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g_g;cgpjcs o‘F Concor fev\c;.j
Gm\nm HUJCJcom

LEC{'UFE j. - Trdroduckion

SEQUENTIAL PROGRAMMING

The most basic kind of COW)P\)J(EF n. execote
One. pogram at o time -

| CompuTER PROGRAM

Examples

Sinclair Spectrom ; Commedoe 64 ;
B&C Micro ; DoS machines.

Since prograw insleuctions ave erecvled m Sevier, such
compoles are alled sequantial wmpuless, and ave

pfogYQmmec}\ Us:ﬁb _.Sg)!.ﬁf__x‘bg_(. Pnﬁmwxminﬁ )anﬁuq&ef.
Evamples:
Basic; Fasal .

MULTIPROGRAMMING

A ot Sop\\'\sjcica{fot kind of Campuéer a@n 3{\2 Ye
Husion of more than one program emcu{inj at the
same time, b:) pericdically swi)cc\r\}nj between pregens

PROGRAM

COMPLTER PROGRAM

oo e G

Eomples:

QW'Q Mac - Windoys machines ; Unix machines.

Soch compotecs are alled, M"Lﬁi’.@ﬁm“"”@ cmplers, ard stk compters are alled parallel erpolecs, ard are. programmed.

fhe progams themselues are ogually called precesses

Exorple lamyases -
C 2.

MOre 'H'nn Ore. p(oarqm car. f_ga_‘b be e)(ew{ed mf
the same ime ‘oj havins more than eve comp){g(;

PROCESS

COMPLTER

COMPLTER,

COMPUTER PROCESS
Evawgles:

Conneclion madnine; Transpoter machines ; Neluor ked dompobrs.

tnce Mary presyam insteuckens @n be erecobed 1 parallel.,

OSiney pacallel. (or @rcurtent) progaminy languages.

Exvamgles :

Occam ; Fder. .



WH Y CONCORRENT PROGRATMING MATTERS

Concorrent P’OSWMMi'ﬁ is an imler&{,'n:? anrd vsefil
,'}Wk o study for a nomber ¢f raxens, \hcfoclivg :

o New programiire, {Leatures

" Concorrent languages ircrease the programmets “poser
of expvessk:w“, 53 pmvidmf) new factures R dealinj
with preceses avd. commonication belween. them.

e New pfoUem'solvivﬁ ool

Even i€ pqral’e\\Sm i Simolated b:) MuHiyroarzzmmir@,
Manky pfoUems have @ ratual Solulion Lhen one

Hhinks in feims of @ncurieat processes.

® Tncrensed perforvance

On a by patallel. comw{esr, Eeivlo) able o ewcote
tang preceses at The same time can give sijm'ﬁmn%

pe(fcrwume gains over @ pureb Segusnjria( computer.

14,

® Lahererly toncurrent applications

Many modetn compoler applications mvelve concurrenay
(whether val of simokted) in an esential way,

Exampks;
Operdivey suslems ;
User - inder faces ;
COMP\){Q(' he-'wo(kj ;

Telecommonicaticns software.
@ Widely supported
Most modern. operaju‘ng S\éskms now suppart
(orcureent pmearammi\ﬁ I some. Rtm o another,
Examples
Unn ;

Wirdows 95 ;
Macindosh ;

NeXT STEP Ls.

SIMPLIFYING RSSUMPTIONS

To allow vs o shdy, e "esserhals " of concurrent
| p(oarammins, we take a rumber of agomptions

@ We D"‘\b consider Pfoﬁrqmm'WB fanauajes In which all
coveutrency s explicitly specified, within. prosyams.

@) e wont concern. curselues with whether progeams
ave. evecvted On o ok convient compoter, of are
dusf simulated on a Mc)&iprogrammirb compo{ev‘.

® el gpore phygical. detuls cwv:emiho the

o nuwber of COMW]&?(S aua\lable ;

° L)a“/) the computecs are connected. ;
o Seed of Hhe computers and. their connections ;

o oxrhad of Mama'wg concuriency

| ECTURE PLBAN
- Tatroduction

Tssues in concurrency
mu{\)ql, excluosion T

MUJwal_ exclusion I
Seraphores

Monitors

The o\ininf) philosophers
S 1

«s I

0. Semantics of concurrent programs
. Tasks i Rda

12 Occam T

13, Occam 1L

. Farallel a\%ori“wms

5. Summary) of the course.
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COURSE MATERIAL

® My slides waill form Jhe lechure. notes Re the
outse | and will be havded oot at eadh lecture

® E\Jefbjc\a\ng i ex:pec’c Upo Jo know will be on
He slides, bt T alo S{mrﬁlb vecommend Hhat
‘300 \WO e %\\owinf) fext book

5 M. Ben-Bri. P(imipkg of Gonuttent Pfoammmirﬁ
} pm\’&‘éﬁ' Hall ’lv\{crmjuéml , 1982.

Thete are o womber f wore veceunt becks, bot
this 15 still the "oriy'vm( avd best”

ASSESSMENT
e There il be vo frmal coursework, but a warifen
exammation ot The end of e coure.

1.8

A TASTE OF CONCURRENT PROGRAMMING

Consider the pfo\kam of ;o_d)_pé an arfay a of

100 m{egery into ascending) nomerical order,

Mete's o fasel -like implma&a%n of “selection soct”
Q. simple. sortivg aleprithm that vecks by firding the.
srvallest number, then the rext svallert, ete:

Froceo\me sort ( }eﬂ,riak‘c infeger) ;
Nar
L) ¢ indeger;
be‘j)"'“
for (= left 4o rig\\% -4 do
‘?Of y = 1l to ri:)l\{: do

fa[5)¢ al) the
Swap (a [)]o\.[t])

end;

Nows, sort (1,100) serts the cmplete array a . 19

There are better Sor&in(:) a)gorifhws, but even JUS{ wsing
Selection. st we (an do better, L‘g U\)hkinj concorrently

(onsider dhividing the- array info o halves , sorting the

o halves Cana:rrew\lD siey selection sort, and fhen
merﬂinf) Do buo orled hales s a sorted whole :

}%27é

Lio.

ﬁSSoMinf) Fhat g_ql_;_gﬁ(_@ . coond. means that stalements
. the sequence ... may be execwted in parallel, ard
an auxilliary procedore 1eroe for merging o sorfed
parts of e attay, this ddea aan be inpemented by -

Procedore betkersart ( le(:{,rijk(: : fdeger);

Nar
: ivx\lﬁje(' ;

mid
becain
mid = (left + right) div 2,
CO‘oetbm
ort (left, mid);
sort (m‘\ohi,rij‘\}c)
Coend\;
merae. (left, midl,rfjk’c)
€W:l,'

-

To compace He efficiercy of the o orbing program,
led w5 wort the "number of omparisons "n Guch,

1.



F\(SJ( of all Scr{'\ni) n in{eaers usi% sort requires :

(- +(n-2)+..+1 = n(n-1)
Z
comparisons , which 15 aPmeim{e}b % ,

mﬁfa\_'v% fwo sorled senyences ﬁojcqﬂihg R wleaers
Fequ\(‘ es at. vost (n-1) Compamom. Hewce Sor)t\kb n
ivx{e%exs osfnt) betlecsort ren‘uxi'ts omoroxim{eb

@4‘@1-}61-1):
2, 2 . ‘

—3 T 3
sotthe  sort te mewf

Pit helve  sond halve  sort

Ya
ports

compations, of 1€ hoth sorts can be executed con -

-cottently, we only oot one ("A)" ferm, 1o gue :
z

—————
n/«)—%—i}
I

Lz,

EX&ME_)Q_S_
Som‘: be{(efsmf wﬂ« cmcurvemg
[ “ 1 T
n r Byon-4 | -2
2 4 8
O ) 34 21
loo 5000 2549 124q
oo | Sooooo 250494dq 1259449

N o&es

AT

o Fuen if bellecsort 15 ercvted ona 5ec1uen{1ét or
Mif\wotyammkb Co«yv)cff , itis skl betler 4han sort ¥

® Deﬁn'mf) betlerct recufs{vdb in. fecms of dself ges
ove of the best kvsan aljy('«ﬂnms ( ”me&gesm’c ",

e Hc\dmf) QQ_\Q()\_& COQCL [ai%s ™any 155088, tehyich
we- Lall SM» m Hhis coue

113,




Concepts of Concutrency
Gfa\'nm HU'H.OW

Lecture 2 - Tesves in Conaurrency

1.0

CONCURRENCY vs PRRRLLELISM

Does "concufrencj' = "paralleligm’ ?

Gehefa“‘g, the terms ave M%change_ri[ie,ano( both
refec 4o ”doins Maany -&hinsg at the same time.”

Howsever, some authors wake 4he 'Q:“Owihﬁ distinction -

Commenct): concerns applicat ons thet in)aeren?:(v
Ihvolve doing {Hinas at the same Lime .

Examples: nehorks; operating syckws.

Pagalleligm : concetns applications whick perﬁxmanca
 Can he \‘myfoveo\ b doiny {%ir\js' at the Same time.

E}@_ﬂf}g : sm'\l,inb; Searclniﬂg.

2.

_OMMUNICATION

Dhat makes ncorrencyy interesting o s?vclﬂ is that
the. concurent praesies ave sually not jndependant , but

most communicate woith eack other in some wav).

Examples

® Jna CoMFther nehiock | dake (email, Lot pages, ...)
ave covﬁihuoos'b pased. between mmpokfs.

e T~ an oye(a%inﬁ) srjkm, processes must negoz‘,{q(e
Bor awess Jo rejources (disks, memety, ..).

@ Tn o gnaphical user - inderface | events (moue
overents, kev, preges, ) wust be sent fo
the appropriake proceses foc handling.

There. ave tue basic metheds of pracess ommenication. :
@ 89 h‘s_‘r\qvecl memovb";
@ &, "chasnels”.

2.2,

COMMONICRTION BY_SHRRED MEMRY

MC\V\D COM‘N%L&(S tht Suppcr{f oncurrent pm&ramm\'tg

will q&m\b be. v__»_\_xifc_‘:)o_rogmmwha syskms thed aive the
i”wbw of more Han eve precess execuémb ot the sgme.
fime. by peticdically, switching between. them :

PROCESS

COMPUTER. fe—{ PROCESS )
)

T\a ‘H’\\S 5€Hw§3, ik makes sense to have processes

(ommunicate \09 a P:)((tdv» of shaved memory i the
Compiter, whids can be aessed. by amy process ;

| le—»( PROCESS

e
: PROCESS

MQ\MD’"_I)

23.




TW tecms of our Pajca('t'\ke lmﬂemew)dldk lqngmﬁe,
“shaved\ mewut)“ coffesFonAs o ialok«( varigbles "

Consder the Qo“ow'ms prosyam ‘Qn&men{:
Cobez’{w
a. s i .

weike (a+2)

L_gge«&;

1% comprises fwo processes | ai=1 and. wrile (a+2), thal
Cun he QKCCUL@»\ 1 P_g_fg\_{g_t (fro\i&{&}\ ‘7:) Cobeg)i«... (oé‘m\.)

The fuo pYOCesses can c_mmonicq{a, in that the fiest
writes Yo te glo\aat Jaride a. and. the seord vesds it

Pom

24,

The "ex?eclcezl“ oo{Po’( fom the presyam is 3.

wa@eﬂ Q;SSUMMD e imbial value of a is O,

there ace fwe pos§\Ue oo{pis foes e program :
2 o 2

This orises beawe we at predict the erder im

whé the two processes i L be executed :

e Tf a:-1 is erecoled before wrile(at2),
then we ,ng He erpected” ovtpot 3.

o TI write (ar2) is execoted before a2, fhen
o is shill O, and we 3& the Oojtpt)t 2.

On\:) e aess To Memy 1S posiible at one time, So
even i the tuo praceses are eveculed at the Same

fime | ome wil qlwwas 9@& Birst acess to a.

2.5,

SUW\N@Nb
Witk ommonication by, shared, memery, concurcent

programs M4y 3!\)2 "unenpg&e:l * resolts, deperdi ng on
He odec in whdd inshuctins are execoted.

Cowc\\)s(ow

e need some mars Yo ool the oder of
erecition of instockions betueen Gonautent processes.

Seluton
Thewe are wgny ways of ir&(oAUc'mS avitrol, lnc)odl\?b

® MUkUCtk exclusb»\ q\f)of ithws ;
® Sewapheces

e Monmtors.

2.5,

COMMUNICATION BY CHANNELS

EVQW i Wé are F@l\b USiY\S a Muﬁfipmf)mmmqﬁ
suslem , i will often be conveniert o imagne that
We qgre US\V\S [N {m(\j ccm___gg_r‘_(gzt_jg sfjgfem, in pahich
eack. process s execoted on a Sefara{t @MFo’cer:

[compuTer PROCESS
ConpuTER

CompuTE & PRCCESS

T his Sejtjdv\‘o). ik s patueal 1o think of the precesses
Communicc\{\{/\f) b7 5pe<\ckt “anels ' that link the
d\QE‘Ev\JC Ccvn\ou{e«s ’{:tf)éfi)er A Seme k‘av R

PeOCESS )

| CorwOTER |

7.7,




T4 s convenient now, 1o ranove the distinchisn behecen ;

o process ands Fhe mpoter et erecotes 1t and think

of a chamel as o diret [k behoeon o processes,
over thich data can be passed :

( PRoCESS )

\

(PRoESS )

Evanyles

Tna ‘);E_\&#\_qg gg}umk‘ pl)mes communicate bD channels
‘H\a& ove wade op of wires, \Cilare-opﬁ'c Cque‘s, rechio
links, avdv satellite links, dwane, otlers.

Tn the Unix opemb'wj svslem, precesses am communicate
by simple. Chamels thet are called "P]\oes'.

2.8

@ Un\o\wec’c.lém\ vs Bidireckiona

( chamel ma he able {0 tanskr data only i one
direction. (tmic\ireck{bm\\«j) behueen fwo precesies :

=

or in both directwins (bidechionglly) :

L =)

I‘:—M : Un'\d\red-t'cmk - a Umx "Fipq“/-
bdirectiorsl - @ p\';one Inks..

& Supndhronaos vs Rsoychronous

Dala ay Q"\D be able o he trans@ed oer o channel

when the receiver s verdy, (lyucl\ronous tramsmissien), or
at any) fime ( gg)ncbmnms Tranmission.) Tin the lakr carz,
dete can be lost unless the chamel is “buffered

.EM"\Z)_‘?E ‘- 53"6‘0(00003 - COnne:Jcinsba H&,vhcna;

qsbhclwonoos - Sevrlwﬁ an email . i

SENMANTICS

A semartics for o ProﬁmMm\nD \anguase 5 a
formal stabement of wthat programs “meon.”
chns on\er ﬂnwﬁs, a ﬁ(ma( Sewa'/\irzéS:

e Lo mmp)e{e ard\ {;Yecn'e _spsci(:im{/& of the
lansuqc?e for POORGMME(S avd. impf@Men%(‘S ;

® T necessaty fee L)\As‘fr%m? proofs abeot programs.,

® (on 6\\}9_ news insjahts it Janapase design.

Two PO\oo\qr s%fes of 6}\1}»'5 semanhics qre. :
@ Denojt«{:iona(. Sevvnlec'sl-

@ _Qpem{bmk semantics.

kS .00,

Oeno%ajc\bna(. emantics

i_Q_C‘Ue\anaL lan vages are oflen siVEn semantics
using the denotational. appraach , in which programs
are. 9\.\)6\/\ meanios as MAJ(lechfch ’chjcoo}\s.

For eample, the State" durinfj oecut ion Miau.)ae

modelled as & fmction from vartdble names o valves.

_dem%mnat sewmantics

Concurrent \avxbuaaes an b opven denchationl. smantics,
bt problems arise from functions always reﬁwo o=

| resuld , but concurvent. programs PGS’UD rdumivg Many.

Covcurrent lawovages are. usmlb 9pven operatioral
Semantics | i whidn programs are ﬁiveh meom{rs as

‘abstrack wachires ' that exavte ‘f) thirf) “Yrmsitions”

n



CORRECTNESS
[hat does it mean for o program to be corredt ?

How can we verify thet it 15 correct P

For sequential prograrns

(D We make o formal. specificdion of whet the
PYDf)(QM s exfec{ed To do, partheot Savine, how

it shoold be deve.. The 5p€£i€i(q{ta‘v\ is offen
toriten usinf) some. Vatiant of ;wediccée )GD\'C.

éﬂﬂxﬁ_\s : syeci%\'nﬁ a "sc)ua(e voot" function -
Yxe N. (sqct )" = x

@ We wiite o program ek mr’_g__mt_ﬁ the Speci(iCQ(lém:

'thdlo'n Squc (x: 3n{99e¢) : J'n{eaer ;
@ We prove the iMth\erJctén satisfies the spec-
-Fiction, Us\v}b sove kind of pvqummuhj 203;&_

212

Concotredt preoj@rs Can. be %ouj%’( of a5 sveral
Seqoem‘iqt me)(ams ﬂ)\nnina at He. same time.

T4 s net sucprisite, then that Fiming, (br fermporal)
profer{lés play an rapsclant vele . Fhe Covieckness

of conqurent proayaws. There are bdo fird::

® "_S,a_%iy:_p@pgiéﬁ
Propecties thak st always be te.

Eravpler

"Ml exclusisn - b most eve precess i a giien
Sek can be w its ‘eribiel. feyé:«“ at awy +ime

Freedom Gom 'desdleck” - af lawst ome precess mut be
able to make yehd presyess of amy dime.

2.8.

@ "l_'weness“ p_(_upefb'es

Proecties that mist eventoally be true.

Cravples

"Fm'mess" -+ o prees makes a reqxﬂ{, ot will
Q\t&m\\b be. 5““{@‘ This 18 also kinown ag

“freadom from individval sharvaton "

Thete are. various kirds of farness , involoine fimine
constrants , priofity queves, ete.

“n

Socce{ﬁ and. iveress pO;erbéa are usuq“b sPeciﬂéJ and
proed. usiney ome vaviant of femporal [03{5.

2.4,




Q)g_c_g?jcs QF Concof { encB

Graam Hutton

L ecture 3 - Mutual Exclusion T

10,

THE PROBLEM

MQV\3 problems that arise i concurrent progravming can
be seen a5 instances of enguring mutual exclusion .

Assome. we afe gjven. o sespential procesges execwtig
toncutrently, such Fhat both precesses loop Forever,

ond contain a sPecial “critical. reai’ci“:

: H
PATROPRAYNY:
7 C/r ‘5: ’9‘} BQW// /
L]
sl )
— —

The 4uo processes gqjcis‘r}; mutval exclusion if ‘U\Q:?
olahorate 1o ensue that at most one process

Gn ke in its critial regon at any giuen Hime.
v <

3.
Exawples HEALTHYNESS  REQUIREMENTS
e - T addition. 1o the Y’EQD'\YEMQV& of wotual exclugion,
77777 777777

—b ( 7277 L 77

S ) L -

v X

’”}e critieal reaxc\m o&ua\\p jnvolves acess to a

Shaved vesoorce ( 3|0L4( variable , commonication chanrel,
file, ) For wshidh it s esiential 1o the cortectness
cf %\\e COMfle{e ?(Dg){qm ‘B’vaj( Oh);) ore  proCess égm

Qdcess ‘LJ’K’_ veSeelte a)C Qnﬁ ;){»’@1 ﬁw{e_

32

we impose o nombec of heaithyness requirements :

Fa{rvxess

o Tf a proess requacds to enler its crilical region,
e,\len)sw«\\o e request will be gravted.

Locse coupling

e If Sovv\efch'w) opes Lateny awd a pocess des cobwith
ks critiaal fesjen, this must not preveat the other
process From Cm{iminﬁ te acess 1t critied rgr)aa«.

T cbevxem(., we am't hope to cope with the cose
bibew @ process dies within it eritical TE’%)AK.

 Tf ene pocess Y@cyﬁ(& o enler ks critiaal (eejion
mere frequentlyy than the thev, the alaprithm should

net. prechde Ahis pracess qining aess nere cflen
31



SYSTEM ASSUMPTIONS

We vl de\ﬁ\op an q\g)ofijchm for enguring motual
exclusion , under the {‘\o\\cminf) y.ﬁj{ﬂ»\ assumpLions :
Skaveé\ Nemorg)

Commuoniation. betueen processes 15 by shared wemors,
te. by veading/Lariting cblo\oak variables :

e PESS)

mew N'b

Alomic orefations

ging\e réad or writes to shaed netory are glomic: at
most one vead or wiite S meMory) can he exeted at

any given time  and i +uo concurvent processes both 4y
Yo aucess wemory ot the same {me , o wemoty arbiler will

‘Fo«e one ocess to ‘oe €)<€£UL€A beﬁne the D‘U»ev*. 34

DEKKER'S  RLGORITHM

Motual exclusion is a ’cr‘\ckj_pvoHem.

There are ™Many motuel exclosion a\aor‘d%ms. The
O\’\o\\'\mt and mect famous 15 Pekker’s a)ﬁgi’(hm,mmi
afler the Dotdn mathematician who inenbed. L.

RQ‘U’\Q( {xw\ P{efv\'l:ih:) e, a\gm‘itlﬂm st c\'\g\mﬁ oﬂ:‘
e follows Q\)\iﬁ_r_a'_s qW(mch fom 1968« the

C\\O)DV iJﬁ\/\W\ 19 deue\of&\ %CM a SC'IQS CXQ &n'ﬁ\ ugﬁwlof&

The faled a%%impjcs illishiate o nomber of common.
pistakes that can be vade i concurtent preguams.

3.5

FRST RTTENPT

R

Imqgme an jaloo covﬂq'm'mﬁ o. blackhoacd :

On the blakbasrd is writlen the nmbec of @ process
(1 or 2) whese futn it is fo enter s eritical regzo'n.

Tke small. Size of the (‘cJ[oc !repvefer\(,v Yo memory
'av‘{niter: aﬁ Moch e, proce&ss an ew{cr {Le ;'J(co and

ihsye& of chanoge the. blackboatd ot any given Lime.

;\ D e @ S‘D&ci% a Mufuat Q)Ck\.SLdm abm‘[ﬂm

3.6,

In'r{[a“n 1 s written on the blackboard.

A process wan{in\j o enter its aribical realo.w cranols
inko the ialw (when it is ew\p{\ﬁ and fﬂSFQC{:j the
uad\bwfi One oé ‘[JAJD 'U/\W\%S ﬂ/\ev\ hap\oen;:

o Tf Hle bladkboad gg_n_{m Yo nomber of the
process, the proess leaves the. ialeo and enlers
its enbicd r&ato'w. (whewn the precess €\m{uqu
leaves its critical. reazuk, it changes the homber

on the. Packboacd. do thet of Hhe ofher process

- or

—

L I‘F the. blackoard does not contam its nuw‘(:w/
the process leaves the "J}d’: warks a while,
o, rebries o enter s crificl reﬁzoL.

3.7

The ficst c\\goriﬂzm



Assomi g o %\c&& in{ecber variable furn thet represents the
blackkbeard. | this aleow{ﬂvm an be trarslled inte the

\Co“m'\nj (sl -like iM#&h&hﬁb« for proess 1

4 ocadute Pi ;
b&ﬁ{n
repent

|

thile torn = 2 do

Kooai{: o w\wite.] .

7SS LSS
//C/ﬁ%}cat re?)&y/

/077715
hm:z;

'tOf@JQC

e ;

Duallyy, process L is implemented as follows:

r—ﬁpf ccedure \02 ;

Eeﬁti«.
\"eyeq‘&

&

®

[}

& ¢
/

while tom = 1 do

wait o while ’l-

L |

34.

The dwo precesses are. now combined by

be%\k
)(_\XV\, = 1 ;
COEe‘ju}»
pl; p2
coend-
end.;

The. above q\ﬂofiﬂwm allows pl and. pl 1o execute
concurrently, but enswes that the two processes take

fun. about to execole their eritical regions :

R

Pi p2

Hev\ce {Le. Q\ocﬂ'ﬂxm Ensures
o Mutual exclusion ;

¢ Fairvess.
3.0o.

HO\AEVGT, there are rvofa(ems with this qbom%m:

) SoWose sovnczjc’oin@ goes Lifong ard. p1 chés ot
Some. point ovbwith its critical Y&au‘)«‘ Then F?.
il anly be de. Lo enter ity critical region ot
mesk one_wore time, since. pL no lonegr exist

60 C\/\Q“f)e 'thw badc 4o 2 Q«z)a}n.

® iwoy_ Pi wanks do enter s critical ream}« loo
Limes per day, while pL only requires acess b
ik ertial reglévx orce. per davy. Then pl wil be
restricted. by p2 to alio aving st one access.

That i, eor st motual exclusio q}smﬂ)m dees nel

<bisf Y e \r\eqﬁ%jrm rec;u\rew@af of “locse (wfl{r)\q



SECOND ATTEMPT

The proHem with the Lirst qﬂﬁwr)c s thet pl and.
pL are feo Lightly covpled. One way to locsen. the
cewpling s to vie tuwo ig]oos — one for eads prces
ratber Yan o single igloo for beth processes ;

The Volackhoodd for aadn process condaims O o 1:

O means the process Is. ih its critial reﬂfom

1 means the praces 1t rok . ils critical cegion.

Mow Le an srecify & new mutual exclusion q.’c)cc{ihm...

302,

stum‘mf) %Hx\t in{Egﬁr vaviables ¢l and c2 that

represerd. the Wlackboards for the. f processes | this
a\bui{hm {ranslates 1o the Pollowin\-) for process 1

procedore. pl;

bef)"”
myeat

]
hile ¢2=0 do
|t e j

!

l:=0;
(54557,
cl := i,’
i
{orever
end,

am

TL\Q Secondh a\gor \‘{ZM

Ini’c\b\\v) 1 is wntten on both blackboards,

A process wan‘l:inj fo enler its aritical vegon crawls
into the igleo of the dther process, and inspects the

black board. One. of o ﬂvinﬁs hen.  happens -

o T the blckhoard contains 1, the process lenes
te '\3)\00, chamoges {he nomber on the blackbossd 1n
s oon iﬁ‘oo 1o O, and enlers it crtral reg»o'»\

lohen the process eventully leves s critical
reg)\&, it c\rmges Yo novber on the Lolack board

we ik el islf-‘o back o 1.
o«

o Tf the blackboard. cordains O, the pracess Javes
the igleo, waily a while, ard. then retvies fo

ondec s critical rc;Jn;\.

.
PTDCESS 1 s Ihpleweh{ﬁA similarly | and the
o processes are nows combined. ‘\‘3
be%\'r\ 1
=1, c2:=1,
Cobes\k
PLipt
Coand.
end.; J

The above a\?)o(ifkm allowss ol ad p2 fo execvte

 Concurrandly, and slichies the. Heal’ckjness requirewerct
Coof e Cm?_\_w_\_ﬁn et the first afgorfﬂw did not:

o If oL dhes ok gove peint oot its cribiaal veyen,
Yheo ¢l will be 1, which weans Het pl will shill
be ade to z)a{h. oceess do 1ts critical S

e T‘F Pi luan.{s {b G/Lfcei’ {223 CF&)\CQL Yef)m;“ Gie Pleﬂ(‘e\_q'ﬂb
thaw p2, the aloer then dloes not preclule this

28




Hewsever, thece is a prdem with this algorthm:

@ The ‘(‘\Dl[owmo) s & valid sv'\{erleqvmj of e
ackions of the arootent proceses pl and p2:

vl ks =1,

pl finds 1-1;

pL sets ¢ 4o O

pl sets Lo 0;

pl enders it cribical regom
pl onters ths endical resjion

'ﬂ\a{ 5 it s psible for Lot o1 and pZ fo be in
Poeie cnibical. recpons at e ame time and so cor secord

motonl. evelosion a\r‘;)o(i%m doss pat. engute Mot exclsion !

To (oe_ Ca\ﬁmﬁi aes




Coneepts of Concurvency

Gf cx\mm Huﬁ{on

Lectwe & - Motual Exclusion 1L

Process 1L is new modified as Followss :

Pf‘ocedure pl;
-

repeat

Il

1:=0;
while €2 = 0 do

et
\ waik o while

4 ./'////40/»'»/
//4)%? L/ 7 /. /} ;
=1,

Lorever

end,;

.2,

+0.

THIKD ATTEMPT
The I‘Nb\dEWx with Yhe second atlempt 15 that with

Coneurient evertion of pL and pL, we cannot e sure.
Hoat no‘@wiwg will happen between cne process ~Fivd{w3 1 on
the other proeses blackboard and writine O on s own:

pl finds 2 = 1.
pZ finds cl = 1
ol seks <2 4o O A

pl sets ¢l 4o Oi

Cre. solotion 15 ts enswe Hat 1=0 r'mmedig{e)b Hat
we find <2=1, b:? Swapping the odet of the opeitions:

B process warding to enter s critical reson
C\faw?)es ks oo blackbeard to O 2 fere M'\{g,\s
for the ofber blakhead fo boeeme 1.

LR

Process 0 is moedified similarly, and Hhe code
for Ccm\oiniv\f? the fuse processes temairs the same

It an be. Shcwx \{:['\QJQ 4:1’)& alaove c«\@oriﬂw\ nowsy

ensores potual exclusion.. However :

o The {:Ol\owinﬁ is o valid inferleauing of the
ackions of fhe cncurient processes pland pZ:

Pi SQ{S Cl 40 Oi
pL sels 2 fo O
PL loogs until <Z=1;
pl [ocps LS

| T"\ﬁk \3, tt s P%S%\C fy\o( besth processes o (&ck =}

deodlocked. stde i which each loops forever arting
Lor dhe other 1o c\r\cmge ik blackbears to 4.

Yo oue thicd mubual exelis ion a\cjui%m dees not
setisfy eur healthoness requitemet. of Tairnecs.

8.3,



FOURTH RATTEMPT

The p(oue»m with the third aﬂempt is that when
o precess weites O on its oun blackkeard , it 15 net

yust requesting Fo enter its eritical regon, bot insisting
hek it gams evitiy, even if the other process 1§ sim-
'UHQ“EOUS[}) f@t\ﬁfkms o ender it oun eritical (CO\O}\..

One solobion Jo the problem is to ifrdwe politeness :
o process temporutily gives Phe other proces the chance
o "Sg_f_i_r_g_%“ if both preceres requert to enter
Hoerr eribicel renxén: at e sime ime.

fs e Hied aﬂmy{, bethy blackloatds conhn O or 1

O mawny e precess %ﬁ ]go ener s m’éim( rcsw}\;

14 weans it does net want 1o enter ks aritieal regien.

New we an Spa:\% & hews motval exclosion q)ycﬂ%%m,.,

L X2

P\'OCBSS 1 is new imP\emer&eA as follows:
Pfocadufe pl;

iy
repes{

|

4

i o,
while ¢2:0 do

\oewa

=1,
ma;{: [ m\'\tlz.

/ﬂ'\e {:DO( {,kw alam‘ i'Hr\m

In}{ia\\b 1 i weitken en both blackbeards.

R preces; mav&'mﬁ bo enlec s critial regon writes O
o ijc& Own ‘o{ack\)carc& : and. ('nsrec‘(:g ‘Ux& oﬂ?e( szt-—
“Yeotd . One of two 'ﬂ'\iﬂbs then ha)ogfos:

o Tf the sther black bearh also cntams 0, the
precess CL’\GNDQS i own blackbeard back to
4 wak a while, ard then retries to
onder its critical regon.

or
o If He other Hqc(JvOara\ Con{mﬁs 1, the
precess enters ity eritical retc)w'm Lohen the
process eveu{m\Kb leques ks crifical rebco'n, it

Charegs ks ouin Blukocatdh back o 1.

LA %

Process L is implewented simlarly, and the cede for
Combining the. fuo pracesses remaing the same.

The awoie Q\SQ((J(\AM agpim Engures mvtuel exclosion, bt

still dees net ensue farmess. For example :

pl sets <l to O

pL sets <2 +o O,
pl finds ¢ = O
pL finds 1 =0/
pl sels cl o 1i
pL sels 2 o 1)

L

Tl’\a{ is, !\% 15 how possiUe -For [90‘“‘! Proaes;e; -}-D
s “after vpu” fotn about in@neieb often, and

never entec Htheyr Cn'ﬁca,f. ve@x{ns_



DEKXER'S ALGORITHM

The pidem with the fourth atbompt is thet the
procesies are teo P_ci\i_,:_e_: i€ both wank to enler

their criticl veyions at He same Lime, there 1o nething
HM«{ y,wec\udes encn precess DG(e(inD the other the
ric\)\\{ o op fint, c‘nF‘ini{e\p oflen.

Cuor solotom 5 o vse thee ia]oor, torth the exba
lg\co loetve, ed 1o resolue enflictr i a far wow :

A process ( sa ‘71) wan"rina to edec ks aritiel. reajon,
witikes O on its bladkbeatd | and impecfs He Hackﬁ?md
of the olhec proess. One of fuo Hangs then harpens:

o 1L te cther blackboad abe contais O, then
Hhe process conguls 'Hwe iu_r_n_- b)acklvoq(a\:

born - 2 mens the other process has privrity, so
the process dnnf)es it own Hackbeard o 1, uaks
unlil tum changes to 1, aud then tries agam .

Lo =4 means the process el ha pr;orib]’ So
fhe process waits while (allowing the otiec process to
C‘nqng)e s Huck‘ooad o i), QV\O\’H?CH -l-nés Qﬁalﬁ._

or

® I’F {L\e o‘&er Hackbomc)\ th\})s :].' '(L.g Proceg
enlecs s eritial cegon. Uihen the process everfualty
leaves its critical reblovl, it ckanges turn o 2,
and 1ts own blackbeardh back to 1.

L.io,

&9

QS lHl 'H’ﬁ 'FOU\—I:L\ aﬂ.&«pf, €aa\m p\’OGSSj L\qs }'{‘5 oL
bladkkeard (€ and ¢2), which contan. O or 1

O mems the progess wards 4o enter ity aritical region.;

1 meons it does net want to enter ks critical. Tef)/oim

imy\}ecl b/) Yhe. fiest attempt the exhn black board
contams the number of the process (1 or 2) whese B
L s if both processes request o edler their
crifionl rez:)ndns at the same fime.

(e can nows specify & news rutual exclusion aljociﬁkm...

Dekier's o th,

In\hd“b, all three Wlackbeords contar 1.

Orocess 1 is now im,alemm&o\ as Follews -

proceduie pl; 1
be% \;f\,
!‘epeaf

J;
cl = 0,
while ¢2 = 0 do
iF ‘\:uru =7 'tlew
-
cl:=1;
while tun=2 do
l wait a While ];

¢1:=0
evd
el

l«)a& a w‘m(g } .
S

oA 4
i),
fum 2 2 ; ed:: 1;
forver
end

|




DU&“\Q  precess 2 1s leteW»ew\eA %:

p(DCGAJu(e P2,

Beapn

repeat

l:=0;
while €1 = 0 do
it tom =1 then
bEyL
et 1
while torn=1 do

wait a while

¢l :=0
end

ele
wait & while ’ .
)

’{‘,\ﬂn::’l; cZ::i;

L 4

®

.

®
IR L Y

forever

GY\A,‘
UNR

The two processes are combired by

i \ce%\h
cl=1;¢2:=1; dum =4,
Co\neebfw

pl; p2

coend
end ; }

Dekker's q\smﬂm satisfies all eur rec)uiremenh -.

mutval. exclusin. ; faicness ; loose ceupling,.

Nofe - T the st ablenpt, osiy fote lead Fo one
process beine locked. oot s critical reglo;« it the other
process dies. This deert happen with Dekker's alootthm,
Since o 15 onky Ued i€ bth processes want o enfer

e coiticl vesyeas ot the same Emie; f o procesc dlies,

Den tomm wont be ued a{aq'm, sothere is o lockadk .

&1,

A HRROWARE SOLUTION

E“SUY‘iﬂj mutual exclusien is a fr‘\c\tv proUeM for @n-
curtent. sykm in whidn sinole reads ardy writes are
the. onky afomic eperctions on shated memort.

The._prblow:

Perd. and uarite. operatiins for different concultedt proceses
are inkecleaved , and we cannct predict the erdec

hich the. ope(qh&u for diffecent preceges will be executed.

B scftrare solution:

Deker's qlaorilr‘w‘

q har&m«e S‘D]u}(,(évx :

HSSN“Q an eﬂm G\JVDM'\c o}ae(qjtuﬁr\a ‘H’I'{& b__oﬂ«_ Véaclg ,

GM;\ wn'{es \EC S‘W‘Ee\ memerty.

g,

Ore such oyere\ﬁbw 15 st and et which 5 previded

bo rrany medern. MICTT precesse.s.

T terms of cur Pasal -like (‘m‘okmenh{:{:n iqnomg)e, we.
can Pk of “Jest avd et as o special funckion

‘Fbv\&fow destandset (Va( X: in%ecja) : M‘eaer ;v

Such that destandset (x) 5 an aforic opemﬂ&« that
hores (Mlests") He valie of o, Hhen'sek” x o L, and

ﬁim\lb cebuns the sfored valwe of > as the vesult .

l_\ﬁ%: atemic weans thed cohen lestardset (x) is execuled,

no cther oPefa{{o« on shaved meweryy can be
everoted onhil Jestadset () is complete.

QSSW\W\S o %\D\ai B'K{Ebeq variae ¢ such thet -

c=1 means @ process is m it crlical regim;
=0 wmems netther pres is in 1 critial veyon..

B.1s.



{"t 15 Now eaSD o ensure mutual exclugion. For
example, process 1 can be implemented as follows

r—‘;focec\ufe. pt;
-

repest

[

while testadset (&) = 1 do

wait « while l

c =0,
fovevec
o
Note : his wluon has a tinor Laieness pﬂ%lew\ - there

is nothing thet preckdes pne. PrOCEss always 9 aininy enlny
Yo ibs cribicdl venjon and the other process newer.

.




Congepts of Concurremb
Gm\nqm H\)&On

Lecture 5 - Semaphores

5o

BACKGROUND

COHCUWE’AJ( pl‘oammminf) 053“3 lova-level OF&raboinS, such
0 Jead [store[estandset has a number of drawbacks,including:

® Qrogmms often invelve " bugy wiaiting™ loops , which

toke vp valvable. precessec time Wt codld be betler
usedh (pacticularly on a moltiprogrmming systew)

U\)"\.\(e, .. do

[woait a wkilel;

® S@\\Jimﬁ aoncorcent ProHems (e.g. mutual exclusion)
and preving the solubion arrect can be tricky,

S__G_\’_ﬁg\p_of_e_g (dve to Dijks’cm,l%%) provele \wijﬁnem(ev“

: Opembu'ﬂs {f"\qjc aveid the. need. \Ccr \‘”5';) mqi)uﬁb loops,

Qg allow My coneieent p‘qﬂa\em to be solved and

. /
prcveéx cortect . a mere elegart manner,
L/
5.1

DEFINITION

A semophere i an infeser varidble. s such thet
s only takes on valves > O,

Foogthec with Huo alomic operatiens on s
waik(s) and siqpal(s)

Semaphees are. uslly implemented. EU the UYAQF‘UHB
OF@AE‘% S‘yéew\ ' bot. the behavicur of the operahéms

o e explained. Lsire Pascal -\ike  definitions :

p(ocedme wait (var s: fr&eser),-

%‘83\‘%
if sy0 then
Ses-1

else
\iusFerA fhe. proess Dot called. wait (5)
evd

proceduce S'\cana\. (var s : inteaer) ;

b@s‘\w
if

no prodeses afe Swpenddd on s | Hhen

s=s+d
G\SQ

[_(zsjmr’c one of the &)sgem\eo\ \orcccssesf

ew&;-

There. ae o povber of poin{s fo nele, including :

e Tgﬂ_v\im vy
If o sevape s s ued so that s oy Fakes on
Valoes O and 1, the jeMthcxe is called a bLQQLv
Sewaphore . Otherwise itis called o cée_rﬁ_[c_\_t semaphore .

e Obstrction
wait and Si@m( are the gjﬂg OFeraﬁions allowed on
& ewaphore. S, except for o singe ass{?mmemﬁ of 5

Lo an initial value at the beginning of the pregiam.

5.3



@ QTLCM\C\'JC\O
wait and signal, are atomic Operajtfons: at waost
one, Suc\w oyefajctén can BQ execo(:eé\ o o par{ico[qr

Semaphore at any gjven Hime. O\oem’cm}\s on differeat
Senapheres May be execoted in parallel.

Neke : wait feminales after suspending its calling
precess thus a\icwir}c] Lorther calls fo wart and sijnqb

© [amess
Signol. doegnt specify hich process sheuld he. vestarted
£ wore. than ore s sosFewJeo\. There. are. vy definitions
of "Tairvess” for raphores, but for szm;;\{ci%b e will

asume o FIFO queve of protesses 1o be yestarted.

@ %_ﬁ.%) L«)di\[.'\ni)
Becavse wait(s) gwperds its alling proccss 1 520, there
RS "\oostj mqi’cirg“ lecy, wasting pcesoc ime.

5.4,

MUTURL EXCLUSION

Usiﬂg a \)‘lmr‘fj Semc\p‘qove S H: is qui) 1L0 ensuve

wmutual exclusion for oo concrent precesses.

We. can Jcln'mk o{ {i\/;e. Se\m?\om'e, as an iaaoo cwxwlciir\i@
¢ bladkboacd, attached 1o o deey freczer T

!

On e Padkheadd. i writlen the vake £ e
%May\aove (0 or 1), ard the deey freezer is ved o

Sospend procegies until e ave cestarled by sigpal.

?JCN e @ specty o setual exclostea qlo)ofifbm,,_
! {

3.8

Ini’(\a\\xg 1 is weitten en the blackbeard |

R process hnnjcin:) o enter ifs critial. 1‘et)rén crands
ito the gl (ihen ewpbo) , and exervtes o wait
O?Q(qlci()v\. Ove. of fwo things then. happens -

o TF the bladkboard ntains 1, it is decremented:
o 0, ard Hhe precess Jeaves the ia)oo ard evless its
critiel resion., When the. process evantoally leaves
its criticel re@\c&v\, it crowls into the 1‘3100 a@fnﬁx,
and exectes o gayg_t operation. -

T the other pIOCs 1S susfevda:\ i the
Lreezec, it is restarled ; otheraise the.
black board is incremented from O 4o 1.

or

e 1§ the backbmd wnkns O, te process cawls
fle Phe freezer and Smrémbs( The. |61co el € I

then ety aﬂm‘ma {he ther proen 1o enler.

5.6.

ﬁssumin5 a cg)lc\mt svaphee. s, this cx\goriﬂ»m ianglates

indo the %\‘cm(ni) implementation for precess 1

procedure pl;

becb{v»

repea{

-
wart (s) ;
)

critical regided
S S L

Slcbml.(s) :

forever
L end,;

i
L

[rocess 2 is implerended preciely the e, and the

e processes ave ambived ) ...

5.7,



This C\\go( iﬂwm ensures _q_\\~ oo reqo’wemjcs:

® [Mutudl exclosion (wait and signal are atomic).

o Fairness (\f both proeses want o enler ther
orkice reions at the same ime, one il 4o first
and Yhe other will op )Mmediq{e\j aflerwatds.)

6 Looe C.Q‘BYE“@ (if one. process dies ovtwith il
critial vesjon, P dogsnt affect the other ; the
procesies can also erente of dffferent freqencies )

T addiben, it aveds Hhe gy viaiting” leeps cied 1
Qi\ﬂk@‘ls C\\f)tv'i{t\m avtk '#72 'R’SJ(QVA&Q{ 50(0%1‘0»4.‘

5.8

MUTUAL EXCLUSION FOR n PROCESSES

The motual exclusion a\gcriﬂm\ using & Bimg semaphsce
exterds ratucally do te case of np 2 proceses.

The cede for Hhe processes remaing the same, and
the n processes are combioed by :

‘Oe_@ﬂ
si=1;
Co‘7€3'm
pl;pZipn
(o8
end ;

Howevey, s c\\aui’d«m May) net ensure. Liroecs :

@ Defem\ihﬁ o which process i restavted bj 5*‘3“&

‘PTOCEES es ma‘j

if wore than e is Su&pev\deo\, Sorme
newr be restacled and never enker ther eritical

TE%\OM. This deesnt carur with & FIFO queve.

GENERALISING MUTUAL EXCLUSION

Mubual exclusion requires that at most 1 process
feom 0 15 in il cribical region cd‘anb given time.
The mutwl exclusion a\acc}‘dm for n processes

%ev\tvq“w ﬂd}um“b '\"D a“ow qt MOS+ l(_ Pfocefseu
to ke simuHr\vwﬁws):? m ther eritical 7 %fcns.

The code for the proases ravams e same | bit
the birary ssmq?\we; s is replaed by « cdgneml_
semaphore., and Yhe n procesies are combined by ¢

beain
Sz k ;
Cc\oe,%).h-

pL; pl; e pn
Ccevs.c)\
Lem\;

sie.

THE PRODOCER -CONSUMER  PRORLEIM

Hlovwd wibh mutval. exclusion, many problems thet
arile m @naient pfoammminj can, be Seen as
instances  of the yzdngf-@mumer pmuem.

Assure we ave 6iv6v» Fuo SEquen%\&L processes exec-
-U{ing conmewﬂ‘o, one. process proo\vciv\:) diben

values and, the. ether process Conioming thew -

~ e 6o N
PRODUCER, CONSUMER
| E— com—————

The pro\olem is o allos the o precesses o
Communicate asancnnencusly - dates cein be Eransm Heh
even hen Yha congver s vet veady fo receive it

This behavjeor vegores some kindh of bofferio.

The quJem bas & natual solobion. usin} &mpkaru...
5h



ﬁmmms we are given an mfimle buffec (or queve),

He pm\alem boils doan fo satisfying tuo requirements :

@ The. consumer process never 4ries 1o remove o
data value from the buffec if it is emply ;

® The opem{fm of adding and remouirg data
values from the bffer are mutually exclugive.

Our solubion. vses fwo 3\0&[ semp)wores:

n - o operal smaphoe vsed to oot the
rumber of daba valves in the boffer;

\o - G \a'mavb semap\wme v o GV\&)\’é mutual
exclosion of the tuo boffer cperutions.

The 4w processes can now be implemented b, ...

sl

procedure  preducer ;
betb'm,
repeat
Pf‘odtxe cgc\akc\ item :
wait (b) ;
lappend, it 1o the bug;};
sopel (b); +
.Slr:)hc\\ (n)
Torever
end,

S

pmcedwe GenSumex |
-
repeat

waik (w) ;

wait (b) ;

[revove Yhe fiisk ilem from the boftec)
Sional (v);
precess it
forever

end,;
’ 5,

“w

The tuwe processes are. combined b:)t ,
begin

n=0,

b:: 'l,'

CoLe«biw

 pradwec ; consomer

®
end ;

This algorithm satisfies both o reagirements.

Usins SQW&?\rofes cathec ‘f‘kcm lewoer- level 0pefa%m§fu'
we. avoid the need for _l:gsz_»)—uai{{@ leops.

5k,

A BINARY SOLUTION
| The pfoducer-Comum proHem am alio be sohed

OW\Y) Usiv\fj ‘Q_lmtf) sewnpkores:

The 3enemk S&Va?}m‘e nis rqol«ced b:) an indeqer
vacidde n, Toogther with o bn_m_b gemaphore
nongmpty) ek is vsed to suped the congomer
process when the buffer is emply (n=0),

The N\m" process IS Now iMP‘em’c&J bg-.
procade. produe
beciw
repest

f?mduce o date | @;

‘wait () ;
[append it to the \o@feﬂ;
nontd
it n=1 then sig)m( (ronemply) ;
siopal (b)
forever
e " S,




The. consumer process s |'mplemem€eck %:

[ procedure consower ;
Vor
{em? : Lm’cejef ;
i
wait (nonempty) ;
repest
NC\‘!{: (‘o) ;

ne=n-1;
{ﬁw::h‘,
Siﬁm((b);

[praeess ]
f \lﬂw =0 Hen wait (W)v\emp"ig)

forever
end |

[revor the fint ibem from the. boffer].

SC—— ——

/Hﬂe o proeEsses aie combined: 1o

b&\v)im
n = O ;
bi=1;
nOV\eMpE\Q = O

CoLe:){v\
proc\ucer 5 onsumer
- Coend,
end.;

N_Q_{g . e vie of the loaal variable 'lf‘mp in consumer
s CS&H&L TE the cditiond. statement

It domp =0 then wait (ronevply)

% S(m\{)\y Tepl%fA ‘ov)
i€ n=0 then wait (nenemyly)

thew. the consumer process may qﬂmﬂt fo remove. a
 data thon when fhe boffer is CV_“L{V (G ?)

S47.




Concepts of Goncurre 2
Graham Hutton

Lectuce 6 - Monibers

6.0,

BRCKGROUND

Sema(kooss alles Sg)v\chmﬁsq{:aén betreen pregrams
twithoot the vied for bus:jmm{ﬁ{rb loops. Heowever :

® wait and Sigmt an be used ggx(v)w__t\_e__vg;

e The cmm(xler prov\des !\__o__;omg_t for c\‘eckinf)
Hhat wart and Siqral_ are vsed cerrecthy,

Monitors provide o tie shruchured approach to

Slviny ncirent problems fham semphores

A wonitec is o kind of abdrad: data ﬁ%:
Some. gatn, "’396&6( with sime opem{bm,

’ﬂ\a CDMP;\.ﬂ” ensures 'Ufnjt
o The ddta is only acened vsing tle_ epewations ;

o The opefq’uém are. executed MU{V‘”“) e)(}usivel‘tj‘

(43

DEFINITION

A moniter m comprises three components :
@ Vardde declarations;
(@ Code trat initialies the Ve iables ;
®) Proedures that eyerate on the vafiables
deiect o the folloviing conditions:

TL\Q vnriaUQs are mlb a«e&riUe. wzH«fr\. e in\‘{;iqusczﬂén
(ode avd the wonitor procedures, Lt exist f%rooakouf

ereaslion of the man. pregfam: Fhe. variables have Joaal

sope | but the same |ifebime. as th main progam.

Tﬂ{)iha fo acess Jhe. variables outwith & momber is an
ervor ard il be dedected by the @apiler.

62,

® Communiation

The. monitsr procedues U.Sua\lb cormonicade. with
the eutside wordd g}P_leﬂ? Usineg pmme{m, rather
tan l"_“Pl\_C_\ﬁ\_j Usiwi) @\o&& variables .

e NMulval exclosion

The diference beluieen o menitor ard an abstract
(_i_g_tu__t\?p& (or medule) is that the ron-time 59:&»\
evires thet at mst one preedive fee o given
montor @n he exew{inc) at any coive»\ five : Hhe

procedures ave. exented pavtually exclusivelyy .

N summarny | e have e %llmiﬂg) S!E})?"v :

g'mom{w = abstract dah {“r)pe + mutial exc?umT.{

€3,




SYNTAX

WG’H asseme eue th—‘ike_ ‘O.V\%)L'Qge_ pmv{da the
gcv.om'mg syntax for defining mon tors -

monitor m :

variable declarations

procedmc declarak ions

beﬂm

iitialisation wde

ﬁb\i;

64

® HLS)CVC\C{Lbh.

wait and siam(, are the Q“I—D oFem)ccbv\s allowed on
o eondition varidble ¢ beih:) fo assip. or fest ¢
is an ervor, and. will be deleded by the eompiler.

® Pomicity
Wait and. sigral. are atomic, but cgerq{zo{'u on differedt
(onditibn Varidbles way re execute ) in pacallel.

(T foct Hhis ant happen, bease snonitor pm@lures
ore. seciuevﬁa( and ere:v{ecl mutua ?3 G’C’USWC!Y) y

® @e‘«\qviwr

A wonitor procedure. Susperded by wait(c) frees vp
mutoal_ exclusion, alloaing anotler pre- o o execvte.

Siam((c) hay no (_?_g;t_i if the ¢ cve of prCdU(e!
%pevdeA o ¢ is emply.

€L,

CONDITION VAR IRBLES

For gﬁv\ckmnigo&iom boetween moniter procedures we
need. some. kind of special primitives. A condition
variadble is o variable ¢ within a Moniﬁbr,'}oﬁc{lgr

H :‘LL "'«‘i e ,..L,M“:, ey n '{.'\Ar yn ~
[ZS 2R V1 VRS SRAE I W T ‘,@;‘\;\ pot oz e

wait(¢) - Suspends the precedure that called. wi@
on o FIFO quee of proc?dofes for ¢ ; B
Skbmuf) - | Restasts Hhe fivst pfoc&iu«e . The 10@;4
For ¢, i the queve i hovx-em‘aﬁ). |

| There are o nurber of pc'\vacs Yo nofe, t‘vxc)uc\iny

@ S_e_\:a_‘p‘»o-'es?
wait and sieg)v\at are similar fo the cpem@,m of o

Sem?\we,exce\o{ that e condition vaviable has no
(Ouder. TF requived, a counler aan be. implemented

Mawa“g Ustﬁa o monitor variable. s

PRIORITY OF PROCESSES

?ro\>\em-. o monitoc procedure. executes sky«[(c),ﬂ,m
many be Huvee kinds of procases warding fo eeaste, while
mutuel exclusion requires that cvlb cne does -

@ The proedoe Yut execvled. Siapal.(<);
@D The ficst preceduve susperded i The quewe for ¢ ;
(® Other procedures bloded by mutial exclusion .

SO\ U'!Ilbw

e Monitor procedores pust teminate immediccely
Q‘G(er €Y€CU€H‘5 o $if9mt. ﬂ‘nf& Q]l'm'mo\{es @

® [rocedores sxmpe-dec)\ or. ¢ have yinrity ever
blecked. proceduies: @> @. This s called:

dhe immediole resum\o’aém raquirgmevx{.

6.7



THE_PRODUCER - CONSUMER._'ROBLEM

monitor butfer ;

69

Us'ma o wonitee o handle the b fer, 1t 15 easy var
to sove the producer-consomer FbueM b ;o type of mfinite \wﬁersl;
‘ h : in%egjer;
The monitor encapsolates three \ariables, Monempbuy + condition ;
b ~ o infinike buffer procedure. agpend. (v + intespe);
. beon
- the numbe £ nthe boffer ; €
" the.rumbe of fere @Mv{o%@ \o«)@eq;
rmerﬂp‘bg - o condition varidde vsed To S\.\Spenol il ;
O femione, when the. soffer is empty sigpal. (nonemphy)
end j !
and. m)vio\es “}}_J_o \amce&oves-. orccedire. remore (var v §n{eﬁe«); —
aped - appedds an. im.{eofr 1o the boflr ; beajin
‘ if n=0 thew
remeve. — rewove he first m{f:)er Fom the bofler. wait (nonempty) ; B
E 1 lremove the fint item v from the b;ﬂ';ﬂ :
The monder is tmp)evv\ev\{eo\ as Jeliows ... T \ !
63. L@Q\;
— , LA AN AN AN AAAAA AN
NANANANAAAAANAAANAAN
begin. precedute. censumer ;
lini bialise the bo@; var
n:=0 . inteoer :
V @ inteaer ;
end; . ¥
begin
3
The proa\ocer’/'consme(‘ proeses afe 1o aefined '/3 : repe:emve. CV) )
rFrocw\um producer ; |process the deda tlerm v]
var foreve
A iY\J(,ecaer ; €Y\A,,
b@yﬂ )
repest Note
[;mduce o data i&ew»‘\d; This solution is more iru&ure& “H'nv\ -}He Semap%cres
apperdh (V) version. : the buffer wonitor dakes care of all the
Forever Concuxcency issves in the problem ( synchronisation +
evd. ;

clo.

mutual excusion ) ,a“ow\hf) the oreducer/@nsumer

precesses Fo be progranmed reere. simply.



MONITORS SIMULATING SEMAPHORES

T & ey Yo define o moniter ~hat simulates o
%GY\QY‘QL Sema{)hcm 5. The montter com?rises :

S - an mk&ger conler

nonzero - o condition variable vl o 505 pend.
o wait when the conter is zero;

wat.s - the wat opero{zéy- ;

Si%mt.s - the Siaml, oPerq{zm;

and. is imp)e.menk’d\ as Follows :

Mov\.x{:or em.s ;

\ar
S + inleger ;
Nonzer : condition ;
AN AN AAAAA

617

SEMAPHCRES SIMULATING MONITORS

Dua\\ag‘ we an use semapheres to simclate a
menitor. RBs o concrete emva?e , e shew hew Fe

simulate the buffer moniter usine semaphores . Lie

‘C‘,”\DQT’L 7““2, 'QS“CL«)iQ:‘ ¢ !21“:‘.]4 \'ﬂ"‘.;ﬂ}J}"i} '
J 9

b - on infinide buffer

n - Fhe number of iems in He bufler;

S - O binqﬂ:) Sevm;pkove wed 1o ensure
mutual excdusion of < ne precedures ;

ﬂDnemp{‘\g -G b{nafb s@ma}&)o(e Used 1o iuéper___vi

o remove when the ffer is empty) ;
SUSpevd&oL - e number ef Prccec xes SmMeri

w the FiIFo queve T nonemp%.

spended. is reqU\"rea\ becavte. the reaning of SnSm((mn@wp{p)
eperds on the nomber of susperded precdures. i

"
 The wmonitor oyprq\l,{'cm izjviu ncnempﬁg) is transleded o o

NN AL NNAAN

procedore. wait_s ;
be%'m,
f s=0 then
wait (nonzero) ;

§ 1= Send
end.

ProceAUv'e sisml_s ;
-

si=s+l;
Si%nqk (nonzero)

end.; N
bea\;\, }
|

S =0
end.

Sich a siwmolation allows « _j@_v__m?%ae-knxo\ cdg,or{f%m fo
‘rse C{)ﬂ\ifr{@:i JYO [ Mom{fm-‘oajeo{ PrCf)t‘amninﬁ .’ax\ﬂcaae,

(i3

'ﬂ]e Qm procedore is now iMp)&ﬂ@ﬂﬂ&:‘ bg :

procadure. append: (v : indeser) ; }
beﬂin |
wait (s) ;

awerd Y] {o 'Hf\e_, bu‘piej,

nans+ 4 ;
it &)sperdecl > 0 then
Siayrel. (norlemp{‘g)

elie
Sicjm(, (s)
evd.;

e, st e

corditional. expression. on the wumber of suspended. precedures.

&5,



The remove rrecedove is now iy emented hj‘

PPOCEde‘e Temove. (\)ar v in‘Eegger) ;

bea'm,

wait (s) :
{G n=0 ‘U’\e‘/\—
oey-
susperded. :x suyperded + 1 ;
S\C)M\- (s);
waik (rorempty) ;
Susperded. := Susperded. - 1
end.; _
reveve dhe ficst ilem v from e bu%rj.
e n=-1 ;
Siﬂ\n«k (s)
evd.:

e

The. wonilor opem{{ow wait (nonewpty) s fang lated +o a
5%)6«& of Opemhév\s alse {nva‘vir\\r) Suspewc,ied and. 5.

A

NOJO‘E also that the translation :

® Deesrit del with "hidim". For this we wedd
need. medules or abstract date ﬁyr’@&-

® Tc mather sllle in how it ensures cor regire-

I A w:,.xl, L :
N M ER T u\oLUL {/ ‘, ) - ‘.(’/‘Y’?’C“"‘f

o Dllows 6 wonitor-based dlgerithm to be omerted
1o o mﬁ’ae—\oc\}cé\ }proamvnmir\f) b@u‘mjz»

COYC\U Ston. '

Se\maphcves andy monifors ate. g_qoiualenjc ih expressive
Power H ch\r\ an. 'Fai":lng)”b SJMDLC\{E Jcloe ofl'er,

Hot%\ierl S\Mda{llé\/\ One Way IS easier Hvar\ ‘n;e other -

¢ y I
W\Ch\l‘r"s are, hla\_“_e_f;}e_lé&, %}’Yl't 56‘")05‘)\7)”@5.

6.7,



BACKGRLUND

The "dimn;}p%i]omp\)ers?’ preblem is a classic prob-

-&em ih. 'H)e ﬂe\é{ 0(: CCV\CL"V&’E&){ ‘;)"C“\‘Y\”’"‘mﬁ'

Tl’l& Vrc\Olem:
o Was paf&i) ‘n{t») Dz\\g_sii:c_\_ w AT

Concepts of Concuprency

GT‘C\\'\m\,\ HU{:{‘Q"\, |
o Illustrates a number of commen mishakes that

v e wade i ccwcm‘r@\{- m«u\ws ;

Lecxl,ure 7 - ﬂﬂe pin'mﬁ ?hi)omp%ers
@ Sewes as o uehl fest-cae for designers

~ e
of new cocorrent preEcTIIYg VALIOYES

\ vl !
Lbe(” fcok C\,’L, j;”L\iL Sl JO the pr OH@M L e

\ 4 J
%m T\’\J\«\a\,;\qov‘a.\‘ , O.v\c\. v uain Qa e ‘-;’\f»\f_",

7.0.

THE PROBLEM

The. prdolem concerns five. philosophers, who eack
ens)wae . an. evdless C(OQIQ- of ‘H/\ihk\% /g_at\_héj :

tf""‘-—l LTI T T
Think L;
/
1" vl

[eat

it

There are. hwe “safehy_pryerhes Lo eating

~ . , R A I LB an L :
?:a{mﬂ L‘QVW\& Meﬂver at a sinf)le Jable set with: @ g % lose pher reeds beth fevks on either sude
O‘xc 1\'15 (;\l\,,ﬂﬁm (’ia%,e In ov‘ci@r ’.:Lo eq%,

o Five plates;

(This ek e move. realistic if the. SP“’))‘C{T{“‘

@ Fi VE &:ov'kﬁ ; was rice and “'\x‘)\c '&\»“‘&‘5 AN C)‘\N.ﬁ)ﬁfl {(_i«;s !i

® Cv.<."/‘,§~wi¥;?.é>a\ b o f if”“sif&" ﬂ ’ Lo oL
. :Z; R @n]u\m\gw o't \‘,)v,- P o ',(u’ks i&\_\{i“
-_c'\p_g_cgg_‘_\j oot st Pick e b e

T’/\e %‘(lué f S m‘ra,v\g)ec\ as R ”cwx.”

7.2,




Ih OA&\}:‘CVL +O {\'E (\})C‘JQ Smceh ) ( o CC\Y.‘\GC%})QSS)
propecties | we. requie e lueness prepearties

@ 1w plxilescp%ef wards 4o et | eve\/ﬁua“\o he vall.
ot o forks and. ke able 4o et

Fcr eYme?é, 'H?E\“Q \must be Vic ¢
o ndividvl Sharvetion ! (someone. never ets) ;
o deadlocks (ne pro

o |weleck (no Lsocc-( WUEES (am e v‘\qde;)

9)*‘65 an be qu@ ;

D IF oe ph Josepher L(avmis Yo et nee WFU}QE\

{ o
R

] o
Yy () \(\ AR i

= ;",w\‘!' W ‘U‘Q o (\f
o

{
’\R iy r R

)
l< (‘ ffm H ’\ H‘\k \1\1 it

7.4

FIRST ATTEMPT

9 Simple appmack to go]vinﬁ the. din(rﬂ phi?omp}ﬁ}

problem is 1o vse o separale  binary samaphore s
Yo control acess 4o @ch fork :

S=0 mans the fork 1s m use
s =1 weans the fork is free,

/ﬂ\e a)cFFi"g{\v»\.

Ir\i%ia“% al five fock ,gampho@s are set 4¢ 1.
A p&{\}osopher wanjr.ing) to eat wails o ve of his
\@Pw[—&rk Hhen waits fer vse of his riq M- fork ond
m% ?m(uk) %y \GV\ ‘g‘\m < \e: Mhe p)w (318 b
lefl-fock Hhen Hhe rigfd -Fovk,

JY HYJ. L)
veleases Ahe

1.5,

5%$Sumim\ a g)‘.c\.xxl array fock of binary semapheres
( indexed O +o 4y Hais al@c( thm @ be trans lafed
4o the %\lom;yﬁ iMp‘eﬂﬂﬁu%xbh fer P)\E\OSopher L:

[ procedwe P\ni‘osb?%er OF injre%e\“) : T

Degin.

repest
Mk |

Wwait (Fork [):
wait (fork [(i+2) mod 5]);
eat J;

Sﬂna( (fork 1)) ;

S\f)mt (fork [(i+1) med B1)
foreser

TE.

\stmmc\ o qlchal mJec)er variable ¢ the semapheces
are. invtiaised and Yhe. philosophers embined )

PP

b@aim

for =040 U do
fork [1) = 1;

COE%M

‘W'}osopker 0) ;

philosopher (1) ;

D% oscpler C ) ;

3);

)

p\m ° &PRQC ( p

Plu oﬁop%er (
Cotnd). |

%em;

7.7,




Thig (\\gu‘ ithe saticfies eur Sm(‘ewb _rgquirewmﬂs:

@D The wait OFGrah'ons _595(7@9_\ a p%iloSoapker
oitil he bas ve of fue ks ;

@ The forks are "p{c\ced vp“ one at o fime ;

bt not eue Liveness requitenent

There is hOJ(,Lﬂv\.’cw\ in. the a\.;)cr-ijt-lvm that p«emﬁs
all five philescihers simcdavectsly “picking co”
Pheie leftterks. This cesults i dendleck,
hecise thete. ave. o r|c>\wjt Aorks left e plck

Lp, an(\ NE-CVE. Ly :U ve‘fmﬁ ‘Uwfw ‘Fcrk

7.5,

| A SCLUTION USING SEMAPHERES

Ore. way to sclve the. preblem with the previecs
OJCEMPJC ic 1o infndice a butler, whe énsores
Pk ok most & Som the 5 P\w;\c,s*opke(s sit
dewn ot dhe Aable ot oy oyien time :

T Ahs wayy, evan i 4 {%wb\[cscp‘\e(s p\'(k o ey
\GG‘{"—'(-\L()( ,S.\m_bl']'ﬂbé(;(js[w! 'H'f.('ﬁ iﬁ S’h” (e, V'i()\\li-'&\"(
left {e pick vp, and hewe. pe deadleck. -

The botler can be represented bv o gﬁv_gga__t semaphore,

whese valve is the number of philesophers curently | -

a\\cuec\. te sit don at the table.

The a\ac_r_'»fc_h_._n

Ih'rtiauy) the butler seraphore (s set o 4 and.
all five fork samaphores ave set 4o 1.

A philescpher wanting o eat :

D) waits orkil the Yolee alluss hima e 53t ;
warks foc s left/riaht feeks in fum;
ects ;

cdleaes his eflfright fock in urm;

\ 4 The bdler fhat he has Finished.,

@@@)@

(\hq

1o,

ph\lo.SoP\her L iS new imP‘emen{*Sol b“)‘

( precedure Vhi]osop%er (¢ in{eﬂer)g;“

beﬁm
tepeat
wait (outler);
wait (fock [!D,
wait (fork [(i+1) med 5J);
el ).
‘Ibicomt (ork [i]);
Si%mt (\Cork ):(Hi) mod 5]),’
signal. (butler)

foreer

Lend.

!

ard the p\wil( 5 ‘,7|\€\‘S aie. cembined bﬂ

T,



be%ih,

butlec = & ;

for =040 #do
—?ork [ L] =1

Co\aet){v»
p\ﬂiloSopker (o) : p‘)i’osop%e( (1);
p\\}\oscpker () : p%SJOSOP%er (3);
P\mi)o&)plaer (4)

Coend.
end. 1

I — - e ok

This O,\f)er'zj(l\m satisfies both our v*eqoicev»\evx%:
SC\JY\G"L} £ liveness.

f\,(%g Te be faie e a\cy:m%’w relies en e sspen-
dfg\, pIECesses fee butler betng o FIFC C)‘é__‘fm“s Ehives

Jﬁ% eoch. pl\'\k &y%é(‘ évejxfkaug) q&_s +c 6(4

A SoLUTION J USING A _MCNITCE

Another apprmck e sglviw@ fhe ({mi_n() ;)},\{/,

'CSC‘P\\@(S *ofo\ﬂem 1< 1‘0 USE L i nh[(*r 'f(*
(mjrf‘o[, agess 40 '“ve qci,we *Ft\t“ ]<<

The monitee ewapg(;/,mlfg 7_Lr_«_g \fax"io!m'eg :

£

rogs = an qvvay CC('v)lﬁﬂq the. Mé‘f UC‘CCFIW

(O, 1,60 2) avarlable 4 earl- D}\‘f}U‘CD’V,\é("

recdﬁ = an auau) OGCQ\\A Sen vay m H (ycA i(
S(,Spﬂwgl P OSC«P’\Q( UT? Jé) Lme'}h( Qr( (

C\\\A px‘cv((\é‘s ’}g_g PY‘C(EA&*!"PQ:

[gq@ e (] .P‘r)ituc?\m" 1‘@&‘4&‘(& '.!'m f\f((/
f\
1

FQ\EGSE = () o) §( S(n!uﬂ’ !é({ﬂf“ (w%c *Tm r\v

AYR
N AV AY |
ﬂ\_e, "'\CV\.!%CC 1S implﬂ“é‘m{ﬁc{ as ﬁ\”ch : f\/,.._.m/\/\/\/\/ ./.\/\/\/\/\/\/\/\/3
&OFOCQE\’%‘E release (i mlrﬁ%@*) :
monitor torks | | 5
bQﬂ\V\, {
vae | Len(i-2)med § ¢ pes (i) ried 5
“FO{‘k . le(‘q LO LIL.l O-F m\lﬁger‘ _ka [L} - '\C()v“k H}-\L i :
ready : owau) [0.4]) of @nditn; )
Ll e njcecae( Fork {_f] iz s (¢4

o

Pm(edu(e mq\JeSJC (i in{e@ef);

besy-
£ Sock [0 4 2 thew
wait (veady (L)) 7
Lo (1) med 5 0 2= (142) wed 5
Foek [ vz ek 111 -2
& fork ) s ek [0 -2 / f
|
|

i
e
H 14

—_ !

VAN NN U

(‘F ‘?&f\( ﬂ:& = 2 "l:z\@\.
S\ﬂhq{, (veadsy [17) ;

£tk (6] 5 7 then
S‘ﬂa\'lc\(/ (!Eady) ) r})
ewd_; I
ez k}
for L2 0 o ¥ 4o }
| Lk 10 222 g
e )




PMCSC\Q\MC [ 1S now ir\«pbwg\,{e& b‘j" @ Oea_o\.icck is not pch%lv.Lf? ;

‘ Procedu(e p\siloso‘aker ( [ in{eger) ; bij Care Cavse S\L_arme.(civ\', as %Ucw,&:
be_am F\wt LoSop\)Qr O Hakes ferks O and 1
feP‘fqﬁ philosopher 7. dakes ferks 2 and 3 ;
+hink } : PWDSO‘?W 1 &5@5100&&5&73 focforks 1ad 2,
’_f,%:ies% (i) sphilesiher O celeases fecks O and 1 ;
| leat |: | .
| e () philesedker G Hakes freks O auAll,
e il 2. s ke 2 3
; e ; ﬁ\i’csoplw 7 Yakes fivke 2 and 3;
- |
L.

This sduhon satisfies most of cor reclu((emm%s:

o The recguesf opera%fcw Stspends a p%i? - Thus, p\\},]ox{yl)ér 2. never: q@g arress e beth
-esepber unfil he has Hle e of due fercks; £ke 1 aud 2 ok the sane time, and starves,

@ |he firks are :y)‘lckéc{ Utoﬂco!a at o ime ;

Tl g




, Concepts of COﬁCUffev\CS

(9rahaw Hutton.

| echure § - CCS T

J.0.

COMMUNICATION

Tr the ot b\l of the couse we have lecked

ot cevmunication, ‘93) shared meme(y ;

PROCESS

(PROCESS

PROCESS

mew\.orb

Ta the Secé:yi’\f\q\{z of Hhe core we will focs

On OMmUni cat ion “’3 channels :

PROCESS

PROCESS

gL

ces

The Caleolos of _Com;v‘ur\im{\hs Systems (CCS) =

o Is a simple programming languae dlesigned
fec sfud«gins issoes . concurcent Y;rosmmming;

e Was d@elopai bD Tur{nf)-awarA wimer  Poof’
Eobin. Milner (Cam’orio\ge) in the 195Cs ;

o Has keen a mat‘)or {cpic n Heocetial cr.mpcg'{j

sciewce pesearch fer many tears ;

e [tovides gtr)m\wmous funbcffered channels as
He lasic mams of process comwmunication ;

@ Is a lo{oeﬂl_h_!

g.2.

PROCESSES

Peaesses i (CS are defined bv) equations.

Eg_qu_e_: the equq',:(en
CLOCk = +ick

defires a process CLOCK Hhat exeartes the action
ek’ and then 5im‘>\79 Jerminates.

- The be\,wiw} of processes n. be. illushrated th'rb

simp\e p(&wes such as the ?e\\cmhﬁ:

®
l +ick
4

Stek pi&mes oce. %Tgy_\v_\_,g .
“Stakes' of +he process, avd. Pe. edacs ( labelled. b

ac’cabm) reytesenf Hhe “bansitiins belwecn. shales

He pedes represent. the

€3



SEQUENCING

ﬂ\e QI\\)Q‘{Z(O“

CLOcK?. = ick . Yock
defies o process CLOCK2 that exequtes the action

ek then execoles the adlion Fock’, and then
{erminates. Rs o pic’c\xe, we. have :

ik

Yock

O4—@+—oeo

The eq\)qﬁévx.

CLC{KE = '}O(,k‘h(k
defines a process torth the. same gjL_ g%ck'fodv §
of achons, but evecctes them m. the cpposite. ccder.

5.4

The " operator indicates sequencing .

Tn %@mt, £ % is an actien and P is o pres,
then x.P is the process Hoot Linst execles the
action. % and. fhen exervtes the precess P.

Nole

T

e To be E‘)——\l‘ﬁ a\wecjc weé. Skcu'A write

Clogg? = k. dock. SToP
Clok3 = tock. tick. STop

where ST is he 4rivial. process tlat can.
de no ackons but U,Suq“.b we il leave

H\e‘ w(‘{no,l,. STOP . o sequence. imp‘(ci{.

e The “.° oye«‘ahf “beackebs fe the ri{)ﬁ. ¥

€.y.2. P means 2. [0y, (2. PY)

$.5.

RECURSION

Up Yo vow, all oor ~‘éfocesses make o finite
nuwmber of transitions, and then {erminate..

?focesses JcL\a’c (on make. an ifimle num\ver of
teansidions can be P\'c)(xx&i ‘)J q”ow‘wn ’_@E

Exanrle

O

s the process e evectes an infinile nomber of
k" ackions ja sequence , and. never {evminates.

The. preces can be_ defined. b-,) the equation «

Clotky = ek, Clocky

3.6

Equations stdvas CLOCK Y +Hhat refer 4o themsolves
in. theic cwn definition are called. recirsive,

Exanle

The. recsive equa{:bw

CLOKS = dick . fock. Clogks
represe«dﬁ the precess
@
tick () deck
d C'j

Hat exew‘cﬁs o tick adion aed. then o tock ackion.
an. infinile aomber of times.

TL\;A‘_ [:S , ( inﬁfm&”m\
CLOCKS = ik odk Hick Fock Aick feck. ...

LA A



FQURLITY OF PROCESSES

Consider the procesﬁés defived by

+ick. clocky
Hick tick. CLocké

CLOKY
Clok 6

4]

The processes are P\r\y)sica)b different -

O ick

but. 1 tems of kebavioor they) are €quat: both
processes execwte an infinile nomber of “hck”

Fick (.:) Yick

ackions and never \l,ei‘mimjte.

’L\& ﬁ\\au«) ’

Tu:C preceses ave é‘l‘l‘_(; if an ex’cexml, 61956'@'&*
CC\‘\‘\L‘&, C\iS%f\“\' iS(\, ’U\(&\\ {)l) ‘H\f_\;‘ C\C&c;\_s_

8.9.

B VENDING MRACHINE

A simpie_ vemling machine that dispenses coke
and mars bars can be defined bg

vl = inSOF. outloke . in0p. outMars, VML

Tn p(chUfeS :
eutMars
- D

Hewever, the. machine is not very Flexible :

mSOPk. otﬂoke\‘ nlde o

I

o It cnly acepls the exact_meney ;

e The C_('SWLL‘V\«E(‘ has v A ice e mchine.

dispenses cele and wars bars alteinately.

24

CHOICE

To make o wore Flexible \/evxdinj MO.C('HV}Q.' we.
fequire. scme kind of cheice Org“q{()(‘_

_E_\_@_@\P_\g, : -H@_ eﬁ‘uml,l.bn

(50p. outoke. VM2)
+ (in20p. ovtMass. V)

defines a piecess VML tht N—}J@t{edb either inpsbs
50¢ and ortpots a ccke, or inputs Z0p and otputs
o macs bar s o Pic‘(tule‘ we have :

AS

outoke evtMavs

N UVARE

Sk.

e
och(ike / \:ﬂfe,& ot loke
@ [ @

The & operajtor indicates choice’,

The Meaning_of choice 15 more. subtle than we
may first expect. (omsider, for example :

M3 IﬁSO?. (ov‘tCOke + O&Pefsi,)

fl

m

i

(mS0p. eutloke) + (inS0p. ot Repsi)

Loet 0s p\'cjcqes’

ll'm e / \:\SOP
@ ) ®
kﬁ“"’%ﬁt
€

&



The wo processes lock similac (both ac{qo{: SOP
and offec o choice befween coke and pepsc)

bt have vew) diffecent behavioors

\_/_Lh_§: the customer decides te Fum%ase

Aftec inser{inf) Sop, if the. customer wants a
(ke the machive can e a ke, and i he
warts o pepst, the machine an gjve pepst ;

\_/ﬂ_L_P . the machine decides the ‘Dul‘c‘axe

Afler i»\serhns S0p the machine has the. choke
of due fansitions Jo make : m Hhe ficst ave,
Hle machine can enlyy ovtput o ke ; in the
seond. case. it @n only outpot o pepse.

g2

1&%@\:\&\“&.
\ S
Fee an c\cﬁoy\ % and precesses P andk Q ,

Lx.(ﬁ@) £ (x.P) + (2.9) J

or pic‘cures,

[ LA
MNbD

Sequencirg dees not distebote over chowe :
when o choice 15 made is {mm{qv\{t.

*

8.8

ANOTHER VENDING MACHINE

A \,‘6\4'\(\3 machine '&\q{ @an 8\\9 C‘\‘mﬂé i Hhe
custewmer wants e "“ﬁ) a mars bar torth Dp

s clefived bg the "Fcncwinﬂ ec'mbbns:

VM5 = (inSOF.VmQ-\-(in?Op.OUfMdn.VMS)
VMG = (ortloke. VING)~+ (out Mats. outp. Vms)

In pidﬁu\rﬁs, we have :
EV.W;?
i .ou’ch‘)

Ou".'ﬁk &Nﬁ

L

afs

Jwtzo,,

Vole how + 15 used 4o ensure that the. qstemer
\ets the cheice f a ke e a wars bar in the

ase ef SCp being input, ¢ ather than the machire.

81§

- MORE CLOCKS

A clock that ticks re{;ea%éd)y):
Clockyd = ick. Clock ¢
A clok tut can STOP at any Lime :

cLokt = ik, (ctocké + STOP)

| R clede ’Uf\ajt ‘b_gks of '}_QL_‘S_S at eac c{t)dez

ClockT = (hide.ClockT) + (feck. CLack7)

A clock thet Hcks each C(Z)c\G, of Jocks eack Clo;le:

CLOekE = ok + lelo
clock 4 = hide. (kg
Clock 1o = fodk. (lodke

B.IS.



Concepts of (onctency
GF a\\um Hutton

lecture 4- CCST

4.0

PRRALLELISM

The equation

defines the process CLOCKL Fhat erther exeartes
He action Hck and then the action todks,

o executes fock and then fick.

QS a Picjto«(‘e_, we have :

@
‘kc.\/ \\'kock
40%/ &ick

9.1

Similarlx\/),{l\e Eqw%:im
CLOCKY. = ick. beep | eck
defines the process

+i&:/'\+%k
ATy
J‘T/ \\’%v \’.beelo

The “I" ope_mjcoc indicates qugﬂe\ism.

Tn q)eud‘ak. £ P ad Q are processes, then
P)@ s ﬂe thceﬁs ‘B\af €X€CC{€S qud Q
m \qua“et, {n{erleauins Hheie actiows.

9.2

NOTE
8 Rewll that actions ae atomic : two

actions camst be. erecoted = pacallel.

o Tf 4wo aclions want to execvle in pamllel

USiney | an arbiter will feee cne ackion
I te ereated before the other

Pacalle. ackions are infecleaed.

e The vse of an achiter megs +hat quqn{(‘

precesses l‘mp!ici“t) mvelve chiee

—

q3



EXAMPLE
The eciua{:l'on_
Pl = Q.b ‘CO{.

defines the process

/\
YN 7\

SN A
v RS

a4,

EXAMPLE

Two clocks Jg‘dgincs and. ‘1L_O_§_kin3 in parq"eL
can. be defined. as follewss :

CLOKZ = CLOKY | CLoCKS
CLOCK Y = Tick. clocky
CLOKS = fock. CLOCKKS

Qs a pic{we, we have :

Hek [ ; : } Fock

EE&S Hiis precess (an alsc be defined ‘)t)

Cleke = (ick. CLOCKE) + (feck. CLocke)

SYNCHRONIZATION

Tt will cffen be e ase that Hwo ,mm’/e(

processes must SL)nchron{ze at seme pcin’[.

ij_e_: a pregess May t\‘anJr T SLJx:%rcnize
certamn aCJtléns with Hicks of a cleck

T S, achons an synchrenize with eactions,

which are indicated by & herizonta( bar.

gc{t\b‘ﬂsz ’;'l(,k +OCk M,SOP o(j{fph(y .
Coackins = Fick Foek TPCSOF oot Mars ...

Nole : it i sametimes useful. o ik of ackens

\s outpd evars and ccachions as fnput events.

9.¢.

EXAMPLE

The equation
Pl = ik | ¥k
defines the process

4;4/{ ke

] e @

vhzy Wf .

TF an action $§J)hc‘wcmzes with ceqczl,.civ\_, hetl,
disavpear and\ are (‘QP}O.(E,C!. L),) o §p§,c§a1, ackion
r "‘ta\f) indkmjcing foN &}nc‘wn'onizq%{m.

N_g_k_g: S(J‘OC"WCN?C«{}&V\ 15 nct guamw*&o‘\.

4.7



RESTRICTION

TF desiced., S'jnc\\ronimhbn can be fored o oawrr
b3 res{ric’dnj cectam actions from beiy executed

MP}S_ : 'H’e QC!\XJ{:!OVL
P3 = ( +ick HTE,‘?) \ ik
defines the process

v

ed+—e

The "\" oxloera’(of indicates restriction .

In %e/\erq(, i Pis a proess and % is an action,
Fhen. P\x is te preess thet behaves as P,
except. that x ad T cnncl erecwle separately.

q3.

EXAMPLE

A man that eals evey time a clock ficks
can be defined bf? the %Ucwinj equJt;bm :

MmaN = Tk eat. MAN
Clocky = ek, CLocky
PY . (AN | cLodey) \ Hick

As o pic’cwe, we. have :

—P G
Y

A 4

L

eat

q1.

CHANNELS

When two quql)et processes S'L)V)chmnize, we will
often want to fransmit an item of data.

Ez_alv_wPLe . afer Sgr)c\nfmiz'm:) one fax machme
with qnbﬂrer we want fo trmsmit a fax.

T CCS, data is transmitted beluween processes bb

allowiny actions and wactions 1o have patametec :

Acdins = af3) a(15) b(Te) ...
(oockons = afx) a(®) ().

/ﬂ?g Pﬂ«lmlﬁr C'.C an (J.C%!.A(n. !.S 'H‘Q \_/_ﬂ____}(ﬁ ’}T 19‘5_

’{!\C\‘\SM;'HE.CK ; ‘H\é— &‘)Ql‘q“\dff CG @ C(qchc-v\ 15 G
variae Yo she He hangmiHed valve.

or——————

q.le,

When pacavelers are vsed, wé can. think e acliéns

ond. ceackions as chanrels rather than events:

al?) - odpot valve 3 fo channel a ;
alyy - inpu(: valve % frem hamel a.
EYAMPLE

The equahéu,
05 = (al3) | aM)\x
deGWGS 'H'?E’, pfOCESS {Lﬁk {‘\QVBM;{S 3 cuer C‘YQ“"}G(,

o, f[w jcev’ms of p{cjc(xes e L)ave ,

l"’
@
iv\c\'\(c({ini) Jd»qjt O g&y\c\w‘om ﬁ \éw &XQS eauved .

9.



PICTURES

The comectivity of parallel processes can be
lustrated vsing simple. pictores -

(%)

a

a(3)

Stch Pich‘wes ave @rgfb_.s  the vedes are precesees,
and. the edees represen’( comunicition channels.
NOTE

@ ((S chamels are z\/jmclwmoos / unboffered ;

© Ih. o {ij of the Pofm

af0.P
Hhe "_SS_OPEN of varidde x is the precess P

9.1z,

EXAMPLE

A Sl'mple buffer that can hold a Sin3/€ dala
Valve can be defined as follows :

= Tin(®). ouf(x). BUFF

BUFF

That is, BUFF is « process with ore Input
chanvel i and one output channel ot :

Lqrf)er boffecs can be made bﬂ Comloinir:ri) Hwo
or more BOFF preceses. in the appropriate tay

9.5

EXAMPLE

R Simp}e process that ncw-dﬁ{erminisfic‘alb merges
two strawms of dala valves gan be defined ED:

Pe - W(x). out(x). P6
P7 = W), ot (v). P7
MERGE = P& | P7

That 15, MERGE is a process with fwo input
Chawnels Tl and T2 and ove output channel out :

Tl
out
MERGE F———=

ay,

SUMMARY OF NoTATION

w.P = Sequin
P+Q@ - Choice
Pl = Fasalelion
P\a - Restrichin
a() = Ovpet
i) - Tpit

9.5



CODCQP{ZS of Concurrencb

G(‘ tﬁnm HUHDYL

Leclure 10 - Sewmantics of (oncurrent P(Oamms

0.0,

SEMANTICS

A sQMV\jCl'CS for proafammivaﬁ ‘anguage_ IS a
formal statement of what progfams “mean”.

ﬂmms other ‘B’\inss, a formal semantics 5

o Ts a complete and precse specifibion. of e
lavapane. for pregammers and. implenentees;

o Ts necessaryy o jestifojoy profs abect programs ;
e Can cy‘ve new insig)\\ts into lq_&gt_’gge design..

T his lecte we will 6{\12 a semantics 1o

the as Proaramminf) lansuase‘

0.5

PICTURES

UP to new Une b&"\ﬂ\/léc(‘ of S P‘COmMS ‘\GS‘
been illustrated. vsiney simple. pictures :

. —
| lsoF
e
(V \?:ysi.
L @
The. p\'&wes am be mde pore informative by,
writivey prosyams h plae of the @ :

E0p. ((oke + fepsy)
0
Coke + fepst
v ANCC

sTo? SToe

sach pichues a@n be formalised as MM&@M

LRGELLED TRANSITION SYSTEMS (LTSs)

- An LTS Cu“?rijes three (cm?meﬁk’s:

@ o set S of “stades”;

@D o st B of ‘ackeons’;
® o tonsition veldion —» € SxPsS,

Notes |
o The relakion = is a et of Hriples of the
form (s,0.5), whee s,5%€5 ad aeh,

o We dbbrevigte (s,a,5)€—+ by s—>s',

e We Gad. S-S’ Qs " Lem shx’tﬁ s we
am exeaste ockiow a o reach state s

°.3,



E_Xg_v\l@_e : '“\e_ pid:ure

op. (Coke + Pepsi)
@,
Coke + Pepst
C°‘:€/ | \e‘m
SToP STOP
is fomaliied by the follewing LTS -

S = al @« proglams ;
A = all actiees, wachers , and T
o = 3( (ke Pepst) , Dp ColesPepsi) ,

1(&‘2— -,STW

(ot + Pe‘xi, ),

((de + Pepsi .9&?.&&,810? )i

LY

OPERNTORS

Up fo now, the W\eavdnf) of &S eyem{u‘s has

been in(:o(‘mq\b specrfied in Efbh'sk :

o aP is the proess thit erecutes the action
@ and HYen behaves as the praess P;

o PiQ is the process thd am ertler belave
as Ye process P oc as the process Q;

o Pl i the process that exeutes proceses
Pad Q in pacallel, in&r\mw;s {hewc ackions,
ard. allesaivey The procesies fo sypchronize;

Sed, saleweds @n be ©rvalved as inference rule.

s,

TNFERENCE RULES
I 106& we oflen werile

A, ... Ba

(RULE)

to men {M RULE is an inference rule " that
alows vs to @nclude Yt B hdds provided
all Ye asomptens Ay .. R hold..

Exavple : (tedus porens fiom Propositiena. Ligyic)

A A=K -
B
We aw also e, inference. roles foc &S...

Y

The rvle for SEc\@dw\,)

: - A (SER)
aP =P

“Lithost waking any assmptions , the. precess a.P
(an execte ackion o tp Vaome process £

&J_g_k;: "ockin" memns “acticn, cackion ot T

The rvle foc STOP

(oL
1 (S0P -2 P)

“STOP is 4the nll process that @n exeste
no forther actons

©.7.




T'r\e rles foc choice
P2 p
Pr 2> P’

“If process P an erete action a o become

praess 't the process PQ @n alp
crecte. a o bewome P Dually for Q.7

aba
Q> Q"

(1) (cH2)

The_tules foc pacallelism
P ¢
Pla > ¢'lQ

Q-0
pla —Pla’

(Pre1) (Prea)

“1f process P can erecvte action a o Lecme
proess P, Hhen the prcess PIQ an also
eewte. o, to leome P1Q. Qually for Q.

X S

The rule for S«jmkroniza{{on
Pup Q-5Q°
Pla 5> P’

“1¢ process P an execvte action a to become.
pocess ', and proess @ can execote onction

Pi

LN

(svne)

3 4o become process @, then pracess PlQ can.
exearte achion T 4o become precess [~

The oole for restriction

P—= P’ ol F b
P\b -2 P'\b

(RES)

“I‘F process Paah exea:{aachon o o ‘fmm
P'. and neithec a mor & equals action b, then
proess P\b can exete a., fo beawe. P'\b."

0.4,

PROOF TREES

US‘!\S inference. tules we an construt a ol
free o shaw Pt given shdement holds.

Hae s an (ak{facﬁ) QMMV’Q:

— () —— (RS
- (®s)

(/) (€3)

(ra)

Sech presk ees age burlt Betloes ", shucing
with He s{ﬂ%ﬂ\{ e be p\‘c\'ed ‘qwl aﬂ)b{ni)
infesence toles until theie ase no asmplions ek .

.

| EXAMPLE

The (S timnsition

@P)+r @ —> P
can be pmue& valid as follews:

(36Q)

aP 29

(1)
@P+Q - P

That s we. Liest a\opln the rvle. CH1 to
eliminate the vse of +, and the ano’n te
rde SEQ Ho eliminate the e of "

0.4,




EXA MPLE
The. CCS Aransition

(aP)+Q) | aR > PIR
Con be 'pmveéx valid as follows .

(scw)

afP- P
(Cﬂ’l) . ( SEQ)

(@aP)+r@=> P GRS R

(aP)+Q) | a.R X PIR

()

That is, we. first apy 'B\e wle SYNC 1o
\\M\ml& -U\e ] qu cz)we two aSS\JmpﬁOns

The §ik is proved as on he. previces shde ,
avd e sead. by smplyy vsing Q.

©.jz.




ADA

® Is a larae mperative pregfanning langaop
c\esi%wed foc safeh)—cri{mt, real -time_,
| | g%)s{gs\s-\e\;eL' c\v\c\ g:\\m‘\‘gﬂ: wSmManﬁ ;
Congepﬁs of _C_@Cu(‘(‘encb - @ Ts named ofler Hucbusjm Rda g:)m“, (ists -

, “ oclds Liest preafammer’ and
haw Hothon 55, e e e
GFC\ am Ty o ollaborator of Chatles g““’"“f)e;

LeC'l:U(‘e 11 - Tasks in Ada e (Was o\eue\oveck ‘)9 & committee of “exverls”
i the late 147Cs / 6&»‘{3 Mscs fee the

VS I}g?ainenjc f Refewnse ;
@ Provides _s_tgnd\ronci);/ aboffered. channels as

the basic means of process communication .

wo,
e,

LSS | ond implemented by
- |
In o\eiiéf?@:g are colled fosks, and, Yosk body Po is
are defined. in two separate parts : begin
@ A specificakion that declares the : ;
(ommonication interface of the task; | acept S ;
@ A body thet implemerts Yhe +ask. N
| end. Py ;
owgle .
] .+ask Py with a §iv?3\e sunchronizat fon o We an think of acept S as being like an.
oink S con be specified. by ~ npk ackion’ § i (S, Rs i (S, the
Tk P i i Covtespor\dihg output ackion is writlen as S ;
as 1 IS '
€an3 S. ® Only) gggggjged\ actons need. 4o be. declared.
end Py ; in. the specifimtion pact for o task.

1, ; 0




A task P that Sﬁnch*om'zes with P, on
S can now be specified by :

task P s
and implemented. by :
fask bodyy P s
beDin
_
S;
end. '

Noke

Tasks are aytomatically erecuted as concorrent
processes ; there. is no need to combine

tasks vsing sme{hing like. cobegin. ... coend..

e,

SW\ULﬂTlNG SEMAPHORES

Tt is easy to define an Mda task Sem
that simolates a binary, sewaphere :

Yask Sem is
en’mj Wart
Ch‘kﬂg Si«y\a\;

end Sewm

gk bedy Sew s ]
begin.
leop
O(Leq'k Wait ;
occepk Sigral ;

end, leop ;
ond. Sew

IV\. <__,C__S_ V\dka‘!:m,we have :
SEM = Gait, sigral. SEM

i ILs.

MUTUAL EXCLUSION

\Us’mg the Sem task, we aan new ensure
mutual exclusion for e fasks P and P,.
For example, P is defined by :

L‘@sk Pa s o
+ask bodb Py s
\Desin

loop

Wait ;
K critiel. fegion };

Siﬁmt', .
N
end. loop ;
e“d.&;

| neé.

Ta €S notation , we have

PL = [=]. wait. [erit]. signal. [=:] . P1
PL = [, wait. [crit], signal . []. P2

and 4he theee proeses ate combined by
(SEV"\ ‘ 1 ‘ PZ)\wqi’c\sig)m(,

Nl

e Bda is more verbose than (CS;

® Sv)nc\wm'\mlcim n Ada dees net need 4
be feeced - it \\agve\\s av{m\m{imn});

e Tasks wqi{;iv\ﬁ {o sbv\c,\monkae with a a(vo«.
arept are held o a FIFO queve.

7.




PRRAMETER PRSSING

Dc\“:n o ‘7& {:\‘ammiﬂﬁd bd’“’@n S’l)tm\\r'cnizins
Rda ashs l’b osinc) pammetess.

Erarple

A simple boffer dask thet con held @ S:'nLc)\e.
dobn valve an be SPﬁL\fl_e_d “’3‘

fask €t s
Qh*ﬂ:) Tn (X s Tw(eysf);
ewjdp Out (X : oot '.fn{eser);
end. Bof¥;

where

In denctes an input pnweler;
Q}_L‘E denctes an g_\_r&p\__;t quqme‘\ff .

Wy,

Note
° auept stabements ae like subpyms :
#\649 have ?(KAWS (with leal scope), and
o body of cade o be exented :
acept P ( [rommeters ) do
bedy |5

end P

o acept cn both receive and Yransmit data:
In ?amme&fs ace received. before evew{:iv}r)
the badyy ; oot parareters are fsarswitled ofter.

o The bedw is like an. cdomic._ ackion : the

Stynkroh'\u\mb task s Sus\oevdts& onkil the
Bod\g has cmwyiekeo\ execution. .

The boffer an be implemented by :

Fask boo\to BufF is

Nalve : Tndenec;
betbih.

lop
rwOccey‘l: T (X:in In{ﬂjer) do |

Valve. := X;
end. Iw
(acceyt Ot (X: out Iu&f)ef) do
¥ := Value;

evd Out;
end. leof;
end B

To S notadion, we hoe -

QFF = w0 at (). SUFF

ns,

' CHOICE

Tasks @ wake choie belween o number
- of pasitle sychronizations by vsing “select

Exarple
Atk Pt mwde{erminis‘cicqlb trerges fwo
stieams of inteopss can ke defired. by

sk Menp
Q“{fb Tl (X:in 'In{eger),’
QW‘:VD Tz (X: n Tn‘kﬁtf};
entry Ovt (X: out Tn{ebe();
end. Merae ; .

task boc\g mefﬁe 1S
Valve : Tnkeser ;

‘RC‘)\\'\

leop
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AN
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select
rdae?t Ta(X: in]H::c‘,a‘)do

\/Q\\k = X,
end Tnd ;

accept Tn2 (X:in 'Iv\’ceaer) do
Valve := X;

end TnZ; |

end select ;

Eae?t ot (X: ot meaer)aj

X := Valee ;
end Ot ;
end loop;
end Merge ;

Th &S notation | e have.
MERCE = (WL(x). oot (). MERCE) + (MUx). otlx) MERGE)

Note : seleck chomes the fist auept thet is rendy;
i§ wote. than one. s feady, a fandom chote 15 Made .

iz,

- GUARDED CHOICE

The choices available. when Usina select can
be restricted ‘73 vsing “when”.

Exangle

A task Sem Hat simolates a ae__ngf_c_\_L
.;561"_“?}_\_019_— can be defined as follows :

[ dask Sem s }
Eh'h":) Tt (N:in :[n‘lﬂer);
enty Wait ;
ehju’b SESML;

evd Sew ;

" dask \9061\/) Sew s

LA

(ot := N,
end Tnit;
l
oed

whae (omt 70 =
quf do

Courfk = CO«M{:—i,'
end Wait ;

E«ep’c Tt (N:in Ih{eaer) AoJ

or

[OLCE‘*, S\‘am\, do (

Cowt := Comb + 4 ;
end Sfbm\.;
end leop;
nd em;

That is, Qg_eri Wait @n on\g be execoted.
uhen the coomber is CU(TEWHﬁ positive .

[N,

OTHER. FEATORES

Be. P wides o numbec of vsefl cenmmands Hhat
con be vsed as e lg_s_f oHemadve of select :

else [shlerert] ;

Provides a sequence of stidemeds to be
erecvted i€ ro gept is cwrrently ey ;

delay + ; [shaements]

Provides a sepence of stlemeds fo ke
exated € o a_@é is (edy) within £ secords ;

Lerminate
Mlowss P sk (avd. alt ity alling dusks) to
fermmede. i€ no azegt is cu:rewﬂb feaglsy .

a8,
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OCCAM

e Is a s'\m?\e im\verajm've. prosfamins ‘qng,w%e |
desioped for concurrent progfamming ;

® Was developed from CSP, a theoretcal
\avxauc«je_ gimilae o CCS;

o I the "QSSem\D‘ﬁ (ode " of the INMOS
ransputer, a processor chip for burlding
pacallel computers and sustems ;

o T¢ nawed after Willlam of Quam, |4
cenburyy philowpler who said + “Enities should
not be. replicated beuord necessity” ;

o Provides synchronous /onbufred channels as

the basi means of process communication .

SEQUENCING

Exmyle: ‘Hve Occam Procegg

SEQ
X es A
LD‘.: x-1
2 = x+1

executes the three assiﬂnmev»i: shatements
_Sequen’t'\q\\u), one aftec the other.

THE LAYOUT RULE

Each s*a(em{ must be irgentec) S\iﬁ\\{‘ﬁ
with rﬁ‘)e& to the EQ kebwo\‘c)\, and becjin
n pnec(se\\g the same column as eacl other.

na

PARALLEL\SM

Evamgle : the pracess

PAR
k:) = )(*1
Z := x+d

specifies that the twe assismen’c statements
can be execwted in pacallel.

For afely, the same vatisfe cnnct be both
cead and written by diffecent components of

a PAR. For exam\o\e:

PR N
x = 1
\3 = 1—1 x
Z = x+i

3.



PAR and SEQ can be nested acbitmcily.
For evample, the. sequential proces :

SEQ
p S 2
ls HE I—l
a = 1.
L\b s Q.+l

Can be expresied more efficiently by:

COMMUNICATION

Evample : the. process

SEQR
n 7 x
out | x¥2

assins the varidble x by inpating & value
Lom the chamnel in, and. then outputs the
valve z¥7 o the chamel oot

PAR SEQ :
%0 onp Bs o F\&\M, we have :
X =2 x:= 2 in avt
wiz x-1 | OF a:=1 = n ==
SEQ PAR
W L g -1 Tn f)enemt,
b as+l B b:as+l Tx - _i_n‘z_;_’g variable x from chamel ¢ ;
- clv - gg_tp\_jg value v fo chamel C.
Exomgles LOCAL VARIFRLES
PAR 7 c |
a :
0 L [ mp\e Fhe process
ml 7 % 7
ol ! X¥2 | = | VAR x
SEQ LN P! SEQ
ml 2y _iJ;_% 7%
\ decdlates o local varidble x for we within
AR he bl stalemerts
SEQ “' WSEQ\H\\Q Statements .
n 7 x ) .
md | x22 | =|=—=n ¥ -9—&—> " The q\sove. process S now __eququ\en{: 1o
SEG,:;A 'y the ’G)\\Dw'ws s process :
out ! yr? T(x). ovt (x%2)

2.6,
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We an a\so use }_Qg_aL g\\omngLs :

CHAN mid : |
PAR
VAR x:
fa
m 7%
mid | x«%2 |
VAR W )
SEQ
mid 1y
out | wial J

A¢ a ?{chxe, we have :

in | ovt

%2 ¥2 -:..-::;

Tn CCS woteion, we have
(T60).wid (o) | ). ot (5% )\ mid

118,

NAMED PROCESSES
E)!m\o\e ' ‘”\e &Gniﬁom

;KOC dodble (CHAN inp:’t,ou{pu{) =

VAR x :

SEQ

npot 7 x
g ovtpet | x %2 : |
declares a process pamed dogble, with fwo

channel. parametes , named, input ard. outpt.

Now, for example, we. have :

CHAN mid -

PAR n oot
dodde. (in,mid) * = R

L dodle (mid ,out)

i

ne,

UNBOUNDED LOOPS
EXGNP\Q : -Hw_ PVOCQSS

| PROC doMle (CHRN inpot autput) =

VAR x :

SEQ
mP\k 7?7 x

WHILE % >= 0O

—

repeatedly debles valoes from inpot to ootpt,
until the vale is nesq’c\‘ve. |

: mplicr UlSlue  processes are
Note : For simplicity , fecutsve ¢

not fa‘m{:’tﬁc’\ in Occam .

12.l0.

BOUNDED LOOPS

Exam?\e . the process
SEQ X = [O FOR 4] J

ovt | %

' abbreviates the process

SEQ
ot! O
ot 'l
oot ! 2
ok ! 3

Noke

o FOR loop Variables cannot be assigred o,
ond. ace \oal within the leop ;

o PAR can be vsed in place of SEQ.

R




EXAMPLE : SQUARE ROOT

A Simple procdure for Ca\cu)qjcinﬁ the gyuare
ook of o numbec x is as follows :

@ Take x/2 as Y initial estimate ;
@ Cq\cula’f_e an im?(ovei es{imqﬁﬁ:
est' = (esf + (x/est))/2;

@ Refe\\: skep @ unkil the acxacy of
e estimte is sufficent.

For x=7, the first fow estimates are :

1

1.5

1-41666L67

1.41421569

1-41421356 +— corect

2ie,

This procedure. is known as the Newton -
_K_q?m aW(oximabén Jechnyue.

T4 can be Yanslated i‘i@éﬂ:‘) into an Occam
process B‘u{: opem{es on a stream of values

| PROC oot (CHAN in out) =
WHILE TRUE
VAR x, est :
SEQ
n 7 x
est = x/2
SEQ (= [0FR n]
est = (est + (x/est)) /2
out est ¢

where n s the number of iterations

s,

The Vloceo\ure_ can ‘a\so be \m»eb.men(ed as
a P_i?e__\_in__g, in which eack step m the leop

bewmes o sepacate parallel process -

step slep =3 step =

skep

NY

The step prOCess 1S mplemented. by :

PROC step (CHAN in, cut) =
WHILE TRUE
VAR x est :
SEQ

n 7 x

o 7 est

ok | x

out ! (est + (:L/es{:))/z :

iz,

We also need o process to aenemke the
fict estimate i the pigeline:

PROC $icst (CHAN in, out) =
WHILE -TRUE
VAR x :
SQ

mn?7x
oot ] =
ot! xf2 -

ond o process to fillec out the propoaaﬁe&
x valves at the erd of the pipeline :

[ PROC. last (CHAN in, out) = N

WHILE TRUE
VAR x est :
SEQ

n?x
i 7 est
ot! est

.



Now we can define a new root process :

PROC. oot (CHAN in,cut) = |
CHAN mid [n+d) :
PAR
fict (in, wid [0])
PAR L = [0 FOR n)
s%e\o (mid [, mid [L+1])
last (mid [n-],ou'(:) :

For example, with n=3 we have

n i id4] () meA[] ot
PR U Y s&f}: lqst}:;

Lo
SRS

N_é_e' . fhe. pacallelim in {Lakpipehﬁe means tht
&e Q\_\%‘,\p\j of \M\Ues 1S m_\_)g_"_s reaer ‘Unn
with 'Hwe OﬂyML Sﬁ:v,en(fq(. P"Bmm'

1.k,




