire of BfdBssaftware coding to fully update every state machine and

resource allocation needed for the next step or steps in the RAID’s

operation.

The above allocation function is done at high priority without delay.
25 The allocator 52 then may assign to an available stripe master 53 the time-

consuming or delay-prone operations of parity calculation and/or

underlying device IO. This is done with a channel output to that stripe

master 53, which will be heard from again by the allocator 52 only when

the required operation is done or has failed.
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The "anal yze and redo all ocation"” code bl ock 807 thus represents the 15
maj ority of the substantive processing of the allocator. This code bl ock
may need to be executed nultiple tines in response to a single channel
communi cation. To facilitate this, the tiner 85 can be set to "inedi ate"
to act as a skip. This wakes up the allocator immediately in step 804 of
the next |oop through, and the allocator will select (step 806) the
"imediate"” 20 timer if no communication is pending. As a result, the

bt o1 bt ha el S e Shater 8348 Juaket Htaak A RO e ey | Bl ti s
result ef they | éﬁaéﬁé%@n nﬁldr%ﬁ@y 6%%&3&&1% ﬁ&%é@% 85)6tﬂ§gfg hpcahpr may

performone or noré of t e three actions ransmttlnga
Req Semapitbfendfzin’t comstrapps dpsérabed reegliest Bacht dfethesktpsemdathegady vi ng it

possessign. of the Channel 812; transpitting a user process. wakeup

si gnal 4St%e‘id‘ﬁ Bé}fg‘i) Sé‘edgeth‘eplﬂ%ééggmg B!Qr?é‘rﬁig'fa} Agvigepack §§ﬁﬁﬁ?{§%§ 817 to
an agpr [ [ k neI 8I6.
The S| Sas oIS TIAUR ofladl B shaREs BT Lo R FR I RaY

ei t her p%aenanqmlammsaret donesiTrafiand dritb“atd fpe” nmﬁteUCtﬁlawghtﬂ:aPack

Replies Channel 818 to . submt angther job to that strltge master. The
control b%&q%fb‘tfllefh@aﬁi@aﬁﬁa&wﬁﬁﬁemgtcormw ®8bUghd wait s

for t hem%w%n%ﬂgﬁ{% ﬁ%éﬂeﬂtg Q%ﬁld%gl&g%éoﬂéi By3he kAR t he

initializati ck 802 rogramin response to bad initial
dat a. Amclelinggtbt-824itheasspbasé I%cthl‘s’acnkhprerﬂtta%lb"arhi difker®803 ends t he

programin r onse.to a. k|| r uest. The stripe parity and, | O naster
(" s?{)i p@Séfﬂgﬁ‘é$ 911? be %flﬁefeaﬁ@@r%%é@x alss, @re@rah@r akad nunber

of "N' ¢oRkLPriotiyh pRSfcERY é_?ilty LalaualiofOhh (AL Rlial MBS RERILEyam ar e
started (although Flpg QSﬁOWS a single stripe nmaster h mast | oop
head" 90Risid s Tithes,mstestripe mastadipeiforms such parity creatlon or use
operations and block device input and output operations as are necessary
to read or write user data with all correct parity data from or to the RAID
- 15  array(s). The stripe masters may run on separate CPUs.
Each underlying device (disk) 55 independently responds to the
demands made on it by the stripe master 53. Disks operate more optimally
when they handle multiple IO tasks at once. One example is reading long
sequences of data one after another from the disks. Read ahead allows the
20  disks to operate without stopping, and thus to produce data much faster.
Another example is a server (such as an e-mail server) where a large
number of users access the disks at essentially random locations. If dozens
of such access requests are handled together, the requests can be ordered
so as to seek through the disks in a certain order, e.g. from the inner
25 diameter to the outer diameter of the disks and back, rather than bouncing
randomly across the disk. This is sometimes called an elevator algorithm.
One purpose of multiple stripe master design according to embodiments of
the present invention is to support read ahead and elevator algorithms. For

example, sixty-four stripe masters may communicate with the same disk.
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gueue of the allocator and waits for a Pack Semaphore (919) to be received
fromthe allocator (step 903). As described earlier, the Pack Semaphore 15
919 is issued by the allocator and is used to control possession of the
Pack Channel 920 by the plurality of stripe masters. Wen a Pack Semaphore
919 is received, the stripe nmaster executes the "master output"” block 904,
by which the stripe master sends a signal through the Pack Channel 920 to
the allocator to report a pack done ("Relinquish stripe" 905). Except for
the 20 first tinme this block iis executed, the stripe master w_, | have

1 ni shed HiRas ﬁ@?@ﬁﬁ@i}edaw H5iRg gorgmmitenditien quans forrach diske Hast er
nerely bk : ! i r i accept
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condit i i : e i pe
oSy apierenetthRenRestr Requiod o, (PRIt By BBl 0D
put t he theninpdergisigedisknddvegetaynperfetmi, pesecwinal eofdifiorhgueuk] thvatisk for an
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Channel 992 COFH@ 10RQ Y EREVRKE] R ERe stripognastey arddaviaen el paES ofir ect s

the flo Qé-EIQHJi IS be done, control passes back to the
" 'rraster\MIjoo% hea@%#?gﬁgﬁé%;@l#ﬁe "master work director” 908 can

al so end t he Sinogaénofi ther gspunsempdnems lkrklinsignesitedrsanch 924) .

O herwi se, the confrol  passes to the code bl ock_ "anal yze, setup, .do math,

tri Yger Dsepdgpiare Ryt of theavarigpstasks pnay peregirtaeled dyaprayiditig y of
t he CPU_ I | i i .sks,
cont r o SERIYPURHEREEARAEE nechdfeihfiad S 86} ERbAHIEDSRP S IpBLE To

di sk i s “meat@CH@s ghapafficignil® pajorm\arbgaralealatidrad athy be groviledpgsses
.do math, trigger 1O 909 to the "end stripe work"

from "anal yze, setup, )

bl ock 9?@%&#&9“@%@%&%&9%@%@;8 phiéResecelkallatgnitaskpdgbgead”, via
the norgal: stri oQ8.; -+ ',',qﬂng trigger
| O bl 0§EIL 18%91?15?:(%{? r gﬁlﬂr{cg§%§?)§gatpe§sc§ﬁtg&gerf an céﬁgP?ﬁggﬁ%%%‘%ﬁﬁ%h zero
or hor e fudmldisks arebdgnaatie visers raay dthuseaite sborator i hgquedtbrannd

under | yi device (disk). Only one such child is illustrated in Fig. 9. The
child eiBedg %{10%%3.%81%@1&5%&@%@@%@%@8 of the siFipstmgsterss hehe

strongly distributed usage of resources required under CSP makes it
possible for multi-processing to operate with a minimum of spinlock waits
and overhead, and without use of slow and unpredictable operating-

20  system-dependent SMP (symmetric multi-processing) support.

The interface between the operating-system-independent design of
the RAID core and the particulars of a given device, or protocol, or
operating system, are defined through “callins” by which the operating
system drivers trigger and act upon the RAID core, and well-defined

25  “callouts” which are called by the RAID core and must be satisfied by the
operating system. The callouts include at least those callouts required by
the pseudothreads themselves, exemplified in the sample code included in
Appendix A contained on a compact disc that has been incorporated by

reference. The callouts may also include standard RAID resource
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child in a "conmmt" wait 912 to wait for a disk commt signal fromthe disk
t hrough a condition queue "disk commt" 922. Wen the disk commt 20 signal
is received, indicating that the disk is ready to receive IO requests, the
child submts all its 10 requests and executes a "trigger 10" block 913,
and enters a "disk done" wait 914 to wait for a disk done signal fromthe
di sk through a condition queue "di sk done" 923. Both "disk commt" 922 and
"di sk done" 923 are |lower level (interrupt |evel) condition queue 25

handl ers. After the disk is done, the "clean up" bl ock 9l erforns
necessaPyOPdELH ﬂb&%ﬁér RIS BICTRRNG Resiing @E‘éﬁf’?%‘émec HQeR bl ock 915,

contvol sURHoRASRARA el flid BBent Ml dthe alig HHftnatofficald shen el et e a
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¢ hr Bgh StiedeliPTHAp o dabse skilled o thy arhe! Fa Doand deyiehdriver codee,
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priority, Further, on a multiprocessor machine, ihe | tiple copies of
stripe ﬁ%@f 8#‘%“5%?%@5’95%}?8 te ety réicélﬁl%lélﬁoﬁgﬁi’wlﬁl%ﬂoﬁéﬁébﬁe RAI D
core acemhpghdgean alternative enbodi ment of the present invention is now
described wth reference to in 20 Figs. 10-12. "Conversion-capable" refers
to Ihe abili ThetrequestenstS bewithean disisbeiagatl dpAldnal gemhdhnallacdtiont

st oppi n?%user | O,during conversion., This may also he referred . to as dynamc

FUremente (AT TeAYRINERES Srom filigited, pUmMRE seffbaradsor as shown

convers
in Fig. } I I i g -ihd nponent s
I Fi gs P g e ¢ e e org; S BB PR TR e

t he addippssibilefy of rmomirchaiveeflow(Be. anqyrerydovéwfkan), layichgivimg the data fl ow
bet ween the all oc(gt or 15))(%e md.t he requesters 101, The“siel{* |l gcator 102 and its
ext er naPYEoHHIEFT i YAtS & PRI e RN QRROTAVBIY 190 Slf s ildnt from t he

%gzrist at ?%%g%glfg Becdme avdlSbRASEMIY AREER I btEHE thi bty Yarkdi 1507 € chai ner

reused until the requester, and other pseudothreads possibly receiving it
from the requester, release it through a callout, the callout mechanism
prevents RAID core overflow, no matter how many user processes may be
attempting IO, and in fact leaves the external code in control at all times of
25 the resources in use by all the RAID core’s pseudothreads.

Figs. 6-9 schematically illustrate various program components of the
RAID core software. All of the program components are implemented in
pseudothreads. Figs. 6(a) and 6(b) are a legend for the program flow
diagrams in Figs. 7-9, 11 and 12. Symbols 61a, 61b and 61c represent the
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receiving nmultiple requests fromrequesters 101 and producing a single
request to the allocator 102, and/or receiving a single request froma
requester 101 and producing nmultiple requests to the allocator 102. A nain
pur pose of the core chainer is to facilitate dynam c conversion 5 between
di fferent RAIDs, by breaking and/or conbining requests into |ocal requests
which fall efficiently on the stripes of the RAID al gorithm operating at
that time in the virtual data area of the |ocal requests. The allocator in

return c i cate rogre of conv ion 1o fhe core chainer, permttin
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sen chanpel, responses t he re chaj ner 108 ich thus keeps track 25
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respons 2 : 3 er
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notifying.the allocator .that e conversion step.is permtted. The core 32
chai ner PP BficettoRranchinge WAGHLAP %ﬁ%ﬁhPW%Hhﬁifgéﬁ@éaglf?éﬂa {lgw is

al | ocal owtfizaitl] ByRgboREAHIHpANERURSEAIENN ARl £ SESLEubB ey Ter e

with the area under conversi on unti conversi-on s‘reac e new
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Req Se hore, which allows fhe seyeral requests tqQ use the single Req
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Lo SRS T ec o B, S hOSHRCR o
65c represent code blocks. Symbol 65a represents a task or sequence of
tasks without blocking. Symbol 65b represents wait, branch, selection, or

20  pass, where blocking is allowed. Symbol 65c¢ represents a selection among
zero or more condition queues or external wakeup control handler (see
symbol 66a below) executed without blocking. Here blocking refers to a
state in which the program waits for external stimuli before it performs
further actions. Symbols 66a-66g represent various forms of

25 communication. Symbol 66a represents a condition queue or an external
wakeup control handler. Symbol 66b represents a condition queue wait.
Symbol 66¢ represents an input channel wait. Symbol 66d represents an

output channel wait. Symbol 66e represents an alternation condition

(timer) select. Symbol 66f represents an alternation channel (input) select.
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10 core enbodi nent shown in Fig. 10, the allocator |02 conmunicates with
the core chainer 108, which comruni cati on does not require a semaphore. The
core chainer 108 comruni cates with many requesters |01, and therefore needs
t he Req Semaphore. Figs. 11 and 12 illustrate the core chainer 1 |00 and

al l ocator 1200 15 according to the alternative enbodi nent. The core chai ner
1 100 nmay be connected on its left to requesters shown in Fig. 7, and on
its right to the allocator |200; the allocator may be connected on its

i gh ' 00 sh ' ig.,9. ferri i.9. :
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(Fig. 1 &“ceo?zfggg%zﬁ%?w?%%ﬁéﬁt : :\wg? Wystrafgexageplesqy A reBEeft 809 of )
e a - ai ner
ASPA6CAR0, ARG sBipe BMMtet & C?fcglgleg{;v _%%@hb&é \efsgfpscf(%gn%ﬁg %)

| 00 and the all ocator 800 ‘are des_crib I rst, in the
core chaintep3 steovn éplKiges. tRefebringtorFigl 3, copidscofatdpratears B00 mi¥hen

d,(i.e. al d i 16 h hai 1
cont? nub Bt efsRedlsynb YO, HEReRaSET hepsrecs dbiome
request eﬂi?{]eﬁ&ﬂ heehdR6As afe 8 ﬁuﬂﬁaﬂéﬁ&-digﬁgﬁ%@t&%ﬁ?%ﬁe@é‘&?u%@?”

handl ed, e skip i5 selected (the skip bein owest priority in the
"At selpsecessespmhichratetlighskilgvdl extessd wakep diiengésul t of 10 di sabling

t he skip, the.cqre cghainer will not cantinu | oop but will. ke up upon
‘recei Vi I?\g _an%‘!lwguf‘[.n WIEEFFWG! £0 53?185%#9% b %’?‘?q"_ﬁ;gguf” mﬁﬁ?plil? gl vvgys
ready. kheiréqhbbtestinad 8thte 7@ fvs?r?é}'eoﬂl‘lesfeg}&.{rﬁrter: ﬁrgriti%zﬁoﬁ'ggﬁé aéénfaﬁﬁ@f% t hough

the skip is not an external stinmulus. Se annel ™ 1114 in
-t helzor €0dhalhew isr spplereentadeby PladiagkaCieanreint agimditionhguah¢ ocat or 800.

Third, instead of,"anal d redo allocatian". bl ock 807 in the allocat
800, 1 nEPETANLPH AR bea b a T Balt At 7Padacs COPOs SR WREEE whi ch
per f or Mghé RendEiiGh ithiy We dRPnBEPEGSS is@ﬂlagihér@.e :nd Rpgfﬁé;@t%bh&re%ﬂidi ng

processing related to RAID conver3ion. Fourth state 1108 does
not traitssdad hpyheclbemphoenminicates totlat sequestec & Gthenat thse tatkgr one

(1 Cnatnist $0s835 GRRIPERSS, Cinp )y G0 Moo Pultidmasiestesu th the

Pl G| | EypioalF i feirB RAID &d1R, GRAIF ot Henh 285 608n TARALSSH dhannel *
the Req Channel at any given time. Thus, by using the Req Semaphore, the
allocator controls which of the many requesters is in possession of the Req
Channel at a given time. When a Req Semaphore 707 is received by the
requester 700, the requester wakes up and executes the task “place request

25 in queue” 704 (“request” being the request from the user process that

spawned the requester), which sends a message through the Req Channel
708 to the allocator which ultimately causes the request to be placed in the
proper queue, and ends the requester program. The symbol “OAEP” (705),

or “output to alternation and end program?, represents the fact that
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comuni cate with the allocator 1200 (described later). Lastly, the response
25 to kill requests is different in the core chainer 1 |00 and the

al l ocator 800. The core chai ner ends the program fromthe "output or pass”
bl ock 1109 via path 1119. The path 1119 in the core chainer conpletes a
normal |loop (simlar to the path 821 in the allocator 800). 34 The
allocator 1200 for the alternative enbodinent is illustrated in Fig. 12.
The edge synbols on the right hand side, nanely "Pack Channel" 1214, "Pack
Semaphorg; : . [ [ " . f UpCLy | Iy and
structuggﬂFég%?éyﬁg?a¥g@§ %E%%##ggﬁkﬁgﬁn @g¥§%%ﬁ%§&?%?pﬁ§mg&%ﬁkg3%90r 800
shown i ICHFgnel87 08 aragaydlddackf whatinel thBddceivdiatlerSenapivicatod id reagg " Pack

Replies [i] Channel” 818. The edge synbols gon the | eft hand side of the

al | ocat GL I]fﬁ%’,e ﬁiy&rélayld?%]aﬁé%%a@@aﬁéﬁéiesqrm latar): Atishoudd dienelear 1213
conmmuni ot [ structure of 1 | | ocator 1200

7" R e by B P RE ot okt ERE o Brek BBt 1 Fi

8, wher dhumyfoegutstei 203graid04s aldimesi@Opselddihredd)EndnéntPBfodani’he

al I ocator 1200 (qlaég. tﬂlné) correspond to conponents 803, 804, 805, 806, 807,
808 and I8 P arnling thedaseardaboeattirgthey tham the emdirgiRAE eates bet ween t he

al | ocat %ﬁﬂg H&" r. ribed belgw. ,First. the
" F{eqLocngrro anhwe%gﬁé’i @%&583@9?%%?@%%&3% et @'fd]§§i%%e t he
" Sel ect Wistradverdhescortext iaokairt any semaphore to the core chainer 1100
because contﬁﬁcj)l .0of _possession, of the "ReqgLocal Channel” 1212 is not
r

necessary. THHdS Vs wal a5 Figss & Drbbagd ldkthptymiaf symbohlikecedddr 1200

trapgm ' : chal 0 via the "Al] ot annel "
127 EAE ORI SR do I B BE)CR RS o sprtblhodtie sk ohad am
enbodyi e tthipe pf eyemiboli likve A0BMd § 03 (Heedganbol 6EpaRdris. H(I5)PRepidRR@LON a
conpact disc t?at .has been incorporated by reference. descr] bed above,
the RAl B ¥8feof a1 @%ﬁbe’iﬂ?fﬁl% O RS Bwd sxasfobe tevran B8o tasks yas &m t o

have a. LI t t Vin {es. described
cearlier %?ﬁ%tg'ﬁ%sf&dlis 5C @g%) CKIp e%%ﬁ@%ﬁhﬁ%@gﬁ%gﬁ)@@%%d Eaeslfi %ment ed
in a cocasefonspunbap&iCd)i ng system having a thread capability. In such an

i np mantatigrg, tf}_f val.i ous conponents including the requesters, the
resberce al | Jedhsilow clagisras o Fiiger7-%nkl and 52r threedae sygnhale 630, nast er s

may be 1 rafl t "threads”
Commni S35 At EiRoaH bRl B IHR oAb Mo SIS 78 Bl68 s  cnee.
the i nvent servesoacmnidateme flowedibgramsRAigetiapn! Feakkamplay i@ Rege main
conponents des‘cri bgd 8gv,e requesters, allocator, core chainer and stripe
parity SRR ?Js?, il m%t (Rigng) apgrihsr Rea Chanaelswmhgl

techni qges: infife hIBELB R HoLstG represent a channel from the requester
20  to the allocator. Similarly, the Req Semaphore symbol 707 in requester

(Fig. 7) and the Req Semaphore symbol 813 in the allocator (Fig. 8) together
represent a semaphore sent from the allocator to the requester.

The allocator 800 is described with reference to Fig. 8. The essence
of the allocator design is just-in-time response. It provides for

25 communications with the requester and the stripe masters, and facilitates

just-in-time response to the requester and stripe masters.

The edge symbols Req Channel 812 and Req Semaphore 813 connect
the allocator with the requester as explained earlier. The edge symbols

Pack Channel 816, Pack Semaphore 817, and Pack Replies [i] Channel 818,
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conventional thread structure, however, is |less efficient and |ess flexible
than the inplenentation using pseudothreads. For exanple, if the "fan" and
"end fan" constructs for the stripe-nasters is substituted with a
conventional "thread spawni ng” system it would be constrained by the 10
difficulty of orderly termination of the fan. An

oper ati ng-systemi ndependent nodul ar progranmm ng net hod has been descri bed.
Enbodi ments of this invention may be practiced in various forns, such a
progranm ng, met hod that is practiced in devel gping_software products;

Sof tvar S BAL STLD L5 ROTEFBIINE PSS BPAD P2, SANpHRLEAsEbFE & redi um

carryin | 1 X : ut er
ot or T ng g B B P o OO T S pPoiET L e
accor di egnimusucdtiqgu aheseictweea. Adpackt dsmpuiaik ofadestedsuch mya i ncl ude

fl oppy %ﬁ%ﬁ optical disks, a conputer network, or a carrier_ wave
t ransmi By oliteargssussin or madingiata; ig etpms dpkiariepgvdhen the

transm c : . y sed. j udes what
my Somer T ee B¢ oy attor SUBARE A0k b RbGuedS YA P RAR T hose
ski | | edthrougie Pack Réypliey i Chiasirradsligflig: ahi pimralicy vAPhek iRupsliesali] be nade in
t he net ?}d of the present invention w thout departing fromthe spirit or

scope ofRANSIRVEAY RsnPTepsnd, one oL each sies mpsterp A SKEPSBasHT $00ent i on

cover j .l - | i.at .t hi he
ppendediriiaERicARS & pehdySlehlel 3 b WaBABF (AR Rt e hiaflhel "3

sof t war @ lprwheann agsigetdibpaclomfrequiasts grdomeli MhedPwcloBefuphd@s&s7 each

t ask_ bein ramthat Is. run_in sequence b)é]agei ng. hranched to from code

out s} de®p 008 £5E IOBEERHORG e Brah SHaRneicht b T8 lgstripeapesters; ends;
provi di BY 208 @ﬁoﬁ%&%ﬁ%@%erﬁ&@ﬂo%@%‘iﬁWc%ﬁBﬁ ﬁ&{%g@tsé s §naueue

program and- a queue contal ning zZero of nore tasks, ereln gueue
pr ogr anoi she Redb@hbained 810 1Md&dy tthefmomipkdeequidstéde it to its begi nning,
wherein if the _g;gue ﬁontai ns at_|east one task, the task queue program
runs the fir$fPadate ‘%é}fﬁ&éﬁ@%&%ﬁﬁpwfﬁha@lmkonpmﬂr@mlaueue, and
wher ei ncféatEBqnqﬂféJRA?Bg&ﬁ!ef‘sAﬂ& Irﬁ%i‘éﬁzghﬁﬁ @?&5 889 UhPEQHK gi’(}cqé‘ds by

branching to code outside it; and providing Zero or 'nore con I on gueues,
eaclb cofiReqf BacklgmerctthBDS| isgxecatedlitd ipart thecaloqtogiS00 andhea “4glteue
cont ai ni El% Zero or re fgsk%%gngo a;lsoci ated condi tions, wherein the
~conditi8 &Eeﬁ‘@tﬁrﬁggfo-a ts stapdgjonaltamnatiancwedch és aryeelodt? otittsi de it to
i ts begispri-po (1PN i : t he
ass00) ot oHCEoagt Far lokard: BriBUP WALt Shifpll, nigoraROF hPB B 13, 1y

of the twmdidriccoftlassamiutced: airthdy ghalsfem A reqdestenviiabeigh iHe Rbg

condi ti IS t‘riéje the conditi ofn queue program renoves the_task fromthe
* condi ti SRS L prade signal fremya istrigeiRaRteg ibireuehihaReskin i f t he

u o i t s+ L r a Ve hing to
- code ou?s}% e@t%ﬁh%?%?nu%%ggb%jng%@ léteﬂtgnét&las S ::Prll%lnﬁ%leég %%Eggndi ng
code t hawerloves (inteaugideedf contltsdn quieerechandlerniang filieticaskiendikeg code
causes the_suc essor#_%ask.to be run or placed in_a task queue or a

condi t | % Bifedlocstorframptipitolp Hme PRemihnOqtheR dPUERRFG seerived. If

multiple inputs from different sources arrive at the “Alt select” state 804 in
close proximity, all will be registered with the allocator. The code block “Alt
25 decision” 805 is executed, and the allocator selects (in state 806) one of the
inputs to receive communication from. In the case when more than one
input is registered, the selection among them is according to a
predetermined priority. When only a timer 815 input is received, “pass” is

selected and no communication from a channel takes place. The Req
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37 providing a fan construct, the fan construct being a portion of a
parent task that references zero or nore child tasks, the fan construct

i ncluding a parent-global fan end counter and a parent-global fan end task,
wherein the parent task either runs the code of each child task or places
the child task in a task queue, wherein each child task references zero or
nore successor tasks to forma child sequence, and wherein the
parent - gl obal fan end counter indicates the nunber of child sequences not

VoS OTRARLAI! SR 8YbAND A0 PANE CARLBSIRINGNN o LRELHAR IS of cach

child sequence end fan conpone crenenting | fan

end courbeh hasewveadnisgrtheonppaeatmf @nidies vavialauahimgy,tde $aneol 66t abal fan
end counter %g]d pl.acing the parent-global fan end task in a task queue if
the par &8&-YPHuadicateschrcaduntealifantha At selget” 804 cwhilg thedrwerave been

conpl et Vﬁ@f._- =1 er el n,a sequence t.asks i nui ng
in sequgg%leé%]ﬁir{%gg Sl%ggggltsoﬁ at?léi&? l%e\rg]ﬁ]?g glfﬁ Sfegg%yf%ﬁal 6&8 18}$1$e§§gi1di ng
end 5 animdicposeatdatbaommpsiedtiohhr ead. 4. The nethod of claim 2, wherein
code in the end fan conmponent that decrenents the par ent-?l obal fan end

counter, evallbgtentrokthag passevbalaralyzemnd sede ellogatiopl” hteck BRE

t- I I eye is. atom,c code. 5. The met hod of
Prarm 1 PR nc ARt ditebbalt hRTSn TS 18 5hon Bl SREesibe whot hor t he
queue i soaditions.s Fat eXaenpledéf tHe REGLHBLHAEIZ 0D i§lsRidBtbd, YehRbOaeRDE N

the condition queue programthat determnes the validity of the condition
associ aPdH repppnddo thearaquess khphivmade.adpathar ekampleds tifeen asieatlyom t he

pti | ik i t gm de. he met hod
of " o Skt 2eB0e B0 shibl Aab@R SRR AR PAR KAt 5 G T on
associ abHdcaidrinrtalyesk the refeesuguent sagetithe reguéssher iHwnkad of the

condi tion queue programends. 8 The method of claiml, wherein the
condi t i BFIYERHAITEC ABR B Rdefane” avfatawihie alhecatonavill ssndesessrapragest h a

ook, e et U5 6 FLBRO 00 e UELLS S, BBUH 6 AU, @r 00T o
t he con@hei‘analyssandatdd allddatill’ dakkBlddk 0% thugueprayenfiegir det er mi ned.
. el;%e met,ho_gy %ff tﬁle asiu%s%énii%t f}g(r:egsoigp rgfsgh%géllggﬁ\(l)ir.d iTr]].’ngS %ofdiertfls)ck ma
psewiot A, p g Y
need to be executed multiple times in response to a single channel
- communication. To facilitate this, the timer 815 can be set to “immediate”
to act as a skip. This wakes up the allocator immediately in step 804 of the
next loop through, and the allocator will select (step 806) the “immediate”
20 timer if no communication is pending. As a result, the “analyze and redo
allocation” code block 807 can be executed multiple times before the
allocator goes to sleep if no channel is ready.
Based on the result of the “analyze and redo allocation” block 807,
_the allocator may perform one or more of the three actions (“Select” 808):
25 transmitting a Req Semaphore 813 to an appropriate requester (the next in
line) giving it possession of the Req Channel 812; transmitting a user
process wakeup signal 814 to an outside user process; transmitting a Pack
Semaphore 817 to an appropriate stripe master giving it possession of the

Pack Channel 816. The allocator then executes the “output or pass” block
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provi di ng a second pseudot hread; and providing a condition queue holding a
wor kspace pointer which is either a workspace address for a task or is
NULL; wherein the first pseudothread communi cates with the second

pseudot hread by testing the condition queue. 10. The nethod of claim 3,
wherein the task maintains state and conmuni cati on paraneters in a

wor kspace structure, wherein the condition queue conprises a workspace

poi nter which is either a workspace address for a task or is NULL, wherein

condi | 8ibd 3ok 8! &l Lt Nt DST ik Ask i PR WALAS (BEALE, and

communi cati’on par ane I'h'a workspace's

driven byPacid®eplies\it]iChanaen8aBn® sidiet ad8therdjot tohthaaneigd Raseansi st s
of a test whether the workspace pointer of the condition queue is a nonNULL

wor ks padéeaeripiael theim doepsbaek itadhgo ResyRasky simer Al dlack &Oulandwor kspace
addressw%i&ef(;reﬁ,}é,ﬂgxgmto%- %é_tlernal code changes the state or perforns
I'on accordingto !

conmuni ca e communi cati on paraneters, and/or places

ei ther the t@igi®aléaskowssa Pach ISk ffoeh thedni@alDatidie bk spaadapoi nted to
by the wor ksEace address pointer, in the condition queue or in a task

queue, SRESREr RIGETRM i seHPPRD kR Hagdoinitial data. Ndnothen patleﬁzqwglfnas k
dj .. i k_and .l the testing task!
vor kapathOoBRETERCR i ARDiotls kB RIS it WA lin HaPoRSaB il s the

state ofregihiestdevice that is driving the external code. 11. A conputer

readabl e medi um carrying conputer program code, the conputer program code
conpri sing: The stripe parity and 10 master (“stripe master”) is described wit

- 10 reference to Fig. 9. A fixed number of “N” copies {such as several tens of
copies) of the master program are started (although Fig. 9 shows a single |
stripe master). The “master loop head” 902 puts the master in a condition
queue of the allocator and waits for a Pack Semaphore (919) to be received
from the allocator (step 903). As described earlier, the Pack Semaphore

15 919 is issued by the allocator and is used to control possession of the Pack
Channel 920 by the plurality of stripe masters. When a Pack Semaphore
919 is received, the stripe master executes the “master output” block 904,
by which the stripe master sends a signal through the Pack Channel 920 to
the allocator to report a pack done (“Relinquish stripe” 905). Except for the

20 first time this block is executed, the stripe master will have finished the 10
request at this point. The first time, the stripe master merely notifies the
allocator of its existence and readiness to accept work. “Relinquish stripe”
refers to the stripe master passing ownership of the strip back to the
allocator. A stripe is the minimum unit of coherent data that is self-

25 sufficient in parity and redundancy calculations in a RAID array. A stripe
master always operates on a stripe. To avoid race condition, a stripe must
be owned by either the allocator or a stripe master at any given time.

A “master input” block 906 is then executed to put the stripe master

in a “get new stripe” state 907 where it waits for an input (a new job) from
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program code that inplenents one or nore tasks, each task being a program
that is run in sequence by being branched to fromcode outside it to its
begi nni ng and branching to code outside it after it ends; program code that
i npl enents one or nore task queues, each task queue conprising a task queue
program and a queue containing zero or nore tasks, wherein the task queue
programis run by being branched to fromcode outside it to its beginning,
wherein if the queue contains at |east one task, the task queue program

runs th i i 1@59 e th ask., fr.om t.he queue, and
wher ei n%l?% %I%tgag%zﬁgogl%{]g?%gg g% t skésS Hfﬁgl%flgsib%léuih& gb‘r’i"satﬁ{ &nd: by

br anc h! lirecto’ 0@ asitastake b;quaﬂfhmﬂi@eém@ﬂ@yvt d¥adorithdl, EWEHB né8kErier nore
condi tign q%gues, each condition queue conprising a condition queue program

and a gl PEARRE.manrekpases heek to dbkrs Teastcadeei herdd Hhthreinshs,
e £ oy 20 G MRS P SBEAT 10 Y D08 Branched L 1 o

code outside it to i edl nni ng,

one 3 asko ankiill hepast (branell ooendidttiwisdetHopshiroPpadiel & Phogham
determines the validity of the conditions associated with the tasks in
or der, ol anglyze ngetdundla math, srigeee IOt RO%oRbEti on queue program

renoves i.tion queue and. pl S task in.,a task
gueue, gtr(ljtrjk% \?7%@? E’ F&l{ ?mlﬁ'lﬁgbl%gie}&lg PE%%?%'Snas rrhza ot ]52 QE%EF h@@olﬁ%ﬁaq ff% tﬁﬁeue

pr ogr amsefigs rhysterarnékrng fscdeedeedid B0A8 dibks \WWeh 80D paksé£pabkaparf the
tasks includes task endi g)g code that refers to a successor task, wherein

runni ng BRStenlger-handg90edbrangb 26)hdf ek s slisk as neededdergipagitypl aced

i [ 12..dh dabl di f
cl ot 11 HEYE e R e e BT bt on OB R L i o g amaBte 1 hat

i npl ementigger I@NO0ONEE thictend Berip@WvaIRNBlHEE D 1@eﬁﬂﬁn@hp@2ﬂ SAdahea parent
erences zero or nore child tasks, the fan construct i ncluding

task that re
a par en?Q%%éékatﬁﬁhéﬁ@l%%ﬁ@ﬁﬂ@@P awads, piax e ngrotedistrips done: laegk930her ein

h f »child K | he child
{aok” | nPoopL B EAGREE, L%, D nEANC (R8P fOr Sl obR: LoRlnd BET HkgTE
successpass aoksfaro chnstrt g0, b aieR ¢ero aRdnvhe tRilA plireB3é$SAte gl Obal fan

end counter indicates the nunber of child sequences not Kes conpl eted; and
pr ob‘? anFERteds Rachicommnicatiag with ammndamiongrdevige {(disk).anlyasie of each

child Sgﬂlﬂﬁ’ﬁﬁ}]d wﬁ%]f%’tga{e@ir@%ﬁ?‘-em decrenenting the parent-global fan

end counter, the en an conp further evaluating the parent-global fan

end counter TFhe qhiktergctites asienht dlisbabghestsendodiask i, r@v}@ichagﬁtélﬂ@@e i f
t he par eﬁt-gl obgl fan end counter indicates that all child tasks have been
conpl et E81d4n a “gammite Wik PdReio wailden sedirkicemort sigaahirom thheigkn a

R L D e R e
corgut esigreddalbbecived| imndiohtilgaihit khe dBRIi8IrB2E9US rie@eiREO requests,
- the child submits all its IO requests and executes a “trigger 10” block 913,
and enters a “disk done” wait 914 to wait for a disk done signal from the
disk through a condition queue “disk done” 923. Both “disk commit” 922
and “disk done” 923 are lower level (interrupt level) condition queue
25 handlers. After the disk is done, the “clean up” block 915 performs
necessary clean up operation for this child. From the “clean up” block 915,
control may pass back to the “shunt disk request” block 911 to complete a
short loop due to a Read-Modify-Write request or multi-stripe initialization.

The steps 911-915 are then performed again. From the “clean up” block
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end fan conponent that decrenents the parent-global fan end counter,

eval uates the parent-global fan end counter and pl aces the parent-gl obal

fan end task in a task queue is atom c code. 15. The conputer readable
medi um of claim 11, wherein code in the task queue programthat determ nes
whet her the queue is enpty is atom c code. 16. The conputer readabl e nmedi um
of claim1l, wherein code in the condition queue programthat determ nes
the validity of the condition associated with each task in order and that

renoves gt task .from the condition queue an I it in,a task gueue is
at oni c gc:)lgg.m%%dfﬁgyc%ﬁ%ﬁagls Pe%gﬁﬁefeaﬁeﬁ?%%irg‘f:?éﬁg’l thrpugh Cﬁ?eljdilnet he
condi ti ehildustirckSedtelRiradtntite PREENE PRo&@Rdi Al AisassinticahesbiWhip a task in

the queue is determ ngd to be invalid, the condition queue program ends.
18. ThePésipwck ta Bl dnalysedsemmfda msatin, tliggehEP2blodkh@00dnda tivon queue

i - d £, diti iated with a task jn th
S Got oPRSR AERERoRE S rSRR, Pl 2BRR%I ThEE b0 Bedn BRP iR 108 the
condi t i @n @BHBEMAILEH Ak RhE MenAasttigedwbrkNbidik 9¥6 g [Bdr?eghég ZtSQB(é“ tions

associated with al| ta;sks in the queue have been determ 19. The
conput ermeséeralsior headURLOr tocloamasyrmakstippdose lpopgr am code furt her

i sing: de.that inpl. t | rst ) h - d
Chat | mpl emente 4o RE e SR PR AR E T P DR Sk Re SBPEhent s o
condi t i oz3qpRiIrAes dhagtie WIS RAGE tH@ia(Biﬁf% Whahdls nehitlik rRqiRskspace

address for a task or is NULL; wherein the first pseudothread comunicates
wi th t hdhsesisine pwetenreneiers hitermptisngorhthe disks, icond qasurorkRwithche

contn: BstATRPRCAES of Ihe orrahiPh ohsbd Cheivintal dodrdere s SRR Fon
queue COBRS tyisisaBy MUSERAGDIPHANtEFs WAER RonsrRidiB&fing WRhKeRAGSlAddr ess for

a task or is NULL, wherein condition is tested either within another task
whi ch ndisksthroughathe ghtldgerasensencrentegddranne & 910 andorid facd 16.

structure, o ernal - gode, driven by.a device which nmaintains state,

and the COI’ldIiD{ ?%ﬁgfé%(ng{fg?fsﬁb Sglﬁ%ﬁaﬁgﬁgﬂﬁgFe?‘ﬁ@%%%ﬁé’rt?d'?awteé"rce t he
condi ti e GuedRK Sedvi h¥RFETDeE RS dNessnd WRer&id fah dilee war kspace
pointer is a nonNULL workspace address, the testing task or external code

chahyesother pseradodirepdpfinrtine RAHhaoire sre prefoeblyiengented witlcbighini cati on
by the. RersBadn iR 6 % B iraecSendpe b dhe e i P s e
condi ti giripéei@sters imap Heatdsighedieo mutkiyRarpig,. i f the workspace pointer is
NULL, the testing task adjusts the state of the testing task and places the
testing taskAscaipirsipareapable RAID core according to an alternative
embodiment of the present invention is now described with reference to in
20 Figs. 10-12. “Conversion-capable” refers to the ability to convert between
different RAID algorithms without stopping user 10 during conversion. This
may also be referred to as dynamic conversion. The general structure of
this alternative embodiment, as shown in Fig. 10, is similar to the
embodiment of Fig. 5 (where like components in Figs. 5 and 10 are
25 indicated by like reference symbols), except for the addition of a core
chainer 108, a pseudothread lying in the data flow between the allocator
102 and the requesters 101. The allocator 102 and its external

communication on the requester side are also different from the allocator

52 in Fig. 5. The basic processing functions of the core chainer 108 include
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43 pointer in the condition queue, or the external code adjusts the state
of the device that is driving the external code. 21. A nmethod perforned by
a programred conputer, conprising: running one or nore task queue prograns,
each task queue program being associated with a task queue containing zero
or nore tasks, wherein the running of the task queue programincludes
running the first task in the task queue and renoving that task fromthe
task queue if the task queue contains at | east one task, and ending the

task qu : i | eye cont ai no tasks: .and running zero or
mor e condrriviif BRNe LAY I NS SRR, IR 1Rl SR SRR R

associ atreguest to ﬁl@@ﬂdbétdinl(ow,e@ﬁd?@m‘@ééﬂrﬂ% & QifglerefPest fyks and .

associ ated conditions, wherein the running of the condition queue program

i ncl udegedeesicki it hgndnerodugigRupudipleheeqimsds to dhe allocarer ¢08diAi on queue

in order.}1 Fid on_qu .contain t. least one task and the

associ atné%ltncgﬂgp?%;ﬁt hlzlaéh)goﬂ? Sﬁﬁglecroﬁgﬁotfagﬂl@ée ﬁ’&@f“ﬁ%ﬁ?&’%ﬁeﬁﬁl%e task from
t he §ondietwesn GliffscerdMAPDaCHY breARid@akdi/Br 2ohsiiAlE S8quefRiHth 1668

condi tion queue contains no tasks, ending the condition queue program  ;
wher ei nTaguessswVhinte fajl effindentyion the stdpes vathe BAdllhglgoritbm lgeratifigrs t o

a succe . rei.n_rynni.ng the sk, endi ng caqde .gauses the .successor
task t 0%%35?15 %ﬁ{é‘? I%ﬂag evd&%lia attggﬁ{eau%ffj@eokpcﬁf LR orﬁh%@ﬁ@?e_‘%.mThe
met hod eétiairatomdunicHte 8 ProgPeRY d5Eaverdicintd fHe @ot@@hRN&l @@rﬁmﬁng an

construct, the fan construct being a portion of a parent task that

r ef er enf&dereatStpipengizes oni ¢ithensikls oft the movieg sonvarsionneatedimayka

par ent - gl: I : r a parentgl obal fan end task, wherein the
B0 SHEAL: LR A ER R e 0

parent. tas of each 44 child task or places each

child task i Thereagk tGueHRjorbeEirnRaRE 6P CbAvERsén ! afiesenpes zero or nore
successor tasks to forma child sequence, and wherein the parent-global fan

end coufPEVETSiENJHossss Heperating onfa shinbes efjsieesahor npes aconpl et ed; and

endi ng r I . en component .in the |ast task of each child
sequencg?ht@ﬁlé&é%ﬁ %‘F]@%O Bglﬁce t&% %@%%ﬁ‘ﬁm LY eﬁa’tph‘?{? % a?a‘r‘a%%@%%

count er vatiietyergebanitharpaneninchurtheedarf¥ aloiat.l Secbhg, Paé ehlangeahal fan end
counter and placing the parent-global fan'end task in a task queue if the

par bat - §HdBaIStRAGUER Fadisgnt lay cphdftsienInusabeasuppRonted cogssathhbye been

conpl et . in.22. _wherein.a seqguence. of, tasks
cont nuticorfing FAGUESS P afe BMRES el UFRED B SRS Rifeinataig ( ne
cor respondi nghencbreath40&p AV EpHOF 18 Bo S Skt Mﬁﬂﬂerﬁénti%mﬁmdtoof
claim?22, wherein code in the end fan conponent that decrenents the

par ent - FAdbhetficieneh e Bainsiniag Al ewasqusies ofirerming atqtestsewbidount er
and pl a - e task i.n task queye is yun wth
interru%?é e\ %qﬂ%{%@%gjc%éogéﬁgﬂ ]3%%&%? ?%ﬁéfegﬂgﬁ 8%?3%. Oil'Ilylhe met hod

of 20 ai efficntheneilingchgeht nilodatdie3B2Mmed8tApeGhaSIdrialo3lergem nes whet her
t he quegﬁ IS engt is run with interrupts and any multiprocessi ng CPU
concur r 8Hegatnrs HPE dhusapceimgs “‘tead geauests drampthe ghes ehainasdtOBn t he

diti ke 4 ] th | i dj th diti
associ arbf U BEP SRR AR, BOTAER dedfict Brs 14, Hoeralbedt Pisterfe
condi ti ofidipeetly dérforming “user process wakeup” on its own, the allocator 102

sends channel responses to the core chainer 108, which thus keeps track

25 of what is done and handles the “user process wakeup” itself. A channel
response sent by the allocator 102 can cause zero, one, or many user
process wakeups. Finally, the allocator 102 transmits requests for
conversion steps to the core chainer 108, which empties its queues before -

notifying the allocator that the conversion step is permitted. The core
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and places it in a task queue is run with interrupts and any

mul ti processi ng CPU concurrency di sabled. 27. The nethod of claim 21,
wherein the condition queue is ordered and when the condition associ ated
with a task in the queue is determned to be invalid, the condition queue
program ends. 28. The method of claim?21, wherein the condition queue is
nonor dered and when the condition associated with a task in the queue is
determned to be invalid, the condition queue program determ nes the

condi ti hat ] t ' h u ntikb t condi ti ons
associa?ggﬁ%?fﬁbgf%g%g%%g“%%q%ﬁi%%ﬁéﬁ%§ﬁg§3%b2%%”%@?%#%?&$ﬁ¢q§§_ The net hod -
of cl ai mllp8atdrut ODarvillceappesiigany siiiseguent lscdl Reekdes td aa@ifcrdMItRY a
second pseudot hread; and running _a_condition queue hol ding a workspace

poi nt er LRARIEERATIEFT HROVESI KawH dhai genasssiparhas reathest the nRBLL; wherein
t he firgﬁﬂgﬁgﬁggthread comuni cates with the second pseudothread by testing
t he condition queue. 30. The method of claim 23, wherein the task mmintains

stat® and commstheamaedifipatiafeiscitiati thedhMAKERAFEhs doiEsllieg REgGrei n the
condi ti gn queue conprises a workspace pointer which is either a workspace
addr ess Segrapheres wigich; allogws the geaesalrespiests tomsestheesingde Regher wi t hi n

anot et chanafhE R 05 I B EULEAL O PRLABLE RS,
state, 468. In the RAID core embodiment shown in Fig. 5, the allocator 52
communicates directly from many requesters 51. In the alternative RAID
10 core embodiment shown in Fig. 10, the allocator 102 communicates with
the core chainer 108, which communication does not require a semaphore.
The core chainer 108 communicates with many requesters 101, and
therefore needs the Req Semaphore.
Figs. 11 and 12 illustrate the core chainer 1100 and allocator 1200
15 according to the alternative embodiment. The core chainer 1100 may be
connected on its left to requesters shown in Fig. 7, and on its right to the
allocator 1200; the allocator may be connected on its right to stripe masters
900 shown in Fig. 9.
Referring to Fig. 11, as indicated by the symbol 1101, one copy of the
20 core chainer is created in the RAID core. The edge symbols on the left hand
side, namely “Req Channel” 1111, “Req Semaphore” 1112, and “User
Process Wakeup” 1113, are functionally and structurally similar to the
corresponding elements in the allocator 800 shown in Fig. 8, namely “Req
Channel” 812, “Req Semaphore” 813 and “User Process Wakeup” 814. The
25 “Req Channel” 1111 and “Req Semaphore” 1112 serve to communicate with
the requesters 700 shown in Fig. 7. These elements are not described in
further detail.
The structure of the core chainer 1100 is similar to that of the

allocator 800, where components 1103, 1104, 1105, 1106, 1107, 1108 and
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and the condition consists of a test whether the workspace pointer of the
condition queue is a nonNULL wor kspace address, wherein if the workspace
pointer is a nonNULL wor kspace address, the testing task or external code
changes the state or perforns conmunication according to the comrunication
paranmeters, and/or places either the testing task, or the task pointed to
by the workspace pointed to by the workspace address pointer, in the
condition queue or in a task queue, and wherein if the workspace pointer is

NULL, g 0t b o S knadhelst Pob ics )bl 5 d 65 LoRBL RSk g Pl aces the

testing task's workspace pointer con i on gue he” ext er nal
code adjBiBk SAHBBH,8@7 pBOBindi80OCeS tHwahllbsatdiS0MFiLhe).exdeynale code. 31.
A et hogg.ﬁerfor d by a programed conputer for controlling a RAID storage
syst em GHFIATE 8 &te eorsi chaiperi hiORang thesellosates |3 atc a plurality
of st or age-Apyi APt ; H s R ni.n e _reguesters
by driver gaﬁ}égoﬁgvn% gﬁgggrebggl quggrl?, ﬂg%ghpér]%i&ﬁglset%gﬁ(g%irgéfages e

pseuslot hireerd 8 15unntrgatoce9e 8GR 3 hes areibled flee cdiwasat @adis) Mk Skip
pseudot Brel%fl; and running one or nore stripe parity and 1O nmasters, each
stripe pari §Aasks s rAES ehamsst g eenignuearlenp e dhaelip amdhahtlZer o or

mor e chi ) ' thread conmuni gaty ng-W t h,.one
St or age By At BRES ERCRuENHS ARFHEIDER SR RhAR, TRl
stri pe paputyhawd He@nnaatidles], chemskipdatseladted (Ha€Bkiy Being/oPtieOBRdHEtcat i on
channel s which are condition 1queues, wherein each requester transnmts a

fir

r equest PRFIYVHRuthe rAls sefrat” Lo aanddhe skipris disabledceAala sestlbefl 47
whey@i n 4t - al hoc RTS ' i.cations,framthe
Foqost S etbIEE Bt SIS (05 G hGrlo R INRLY Cohnbe T BB LRI S C s s
for i nputp apdnawecpiving renirhe. r' theeddiprisl 16 aHAl@ieStob tthmkbat shat pe
parity and | O mast(&'r‘ls to _?I | ocate resqurces, and transmts state and data

to the tseleaysreAdneleisilbtratedringe faghion simidar to Hae tinep8lbornenparity
creatio Oﬁgﬁltﬁ% §1§B%’}%toa{ng&icéﬁ{é§ S?{gﬂﬂf%- data with parity data from or
e :

to the plurality of" storage Vi Cces. met hod perfornmed by a programmed
conput er f or Secohdokhé¢ figllac RAdhs¢Brialget &y shemousichainderemhbesthé clai m
h e-“%c'l? asrgr?ép iSq% 1urij !tl'rlléJ aﬁogl;l%raé(i)(t)}/ ’I(‘)l'];irglt ionrs%ggd %ef\{‘iaggls ’zet hed method

conpti si Nt ’ yze an

redo allocation” block 807 in the allocator 800, the core chainer has a code

block “all request processing” 1107 which performs the majority of the

processing of the core chainer, including processing related to RAID

conversion. Fourth, the “seléct” state 1108 does not transmit any
20 semaphore to the allocator, since there is only one allocator and one

chainer. Fifth, instead of a plurality of “Pack Replies [i] Channels” 818

which the allocator 800 uses to communicate with the plurality of stripe

masters, the core chainer uses one “ReqLocal Channel” 1115 to

communicate with the allocator 1200 (described later). Lastly, the response
25  to kill requests is different in the core chainer 1100 and the allocator 800.

The core chainer ends the program from the “output or pass” block 1109

via path 1119. The path 1119 in the core chainer completes a normal loop

(similar to the path 821 in the allocator 800).
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runni ng one or nore requesters by driver calls fromone or nore users, each
request er being a pseudot hread; running a chainer, the chainer being a
pseudot hread; running a resource allocator, the allocator being a

pseudot hread; and running one or nore stripe parity and IO nmasters, each
stripe parity and 10 naster containing a parent pseudothread and zero or
nore chil d pseudot hreads, each child pseudothread comruni cating with one
storage device, wherein the requesters, the chainer, the resource aIIocator
and the stri SRS ]

communi cat i ogﬁgﬁcg[ndnéeaxg?a%o?q ar etegagﬁdl tion %ﬁl?ggémeﬁéggﬁﬁsgggﬁi r equest er
transm fFag. aIQedthEsctdg@symﬂqmﬂm oaor theutight Harahsale)semtly tHeekc@Ghaner]” wher ei n

Simlo- ok “Pefscemabhore T2lS0ras Heckireies BhunaniacaBIBaT oi ngl o

request fﬁﬁ@ﬁbﬁaﬂf%ﬁ?ﬁ&ﬁﬁcﬁﬁpalﬁé dHass t@f?@'&k%é&qﬂlng‘%\%ﬁ% iQ tﬂg dat he

resource allocator, wherein t chain urther ‘transmits state an tato
"t he @seaﬂocatare&qb@lsbexmmmﬁ‘agm&,l naﬂﬁemaﬁk’askr@mameld FIyrfiPabk resource

[ t rc Ijoc respon eto com‘ru cation
rom t hecoriee iie g TRack Remes il ChernebtaFS, rcdst SHETROS OPept s
local rgQuest $d rgfsidbowﬂﬁ%wéﬁta t1J6@MARE] urce@ﬁécm%ﬂé? $HWth the

stripe parity and IO nmasters to all'ocat’e res nsmi t'S "channel
r esponsasdt AlideeChhanett 12 bdiahimmishéd udtlothe eoad chaiuast $00and wher ei n

each stripe rity and | ster erforms parity creation / or reading
or witing o&%&g“éiiuaﬁirg %ﬁ% %‘i?t? rdedQP f5 sindar £ thakopf ﬁpsf;’ftq;f
st Of(ﬁgeS@@Véfcﬁz% %ﬁl%odﬁﬁeﬂ\t s'g\lougl jo Fig. &, wherg compgnents, 1%03 1204, A

ACS A@20§ 8206 1RGY,. mmwm&n meqano@amsllmmgl xss; AHXSI . AY; SI
A X | S|

Al Sl Al A S
correspongl to components 803p 8(5%1, 805, 806, 807, 808 and 809 of the
allocator 800 (Fig. 8). Only the differences between the allocator 1200 and
the allocator 800 are described below. First, the “ReqLocal Channel” 1212

15 replaces the Req Channel” 812. Second, the “Select” state does not

transmit any semaphore to the core chainer 1100 because control of
possession of the “Reqlocal Channel” 1212 is not necessary. Third, instead
of “User process wakeup” 814, the allocator 1200 transmits a ready signal
to the core chainer 1100 via the “Alloc Channel” 1213.

20 Program code that exemplifies portions of a RAID core program
embodying the present invention is included in Appendix A contained on a
compact disc that has been incorporated by reference.

As described above, the RAID core is implemented in pseudothreads
and requires the system to have a capability to support pseudothreads

25 having properties described earlier in this disclosure. Alternatively, the
RAID core can be implemented in a conventional operating system having a
thread capability. In such an implementation, the various components
including the requesters, the resource allocator, the core chainer, and the

stripe parity and IO masters may be constructed with standard operating-
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the scope of the appended claims and their equivalents.
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to its beginning, wherein if the queue contains at least one task, the task
| queue program runs the first task in the queue and removes that task
from the queue, and wherein if the queue contains no tasks, the task
queue program ends by branching to code outside it; and
providing zero or more condition queues, each condition queue
comprising a condition queue program and a queue containing zero or
morel tasks and associated conditions, wherein the condition queue
program is run by being branched to from code outside it to its
beginning, wherein if the queue contains at least one task and the
associated condition, the condition queue program determines the
validity of the conditions associated with the tasks in order, wherein if
the condition is true, the condition queue program removes the task from
the condition queue and places the task in a task queue, and wherein if
the queue contains no tasks, the condition queue program ends by
branching to code outside it;
wherein at least one of the tasks includes task ending code that
refers to a successor task, wherein running the task ending code causes
the successor task to be run or placed in a task queue or a condition

queue.

2. The method of claim 1, further comprising:
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zero or more successor tasks to form a child sequence, and wherein the
parent-global fan end counter indicates the number of child sequences

not yes completed; and

providing an end fan component in the last task of each child
sequence, the end fan component decrementing the parent-global fan
end counter, the end fan component further evaluating the parent-global
fan end counter and placing the parent-global fan end task in a task
queue if the parent-global fan end counter indicates that all child tasks

have been completed.

3. The method of claim 2, wherein a sequence of tasks continuing in
sequence through successor tasks or through fans and the

corresponding end fan components form a pseudothread.

4, The method of claim 2, wherein code in the end fan component
that decrements the parent-global fan end counter, evaluates the parent-
global fan end counter and places the parent-global fan end task in a

task queue is atomic code.

S. The method of claim 1, wherein code in the task queue program

that determines whether the queue is empty is atomic code.

6. The method of claim 1, wherein code in the condition queue

program that determines the validity of the condition associated with
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10 when the condition associated with a task in the queue is determined to

be invalid, the condition queue program ends.

8. The method of claim 1, wherein the condition queue is non-ordered
and when the condition associated with a task in the queue is
determined to be invalid, the condition queue program determines the
condition associated with the next task in the queue until the conditions

associated with all tasks in the queue have been determined.

9. The method of claim 3, further comprising:

providing a first pseudothread;

providing a second pseudothread; and

providing a condition queue holding a workspace pointer which is
either a workspace address for a task or is NULL;

wherein the first pseudothread communicates with the second

| pseudothread by testing the condition queue.

10. The method of claim 3,

wherein the task maintains state and communication parameters
in a workspace structure,

wherein the condition queue comprisés a workspace pointer which
is either a workspace address for a task or is NULL,

wherein condition is tested either within another task which
maintains state and communication parameters in a workspace

structure, or by external code driven by a device which maintains state,
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wherein if the wbrkSpace pointer is NULL, the testing task adjusts
the state of the testing task and places the testing task’s workspace
pointer in the condition queue, or the external code adjusts the state of

the device that is driving the external code.

11. A computer readable medium carrying computer program code, the
computer program code comprising:

program code that implements one or more tasks, each task being
a program that is run in sequence by being branched to from code
outside it to its beginning and branching to code outside it after it ends;

program code that implements one or more task queues, each task
queue comprising a task queue program and a queue containing zero or
more tasks, wherein the task queue program is run by being branched to
from code outside it to its beginning, wherein if the queue contains at
least one task, the task queue program runs the first task in the queue
and removes that task from the queue, and wherein if the queue
contains no tasks, the task queue program ends by branching to code
outside it; and

program code that implements zero or more condition queues,
each condition queue comprising a condition queue program and a

queue containing zero or more tasks and associated conditions, wherein
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the successor task to be run or placed in a task queue or a condition

queue.

12. The computer readable medium of claim 11, the computer program
code further comprising:

program code that implements a fan construct, the fan construct
being a portion of a parent task that references zero or more child tasks,
the fan construct including a parent-global fan end counter and a
parent-global fan end task, wherein the parent task either runs the code
of each child task or places the child task in a task queue, wherein each
child task references zero or more successor tasks to form a child
sequence, and wherein the parent-global fan end counter indicates the
number of child sequences not yes completed; and

program code that implements an end fan component in the last
task of each child sequence, the end fan component decrementing the
parent-global fan end counter, the end fan component further evaluating
the parent-global fan end counter and placing the parent-global fan end
task in a task queue if the parent-global fan end counter indicates that

all child tasks have been completed.
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tasks continuing in sequence through successor tasks or through fans

and the corresponding end fan components form a pseudothread.

14. The computer readable medium of claim 12, wherein code in the
end fan component that decrements the parent-global fan end counter,
evaluates the parent-global fan end counter and places the parent-global

- fan end task in a task gqueue is atomic code.

15. The computer readable medium of claim 11, wherein code in the
task queue program that determines whether the queue is empty is

atomic code.

16. The computer readable medium of claim 11, wherein code in the
condition queue program that determines the validity of the condition
associated with each task in order and that removes the task from the

condition queue and places it in a task queue is atomic code.

17. The computer readable medium of claim 11, wherein the condition
queue is ordered and when the condition associated with a task in the

queue is determined to be invalid, the condition queue program ends.

18. The computer readable medium of claim 11, wherein the condition
queue is non-ordered and when the condition associated with a task in
the queue is determined to be invalid, the condition queue program
determines the condition associated with the next task in the queue until-
the conditions associated with all tasks in the queue have been

determined.
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program code that implements a condition queue holding a
workspace pointer which is either a workspace address for a task or is
NULL;
wherein the first pseudothread communicates with the second

pseudothread by testing the condition queue.

20. The computer readable medium of claim 13,

wherein the task maintains state and communication parameters
in a workspace structure,

wherein the condition queue comprises a workspace pointer which
is either a workspace address for a task or is NULL,

wherein condition is tested either within another task which
maintains state and communication parameters in a workspace
structure, or by external code driven by a device which maintains state,
and the condition consists of a test whether the workspace pointer of the
condition queue is a nonNULL workspace address,

wherein if the workspace pointer is a nonNULL workspace address,
the testing task or external code changes the state or performs
communication according to the communication parameters, and/or
places either the testing task, or the task pointed to by the workspace
pointed to by the workspace address pointer, in the condition queue or in
a task queue, and

wherein if the workspace pointer is NULL, the testing task adjusts

the state of the testing task and places the testing task’s workspace
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21. A method performed by a programmed computer, comprising:
running one or more task queue programs, each task queue
program being associated with a task queue containing zero or more
tasks, wherein the running of the task queue program includes running
the first task in the task queue and removing that task from the task
queue if the task queue contains at least one task, and ending the task
queue program if the task queue contains no tasks; and
running zero or more condition queue programs, each condition
queue program being associated with a condition queue containing zero
or more tasks and associated conditions, wherein the running of the
condition queue program includes determining the vaiidity of the
conditions in the condition queue in order if the condition queue
contains at least one task and the associated condition, and if the
condition is true, removing the task from the condition queue and
placing the task in a task queue, and if the condition queue contains no
tasks, ending the condition queue program ;
wherein at least one of the tasks includes task ending code that
refers to a successor task, wherein running the task ending code causes
the successor task to be run or placed in a task queue or a condition

queue.

22. The method of claim 21, further comprising:

creating a fan by running a fan construct, the fan construct being
a portion of a parent task that references zero or more child tasks, the
fan construct including a parent-global fan end counter and a parent-

global fan end task, wherein the parent task either runs the code of each
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child task or places each child task in a task queue, wherein each child
task references zero or more successor tasks to form a child sequence,
and wherein the parent-global fan end counter indicates the number of
child sequences not yes completed; and |

ending a fan by running an end fan component in the last task of
each child sequence, the end fan component decrementing the parent-
global fan end counter, the end fan component further evaluating the
parent-global fan end counter and placing the parent-global fan end task
in a task queue if the parent-global fan end counter indicates that all

child tasks have been completed.

23. The method of claim 22, wherein a sequence of tasks continuing in
sequence through successor tasks or through fans and the

corresponding end fan components form a pseudothread.

24. The method of claim 22, wherein code in the end fan component
that decrements the parent-global fan end counter, evaluates the parent-
-global fan end counter and places the parent—gldbal fan end task in a
task queue is run with interrupts and any muitiprocessing CPU

concurrency disabled.

25. The method of claim 21, wherein code in the task queue program
that determines whether the queue is empty is run with interrupts and

any multiprocessing CPU concurrency disabled.
26. The method of claim 21, wherein code in the condition queue

program that determines the validity of the condition associated with

each task in order and that removes the task from the condition queue
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and when the condition associated with a task in the queue is

determined to be invalid, the condition queue program ends.

28. The method of claim 21, wherein the condition queue is non-
ordered and when the condition associated with a task in the queue is
determined to be invalid, the condition queue program determines the
- condition associated with the next task in the queue until the conditions

associated with all tasks in the queue have been determined.

29. The method of claim 23, further comprising:

running a first pseudothread;

running a second pseudothread; and

running a condition queue holding a workspace pointer which is
either a workspace address for a task 01" is NULL;

wherein the first pseudothread communicates with the second

pseudothread by testing the condition queue.

30. The method of claim 23,

wherein the task maintains state and communication parameters
in a workspace structure, |

wherein the condition queue comprises a workspace pointer which
is either a workspace address for a task or is NULL,

wherein condition is tested either within another task which
maintains state and communication parameters in a workspace

structure, or by external code driven by a device which maintains state,
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communication according to the communication parameters, and/or
places either the testing task, or the task pointed to by the workspace
pointed to by the workspace address pointer, in the condition queue or in
a task queue, and

wherein if the workspace pointer is NULL, the testing task adjusts
the state of the testing task and places the testing task’s workspace
pointer in the condition queue, or the external code adjusts the state of

the device that is driving the external code.

31. A method performed by a programmed computer for controlling a
RAID storage system using the method of claim 23, the RAID system
including a plurality of storage devices, the method comprising:

running one or more requesters by driver calls from one or more
users, each requester being a pseudothread;

running a resource allocator, the allocator being a pseudothread;
and

running one or more stripe parity and I0 masters, each stripe
parity and IO master containing a parent pseudothread and zero or more
child pseudothreads, each child pseudothread communicating with one
storage device,

wherein the requesters, the resource allocator and the stripe parity
and IO masters communicate with each other via communication
channels which are condition queues,

wherein each requester transmits a reqﬁest for input or output

from a user to the resource allocator,
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accepts requests for input and output from the requesters,
communicates with the stripe parity and 10 masters to allocate
resources, and transmits state and data to the users, and
wherein each stripe parity and IO master performs parity creation,
and/or reading or writing of user data with parity data from or to the

plurality of storage devices.

32. A method performed by a programmed computer for controlling a
RAID storage system using the method of claim 23, the RAID system
including a plurality of storage devices, the method comprising:
running one or more requesters by driver calls from one or more
users, each requester being a pseudothread;
‘running a chainer, the chainer being a pseudothread;
running a resource allocator, the allocator being a pseudothread;
and
running one or more stripe parity and IO masters, each stripe
parity and 10 master containing a parent pseudothread and zero or more
child pseudothreads, each child pseudothread communicating with one
storage device,
wherein the requesters, the chainer, the resource allocator and the
stripe parity and IO masters communicate with each other via
communication channels which are condition queues,
wherein each requester transmits a request for input or output
from a user to the chainer,
wherein the chainer receives multiple requests from requesters and
produces a single local request to the resource allocator, and/or receives

a single request from a requester and produces multiple local requests to
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channel responses to the chainer indicating status of local requests, and
wherein each stripe parity and 10 master performs parity creation,
and/or reading or writing of user data with parity data from or to the

plurality of storage devices.

49




