C 8 NOV | UOF OPERATI NG SYSTEM | NDEPENDENT MODULAR PROGRAMM NG METHOD FOR
ROBUST JUST-I N-TI ME RESPONSE TO 5 MULTI PLE ASYNCHRONOUS DATA Sﬁgﬁ@@? i
| NCORPORATI ON BY REFERENCE | ncorporated by reference herein is i X &,
whi ch contains conputer programlistings. Appendi x A contains the
followi ng: 10 Nanme of file: CHANNEL.C, date of creation: 1/ 17/2003; size:
15 KB; Nanme of file: INTSPACE.C, date of creation: 1/ 17/2003; size: 8 KB;
Name of file: RNCOWON. 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 Nane of file:
TESTS. C, dat i QN 7 - Size: 4 KB; and _Nane ile:
TESTS. H. dat @ﬁ@f@ﬁn%ﬂ”ﬁ“hﬁ%@@@ﬁ M@%AR#%R:}«&N&%% THE
| WENTHON Thi's | IMENHOD FERRSBUTSISIONE 1o REBPERSE PH hand! i ng
multiple 20 asynchronous data streams. [n particular, it relates to an
operatdng- system i nEPETHHAME ABYNCHRENOIFSMATY STRBAMSNd its
application to a storage device controller to acconplish robust
just-in-tinme response to multiple asynchronous data streanms. 25 SUWARY OF
THE | NVERG-EObA ﬁgogpgqqu REgsent invention provides a programi ng
met hod which 1 ncludes providing one or nore tasks, one or nore task
queues, and Iecerporatml by cefachtomegapuasAphaatix AswHishaomtagrsam t hat i s
run in seﬂgﬁ?ce by beigg branched to.from code outsiﬁe it to its beginning
15 RTBETR

and 30 bfg iRt deRRengix & contaggdhe FAkAWingKk queue i ncl udes
a tagk 1 0 Snole AF5BS CHQ%WT@EET@Q&% Meﬁtﬁ}({g‘i?rlﬁr’z‘;(ﬁjé“ﬁﬂe:zﬁﬁ r nore

tasks; the task queue program renbves the tas e ‘queue and’runs

t hem i n or der Nafae bf fito INTISRACHUEpdaine! cidasion: cdonidi A2@08;0sieetel pIRIgr am and
a queue contaihnin 0 or _nor asks and associated conditions. The

Condi t1 on 5 qOBHRS B bl JANGEUUIONEE: dRE oEerentan-of/ TheOBHaPer oheE
associ ated W N3t her AlASkIMMARYIEOD! &a‘i&h{?f &R o) dﬂddéj%iz&@KB-
condition queue program renoves the task tfromthe ¢ondi'tior queue ard

pl aces the tadlamaohfitasASHIOIBE. Eadatd alSkreianiondesl /200 &nsdizagd &Rie t hat
refers to zerg, one ,?r nore than one successor task, and the task_queue
pr od15<sam or t hglame of file: TESTS.C; date of creation: 1/17/2003; size: 4 KB; and

Name of file: TESTS.H; date of creation: 1/17/2003; size: 3 KB.

BACKGROUND OF THE INVENTION
This invention relates to software applications for handling multiple
20 asynchronous data streams. In particular, it relates to an operating-
system-independent modular programming method and its application to a
storage device controller to accomplish robust just-in-time response to

multiple asynchronous data streams.

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



10 condition queue program handl es each such successor task by either
running it or placing it in a task queue or a condition queue. UTQEN 2006
programi ng net hod further includes providing a fan construct, |%Y1 4‘@ a
portion of a parent task that references one or nore child tasks, the fan
construct including a parent-global fan end counter and a parent 15 gl obal
fan end task. The parent task either runs the code of each child task or
pl aces the child task in a task queue. Each child task references zero or
Mor € SUCGRR{RY f i.l.d: .chil d fan
conmponent”™ 1 s p?%ﬁgg%léﬂﬁ %Hgl] eﬁlggétadttglsrﬁﬁgf%? ﬁgﬂc]ﬁgf%l@%gbdgﬁgetgﬁfﬁdg’leg{r%d fan
conponentprogramnent sy dshith cpasdnt frghotiad ghancend eattthem andrgéacBachhe 20
parent-gl obal. .fan end task in a task queue if all child tasks have been
conpl et e&pn%h‘éo%l%\?é‘ Qf8 acivitditietsayRle BEOSFaa] asl fEUAUSseudot hr eads,

each psevdathiead DRl BY o MAIS S7AURIGEARL] SORHIGhs Wit cdiibhuPt i OnS

al | oned but no concurrency o# execu(?l on, i np operating

syst e | mdepenceptranafiete2inesahetdidigspltie cohgitivrpsestodiaeeniithnthe
provi des a software program for controlling a RAID, constructed using the
above- de$@3FbEY Opieyr Hitergpnditionos, rvtRethe sendiHom sy carmgialMe or

il P € rk Ak GURUSI ML Son SYDSEQDNC Wl RLIWRES LU yal code

The RAID core programin es a plur equesters, a resource

al | ocat oueaed Bagh vash inyluelesstaskhdng J¥é 2RAGef@arict 3erandnkorast er
operation handl er | oops, each being inplenented as a pseudot hread. The
r equest eFROTE E1adt GRE SYCEYSSY tasku s the taslaaneue rigeram psdhed by a user,

200 R} 2C@Bnklorl BUMER e An{IHEHAIIPORA0dOK SfiGes8hL B B il © | o0t Of

responds to the reque e operati ers, or C Stimuli from

a timer ronaihgodeplesoyicisaaadk qudiabe aawidifisn Jheue.operation
handl ers, whi &Pl may run on separate CPUs, communicate with a plurality of
bl ock data devPEd¥ogrpmming pithod Mnlprdactugdesgraviding pdaascasirgetal i ty

Stripe pariey i pRoldRy 52 Een: TR SRUE RErePAPEEbRE or BEE R BSAY oo

Thi s al t enaédn conspeyiachpEngid paeomiglobia0 fab ehieesudtdr efi¢nat %Mrﬂl
al gorgot h Wit hout _interrupting user 10 capability. It is to be understood
ot

t hat! ahRé fap cagotask. gEhemarcasask sithen rame thaeode pf sarhghikt tasked

dosct! PUAPHAS GRoBATIRT LEUERaLaLY A, fha Ay ASRIEdS' e p0pYi 0
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



BRI EF DESCRI PTI ON OF THE DRAWNGS Figure 1 is a flow diagramillustrating a
task queue program Figure 2 is a flow diagramillustrating a ¢ondichi Qs
gueue program 20 Figure 3 is a flowdiagramillustrating a fan construct.
Figure 4 is a flowdiagramillustrating an end fan construct. Figure 5
illustrates the structure of a software core for controlling a RAID
according to one enbodi nent of the present invention. Figures 6(a) and 6(b)
are a legend illustrating the synbols used in 25 Figures 7-9, 11 and 12.
Figure 7 P r ﬁ{g}ﬁg n of
Fi gure 5plal§:1|tgurﬂ ?fslggtreﬁ %ﬁghrlgér# (lﬂ (E}?%ﬁ% Ettheﬁexh I Fllg@g or 1 !%?Shée
enbodi nepseudbtiiegdr €l'lbe req@eﬁef\@dré@%rte&lt@ur@ quﬂésta frdbemddiragcails
illustrati stripe master in . the enbodi nent of Figure 5. Figure 10
illustr alSe%lgeﬁh & W3RN Gl Bracss dtw remiestdsraapshedsanased ilygthe RAI D

accor di ngub0 @, MEELNBLANS LIBOHHTRYIErclIBSRLESBIL cBUERL Hhn o] OUr e

11 is a ustrattng a core ciral ner ernalve

enbodi nmeot chfcksignmei from Bi (gtree tb2alicade rkoovutieagiadninitiaus tactionag "Fite
allocator in the alternative enbodi nent of Figure 10. 10 DETAI LED
DESCRI PTPRRIaHOTbe Emc«hmmuwmgeméaw eBbln copvaniente Bithtas to

an opera@l{}%]]@y%tf%n& {gagg fos. nodul ar programm ng net hod t hat

advant ageo acco es robust just-in-tine response to nultiple

asynchr onous Hataﬂtaﬁfa@ﬂr@sRAm)kb@elgﬁfogfd}ﬁ ipebgdemiglaraktyhelirdcgicdeass kbed in
detail as applied in a storage 15 device controller such as a RAID driver,
t hose sk'i:q)qee%flfluﬁef h@ rgpeurge & IO‘F@ef@FJQ@erﬁ phaality of sitine dagHy 424 I9r i nci pl es

can jbe rgadily Appl B&ﬁg &@%ﬁf tlegeé@a%g) q gl§ea%[‘dfr%w§it§:§§m@re pr ogr ams

such as robofti’c sensor ors ardwar e dat a

backup aprbgraimpengitsf ¢ommasRin BenedH dﬂﬁ&%nhmaegéraﬂﬂmg evielhahat or s and
trace buffers; non 20 CPU-intensive data switches; and non-intrusi ve data

and stati@?fré@tlr@flﬁﬁ J@@%ﬁ?&%h’% The key conponent of the
oper ati ng- sysj, ey t{; Q%eﬁﬁ H‘%ﬂ‘é‘t%th%%%?é%ﬂﬂ% JENRAal Scdplibh W plue for

creating "thread ruct
the following detailed descrlptlon are exemplary and explanatory and are

15 intended to provide further explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a flow diagram illustrating a task queue program.
Figure 2 is a flow diagram illustrating a condition queue program.
20 Figure 3 is a flow diagram illustrating a fan construct.
Figure 4 is a flow diagram illustrating an end fan construct.
Figure 5 illustrates the structure of a software core for controlling a
RAID according to one embodiment of the present invention.
Figures 6(a) and 6(b) are a legend illustrating the symbols used in
25 Figures 7-9, 11 and 12.
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.



sequences, referred to as "pseudothreads” in this disclosure, independently
25 of any thread structure which the operating systemitself mayjgawey o,
whet her the operating systemhas a thread structure, or even whether there
is an operating system In a conventional operating system a thread is a
fl ow of execution through a process' code, with its own program counter,
systemregisters, and stack. Athread is started, run, interrupted, resuned
4 0 8 NOV 2006, and termnated in an operating system dependent way. In a

mul L - thr eadegiogRas 4 b i st 280, GAOPSoLLARiAGEN | e ot her

thread or threads are in an interrupted s e seen below, a
pseudot herdepdimeedraiRiguto Senbodi ments of the present invention is a single

sequence of .control., with interruptions_allowed but no concurrency of
exgcuti on, i n‘%}%ni(g&hilﬁr%??so@&%ﬁmg@l%eygﬂ%IﬁoiftrYfPé'ﬁé%ﬂiérf?r gaytrotiag ﬁ?/esent

I nvent i ORAiIﬁPAc%?Hh% %ﬁn%%&’ﬁ%%iv%%&ﬂ%ﬁﬁ?ﬁﬁ éh&%?@é’éﬂﬂ%v@ﬁﬁ]%ﬂi. gm of

communi cati ng sequential processes f 0gf amm ng 1 anguage
occafirM whi chFigsirbaskeds arflcSSRiagrate sitnsphtiony atotd ckSherdn fhe found in

C. AR Hoare, Conmunicatin equential Processes (Prentice-Hall

I nternat? ﬂ‘&?ati%gljn%m%iﬂgﬁl%& BB at ed by reference hereininits
entirety. Th.eF%‘iﬁ-éfM MGURIL di hgﬂ%gsﬁgﬁi%%ﬁéx}l LUSESEN 1B8h CQH&%!Z%&%
processes whi cff comuni cate via one-way chafmels, Wwas 'devel opéd to run on
t he | NMaSnbodinsent ef Figore/@0t i onal CSP art has been 15 either confined to a

particul ar hardware platformspecifically designed for it (such as the
transputer), or has been operating-system dependent user- space code

wi theut besitl P DESER PROSIRE PRiEMENd,
conventi onal tﬁrea tecmﬁgjl\ggﬁfﬁ%%n- Is%l/Qs etrgs}ﬁﬁg/e Ee:en
oper at i ng- sy steenpdegmmdievenvioet feds teisntouse lopepatiAgadystemkideglersipate, and 20
have been reci%rgni zed for their | ack of robustness and heavg | at enc
6

Convent | BRGMIFT BEPSHATLBHRE thathace Bpnadvantagepushancearentis 30BEEh e t her
highly gpREAhI MR BRdaReAAMbIe Ssithorlbhb¥lsSaatiiGlahRS Affioush
rk -as afnges; or

di sadvant age that they cease to he operating Ssystem<c
enbeddedhki progaammintg ahetheduisrdesenbepl @gdataipas agpliedein ardoraze25

moddPar S CURPENET SUchoh o A Gandhese FRYIAdo Hi eruihout | osi ng
Sshons eeOBsss AR E USKAL LAY EBLAREMAIE R ooV i RS ece 1
upgr adeslevice drivers and other software programs such as robotic sensors,
controls, and actuators; complex hardware data backup and printing
firmware; asynchronous hardware failure emulators and trace buffers; non-
20 CPU-intensive data switches; and non-intrusive data and statistics
gathering modules.

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



5 0 8 NOV 2006 The hardware required for supporting prograns wrd\%tﬁﬁ .
according to the present invention includes one or nultiple CPUs Wi v 2005,
standard hardware interrupt capability, standard IO ports, standard
resource sharing in the case of multiple CPUs, and a sequencer that can
handl e at 5 | east one task queue (described below). A sequencer is a device
on a CPU that, fromthe CPU state upon conpletion of an instruction and
external stinuli, determ nes the next instruction to be run. A seguencer

o e R SR A B SPRISRCRE Rach ) B AR Blacd,

har dwar e sequencer pertorns oW n ctions.

uni que i ngtaratihigosysiteml, iodd thirehd eapr By irasiihASAHIlE bilgsr irebh i tlethdss as
its successor, usually the follow ng instruction, but often an instruction
poi nted BCHY A BREAEHPE $66p; At Wilkdreuwaemy belesy, isPyaidgthireadr anches to an
| st ruct L RoRei Efch i Rnt 2Bl fnl Blexed: by A RS e AR duaERGL Rier r upt
condi tion torced upon the processor “fasynchronously from=utsirde.

Sof t war e ceaqrEneiitly inexpuptised allpwassSBib hedc®icie@snty efegedgtiohui | ds  upon
this raw, ca abilité,_ and avoids (or tries to avoid) illegal inputs to the
sequenceﬂmﬂi?@%tﬁ? d0id e RBATAING sY¢feneindependentbyaipst post - 1980

. . ! Y orbed
oxanpl oo of whrePrERgh T EOE SR e R R RET 8 0 an 11 s
20 successaipuidng piradgan dfwnbetirficatiag RPN PrREESRSSASE) e the

speci al i zed enbedded processors made by these sanme nmanufacturers; the

M cr ochi ProSEHRAMNEJirELUPRE wapEdfethintbic based onaR8P. i A dgepepsion ahy
rocesso i . r C.c i J n ordin

o e oaciine st I IR, ASaREr G R e B SRR R PoefiiSE, ™ ™

progr am {PanticenBlalnirgeaueniceal 19850 eghiohl Rairlcorpothte@t3efifefddice pPossi bl e
interrupts or the possible running of tasks froma higher priority task
queue, t REFEIEM He BitawtRed hergoasmlenguagea: desianed toeasily dasgrili ng,  and

t hat can I: [ t it .en ' t refers to
br anchi nggﬁgaf%étﬁ%%?%ﬁ?%’%@&ﬁCP%%‘%?*B?%%%% ‘r’%% ‘?ﬁ%“%@%%@?%hg‘%sn 6 J 8 NOV
200(1 sdgueloped tancibbantiy INMUS preigiutepdeCaiicditibnhdICSIP et hals Iends. A
"task queue" (TQ. is a program and a queue of tasks with the follow n

pr opkY 1| SHhey apTsdny pRsgHEHaThaTi BT apiHgrT GPectimalsciesanender it to
iatss begi p|PasIAE FAAsBLANS Norf Ra§ RLENCHE S d-bydde U oG luipds: (D)
space code without just-in-time asynchronous response. On the other
hand, conventional thread techniques in non-CSP systems have been
operating-system-dependent whether in user space or in kernel space, and
20  have been recognized for their lack of robustness and heavy latency.
Conventional program code that responds to external 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.



5 long as there are tasks in the queue, the programruns the first task in
the queue, and then renoves the task fromthe queue; (c) the prdgt Ve
when there are no tasks in the queue; and (d) tasks may be added to the
end of the queue only, and nmay be added by interrupts, by running tasks,

by external code, or other suitable nethods. 10 Relevant to (a) above,
"task idle code" refer to code outside a task queue, tasks, or interrupts,
whi ch branches pronptly to the task queue when the task queue i s nonenpty

and not runni i ; : i

Exanpl es of tggke ?ng%%ggég’géﬁlgﬁg%} g%é?%{ﬁfﬁg%rggg%@%%g%ﬁv@%%d&%ﬁnﬂ%% an
i dl e | oophierpresertiredteibp irndeasssonsamd maultiple QMUK inde stahdaap (such as
net wor k gxrarr CSlI target code) in firmvare on an enbedded processor with or

wi t hout are; IS MOt SAPRE LY s standamdri)porte| €araard gesei hove, a
n d N n H H f k
D Cre e SRR SaSe BRI MO gl o in (S BTGRP ORIV o

inits ta t'as 0 ers'to 1S run

| ast Hn dedstskndedsit queekydosagbed Mel®k).t A ddegidnsk i2a dpigceph A0PLA
"successobﬁ;ﬁa&g%is a task referenced in the task ending code of the

predecesd thp LR afafeelpemsoplRUeAR i davsustion and eukE@sdor task
MRy Caus gy inAHC BERIRi e R NGnRAARYidi0 & HRAA. O Blond R AlHgHR  When
mul ti pl e task gueues are present, ey nay be "assi gneé:I relat1v
prioritiémplémethéed osid hardware sBqtibacaboy a séfepatdequidiecelQ Arogram 25

runs the first task in the queue gnly if no other nonenpty higher priority

task quedEddufege egdsRCer peglorms Th%éﬂm@g fanciignsgubdegnchgpdmthen Fig. 1
| . i .03 , i s. . i i . t

25 0 "8b), SnigBUIRSENERlor LHTES 1y AR Ao BT B ioB Al Db AR e

sequence sugcdssbr§ UNMIROME follomihgrinsftidiich, danet dften mrsnltrpossessi on of
resources (e. %i?ﬂ\égri ables) with no resource sharing with other code,

i ncl udi n§CIRE Y Prandtes ooy orchnutuelly exelnmively) Brbmwawdesdpi | n

embodi Mt & AbEbASHARESE I byl LYol HMABHIRNS AIEUBaBlwhieifRAG A ©

preferably atom<c To ensure e proper ctroning an ness of

the progremditiei fexdphpontthe proasks@ngdsngciooaenily fraphedaskisor task is
typi cal I& tomc. In all follow ng discussion, code "with interrupts
di sab? ed®olarengsariendRg cexygssedie asssrkigd s ermpilashoorlewpuildss g. 1

il 0o o119 B0y SRR Dot RSP B P N R g, 2ok
acconpl i sb@dehyerpr Diibsk hgy@irements are generally met by most post-1980
microprocessors including standard CPUs and embedded processors, some
examples of which include the 80x86 series, including the 8086, and all its
20  successors and clones; the Dec Alpha; the Sparc processors; 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



step in the TQ program for checking higher priority TQs to determ ne

whet her any higher priority TQis non-enpty (steps 11, 12). Ifpaghj ons
priority TQis non-enpty (Nin step 12), then the higher priority 'S run
(step 13). If all higher priority TQs are enpty (Y in step 12), the program
15 determ nes whether the current TQis enpty (step 14). If the current TQ
is not enpty (Nin step 14), the programperforns the next task in the
gueue and renoves it fromthe queue (step 15). The programends if the

e SR A B et BB

provi ded nes priority ueu i N ich case

steps 12 qR.CbL&ﬂQT@?ﬁi@laepﬂ:r@r&irﬁdnd@qhﬁae@f&@@k@vﬁﬁ@\'ﬁﬁeifﬂﬂﬁvm% 1, steps 11,
12 and 14 are atom c as I ndicated by the double border, while step 13 (Run

hi gher pEPBeTEss: ) Thad'Q tepgiamy Rehbedramehsdr todiramesde présifiedt & not

required.to art .of the atom ode. terpati,v .a_1ask ue may
be i npl erlr{esn?%%%gg%g’ %%%tcag ]ﬁﬁead?‘uc %ggaﬁqugPﬁef%tlggﬁddNﬁié%% 1?‘5%8?11@?% ter a

| owerspr !1@1!‘1?1; ty thesk apasaskain eHe bud)eheroctamas e ded firsf 1 in the
cooperatively or preenptively, according to the inplenentation, as |long as

such runfiusyicd6asl than remeres plhe dashfrmdheogiecuds| (ok ke Pregramsinglsent at i on

be i d b e {1 ow di i
Py 1 ottiS) W el uh BeR0 T bt A AR Dt et #0051 S thfher |
priority ehdsdf tHecggsue My, D& rhap helABURS bHian tairepts Usy eOnseRakadles, CPUs.

In this case, they may run independently anhd concurrently as Tong as any
resour ce by esHareal ende, 5 athersidtadfle thethdds.read-only to all of them and

untij~they a rced nchy.onj ze. b £0 i cation_ or, condi,ti on queue
operg ion (desé%‘%ﬁgﬁ;ob@?ﬁyeﬁ tag%ﬁa}e[ fY%(ﬁ"e q’i?rezgrleJ © E%ﬁ%? (}luézsﬁiep? 8%?%m and a
queue of quasiks taslts, AsigReirdiRy, Fehch bransheE3FBndMeH e tBXEaFk diRizet he
speci ali zed short ones 10 mai ntai ned by comuni cati on channel's and

al t er nat "8169! thretask BRgUELs aroneraphit ahdsnet seeies: anst temtricbghertpsnent ed

di t.i Each t t ai d | ock, and a_test
S L e S A S N
at t achedsyorephen@upgtraandodb] &R 6N ooy apfanBedfEé@Prbaésert andrae and
not fromtrue to false during the lifetine 15 of the entry. At appropriate

timekd wheRsgERiediion apl(suchas treswosktorm3§S! hangst codsh i firnheateen
D 00 Sl g UL B AL whinch A S 98k Pl eced on
(RTOS). Relevant to (d) above, a “predecessor task” is a task previously run
that 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

7



other state, as with a semaphore. The CQ program can be run an?é\/\@]ehq@/
including within an interrupt. The general flow of the CQ progra 2?836
described with reference to Fig. 2. (a) If the condition queue is not enpty
(N in step 22), the programchecks the validity of the condition
associated wwth 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 renoves the
corresponding entry fromthe condition queue (step 26) and perforns

appr opr i %#ﬁn%éﬁ'h tibte AUt Hgé;tﬁ@ &)udgékg olef ﬂfg?{ﬁ?{s %ﬁ%%ﬁ'@le ]hﬁr dhask to

t he end propriate t step I npl'enents a
speci al i zedrespomroel lshaamg,omt;br oti&ductc&ies mnhlu@lsnghm dhé etnRipronessing CSP
select, this stc? may i nvol not shown in Fig ‘pl aci ng the task back
on a con&fEFofP %{ié%mgqu RUs.adr e@,‘@@@mmﬁs ‘?ﬂ1 he peesginfia

aCCOWa”&ﬁ?er‘Pchrﬁ@a%o%(%&@ér?sU the ég&é‘afc?f?%x’f&%ﬁléfe al At {bg 1 d:g: {gie”a'

state placing the task on a task queue: program

condi&i opropésfurfdtiomingt &xpd 28 roblusehédies! e pﬁogr&tnep For8xarfiplehe¢h€Q i s
or der ed &Y in step %%3 or checks the next task (step,. 21} until all tasks
are chec %%k ending cedf 0§ anprrdsicassitaay Isntypiealingiomiqy) I afifollpwang t asks

and cor f eseondifg GRS % eeiReh ANt fONdLLLaBgcaueue onl'y by

t ask endlng co a pre ecesso h interrupts I ed.

Typi cal Iy, enTheeashruadptogranh hoand iwFig.he igcndicsi oestiue vt highuit i n
sonme cases, such aﬁ timer queues (a queue of time-outs), entries may  be

added anPRIPEFY t@skiuruate Seneraionmpidnte tqﬂke‘ﬁ‘é?ﬁ% ynay ke @ﬁﬁfz%a@@b 10

rogram or der

ISR R A R P T S e e s

or der ed stepni tloe d‘éJ peogisine fo2 theckelgeh ptier tigriddly 'abg@vnb, deteragndi tion
condltlo and, a. successor task referenced in_ the task ending

branch"
code of ?i‘p?rtakﬁ’ééggéﬁg Eﬁlofgy(mtlﬁ no-epRipt (Stensadl dd). Hndighek task

ending ¢ Led S added
uncondit onaﬁ”ﬁ@(g %g’gﬁ@?gﬁéﬁ‘empf {?)htetﬂglc%ﬁ[g'% %%Eé}r?t?&ugjfgrlgr} ed to a
cond| ti O(‘thpdliB iIf atifeighengiriomdty TOs drel arptyl [eil eneh 1pntheprdgatt i vi al ,

al ways true; thus, a condition  branch includes the unconditional

br ark§1 t determines ydeptheadhe czu“nmé @J@J@@Htﬁ (stept dF Boheaprment S trent ed
oy 20 SHek el (Y SOOI 78 (eI pEHLDST o ORRLEL N Lo o
"child tasdseni®@feeriefead the ctlxhl@ué %ﬂep 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



endi ng code of a "parent" predecessor, together with a par e@t-g\i[gf)%h fan 25
counter nunbering the child tasks, a parent-global fan end o r a
parent - gl obal fan end task. Each child task nmay then reference a sequence
of zero or nore successor tasks formng a child sequence (or sinply
referred to as a "child"). At the end of each child sequence, an "end fan"
conponent is provided, which runs with interrupts disabled to decrenent
the parent's 10 0 8 NOV 2006 fan end counter, and to load the parent's

fan end, (@l o ik 30 o BB s0el®1 o SOUN AT A B Ry 3RE QTS gRAr o0t s fan

end task resunes f ar code “sequence: s constru each fan

has a welHigHef priedityenskraiduws. condition leading to the orderly resunption
of the parent. Fans may be 5 nested, that is, a child in a fan my be a
parent that gdheltitledaghksiuraiesi may alspaugsen separate @R Usonkt ERistcess,

ired i t ask .t task. Fig.
5 et 1t APEneY FUB toicBBh e b Bon RGN b R0 Al 00 i o
sequeBcesheirtdl gatven br eade: 6LthENGE readUWhIRG o]l o fideRgeind tiheil tBey

parent-gl obal fan end task). Fig. 4 illustrates an end fan construct, i.e.
the cod@redarcedsta sinehroriee Sk 6pmsaBRicatiaryos equéiiden qurucheRerakignpl e, N

child t i.fied in the parent. The variable "i" is the
parent-gl?((ﬁ) %ﬁrﬁegjnﬁgg)g‘ahter t hat nunbers the children, and the variabl e

"nleft" is the fandtion "SCQRt a ipRegEah @hd Bepmider tadksanddr en that
remain to be ,corrdpl eted. 15 The parent programtests each child to determ ne

if it isaseeeipéed peplitionsi Eqch gqurge axqaptdor phazpegiadizedrshiast 9635 and

onorSa iRt 67 cofullba fon Bl ohi ek SRS Mt fablaiPiaie).

speci f i edonfainlzea pag@ehc@sf anktdey iRipldneht&s a8fconthtieh stmicaaRsbeEaancel ed
(made inactive) by a FALSE in _a pre-existing 20 Bool ean array of N
el ement s ENA eQRENY & §ode hlodhandretedarosedprs, which pesfi isileepws tan array

(i.e. al [ e tjve ' [ ase, st.eps_3 . e
omtted. ll.'IaS{Qt ee[h' 1%[ ?’&%&vt%%égﬁm%ﬁ%gapcgm({foeE)}é ggeglﬁd%g]gi)%%é&gﬁ?ﬁd may
run to oalpkhhhes fidrhitalsd fetriiand HEréM Gltlel @' fa3s€Burih@thé sifetihie "end
fan" 25 construct (shown in Fig. 4) is run within "Run jprev-th child".

O, P chpf ghe sekohest epproprigte tienes, wheraven grevaliditg iofithe, teBmashst ead of
19, §6e Rk 00 MR 9SSR T CRRLIRT Spunt BT, )
and the itsidirle fsaslaced cHlIERaB8k AMRHCThBUSINGARIGH thet et eRdy faddb ebasseE uct .
As @ 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

9



11 0 8 Nov 2006 result, a plurality of child sequences may exi st
concurrently. In an alternative inplenentation, the "Run iprew; thiNGHi L
step only places the child task in a task queue without running its code.
In this case all children will be run by the task queue(s). In yet another
alternative 5 inplenentation, the "Run iprev-th child" step in the parent
program may be designed to run the entire child sequence to conpletion.

Al'l of the above alternatives are covered by Fig. 3, and the word "Run" in

St ens 35 a3 or SO fali Bl & AT TRARL el LA B L unni g Lhe

code of th tas e execu arent éen a child

i s det er (@)léthdyrofram fardnh' eridition fdlseoihire sty EM 1t eit@kt eixétsi(gidp al |y
set to N (Fi”fll Q@go in Fig. 3). .and is_decrenented by end f an conponent

of each & et dimes (Y iif RVt 65 cheeks the neﬁtﬁfﬁak (afep %Jf by the

ar ent The
lORun endggﬁllwlsé%gsl E}lﬂété]e en Vﬁat%bl@ég%%}]—gg@ereﬁ @P rﬁ’g%‘p? S e})d)43 in Fig.
4), @i cEmtries (td&s@n@kﬂ:@d&@fpohhﬁng ahditiohs) megupeatiled partdetcaatition

sequence, is performed by a child only when the parent's fan end counter
nleft isAHePN qn%myetﬁlslszewma @odm?fa.prédecemﬁaﬁkambHnw%rmst% he last to

com et eqisHife @2 SMCALPUARLELE ole@lothe KAAINIES Gonfibnndagde’ step

(step 40), e parent s endcodé resune code

sequencebin it fmrwsaséﬁahchmlﬁtlﬁfertc?@%sﬁtﬂ qdees ofltﬁnacaut\sﬁ c( Mries mbep 31
38). It can _be seen that using "ipreyv parent runs

? Rg gr ;Cbét@) degeanywhers withyn tth@eccamm@m queye vc?ré rpBly, tthe QﬂmeoCQ
det grgm “59?5}%@ grg thik é%ﬁggu?@ ator ‘r“c B#@Q%%%pgicatgaﬁjhﬁhé @Hh'%?é bbpcferpar ent

program €S no conple ren € ‘parent | oop,

can fal | irt Rigouyh Also, tdweilhagtatedcin t&ﬁa fipiakel, a sontihddn QMde&&hydﬁé ive child
may be vieywed as the successor of the parent. Then final "Run iprev-th

child" s? r@étcé"pn%@?rqfﬁﬁg (st Pabt  active child. If all active children
| et ed p, g . i i i | ef t ==
Shen 1 rune. RERYRHE SR AbovE AP el il Bran A8 sl Ebfalion gl ' T 470 ag

a resul tsuctdf&spﬁltasit rsfeeéﬂcaﬂim\thbhabﬁ gridiin )(:OUJ&Q)ﬂ@ iredéddsdor Thsk program

flow shown in Fig. 3, especial t he ways the varlab es_ nl eft iprev and i
are 19t G iintereviate disedl )en%ﬁeéuth%lt@slé@@ﬁlwawd@mf)ﬁ he grpdgeersor is

approprigie ﬁ{eogu@égssb9\ﬁ’a§ﬁ¥s B W&g%@%%orfcﬁtmﬁgﬂy%%t%hf &4k LGl are

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

10



Sinitiated by the parent and the parent endcode is run when all children
are conpleted. In an end fan construct shown in Fig. 4, the cdde Nt t2bth
including step 41 ("Decrenment nleft"), step 42 ("Is nleft>0?"), and step
43 ("Run endcode") is shown to be atomic. Alternatively, the "Run endcode”
step 10 (step 43) may be outside of the atom c block, as long as the test
step (step 42) is atomc with the decrenent step (step 41). The fan
construct showmn in Fig. 3 is not required to be atom c, except for the

"decrene fi p o T 2ol n [ Qgr.a

interr upgéerél %h? oéro%ﬁxttaeﬁb?lé&%?%a%@ﬁiq%%i %.SS kﬂgh%?é ﬁ%ék E%%ﬁtaﬁg]aﬁ%mibgf t%tl eTQ i f
the chi | dohaseragdagteerenor i Dhe prrehtls Iantdirl t49M pIRAhAS tRE pakenecbde " Run
iprev-th child" step places the child in a TQw thout running the child's

code, t h&CTREMCS pPIVthip Consimctione sach fag bas @ weHadefinadterasimatised pr ogr am
t f hr.eads.,, A" dat h d" 4
Cons ek AR 0 DM R RSB P

| oadedl onestadyehbask Hukilé ihya fndepen e paxéer fRlt Edeatéy anstidercfall d task
ina fan, continuing in sequence through either the successor task of a

condi t i ohPsrISERLH farbranstrgeh i Feqrired oven there is mose thancme t ask of t he
f an (notsﬁggé%g%r%gsk% atz:gh eqlt %e?:lrjences), and endi ng when a task term nates
I

w t hout a con ion or unco i onal branch, a successor, or a fan. Each

pseudot hr ead Fig. 8 Hhngretessefen6AsBLICEOWNERE a Phidhti tAERBreRidheRSnas | owed
but no congcurrency. A fan and a corresponding end fan conponent may

oper at e $Rild sepPsNEEeMELh Dprent code sdauhneadeseningiaigendaodet Ghel y.

Poi Rty t 0= pai.nt [ bet ] t hreads. includi | gction,
s dShe DR gBBATIN ERk Al FEGF MRS 00 ik it FERVRTLES Bcnt ea
W thin tdede ciauis aat anghpeeudet daaRdRiHNGIRAINRS - In Wis|kaghple, A eRpi@ari son

i's not ints(li:'qnded to be limting on the scope of the present 1nvention,
t hose f aifSKSaArasReritspPin she agrent) Theevagable’it imthe parenpglahtdtianead may

be used i ol truct qf.a Process nd t.he.fan _gnd end
an const R B Pe FRIRLGATbnlE? vab AR MRLS T Rolai ¢ on,
t he st anstangteCIRat dnticaiteatho iianBer 69 Bhildres NaT Feidlatn U esmPlaRael s,
Ti mer-queues, and Alternations may be inplenmented by specialized condition

quedes. hh@RIEBhPIeReas tastseanh thilldoedaterming éf itdsmstivectActive phidd
SemaphorgsLand #efaL34 8 fetun (steps 35 and 39, “RUN iprev-th child”) while
inactive child tasks (N in step 32) are ignored (step 33). In this particular
embodiment, the children 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 completion 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 parallelism In a multiple-CPU environnent, there i s no

requi rement that separate CPUs be identical (i.e. SW (syn’me@ i QONuEA0E-
processing) is not required). As an exanple, an alternation and an
uncondi tional channel as they 15 relate to the channel (a one-entry
"condi tion queue" used for comrunication) may be inplenmented as foll ows.
Uncondi ti onal comuni cation may occur between two pseudot hreads A and B
via a condition queue ¢ (a channel) in a symretrical fashion. The

conditio j [Folar=I gt i [ther a
wor kspacgeggﬂggﬁ?%}sﬂéﬁgf%lfghﬁlﬁl%bﬁ\?ﬁgégﬁ%ﬁspace g}aér}:ljﬁ 'urhg ag%i nts to a
task and alcomiadivesinopleatershsive, s “Ronripreoalh oil@astepeselysplathe thendi tion

consi sts f.kﬂ t est of wr{et her the pointer is nonNULL. Pseudothread A (or B)
checks t Kikhtaskin & task qyeyq wihautnynning itjucedes Intthis gaseddor task into

the cha b &5 oi yt i or task in
the 26 candle e il Bhanetut e MELCPRERDY BLTG Ll ifthRgiel” B85 |
it p8érfamplenfemtationythe dRudniprevitheshildiestepsin floupdrdnt plograhanmnet

(bel ongi g}g o the other pseudothread) into the task queue, and either
cont i nuePcoreighsdite & GRHER shild) spenne tcawmq%éu@-aﬁél ghtheabave 6 g

NOV 2006 [ ' | L.QPR
Sel cot i n) g aES Bk P e Bt 2 AP Lk RO PR E 3 Aalt P PO

queue) . ‘dheuld He gwentobsed@ tlieaming whehkdtdcheo eanding the cbde ofmhkspace
poi nter) : 2 C. e possibility (Scenario 1) is that A finds the channel ¢ 5
NULL (ch& t ty), in which case A wites its successor task into ¢ and

uncofqi ti onal ' : ' ' inc,
and Tond tnat ThE Peicidty BB BRLLe pMIBRaL BRIy Reblitndd B, el " F o
to "reagptentid fanidiebcotiatifnleB) hlefeis plitiadly 8tao N (epaBKigWege3jf it is
not already, there, and unconditionally exits. Another‘ggssibility

( Scenar i 619 i deargmpepiedinethaendilas edmpensat of eagh ikt redverce ghan i on

7 €, 2 13500 (e 3005020, 670 e B RIS P, 2

or as are secon revi ous oscenari

wi n the sekect;stepd3 81 Ry dJ). The fRUB eddeode astéprinahel drisd gam state to
"ready", leaves ¢ unchanged, and if its successor is not already on the

t askl JueGEMBANEN @loh Childel§tan4Btia Bige ddswdich srngl theemndeasiesebtissor on
Scenart 0P sy PECEE d)pa R s AR p ok B £l o ng
t he sel estieanthdpalent’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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scenario |l eaves the alternation in "ready" and is therefore_ fol]|o by a
select, of which if the wnner is c, the channel transm ssi ol N@N:@ | ace
20 exactly as in an unconditional transm ssion, with B always the first
ready to transmt. Alternation based on a condition queue, such as a tiner
gueue, requires that the task be renoved fromthe condition queue after

the alternation cones ready for any reason. The above descri ption

i npl enents well known CSP/occam constructs. 25 The principles and general

structur [ 48N ek Rg ] I i hod
have beexF%fesir iﬁgagg.r gAllfllgf E%%iggés%%%t@ HcaiP Sgggﬁ%lr%%s)ﬁ{ﬁfyng{eeg%%%ﬂs&aﬁg%ogr am
for cont pobgramy ftohahdwar i Fie\3 cespeaiuidy thie et sugiengaridisieahdeft; dager i bed
pr ogr amm n%smat hod, the program having a single or nultiple task queues

wor ki ng PRy At dilpsreracptes!/ dogromes tedar inpemplara it Aadethemi s

rogram i i is i j ontrol
Do uah, APProRRkLS brilidin Mo ARAY BEAEbICHEHEN EERAM Bs the RGO
Qper & i ninisisgedry thd pastrahuwdphbigareheendcebdk udeundshetdandnildraparat i ng

systens incluyding RTOS's. The program 5 can al so operate on a processor
t hat doegoﬂﬁ?eFﬁge an operating system all that is required is task idle

code that is gaRabled thnSbAtthle SARSUAGHY §adhe BHEMABEAILATIRY be
constructed using the nodular progranmm ng “hetiod "descri bed ‘above

popul ati steit #e (fBskraguenehifit™ dtept 43 KYsinlefioh”), antagBporB {Rint he tasks
are organi i,).pseudot hreads with robust and 10 predictabl e properties

ni zed
(e.qg. aceeéa?%ltlﬁ wrctpbe atpmicn plsermadively,, thec i sneseds SiR h each

ot herg an it : LIy, A .k -] [ hj and
per o m e Ul U P AT R GAas £F e SR A hag MIE) 2) Rk S 30k,

| ower pr#8f id gtahanwithethOdeespoasestep fteb @ 19V oilk faKe6aSirvet Istloancy. Al
resource, akl ocation may be controlled according to 15 CSP rules, so that a
child prBt&& SEhEobaegureddarkeatamig, sxeept fonthe flecremensaplefly stapd may

not shar i tahy SiARl r . I u S.
Resour ceteay sy HeS A e YRR AT, Bleihe IARHERY, BN eXakige, fE®

condi t i ochijd ¢aek.thHahdwabesrr phaved Gak T if_tmahﬂﬂdqaﬂeﬂgﬁeﬁfzeidr@l geent ed
by caondition qileues within interrupts. For 20 exanple, a link, or

poi - t oolhPlatBRRtAiathsTeihen Timn devavcth 6halds step pleasctharhildfinow
cont o ey s PSRt XaRoS AL 3l SRABRSL ARSI Lo A
condi ti catoguiie under control of the eventing device's
The above described program constructs may be used to form
pseudothreads. A “pseudothread” is a sequence of predecessor-successor
‘ 20 tasks, starting with a task either loaded onto the task queue by
independent external code, or as a child task in a fan, continuing in
sequence through either the successor task of a condition or unconditional
branch or from a fan to the fan end task of the fan {not including the child
sequences), and ending when a task terminates without a condition or
25 unconditional branch, a successor, or a fan. Each pseudothread 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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interrupt code. Multiple task queues can inplement |low priority and 25
separate CPU hardware parallelism wth no operating system, gp@ﬁyrt .
Latency is kept as | ow as possible, and conpletely and si npl@ Cc r@ptl’ed,
by the interrupt-based queuing of tasks and the priority control on the
gueues. 16 0 8 NOV 2006 It is noted that based on the descriptions of
enbodi nents of the present invention including the task queue and condition
gueue manipul ation, as well as the exanples described bel ow, those skilled
inthe r i i pERatd ] ; y out

vari ous s(f%ﬁéﬁmg %%\%ﬁ%g(eg?%ad g?%oﬂrqage Sée(%/@gla%%%tu?% ?%rﬁ(%grg&g%eci fic
exanpl e dhemstlorsage device controller, a generic software core for a RAID

application c tructed using the gperating-system |ndependent nodul ar
pr ogr ammi ng rrg’p E‘blﬁ SIL??H%WPF SOR W NRAIRtEndesh th Bg Aming gndhe $B5ensi ve

di sks) i t : ' ' :
el abi | AP} SR, tHosi Mokl ST TSR occRTERRF it Rnizs that
RAI D- B, RAepstudeahied] nidy BelisddADirdpleaanen REOCTP constautunfher RAID
system the nunber of redundant devices (i.e. the level of data

r edundandyPCEsH Hed Haedan @nct end|ian cansiract wepnbe wscd demrismentdhek o
codes, dgsgpi bAsGHORLY; 1.gn | i erial No.
09/ 366, 222, Tl%qggbﬂagust' gh alfgggitoglhggvegt%(\}\gﬁi %%éﬁ@r*@ﬁ%ﬂq%égggl i cation
accor di ngontra durditnectissswdh hheCieaels] Timeenjuares, anil Attevedatiohomay RAI D

e or nore RAID |levels and supports nultiple

storage st em t hat sﬁ,g&gﬁorté\j@%g I, ar

sel ect ablf RPSREHGHIN SPeGIrdAea sorshtiraigicunfe Candiléon RICEICE&Ig0wi th t he
storgge dgMm] ' r Qyd j AR PR 0. o multiple
Zynetr onEER T Tt A diioek 8o AlCH Bl SEihabAore BB b SRRRNERI D Cof tuar e
core is aaMd®arigiaratlklidht. abhednSiltipRgEPU davircanidiat, therd isdes a plurality
of disk drives with_a server and control  software that can _exeCLit,e dat a

|/ O r equESHYERR IR Separ s e Piksy he ddentienk (e SMB{eymmetacsdydifti on of

t he RAI Dj,BpLENEDT Al RAID 25 termnology is discussed bel ow. The

di scussi rﬁ o‘% e )ﬁn%n%?{c])g%/qllﬁg%fl |ustrative only and is not intended to

limt the scops ai ekhenplepaarditerinatin had dm wtpnidegeasl channbl askheys a

sequence of data in_a Iargzer address space, of a _predeterm ned |ength, and
t

of fsk? f ot e the shangeliaonsiartys copgidon auaiie” ysed for

communication) may be implemented as follows. Unconditional

communication may occur between two pseudothreads A and B via a
condition queue ¢ (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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0 8 Nov 2006 integer nmultiple of that length. The length is typically a

power of two nultiple of a byte, greater than or equal to E@l? Me@ and
the address space is the |linear address space of an input-output’ ( B§

device like a disk or tape, or a subset of that device such as a disk
partition. A "block device" 5 is an 10 device that can receive or transmt
data only by blocks of a certain mninumsize, called the "hardware bl ock
size". Typically this minimum size is a power of two nultiple of a byte,

512 bytes or %?rg%&t%?na%ﬁgﬁyéﬁ;egriﬂ Qﬁe}ﬂaﬁ?g lrpost%lﬁd%?ﬁi'ecated é}a(lra?e Bﬁ%m " bl ock”

or "software I's a aken'tore 0 an 1nte mul ti pl e of the

har dwar e deletting)izel af SetpirtkinglPsdisd@hraad & Aad ¥ ehbhaek cdefdopidifion, often
used to e k@i ze a block size that nmay be greater than that of the
har dwar e BEUIf tWRER btHer teiselectmaipcheples Hie sapdiien fidver GPREIPAAE chunks

~ AV iy : " (of @ RALD d
bl ook deviAaf] 1 DRk AR TES TS AT3E (alh Frdhife Shelk®h can be
trans§i t tNOLL{chanfebeiriphs), danploishdcdde deviiess itapRprResser faskmmutcate t he

conpound device as if it were linearly organized block 10 on a single

devi ce. TH&Qngditonally exitget Supsequentlsdwhetng cheslksraB willding Anig eevi ces,
d : "invisible" data,.call : i LV, ich b

iced Tor SRERoarAEEls ab k. o Puis Go R bt AR A0 A b .

In this Secedy” dAmdrirines itseld (BIeee ablaces M bAchediardt dleuet ilig heted data of
a RAID 1 or RAID 10. A "stripe" is a cqntlguous set of chunks in a virtual
addr ess yohsaer endrypsorditiopelly exity.r Axothar pgssibility (Seanrrior2)sist of

chun of / ri of, a,set of.,.underlyin deyices (the
reafd ot rpEEWhAR Gleshl Lol GRF hrS iR bR it l i ¢ g W P

det er m n¢eithys as heradatlaofadRaiidl o apuit ke tdBpk bStBideas ket @xgleusi on of
25 anything outside either stripe, and the stripe is chosen to be the

smal | est SCEIREisieR @f aupFavigas Scenariool witsrere did nog avinpthesselectiqne stri pe

si ze and iz at.l on: e t _on. which RALD algorithmis being used.
o o PIRLFRRNESH P Cade RRUEEME B et Pl oG PrAr i MERYS Cor e

accor di ngirichapediaodi e saécdsioris exr HlrddiieohitBR. tathepRAld) ieore 18 0 8
NOV 2006 nonitors the state of a RAID array or nultiple RAID arrays,

al | okt e§OPESEERCOsItE SUCResTUTIOr inlaesn itopaiceepens onfthetHaskRamag payl(s)
ccoepts) chABHestan | RBUGEANS, B, 5 RTh B SR k) AT AR
const it uemdnppiened, i0asn¥thing beermHtdh Bk&Ys REinHAlR s¢ldcdaha BacH he
user(s). The core includes a
scenario leaves the alternation in “ready” and is therefore followed by a
select, of which if the winner is ¢, the channel transmission takes place
20  exactly as in an unconditional transmission, with B always the first ready
to transmit. Alternation based on a condition queue, such as a timer
queue, requires that the task be removed from the condition queue after
the alternation comes ready for any reason. The above description
implements well known 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

15



plurality of requesters 51, a resource allocator 52, and a plurality of
stripe parity and 10 masters (stripe nasters) 53. Each of jthegg ogrEponent s
is inplenmented as a pseudothread. The requesters are short-1lived"

pseudot hreads which are started (spawned) by 10 requests fromdriver calls
10 i ssued by a user or users 57. The construction allows the driver calls
to treat the entire software core as if it were a block data device. The
allocator 52 is a single long-lived pseudot hread that responds to the
requeste i r st L.Afr 1Lmer 54 to
al | ocat eh%égidﬁf%ﬁergﬁrg&n%ﬂ ?ﬁ??ﬁgthgé ig(?gr oarffsl .Ca%(g&éé?% {bvg%ﬂngg?eogjsagghgr e al so

| ong- | i vegstthn papallet ¢ff wattingaaim teousiciatl tagkwihdua apldutaeitayptef adul ock
dat a devlces 55 (such as_disks). The plurality of block devices may

const i t utHCHAECEY! grﬁ?rétrabf’l@g r (ApFrating aYRiFpiow thapueh gePepiligctevi ce 55
R D, ¢ R o R Letatldrn &fsr ABEN EIPRION L i Bgtent NeSt &0

conveéni enae alsthbpeiedirs al picessois tsatt dieed AbThAade St operattigsysten;hall

under | yi devi ce. en s%_ used, the term"djsk"” should be understqod to

mean anyt 'Fé@ﬂ@l@m%sa iges cede dhat sheapablsoe! Hartipgia paevdodirerd.

Simlarl - .S 0 f processes,

Chreads SPoBLBiEm M8 beolerruolll {REH A faf BiBbdBnaRE 0

r equest smebho&aidscribgdesiere bt gopidatngatietnsRrneidsaithptadasis, stidki ead or

pseudot hr ?_adh, \/\hﬁ_{nagt he required resqurces are allocated, The creatjon of a
83319dc

request ef the tewks arerorgggazechim prevaethnegdsiwibaebastwndor its
litt 0 ' i th
t he 105, BRTHEKHIP ESPAGE .00 UMD (e TS0 EBREhAD baraRAf, 52 1

pr ocess, comni@nicaBingQvith0&aEh oghémakdauigheasynehirowsdshiathhstresss iprocess
sl eeping. The request .queue is a cjrcular queue managed by the all ocator

52. The JE{uBsteie Behiey, apdperipmyingerjce £8 SPoRCceS faga beguEss in t he
t t ; ‘ ace” et
onger. Splble; DAL bolowd biasH o PYAlIHE 10l RENERIEH T 001 Ve

under | yi expedeiviedasevdyt. halit ressupes blloostioiahy e cdivgollet agrboedirfi?td S

"waked" co nication froma requester 51 or a stripe nmaster 53 or by
cl oé% ti ‘Eé? I?ﬂ% Sz%gﬂqq Fshikhiprogess Wizt andy resoursestthipg gegredwied hy

bof or o dry G2t g i b SOE SRR i SBRTHRY X Setno bl BUES, 7 ©
si ngl e- tdrilgadsduessy. r Resofiréd Vali¢izpus esgrhdindcedt incaluea 4irgeof
fashion by the condition queues. Hardware communication Links and
Events are implemented by condition queues within interrupts. For
20 example, a link, or point-to-point communication with an asynchronous 10
device with flow control, may be implemented by a single half-channel and
device ready. 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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the invention, allowing just-in-tinme parallelismand response while
provably avoiding race conditions. Each request froma reg j\fw @;F IS
assunmed to be wholly contained within a single virtual striu% X ara ‘each
comuni cation 15 froma stripe nmaster 53 represents the conpletion of sone
operation or operations upon a single stripe. The allocator 52 is
therefore always notified when it has a job to do or a job conplete, and
is given access to all information about caches, data validity,

wat er mar ks, mr vail l.abi | i . di.sk. failur LD .cr i on,

rebui |l di ng, or geﬁs/ tgﬁgthagﬁ?a%fg (%!I’ 513%ﬁeﬁg{lpgaﬁlisroéurgﬁﬁgfiﬁﬁﬁgt%?ﬁgﬁré vari abl es
whi ch enpbteeritiasentbhlihethdihg tHietald qeéuiAhR saiditireqeedéng to fully
updat e every state machine ang resource all ocation neeged for the next

step or Saypulstiemcarmed as thpexamples deseribbdrelaw, shase shilfagniax then i s
d t hj OF 4 it h lay, . 25, The..all.ocat £ i
done 2t BBIGREREL] SHCEL o8l Bon 7 KRS0 BB B8 JLOGRY ! 00

oper & i ontacdinpabf hystoshgd Havicercanddir, under | ying device 1Q This is done
with a channel output to that stripe master 53, which will be heard from

agai n by the APloogprafic sxapply ot atorage desind eeritroper.aa igoneris s@divearsr has
failed. 0 006 ;. The stri ster.53.]s waked by task assignnents
fromt heggﬁ %)%a%’\lgr&éfp%ﬁ%ﬁ ¢HH <8 ngﬁl%ge%ﬂfﬁlﬁ idlj?/ o&erﬁﬂpgﬁyes{%e%ls- eudot hr eads
56 usi ngiridweridemt ma@dlei'repﬁbg@mm@(g@%ét%tﬁsctm&iﬁ&ﬁn@@tIRAID Each of

t hese pseudothreads 56 is dedicated to one of the underlying block data
devi ces Bsdupgent@rranhef nespanive disks) 56 stosags syatand that makbs (and

t er qinat an dat.a, mani pyl atipn..are ne. The, “fan" .and "end

t ant G onSBbL Y IeteRoB Mot Rl Rn Y, ere Hifhgeh Whes pLRaILT rord

guar ant eRang beeh Ifinedd RATRYS IRAIRNARAD-Of RATERR| RATD-ABSHASRADIR

devi ces controlled b{ the RAID, including just-in-time response to their

unpr edi citaplfardrr RAD syetemi thasyrohennboedwadant devicesdi-st thotevehsf ers 53
cal cul ation on

may al so t a.lowern priority, perform.parit

tho dat sdaBhFedimpntainah by MBhe Seht bk R BBl BB er T or o
such parWiynckeabies) déscfised apebaihensy assiochkbaak glaviteat iaHplicadivsh out put
operations as are necessary to read or vvrlge user data with all correct

par il®y daehal Nenf8r 366,20, RedAugust Pay 9P, rmive adlomese Awganeric RAJDrun on
the " derdPRLai el SGroRRE M ReElnE R L Bl pessert EREMIER W IR 1°
opti mal | f6r a RAID storage system that supports one or more RAID levels and
supports multiple selectable data redundancy when appropriate. The
driver interacts with the storage devices and is able to provide just-in-time
20 response to multiple asynchronous data streams. One particular
application of the RAID software core is a NAS (Network Attached Storage)
device that includes a plurality of disk drives with a server and control
software that can execute data 1/0 requests from other network servers.
To facilitate the description of the RAID implementations, some RAID
25 terminology is discussed below. The discussion of terminology is
lustrative only and is not intended to limit the scope of the present
invention in any respect.
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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when they handle nultiple 10 tasks at once. One exanple is reading |ong
sequences of data one after another fromthe disks. Read a@gaggmjg@@/s t he
20 disks to operate w thout stopping, and thus to produce dat faster.
Anot her exanple is a server (such as an e-nail 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
di anet er iRk i f I Sks: . n bounci ng
randomn y acrg ps?ﬁ%ﬁ%ioglg.ﬁa%\ﬁgtﬁé Elgﬁé%%eslsgtgﬁ‘gﬂﬁg% I{e(}I%{’aé\/}:’fttgfotiv‘tb;ltI gorithm
One pur powzeltigfle ofi btttk e getatiep ehansireequisdstioghl 2 bybesli axgd the enddodssrent s of

the present inventjon is to support read ahead and el evator .al gorjthns. For
exarrgl e, SBAGE {8 Hix inger Pﬂérﬁﬁ%gﬁ%e REgNIERMirR e ([P} Aevine g disle k. 21
0 8 Nov }:Sy P, i : ribﬂ i .Lcondiat ¢ s

each di sé?(@ %:m%%lr%?iktﬁgggndi ??gﬁ%gggsue a??g\;a\%gt ﬁe Iglltg(%?dh t@?cggﬁ '? %l?eor

r equest sif aniO derice phat saningecivestretransatideats ey dydbloakdlof at dwtainn an
optimal way. Once a stripe npster's nds gn.,a disk are conmitted, and
wi t hout Bl st tcahﬁﬂéﬁ’@yn%arﬂ@ﬁﬁfégﬁgg}ﬁ&ﬁ%g,%B?ﬁﬁéf”ﬁgnﬁm@l&at or
Quoue, hadp SPHREREr AR DV GRS B B RERCWRERC 7Y when
al | par t sefefring e sebetadeidcer ghectarpt Eblpdkdorf“abftethre Block” & alvafyst he above
conmponen are inmplenented as 10 pseudot hreads, priority. of the various

t asks maﬁf'* o FeFE £ o BYCRE LU  ofiiths BeerivageRoch SiSuse GNP ent
pseygpt hfseﬁﬁl%lte'fﬁéti@%%él@ defBfih, Hﬁéﬁ_uof"éﬁd‘é %i%{%tblﬁ&‘é's%eﬁ{alty
performparity cal culations may be’ provided to House the lowpriority
pseudot hnegdse gfeatheshandhatl dttherhdaikareofr dfewase iilpds slret eRAIDWHi [ e a
Gynarm ¢ OREALAR AToRSHOTRECH GBAOHS OF e llodr s A SETUAl REGEGh

pri or i { Vel (BRATLY B RARHF RLIISAR Blo b Betiik] REATRSLE GhallBiea St ronal Y
di stribut'ed usage of resources required under makes 1t “possible for
mul ti - praddssisrpace withimtwehioht IO aanite tamsahitssel tv oeKromithe caangoandr head,

and . wi t hout. use of sl Oi/ and unp egl:_lct abl e operating 20 _systeq} dependent SMP
(syrmet r¢e He ARRGAHER ’arﬁg)ufé&#p ¢ compound devicecap drifestetearly

oper o ey onsieqtdee anigl THIALD out G nchag L
"cal | i ns¥evieyalhindbrlyhez dpeicat] agd 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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systemdrivers trigger and act upon the RAID core, and well-defined 25
"cal l outs" which are called by the RAID core and nmust be sa i@fm@p:ﬁggthe
operating system The callouts include at |east those callouts requifed by
t he pseudot hreads thensel ves, exenplified in the sanple code included in
Appendi x A contai ned on a conpact disc that has been incorporated by
reference. The callouts nmay al so include standard RAID resource 22 0 8 NOV
2006 providers, such as dynam c nenory, hashing and resource allocation
support, : j 4 i n - nf i | I uch as

di sk parFﬁﬁkgﬁﬁxﬁig%%%g??%?ﬁgggﬂ&#%ggéﬁgﬁgﬁgAgégyk%ﬂgﬁBégﬁgéﬁ?fed in the
art of RAldDdrcesitoghe Hoastahibhnepencicge of BhieRMO analy(sphtsergsvi ng RAI D

state, 5 set% (%alls that initialjze and trigger the Eéeudothreads, and
RAI D ar r S§AUSHAIPUINRY bAnd Autput fremciheapser(plepluinedRAHa af&ayisbyammhl D

_ PUHEmCRE HedRAHd areaY(ebye F |
cal T4t it rorRR o SxnpIGRS BRI sl s e e B eh BRRLRID AR

signd dirslosteitingrdiosct staid efdd datd teaiHd nget(Se Bhpcope iatleidesndi tion
gueues. Tﬁg_\séf_ arg al so 10 straightforward to those skilled_ in the art of
RAI D andPAERIEE Of reqesstessvdg a raspupreg pilosatame? spedicapiuradity 4 stiieeent s
descri bed. i { J I i i N l.d be used
W th cauﬁ ?gﬁ,’ E@?gﬁ%%@’%ﬁs’%’% ?ﬁgféﬁgﬂtasgggﬁ g?%tog?hg%?gg oc{r%[ﬁggilgt roduce

race coninpleonenteyl & al pddunivtbieddie THeSR qudshetsPhrsshdi-Theal r equest ers 51,
wi th an asslggit%%ed dynam c nenory allocation requirenent, carry

r equi r enBSEEAMERRGH WiChaarenstabads(sprvwnad) dus 1@ reqpseisdaen daiysr sallso

usenrsy t o r k4 gyt it t]n i) lit resource
overl?l O%S%pngW%\%eg c%\?%%ﬁ%%', qglned@ cglﬁé\%étl?ﬁeéﬂbgﬁ\flse?ﬁqé?iﬁg)egg gl,so%ut si de

t he i nvetreabthe antioppoftvwatiet goretas’ Hliearretd blockldaesdevices Trcangcator
avai | ableg2 .Si nce iﬁge reguester's nenory cannot be reused until the

request e?< 1HASIHE }Onﬁshlﬁ%ﬂﬁ?‘ééé@ ihatrespesios teghie requesieishel,
Leduest Gihe {E1RAAMdLed BROUIEMEMEANT o %p{;lggéggé;% égggﬂ@%gteé PLsqlgignt s

RAI D core ove ow many user enpti ng

10, and amd faitiatk eaviehd MPhestapsahasads SNacoalsPlorgtlived tinmes of 25 the
resgurces in u?le %p% all the RAID core's pseudothreads. Figs. 6-9
schérat i R$AUdPtNreads pack cpmmpticatigvaivh o rparadity of dlogk datralepicess e

2ot vt P 9L 9P ERTR IS el L BIGTL g I oo
7-9, 11 rapde RAIDSyrglkss [aladdBidn,ant etierlyens fkeMe $8enay be a RAID

core, which results in nested RAIDs. In the case of a nested RAID, the user

57 is a stripe master of a higher level RAID. For convenience, this

20  disclosure uses 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 o1 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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23 0 8 NOV 22806 start of a program where one copy (6la), a fixed set of

copies (61b), or dynamcally produced copies (61c) of theggggwarzg@ge
bei ng started. Synbol 62 represents the end of a program "Synbol 63a

represents a channel to or fromedge. Synmbol 63b (with an arrow pointing
outward fromb5 the center of the flow diagramto the edge) represents a
condi tion queue or an external wakeup handl er. Here "external wakeup" nmay
i ncl ude process wakeup in any formincluding operating system or kernel

threads Qrta%khgl?eué’,sf%ﬂg%ﬁrﬁf‘%e USHBRLCORC et} .a@h@rrEgﬁ’ng. ELBGs iphwar d

to the center the flow di agram represents art extern rrven

condi t i ogirgudarequeutimenaged hyithe Bjodaabs S@3aThé3bgaeste63d aray kdge synbol s
t hat may %)1? sed to onnelct di fferent flow diagrans. Synbol 64a represents
the di r e@PHOIPH SNPHRHY, torP %ﬁﬂi}sotleqq?%l%it%ﬁlT§QH§§UEIHFH% UGS ple f1ows

fromthe i i .Ngi g{@ OV :l ina flow
di agr am r?@(%‘vsti @%y%%é&gir ge&@%ﬁ%o 4@9%%??2%%&%’ élﬁ%gggéﬁ%uct (i.e. one
pseudnt himadmEdiapasnesgpryenyparhit daps §0dad tiie aslerlyang deyideswiiout

represents an.end fan, construct (child pseudothreads reuniting). A fan
i mpl i es SUPFIBAOERCOBYING opi es of a program shown once on the di agram

Synbol s 65a, hh aa;&atéégzr@%%&abb O%%n?ﬁﬁﬁ@a%o??’ﬂ@%ar egrureg%re§f%tr.s a

task or sequence of tasks w thout g. esents wait,
branch, sediteipei mastar 52@riasslocithéries oot khegisr S4l. oliee allSyatud 585¢
ng zero or nore condition queues or external

represents a selectjon. a ]
WaEeup cHﬁg%’legHé)haﬂl%:&s(P Cagy i erriaoBe FoRp ekt cane EXRRUSSYEDD YR ng.

He | . _ . . . |
co1 P RSk SRS b e difcthfe il W) cHREWDIIY AR Fed & oF BRI
vari ous fygrass Tofis 2nglenhraadead icontrodofizdl ré&aaitceprieaastitdcal feandird obn queue

or an exterpal wake control .handl er. S{qnbol 66b represents a con 1ti on

queue watle ISR, BEVINESSdRr4menPRIIRLISA AMKEresRINSS WHHBITO8BRLY
represenaw?%g%@gbpa 'ygggptr g@é@?}orﬁfia?{é&@és%f%tﬁs s%eﬂrtat' on

condi tion el ect. represents*an al ternation channel

(i nput) beldutlly 2dnt2iBc8OMtRA06 sidylbalt edosti i, esrhésctaaomthpuiicatiannel to
alternatjon and end program Conmuni cation 66a is non-waiting and

co i RPPHASIERS- BE§ten Powerirserith dhe spraplatianphae e PIREIOThahnel

505 5o PRSERR BpbhOl L. SHAPESIThd Aflbtalct 2 I hRRERAAR O ST ePS

803, 804,
notified when it has a job to do or a job complete, and is given access to all

information about caches, data validity, watermarks, memory pool
availability, disk failures, RAID creation, rebuilding, or destruction,

20  algorithm requirements, and other variables which enable those skilled in
the art of RAID software 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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5 Alternation paths can be deactivated by Bool eans. Using the | egend shown
in Fig. 6, the programflow diagrans Figs. 7- 9 are explaige@ qu(ﬁyﬁ Fi gs.
7, 8 and 9 illustrate exanples of a requester, an allocat %.d stripe
master, respectively, such as conmponents 51, 52 and 53 shown in Fig. 5.
Referring to Fig. 7, copies of requesters 700 may 10 be dynam cally created
(synmbol 701). Hundreds or thousands of copies may exist. Requesters are
spawned and di sappear at the behest of user processes mhich are hi gher

| evel externa n 0, 702
o execut oo, GREaRTIb ERCS: it ekesl BY e RS TRAR i, PR BURLEEL o
wai ts foB2aaRedefe rs;palw 8 plbbalfi§fof ﬁd&raaldl%agembﬂmﬁgos@)asn@@h@gfaaﬂ entry
in a condition queue maintained by the allocator. The wait state 703 is a

condi t i oﬁnéu@@él e reonstrectsgirsicribed fr‘mgllewe E@dmg&@hw ﬁS@M@a@S The Req

S h 7.Q7 | ] 700
Chat 1 e SPARsdibaeth Oe b aBurRERlAhe ARTTANA eiRdsthd [ABHERE, ¢
request epsed@othiedal 3¢/ skxpstor TO iRl RAKEsC@hE te@ﬂhﬁamwmq{eﬂ emm@an be in

possessign of the Req Channel at any given tine. Thu by using the Req
Semaphor @atat ﬁ@nwlaaaﬂcﬁfemer oTbe A hand “ehd ﬁmﬁﬁomm{s @re qritial
posseSS| nnel ven tinme. Semaphore 707 is
Fecer ved By Rons s Shtachaf g amabid favelet e Rrink e traadt i ies « ne

task ° plaeleamﬂuﬁsinc?édyl aueys stdte(déBaes sbnttleAdhy fite RAGDEst from the
user process that spawned the requester), which sends a nessage through

t he Req @ﬁéﬁﬁmgstersm-armmemqnﬁsatmthqm|mer@rimtﬁbteea:9d@bffg@tt he request

| d end h
R e B e e
r epr esenlowdrhgribiey, phdoraSati§ NMROMN JHeaLLaher RO MRaReS bT ter the

message is transmtted through the Req Channel 708, regardless of whether
the receihigdO; hEhuis; Rachistopatroaytarperdoys sush party ereaiibIhandiss t he

nmessage I+ _shoul m t he cont ext here
That  Cne B R0HIP Ok Sekics gl 4hd offph SRleraloRf o8 e i ey
progr anttd feadl HEGHEE @EPERUORIN &H%or?él%ﬁ\ps%@@ Q5R0FBM or k6ftRESRAID endi ng
t he pseudot hread rather than the entire | D core program The sane

neadtng dFaitfderShostries seadieremay ran ait separaicdCPUhenever t he context is
LS 10! 0 S5 SRR S i 85 PR RS Bl o) L e
task, amftmands made on it by the stripe master 53. Disks operate more optimally
when they handle multiple 10 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 mulitiple 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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the type of synmbol |ike 703 and 705 (see synbol 65b in Fig. 6(b)) represent
a state of wait, branch, selection or pass that exist betgﬁg @sks (as
in the case for synbol 703) or after a pseudothread has a%%eared (as in
the case for synmbol 705). 15 In the flow diagranms of Figs. 7-9, 11 and 12,
t he edge synbols 63a, 63b and 63c are used to indicate conmuni cation
between two prograns and serve to connect two flow diagrans together. For
exanple, the Req Channel synbol 708 in the requester (Fig. 7) and the Req

Channel gybal ac@&%ﬁ%ﬂh‘eﬂmhgﬁﬁé %{ogéﬁlgcoﬁ%ht 8{1Qﬁ5 féée Béglg il 2 T¢pannel

fromthe requester maphor e synbol

707 i n r equastterondiFiog. qﬂéuaaﬂometﬂaedus&e@ﬁpémtceteﬂthEﬁu&ig fromt he
represent a semaphore sent fromthe allocator

|l ocat t oget h
? 0 f ﬁg ?réfa‘&ggﬂerstﬂ?ﬁgngﬁtegéamermm@%b@ﬂﬁ@%&ﬁ%&tlﬁ IR OPLERREWRY: Fig. 8.
The essegfifee 9T tﬁps zﬁéé&‘f-%t mAGAs Y | Sdllsksé ecﬁ) ig[{&eaeaﬁa%ﬁhout provi des

for 25 communi cattons wth t e reques feran I'pe st ers

faci |15t areferenesto matem reRfESH SR1Inkhenpdqugisicair aedawrromammser s. The
edge synbol s g, Channe] 812 and Req_Semaphore 813 connect the_all ocator
with thet lﬂ%&ﬁaﬂgﬁfbﬂngéf 18% 5l rafeﬁéaaga:rqrf@m Firecengeondition suenp kherfinkel

216, PaclioSETRRNAKouANGLiPAEK SN LaRod 1o CDPRREL WBAR: 20.8NOV 2000

t oget her vvlth the cor espd ing e ge sy

connect theseadléozaidey a tdsmpmeatdnﬂaeledasters 900 in Fig. 9 to provi de
communi cati on_t{ her ehet ween. "pack" is a pack of requests, such as a
plurality of PENRE ?H@ﬁé@?@%ﬁ q%aﬁpﬁgn&mﬁ@@ impﬂ%eg%aﬁl sk area within

e o Prpalotftead i B O S8Rl VRIS TaO-EREL B PRMERICOY DEUARE | oo
[i] Chadifdrent@iPlbe tep rmﬁmetdlffeﬁmﬁ pse@@@thr@bdsp@dm@iaaﬁpw g openocrest er

900 con]runl tes a read naI to the allocator through the Pack Channel
816 when HAtH lc 3@3@@9{@ parigy salcutptiops grasdiraprnecs 1o 10

controls V. It e nasters,
‘e o Pare ?ﬂéﬁﬁﬁﬁbﬁérﬁg%ﬁﬁd%%ﬁé Blel e 16 LB Dosoesst on
of the Remifhanuster8lwhilé@8s&yariaie “obthtrioblee” C@QUﬁéé;ﬁfrﬁim ol indexraiped by

synmbal 801, aone copy of the allocator programis created in the RAID core.

A t d i nitPPafiskes aBH GErapiaDsys PRy bodse Bh@allocwr rBg/Pavestsite A t
803 1s %HigﬁdﬂPmr—ffcgtdlg{zeseﬂshgg@ggéué%é% S tHa Ll ifdstend 2ReB04-

st ands ion
strongly distributed usage of resources requ1red 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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select” 804, the allocator programwaits on input, and wakes up at inputs
fromone of three sources: a ready signal froma requester through the Req
Channel 812, a ready signal froma stripe master through §hE0Wa{ils 20
Channel 816, and a tinmeout signal froma tinmer 815. The tiner 815 is a

| ower level (interrupt |level) condition queue handler, and functions to
wake up the allocator fromtine to tinme even if no other inputs are
received. If rmultiple inputs fromdifferent sources arrive at the "Alt

sel ect" ati i I . SWHR i.st.er w.th the
al | ocat o?% Tﬁg?%és&le&bﬁgcﬁ I‘ Aﬁ{colﬁf%%ri’ ﬁgbl%@g(fgegéﬁgggt@g?ggn t he

al | ocat osupebeg tRAID-Bpstidiceq@ts hamellofg, el irifbpiasidial lcadlsisteh as
comuni cation frogm I n the ¢case when nore than one _input |j i stered,

the sel eCitoRALHENG SseArsSiREeBRdiRFSERTE kl@@‘@aettoeﬁhﬁSﬁeﬂdB%i Eﬁi%w arfnen

only a tj 1.0p I iV " ok S 0,
comruni Cg?ﬁ)& r%ﬁf ér&oiﬁhg' l(’:‘lﬁ]%én %ael{lﬁfs:@gglq%? é@g)%?q%%%lq@%%%ﬁgq% Ig)o%tél te’Channel
synbdd 8i2tigmdallbehRankitichianreld sygdal thElpsalidyvhreads) and RAERahrdyas t wo

arnms; the upper arm (ending with an arrow, see synbol 66f in Fig. 6(b))
i ndi cat eS3ipEdyoR icgHs|thes create, rabnildand desgor, ROHP lssraye THREMA%r m
endin : . i = hR-C] . in. Fi 6(b
5T i ot Sl Mt e Loy Sl BiC L Br i SUI8 Xet G0 B Eplled °L )

redo al | froat norlerbling kn&frtuptiseeticpenhitinegs tohdgnat didadynaciidyns to respond
to the chapges in conditions. For exar’%l e, if the Req Channel 812 is
sel ect edfatiask and erlling thepppropidgisern@tionequegess T hergareflaRdde.  Anot her

exanmp e | LO 1 Srecei i . ..t hrough
tho Rhok- LRI A Er o HSS SRR P CRR SRR IR aR bRk PV
r equest simlighbef bieadpetidlized reguueshenstisedesaised h anmisadigierssaifehet he

allocator will send a user _process . wakeup si gnal (814) to notify the user
process PHeendipweRtien. (Gallinsgheitld be weedwuithl qaratiomdesrassr iy taesg i on”

or ocessi B or iRy SifEPSF ARt el dR} Bhod Xafbigdy BYGIDEMH B e,

mul ti pl eCSPnpinciple®sponse to a single channel conmmuni cation. To
facilitate this, the timer 815 can be set to "immediate" tq act, as a skip.
Thi d9akes uplhpECAREHEES oL, Wik diragssscintedsdppagug memasy allpsrtionoop

O U 3 G5 B s M 2 2

if no co ni cati on 1's” pending. are
al I ocat i pgtudsitiechdl o of 180 s@ant b cexsEwhes coid, twithout ipgaibghgrhet he

al l ocator gges. to sleep if no channel is ready.

possibility of resource overflow (i.e. memory overflow), and giving the
overlying code, outside the invention, an opportunity to “sleep” till

20  resources become available. Since the requester’s memory cannot be
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 10, and in fact leaves the external code in control at all times of

25 theresources 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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Based on the result of the "analyze and redo allocation"” block 807, the
all ocator nmay performone or nore of the three actions ("Select"” 808): 25
transmtting a Req Semaphore 813 to an appropriate reque$tlefQyt Bfanext in
line) giving it possession of the Req Channel 812; transmitting a user
process wakeup signal 814 to an outside user process; transmtting a Pack
Semaphore 817 to an appropriate stripe nmaster givi ng it possessi on of the
Pack Channel 816. The allocator then executes the ‘out put or pass" bl ock
28 0 8 | al,.to the
stripe #n%{?g% %ﬁaﬂg%ﬁ ?O@?f?ﬁ? 6hanne éépl@s %%f anot her job
to that siynqmlomﬂstlaroduc‘éldecm}mas (6L c)t dfetine pmgs*ahaake lb@mgletarﬁeﬂq/ Pack/ ti mer

At" bIocég gg gnd Waltsztgpfmp?e next input _signal. 5 Fig. 8 also shows a
pat h 819 T¥BhRPL fé rERFETEntS Bf 8drrogpam: haymRH @34 ﬁ@rﬁﬁ%ﬁ% in
response Ly td 8 Lyer
At" bl oc%(}%srggeqéggisr ﬂ[rﬁlléq pr z??\%&fées%g‘hgg %lgafgf-@@q&ﬂﬁng ?he stripe
parity arntiek@ntesobthd ﬂsw d@rmt@mhé etge)dagaesbeth wdohndﬂ@n rqefeeweecnce to
Fig. 9. A fixed nm opi_es (such as several tens of copies) of
the mast & pF§§na ugy %ﬁ{l@hﬁr( dlerogHerma). wakeupyanay éelydes prgf:mae
master). queue
of the al oce{%@%ng ﬂ()?ﬂ? ﬁk?glgnégqgé ﬁé{gﬁ%gﬁtggg%%g%djf%g %hﬁéew%le%ﬂe‘?{\;le from
the all oqﬁemdo(c]st@ms%Smekﬂ GBrs@rithech eaolw pbinting ifwelkd $orthplveneerddf 919

is issued, by the allocator and is used tqQ control possession of the Pack
Channel ?8 ﬂﬁvﬁ fipsramy EaRTeyeRtS 3R Exbernalint driven \gemdiHop e Us-ok Hefte 919

904,
whi ROt haPdl, SYBL O 185 SinPUBE U B Rl SyriBRc it foBlibe BsB¥ 80 0% e
al | ocat orcomnec’edcﬂfetreatﬂm didmgrent § RSyinmiowii mséprmntg(lﬁ): difectipt of or the

20f|rst|ﬂt&|rreth|soflock is executed, the stripe nmaster will have finished
the 10 FEgueSEoRIro! H & povelt Pswéomrregﬁi tMMétlpMﬂogftSrfr@@ thess@ener el y
,r,'Ot | f | es.ﬁoﬂﬁt 1rﬁi1& éﬁmgt Qﬁ)%v %‘gh{)%d rpgslfo‘}:'%h ?Rt ﬂWrF

Rel i nqui's strlpe ers rlpe mas passing o rs’nlp of the

strip baclowrovaitk Sghhlm:laﬁ@b reﬁrﬁeﬁ‘lt@%t a3 thestiruBt (iven oiie psefideireadnt data
that, is self 25 sufficie in parity and redundancy cal cul ations in a RAID
arr a’ygs ASBEVITPRE Hasy hill ragededuradsh il gysthal éc nepresents apcad

condi ti oy RoALIARE E’Hﬁ& p%%,, ga&’s}’ rélL ﬂﬁ‘[ﬁ)ogf f%g éﬂﬁﬂ{ o Blked 3t pe

master at any given I hput en &xécuted to
put the sbplqseofrmpt"egram shown once on the diagram. Symbols 65a, 65b and

65¢ 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 65¢ 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 66c¢ represents an input channel wait. Symbol 66d represents an
output channel wait. Symbol 66¢ represents an alternation condition

(timer) select. Symbol 66f represents an alternation channel (input) select.

24



in a "get new stripe" state 907 where it waits for an input (a new job)
from 29 08 NOV 2006 the allocator through the Pack Repl bgﬁsr@] annel
921. The "master work director” 908 is a code bl ock that th e flow
of control. When no work is to be done, control passes back to the "naster
| oop head" 902 (branch 926). The "master work director” 908 can al so end
the programin response 5 to a kill request (branch 924). O herw se, the
control passes to the code block "analyze, setup, do math, trigger 10

909. The ¢ | jorjt U usage
by the s%ggf ﬁggﬁ‘gﬁeﬁntgr@rrgp B:t}gﬁg(é%%@{qggﬁ]%ﬁf%l%%bgias%g?l%céjﬁlrtg gg’%ﬁpasses
back to tGemnimmRtion 66p ibeadi-wBAngkiahebmlRGhicdtion6bP-66: dilsw i s
needed (e.gi.é, parity 10 may have_been cal cul ated), control passes from

"anal yze, Waiigy Iygnmiterriation.dherchayndgsleqs isirepesate Som pac gbarneb| ock

919 (bra opaster dl d", via the
nor mal sp ??Ez%%ngfnﬁdS%Q%%!"%gf8%%%?%‘5@’61%@%%@3 %%4 &8%013%lgﬁ§t h, trigger
10" bboclAlé¥hatmanpatits oAy 18 deacp@ssdilyy Bobiargnst ruct 910, by which zero

or nore child processes are 15 created, each conmuni cating with_an
under | yi ng deHEE(Hedrgendabpvanan Figich, e program flows diagrams Rigsi g- 9.

Th hi | " .Sk .. k 911. whi gh hild
o M comile CBInG) LRI 168 7T BUEPLYISLERE Erbaplfl s kR, "
t hrough arceldidtioonander strige shasteiNidspedtizely\aerht A cohfdoreetyizl, A si gnal

is received, indicating that the disk is ready to receive 10 requests, the
chil d sutid 83ahown én Rigr aquRefesrinadodiscit eepies el ieggestars 74 seay 913,

and t en " i ! i i.t _for di sk _done,signal.fromthe
ok P hr e St iPBeadt (bymor 70 145 Huldhed 6 Po08RRaS bBRBLIA STV T
"di sk dommiy 8R¥tarReduweters avelsphiviieer 4 idisQyetar £0tk beRBsOoUSeR5

handl ers. After the djsk is done, the "clean up" bl ock 915 perforns
necessar PreFesissu sk e ighes deval iexternal svalpepncligats.cl ean up” bl ock 915,

chort 1 oop dusry Sbmeufhikefmaite: SoRENEEH 7T inipRRiup phfof PRt e @
initializhtirequestthénsd epste9203 Ylferartbetghepts RaMBdoAGaREg Teheamphdie:
"clean up" block 30 0 8 NOV 2006 915, control nay al so pass to an end fan

const? uct/ 01 6This isughp pmnemtednay plaging a5t epbigsiesacengitionsiugie par ent
%?ﬁ?sts ! Pg%lgtrt%dp@? E%E %g%raﬂr)]r. 2%%’1&0\3_931% SstgfaeCJf 0.13 % tahgoﬁgpc%r}/ (Zlgeu% %‘tfl’lilgfe do
the condition may be changed by a semaphore. The Req Semaphore 707,
issued by the allocator, communicates to the requester 700 that the latter
is in possession of the Req Channel 708. While multiple requesters
20  typically exist in the RAID core, only one of them can be in possession of
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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pass Read-Mdify-Wite request. The control nmay al so pass fromthe end 5
fan construct 916 to the "end stripe work" block 919 and Igpﬁg R@\?kﬁ}pﬁ) t he
"master | oop head" 920 to forma nornal stripe done | oop. use t he
"disk commt" signal 922 and the "di sk done" signal 923 presunes that the
di sks have the ability to handle multiple requests. The stripe master
receives interrupts fromthe disks, and can work wi thout 10 detail

know edge of the operation of the underlying disk drivers. The RAID core

typi call | 4 iRl S BSE ST gg%%%a{]ja ' Lpl LSks
t hr ough %fﬁgagﬁﬁaéﬂgggcesse§§€?§S?§§ ‘@3 t an 81%8){%%? %Hgﬁh?ginﬁlgllgéé
Pr ef er ablGhamhel 5981 temastitdgseofmekttirer theeneeeinteedhet¢ bhé allopatar} it yeaskcept
for the disk servic rt petween the fan 910 and the end 916. Al 15
other ps FEERTEATE PandR ¢ AFEFREE (P we@sﬁ%@ﬁ&&ﬁ%ﬁeﬁe% gh
pri ori 1Y frf ifiedon @Rt BFUhhDFRCGRAA GTBEAA® reld)S 18U blalhgotarhas of

e p

stripe nmasters may assigned to nmulti Us. conver si on- capabl e RAI D
cor e accddisdrequestealpregrah’’ ve a enjuedisrepscdothireags eadrfendnverraod i s
now descri bed with reference to in 20 Figs. 10-12. "Cqnversion-capable”
refers tdeiHe Qpinding th TS hrgad FRiterchiiars Hai ENHAF BAILLBPT hire: wi ¢ hout

st oppi ng FarhO I AElis Thi [H=YoN ref.eh . as
dynam c ggﬁge&} Si orﬁll.fé %Eglegenere{ gg?;uur% Jr§teOC{)E?¥IS?h| S rgﬁpet?}r?a(gllsgfeé)sgéﬂ odi nent ,
as shown whertéwgr thé,cargest is tleart o the enbodiment of Fig. 5 (where like

conponents in_Figs.. 5 and 10 are 25 indicated by |ike reference s ol s),
except for thénafgai {igsnweH ap Kifise 8: Shdilnahd1d, the frasefovHres ﬁlr‘?lyzgi‘? in the

dat a; ! O?ﬂrﬁﬁ?@@ggeé d1 &= Fi%%ﬁlgﬂ’}%ﬁg%%rat‘ég%g%h%ﬁ)&i@%g éé[ 3 ,S%Jnhocat or

102 and its externa comruni cat i er si

di f f er entherippe ofieyaibaditeo7035%hd MOB @ee Synihel &Blsiin Rigobfgpirawrekanct i ons
of the core chainer, 108 include 31 0 8 NOV, 2006, receiving nmul t.i pl%,

r equest s % $G PEYIRIGtRIRNCTY Belirdit suResh dhat skl RetWasquRe tagky fas in

al | cat 0knd Wase 30FLORHAR ORI 1 o PL e doPAHER HEE UL ADOESERS 41 and

produci ng nulti equests ‘to the al'l ocator purpose of the
core chaicase foissymboh@i0I)t at e dynani c conversion 5 between different RAlDs,

by byreaking and/ or combi ning requests_into local requests which fall
effii:gent ly oﬂnttﬁé flow dirarages oh&1ge D%l ldornenhkd o g%ﬁymé’t&?t REE:time in

e v 6o S84 58 28 Bhed 15 SRS iaRRca IR el bogihy
di f f er entansit sdrpe toicoement teio fiew dibdeanl tohethevi Ror eraxals) tire Rater mar k
Channel symbol 708 in the requester (Fig. 7) and the Req Channel symbol
812 in the allocator (Fig. 8) together 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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10 without interruption of user 10. There are two ngjor rﬁqﬁbkﬁnﬁﬂgﬁ for
conversion. First, the conversion process, operating on e

stripes at or near a conversion progress point or waternmark, must never
interfere or cause data validity races with 10 at or near the sanme point.
Second, the change in 15 stripe structure caused by conversion nust be
supported correctly by incomng requests which are always required to be
within a single stripe. The core chainer 108 supports both these

requi r engsesheARA1RUMS cbﬁéagbﬁd%igggg %%%,é%c?,r%@ RiyAgoh { %nqggbgueue of

i ncom ng requests which are ana roken up to vi de
| ocal reqomatst depalibeatol wikh thEfdteipentasandl 90Q ibFighe talgrogateor 102 and
stripe masters 103, The allocator 102 thus recekves "l ocal requests" from

the cor eCRPEPHBICALER therebeRyeen PawPaEerisd 4GE Jeabests, ey 8% dest er s
101. The | ) [ag] y : : " on
U5 own PRHeIy o EaaReauEtsCiok SERLInd Bt THRY sl P RERERUREIUR o
108, Snhi startehsisipeeePhe tallpck t@Sswbmitad packdohequrdth andbdpe tthasteuser

roce keup" _it f.. A channel _response_.sent by the allqcator 102 can
(F:)ausesie\lﬁfOL@bPQg%Vsﬁ]e&ﬂa’%@%§ig\/\a‘ié’&‘;%a%tﬁi%ﬁar% R?HBC%I& ocat or 102
transm t gL rsi e schai ich

bt s RS oy B pEOBMEIH ORI shiftod B GOED AL ORIl OO TP e
i s per m temenuiifatesnereddyGsigndln PO allochtimdroligld enPadleChmendlhe new

SUbsequent OIBRER b apBBned (ke Cracbras it Ronenal e Eachinapbnye edon
o) capt Ao o4 B8R BRNE b C A e B i gl SR maeters, 1 cn
al | ows timeasewelaalfashipreat the Redp Betrigplsineg® 3 REQ7 cCharvieltherpesgeenee, is
embodi ek HnBaA GHEREL 52, THE b Mc APeliiple reaBRmGAt cat 65 di recty {1 om
Fro. 10, the AT laasebe FoAnbel B0, Bae i o e o Rl B 5 i ch

comuni oarteiaded doehe RAID eqrd.r af@rdaimgliriiéon (ke 802 thbaobderbldoB
comyuni c‘ges vvi&{h many requesters 101, and therefore needs t

h
Sermdphor &eHFgek/timegh Al BGF 15 8x¢q1ted: ioePubtiae @lgratar &qféenéhg ‘J;ﬁg ocat or

ggoo 15,8c60'HhN98b2. 18 deIdRALE W SRR’ Mich 136 §QfcBe ChAI«pgf 1100 may

select” 804, the allocator program waits on input, and wakes up at inputs
from one of three sources: a ready signal from a requester through the Req
Channel 812, a ready signal from a stripe master through the Pack

20 Channel 816, and a timeout signal from a timer 815. The timer 815 is a
lower level (interrupt level) condition queue handler, and functions to wake
up the allocator from time to time even if no other inputs are received. 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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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{ry gimy QRfgstripe
masters 900 shown in Fig. 9. Referring to Fig. 11, as indicated by the
synbol 1101, one copy of the 20 core chainer is created in the RAID core.
The edge synbols on the left hand side, nanely "Req Channel " 1111, "Req
Semaphore” 1112, and "User Process Wakeup" 1113, are functionally and
structurally simlar to the corresponding elenents in the allocator 800

shown i nCHehnd sy?absl 812 Bewl +HPABRICh8ARel syiBoP8TBRIMYWN i88gand " User
Process Wakeup" 814. The 25 "Req Channel" 1111 and "Req Semaphore" 1112

serve tocaehhifd tue armis; ihetupperegundending 00tls howarrow, Beg sy baltetfen

| t t. i bed i f detail. .T t t. th
chaimor T ioffiRfles ¥ eddbupiil Mo Rlsad® 52t WtE Breiomthent o
1103, 118fm EHBng WieR anldfow 4483 aNdd-BEcRcR, NV 9808 6 0f iy tdy))cor e

chainer 1100 (Fig. 11) correspond to conponents 8037 804, 805, 06, 807,
808 dnd Budicates Adlaghlasramomig@@onFig. 8). Only the differences between

th hai 1100 dth | 1 t 800 d i bed, | i t,
SKip 1116 in THE SRR R0 A e E el STt SR g
al | ocat o380 pettt & ieekRdeddarg- adh to E‘gﬁ%ﬁid t(lEl RRe %ﬁ'aﬁ)l&ﬁ%ijiﬂﬁ causes the

core chainer to continue to loop via the skip path 1117 all inputs
f r om t hecorditessr Fonsganime aif itbe Rey Chrentadrdil 2 i salberedglthe dlhppatter have

been handled, the.skip i s selected (the ski eing of the | pwest iorit
"o the - XE eapeid 16 1Be et R Bidioistiadiier shBptin Geple s ¥BER ¢ ekt
di saly i ngighhe i kedviveéd erdiRLs M REAstek |t_hr5'@%11 gﬁ?g’ag#gﬁlhgnh%@l@%h&“ X

wake up upon receiving an input. The skip 1 ogous to a tineout
that i salioerips ansdizes the requdstuptau, exhd if thef axhiests ai thedreadbof the ti ner

815, even _though the skip.,s ngt an ternal stinulus. Second, the "All oc
Channe! "TeAHE Y ARSURARS LB HapRe st the elladator Wil spadie BRSRIEPSSHL6 | n
t he al | ogake; R4, 10l @a@] - H@Rstsb! ock
807 in the al Pg%g?gr tBBOZf)’,JEOtIﬂ(Z&cor ﬁﬁ%ﬁggéaﬁsﬁ{ycsyﬁﬁgﬁgﬁg%glhﬁgfgquest
pr ocessi Hlge “anelyzararnd rede fdonatioh? codedslotly 8047 thmes repmsesss theof the core

BT B P SO EERA, FE oy b QueaTer o 2 FOUAT, e
S, | 3 e gt on o kA gy 08O snfpd Ui o2 of 3
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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whi ch the all ocator 800 uses to communicate with the plurality of stripe
masters, the core chai ner uses one "RegLocal Channel" 111@3%0N89n§g§icate
with the allocator 1200 (described l|ater). Lastly, the response to kil
requests is different in the core chainer 1100 and the allocator 800. The
core chainer ends the programfromthe "output or pass" block 1109 via
path 1119. The path 1119 in the core chai ner conpletes a normal | oop
(simlar to the path 821 in the allocator 800). 34 0 0 NOV 200" The

al | ocat 0BOL2QthitRreithE SAJRENBE itVeh SAPR BB a1it thk! é%?ig?%%‘étéﬂ‘t}ﬁjogl hl2.
The edge synbols on the ri ght hand side, nanely "Pack annel " 1215, " Pack
Semaphor @"Packi Bephing [i] Bduinmrd B & so pupnthiamehtr & 6o dhet stripe mastat y and

b o B Bl B S AR PR LR TR o bRBr B 15850 - P
Repl i es Wa]its%?rtﬂ%lﬂe)&]iﬁau-[ £4dge synbols on the left hand side of the
all ocator 1200, nanely "ReqLocal Channel" 1212 and "Al |l oc Channel" 1213

commini cat e WFigh & hlsocshews hapatdy 8 12d0oniTtiee siitiatizatien dflotkh&0d thomtat or 1200
is simlar . tqo that of the allocator 0 80Q of the enbodi nen own in Fig.
5 wher cERBRPBRATPETAOS repmoRSe tost Mt datpoAnaes Raty HAGST ¢ e

al | ocat ofpels j wf : K0H, , 807,
808 and 8092%%{}5%&@;%552{?&&%%%%@% gpggng?ﬁgﬁhF%g)r%ncesagg?men

t he al | ot=fuErst1200 and the all ocator 800 are described below. First, the
"ReqLocal Chapnel" .1212 15 repl aces the Req Channel 812. Secqnd,. the
"Select" st af'ﬁﬂaéé%lpﬁaanl‘iyr%ﬁ@ hﬁ%tm&ﬁgers%ﬁ%%r%aﬁtsrﬂ ﬁ%%ieﬁ?@geﬁam@r 1100
becagse fgaidiRle @f FigdesSEIBILNHAM F HEALGSH & ' t
necessary. Thi red, ilnggt ead of p%se]%é}gcr)fo?gsE%%Ee(%&q%%fevt%%?grﬁoggt or 1200
t ransm teppicskalithesimpsder progrne acerséacted @étholdOFid. ® shewsA bogl€hannel "

1213. 20 P de..t hat lifi i f RAI D .
erbodyi e SEnt (HAVBRFGoPR Rerd | 4ed PHSABseRaicTar 8 RORTHBRRon o
compact @hsge bdhe RASCREAaMDCUROTA! 8PN S%%?ﬁ%?g @ fé)r feperieBefegbove,

the RAID core is inplenmented in pseudot hreads gquires the systemto
have a dapabihé allocatosUpirar 0Bk eAdalducritntsi 2arlfey itheg Pack@emaphodescr i bed

carhber afbihis ol surg ernativdy (e LD CorS <A B8 o111y
Ly AL STENRACR Ly TSR SRR Ny AR S e
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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stripe parity and 10 masters may be constructed with standard operating 35
0 8 NOV 2006 system dependent "threads" communi cating through "pipes" and
standard shared nenory. In this sense, the invention is %{§@ﬁﬁM@Mﬁ core
for a RAID application having the main conponents descri bed above
(requesters, allocator, core chainer and stripe parity and 10 nasters),

i npl emented 5 using appropriate programm ng techni ques. The inplenentation
using conventional thread structure, however, is less efficient and | ess

f1 exi bl eth¢ bHtocatre thipligFedhealbch RepliBg [RLHMILAr eads THeOTmax@RlEk | f the
"fan" and "end fan" constructs for the Stripe-masters is substituted with

a convefitiesia’ 90hiscagodsdiatkghat détests the flavubficoetrobn$When medwbykt he 10

oper at | it 552 S bR A bdtch MG A Agone a1 (e

descri bed26Entradi‘tRadter QforlkdFreb e BSOS RYs P en ARG bieRba hiny Béd ke
forms, such a progranmm ng nethod that is practiced i devel opi ng software
pr odiet sto adaillvigauept Genacich 924Ke@shopeise, ithe chatfod passes 40 dbamader - usabl e

15 nediu FAAl rograng devel oped usi e, programm ng net hod; a

conput ermsot%%;i g‘rﬂg%]ég S&g‘éBU@P,{Ba@&C 1%%‘353[@%6&a1r%§t hod performed by a

conput er d8eRAMHH HakrtldT tHH6 b1RAIO B8 HBen e ﬁ-m'éﬁ-’d’r?bpr SBRUELT 43 %g“fﬁ@i um may
e . or

include floppy disks, optical disks, a conput net wor carrier wave
transm t $@PDhinagten| dserrapandetasted inhéx ta disksedontrairstsseb lieekoto @@

t i te de. ., t he t "sof t " used i ncl ud
what -y BRSRr TS Hskia SR rutaticst 28 Frndus ok iitedsd Erany to
thos® skinayetayebedie caldulhbed), ¥BhtI pa¥Rds fffcﬁﬁt“iaﬁ'&lyz%r,‘@egr@]?j abiAhs can be

made in the method of the present invention wthout” dep Ing fromthe
spirit diriggesge” #09 e thavendisnipeThosk” blocksO 1 9(leredech BZ) a8l thee present

i ti dj.fi ti Jati t hat i, t hi t f
e appaddBs FHCK T i dpsers QR oAl et TS Sa TRn N PAoere e SPE: CL Al VED
IS 1. Arsehttharendlpa, a8thpIdsehiad GYmRE 18" NocROVY, HoRgrONGa9 al8nr €

tasks, each task being a programthat i's run in sequence by belng branched
to fromRsetoatandensiraet 916, by gimehraeroandmioranthidngraaesseslareut si de it

22%%% Lfcggggesd, e%rc%vci:éjrin%rqpc%t{)r{g %?t%eagagéd&qgi%%sdeﬁgg ?dxlsi?.k Jh %uoene
such child is illustrated in Fig. 9.

The child executes a “shunt disk requests” block 911, which puts the
child in a “commit” wait 912 to wait for a disk commit signal from the disk
through a condition queue “disk commit” 922. When the disk commit

20 signal is received, indicating that the disk is ready to receive IO requests,
the child submits all its IO requests and executes a “trigger I0” 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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task queue program and a queue containing zero or nore tasks, wherein the
task queue programis run by being branched to from code @ugs%gpzyg to its
begi nning, wherein if the queue contains at |east one task, t% t‘ask queue
programruns the first task in the queue and renoves that task fromthe
queue, and wherein if the queue contains no tasks, the task queue program
ends by branching to code outside it; and providing zero or nore condition
gueues, each condition queue conprising a condition queue programand a

queue Corg B Nidigra@lem@yOilso FH R ioaéﬂf%n@nﬁrﬁé&%ﬂrak@@1%0ﬂﬁiohiégﬁrk§hidwﬁ{eei n the

condition queue programis run by being branched to from cCode outside it
toits dharegssopeeaim td thé pagerupremssai Aisths paias conh®] task and t he

syl
i at dit | th dit] i pes .th i dit
of *Che-comiS i hbae (e Bt T b Tkl WleEr1aF bR 080 i e @'
condi t i orpdss REAEMbdEy- W tré@ﬁewk eHRe ROAH AL 'E?é’&?r?ﬁ@ %&ﬁ%e“é the

condi tion queue and places the'task in a task queue, erein i t he
queuedcodfliowansivictds kG totthe “codditriperwqricublaukogt @mrehtmbhaclbtaicdi ng to

code outside.it: whereihn | east one of the. tasks includes task ending
code t hat hgarsé?lél’o Hﬁeﬁdsg?&)e@s&mf GOTIHRLSEIRE FORRIIAYPt he task ending code

causes the SUGEESSObS tRSKIiKk BSmki® Sfpr} ' t e
condition queue. 2. The nethod of cl ailrgrlrl?%, u?{]ﬁet?lec%ﬁn%ﬁa??%g:sﬁ% 0 8 NOV

2006 pr Sddprepuanéathabbise disks hate thambibnsta hehdbeimgltiplp oeqiestsof a
parent t that references zero or nore child tasks, fhe fan construct

i ncl udi ngﬁl’ég‘ ?)tglrpgn]f“-aﬁﬁ%tbﬁ?cefné‘?ﬁ BHETURIREPmathe glsg‘z%’éﬂ‘iﬁ?%ﬂ%f?rh‘éfﬁ%@h’@

t ask] 0 wheleeaid ke 18asE Bt thaYpeBhtibR of" ' or
pl aces thé3 clhi ld task in a ?g)seké%glguog,tﬂ\%ﬁlelﬁ(g‘?ryfg%g%&g{h?ﬁg%sggthggpgrﬁénces
zero or gEretgRicely dms madkiple mdsiers eachicbthrmenuieaidng vt mbiimsien t he

Ves. complireuth e PHIRGPReRHE Fam O ROHER (N § 107 56 PR 6f each
end counter s h e an R e et PP R b "
fan end &yuHreediskneemyicas partt Ietweanetite fHoBad frad thadrdafln Pd6a Alhsk queue
TS PRLEY! n 8 Rt A0S SRR WIS o ArE BrER B efblurei wilh e
priority. Further, on a multiprocessor machine, the multiple copies of
stripe masters may be assigned to multiple CPUs.
A conversion-capable 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 IO 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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have been conpleted. 3. The nethod of claim 2, wherein a sequence of tasks
continuing in sequence through successor tasks or throug¥%&ﬂﬂé d the
correspondi ng end fan conmponents form a pseudot hread. 4. g d of
claim2, wherein code in the end fan conponent that decrenents the
parent-global fan end counter, evaluates the parent- global fan end counter
and pl aces the parent-global fan end task in a task queue is atom c code.
5. The nmethod of claiml, wherein code in the task queue program that

det er m nesecshghfenulthsic qeguest SHOMEYqhesBtOT0e £0dProfucitieanghfed of
claim1l1, wherein code in the condition queue programthat determ nes the

val i di ty TAuesé te dhaiediosaters$02i anddonireteivizg @ singlevep08st froaeh t ask in
order an e he task from.the condition, gueue . an laces it in
a task que fsggra@ir/n%%cigﬁo&ugpgﬂélmP%th% It%litpﬂg fﬁfé\?ﬁé re?ﬂBt %\e

condi t i onmaite eirpsse bd ehe dord EhaihaNis! RLfeANAE H9RA8RAURleMion th a task

in the queue is determned to be invalid, the condition queue program
ends. 98. bH@esntdidlgrent RAIDs) by hicekeig anid oc codilvining qeguestssintotoadder ed

d wh ' dwith a.task., i o det er m ned
o be i nvaigory ool R ERBTelE Y bho sPanfier EhnmioD FheTibinaptigine
associ at et tMathihBenn@xtvirasl ddtal 1@ a0bragR Wk %eddik—?st%ﬁ Melhd h0BSatopgsOC! at ed

with all tasks in the queue have been determ ned. 9. e nmethod of claim 3,
further J&HpFR SPAYNUNRaies dinegress of senyeitiotd tieadpre chaimim gpearnsdonnd

pseudot hr . an roviding a.condifio ueue, hol di ng a wor kspace, poi nt er
o onC o e AR e B A O G B S sl Rl v G RaE  he

fi rstopsevidhbht aadreagpidniFaiRs I@.th the second pseudothread by testing
the conditi on queue. 10. The nethod of claim3, wherein the task nmi ntains

state and co rgﬂrpﬁwmmrgglgiremm_sm kepuersienr Jttst éhewherein the
Cono O RUEHG B LBE, SR RRCenRRRL o AL o3 Bl o0, " 5P
anot her tcaskeydlbfiprogress point or watermark, must never interfere or cause data
validity races with IO at or near the same point. Second, the change in
15  stripe structure caused by conversion must be supported correctly by
incoming requests which are always required to be within a single stripe.
The core chainer 108 supports both these requirements, and adds to
RAID efficiency, by maintaining its own gueue of incoming requests which
are analyzed, merged, or broken up to provide local requests capable of
20  efficient handling by the allocator 102 and stripe masters 103. The
allocator 102 thus receives “local requests” from the core chainer 108
instead of raw user “requests” from the requesters 101. Therefore, instead
of directly performing “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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mai ntai ns state and conmuni cati on paraneters in a workspace structure, or
by external code driven by a device which maintains statq¥83@ ﬁ gw; 2906
and the condition consists of a test whether the workspace“p p t 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 perfornms comrunication according to the comuni cation
paranmeters, and/or places either the testing task, or the task pointed to
by the wortkspard O8pcamtken tisebthd hewvwa ks paad, ad doeskiep@enttert thien t he
conditionlﬂg%#e 3r in, a task queue, and wherein if the workspace pointer
is NULL, FHReatesdPrgvilhagt permdt anysmbseauneat drcalpsquests fyintssieramdtlpl aces
the testi ' jater i - By t he
externalt%%é%%gg?ﬁg§gééﬁgﬁgﬁg?gﬂgptﬁ@ﬁe 3&9%%@89%%%h%%ﬁg#fgﬁ%agﬁ%e ext er nal
code. 1l1.watecorgylt er readabl e medi um carryi ng conputer program code, the

conputLer program code c ri sing: program code that inplenments one or nore
t asks? each tfs‘?@%@?ﬁﬁog’g}cﬁ%’r%}ﬁﬁ%q apding of $bgwemteollipgd®ag br anched
to from cQ4RapREESIWEid Ikt I.no | 19, C outside it
after it end‘réll;3 gﬁ%g‘?ﬁ?ﬁﬁ%&%"’? H%‘te %F@n{%@ggsngé %%%%?%lbgﬁﬁg eues, each
task qudisannelpini sequirecd, ds knowelifropi @BE allodAtbal QY abeheastraididigezer o or

nore tas erein the task queue programis run_by being branched to
from codé%cﬁl\t,\@? fae &AIE})C?%ew&@dﬁmeﬁ@,s%xmwrFlg-me@ gllegetarart ai ns at

| east on : t fi t [ eue

and rem\%g?%?lhﬁ%&%%ssk(ﬁ?%%u?ﬁgn%gﬁg%ﬁggﬁélﬁg‘nirﬁ ?ﬁ?ﬁ:@&e {}éﬁé’%q@) ai ns no
t askk0 t leere asibaiemn tpslograrmengds 10y the allobhter 102 ceeemunitatedewith, and

progr am ¢pde thai1 Ln‘%lﬁ nts zero or nmore condition queues, each condition
queue cofpficSTRGRAIRGNEYEi Figh cospLdralirafipes nefurtialice At SEMaRROer o or

nor et ask$eaflea3santAhon 8&91%1%{}&{%{2&8 \M}g'; g’l}%ﬁggeg%%%%ﬁggn he

condition queue programis run 'ng utside it
to its bégerefvrgnesdietiet Redf Sémapheeye contains at | east one task and the
associ ated Colg‘gés}.ilolnémztheQ ?l?gggr;i:g Phg légll‘Jee C sriiongerraqu gg tagdm;a.ﬁggator 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

33



the validity of the conditions associated wwth the tasks in order, wherein
if the condition is true, the condition queue progran1reﬂ3%§ﬁ)tg t ask
fromthe condition queue and places the task in a task q ,Va 0 wher ei n
if the queue contains no tasks, the condition queue program ends by
branching to code outside it; wherein at |east one of the tasks includes
task ending code that refers to a successor task, wherein running the task
endi ng code causes the successor task to be run or placed in a task queue

or a condi109in theewee chaindhe100PiL. &l )Rt dhdres tompinesitaignall, the
conput er E%)(Jijogé am _code further conprising: program code that inplenments a
fan const3{bt80en30eaR0¢oR9Brand 80Repinidrcaalboraton®OSK (Fagpdk ePnly bk t hat

ref erenc r chi asks., _t an ,const.ruct i udi ng a

par ent - gﬁ%ggférgcg% %érﬁie%gumée&%n%l‘(%mﬁ&n?nq ) otg’é?l aﬁ%tgﬁgﬁba%rl?, wher ei n
the par endestaibicdebélber Fiigg 4 BRI 246 iof t1RASH-LCohAidet ASlOPFehac§ shd he
child_ task in _a task queue, wherein each child task references zero or

nor e §ucc¥‘ef§§’€)r81t5ai§'k%1'1f§I allpertor BQUhi Wher sgadbed (i.ardwatieready}, Hbe skip
t-gl . 1.ndi_ cat t h nb f child t
Des *Conpilar ke aRerE B EBHOL AR RN Hrinnd S APSP Ui et sk PRI 1 e

last tasintiifaibasputhiroeh sleeweqeestetdantNthd 8NoSQWP AE HasftBeHe "WRlchng t he
parent -global fan end counter, the end fan conponent further eval uating

the par ehtPYtobare hesndmndisdntioe skipl ipisakicted (ihe gepdmingl afihie Ibwesend
task i : « A - al | f . t i ndi t t hat
b oni 1 ariRESAE AL shREEIOAL MGRs B 1ShuTeY Hsa oA

r eaded! e disbling ofie ekap,hk2corehdigher avilagstessietifhie tbasKS AN Mg i N
sequence through successor tasks or through fans and the correspondi ng end

fan conp&ReAPSN{ISERIVANY BUMG Y chlale skip 1TH6 isompalogpus dadabieeamtdihan of

claim12; | e N : ng.fan.c onent.. t hat .decr eng t he

par ent - g fso%{féﬁaﬁeée: d %:ﬂoll% n Eité]l(lg Fra%g@ éPL?a{aesgquHeSIBH]raJntto- BoBmeTs gtg’e‘?lvcimc ount er
and pl acésownigie tharskip-igehain ek@pnandtihaskid. N a task queue is atonic code.
15. The conputer readable medium of claim1ll, wherein code in the task

queue progr anvefRddehefMler Chamnaiad 1 Heirgtlen eotesclemimey replacsotiiec code.

15 “Pack Channel” 816 in the allocator 800. Third, instead of “analyze and
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 “select” 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 “Reql.ocal 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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16. The conputer readabl e nedi um of claim 11, wherein code in the
condi ti on queue programthat determnes the validity of the condition
associated with each task in order and that renoves the t sk f&om‘#he
condition queue and places it in a task queue is atonic ci cﬁeNG ‘he
conput er readabl e nedi um of claim 11, wherein the condition queue is
ordered and when the condition associated with a task in the queue is
determned to be invalid, the condition queue programends. 18. The
conmputer r eadé&i@aﬂmﬁtom 1&0Ccfoai tinelditemiretived emibioeipendid ilistrgtRUin | s

non- order gﬂ ée(ﬁenthec ition associated with a task in the queue is

det ermin dgt des gymueds eanidhe right é\msﬁ%@lﬂé@ﬁWd‘@’ﬂékrﬁﬂﬁéﬁnﬁhe
condi ti orlgq&po:ﬁla@F tasEHo;é]el fé(taﬁas‘lﬁ’acﬂ ﬁ%@ ﬁﬂ@?éﬂ?h hﬁiﬁfﬁ%ndl tions

associ ated w’t s 1n e ‘guele have 0 8 NOV

2006 19fulhdoneliputrat stremtatilly skdilamteihelc@irrashdndife ekafpttLin BROGr am
ram code  t hat enents a first pseudothread;

code further co sing: pro I
progr% gat ngébr?&%m 1% Sdeamelps 8@@%%@&@1” §r1@, ‘Bag)gr am code t hat

| »{ th
wor kepacs BT ol 87, SHE e QR REM I ChRBPE R P Ihfl o ShubRithboad
comuni céhedefnitiand bﬁﬁ@ﬁﬂﬂﬂaﬂ@&ﬁ:@dqm@aﬁhm1ﬁ q’%é(ﬂﬂﬁ?a‘l hﬂ’l&ﬁﬁ’ﬂg" tl'ﬁl@ queue.

20. The C(r)lgg readabl e nedi um of claim 13, wherein the task maintains
state anfl Mﬁ k¢ binsosrmunigate woktk imeeresehaisetrlelO%her ei n t he

condi tion que S e he rkspace
Coress for o ReCRFRELEE %ﬁh“%”élﬁ&?é? PRI St td (el G b e o
anotier 8adkofihiecom bodinmeait Bhosiraire Fagnds Cameue lc@ﬁipcﬁfbrﬁarmtﬂ? erso4n a

wor kspac ture external code driven by a device which
mai nt ai nZQQS é 7t0’ %%ﬁaﬂtl%(ﬁgéﬁrfbﬁsﬁlﬂéo@ftohl\éggt (Figret Her the

wher o (TR RE e R ABonEtabsp Bo MG i keeptt e PR R Lo
testing abskator 890 érigaB).c ady chardiéfréfieeshatveedd tiehliocator PROOMACAt i on
accordi nt%et gllggaetog‘o 0 glrg %itels.cc:)rngg rbatlarlrg\tfverlisﬁrs‘? nt%/eq‘rReqLocal 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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pl aces either the testing task, or the task pointed to by the workspace
pointed to by the workspace address pointer, in the conditi an wé Er in
a task queue, and wherein if the workspace pointer is NULL, t$1 e pbng
task adjusts the state of the testing task and places the testing task's
wor kspace 43 0 8 NOV 2006 pointer in the condition queue, or the external
code adjusts the state of the device that is driving the external code.
21. A method perfornmed by a programred conputer, conprising: running one

or nore tysiemudercptagr dhecaddadorhanknigaeing tHOOGhAPIP Nthassasdaied with
a task qug}ue (gontai ni ng1 zer.0o or nore  tasks, wherein the running of the
task queld@pFOJreEmaHici S SERBE-nGC Iventiansis g sokwWaretaose fos R RdHIe and

renovi ng gbhdicatidsknhv HE ]1315!513 if . yeye contains at | east
one task, rpf?l%daelndi ng ]?{gegtasta%gﬁ)e e p&%ﬂgr%%n&?%gﬁgb&é%%eaﬂgﬁ ff®ont ai ns no
tasks; aadlocatum, vgre ehaimer amd etps didri9naGd ¢0empRIOY A pleatdhieandi tion

gqueue. pr ogr.am bei ng associated with a condition queue containing zero or
nor e ¥ askSHnAPRLCBEALE PEegETamEngAschpiiies. nThasmnlemientataen tmsngcondi ti on

queue preghadhiBRLH 1 Al atidity. of. the ndid i in the
condi tion queue1 | % g?%gge%?ﬁ%%eéglﬁﬁ%hkéq%@éeefﬂélgﬁFﬁnﬁg%QF f#eé(g@tse one task
and the Hsawchatietplennditation, using peid@hreansli FHoRexagnpleUs tHeeTRM? NG t he

task fromthe c %g{;,ti on queue. and placing the task in a task queue, and if
the condfPfo ﬁ“ﬁiﬁ WHitareEs fas the sripe-megters isrulsiuited ovitly@eue program

, Wher ei po@ben©88sh] 9P -ASKS ] u endi ng.code that refers
to a succgass%r t ask, mﬁ%@g&)%%r{dﬁ% %6’5%%%’ ﬁﬁ%ﬁﬁﬁgfeﬁgn@%ﬂgﬂﬁ%@e t he
succdssodiffieagkytaf dreleriynteominhéioadof theafdrask queue or a condition queue.
22. The nmethod of clajm 21, further conprising: creating a fan by running a

fan const r uct > RETEENEBYRIEFUddeRsnien bmeshilpp pregraanpungnnethxark hakat

ref er encegerd BlecAbhe P Bt S ehi@s k7 ’t%@lglrﬁefnatgqrggrgaf}; ngl’;}rghﬁg%(ggrk r‘]’%\ﬁf?éjrsei 0

parent - gl obal fan end counter and a par

the pareformssiudi ahmogramsningemeoded ahaeas bradtifed ilNddyveBPfng ebitvhreask or
pl aces egrcob:h%c Is! go%t@v%%elpr}oau%’?ss léo %%gledpevc\iﬁj%r'ﬁhg f%?gmhof 2 Iclo(z?nputer-usable
15 medium carrying programs developed using the programming method; a
computer storing and executing such programs; a method performed by a
computer according to such programs, etc. Here, computer-usable medium
may include floppy disks, optical disks, a computer network, or a carrier
wave transmitted by wireless means, etc. that is used to distribute or
20 transmit program code. Also, the term “software” as used here includes
what may sometimes be referred to as “firmware”.
It will be apparent to those skilled in the art that various modification
and variations can be made in the method of the present invention without
departing from the spirit or scope of the invention. Thus, it is intended that

25  the present invention cover modifications and variations that come within

the scope of the appended claims and their equivalents.
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task references zero or nore successor tasks to forma child sequence, and
wherein the parent-global fan end counter indicates the nunileff BBV 23681 d
sequences not yes conpleted; and ending a fan by running an end fan
conponent in the last task of each child sequence, the end fan conponent
decrenenting the parent- global fan end counter, the end fan conponent
further evaluating the parent-global fan end counter and pl acing the
parent-global fan end task in a task queue if the parent-global fan end
count er i NWiELAT €8 GIAMED IS:chi |l d t asks have been conpl eted. 23. The net hod
of claim22, wherein a sequence of tasks continuing in sequence through
successor taskd SPIENATERIREramaningImelbod cormpEBBIi ng end fan conponent s

fan conponent . H e BN Era ok ehi ek el R Bk EBE e A la es

fan conponent 't hat crenments the patent-g

the par entin spiquizalceflay beirty boumdlesed endrdrhaees disidartet itgheRinihan end
task in a t(ﬁgk queue is run with i_nterru_Fts and any nul ti processing CPU
concurren EApFRus tscoapautgidRdl adier df gnASR1, wherein code in the task

_ | code in the
Mtorrupt o and Vo ne FIoe DT B e e AP el GRS bt o

met hod of teskiquelie prémgraet andodeuiclie! dentedfidigl 200 GUSWEe tRSREN RREEAAL
determ nes tgg validity of the condition associated with each task in
order and PRARSK SRR PIORram ik rendiy Preg branehiesh tofronm coslem@sitavit2U06

and pl acesgiite hhsaLiask j i I nt.errypts_.and an

mul tipr oczgéfsnsg%gﬂagghﬁ%?gﬁcﬁ%g:és %%Eoé%lg?ﬁgqﬁﬁ%%%e g?s\'{lﬁ’l t:hen]faﬂ{,

wher ei n t lgiecenpidgram gquaseheSiret desledn thadywhenahhacaamedist it tasgoci at ed
with a task in.the queue is_ determned to be invalid, the condition queue

progr am efidn thg q At Shse Hahe gueuqieonsainstme teghksli theotaskueue i s
- d 111 | at hth.a task in th i
ot or m nedty sRerattamh bhas HnB A BRSO S Bl o0 i nes e

condi ti on assopratidingiztiv bhensexéordision guehes st conditiort Baegendi tions

associated with all tasks in the queue have been determ ned. '29. The nethod
of cl ai m S9MAFIE CEBAIAR AHGUE PrigghrAyaadfa gyeugsemdaintingagro or

more 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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runni ng a second pseudot hread; and running 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 tﬁgssﬂaﬁdwﬁﬁ

pseudot hread by testing the condition queue. 30. The nethod of claim 23,
wherein the task maintains state and communi cati on paraneters in a

wor kspace structure, wherein the condition queue conprises a workspace
pointer which is either a workspace address for a task or is NULL, wherein

condition is tpsiadirgl 4Hehn WridtiicanpElgn daaskridt Bding'RibBHabASISL at e and
communi cation paraneters in a workspace structure, or by external code

dri ven byParerhiask ataiensneeaizaso sr anere digild tisks 2005 fampenstiactondi ti on

consi sts [T wor kspace .poi nt.er of the. .condition queue is
2 nonnut L AL S B bt b R R R s MBI 5 MonnoLL
wor kspacetaddnellsrein tthe geashi REsk a5the?ru@s! @N8dd € B BaSh RMIRBtAslkeorst at e or
performs comuni cati on according to the conmuni cation paraneters, and/or

pl aces ei Pkestthe chilt fask imektashrqutiee, twbkrgivigacidchidd Bgsk mefenengspace

inted t d inter..in th diti i
21 aske quittd oYL SRS B RE e AL ruried et R B, T
task adj uphafenttfiobal &t el ddienfe@ShiitGtb8tke FEMBLAGETHIlIEdRRIIRY task’s

wor kspace Eointer in the condition queue, or the external code adjusts the
state of NphEegeompdeteshatarid driving the external code. 31. A nethod

erformed b rogramed. c uter for controlli | D sto e system
5si ng the rrgt ﬁ%xg)vg z %?r%n?gf,gjr{ ﬁ%mi%“ﬁ“g;}@tt laﬁﬂg?%ﬁpﬁgaglﬁm@?i tyyof
storage dssduedfoe, the iRl 2efc6RIAYHeHHEcreRRiHY BNe pafeMREREINgSt ers by

driver calls fromone or nore ‘users, each requester being a pseudot hread;
runni ng €Reseunter, sthequut fan compendrgchrthehevalyasins thalpaterdagiobahnd

i i it d 10 t h stri it d
10 ot er Proatd ERLAE Ll iRBing Y & bront: B%A] S SR e i Bankr g T "
pseudot hrgadise ifedehpaitintde1psat dot Bheadh GoeryAlLale 8 9nwt bl QN8 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.

0. 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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storage device, wherein the requesters, the resource allocator and the
stripe parity and 10 masters communicate wth each other gvg gy i cation
channel s which are condition queues, wherein each requester transnts a
request for input or output froma user to the resource allocator, 47 8 8
NOV 2006 wherein the resource allocator is responsive to comrunications
fromthe requesters, the stripe parity and 10 nasters, and a ti ner,

accepts requests for input and output fromthe requesters, conmunicates

with the stachpeshdhi dndeznthd @havségbves hakhse dn theSUHdEsn @ndid ransnits
state and data to the users, and wherein each stripe parity and 1O naster

per f or ns placepdhin gntaskagdeae is asemigycodewr i ting of user data with
parity data fromor to the plurality of storage devices. 32. A nethod
performed by a programred conputer for controlling a RAID storage system

usi ng the et h@theofeehed Bf 23airh g viAdRiS YEE @B ditieh Yflidiee B Glderad e of
st orage devices, the nethod conprising: running one or nore requesters by

driver caWien thencendition gspeciaied with eaiaskriogties gueubds mgterminsddiot hr ead;

runni ng aighai , . ner i ng._a pseudqt hread; running a resource
al | ocat or ,t%t é’agﬁr 5%%?8?1@&8%@‘%%5&&%53}83 S and runni ng one or nore
stripe parity and 10 nmasters, each stripe parity and 10 master containing

a parent pseudothread and zero or nore child pseudothreads, each child
pseudot hr &d cdmaumetked of clainn loyehersin tlagsotditier queve isi monjeedered

requester { i.n 4 sour al.locataor.and the stripe parity and
10 mast e_r%ngo%ﬁir@gtngl}lﬁil%‘%%eég%o%?%grwﬁaa %@ﬁﬁ%%ﬂ&ﬂf%ﬁe thannel s whi ch
are condi detsrngigedes bahevLlid, 8acBofi@liestiut RBgraiSdeteraaHesthé or i nput
or output froma user to the chainer, whérein'thé chainer receives

mul tipl e FERUELE appesintedywdth dhe nexd tapk dadbesiueus ngitd thesaindidonest to
the resou 3 r._ receives ,a single,request .froma requester
and pr oducrezl gg"%@f%{l‘g{ F%)l?%g i{géau@s@t Ut hﬁge bén 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 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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0 8 NOV 2006 the resource allocator, wherein the chainer further transmts
state and data to the users in response to channel respogsgeglg ecei ved from
the resource allocator, wherein the resource allocator is$% &o ve to
comuni cations fromthe chainer, the stripe parity and 10 masters, and a
timer, accepts local requests for input and output fromthe chai ner,
comuni cates with the stripe parity and 10 nasters to allocate resources,
and transmts channel responses to the chainer indicating status of | ocal

requests, andthbeoatti®@aebnsidthRE Pafsk bh@REr kik RBSH&paREFRAE dfahlt ¥
creation, and/or reading or witing of user data with parity data from or

to the plepglitioy Bieus bragwrdLbegorkepage &dddvse6. APPENDI XA 0 8 NOV 2006
CHANNEL. C * oc hanngl s _and_al f ernati ons ano i ndependent

pseudo t hr eads Porekidl fiEPLEsBaof BPRUFRTS o BNy RB Rs At e 5Bess
used only the t@@ﬂﬁﬁ&aﬁﬁtdroé}éteﬁ@élt &&de cﬁahge@ﬂa&bifatebﬁcgéﬁ@rmb requires the

i nput conme last. LJD 7/9/01 #include <nenory. h> #i nclude "rncomon. h"

I *{{{ i nstGoemBHeadon avcerding tmthe commiinictioraprommesens, rad /foor

k : . Poi nts.ta.allocated.struct i th fol |l owi ng t *
val ven s niebRT ikt IhE 5t it (RSB SSt F4KiBBREg ookl He i Hetd -
code- >dat goifitdd &) by eHe ol A1:1eRd G dth REK ift $AER AN bR uele &L 0SI Ng

code nust set code->exitcond correctly: see chan_i nput, chan_out put,
chan_al t w& task qaeiaelrandl i d address for transmission * altstate initialized

to O unless in al_to.alt sequence .in whi case the alt call.s take care
of it after iwf{}gm iﬂngeva(c))r%s %?eopglrgﬁﬁﬁ_gmlt’%tse{sgwti Kt AS7ed to 0
(no tiner thbtstate el 1P tdding Bibk AnBSH1a6Es HMNZES P PYasPaRub A dhace

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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* timeout tinmeout: when time becones >= tineout, reschedule or nake alt

=T Lo | e
ordering of a talt (channel and tinmer case): * void taltfdpROV(2806d *dat a,

code_t *thiscode) { * nywsp->code->data = data; * mywsp->code->run =
altresultRun; * chan_talt(nywsp); * chan_enbt (nywsp,tinmeout);

chan enbc(rrywsp channel | ); thiscond->head = NULL; no queue if not tiner *
i f (chan_taltwt(nmywsp)==ALT_READY) { t hi scond- >t est = NULL;

t hi scode- rexicbadftihrr U&U%C}Q’E%rah%ﬁﬁll &@M\gwaﬂdﬂmr@ﬁbﬁi chde
t hi scond->data = gg/m d *) p; thi SCCEfrsl{d >head find-tinmer-head(); *

t hi scode- Béj‘éﬂtﬂ@dh ﬂStlmg@@mg, Whermndﬁtlemqexe@t@ﬁt@ws at ﬂw%mﬁdt&ﬂﬂfes =

tinerTest i seond rNCco_ex tom c ;

ol e ¢ ¢ nrodolls SEDed AR iR fioh: e iRt el Sl o B s .,
code_t "t bheead@itylof thatcobfcﬁﬂ@hs —as%omaté&tva&lhiﬁ@rt%ks Qﬂ(drﬂleﬁ CRRAEYein enove
if intinmer queue  * if (chan_dist(nmywsp,tinmeout)) branch = 20 f

(chan_di st(thpweanditiannis! try, m@ﬁ@ndmom queharpragramdfamerey the ta%%r anch==1)
{ input BIomEoaS fion qile%)%egﬁ'cﬁ eplgcr:gsnﬁlfe %a‘tsk ni aef!ass (Illfle (—1;3 o h==2) {
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.

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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* execute branch 2; } else { CROAK; * } * Page 1 0 8 NOV 2000 CHANNEL. C

* O
=h

--------------------------------------------------------- B gé{geri ng
an alt (2 channel case): void alttopRun(void *data, code ¥ B (NQVs e) {
nywsp- >code- >data = data; * mywsp->code->run = altresultRun; *

chan_al t (nywsp); chan_enbc(nywsp, channel 2); chan_enbc(nywsp, channel |);
if (chan_al twt (mywsp) ==ALT_READY) { thiscond->test = NULL; *

t hi scode->exitcond = thiscond; } else { thiscode->exitcond = NULL; * } *
void altresultRun(void *data, code_t *thiscode) { int branch = 0; * if
(chan_di scgnywsg‘i@channel 2)) branch = 2; if (chan_disc(mywsp, channell))
branch = 13. » Téiepprapvtsidiaadably medivghodnddinx 12, whereipatsequsmeetdnnel | ;
* execute ; else I f (branch==s2 * input fromcha | 2; *
execut e bF%énlg%gg?&?u@% gl {seq]éﬁéﬁ(?ﬂrqugh )su Cessor t%sE(s or t@rougﬂ'}%ns
--------- and-the corresponding end fan components fornt 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 queue 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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Setting unconditional timer wait code->exitcond correctly, with

mywsp- >code=next code, thiscode->parent=NULL, * thiscode-3f Arig(NULGE; * *

t hi scond- >code = nextcode; * thiscond->data = (void *)nywsp; *

t hi scond->head = find-tiner-head(); * thiscode->exitcond = thiscond; *
rncco_enter_atomc o ; if (chan_tin(nmywsp,tineout)) { * thiscond->test =
NULL; } else { thiscond->test = tinerTest;
attach_timer_condition(thiscond); rncco_exit_atomcO; * <return from

t hi scode- >run>
------------------------------------------------------------- * Setting

code- >exi ticbnd Td¥r sepufer fradeblgwepdmd-glain detidhe computer program

t hi scode- Zpar FNLUL, ' de->fan=NULL: * if
(chan_i nput?ﬁyq\r%‘gp,chéé"nrﬁ??f,sfrg igth)) { thiscond->test = NULL:

t hi scode- >exi t grodramtduodecond; infplen@d®® o fitst ps&edsieregdi tcond = NULL;
<return fromthiscode->run> * if (chan_output(nywsp, channel ,length)&l) {

* t hi scond- >t ed¥rogramqodepdpd implegmagdy 2 seqondtpasmeEptigead; sasde- >exi t cond
= thiscond; * ' -=zexjtcond = NULL: * * <return from
hi scode- ot uns PrOEFAR dod RIS S anattupue gldBG L eot O
NULL; 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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t hi scode->exitcond = thiscond; * } else { thiscode->exitcond = NULL; *

<return fromthiscode->run> /*}}} */ /+{{{ Chan—tin(mrkapfgwg%qﬁ
: , . in

* timecycle t)*/ * it returns 1 if the tineout is expired

either case * it loads up the timeout in mywsp. The caller should | oad *
cond->test = tinerTest and deschedule hinself if 0O is * returned, and fall
through to next task if 1 is returned. int chan_tin(workspace t *nywsp,
timecycle t timeout) { nywsp->altstate = ALT_NOALT; /* UNCONDI TI ONAL

nywsp- >t i resiatatien thdconditlCENPLhE] ENMfhe cBYAWSRI ThHERR ST tHTBQME ofr et urn
rncco_expired(timeout); '} /*}}} /*{{{ chan_input (woikspace_t

* wor kspad&etdevice thatis driving diaesiernal ¢odée transmi ssion took place, 0 if
other side not * there. if other side is there, it calls attachTask after
* transm ssion. The caller shoul d deschedule hinself if O is * returned,

and fal |l thw.oughmdahbeXerfaelicd byla ??o%ﬁérﬁfﬂh"cﬁcomfbﬁteﬁoéoﬂﬂxﬁﬁs 0Si ng
output, it sets nywsp->altstate = ALT LT * which should be the default

anyway except BEOReRs osiser mlaredadk quativapregpens. each WRORTANTE | f

i ncom ng- > is NULL, this i,s output-and-end-process. In this case,

1t achTas BPeas: PURR ssotiatep vl b st ARate B SRR fhbts has
deschedul edsks,sehErdinG@RGhineR dvihe sk §hOYL ngrePfﬁ%cﬁmeys Finhffgs 1 nput
is part of an ALT. LID 7/9/01 "int chan_input(WworKspace_t *nywsp,

wor kspace thedirshiasltin thetaskmgtenie dnd worrcsmag ¢hat task frimdhe taskianadr; i f

(i noom no.aussisel XAtk B ety 2SiGtohe Melari cBoReg the e n 1.

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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} nmywsp->altstate = ALT_NOALT; *chanadr = nywsp; return O; } /*}}} */

[ *{{{ chan_out put (workspace_t *,workspace_t **,int)*/ /r{ §*NOY J&urns 1
if the transm ssion took place, 0 if other side not * there, 2 if an alt
was underway on the other side. if other sideis * there (and, if alt,
waiting), it calls attachTask after transm ssion. The caller should
deschedul e hinself if 0 or 2 is * returned, and fall through to next task
if 1 is returned. Page 3 8 8 NOV 200? CHANNEL.C * | MPORTANT: if

nywsp- >codshildstadNll &r plddess ésctouhNdttasRdneN sl oese; wherkih éddisceage, the
cal l er shoul d deschedul e hinmsel f unconditionall'y. * This should be used
only if tHesktRlresreRzee an METE sUQmSPPDLadks ke femarm chilgseguonkspace t

* , P ; | k * i : -
Chanaar | A REEe ts BAPALeil R R Yt o BERE e A ORREH DS, T e
{ i ncom ngikl $edipdreces AGTyEEABMipleteld; Gald state==ALT_WAITING { }

attachTask(i ncom ng- >codez); *chanadr = nywsp; return 2; /* basically
equi val ent to Gnfingna fansbyirgening an end fan component in the last task of

mencpy(in L.ng-:.2t [ Y - >t r.anadr, | engt h); .

2t tach Tas R RCat AR e MR GRA R PO mgith . Yegrsrmentine fhe ppgrab, -

nywsp;  reliebbdl Bn 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-global fan end task in a
task queue is run with interrupts and any multiprocessing 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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porxpyy <L I{{{ chan_talt(workspace_t *)*/ /* * It stargsNgp Al§ by
setting nywsp->altstate = ALT _ENABLING *

not set.

ALT_ENABLI NG nywsp->tinerstate = 0; return ALT_ENABLING } /*}}} */

int chan_talt(workspace t *nywsp) { nywsp->altstate =

[*{{{ chan_alt(workspace_t *)*/ [* It starts an alt by setting
nmywsp->al tstate = ALT_ENABLING int chan_alt(workspace t *nmywsp) {
nywsp->al tstate = ALT ENABLING return ALT ENABLING } [/*}}} */ [1*{{{

chan_enbt (avd ppaseitin®a tastegyee it with! irRBai®s ehd b

it makes sure alt time marked

r alternative.

it

does NOT set ready: taltw will * do that. This nerely checks the timeout
is the | oviB¥dtipTaressig CEhbeonerkespar clisablogasp, timecycl e t timeout) {
(nmywsp->tinmerstate) { if ((nywsp->tineout)>tineout) nywsp->tinmeout =

ti meout ;

return 0; 2% PiHe tlethb{{df @han_ENbst¥eikIpac@dditionqlsRaseotdered™/ *

enabl es an alternative channel (the bool ean should be in the Page 4 0

} else { nywsp->tinmerstate = 1; nywsp->timeout = tineout;

NOV 2006 &nd 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 or 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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CHANNEL. C * calling code). If nothing there, it places its descriptor in
it, * and returns 0. If sonething already there, it witéds{rggdyziignd
returns ALT _READY. It assunes ALT _ENABLI NG or ALT_READY when call ed,

wi t hout checki ng. Does not check if incom ng descriptor = nywsp (sane
channel * ALTed twice). int chan_enbc(workspace_t *m wsp, workspace_t
**chanadr) { workspace_t "incomng = *chanadr; if (incomng) {

nywsp->al tstate = ALT _READY; return ALT_READY; } *chanadr = nywsp;
return 0; and g ¢¢nditior ¢4 sishanf arnbs( whickbeaeiee twotkspade bbiraRaklf €ge an
alternative ski t he bool ean_should be in the * calling code). Al ways
returns AE‘?EaﬁN%Y UeHe 18faRoBhb ddwsrorkpaees addigssp) {  nywsp->al tstate =

ALT READY; re ; . *{ 1. n_talt rkspace t *)*/ |f not
feady. it does tacbBrdpace ot RPN SHBP g pdhben . ™
ti med out thsmﬁlwg_fgﬁéﬂéxmm@bdbrtﬁq%ge&tﬁc%@/br perfdighs ti med out, sets

ALT_WAITING and returns 2 (ALT_ WAITING . if tineout not set: sets
ALT_WAI TI RESTURBIMGAT It §coordipg tautire qqopmunicationepaiameters eangdfier ALT READY

(3). I'f ALRMAIE I ace itself on the tinmer queue *
if timeou aéeet ,e gﬂni? E%%%Sgggﬁa:%ﬂ%g&%g&qg#ﬁ %lélt?@ %% r?guﬁ% WSFH‘SP%(% ough (to
a short tpsintetab Inooipt et@ksphee Adlresylpenaer O {19 chhanitdh aRNe or in
sel ections). i{nt chan_tal twt (workspace_t *nywsp) {

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 10 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 request for input or output

from a user to the resource allocator,
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I f ((mywsp->al tstate)==ALT_READY) return ALT_READY; if (nywsp->tinerstate)
{ if (rncco_expired(nmwsp->tinmeout)) { nywsp->altstate = AT} READY]IG
return ALT _READY; } } nywsp->altstate = ALT WAITING return ALT _WAI TI NG
} I*{{{ chan_al twt (workspace_t *)*/ [* If not ready, it sets ALT _WAI TI NG
and returns 2 (ALT_WAITING. If ready, it returns ALT _READY (3). If

ALT WAI TING the process shoul d deschedule, otherwise fall through (to a
short task that conpletes the ALT and goes on to branch anong sel ections).
int chan_al t wt (wimrkipaieerdscuitesilocatbf id feBpamRiveald 86 hehnrAleloREADY)
return ALT_READY; nywsp->altstate = ALT_WAITING Page 5 0 8 NOV 20016
CHANNEL . Clioen thg rapnestars) Mg stripg ppyity and }Q asteas, aind ta tiordtspace_t

* tinmecyc =" * Xe.Returns 1l.if and.only.if timed out. * Calling code
shoul d ﬁn%?gﬁé.ttsi ‘éeﬁé{‘ef’%/s ol dopuitiang qind BB e THERE S on (if it was
never attachgdunidaes wish e RtARLSANty ARH 10N StHoWIksRace_t

*mywsp, timecycle_t timeout) { return rncco_expired(timeout); } /*}}} */
I *{{{ chaFcHWEchorRE paresmits statk epacdata tg the users, and

wherein each stripe parity and 10 master performs parity creation,

f

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 IO 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 10 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 muitiple local requests to
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* |t disables an alternative channel (the bool ean should be in the *
calling code). If it was ready it returns 1 (selectable), otherwise it
returns 0. Does not check whether it has al ready been seﬂe&tf‘(ﬂi’; (Ubhi s

shoul d be done by calling code. * Assunes it was enabl ed (so *chanadr==NULL
is not a possibility) and * that the other side is not nywsp. int

chan_di sc(wor kspace_t *nywsp, workspace_t **chanadr) { workspace_t
*Incomng = *chanadr; if (incom ng==nywsp) { *chanadr = NULL; return O; }
return 1;thé rédqurce dlldohtorhahesiinshentteapac futthey trandhits dthtelugabl es an

al ternative, ski ghét he bool ean should be in the * callin codez. Al ways
returns 19RHH (R ENeUSEES &2 rESRORYMEP GhaBPRbFRSIPaSEsTeepyRefrom theet urn 1; )

[ {{{ cha R o=Yale|] ace t *)*/ [/* * |t concludes the alting by
returning the al tslt@?g%teo ALT_NOALT=O. * Assunes calling code is acting

upon t he branciwhientior that rezoufros adlocabr & tdipbneiieNionebmmtiAR adidrisng code
actually does a transm ssion  * of data, only pinpoints it ready. int
chan_al t el@ ety thRgBREPE Rarity/asg-lSamastense anda TimenLagcepts

k&
el LT RN T p——
the stripe parity and 10 masters to allocate resources, and transmits
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.
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* It returns O if waiting, nonzero if ready. * channell has higher
priority. * booll OR bool2 nmust be true. int twochan_alttop( rga?aﬁﬁit
*mywsp, int booll, int bool2, workspace t **channell, morké%ﬁc Uy cull
**channel 2) { chan_alt(nywsp); if (bool 2) chan_enbc(nywsp, channel 2); Page
6 0 8 NOV 2006 CHANNEL.C if (booll) chan_enbc(mwsp, channel 1); if
(chan_al twt (mywsp) ==ALT_READY) return 1; return O; } [*}}} */ [*{{{
twochan_al t bott om(wor kspace t *,int,int,w. ** w. **)*/ |t returns O if
error, 1 if channell preferred, 2 if channel2. * channell has higher
priority. * booll OR bool2 nust be true. * All formals nust be the sane as
in the twochan_alttop call with * no val ue changes between. */ int
twochan_al t bott om(wor kspace_t *nmywsp, int booll, int bool?2, workspace t
**channel |, workspace_t **channel2) { int branch = 0; if (bool2) { } if
(chan_di sc(nywsp, channel 2)) branch = 2; if (booll) { } if

(chan_di sc(nywsp, channell)) branch = 1; chan_altend(nywsp); return branch
} /*}3y ¢ {{{ twochan_talttop(workspace t *,int,int,int,w. ** w.

** time..)*/ * It returns O if waiting, nonzero if ready. * channell has
hi gher priority, tinmeout has lowest. * booll OR bool2 OR bool 3 nust be

~ APPENDIX A



* I f ALT_WAITING and nywsp->tinmerstate both valid after calling this, the

cal ling code nust attach condition to timer queue. int [ § NOV 2005
twochan_t al ttop(workspace_t *nmywsp, int booll, int bool2, int bool3,
wor kspace_t **channell, workspace_t **channel 2, tinmecycle_t tinmeout) {

chan_tal t(mywsp); if (bool 3) chan%hé mywsp, tinmeout); if (bool2)
chan_embc(nywsp, channel 2); if (boo cLh'an_enbc( nmywsp, channel 1 ); if
(chan_tadtaat( ehansp)s=aM BIREARY) onetwony indepeedamtnpiudd-thireddst */ {{{
t\/vochal;")ﬁ%s% Eb@ﬁ&iggﬁ(é@o%ﬁsﬁ%e tk Qg ]ifynt intowe. Fxow cx tine )t/ It
returns ik iy _/ﬂ%”rr,oﬁeca s& fitgﬁjb%qgﬁ tﬂg%ingﬂfeggme%‘a's Qgén%/gl * channell has
hi gher *priority. * booll OR bool2 OR bool 3 nust be true. Al formals nust
be th ?Qﬁmeaﬁ“eﬁlﬁﬂt-r@e twochan_alttop call with * no val ue changes between.

The ti ¢ gg? h gn * renmoved (unconditionally) fromthe
tinmer %%Eue@e ggreﬁggglwz)tdt{}aﬁ?m%i {nt twochan_t al t bot t om{ wor kspace_t
*nyws@gy int booll, int bool2, int bool3, workspace_t **channell,

wor kspacHitiaMensiHerequired foceqrispacespeout) { int branch = 0; if (bool 3)
' iff‘(%"hdSn_di st{ﬁﬂ@ﬁf’zﬁ ﬁgfg% SHf Yt Rods 3‘?“’ if?{l'("%%ﬂ’ 2oL it

(chan_di celerymsp, TriansFilzed ) tod Faieimg 2ode Jb1bék (bool 1) { } if

( chan_di easierpdesp, Dlianmbiizedl ) tdoFalioirg Tpde Pagek X sind abipfeRP06 CHANNEL. C
chan_alt end( nyvvspﬁ“doﬁ‘élguf‘:?fjeof“%ﬁet code-»exitcond correctly:

de chan_input, _butput, chan_altwt.
* tranadr valid address for transmission
* altstate Initialized to 0 unless internal to alt sequence
* in which case the alt calls take care of it after
* initializing to 0 before chan_alt
* timerstate Initialized to 0 (no timer ait running) but can
* be set nonzero by chan_talt.
* timeout timeout: when time becomes >= timeout, reschedule

%

or make alt ready.

L

* OrQerin? of a talt (channel and timer case):
* void talttopRun(void *data, code_t *thiscode) {
*

mywsp->code->data = data;

* m%wsp—>code~>run = altresultRun;
chan_tatt{mywsp);

? chan_enbt(mywsp, timeout);

*  chan_enbc(mywsp, channell);

*  thiscond->head = NULL; no queue if not timer
* if (chan_taltwt(mywsp)==ALT..READY) {

* thiscond->test = NULL;

* thiscode->exitcond = thiscond;

* } else if (mywsp->timerstate) {

* thiscond->data = (void *Imywsp;

* thiscond->head = find_timer_head();
* thiscode->exitcond = thiscond;

* rncco_enter_atomic(};

* thiscond->test = timerTest;

* attach_timer_condition(thiscond):
* rncco_exit_atomic();

* 3} else {

* ) thiscode->exitcond = NULL;

}
* void taltresultRun(void *data, code_t *thiscode) {
* dnt branch = 0;

* detach_condition(thiscond); remove if in timer queue
* if (chan_dist(mywsp,timeout)) branch = 2;

* if (chan_disc(mywsp,channell)) branch = 1:

*  chan_altend(mywsp);

* if (branch==1) {

* input from channell;
* execute branch 1;

* } else if (branch==2) {
* execute branch 2;

* 1 else {

* CROAK,;

E] }
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} /*}}} N.~ Page 8 u 8 NOV 2006 | NTSPACE. C /* | NTERRUPT SPACE CODE FOR
RAID Larry Dickson * Land-5 Corporation 2/27/2001-3/1/2DQDy 3{[L9/ 2001,

3/ 20/ 2001 For the time being I will enbed the structure definitions in this
file. LIJD 2/27/2001 Add tinecycle_t, and add timeout to condition-t. LJD
4/ 20/ 2001 * Took the structure defQﬂL®h¥n§ out of the file. LJD 4/24/ 2002
#i ncl ude ¥ rncomon. h" /*{{{ attach_condition*/ ATTACH THE CONDI Tl ON
Assunes:thiscond->head is already valid head of the queue to which this
wi || be,agttachéd. . shold d he calted-frronrwi-thin-the-i-mredi-at e code bl ock

af t er &%ﬁgﬁ}%‘%tﬁfﬁﬁggjﬁaﬁgy%@ﬂ“igg,\g?iezqﬁ;d&odgfqﬁ, head, AND WH LE THE
CONDI TION .S..STILL FALSE. 1f ¢ondiTion does true before * the attach takes
pl ace, IheﬁWﬁ@n>ﬁN@t¥@ﬂhy=ﬁb€a;set t hi scond->code to NULL! otherw se you
my waij f@%%ﬁgﬁ““m* ZwNﬁiﬂ”5PP§6ﬁﬂﬁondition(condition_t *t hi scond) {

conditien_thmlknﬁ g | chadddiggond- >head; /* nust be real */ condition_t

*t hi shead charnt_hnlst{eqess, chinr(eih) shead) { /* this is being attached to end */
condi ti;bn_f‘f*@hﬁ’i]tﬁﬁi@wééﬁiiﬁrw#?m@nﬂ- >next = thiscond; thishead->prev =
thi scond;  thys ds ﬁﬁ%‘ thj ; thiscond->prev = end; } else { /i
this is*beﬁng;at{acﬁed tgn%n g&%¥§%%hain *t hi sheadp = thiscond;
thiscode->exitcond = NULL;

void altresultRun(void *data, code_t *thiscode) {
int branch = @;

it (chan_disc(mywsp,channel2)) branch
if (chan_disc{mywsp,channell)) branch
chan_altend(mywsp);
1f_(branch==1§ {

input from channell;

execute branch 1;
} else if (branch==2) {

input from channel2;

execute bhranch 2;
} else {

CROAK;

i
B

sk b ok ok b s ab ok sk b sk 3L b b R 3 % % b

%

2%

setting unconditional timer wait code-»exitcond correctly,
with mywsp->code=nextcode, thiscode->parent=NULL,
thiscode-~>fan=NULL:

I

»

E

thiscond->code nextcode;
thiscond->data = (void *Imywsp;
thiscond->head = find_timer_head();
thiscode->exitcond = thiscond;
rncco_enter_atomic();

* if (chan_tin(mywsp,timeout)) {

*  thiscond->test = NULL;

* 1 else {

*  thiscond->test = timerTest;

* attach_timer_condition(thiscond);
*

o

% % o 3k 2%

* rncco_exit_atomic();
* <return from thiscode->runs>

* Setting code->exitcond correctly, with mywsp->code=nextcode,
thiscode->parent=NuLL, thiscode->fan=NULL:

if (chan_input(mywsp, channel,length)) {
thiscond->test = NULL;
thiscode->exitcond = thiscond;

} else {
thiscode->exitcond = NULL;

L R

&=

b

ES

<return from thiscode->run>

*

Ed

if (chan_output(mywsp,channel,length)&l) {
thiscond->test = NULL;

*
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t hi scond->prev = thiscond; thiscond->next = thiscond; } } /*}}} *1 [I*{{{
runtests*/ CHECK IN AN | SR AND QUEUE CODE. All code is ASSUN@DN@VOﬂmg. Thi s
i ncludes SMP effects. * The formal points to the condition queue (initially
NULL). This routine traverses the entire condition queue - the * tests
better be fast and the queue rather ghgii.. * WARNING - |f the underlying
di sks shar ehzcb@guesit@veue thiidy@p; a separate head will need to be shared

t oo, antl laklse foom on- queue requests chained to it. Then every | SR cl eanup
* will beieah‘tséo‘éedl>lex’rﬁfﬁf‘és=t $Vklgr der ed==FALSE) for its (done check) * queue
AND cal + gpalrastom( ofdergds+iRUE) for the shared request queue. * sug fix
- L3D 4/16/01 - null connections of thiscond in right place. Bug fix - LJID
4/ 16/ 01* S fpighantadswt s plorrdEEtRERPY) oi d runt ests(condition_t **head, int

or der ed) {gﬂéﬁﬁ TESTLE Miisnew = *head; if (thisnew) { condition_t

*thistath gﬂkh{sneMF>prev; condi' fon_t *thiscond; do { /* thisnewis

guar ant’eedthicchde-nexiNdbhd RewneLry/  thiscond = thisnew, thisnew =
thiscomﬁ3>next;fPag§%1 6,8 NOV 2006 | NTSPACE. C if

(t hi scond” StE8t (R i5509€388%) ) { pl ace thi scond- >code on i medi ate queue
att achfgagk(ti scond- >code); thiscond->head = NULL; /* nakes it illegal !

* [ /*{{{ chan_tin(workspace_t *,timecycle_t)*/

*

* It returns 1 if the timeout is expired, O if not. In either case
it loads up the timeout in mywsE. The caller should Toad

cond->test = timerTest and deschedule himself if 0 is

returned, and fall through to next task if 1 is returned.

g% ok ¥

int chan_tin(workspace_t *mywsp, timecycle_t timeout) {
mywsp->altstate = ALT_NOALT; /% UNCONDITIONAL */
mywsp->timerstate = 0Q; /* UNCONDITIONAL */
mywsp->timeout = timeout;
return rncco_expired(timeout);

*11} 0*
/*{{{ chan_input(workspace_t *,workspace_t **,int)*/
/%

It returns 1 if the transmission took place, 0 if other side not
there. If other side_is there, jt calls attachTask after
transmission. The caller should deschedule himself if 0 is
returned, and fall through to next task if 1 is returned.

EL

For the opposing output, it sets mywsp-»altstate = ALT_NOALT
which should be the default anyway except between chan_alt and
chan_altend.

L

£

st

IMPORTANT: +if incoming->code is NULL, this is output-and-end-process.
In this case, attachTask is not called. It is assumed that
? the outputting process has descheduled itself unconditionally.

; This should be used only if this input is part of an ALT. LID 7/9/01
int chan_input(workspace_t *mywsp, workspace_t **chanadr, int length) {
workspace_t *incoming = *chanadr;
if (incoming) {

memcpy (mywsp->tranadr,incoming->tranadr, length);
if (incoming->code) attachTask(incoming->code);
*chanadr = NULL;

return 1;

%

b1

mywsp->altstate = ALT_NOALT;
*chanadr = mywsp;
return 0;

11y %/
*{{{ chan_output(workspace_t *,workspace_t **,int)*/

LS

T

* It returns 1 if the transmission took place, 0 if other side not

* there, 2 if an alt was underway on the other side. If other side is
there (and, if alt, wa1t1ng), it calls attachTask after
transmission. The caller should deschedule himself if 0 or 2 is
returned, and fall through to next task if 1 is returned.
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if (thisnew==thiscond) { /* detach thiscond fromthe queue thiscond->next
= thiscond->prev = NULL; /' it's the only thing left: enptyy t@qytﬂpeﬂgﬂ
*head = NULL; thiscond = NULL; break; /* should not be needed fseif
(thisnew) { /* the queue had at |east 2 nmenbers, doesn't enpty condltlon_t
*|ast = thiscond->prev; /* detach t%ﬁ&gnd fromthe gqueue */

t hi scond- >next = thiscond->prev = N [Gst - >next = thi snew,

t hi snevi iﬂPQ}VAMTi asEtmywsb >(c(o’tl|ae|a;d st htlsmmd)ou’tbeadna‘—dnhusmmss } else {

br eak; J 15 ] F g@%g@ g ﬁs'@eduﬂe(fama@}fedwcc{ndbt@w yx o f

or der eds,Pi¥ S firse AEhGRiSTEe (PhRE BRAISPhAVEE ) 1 /*{{{
att achﬂtﬁ ak4n GOf’rﬂltme”sbaceNETﬁ@h‘sﬂ_ HeokdWake E BAgE@]aGQNDl }_hmengfﬂ)l $is a
speci alé fk%ErC&an\smnuhgadtﬁamdrI he condition, not at the end

(necess it t.condition whose (absolute) timeout is <=
t he one f(pﬁl% %Q‘;)* ﬁgﬂ%glmq%ﬁa& &1 ng. Assunes thiscond->head is

al ready val1rtdo:he@d>a)'ftsh:b]ee gusLre rtgDYS which this will be attached. Should be
call ed frorﬂfvm(ﬂ'ﬁsﬁat?ﬁ%m@‘{m tode block, after thiscond is set up with
test, data,; GOUTAYE YTREGUCIAND WH LE * THE CONDITION IS STILL FALSE.

| f conditi onhgear Lrvaspefore the attach takes place, then don't attach,
just set * Itemumdnd/bd:estecaﬂa)yMdhi_\kamtrhetrovma‘eomomﬂmymuarfz forever. * Should
be caIIed th lnterru s di,sabl ed otherdvm1s {]mer may * trash the chain
in the m SRIBLRL %%%aﬁ&ﬂﬁ%@g"ﬁ’ﬁsr’mf‘?@ Fy'4FPEd ordered, with

test =ti mertdasidr = NULL;
return 1;

*chanadr = mywsp;
return 0;
11 0¥

/*{{{ chan_talt(workspace_t *)*/

kS

* It starts an alt by setting mywsp->altstate
* Tt makes sure alt time marked not set.

*

ALT_ENABLING.

int chan_talt(workspace_t *mywsp) {
mywsp->altstate = ALT_ENABLING;
mywsp~>timerstate = 0;
return ALT_ENABLING:

* ki3
/*{{{ chan_alt(workspace_t #*)*/
/*

* It starts an alt by setting mywsp->aTtstate
int chan_alt(workspace_t *mywsp) {
mywsp->altstate = ALT.ENABLING:
return ALT_ENABLING;

}
/*3FY %/
/*{{{ chan_enbt(workspace_t *,timecycle_t)*/

ALT_ENABLING.

HS

* It enables a timer alternative. It does NOT set ready: taltwt will

: do that. This merely checks the timeout is the lowest.

int chan_enbt(workspace_t *mywsp, timecycle_t timeout) {
if (mywsp->timerstate) {
} 1? ((?ywsp >timeout)>timeout) mywsp->timeout = timeout;
else
mywsp->timerstate = 1;
mywsp->timeout = t1meout;

return 0;
% } *
/*{{{ chan_enbc(workspace_t *,workspace_t **)*/

* It enables an alternative channel (the boolean should be in the
Page 4



data=(voi d *)wsp, where thiscond->tineout==wsp->tinmeout, and (LJD 5/3/01)
wor kspace_t *wsp contains alt information as appropriate. pqiSFW'gwm
attach_timer_condition(condition_t *thiscond) { condition_ i Sheadp =
t hi scond- >head; /* nust be real condition_t *top = “t hi sheadp; tinecycle_t
time = thiscond->tineout; if (top)ofisg@ndition_t *end; if _
((t op- >t camong Jootie e )X F{nokhi af Ftﬁ@l*b,tﬁ)tPWQaés H8s fdeontip@br SAMeENing */  end =
o s P e Wherce 1T T s
top; th 4 ' i & ARE se * isis
nof bekﬁgﬁﬁg%hgﬂgﬁgﬁﬁaF¥%ﬂ?g*/ condition_t *thishead = top; do { Page 2 0
8 NOV 208fes hd¥l SRAGE € iinkcorf {nghtedteagieort ErBagh ) shhdRhatiedak; thi shead =
thishe§9N$H€XWWC?)mhile (t hi shead! =t op) ; ﬁnd = thlshead->FL¢vh Snd->next
= thi ' i%mﬁg - >Dr eV, = i . thiscond: xnext = i shea
t hi scgﬁgbq%gégﬁ% €] gﬁ'ﬁ%"f se;"\?;gg E{j’ﬁgggﬁlc%"ﬁ S %'%F%%sa‘ft ached to an enpty
chai n *if (Sotumshendp = thi scond; thiscond->prev = thiscond;

mywsp->altstate = ALT_READY;

return ALT_READY;

*chanadr = mywsp;
return 0;

¥ *

11}
*{{{ chan_enbs(workspace_t #*)*/

TN

%

* It_enables an alternative skip (the boolean should be in the
* calling code). Always returns ALT_READY.
%

int chan_enbs(workspace_t *mywsp) {
mywsp->altstate = ALT_READY;
return ALT_READY;

*11r
/*{{{ chan_taltwt(workspace_t *)*/
/'a’r

* If not ready, it does the following two things:
% if timeout set, checks it;
if timed out, sets ALT_READY and returns 3 (ALT_READY);
__iT not timed out, sets ALT_WAITING and returns 2 (ALT_WAITING).
if timeout not set:
sets ALT_WAITING and returns 2 (ALT_WAITING).
If ready, it returns ALT_READY (3).
If ALT_WAITING, the process should place itself on the timer gqueue
if timeout set, and then deschedule. Otherwise it should fall
through (to a short task that completes the ALT and goes on to
branch among selections).

EE R T

* %

*

int chan_taltwt(workspace_t *mywsp) {
it ((mywsp->altstate)==ALT_READY) return ALT_READY;
if (mywsp->timerstate) {
if (rncco_expired(mywsp->timeout)) {
mywsp->altstate = ALT_READY;
return ALT._READY;

}
mywsp->altstate = ALT_WAITING;
) return ALT_WAITING;

/%33}
/*{{{ chan_altwt(workspace_t *)*/

a

* If not ready, it sets ALT_WAITING and returns 2 (ALT_WAITING).
* If ready, it returns ALT_READY (3).

* IT ALT_WAITING, the process should deschedule, otherwise fall
* through (to a short task that compTetes the ALT and goes on to
* hranch among selections).

int chan_altwt(workspace_t *mywsp) {
if ((mywsp->altstate)==ALT_READY) return ALT_READY:
mywsp~->altstate = ALT_WAITING;

Page 5



t hi scond->next = thiscond; } } [/*}}} */ [/*{{{ detach_condition*/ /rc *
DETACH CONDI TI ON (FROM THE M DDLE?) This renoves a condition fromthe
middl e (or beginning or end) * of a condition queue. It iMISHIhellibal | ed

atomcally! It is * normally used to renove sonething (like a failed alt
branch) fromthe tinmer queue. * *.| fNNEE‘%hCO”di“O” isn'"t there it does
not hi ngreAssunes waitieut * testing that the condition is nonNULL and
real | ;}* Rt;ac_‘;‘_zed to the queue in question. void

det ach. di t.i . Ltian t *thisco .,condition_t **thisheadp =

t hi scong- héa%f?‘raﬁgp@tgh%%ﬁg%pf’ 1m§5ﬁ§ﬁ%’it§)r{_t *top = *thi sheadp;

condi ¥/ifon_t *thi snew = thiscond->next; thiscond->head = NULL; /* makes it

i || egall Réburnsik ift g%c yj iF ﬂ@?ﬂzﬂt{hi scond) & i f (thisnew==thiscond) { /*
 ¢all 0 u t : i — .
det ach .t ¥}, 5 Bhet ;%t Jfé(% ﬁg@gé OPO¥HER? ey SLMMI >prev = NULL; />
it's the only thifgng l'ert: enpt?t%qié%%’uécﬁeere g?hnlosPnl'ﬂegaﬁéifce)m'— NULL; } else if
(t hi snew)chgn/distieortaeare_hathyasp |tdastyQeperdisedir) doesn' t enpty condition_t

*| ast ,="¥H 8 cIHGoOHPdted (Limegetach t hi scond from the queue */

t hi scg}m next = thiscond->prev = NULL; last->next = thisnew,
t hi sngwtHpr evare di asWworksphbé_sheagdiprkspddel_snewyx, } el se {
/*
* It _disables an alternative channel (the boolean should be in the
* calling code). If it was ready it returns 1 (selectable). Otherwise
¥ it returns 0. Does not check whether it has already been selected;
; this should be done by calling code.
* Assumes it was enabled (so *chanadr==NULL is not a possibility) and
:/that the other side is not mywsp.

int chan_disc(workspace_t *mywsp, workspace_t **chanadr) {
work§pace_t *incoming = *cﬁanadr;
if (Ancoming==mywsp) {
*chanadr = NULL;
return 0Q;

}

return 1;

1} +/
{

{ chan_diss(workspace_t *)*/

n

LS

e

%

* It_disables an alternative skip (the booiean should be in the

* calling code). Always returns 1 for selectable.
int chan_diss(workspace_t *mywsp) {

return 1;

/j‘e %
/*{{{ chan_altend(workspace_t *)*/
/-.': .
* It concludes the alting by returning the altstate to ALT_NOALT=0.
* Assumes calling code is acting upon the branch information found.
* Note that nothing in the alting code actually does a transmission
* of data, only pinpoints it ready.

int chan_altend(workspace_t *mywsp) {
mywsp->altstate = ALT_NOALT;
mywsp->timerstate = 0;

, return 0;
/31y ¥
;:{{{ twochan_alttop(workspace_t *,int,int,w.. **,w.. %)%/

* It returns 0 if waiting, nonzero if ready.
channell has higher priority.
booll OR bool2 must be true,

ko

4

int twochan_alttop(workspace_t *mywsp, int booll, int bool2,
workspace_t **channell, workspace_t **channel2) {
chan_aTt(mywsp);
if (bool12) chan_enbc(mywsp,channel2);
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return; /* should never happen } } else { /* top != thiscond: not the
start condition /* the queue had at |east 2 menbers, doesn'fg ge ty 6
condition_t *last = thiscond->prev; /* detach thiscond fromt eﬂg e@g */

t hi scond- >next = t hi scond- >prev = NULL; |ast->next = thisnew, }

t hi snew->prev = last; } } } /*}}}C—NNEE_ e 3 0 8 NOV 2006 RNCOMMON. H

#i f ndef 1RNCMVON dHan #aek (iers H #i fndef NULL #define NULL (void *)O
#endi f /¥ (ehearabBiwvtémmsk) +5AE_REARYStrebermilgger than ever needed typedef

| ong Iprf&t‘t"f cycle_t; #define RN_TIMECYCLE 1 /*/aitmap used in RAID
stripegigenmgnd sets to underlying disks #ifndef RN_DOANVASK #define
RN_D(MS/* SKﬂmotlyqoadeannm(@nelshpl_?_aéég; dgwmm‘ STSRE’gfbgé#gndl*ﬁ‘)*TIStruclti”gsbgeeged
for eudot hread seguencin K cqde F normally calle

codeﬁt kgg&%ﬁé@%sﬂf 'gﬁg;géhirﬁﬁf'i%ﬁ%c@&é@g&&ta%Mi@@ﬁﬁl@)z;- * thiscode->run
poi nt's # 6ol 1bbR oq)EJ medeeusrid real allocated and * structured data at

t hi scodeA}tidicanats miktsbedde>same asds the teedandaTaopeadall avizat AT MOST ONE
of j/no value changes between.
int twochan_altbottom(workspace_t *mywsp, int booll, int bool2,
workspace_t **channell, workspace_t **channel2) {
int hranch = 0;
if (bool2) {

) if (chan_disc(mywsp,channel2)) branch = 2;
it (booll) {
if (chan_disc(mywsp,channell)) branch = 1;

chan_altend(mywsp);
return branch;

1o/
{{ twochan_talttop(workspace_t

faahe ol

#nt,int,int,w.. **,w.. ** time..)*/

¥ It returns 0 if waiting, nonzero if ready.

* channell has higher priority, timeout has lowest.

* booll OR booT12 OR bool3 must be true.

* IT ALT_WAITING and mywsp->timerstate both valid after calling
* this, the calling code must attach condition to timer queue,

o

int twochan_talttop(workspace_t *mywsp, int booll, int bool2,
int bool3, workspace_t **channell, workspace_t **channel2,
timecycle_t timeout) {
chan_talt(mywsp) ;
it (bool13) chan_enbt(mywsp,timeout);
if (bool2) chan_enbc(mywsp,channel2);
if (boo11l) chan_enbc(mywsp,channell);
if (chan_taltwt(mywsp)==ALT_READY) return 1;
return 0;

x *

;:{{{ twochan_taltbottom(workspace_t *,int,int,int,w.. **,w.. ** time..)*/
* It returns O if error, 1 if channell preferred, 2 if channel2.
* channell has higher priority.

* booll OR boot2 OR bool13 must be true.

* A1l formals must be the same as in the twochan_alttop call with
* no value changes between. The timeout condition must have been
f removed (unconditionally) from the timer queue before calting
*/th1s.

int twochan_taltbottom(workspace_t *mywsp, int booll, int bool2,

int bool3, workspace_t **channell, workspace_t **channei2,

timecycle_t timeout) {

int branch = 0;

if (boo13) {

if (chan_dist(mywsp,timeout)) branch = 3:

I
if (bool12) {

e

) if (chan_disc(mywsp,channel2)) branch = 2;
if (booll) {
if (chan_disc(mywsp,channell)) branch = 1;
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* thiscode->exitcond, thiscode->parent, and thiscode->fan according * as
the end is a condition test, an END PAR or a PAR respectivel §J;8 NUV'Qprne
are set the end is unconditional (a real termnation). struct condition;
struct par; typedef struct code { struct code " next; /* no sync flag
needed LJD 3/20/01 */ wvoid (*run) &Mﬂkg%ﬁz struct code *); void *dat a;
struct cbadiaflten(hexdighcond; struct par *parent; struct par *fan; }
code-t; MHENPAFANSITRUCTURE * This supports the fol l owing paral | el branch,
iIIusengg?d*por * nbranches=3: * * | * PAR

---------- Feoeem-oe--*-ooo------\ cbrnch[0] cbrnch[1] cbrnch[2] * END PAR *
- * 1 *endcode * A PAR exit by the parent sets nleft equal to nbranches
and | oops * over the nbranches branch entries, which nust be an al ready
initialized code_t array. An END PAR exit at the end of a child

qgquasi -thread decrenments nleft and abandons its quasi-thread and, * if
nleft goes to O, unconditionally branches to *endcode, which * nust be an
already initialized code_t structure. if the Page 1 G 8 NOV 2006
RNCOMMON. H * connections bit corresponding to a branch is not set, this is
a null branch (no code is run, only nleft is decrenmented). typedef struct
par { int nbranches; int nleft;
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downmask_t connections; code_t *cbrnch; code_t *endcode; } part; * THE
condition STRUCTURE nornally called by * condition_t *thi squdNOg 2ﬂbﬁ
(thi scond->test(thiscond->data)) { * <code that may di sconnect

t hi scond->prev and thi scond->next> * <code that branches to or queues

t hi scond->code> *}el se{ * <code that. gconnect thiscond to an ISR> * *
This t/est takes place once in the overlying code execution. If * it fails
t her e, *i INTEGRURT: aeA@dCconr aorliRgkD| SR and will be retried * there till it

succeeds-amy BIckEon o r CLUTL &:sﬁ g& under ﬁ ion that a
conart woke o2, 1 EAGERS O S T o o s
st at es *ntisite. riocpraza/ecban e, a PAR and END are required wth the

condi t iFofdd gimecycid, erdl aftharimedvs emdoodieriofn t.helpady284200tt ure can assune

al | the, Ok HysETUGtEre definitiens o4t of f&ifdleq I H 244092 p0i nter points to
a Si npigcrMdBSeihceimohhgr real * data that can be tested quickly. Typically

t her e /iF${fa testchnamdt tradn*/st ays unchanged whil e awai ti ng conpl etion, and a

state pap pointer to state which is updated by asynchronous code, which

al so cal \srach RpeCcngitiqqn code. * * if thiscond->next==NULL, then this

condi t iosssuBleD@hgLoARPIHQE 9127 feally SkAAY HeaiBRhalRGOER, Otherwise it is
bei ng &dpgliickdthin wilé be aasyghedr onous code. |f (*thi scond->head) ==t hi scond,

then tpigox! cgﬁql %1i1§ﬁ from ‘t’"itﬂ"ﬁg “(% Hmeriates cedmdil e§onatiigdue, and

I Scontk SSEal oo thdi EASEL: SRyl R UM A ok “ana prey +
poi nt eF sthar ettalchaakesigladk arched doh't RitseandjmdeseE=NULL, then the condition
is al v@y@‘ﬁﬁ@f@?@m@ to tNyeL | @ghenwishowiudmde wait (flecevedi.t i onal branch to the

fol 1 oyhN8 2¢0H%: condition(condition_t *thiscond) {
condition_t **thisheadp = thiscond->head; /* must be real */
condition_t *thishead = *thisheadp;
if (thishead) {
/* this is being attached to end */
condition_t *end = thishead->prev;
end->next = thiscond;
thishead->prev = thiscond;
thiscond->next = thishead;
thiscond->prev = end;
} else {
/* this is being attached to an empty chain */
*thisheadp = thiscond;
thiscond;
thiscond;

thiscond->prev
thiscond->next

K

o/
{ runtests¥*/

¥ CHECK IN AN ISR AND QUEUE CODE.

* A1l code is ASSUMED atomic. This includes SMP effects.

* The formal points to the condition queue (initially NULL).
* This routine traverses the entire condition queue - the

* tests better be fast and the queue rather short.

w

* WARNING - If the underlying disks share a request queue,

* then a separate head will need to be shared too, and all

* room-on-queue requests chained to it. Then every ISR cleanu

* will need to call runtests (ordered==FALSE) for its (done cﬁeck)

* queue AND call runtests (ordered==TRUE) for the shared request

* queue.

W

* Bug fix ~ LID 4/16/01 - null connections of thiscond in right place.
* Bug fix - LID 4/16/01 - must test for cond==tail.

void runtests(condition_t **head, int ordered) {
condition_t *thishew = *head;
it (thisnew) {
condition_t *thistail = thisnew->prev;
condition_t *thiscond;
do {
/* thisnew is guaranteed to be nonNULL here */
thiscond = thisnew:
thisnew = thiscond->»next;
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typedef struct condition { int (*test) (void void *data,; ®oge t *code;
struct condition **head; struct condition *next; struct cdéndiN6r208%rev:
timecycle t timeout; } condition-t; /*/workspace and alternation state

val ues #define ALT_NOALT O #define ALT-ENABLING 1 #define ALT_WAITING 2

#define ALT_READY 3 typedef struct; g,lﬁgé)ice{ code t *code; /* run=next
Code, dat a=Fbaahi shoha-thst AL LS 71 addr ess Tor channel
transm ssi ons/* phceathiscand>cpde shatmmedfatal fwsueati on */ Page 2 0 8 NOV 2006

RNCOVMVON. H i ittt PEGT sconde>caded v of tine selection (TALI) tinecycle_t
timeout; /* ﬁgggﬁgniﬁ%ﬁ& gi@%kes}1wnﬁk%éc{e-ﬁt/; /* Trick to

di stingui sh | oW pleitach teiti $dodm Friogihthe Basrd+pn fact that * all tasks' data
structures aretBiscevennaereskisonddoiene 8HAN vol O0RL(voi dadr) ((void

*) (((1 ong) (voi dadsy ¢ | Ohig) g 1okt :TRNREYESRERRGYE FUNCTI ON queues a task
to the approprimiRofdeUgy @S * determned by the actual data in *code. in
t hi s inpl ement btéadn, /* shhéidenatr deomdedetl Wy queues, det erm ned by

((int) (code- 3d l&ﬂih? wehiif zero nmeans hjgh priority and if nonzero
means | ow pri ofdddieion oF atgtg@i lfﬁ%ggg&?%gsa SoRYL'L BIREYE &f nul ti processi ng.
i nt attachrask(/taréeidh"*&ﬁm?%)aﬁ #rom 8u L FUNCTI ONS dequeue a task
froma task qughiscondhnegkr pr tiorsicoydHprev deki@ahTask” and | ow for
"detachlpTask"fmgb*“ibLgfﬂﬁzgﬁ%me task address or NULL if the queue was

enpty. * Furthef ratiohaliucsiy! shdi Degggrkfor mul ti processing.
break; /* should never happen */

} else {
} elise if (ordered) {
break; /* if ordered, first failure ends run */

} while (thiscond!=thistail);

3
11y %/
*{{{

attach_timer_condition*/

S NN

%

ATTACI:I THE TIMER_ BASED CONDITION
This is a specialist version which attaches the condition, not
at the end (necessarily), but after the last condition whose
(absolute) timeout is <= the one found here, in circular ordering.
Assumes thiscond->head is already valid head of the queue to
which this will be attached.
should be calied from within the immediate code block, after
thiscond is set up with test, data, code, head, timeout AND WHILE
THE CONDITION IS STILL FALSE. If condition goes true before
the attach takes place, then don't attach, Just set
thiscond->code to NULL! Otherwise you may wait forever.
should be called with interrupts disabled otherwise timer may
* trash_the chain in the middle of the calculation.
* Normally called ordered, with test=timerTest,
* data=(void *)wsp, where thiscond->timeout==wsp->timeout,
* and (LID 5/3/01) workspace_t *wsp contains alt information
f as appropriate.
void attach_timer_condition(condition_t *thiscond) {
condition_t **thisheadp = thiscond->head; /* must be real */
condition_t *top = *thisheadp;
timecycle_t time = thiscond->timeout;
if (top) {
condition_t *end;
if ((top->timeout)s>time) {
/¥ attach to front in front of something */
end = top->prev;
end->next = thiscond;
top->prev = thiscond;
thiscond->next = top;
thiscond->prev = end;
*thisheadp = thiscond;
+ else {
/* this is not being attached to front */
éon?1t1on_t *thishead = top;
o

¥ oW

Ll N )

* o
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code_t *detachTask(void); code_t *detachl pTask(void); /* This EXTERNAL
FUNCTI ON sets systemtask status: O if no task is * runningt . NGV ﬁmmigh
priority task is running, 2 if alowpriority * task is running. It is
assunmed in this inplenentation that tasks do * not run concurrently or

i nterrupt each other. Nhltiprocessiggmgﬁc*(interrupting high priority would
require furth'e‘r‘(Qtf&hﬁé@d—ﬁ@ﬂneout’)}itdméﬂbﬁ"@&li;.s atus(int value); * atomic data
access * Th?s 1 NﬁFR_'ﬂﬁFwNEFPmNS;enter and exit an atom c code bl ock

whi ch  nust Jriiid &gﬂ?ﬁé@?ﬁgﬁ?s cl eared and mul tiprocessing disabl ed. Thus,
* the cal liagy-6q ok sebMEys assure that after rncco_enter_atomc * is
cal | ed, evetlyisheadichréeadshisaoady rncco_exit_atomic call. int
rncco_ent er tRHSGANECVEKE): thisheadicco_exit _atomic(void); * time function *
Thi s EXTE@NKESﬁ PERY fut%return 1T if timeout is less than or * equal to
the currlerisdi{me, and O if tinmeout is greater than (after) * the current
time. it V3§ Hysuhedelimpattduhetitoean empkytdhann ard starting * point is such
t hat the %ﬁj’}c ﬁg‘j’g i?rgéh}/ﬁgﬁl‘d;ne er "fold over" from* nostpositive to

oSt negat itk fscoll aiaxt e thERghgt i on of a tinecycle_t * and the practical
limits dn programduration. int rncco_expired(timecycle t timeout); #endif

[ #ifn ff RNCOVWWON_H Page 3 0 6 Nov 2006 SUMVARY. COD coded realization of
nodul *ﬁ%ogﬁhggiqgngﬁﬁﬂgq, DESCRI PTION This is a descriptive docunent,
i nten e& t o accoripany e ‘code files rncommon.h tests.h tests.c

|ntspaQ§.c channel .c taskcode.c which include known worki ng conponents
of the jeRFBAGHNEONRATEPY: §FROMIAUBMIDDLE?) o
Ts removes a condition from the middle (or beginning or end)
* of a condition queue. It MUST be called atomically! It is
normally used to remove something (1ike a failed alt branch)
from the timer queue.

*

o R %

1f the condition isn't there it does nothing. Assumes without
¥ testing that the condition is nonNULL and really attached to
: the queue in question. .
void detach_condition(condition_t *thiscond) {
condition_t **thisheadp = thiscond->head;
if (thisheadp) {
condition_t *top = *thisheadp;
condition_t *thisnew = thiscond->next;
thiscond->head = NULL; /* makes it illegal | */
if (top) {
it (top==thiscond) {
if (thisnew==thiscond) {
/* detach thiscond from the queue */
thiscond->next_= thiscond->prev = NULL;
/* it's the only thing left: empty the queue */
*thisheadp = NULL;
} eise if (thisnew) {
/* the queue had at least 2 members, doesn't empty */
condition_t *last = thiscond->prev;
/* detach thiscond from the gueue */
thiscond->next = thiscond->prev = NULL;
Tast->next = thisnew;
thisnew->prev = last;
*thisheadp = thisnew;
} else {
return; /¥ should never happen */

} else { /* top != thiscond: not the start condition */
/* the queue had at least 2 members, doesn't empty */
condition_t *Tast = thiscond->prev;

/* detach thiscond from the queue */
thiscond->next = thiscond->prev = NULL;
last->next = thisnew:;

thisnew->prev = Tast:

s

3
/¥3¥} %/
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devel opment by Inostor corporation. The files are slightly reorgani zed
fromthose found in the RAID core, in order to nake easier tHk8t NA¥h20E§ of
the principles behind the code. Every part of this invention in the code

di agramred in the eight pages of RAID core drawings sent to Ying Chen on
16 January 2003 can be (and has beg@mﬁg@ﬂruct ed using the conponents in
t hese #iifrekf ANvemmeNlHYy apparent excepilon,  "User Process wakeup", iIs

act ual Fgelping RNCAMION_scconpl i shed by a standard process wakeup call such as
is norgp.};rf{g%f 8 to signal conpletion of a driver's task. Revision
(Januagye e% 3voili Hgscovered an unnecessary operating system
dependéergdifin a structure and renoved it, making the code set fully OS
indepegg%gﬁ as1i tme invention title. EXTERNAL FUNCTI ONS REQUI RED Al |l the
ext er nal fUACHE oS ek tEpt MIECHS_BHIS_HhasReer fagdedoe capable of running
at om c@ydedef dwhy Nhndi Saklye@_of interrupts and nultiprocessing). And
rncco_#gafdne RNaMINEQYOSE 1eXit in atomic state, while rncco_exit_atomic nust
exit ipﬁqg@ﬁ§1091§ st&ﬁe if.th@ﬁgrevious call to rncco_enter_atom c was
from nonsatom ¢t dleMMertpyet ranmad getmite yrnderhengtdimkar d bl ock copy
bet wee#i findaf irnt eod@BEK Ng bl ocks. attachTask channel . c, intspace.c, :
t askcofefdnaRiNsDRINMABds a task to its proper inmedi ate queue. detachTask
taskcqﬂ%ﬁee d8p Ledp Yk dovisReledé. ¢ These detach a task fromthe front of
an i mre |afe gqueue, high priority or low priority respectively.
rncco_gnserucuoes tetdsk ot seudotReER S¥ddenaigyn ¢ taskcode. ¢ These enter and
exit an/atom c code bl ock. They include the equivalent of CLI and STI
respecid vely, but they nust al so disable multiprocessing if relevant for

t he duratrioregé dmrechireck. rncco_expired channel.c, tests.c This returns
TRUE i f* aomiatéputalhes bexpired. rncco_request _commit tests.c This returns

TRUE i f, th@ﬁqgﬁfd *rtlh}"kﬁ edi sk' s request queue has enough roomfor a set of
1 - 1S — ' S . . .
10 commiggi EHRT8, 5T e ARl oo, TRUE if,e ust, gt om cal 1y
reserve shigtepacdatoratt sE@&BJgéfiﬁ?r;- ¢ Bng reaI% a'ﬁocate& and
thiscode->run uses its second formal to set AT MOST ONE of

thiscode->exitcond, thiscode->parent, and thiscode->fan according

as the end 1is a condition test, an END PAR or a PAR respectively;
if none are set the end is unconditional (a real termination).

w0k % % %

struct condition;

struct par:

typedef strgct code {
struct code “*next; /* no sync flag needed LID 3/20/01 *
void (*run) (void *, struct code g); ad /
void *data;
struct condition *exitcond;
struct par *parent;
struct par *fan;

} code_t;

/*
* THE par STRUCTURE
* This supports the following paraliel branch, illustrated for

: nbranches=3:

E3 PAR -.’l‘: _________ - b \

# ! l I

: cbrnch[0] cbrnch[1] cbrnch([2]
: : . .

Z END PAR * - . .

*endcode

-

4

¥ A PAR exit by the parent sets nleft equal to nbranches and lToops

* over the nbranches branch entries, which must be an already

: initialized code_t array. An END PAR exit at the end of a child

: quasi-thread decrements nieft and abandons 1its quasi-thread and,
if nleft goes to 0, unconditionally branches to *endcode, which

* must be an already initialized code_t structure. If the
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settaskstatus taskcode.c This infornms the systemwhich level task if any is
running: O no task, 1 high priority task, 2 low priority tagk§ (yoo 2004

mul ti processing or task interrupting task is handled in this

i npl ementation). Page 1 O O NOV 2@ SUVMARY. COD CAPABI LI TIES OF THE
EXEMPLARY | MPLEMENTATI ON CODE  (A) L&Shmog.qThese are tests which are called
from wi t hiomneoridhs ik euedesonding @bSLWRGHRE: INRY SaSt tbe e WTHIN an
atom c bgrbﬂﬂ kiisgchrepobeodeuns rwnt teinty hdedt iirst dearepéntedile i f necessary.
timerT | or timeouts. requestTest This tests an underlying
di sk’ s%ﬂ%&ﬁﬁé@%pgce avai lability, and conmts the space if
successfilt nkafai;| abl eTest This nanages a binary semaphore queue. napl Test
napZTestgg‘g’lgﬁ ;§‘€°”r_“1='ﬁ*'e1§éstest for conpletion of all of a set of lo

oper at i Qfpgle0f »é dmgqerl ying disk. (B) intspace.c These are the innernost
nonbl ogkpargtgueue- handl i ng capabilities, central to the inplenentation of
t he inygntion. They nust be run WTHI N an atom ¢ bl ock and may be run

Wi t hin | up | f necessary. attach-condition This attaches a
new comﬁﬂgﬁﬁéﬁggggﬁﬁsﬁgsﬁ tested and found false in an atom c branch

i ncl udi ‘hgrohdhitsosat [*xhigrohtte end of a condition queue. runtests This runs
a condi} "énCdiegend-atestdhh mgoodisklataddi {i ng on successful conditions to
their task; U%’; [y AlBceThent %Fé@”@'ﬁﬁé&evi%“ ﬁht%onWextw eaching a
failure: yi bigain In RON-ordered rode> it 1 edls PR

<code that may connect thiscond to an ISR>

This test takes place once in the over1ﬁing code execution. If
it fails there, it is attached to a disk ISR and will be retried
there till it succeeds.

This structure is built under the assumption that a condition is

satisfied by a single disk's state. If several disks' states must
contribute, a PAR and END PAR are required with the conditions at
the end. Then the endcode of the par structure can assume all the
conditions are satisfied.

Typically the data pointer points to a simple subset of the real
data that can be tested quickly. Typically there is a test map that
stays unchanged while awaiting comﬁ etion, and a state map pointer
to state which is updated by asynchronous code, which also calls
the condition code.

If th1scond7>nexp==NULL, then this condition is being applied in
system or immediate code, otherwise it is being app?ied in the
asynchronous code. 1f (*thiscond->head)==thiscond, then this
condition is at the head of its condition queue, and thiscond->prev
is the end of jts condition queue. The next and prev

pointers are always circular.

If thiscond->test==NULL, then the condition is always true, and
the result should be an unconditional branch to the following code.

\3‘;&‘:&3@-%:{-*##*#:!—3}-3}-*’?##**###*##ﬂ'#!@

typedef struct condition {
int (*test) (void ¥);
void *data;
code_t *code;
struct condition **head;
struct condition *next;
struct condition *prev;
timecycle_t timeout:

} condition_t;

/: workspace and alternation state values

#define ALT_NOALT 0
#define ALT_ENABLING 1
#define ALT_WAITING 2
#define ALT_READY 3
typedef struct workspace {

code_t *code; /* run=next code, data=local data */
char *tranadr; /* address for channel transmissions */
int altstate; /* state of alternation */
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whol e queue. it is expressly intended to run within interrupt code.
attach-timer-condition This attaches a task to a timer quéug NRedfling it
ordered, and hence may attach it to the m ddle of the queue.
detach-condition This renoves a task unconditionally from anywhere in the
queue. it is wused in tinmer al ternaﬁdc%ﬂﬁom Whet her the tinmer branch works or
fails. ) cikasngle; C/<Thisrd 61 tRe COTRBFInALQR) Gode rel ated to the

occam CSPmE@m’rﬁnt gavemrr; Comssrarct simeThay pﬁbl&tssfw/ run WTHIN an atonic

bl ock, } B *$R3&eqbt run within hard interrupt code in this inplenmentation.
of thescaptgnt fo & i 148, ndihes gal e i ces of

vel | -k/rfommCﬁéﬁégégfﬂa@gég&ﬁﬁsgg%ijrfx’gigkgw tggggmgi{%t%i BT 0 L ask
queues%:%ér}d condi tion Pg.lseues is new art. see the extensive coments in this

file FEETI0T FANLCORORSBP AR t4vel dife (CRag pifdadrin IK(1en@Rd) incondi ti onal

timer mairhis exhedal EWNCT B QualdsPY L ’ il d,out put sides
of an neereinanal e noi) ot 1P§§gg§’s R ”"@é@%ﬁ%ﬂ%ﬁ% oD
transm';s% BIf £E9 98Ny dMPza@tuand dghetfined do) ((TTh2(odepitataibe

cormuni c mrv@%@@zaﬁﬁ?@ﬁﬁﬁﬁﬁggﬁsgﬁ;‘%@‘%ﬁa CEEIh@cathdesITierivn whi ch
case it+x/may be an out put-and-end- process. %haﬁ_? APt chan_alt chan_enbt
chan_ehcatighfiasuibede_thzmodenj tw  chan_altwt  chan_di st chan_di sc

Chan—d)js%hgsceh%hkl?%mnoms dequeue a task from a task queue
* (high priority for "detachTask" and low for "detachlpTask™),

* returning the task address or NULL if the queue was empty.
i Further elaboration would be needed for multiprocessing.
code_t *detachTask(void);

code.t *detachlpTask(void);

/: This EXTERNAL FUNCTION sets system task status: 0 if no task is
* running, 1 if a high priority task is running, 2 if a Tow priority
¥ task is running. It is assumed in this implementation that tasks do
: not run concurrently or interrupt each other. Multiprocessing or
¥ Tnterrupting high priority would require further elaboration.

void settaskStatus(int value);

/*.’c

* atomic data access

These EXTERNAL FUNCTIONS enter and exit an atomic code block, which
must run with interrupts cleared and multiprocessing disabled. Thus,
the calling code must always assure that after rncco_enter._atomic
**}s called, every branch leads to an rncco_exit_atomic call.

int rncco_enter_atomic(void);

int rncco_exit_atomic{void);

/

P

*

L

¥ o

time function

This EXTERNAL FUNCTION must return 1 if timeout is less than or

equal to the current time, and 0 if timeout is greater than (after)
the current time. It is assumed that the time resolution and starting
point s such that the current time will never "fold over" from
mostpositive to mostnegative, given the resolution of a timecycle_t
**7nd the practical 1imits on program duration.

int rncco_expired(timecycle_t timeout);

s o % % 3

3%

#endif /* #ifndef RNCOMMON_H */

Page 3



These are the conponents of an alternation, or select, congtgm ﬂ'd&ey do
not transmt data, but determne the "winner" of a race to se g wakes
up the connection first. The contestants may include one or nore timeouts
(chan_enbt and chan_dist), one or nore input channels (chan_enbc and
chan_di sc), and/or one or nore skiRgyub&lal,enbs and chan_diss). The order
i s chamodskit rda0f zaf1an_dfahbdula@nrogFaiing rokAg enb?, chan_al twt (or
chan_t al tWté.]; t he sane one or nore chan_dis?, and chan_altend. The talt
cal | s Ar&RISE@Nif and only if there is a tineout. The order of the
chan_dy1sig ¢ald gedlet gfim LOF ki i I ) n_alttop
twochan_al t bott om ﬁﬁ?@%ﬂﬁf@%ft g%yen'gj\l?\g?ha%{ttog‘)%ﬁgt%{%nglOd%'\rlﬁggépr ovide valid
wor ki ng "éf -Bs of the above rules. The first two calls acconplish an
altern 32(521 etween two channels. The last two calls acconplish an
al t er naintepadectween two channels and a tinmeout. (D) taskcode.c These are
t he taﬂhaﬁn@ue handl ers. They nust be called by NON-ATOM C i mredi ate queue
code irf3® F%dei-ﬁpl enentation, and nay not be called wthin hard interrupt
code, DACAUSRIENE¥ndWh b ngal f R gad, 8 whi ch may
al | ow deveopmept ibynIrassdo ccomgarﬁﬁﬁg‘i‘?ﬁ@?ﬁi?;g%cﬁ%i%ﬁ%ﬁfﬁ(ﬁvgﬁﬁq@f Iled by the
task cn m%% ﬁ?r@@edﬁumshq GALD|dogwy, dint ordensta mhksleaaher tpé arashinys

Y,

succesyo REIPARY Pefind Ke £98R opri at e queue, which may not be the sane
queue |B&ry Akt Afr the PARARGES SO thed ihechd el s by one of
the faifl &mi}?goret deavGiansi Sene it a]yene ngfﬁfgﬁfé%gﬁg%ﬂzggg AR et r et or

ﬁ’AgRrs beatD r e trugted hes ivg stheofompeneRARI n abrse rfiides. mhacode cal | s
]

the er@n c g

itsel ond % xcephion, o ¢ BEP. t hpactual WoPKidhagls of PAR
Reegts it A e R e AR R i T
pr oce%sé ca,nrrliot ggarongigndef é)nl tIeLly. t;%kcycl e taskl pcycle These exhaust an
entir Y eds e'l FlLatQverRs AR gnpedsgairy wpetpisne, and

ek RSP UL SV LG (P 58 cher 48 3 “The 1 o1
priority queue. The requirenent 1s that t%e'hi gh priority queue nust be

enpty before the low priorit ueue can run. eues and the
mp yEXTERNAL FUNCTIONS IE)EQUIREDy d Q

All the external_functions, except rncco_enter_atomic, must be capable
of_running atomically (during disa ling of interrupts and
mu]t1process1ng). And rncco_enter_atomic must exit in atomic state,
while rncco_exit_atomic must exit in non-atomic state if the previous
call to rncco_enter_atomic was from non-atomic state.

memcpy channel.c

This is the standard block copy between non-intersecting blocks.
attachTask channel.c, intspace.c, taskcode.c

This attaches a task to its proper immediate gueue.

detachTask taskcode.c

detachipTask taskcode.c

These detach a task from the front of an immediate queue, high
priority or low priority respectively.

rncco_enter_atomic taskcode.c

rncco_exit_atomic taskcode.c

These enter and exit an_atomic code block. They include the equivalent
of CLI and STI respectively, but they must also disable multiprocessing
if relevant for the duration of the gTock.

rncco_expired . channel.c, tests.c
This returns TRUE if a timeout has expired.

rncco_request_commit tests.c

This returns TRUE if the underlying disk's request queue has enough
room for a set of I0 commands from a RAID, Whenever it returns TRUE, it
must atomically reserve this space for the reqguester.

settaskstatus taskcode.c

This informs the system which Tevel task if any is running: 0 no task,
1 high priority task, 2 Tow priority task (no multi rocessing or task
interrupting task is handied in this imp1ementation§.
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the sanme as "taskl pcycle" except it starts by atomcally*a ba new
task. Page 3 08 NOV 2Q d TASKCCDE. C #i ncl ude "rncomon. h" _
runcode*/ /* RUN THE CODE * The void * retyping of topcode (which should be

a code_t is because task queueing s (i.e. Linux) may require *
voi d gmenber (void *) prototype. *fﬁ®@%§%¥@ﬁcode(void *topcode) { code_t

*t hi scode :h§code t;%%togcode; while (thiscode) { /* renpve lo pri bit
necess‘g’wsﬁ D E- Tfa&="rLAfsi WPLFENTATIOY) (O8I scode- >dat a) ) &(- (( 1 ong) 1)
(thi scodetzstn)k(t hi scode->data, thiscode); if (thiscode->exitcond) { /*{
handl e c&ndition test?é gondit*ﬁnapf*thiscond ;m}thggge->eX|tﬁogd;} |r {
t hi sconfdes¢ @8e)tests Hind gl cre=caNUed ; from wighth tdooei tibn ep@yestarache el se
§ t hi s%nﬁé"ﬁ%ﬁ@%%ﬁﬁgm%g@@mzﬂ'r“gg@gﬁammﬁnlzﬂlocgLﬁ%’ew bprqum +/ ) else if
par _t hi =

"R

task status are mani pul ated atom cally. taskattachcycle ¥P%f%@%3ﬁ dure is
i
I {{H{

i f
))
{{

(t hi scode->f an) S an Hiscode->fan; int n=

t hi sf an-timpriesthes; downmask t testnask = 1; downmask_t valid
t hi sf an-"2dBiREET iT6Rstimeehe t *br = thisfan->cbrnch: int il ast
i requestTest

This tests an underlying disk's commit queue space availability, and
commits the space if successful.

-1; int

availableTest
This manages a binary semaphore queue.

maplrest

map2Test

map3Test

These test for completion of all of a set of IO operations on an
underlying disk.

(B} intspace.c

These are the innermost nonblocking gueue-handling capabilities,
central to the implementation of the invention. They must be run
WITHIN an atomic block and may be run within hard interrupt code if
necessary.

attach_condition
. This attaches a new condition (which must be tested and found false
1n an atomic branch including this call) to the end of a condition
queue.

runtests

This runs a condition queue, attaching tasks waiting on successful
conditions to their task queues., If run in ordered mode, it quits
after reaching a failure. If run in non-ordered mode, it tests the
whole queue. It is expressly intended to run within interrupt code.

attach_timer_condition
This attaches a task to a timer queue, keeping it ordered, and hence
may attach it to the middie of the queue.

detach_condition .
This removes a task unconditionally from anywhere in the queue. It is
used 1in timer alternations, whether the timer branch works or fails.

(C) channel.c

This is the communication code related to the occam/CSP communication
constructs. They must be run WITHIN an atomic block, but are hot run
within hard interrupt code in this implementation.

of the contents of this file, the calls themselves are instances
of well-known CSP/occam constructs. Their implementation in terms of
task queues and condition queues is new art. See the extensive comments
in this file for guidance on applying this art.

chan_tin ]
This is the unconditional timer wait.

chan_input
chan_output )
These are the input and output sides of an unconditional channel data
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[*{{{ handl e PAR including nothing set up*/ thisfan->nleft = n; for (i:CE

f
I<n;i++) { if (valid&estmask) { if (ilast>=0 runcode(br@gﬁdﬁﬁﬁiﬂ&ﬂIast =
i; } else { } (thisfan->nleft)--; testmask <<= 1; } if (ilast<O {

thi scode = thisfan->endcode; } else { /* inportant: nleft>O here,
therefore no cli needed. thiscode gguisti bgst: /* last branch continues of
par ent transhitdgipn* (syhcletmezéd afd RinsePeeednarrAltfut hiy bk handl e END PAR*/
par_t € 8hating nisk ceaMranation (salect) entdre athem £1d@,;in which

( par enf3Snl Bf"BY-R¢ an; QUTPKLARAr endRPERGEFS{ t hi scode = NULL; } else { }

t hi scodechanp@aient - >endcode; /* cannot change rncco_exit_atomc Q; /' }}}

*/ )} elchen{altthi scode = NULL; unconditional end } } } /*}}} */ Page 1 0 8
a
NOV 200613 AE0DE. C
chan_enbs
chan_taltwt
chan_altwt
chan_dist
chan_disc
chan_diss
chan_altend
These are the components of an alternation, or setect, construct. They
do not transmit data, but determine the "winner" of a race to see who
wakes up the connection first. The contestants may include one or more
timeouts (chan_enbt and chan_dist), one or more input channels
(chan_enbc and chan_disc), and/or one or more skips (chan_enbs and
chan_diss). The order is chan_alt (or chan_talt), one or more chan_enb?,
chan_altwt (or chan_taltwt), the same one or more chan_dis?, and
chan_altend. The talt calls are used if and only if there is a timeout.
The order of the chan_dis? calls determines priority (last is highest).

twochan_alttop

twochan_altbottom

twochan_talttop

twochan_taltbottom

These_provide valid working examples of the above rules. The first
two calls accomplish an alternation between two channels. The last
two calls accomplish an alternation between two channels and a timeout.

(D) taskcode.c

. These are the task queue handlers. They must be called by NON-ATOMIC
immediate gueue code in this implementation, and ma¥1not be calied

within hard interrupt code, because they in turn call any of the
pseudothread tasks, which may allow interruption and do not interrupt
each other.

runcode

called by the task cycling procedures to follow, it runs a task and
ETaces 1ts successor(s), if any, in the appropriate queue, which may not
e the same queue as that of the predecessor. Successors may be
determined by one of the following: the condition queue or fall-through,
the PAR construct, or the end PAR construct. In the case of the PAR
construct, runcode calls itself recursively, but following the rule
that the workspaces of PAR children must be non-overlapping subsets
of their parent's workspace, this process cannot go on indefinitely.

taskCycle

tasklpCycle

These exhaust an entire task gueue; "taskCycle" runs the high priority
queue, and "tasklpCycle” runs the Tlow priority queue, and therefore also
the high priority queue. The requirement is txat the high prioritﬁ queue
must be empty before the Tow prior1t¥ gueue can run. Queues and the
task status are manipulated atomically.

taskattachcCycle

This ?rocedure is the same as "tasklpCycle" except it starts by
atomically attaching a new task.
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/* taskcycl eo*/ void taskcycle(void) { register code_t *task; /*Mt_ask
stgias changes atomically to 1 then back to 0 rncco_enter_at gnfcifly task =

detachTask Q; settaskstatus(1l); /* notify it is high priority while
(task) { rncco_exit_atomc Q; runcode(task); rncco_enter_atomc(); task

= detachTask Q@ } settaskstatus(0);,d.*  Lask queue running */
rncco_gidluas Omneonfgon. B /*}}} /*{ﬁs’/}(tcgs Ictpcycl e Q*/ wvoid
t askl pé¥iciie(mumicaye’/ regi ster code_t *task; /* task status changes
atom cal |y between 1 and 2 then back to O rncco_enter_atomc Q; task =
det achTaxknQue code (task) { settaskstatus(1l); /* notify it is high priority
} else { Thastoid deteaghingTas k@bcodselihdsh siauus (be) a dolieNOk) s it | s | ow
priority begalwm F%Sk((ﬂa 109 propetyoeexiit eatlgningd @y reguiteode(t ask) ;

d ArgHper(uptd *) Julotatyggt achTask Q ; if (task) {

v
rncco 8
set t asksidaruiod (voil A@pidsedit is high priority } else {
code_t *thiscode = (code_t *)topcode;
while (thiscode) {
/% remove lo pri bit if necessary */
thiscode->data = (void *)(((1ong§(thiscode—>data))&(~((1ong)l)));
(thiscode->run) (thiscode->data, thiscode):
if (thiscode-s>exitcond) {
/*{{{ handle condition test*/
condition_t *thiscond = thiscode->exitcond:
if (thiscond->test) {
} t?1sc?de = NULL; /* condition already attached */
else
thiscode = thiscond->code; /* unconditional success */

* o
} else if (thiscode->fan) {
par_t *thisfan = thiscode->fan;
int n = thisfan->nbranches:
downmask_t testmask = 1;
downmask_t valid = thisfan->connections;
code_t *br = thisfan->cbrnch;
int ilast = -1:
int i:
/*{{{ handle PAR including nothing set up*/
thisfan->nleft = n;
for (i=0;i<n;i++) {
if (vaiid&testmask) {
if (ilast>=0) runcode(br+ilast);
ilast = 1i;
} else {
(thisfan->nleft)--;

testmask <<= 1;

}

if (ilast<0) {
thiscode = thisfan->endcode;

} else {
/* important: nleft>0 here, therefore no cli needed. */
thiscode = br+ilast; /* last branch continues of parent */

*33y F

} else if (thiscode-s>parent) {
/*{{{ handle END PAR%/
par_t *parent = thiscode->parent;
rncco_enter_atomic();
(parent-s>nleft)--;
if (parent->nleft) {
thiscode = NULL;
} eise {
thiscode = parent->endcode; /* cannot change */

rncco_exit_atomic();
-.'r/

/*33}
} else {
thiscode = NULL; /* unconditional end */

}
/*}3y %/
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task = detachl pTask Q; } séttaskstatus(Z); [* notify it is | priority }
settaskstatus(0); /* no task queue running rncco_eX|t_atoﬁﬁk%£W;zmﬁ-/*}}}

[ [*{{{ taskattachcycle(code_t *)*/ void taskattachCycle(code_t *new ask)
{ register code_t *task; /* task status changes atom cally between 1 and 2

then back to O */ rncco_enter_atomn g attachTask(newtask); task =
det ach8@KQ taskcfcielask) { settaskgtg%ﬁéT&? /* notify it is high priority
} el sevqid fagkCrcpgvattl gTask Q ; settaskstatus(2); /* notify it is |ow

riority 98>y £asi@FKI  rncco.exit.atomc O rupcode(task):;
Pncco e%;@%éﬁgég}é&ﬁgﬁ%@%ﬁftgw'@ﬁa%ﬁ?agﬁhﬂﬂbaéat?{%gﬂ) { settaskstatus(1);
/* not i fopskt= idstdihghskodi: or i ty } else { task = detachl pTask Q
settasksﬁﬁaﬁﬁ&zz?us 1) ndt'itariry iitsis dvigbrhraprtty ¥/ Page 2 Oe NOV 2006
TASKCCD@(ﬁhﬁGagxgkégaﬁ%§5atus(0); /* no task queue running

AeTeds)) ; ’

rncco_exi tudodd{
rncco_enter_atomic(};
task = detachTask();

settaskstatus(0); /* no task queue running */
rnecco_exit_atomic();

*11} ¢
/*{{{ taskipcycie()*/
void tasklpcycle(void) {
register code_t ¥task;
/* task status changes atomically between 1 and 2 then back to 0 */
rncco_enter_atomic()
task = detachTask();
if (task) {
) s$tta?k5tatus(1); /* notify it is high priority */
else
task = detachipTask();
settaskstatus(2); /* notify it is Tow priority */

}
while (task) {
rncco_exit_atomic();
runcode(task);
rncco_enter_atomic();
task = detachTtask():
if (task) {
! s$tta§kstatus(1); /* notify it is high priority */
else
task = detachlprask();
settaskstatus(2); /* notify it is low priority */

settaskstatus(0); /* no task queue running */
rncco_exit_atomic();

2 e

/i taskattachc¥c1e(code_t =%/
void taskattachCycTe(code_t *newtask) {
register code_t *task;
/* task status changes atomically between 1 and 2 then back to 0 */
rncco_enter_atomic():
attachTask{newtask):
task = detachTask();
if (task) {
; s$tta?k5tatus(1); /* notify it is high priority */
else
task = detachlpTask();
settaskStatus(2); /* notify it is low priority */

h
while (task) {
rncco_exit_atomic():
runcode(task);
rncco_enter_atomic():
task = detachTask();
if (task) {
settaskstatus(1); /* notify it is high priority */
} else {
task = detachlpTask();
settaskstatus(2); /* notify it is low priority */
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} [/*}}} */ Page 3 0 8 NOV 2006 TESTS. C * TEST CODE that will be called
fromw thin underlying disk ISRs and el sewhere in RAID. # @%%Lxgﬁson
Land-5 Corporation * 27 February 2001 - 28 February 2001 * é
assunes that for underlying devices, requests MAY be * shared. Therefore it
provi des device, tag, diskind for F&% mng * condition->data and for
t he callo&t rncco_request_conmmt. A cal O * this returns a reservation
i f succe fuI recq eraQIe by any device, tag, diskind call with the same
values)rﬁ% ; é { tWe§éS¥é§é¥%éH“%ﬁEceé i s acconplished by

rncco }equeSt take add stripe to requestQuery. 4 April 2001 LJD #i ncl ude
"rnconﬁﬁﬁ}h"%’#lnclude "tests.h" * In this case, cond->data = (void *)&wsp
is required. * rncco_expired returns 1 iff

ti meout<=rncco_tinecycle current() * AND (LiD 5/3/01) it is not a ready
alt. This is the only condition * queue test that is integrated with the
occani CSP comruni cation * handling (alternation) in the current

i npl enentation. int tinerTest(void *data) { workspace t *thisdata =
(workspace_t *)data; int altstate = thisdata->altstate; int ret =
rncco_expired(thisdata->tineout) if (altstate) { if (ret)

t hi sdat a- >al tstate ALT READY; if (altstate! =ALT WAITING return O; }
returnret; } Al the values in the requestQuery structure nust be filled:
* device = device id tag = tag of the RAID array
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di skind = disk index within RAID[tag] howrany = how many requests wll| be
used on this device by the * RAIDcall to follow * * Theﬂ%eﬁﬁVtZﬂﬁg 0if
failed and >0 if space for that nmany requests is now reserved for (device,
tag, diskind). The space will be * released by ANY rncco_request_end_comm t
call for this underlying device. * rpgGO-request_comrit MJST store the
returnétl value, rgshunt, in the structure for later use in these calls. it

i s zero, fIGET{ODE fihat wirld broaéiesl frabal thiaguidersyiogedsfiulisrs Used for di sk
conmi t £@§8F§ ipohkagielt ¥ nt request Test (voi d *data) { return
rncco_requests corparifiohequest Query_t *)data); } In this case, cond->data =
(void *} &%\/é@ﬂra&)’ryem@l reRflirebdyarwh200e * available is an int. This test
returns, @hgﬁé@fiﬁé‘séfﬂfscﬁ é@t*unsigrlwn@fdewmesn rgueahs MAYMgans it succeeds

at oSt GUAR I HLBAC TR & BONASE. '

% Of
p » PR < T™WWi d *data) {
i nt *avptthis retiins* ) dakapvdtage i fﬁﬁ%@&og ggﬁagﬁﬁﬁfﬁ&: ue =

*avptr:” taa%gn pkiadocallewvimn thesamaevalugs)y:. The eeldiskf ef ehtsalone t est

routi nes "ErY V6 rRESE TredicPERTishedyTERGCO requeap TSt . It is assuned that

t he masksddatprgie €5 8 h i fs condition, but the pointed-to
states *re chaﬁ%ed g;}qagier??[ﬁ?”%nguéﬁtﬁﬁdzeﬂly%% di sk code, and AND to zero
wth t#ﬁ%cﬂ%ks * onl é,,\/\/nen done. used (mapl Test) for di sk done condition
queue. A Srap1PEPoi d *napData) { mapQuery t *m = (mapQuery t

*) mapDBathaludd frdstermaskl & *(m >statel)))) return O;

/*
* In this case, cond->data = (void *)&wsp is required.
* rncco_expired returns 1 iff timeout<=rncco_timecycle_current()
. AND (LJID 5/3/01)_1t_1s not a readK alt. This is the only condition
queue test that 1S integrated with the occam/CSP communication
handling (alternation) in the current implementation.

o

ol

int timerTest(void *data) {
workspace_t *thisdata = (workspace_t *)data;
1nt altstate = thisdata->altstate;
Tt ret = rncco_expired(thisdata->timeout);
if (altstate) {
it (ret) thisdata->altstate = ALT_READY;
if (altstate!=ALT_WAITING) return O:

return ret;

* ATl the values in the requestQuery structure must be filled:

* device = device id

* tag = tag of the RAID array

* diskind = disk index within RAID[tag]

* howmany = how many requests will be used on this device by the
* RAID call to follow.

* The result is 0 if failed and >0 if space for that many requests is
: now reserved for (device, tag, diskind). The space w1?¥ be

x g§l$2ged by ANY rncco_request_end_commit call for this underlying

¥ rncco_request_commit MUST store the returned value, rgshunt,

* in the structure for later use in these calls. It is zero for failure
* and nonzero global tag if successful.

i/Used for disk commit condition queue.
int requestTest(void *data) {
return rncco_request_commit((requestQuery_t *)data);

~

* % o ¥

In this_case, cond->data = (void *)&available is required, where
available is an int. This test returns old value ang changes
value of int to 0, which means it succeeds at most once. Used for
binary semaphore.

*

int availableTest(void *data) {
int *avptr = (int *)data;
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return 1; } #ifndef 1 OCTL_ONLY int map2Test(voi d *nmapDat a) {H map%uery_t
*m = (mapQuery_ t *)mapData; if ((m>maskl & *(m>statel)))1§8 NOV 2005
(m>mask2&(*(m >state2)))) return O; return 1; } int nap3Test(void
*mapData) { mapQuery t *m = (mapQuery_t *)nmapData; if
((m>maskl &*(m>statel ))) Il (m >mask2&(*(m>state2)))| |
(m >maskB&( ifvalnst-ated)ryy) return O0; "return 1; } #endif / ndef | OCTL_ONLY
Page 2 O‘3PNO¢ 9006. #i f ndef TESTS_H TESTS. H #define TESTS -H This is a job
i denti ii'éert”ﬁ%éﬂv?wecomﬁ t queue handling. typedef unsigned long rnshunt t:
* TEST CODE that will be called fromw thin underlying disk ISRs * and
el sewhéte in RAID. * Larry Dickson * Land-5 Corporation * 27 February 2001
- 28 Febrrl?ﬂgg?/ Sg%éfﬁre@t Hens %@e"%énﬁﬁesrﬁ lodiferfeor mapddestyi mapieyi.ces,

h

requests '*é%%fé um gz% - ﬁlagk 98y 1de shae; e¥er €88y 1188 skind for
each i ncaByAGhrofioBOMIA Pig %ﬁ&,_t e%gﬁsecﬁfﬁé%%ﬂﬁ 6 quatspguest _comi t
A cal |l 1 enly whhh glonet wsee @aptBsty afdrodi skf deiec eesdifcibn (Gueeaver abl e by any

devi ce, -/ * i skind |L with the same values). The rel ease of these *
reser Vienﬁﬁagg{%gr%g%%%g%ﬂég%zag%hgd,)mpgﬂgco_r equest _take. * add stripe to
r equest Qfel §m->dasNi& (1 (m2D8%ate1YDIXgéM@np:speci al (unsigned | ong) typedef to

rqshurg/..'"eIUMa}; 2002 LiD /* This structure uniquely identifies an
under | yifgeflirgkrt Bty | S

1t map2Test(veid *mapbata) {
mapQuery_t *m = (mapQuery_t *)mapData;
if ((m->mask1&(*(m->statel)))] |
(m->mask2&(*(m->state2)))) return O;
return 1;

int map3Test(void *mapbata) {

mapQuery_t *m = (mapQuery_t *)mapData;

if ((m->maskl&(*(m->statel)))] | P
(m->mask2&(*(m->state2))) ||
(m->mask3&(*(m~->state3)))) return 0

return 1;

#endif /* ndef IOCTL_ONLY */
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* driven by the RAID. typedef struct underlyingDevice { unsigned |ong
device; int tag; int diskind; } underlyingDevice t; /* Thi$ 80OWugdlére
expresses how nmany underlying di sk requests are * about to be shoved onto
the queue of this underlying disk. other * information may be found in the
"struct stripeset" if applicable: *;k{rdgals with the fact that a RAID
stri pe#ifgdehanesTeor e than one * di sk bl ock per disk. struct stripeset;
t ypedefd&fireicESTedlest Query { underlyingoevi ce t *thisdisk; struct
stripegetrpistid peiqn k ] . tnshunt, t rgshunt... } requestQuery t; /*
Thi s st;#AJngﬁr1eS 8?36’\% éagsntgﬁb@?%esquth%\tﬁmm%tﬁqﬁﬁli%cﬁa 4“{‘% possi bl e set” * of
di sk btxreksf fugsigreds1dal Prguntpg are in the set of underlying * disk lo
corman%s, and all ows each underlying di sk conmand conpletion * to clear a
i

state bi fregheRpd i@ OFi 1hahd edydiPe fog gk are al | owed.
D sk dohend seiskegraiel BJR\M&E.I’] al] peidt%l E\ugﬂﬁ%s?ae?spmgr " u% f cl ear ed.
typedefi’ %’@F D1 ef under | yi ngoevi ce_t *thisdisk; downmask t maskl;

y {
downmask 56" ¢ ar:%o;z Eéf@mgg%g 9 ; downmask_t *statel; downmask_t
mask3; + davaRak AssimdAtRR foi UNHBYARY devidds, CPILL s wIbips EXTERNAL
FUNCTI ONsharsd . r tarrefiork it prbeidendésiyeNoad, Sdeskdtl ToRGaeRtinkhpirgul | set of
requestéscﬂ?gﬂtF%QrHSQta|aé "fOfaﬁhﬁ.galﬁqNérvﬁq;g_request_commit. A call to
Lhis returns’a reservation it successtul (recoverable by any device,

* tag, diskind call with the same values). The release of these
* reserved spaces is accomplished by rncco_request_take.

%

add stripe to reque§tQuer¥. 4 April 2001 L3Dp
give a special (unsigned Tong) typedef to rgshunt. 1 may 2002 LID

*

5/

/* This structure uniquely identifies an underlying disk that is
* driven by the RAID.

typedef struct underlyingDevice {
unsigned long device;
int tag;
int diskind;

} underlyingbDevice_t;

/f This structure expresses how many underlying disk reguests are
; about to be shoved onto the queue of this underiying disk. Other
information may be found in the "struct stripeset" if applicable:

* it deals with the fact that a RAID stripe may have more than one
f/d1sk block per disk.

struct stripeset;

typedef struct requestqQuery {

underlyingDevice_t *thisdisk;

struct stripeset *stripe;

int howmany;

rnshunt_t rqgshunt;

requestQuery_t;

~ et
» ok

This structure provides a bitmask showing which of the possible set
of disk blocks for this RAID stripe are in the set of underlying
disk I0 commands, and allows each underlying disk command completion
to clear a state bit when done or failed. Up to three sets of

states are allowed. Disk done is signalled when all pertinent states
are fully cleared.

* o

*

o
*

typedef struct mapQuery {
underlyingDevice_t *thisdisk;
downmask_t maskl;
downmask_t *statel;
downmask_t mask2:
downmask_t *state?:
downmask_t mask3;
downmask_t *state3;:

} mapQuery_t;

/* Commit
* This EXTERNAL FUNCTION must return 1 if the underilying disk can
* accept the full set of requests implied by "req”, and 0 otherwise.
* If it returns 1, it must reserve space in its queue for these
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* If it returns 1, it nust reserve space in its queue for these Page 1 0 6
NOV Zoos TESTS.H * requests, and hold it until told to r@”pﬂ@g ?ﬂﬁ Thus, a
nonzero return value nust always result in request processing ané}release,
* or else the underlying queue will be | eaked. int

rncco_request _conmt(struct requestcyggxsﬁreq); #endi f /* #ifndef TESTS_H

*| Page* Zequests, and hold it until told to release it. Thus, a nhonzero

: return value must always result in reguest processing and release,
*/or else the underlying queue will be Teaked.

int rncco_request_commit{struct requestQuery *req);
#endif /* #ifndef TESTS_H */
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