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s« inlroduction

One of the basic izsucs in compuiar scignce is: What is the relapive

rover of computing devices? The particular guzstion addressed here is: Whaot

-

is the reletive yower of parallel oy asynchronous models of computation?
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ihis questicn has been largely neglected in the literature. While
been nmuch careful study of parallel modals (i.e., Karp and Miller [61), these

studies have dealt exclusively. with properties such as "detemainacy' vather

s

than the comparative power of parallel models. Peterson {13] bas shown that
nany models are equivalent. But his notion of equivalence -—— a straighi~
forward generalization of the notion of equivalence of grammars in avromata
theory —— is unsatisfactory in that it is too weax. Paril [12] and Kosavaju
18] both claiw te have ”pr&bed” that there are differences among ceriain
parallel models. But they only state inforzally vhat a "synchronization
problem” is; hence, their proofs cannot ba considered rigorous.

In &his'paper the pover of four parallel models is investigace:d.

Ihese medels are: BV (Dijkstra [3]), PVchunk (Vantilborgh and van Lowswacrde

odels ans

{143), PVmultiple (Patil f121), up/dovﬁ (Modon [15]). Since these =
wotivated by opersting systems, they arc often éallcd “"synchronization
primicives" instead of rarallel nodels. In order to compare thega sy
ehronizarion primitives it is hecezsary to defive precisaly what chavy aro,
The definition used is the one gontained in Lipton [9]; it is a siight

modification of Lipton 11037, A very large class of synchronization primi-

tives can fit into this framwork. bext it is neccessary to gefinay procisely

. " ; . _— . . . .. - .
what & "synehicpnizacion protlen' i, The key ides here ig that the fuzzay

concept of synchronization preblem ig replaced by the precige connept of

“simulare." Simulate is a velarion between parvallel systems of procesees.
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lhwus, intuitivoly the systen of proceuses 9 cimulates the syatea of processes

P N P S . Ve v s iy ~ B LR L. ol A Py
providod the 'bebavier” of P ois ne benavior af

P,
v

aithfully represented io t

<

Q¢ Muthenmaticadly Q sinulates P provided there is a morphiszm fvaw O oo P

with certain required properties. Sirulate is justified on bhuth theecretical
and practical grounds. It cannot be weskened without allowing patiioloyical
and inefficicnt solutions to exist. Siwulate is wed to compare syncroni-

zation prinitives as follows: Say synchronization primitive ¢, - syn:hron-

ization primitive Cz provided there is some svsten of processes in Cl thai
cannot be simuiated by any system of procisses from C,. Intuitively Cl > C2

weans that €, can 'solve" a syachronization problem that C, caanoi. The
<

principal results are displayed in figurc 1. Foxr example, wp/dom -» PV poa -

that up/down can solve a synchreaization problem that PV cannot. The reta-

ticng I'V > PVchunk, PV - PVrultiple, and PY =+ up/dovn are all falses; for

PVchunk, PVnultiple, and up/down are generalizetions of PV. The
PVchunk -+ PVmultiple, however, is still an open qucsfion.
¢ » > I3 1
Tile differences displayed in figure 1 are all proved in a wiform wa -

based on the iavariance thcorem. Roughily this thecrem states that

Ta

if Q simulates P, then all the "local behavior” of F

is alsoc the local behavier of 0,

Local behavior is a gencralization cof the concapt of "econfliet" 53 wocd in
Pevri Nets and Parsllel Program Schemata (Yolv [51 and Xeller [71). %o

instanez, the syncnronization priwmitive up/dosm coutaing the hehavige:

1

‘process~1 can stop process-? but process—2 counot stop
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while the soachronization prinivive PV doas not goat:men fhis

behavior., 10 then follows by the invaricuce theoren chat

wn/down o+ Y

>

Thie is 4 non~trivial result, Yfor siewlits is net too atrong a selation. T

particulac if ¢ simulates P, chen 9 czn conra‘n "hoakleeping

o~y
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steps that are not preseant in F). Therafore a single step in F can be spldv

into many steps in Q. Moreover, § and F can concain conditional branching

and program variables; this is not allowed in Patil [12] or in Kosaraju 9],



iwinaries

A system of processes is a collection of actions and a eonlloztion

LEach state f{s assumed to be of the forn
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5]
(ad
<]
T
N
(8]
°

where n 15 the number of processes in the system. The Lys ovsy £ euch
represent a program counter--one for each process. G represcats toth the
program.variables and scmaphore variables. Theve 1s no loss i genarality
in assuming that ¢ containg both Program variables and semathiores for
no assumptions have yot been nzde about the structure of G > Vor sxasplic,
G might be (x,vy,58) where x land ¥ are program variables and iz -
semaphore. The program vaviables play exactly the same role they piay in
sequential procecses. Sinzce cenditicnal branching is allowed the PLAg fan

variables can be used in 2 nentrivial way. Ir many other models of synchree

are not allowed. The semaphores z2ct ag ‘fiags®; they ;llow.di?fcrcut aro
cesgses to Usynchronize,' In waoy graph oriented rodels (i.e., yotvi e g)
semaphorcs-arc‘cailcd "places." pccions are functiung that mzp scotes io
statea.‘ In gragh oriented models {i.e. Petri Yetrs} actions ave «allad

.

"transitiona," Alternatively, astions have beon called Yindivysib

3. S ey, GE
U ;11:',—!‘1;;

here the fuzzy concept of indivisible is repiaced by the precioe carsop

o)
7

sf function. For Instance, suppose that states arce of tne forxo

i

Ther £ ig an actlon where f  ig defined by
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This acticr corresponds intuitively to the assicnsent s x Ty . D ddefining
f it wvag, however, nccessary to zrate explicitly how the progyram covaterg

are used. The action £ can "chenge' state w » that is  f(w) £ v, 17

and only if the Ll compenent of v is 1, In i sense 1 iz the "addyegg®
of action f . Whenever f changes state w, the Ll componant of

Is equzl to 2 . In a sense 2 g the "address' of the "hext" action Iror

i~y
~~
-

the process of f ,

It is unconventional to malke the Program counters explicitﬂnuaually

i

they are iwplicit. The reasoms for this are twofold, First, in pacall

systems of precesses there are, by definition, many program counler

©
i
~
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Vithout making tiem explicit it is difficult to be preci

se. S

fms

program counters help avoid awlmard phrases such as "suppose thar £ {g
the next action to be cxecured in the process after g exceuted with oo
value of the prograw variable (th2t g branched on) egqual te O . Lo
phrases are replaced by Li = rhe address of f

Siuce actions are functiens, 1t is convenieni to have Lnhe Cod Lo fag
notatica for functions. Le:c D be the czrtesian product of the soty

Dl’ oo Dk : alvoe ler M (le oo, KP) " obe a typiual elemearn of iba

& .
sei h o, Then the notation

. . .
wvihen B(:,, s.., X
ARRLEALY ]



vhere B Is a prediccte and cach £, bs a Junction, donota
i .
g, from D to » . detined by
’ 4 N » -
\'il(fyl, LI 4"‘)1 LA "L:(\‘ F) “« ooy ’}.)) y

g(xl) AR 4 xl\'.) =

For exawple, ler " (xl, X5 x3) " be a typical elament

product (1,2,3) w {1,2,3) » {1,2,31 and 1et

f=vwyhen » =1 do =

Then £(1,2,3) = {2,2,3) and

L L

will be deicted; therefore,

£ = when x, =1 do =x

-~ 1 - 1

¥

i

A Yselector® notation will be usod. iz

clewent of the cartesian product Dl X oteo X DP and (al, veay &k> f= in

eoe X D then
Dlx P k_)

For exawple,

befinteion, & = <A,D,%> 15 a systen of procosses

»

_____ Thak

tions addrecs and prefLvame=counier witn domain A such

" (Ll’ ceay Lj, G) " be a typical elcoent of
5

(1,27 % {1.2} . Then D) =2 end (2,1 =

Loo funceniogg

is Ii(xl, say

otierwise.

in the cartesian

provided there arae fune-
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(2)
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priate now.,

not allow the following actions to be in

This restriction only ailows the pProgram-countsy i,

of at mest one action.

is

ture;

cf synchrooization do not al

branching sionce theve are

allowed in a system of procrsses.

actions can conditiorally branch.

WLz in D . Pach element of D g a states w o i< ol
state.

An action £ ig

Cach element of A ig an acTinn, a function

from D to B of the form

o

when . LP = address (£) A p(C) de L

— k.

where k = program-counter and for

(£

# address (f) .

e

PLG) is celled the auxiliary predicate of ¢
If address (f£) = address () and program-counter {£) = program-

counter (g) , then

f=g .

comments on the definition of a sv/stem of processes ave apuio-

Restriction (3} of the definition of a aystem of processes

A

o

&
(

a system of processes:

vihen L

1}
[
>
w0
W/
<o

1 e —

vhen Ll =1AS =0 do L, «2 .
T—m— e s

£ zontain vhe a0drna.

1

However, the action

do

Ly = if 5 >0

e Ly - ] glse 3

o pmniy e

Action £ demwnsirates a s cond Foone

As stated carlier many other g0

Iow branching. Some liks Poird Woabs <0 ant o Gen
=l
No progvam vavriables present.  ODthers 1<ur B

~
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(Covi [11) do alicw only a vory wealt lind! of praniving. The bBronehias oy

weall since the decisions 2re basad on the valueg of vainterprated prodica

Heve sinee aciiong are functions ardicrary bravciing can be perioraed,

Dafinition. 4n active tinming for the sysienm of processes

e e e b

6')

sequence of actions fl ve En such that

fl(w) Fu

f2 o f1 () # fl ()

L]
L]
L]

f o ... 0 fl(w) Ff O 4o O fl(u)

n~1
L]

0. \ . . e -
where "o ¥ 15 function compositron cod wo ig the initial stace of .

The value £, ... is equal %o f o ... o f.(u .
*“"“*63( i n) 4 n 1 )

Active timings and thair eorresponding values are fundamentsl o o6«

model. Active timingg correspond to what is often ralled a Yeorutat og |

The value of an active tining f] vee fn is the state thuat resvits afre

the actions . ... f ave periormed. Thus, valuz maps active timinsg to
l n A o

states; for example, wvalve(ig) = g{f{w)) . ot any sequence of noffong

Ly wae fn is an active timing: only those sequences such thar coch aotlon
£ can change the state that results after f cov £ are peoviarued.

i 1 il

~

4n advantage of considering tinings as scquences is that fuzzy Coanopl g gaon

"tine required for an instiuction! are aveided,

Definition, Suppose that @ = <A D> ds w systam of procaesses, snd

"L, sue, L, G M i a tenicdd clemenc of D .
l. ’ n) b



(1) ¥or actions £ and P 0 O,SJJr\(L,U) 1f and oaly 1% vogran -
tounter (f) = program-counter gy . Proces%ﬁ le an equivalence
. . . . P! . Yy . th
relation on the actions of | 5 det 0y be th2 i equiva-

4

lence class, i.e. 61 = {i]pro:ram-counter (£) St

-~
N
S
ow
&
o
[}
(3
[
Q
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)

in the zgady*éjg(F(OQ where o Is an active

timing if and enly if f(value (1)) # value (@)

3) 2an

~
o]
£y
(¢
pey
[N
O
i

is in the Egjntcr-ﬁg£63(a) where O ig an aciive
timing if aud only if Lk{Value (1)) = address (£} where - =

program=counter (f)

The notions.proce;s, ready-set, and poiuter-set are basic 50 this
model., .Tirst, consider the relation process. Two actions are incuitively
in the same process if and only if oprocess (f,) 1if and only if £ aro
£ use the same program-counter, There 15 a oii~to-one cerrespondence bo-

tween processes and program-counters, In sore rodels (i.e. Potrsd Nets} the

coitcept of program=counter and Process is missin?., In affece there are tus

kinds of "eoutroi' in systems of procecsses: p;o**am rounLers and semapharog

‘éu:z;.:!nu e Mww..\-.-u«)

A - —‘ o - e~
%&/’ Only the semaphores are bresent in Peotri Wets., The aoility ¢o uaue “rvish
. N i
.+ .t Program counters and sewmaphores is an attr ractive ftature of systens of proe
. neo X Ny {77 o 1 bren ‘-1' ey - ‘: ST -d < Pt ime T oy e
cesses,  Morcover, simce condiriona renehing is allicwed in gystems of poo

ff-"' cescses, the control afforded by the program-counters is nontrivial. Secovd,
considcrrthc function ready-set, Peady-set {(&x) can be defined jo s nunber
of altcknntive Wweys==-some precise and some informal. Thus, € 45 in T e
set () if and ouly if

(1) £ can Yexccute" after the active timing « is p014 Yo

(2) af 1ig an active tining;



(3) T can "Fire' altor o e perforned (In Pesri Net laogun o).

(%) fhe Mgransition™ from state wvzlua (@Y to f{value ")) g

defincd (in larallel Schema language);

rat
-

(5 Lk[valu; (¢)] = address (£)  and p{Gy s true where 1,
the projram-counter thed £ uses and p{C) 1s the cuxiliavy

predicate of £

S~
[

g
i~
[5}

(6) f 1is luo pointer-set () and p(¢) is true where
again the auxiliary predicate of § ,

The last two alternatives are dependent on the restriction:
for 2ll states =z , b(G(x)) # address (f)

In the definition of o system of processes. Third, consider the {uncrion

A

1

pointer~set. Pointe t () 1is intuitively the set of actione § gcuch

that the program-~counter of f ‘“poiuts to" f (i.e. it contains the addrer
of £ ). Since many models, as netad sefore, do not have program-zouvncters,

pointer-set has mo inmediace counterpart in other rmodels.,

Ihcorem 1. Suppose that § is a systenm of processes. Then
(1) Fow any timing ¢« , ready-set (Q) C pointar-soet QJ) .
(II) For avy timing «, vpointer-ser (@) N §1 containg an wos: one
action.
(LIX} For aay timings & and B 5 63 N pointer-set (oo = (2 N peinton

st (03} provided no acticn from f

Proof. Let ¥ (Ll, evey; Lo G " be a typical elexent of D whore

n’

& ‘{\(".‘. D) W,



“f 2 system of Frocesseg,
£ = when Li = address (£) A p{G) do L. =b
where { = pProgran~couniey (1)

flvalue () # valpe (@ . Thug by the

Than by

Lie definition

o Algo by the definition of ready ~set,

definition of vien do notation,

Li[value ()] = address () ; hence, € is jn pointer-set () .

(II) Suppose that f and g are both in pointer-set () N @E .
Since f and g are actions, it can be assumed that

f = vhan Li = address (f) A P(GY dg Li ~b(C) ; ¢ ~ i)

g = when L, = address (g) A p'(G) do L; ~b'(G); ¢ ~ £TGy
Since f and g are both in pointer-set (aj , Li[value ()] = addreng
and Li[value (@}] = address (8) . Therefore, by condition (3) of tie dor

tion of a system of pracess, f =g ,

A

(I11) 173

F.
i

1t wvill be proved that if

in thea £ is in pointer-get (¢1)

pointer-set (og) . Clearly,

> 2
i 07, 5
l &

the length of B . Suppose that f ig ;

The definition of 5 system of preocesses inplice thae

Li[value (@Qgll . MNov £ ig in  pointer-ser (cg)
Li[valuc (Gg)} = addressg (£} and £ is in peintny~
if Li{value {&}} = addressg (f) . Therefore, { 1g

J£ and only if £ 44 1 pointer-set Cend TN L:]

if and enly i7 ¢

assertion (III) then follows by

t

il and omly i
zet {a)  iF

in

<
de

;s £ is in G;i y and @ 4y

igs in

inducticr on

in ., and ¢ 4
J

Li{valuc (ay] =

and anpiy

polater-ge: o

o



T™he three basic propertics of Mhieosen 1will be reforenced by their
regpect ive Romzy nurovals, Properiy T means that ia crdor for an acticn 7§
to crecute its prograw counter wusc peint to the addrvess of . Proapevciy
LI means thae actions have unique address, 1,e. a pProgram countey can point
Lo at most one action. Propevties T and Il i:mediately imply that cick

process &G‘ is sequential, i.c. at most one action from &l

ready~set (¢) .

is eve:” in

Property III states that program counters are "leeca'l" in

the scnse that only process GE can change its program counter Li s
Dafinition. Suppose that 6) = <,D,w> is a system of precesses, and let

" Liy oee, L (G, S5 eney Sm)) " be typicai element of D whora

m . . -
D= Dl M osew X Dn X (Ex ") and 7 is the sat of integers. We will uow
7/
define four classes of systeins of processes: -

P

PotuLiy

-
i

P is

of

A,

ey

b
VT

(2) when
(3) when

An action of the

is called a V(<.

The definition of a Dy sy

B. & iz an yp/dowm avstem o

cyslern
AR AN

the following

of processes provided each action of & is In one

{forns:

L. =aAs5, >0 do L, 2! sy S, +~§5. -1

L 3 - L 3 J

L., =a do L., =a'; 35, +~5,+1

- J4

L, =g d .- ;G .

IL. 1 do L:L b{G) ; t(G)
form (1) is called a ¥(5.) ;an action of the fomm ()

el we

an action of the

) s

form (3) is called 2 nonsvochronizer,

stem of processes is esscutially due to Diilaps (3]

nprocg¢agcsaes

LN

provided each astion

one of the following forns:



(1) when L, =a A T 3. 30 do L &af ;0S8 -1 !
* = i - 3§ R i k
jCJ.' i
(2} when I, a2 A ¥ S, 20 do L, -3 : 35 41
ey Ty by bk
et

(3) when 1, =

“l
T3

e
=

“

“bB(GY 5 G-t

An action of the form (1) is called & (Sifj ¢ ¥} : down (SP} ;. an action

of the form (2) ig called a (Si!j ¢ rl: up (S.) 5 an acticn of thn iorm

(3) is zalled a honsynchronizer., The definition of an up/down svatem of

processes is essaentially due ko Wodon f1s].

c. ¢ isapy chunle systen of processes provided cach action of & 5 in

one of the following forms:

(1) when L. =a AS >b do I, eal : g “ 8, ~b

i j = N S
(2) when Li = a do Li ~-a’ Sj o Sj +h Y
(3) vhen L, = a de Li “UC) 5 C =Gl vhere Bom oo

An action of the form (1) is cailed a P(Si vith amount b)Y ; an ST LGN

‘of the form (2) is called a V(Sj vith asount b) ; an aetion 07 tha foy .

~n L Y

(3) is called a nonsvnchronizer. The definition of a BY chuak system of

processes is esscntially due to Vantilboergh and wvan Lamsweeide 1127,

.

D. * iz a PV multinle sysntenm of processes provided each action ol 7 54

—— o ——

in one of the following forms:

e =aA >0A ... A ! Tttt s es el Lairs v Ll
(1) when L;=a 1S, >0A §, >0 do Lowal Sp 78, vli...; Sp, T

1 k.

(2) vhen L, =a do L,*a'; § =8 +1;

(3) vhien L, =2 : do Li*“b(C); Crtio) .
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A acticn of rhe foin (1) is calied o p {8, . .4, © 1) Pooan attior of

the foirm {2) is called o V({Sb s owses S 1Y} 5 an acrion of the “orm (3)
1 k

is called 2 Boasyuchronizes, The definition ol a PV multiple system of pro-

cesses is essentially due to Patil (121,

The four classes of processes PV, PV chunk, pv multiple, and up/dom
are nov compared. The actions of these systems of processes are divided
into nonsynchronizers and synchronizers. Lonsynchronizers cannot uge the

semaphore variables (i.e. S5 eeey Sm }; synchronizers, on the other hand

cannat use the program variables. These four classes differ in what avxiliary

Predicates ave allowed., In a PV systen of processes only identicolly tyuc

or prudicates of the form Sj >0 are allowed as auxiliary predicates.

PV chunk generalizes the predicates of the form Si >0 to predicares of
the {fom Sj 2 b where b >0 s while pv multiple gereralizes the wred:

cates of the form Sj >0 to conjuncricng of thesa predicates, Up/dowr.,

in contrast, allows very diffcrent auxiliarvy predicates, It allows predi-

cates ol the form: determine ii the Sus of a set of semaphores ia nonngative,

PV, PV chunk, and pv multiple are similar in that they dirvectly link th-

auniliary predicate and the assiguments made on the semaphores. [or crRanale,

in IV multiple the auxiliary teet Sl > 0 A S4 > 0 fmplies thaet ihe agidpue

mentg are §, = S ~1 ; 5, =& -1, Couversely, in up/dewn ther: ig no
1 1 3 3 .

connection at all between the awiliary predicates and the assignmeatg

4

0
<4
i
™

Theoren 2, Supposa that F is a v (respoctively py chuek, PV quloipl.,

up/doim) system of brocesses. Yhen if f is a nonaynchronizer and

LS.

an active tiniug, then



e
(4

Va8
(o)
A4
P

is in ready-set (@) 1f and ondy if £ is in polnter-sct {1

Moreover, if f ig 1 VIS,) (respectively V(g with amount
P 'i' L o A%

(v

V({Sh s oeesy 81D ) then (1) is true.

Provf. Suppose that f is g nonsyanchronizer and o is an active fimfne

.
e D}‘

property 1, if £ is5 in ready-set (u) » then © is in pointer-zat (o)

thus, supposc that { is in pointer-sct (X) . Since f {5 a nonsynchroniyer

C.
r

£ = vhen L, = address (f)

; = B{G) ; 6 = £(C)

— 'i

wvhere for all x , b(G{x])) # address (f) . Since £ is im poiniar-set (o) |
Li[value (@)) = address (f) . Thus, by the definition of the whern de nota-
tion, f{value (@)) # value (@ : bence, £ §g in ready-set (O . The

rest of the theorem is proved ia a similar manner. L_j

Note, Theorvem 2 criticaily uses the restriction that a nonsynchromizayr b

an action of the form:

when Ly =a do Ly =b{G) ; G = tiG)

wheve for all x in D » D{G[x1} # & . Without this restriction a nou-

synchrenizer £ might be in pointer-sat (&) and not in ready-gcoen o0

"

[¢

An example of a gsystem of precestes 1s now presanted.  This AR o VR

has a dual purpose, First, it sheuld aid in the wndnrstanding of o boeico

concepte. Sccond, {t {s vel ated to the firse reader~uriter probiem of

Courtoic, ileymans, Parnas [2], Consider the system of processes, i1, wiw s

actions ave (i < 4

AN

"
.'_) .



widtor

I8

(l) wvhonr A a =0 Ab =0 g~ I «~ 2 b » vil

———e . L

(2) when o =

oo
%
o]
P
)
[

(3 when L =3 do L1 ; b e p-1

reacderns

(1) wvhen L. =1Ab =0 do L, =2 ; a* a+l

(3) when 1L, =3 do L, =1 ; a e« a-l

The states of RWY are of the form

.(L: Ll’ Lz: (a)b>)

[»-1

where L, Ll’ 2 8T2 program counterg and a and b are semaphiores,

o
0

initial state (L, 4, I, (0,0)y « 1yl has three procezses:

it
o~
—
-
>
-
{95}

writer

reader-1 = {(1,1), (2,1}, @, 1)}

i
Lama ¥
~~

:-al
e

N
~—
o
N

o
-

D

S
.

-
)

~
Y
-~

~—

"

rcader-2

The active timings of {Wi include; fov instance,

123 and (1,1341,23(2,2) .

The value (123) = (1, 1, 1, €0,9)) . while value (G, 0,232, 2)y

N

- o A
(L, 2, 3, (2,0%) .
Tha relationship bolween Rl and the firse reader-writer problon

now zxploved.,  Tooeha fret readeo-wsiter reohlen rhora ST W ig s

T ] . 1 e .
Ry g R - RO Sl - N
prozosseg: readers and Nocirers, in

s
)



one writer fe considerad. ‘These processes ave Lo “share a vesource’ with
the added constraint thar a writer mest have “exclusive access ro fhc re-
source.’ Thus, readers can “simultancously access the resource.® In RwWl
the actions 1, (L,1), f1,2) act as "gates" to the shared resource: the
writer must ecxecute 1 to enter the fesource, while reader-j wusc sxecute
(1,1) to ente: the resource, The secmaphores a and b are used te £On-
troliwho can enter. Sewaphore a s equal to the aumber of veaders using
the resource, while semaphore b 1s equal to the number of writers using
the resource. Thus, 2 writer can enter provided a =0 and b =0 ; 4
reader can entev previded b = 0 ., In Rl the actions 2, (2,1, (2,2

correspond te the computisng done {in accessing the resovurce. These actionsg

are essentially non-operations; this is done purcly to simplify the exsmpie

In RW1 the actiens 3, (3,1), (3,2) act as "exits from the resource, ¥

Thug action 3 sets b {the number of writersy using the resourca) te bl

In surmary the system of processes RWl captures the essential behavioy of

the veaders and writors in the first readev-uriter oroblen,

i8

[



3. sicalace

The comparizon of synchronization privitives is reduced to the giady

of relations between the basic objects: systong of processes.  In particul

the relation simulate--Lipton {9)~-is studied in detail. This relncion

P
[4]

first defined. Next sinulate is carefully motivated, The main argumens
in favor of simulate is: simulate is "efficient" in a number of wvaiural
ways, while weaker relations are often very “inefficient." The stuatement
that PV is ‘weaker than' PV chunk becomes the precise statement:

thera is a PV chunk system of pro

cesses that cannot
be simulated by any PV system of processes.

In this way synchronization primifives are compared,

. s . .
Definition. Supposae that and i are zystems of procegseg., Y is o
LO L ¥

reatization from Q to £ provided

&

v : {£|f action in Q} = {s]m accion in @1 U {AY

where A i3 the empty scquence. =  1is extended ¢ sequences of actions 1y

the obvious way;, i.e.,

is an action in c{f) # A for zn aotion

where Ii {1 <1i<n)

e

Q. if

in G,

is unobservablie.

At 1 e s e AR . 13 B s

then say £ 1s obsecrveble: otherwise, say f

Suppose that 1 is a realization jrom ¢ to (P . Then an acricn

ir Q is unobsgrvabloe provided it does a "booikecping operatient ttar .o

caot present™ dn (7 ; an action iz eobservable provided it does an Mopecod

; . . )
that is "“presenc® in 47 .

.
PN



v
e

c .. . P ., . . .
kiiﬁgdﬁéﬁs Q §ll£;&i¥l Y with respact to the reallzatlon i rovidersd

ZE

z 13 a realization from Q to P guch that

o~
d
-

r{a!a active in Q} = {ﬁ!B active in £} ; _

(2) if rcady-sucQ(a) N Qi is cmpty, then rcady—se%P(r(a)} R ?(Qi}

mally, for any “scquence of changes™ jin 63, thece iz 2 "corrasponding LY

.
N is empty;
Y \-)’ . .
&3 U (3) there s a o > ¢ such that for a1l active timing: o i« G,
.. ’ oy’ n ' .
ToaT 1.+ length (t(@) >¢ length (a) ;
AR P A
O o | (4) for any observable actions f and g,
v : A .
e \ﬁV‘ﬁ - (a) 1if processQ(fJg) s then proceSﬁP(r(f), r{g)) ;
' K4 - N ’
LT (b) 1f . r(f) = r(g) ; then processQ(f,g) .
. LD
2 ;ﬁ' > The definition of simulate i3 now examined. Suppese thar Q- gimu-
) \ v i ,i . . . v
“:§% R, lates i with respect to realization ¢ | Condition (1) has 9o parte.
: ¢
o First, if o 413 an active timing in Q, then r(®) is an activ > riming
in (F?. Informally, whenevee Q can 'nake g change, ¥ then g can also
) .
5 Mmgke g corresponding change, v This part of condition (1) ie esgentially 1
v J N . . > . N . .
;'3 the notjon “safe® ae used in Dijkstra (3], Second, if B is an active
. o am
) } i - - - -
© > timing in &J, then r(a) = 8 for some active timing @ jn g . Jofore

~oquence of chanpes™ in 0O < Conditioa (1) is called onte safo, Conditineg
. q )¢ b AL

e .

(2) can be caphrased as follows, Say s set of actions B ia stopped av o

provided yeady-sor (@) nB ig empty. Thea this condition is equivalent ;-

L8 0. 15 stopped ac « » then £0q.) 1s stopped at  r()

o

0f courge Qi ray be stopped at o y while Qi ig not stopped at o

«

This condition has been motivared by the requiremant staled in biiksres iy



b

“rhat gtopping a procesc in ites frecainder of eycle’ haz na offoct coon e

others,"” This condition is calied deadilock feen on prosessos.  Tam 36 on

(37 informally means vhat an active tinmdcs in © can Yonly sprad & bownd. d

porticn of its time doing bookkeeping.” Note this condition coanop He owe

pressed by
length (xr{o)} > ¢ length (&) . .

In order to see this just consider the case vhere x (X&) = A and yer z £\

This condition is called busy wait free; it is essentially the coueouh uged

Cio Dijkstra [3}. Condiciou (&) can be rephrased as follows. Lot & ba
. 1

the set [r(f}]f is observable and f 1is in Qi} . Ther conwditlen {%4a)

is: for cach 1 , there is a j- such that E_§3 . Condinion {(Mh) L

— -—

for each distinct i and j , @i and ¢, axe disjoint. Inlcrmaily ¢h -

[
©1

condition means that "the process structure of Q finer then the oroeras

structure of £ ." Conditicn (4) &5 called faithful; it is implicis in iha
synchronization literature.
In suroary one justification of sinulate is thar ecach of the four
parts of ite definition arve found in the synchronization literature. T4
19
iz especially the case for onto szfe and busy walt free.
Auorher justification for simulate s Chat the deletifou of unv onc

of the four conditivng from the definiticn of simulate results in o pothn

logical relation. Yirst, consider deleting the vestriction that +« he &

wm

afe. Let  be a system of pracessces whose active timings sco engotlvy
fvf, splz, +ve {altermate £ and g )

~ . -

vhere proeess  (£,g) . Also ler (i) = vig) = h vherc h iz any




iz some system of procesg 7 . 1= ig casy to see that r e desdioslk oo

On processes, busy wait free, and falshiol, Cleaviy v dis ner in pencral

onto safe. Since Q  and ¢ have no fntuicive connection, deleiing anto

salc leads o a pathological relocion, Szeond, consider deleting the reetyic-
tion that »r be busy 1ait free. Suppose that x is an onte safe deadlock -
free faiihful reuliiftion from Q to £ . Add the following unnbﬁervabic

actions to ¢

£mywhen L =1 do L -2 .
. gewhen L=2 do L+1
Ll

vhere L 15 1 new program counter. Then, for example;
fgfg ... fg ( fg rapeated)

is an active iming, and hence can spend unbounded amounts of time doins
NGy P

nothing., Daleting busy wait froe therefore leads to an inefficient r&iarios
& b .

l'hl'fd e:onsi.der delctinf' thae rm:tric,tion that v be f&ithfu‘i; 15'&:) yano Sha
2 [+
La

A, £, z, fg, gf are the active timings of the system of processecs & .

Consider the PV system of Processes Q whosge actions ave:

(1)‘3{}‘.21\‘ Ly =1 do L, =

(2) '!-'hg—g XJ = 2 do L o= 3

fom
¥

nAER Y —
L83 4

(4 wvhen L, =4 do i, ~ %
- — . 1 P l



) whep Ly lodioL, =2 g
e clnten of QO ace (LL, Loy =) 5 she dnicicl staco S

accive ctimings of
6145 , 1623 » 1203, 1236 .
L2t 'r be the realization from Q@ to defined by

I I I 1 T Te ) W

7

The actions 1 and 6§ are unobservable, Tt ig easy to verify that r  {: -rpg
éafe, busy wait free, and deadlock free on processes., Actionz 7 and 5 ¢ oo
respond to f,  while actions 2 and 4 correspond to oz . Thig s iaelsy
cient, for each action of i oceurs twice in @ ., In addition, it zoen,
intu;tivcly unpleasing that action 1 can "pind zhe entire futuve of o |

Once sztion 1 executes aither

(1) Ll is set to 2 or (1) Ll ls set to 4

In case (i), fg executes; iu case (1i), gf exacutes. Beleting favehi o

therefore leads to a rachological relation.

lLast censider deletirg the Yestvgeoinn that ¢ he d

processes. Qf the four resteictions thar oake up the dafinit on of 9.
this ie¢ perhaps the RISt controversial., Irdecd thig restrict/on iy oo hy
the key reasoa thac seemingly paradoxical vesults are obrainsg he-oq

exawple, the fact that PV cannoc “solve certain syachizonizacion urgio a0

(L.c. not ell systees of processes cap bo sicuvlated by py srnlons of o



Moooowrocfataisive o e e Haey o dea sy gt Loen
natuerad vestrictiog, fcy willioan g ER AN FS
crder D go. this consider T Y Piolenaeg
SULERY 150k
, . _—_— . “
(1) whea 1_.] = L.l R o |
USER
. : .
(23 whea T, 0= 1 A SO door ey
o . ’ - / -
. ‘ .
() win b, 2 do 1, - 1
4 2
DTHER
L3
(4) when . o~ g ac Lo 2
sy o
() wvhon L = 7 oL, o~ 1,
e ] e 3
o = »
ho I . \ o -~ P A N
The stutes or ! A of “ha forg (LI, P D) :
. (v
. . , ‘ S , e
(i1, . Intuitively ghe Penavicr of U7 g g

can "Loop" wntil the Process ma

Sl

s¥stem of procegneg O whese acticn. arg
SUPLRVICOR
1) when w, o~ 1 A e T T
- i = ]
USER
() by =i
I s 1, w0 do L.
o~ e -
. , ;
{3 ALREARTIN U GO ), e
- : -

axetuIey,
J

proc

QP

oncs 7

0N

vhoge

cce OTHER

ted.

Kov conzider the

the iniiial s

FI A,

I

SCtions apa -

tate

piocess USER

“ccurs the USER

in

2

=

C4n, 0N Ehe ailer



GUhER

{7 ’:,.,)’ =1 do L, ~2
(S) Lo =2 do L. e
’ 5] —=- 3
The atanes o G arve of the forn (LI’ Ly, Ly W) 3 the initial state is
(1,i,2,1) . The bekavior of 1 zeems to be intuitively 2quivaneit to the
behavior of §° ; the process SLPERVISGR stops the process Ushit. tdile fhin
Frocess CTHER is unzffected. Let 1 be the realization dzfined v
AR, — Tty - k O o
r(; =1, r{2y=2, (2 b=, r(3) =3 T{4) =4 , p(i) =3
Then r© is onto safe, busy wait free, and faithfcl: hewaver, 1 g o

deadlack on processes., 1 fails to deadlonl

b

action ! is not in ready~setq(2) while action (1) iz in readymsaﬂf¢
Intuitively ¢ is not deadlock free on processns becouse in § e 5400
ig sometiaes stopped when it should not pe stopmeld.  In der to underarn
. ot 21
P . - , . e
the importavcce of the failure of * ro ce dondlock {re2. @ and 7 i
be examined vith vespect teo their "response times.'t Lag “qu‘wv>~as R
DU LUl
NU"E? y HOLUF] be the marinal timcs that the procceses GUPERVISOR, Uit
vl IS
13
OTHER ever wallf for a chance to evocute uader sene Siven soheduling, -
 w ;
the proccss SUPERVISOR waiss at coast . U0 T oiher Y
in Q cthe process SUPERVISOR can walc Qjunt svep theo o
after action 2 hag executed: the SUPLRYTISOR cannat ewzgcuis agailo vntilo oo,
USER docs). Since , could cagily be much larcer than o
USER - SUTITTIy
the vosponse time of SUPERVISOR 1s seviously denraded.  Ta teal v oo o
this degrading of resporde time could even fcud to e failure of 5o
This anoialy of response timoe rollews divoctly from g £

fre:

2 on proc

Loy




ba oo el Iroee o .
A N PG LTCC O Diyospgoo 1 AN EE f 1 i i
¢ procasies. Whus deleling tha vestricklon doadloal Liee

N Y on s i ) .
en processes dees Lndecd yosulr in g datanlors
H h i

A further rezson vy simulate i a teavouable relation i thme it
N - LSRR e bt PUR

] o~ 1

is wezker than “igonorphiamn, ! o <z :
bs Lsounorphi g, LOnG ey e systan of prosesses 7l owhoso

acticns are:

producer-1

du L, =2 ; 5 e il

0

i
fa—

1 rl )
(1) when 1,
(2} when Ll = Z doy Ll = 1

producer-Z

we
[ ad
t
—1
~
s

(3) when L, <1 ' do L, « 2

2
[
8]
t—(
7
e

{4) -when L, =

consuiner

(5) when 1, =1Aa>0A1 >0

.

=
T

N

“a-1 3 b+~ bH-1

3 ~aima ng
P
A Iy e = .
(6) when L, =7 N

(a,b)) a

4- 3 {1 4’ -
the initial svate 3, 1,0 G, 0 { Lo ive ]
state 1s (3, 1, 1, (G,0)) . tntelwlvely, Pl repregonts the

behavior whera Y ensses put v Ig 4
¢ : cre Lwa procegses put vecords ipka fwe Individual bouflferes while

ancther process consumes ih "o ek et ]
process consumes them, The key rostriction is thar the COTRU

.

can ‘procecd ooly when bath by i :
- ot L Al A (S l N ra‘ - H ‘- F 2T '€ N oy 1 (3 7
Ly : Lh buffers ere nonenpey” (i.m, a4 > 0 and o) ).

Hew consid the PV svetor: 1 : e
2 fider toe PV syston of processes, i, whoge actionrs aroes

T D



produece: -

(1) whew 1 o= N
vhor L, w2 L2 A e e
2y whey : ’
: e L 1 1
(2) whap 1, = 2 o L, 1

produceyr -2
{3 whe = i
\2) when L, =1 €e Ly, =25 b bR

4) vhen L, = 2 do L, =1
€. 2

-~

consunier

(5) vhen L. =1Aa>0 do 7. « o . a-i
L, z a < a~1

n

(57) "\'.‘_::‘.":n L, =2 A b

Y
o
=
LB
¥
"
o
I
s

6 e =3 -
6) vhen 1., =3 do L. =1,

R Lt ) = g
The states are of ;
C states are of the {orp
3 r 14 Ay
(.Jl] Loy L) Ly b) s

the initial state e (1. 1

~
—s
-
~
D
-
<3
g
~
—
e
Izl
S
-
-
&
-
o)
o
—~
(¢}
o
—
B
3
¢
s
C'
.}

FZ te Tl defined by

with respoet to vealizacion .+ This ¢

processes can siwulate a4 s | J
c - slaucate a nog-=ry Systea of procesgosy Thas intuiri:
A 5805 . AONE apnbarngivp gy

valent but i et i es vt e
at but renvdenticel Systews ¢f processes can ho relatoed i fmid
e el S ke lared by ginmelse

PO Ty ! R A ~ - - -y
QY .‘.'.,!Lil\. e ra. erence 1 L8 new oy DUC A i : ;
Y € 5 oo Tn il D o Caolrogl ] 1 \7 % i miode
) L ERRLSE A B I 4

up/down are ceneralizacicons™ of pyv Cloaviy, ¢ &

ceuses, ihen o H PaK
fes; then o 1o a0 TV ehuak cyvgres o
Vb chdnn gystom of proaoyses and
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[

. ) . ’
¥atewm of Rlocesses; hcchcr, b fe2d not be an wirfdown systow ol apoc &g,
For example, the PV system of Protecees whese ane action iy

wiien £,
wligh

L;*TAS}’J do ¥ -2

[ty

18 not an up/down System of procegsag, Howevar, each ¥V syscerm of Processg
cant be simulaced by an up/down S¥slew of proscessesn Wodon [9)). rgr txamg e,
the above actiop is replaced by

when L, =1 A7

iv
<
o
o
t

s

-

3 T e=1T-1

vhere the inirsai value of T {g less than the initial value of 3 . In
summary, PV chusk, py multiple, snd up/dowvn: ara generalizations of vy i,
the foliowing sensc:  cvery Py system of processes can be simulated hy a
M chunk {respacti

vely Py multiple, up/douvn) system of processes.



b SRRTIAL S N CoFroneall
e will now craro and then nrove a8 ceoaaly condioion Lor DY
pnlate o . 1R order tu state phig condition, e el first fornatbne bt
cancept of the Mocal Lohavior't ot @ syciten 0f procesies. e owilloohe
state the jpvariggﬁg_ghggggg:
if Q siqulatcs 69 < then the iocal Lahovios of o the
local hehavior of Q .
The invariance theoren will be used jater o prove the oo

in the jntroduction.

ig a

(1) each element of I is a fiuite cequance

from &
' {2} each elencnt of ¥ is in i

(3) if iz in I, then C ju in Lo -

A slice is @ tron-~cnded as a set of swords--that descrines Loc PR
parallel or 1pcal behavior of a systen of processtse provious 90THZIS g
and liiliey 16}, yeller [71) hove divided iocal behavioT {Ato o ©losEes

those with wegnfiices” and thos2 crithout conflicts.
§liccs 41low a finew 4iaticchiot. For wmomple, the olice {A,aibi It
a conilicl, while the slive fA,a;b,ab,bn% dees Tt
pefinjtion. The system cf precesses (7 = <A, D> defines the D-siicd
vided tnexye {g 7 ona-Lo~OnRS correspondT st fron A YO ¢ e Lo
d{&ld netive in P} = otey e crbond 4 €O pinings O 57w
‘d(al v Ok) to bo “("G'L'\ d(';g!i .



o
Ll

folloving twn Ohscrvations oir fie celatron dafines

Ju:

~ =y 1 . (41 - .
nsefal,  Suppoge thae G defives 11, The first observation
- £ . Il t’) q ¢ R ~ . 3 . .
aciuiong ol e in different pracessos iorder ro see ithic

- o . . )
that £ and & arc distinet actions in 0

6?
part (), sioce defines

f—
oy

f and g

are both in

~up
» By the cdefinition of

ready-set

4 PR
o
s
pos

slice

{(n)

By properties I and II, it follows that not process (f,g8) .- The gecond

observation ig: each action of é) is in ready-set (A) .

been established in the argument for the first observation.

Coneider the up/down svystem of processes 1

{1} when Liy=1AS>20 do L

(i) vhen 1L, =1 do L,

The states of M are of the form (Ll, L, (8T)) ; the initial state 4-

(L, 1, (0,0)Y . The set of active'timings of

not active becavse S[value (7)) = -1 . Thus,

25T e T+

""2; S’“S"lc

M o1

M dcefines the fx;yj~ﬁi

[72]
s
.

C"
Pt
©
i
A
3
N
——

whose actions ~Are:

LCe

¢ . B \ . . . .
ITAYD S5 S AtE I Informaliy, this sglice represents the local hehavior whcroe

y stops" % and % does nor stop v . In

and action 1 does not stop acticu 2,

befinition. The eystem of processes <A, D, w>

s

provided there is a subset A° of A and

<Ay D> such that <A’, D, value (X)>  dedine

vy

Cougider the system of procosses 93 vepregented 1u Tigure

WL = <t 0e>, and ler @ o= {1, (1,19,

. . -y
the active timing of G arc

I

RS

M ooaction 2 stops action i

Implicitly defines

1 active LHiniag

.

)Y, b, value (A

39

This has alread,



V-

s i, Ly, Ly o) S ST TSI Y

Thus, 1l leplinitly derines tha o1 .. {ﬁ,x,y,_,,,,,:} .

Clearly, dificrent siicec vepoesent diflovent bindg of iooa] Dot v lor,
For exgople, the slica {A,x,y,:,xy])w:} revresents thz behavios where
and 'y ecach stop &, z stops % and y , but ¥ and Yy  do oot

stop cach other.
Before ve state aad prove the invariance theores we will Drove tie

following theoren: it ig uced in the proof of the invariance chooresm.,

Theoren 3. Suppose that Q simulates (7 with respect to the cvealizaiion

T . Also suppuse that £ ig an active timing in & . Then theve iv an a0 fve
timing & in Q such thar ¢ ls a one-ta-ane correspondence Trom

ready-set (&) te rcady-scﬁp(ﬁ) ard r(E) =B .,

Q

The central idea of tlis Prosy

,ﬁ
5]
=
o
rh
c
hl

i
o
2
A
&
rry
e
~
¥
v

AYY
-
—
o]
ol
O
<
=
5
s
b
&

fo construct an active tining &' guch that r(ct) =@ . Sercond, yae LUy
wait {ree to extend o' to an active cimiuz ¢ sech thar v{Q) = 5 avd
@ has the property: if oh is an accive tiniag, then b is 29 uichoor-
vable action. Essentially O is constructed by cxet%ring aftey o' s
many uaokstevable acticns as possible. Third, use desdleck frees on rreaess
and Iaithful to argue thar ¢ 1y a cnevtorona earregnendeace f:on

ready-act (X} to ready~sot i) .
J

Q

cach 1 <4 <wm, there ie¢ an active timing ATF in Q such raazn ) 2
1 i . ] @ . B
and  r({7) = g" ., py properey I, (g P T PoLiEer-ser 05 0 b e



Colthiiel voilizarion, 4§ 4 4 J o, then oot vroeess (U fj) S ET am tlhera-

fore aysuce, by vewrpning Lf necessary, that

T definition of bugy wair frea iwpiies there iz & conscant > 0 .

“
W
_

¢, zuch that for @, an active timing in Q ,

1+ length (r{u)) > c length (aj. We can, thereforve, select an active

timing « such that (@) = B and «Q has naximal length. The key property
of @ is: 1f Oh is an active timing, thea h wust be an observable act on.

We now assert that
(2} rveady-set (o) N Qi ts not eapty (L <i<m) .

Suppose convergsely that (2) 1s false, and let ready~-sat () N0
I L

be empty. Since r iy cdeadloek {ree on pyocesses and r(u) = B,

. . _ I . 1
xcady~sctp(o) M r\Q{) 18 empty. Now r{f7) ig in r(Qi) and (L7 = gJ

N

4
S ; . - e s . o ]
thus, r{f") is in rexdy~se%?(aj 0N r(Q.) . This ia a contradiction, and
1 ‘

. X 1. — s , e s :
hence (2) {s crue. Let h {(} £1<m) be an action in ready~set (s {4 C

The key property of « implies that for 1 <idm, h'  is an obsarvaile

action. Since 1 ig onto safe and ch

e,

g ¢ 1 A
S8y e g

1

1 v 3 ~ .
r{h 3 wess D - loreover, since ¥  is faithfur, =

v
2 . i ].
a one-to-sae wag from (L, ..., W'} te {¢ 3> e-0s £ ' 5 hence,
1 L} .
g{h ;) +es; B Y = {g ) ceey 5 Y . in order to complete the proof, supposs

that b {s un active timing in Q am! h i{: ger din [h 3 seay N

3 . .
Again gluce v 15 onte safe, w(h) = & 5 fovr ogowe L . Since v ot foin

ful, hods G, where )1 <1 < wm . Howoeves we can conciude by nroporiion
i T :

X and II that & = b . This 4s a contraldlction, and hencs vesdy gl (0
- Y .



oo , 7 ’ - 5 -
Five mven 4 17 sholaves ¢ ond 7 4 Dlicd
N PSR - ~! W ~ - f
. Yy L A . - . . [EI Y . LT S -
¢elicn, the Y-2liee T poo R Qo dngiioiedy dofines the Segliee .

Pofove proceedine wich the proof of ihe iavariance thecrow g Wity

i ol

be helpfel to ghaten the proof of the tollewing cpecianl) case:

. )] D ., s . ; .
If Q@ sgimulates F and defines {A,a,b,ab} then Q
implicitly defines f}’\,a,b,ah1 .

4

Suppose that ¢ sinulates with respect to realization ¢ Since

doflnes CA,a,b,ab] the active timinzs of (7 are exactly {ﬁ,f,g,ig?

¥
for some actio¢s f. and g . By Theorenm 3, there {s an active Ciming [
in Q and sctions F and G such that 5F' and  BG  are active, ri=) = ;
and  v(G) = g . Siﬁce r 1is onto tafe, PGF is not an active Liming, otbe -
vise, r(BCY) = gf would be an aetive timing. Ia order to compliate tha

Proof it wust be shawn thac BFg  is an active timing. Once thiz {3 provod

it will follow that Q impllcitly defines {A,a,ﬁ,abw - The ecniy way £pg
could fail te be an active Clemdog is if ¢ is not in ready“sct 87y .
Therefore suppose that {FC is not an active tiaing. Let ¢ be i Qi .

Since G was in ready-set (B and F  and G wmust be from diffarane Dro-

(]

cesses, Lt followa that ready~set (fF) N Qj is empty. Since Ve deadlon -

free on processes, ready-set (£ N r(Qi) is empty; this ig o coniwacint ian

for g is {n thig intersection (G in @ ieplies g in v,

i,

. . . . £ N .
Yroof of the Tavariance Thearer:. Let § asilmulate §7 with respeart o rhe
] . F ® . . -
realization ¢, let ¢ = A, w> o aed let @ = CB,D,> L Sines
Inplicit!y defines 1 ; therve exists zn A

s & subsesr of A .oand g

active timdng & such that TAgs D, value (0> defines 1 o Aise lav o



o R TR TEo Cedteonoadence betvacn AO and [}, Suppose that #
faodn oal . Then by the definicion of o osllen, ¢ 1o 4q rcidy~:atm{aﬁ .
% - i ’

By Thearen 25 thare exigtg at aclive tinin Poda Q0 and o subsat

&
&

;;(!

d

N

o)

-
1

of ccady~sctQ{ﬁ) such that ¢ = 0 =nd £ 4g a ALz~ o One COTTGI Rondenee
&,

from By to Ay o Ye now asseri thar By L', value (B)> defines 11

where the one-to-one correspendence fron B35 to I is the comprsition of

d and .

N

Suppose first that § ig active Y D', value (B)> . Then 35

[ 5
7]

active in Q . Since r 1s ounta safie, v(38) i active; henca r{d)

==
@

active ipn <A0, D, value (@)> . Thus d(r(6)) s in T,
On the other hand, suppose that 6 is a tining in <BO’ L', value {Bix

and d{c(8)) is $a . Il ., Since <AO, L, value (@)> deftnes 1 s T(dy

390

-t
-

s &ctive in <A0, B, value (@)> : and hence wr(8) ig act ive

We now asgert that
r'd p -
\6}:} 6}) .

For suppzsse that processQ(bi, Sj) e  Since 6i and 6j are borh
in ready-setq(ﬁ) s Si = 6j by properties I and I1, Sinca d(c(8)) g

in 0l > L =3 by the definition of slice; hence, (ly ig true. We now g ooe

(1) 1f 414 35, then not processQ

that B4 g active. Suppoge conversely that 4 = afy  Bh is active,

and  BAf i3 not active. let f be in U . We mext assert thar
Ll
() rcady»setn(ﬁk) n Qi 1s ronempiy,
& : ‘

Yor suppose thar ready-setQ(Bk) N Qi Is emnty, Then since ¢ 3

deadlock free on Processcyg, rcadymse%?(r(ﬁk)} n r(Qi} s copty. dow o0

L5 in ©(0,) . In addirion, r{BNEY g active, for CBNL) oo rdy o

¢ Gl

2ctive, Since f s an obgervable action, v(f) s 1n ready-sac o000



e naee g contoodletdon. Thereftnoa, (1) s truee: hofien, o L au s
oo char b Le in roeady-aet  (Oa) HUU

Gigee £ s dn B, w0 A6 {0 weadly-set {3Y ; hence by aropesties
I aend 10, § dcin pointer-set (D) - DY (1) nﬂd éropcrty TIi, § is in
pointer~sctQ(5h) _ gince both [ and h oare in Qi , it follows from
properties I and Il thac' £ =h , This is a coutradiction, amd heice B&
{s active in Q . Therefore, & 1is active In <8, D', value (£)> .

ve have therefcre shown that “B., b', value {By> defines M3 thus
L'l J ?

Q d{mplicitly dofines T . [:]

pefiniticn. The class C of systems of processes lefines the f-slice

provided for some & 1in C, ¢ defines T .

pzfinition. Suppose that € anc arve classes of systems of processes.

C
Then ¢ =+ ¢! previded there 1s a Q in € such that foxr no G in CF

dees Q simulate ¢ .

The relation =~ is tlie relation thet is used to compare synchironizacon

e

primicivas. Tntuitively € = C' eans that there is some Mgynohroniaoat lon

problea't that € cad fieolve' bur €' cannot.

{tion. A class b of systems of processes Is slosed provided 10 <A.0 02
jg in ¢ and A ix o subset of A and @ ds av act ive timing, wnen

A n, vatue (@)> i= in C .

Covollavy 9. Hupposc tkar ¢ and €' are classes af

Alse sepposc vhat ¢ is closed., Then i1f € defives T oand o deoes

o

defioe i1, shen G~ C' o



Luppose vhos O defines b a0 ¢ coon ot define o Lt

G0 Lo s C such thar o7 defines L Auaee tuatl 6o G e Tadeeg
. \ . I - » ; - .
Lot 0 be dn 7 nuch thar Q wieulates O . Sines G Tepldn toly oo~
d

tives 10, by the wnveviance theorew, O mplleinly defines 1 . Sinee

Vi ~ 4

T s closed, chere i3 a Q' in ¢ suehr thot Q' defines ' . This

. e s ,‘ . =
16 & contradiction; hance, 0 -+ Y . [ 7

s

Corollacy 2 is the key werhod we use to compatre classes of

¥
ri
o
bl
%]

of processes,

Theoven 6. the class of PV (vespectively ¥V chunk, IV uultiple, up/dowa)

systaems of processes is clozed.




5 . e e v e [ S
= mbiein of Slices

h 1 u . . .

vt UnAs seciion th IVATLinnne thonren Ls uced to show Lhad Ll

R A N N g im . R - 1

are grilievences belvyoecn tha Clasess o LUTLeng of prucesson: b chiins
T3 Gitinla. .o 1ourn Tt B b foonee b -
PV omuitiple, aad up/down,  Ta pariicuing, the resulte stated in ihg dpeeciin

o

tlon are proved. T g pousible ro Fay muet vere abous whar SYETems o

cesscs can dering whar sliceae-gon Liproa [10) gad Linton, Suydcr Zalcstienn

{11].

Jur fivst coal jis to show thar up/down - WV, oup/doum e

up/down - Py maltiple. Tn order Lo prove thig we will congider oo eolice

i, = fA)a,bjab} < Ihig slice is comnented with ihe secoud readcr eyl ey
I
problem of Courtois, Heymans; Painas [2]. Consider the systom o Procscape

RWZ whose actions are:

\
b
g
=

e
[e)
—
Y

]
S
(o)
)

o

T
o

5

i

(O]
-

-t

Z) when L =2Aa=0A1 =0 do Lo« 3 b - hyl )
(23 wvhen 1 = 3 do L 4

4y vhen 1 = 4 doo L= 55 b o~ bal

3) yhen L =5 do Lo~1; g+ g2
readersi (] < [ < 7))
Guld when b =1A:-0AL =y GO R A g
(2,1} wher 1, =2 o e
(3,13 wvhen L, =2 - : S P A e |
£ da

the stares of }u2 are of the form



fhe soitial state iy (L, 1, &, (0,0,0)) P2 ds idcatical o fWL cncon:
Loy thwe tvo oww neviosg 1 oapd 5, These astions wae che semaphors s e
allovas Intuloively ¢ ig counl to Ythe nuzber of writere thet ave wais i
Tor a chance €0 tes (e ghavar resowrce.! Peaders sust oow nor culy shook
that! there are ng wejters ny che cegource (b 2 02 but alsc ey auar
cheely that ne weiter Jo o waiting (s > 0) laformally, RU2

of processes that reprocents tha behavior of the

seeond reader~writer problem. K2 imp!

RW2 contains the belavior where a "writey can st“‘
cannet slop a writer.'
Theorean 7. Upfdowa defines 1. .

1

Vit of processes

up/dis

system

readers

='ff1\

and wricas

d J’i fhenor,

a readsr but

=3 oy

LG &y

‘hise actiong

ST

(1} whe L, = 1A ¢ >0 da L, % 5 T e i
R Z 2Ly

(£} when i, =1 do L=y g e gl
The srates of this system af are ¢f the form (Llj L. (S.73)
the dvitial grare fz (1, L, 14,6y o Cleavly the arrive tims LN Lhi
systowm of prounsses are {Ayl,Z,IZ? i hence, upfdoun tneg [, 1]

The cloge of vely PY chonk, Py meleiplay sy
S, H b Ao ST 1
PTCCE3S57a UQos net 4 2y AR . s
Pooyd W will_p;nvu the thocrem in tha Py cager the orthor caae HEAR S TS
AD .
it 2 gfuilar manner. Suprnosce thar U = Do dg o4 BV oevaren o
T e o - e T I oy : e Sy
}_vf\}'__ 15388 L}V.\ sj\_}{rvf a;l 5 La \'}'.j" J’_,'. o s 2 \(!. v.,x-i.] .
s, .

bo o typleal element i 0O . Uodediess 1Y g




o i)
tne acltive tinlses of ; i o
aat Cloings of & Ay iy, i By thoe delinicion o

ey i ¥ s e N - )

nos process (L) 'neveroca, by prope Oy b TG La poin
LU PSR oln

-~ e N - - O 7 * :

coG g is 1o pointov-gset (£) . Since o (s agh v paady=-Lat
. ATC Y Ly =, o0

b g Y P e | DA - weo be
Theoree 7 {mplies hat g iy ¥(S.) for soue j .

thatr

g o= whion LJ, = a N Sj > {

“

without loss of generaiicy.

I readyesct (F) > Sylw) >0 aad S1if(w)] < G .
1 preve Il
P(Sl) 7 and wa can assumoe that

"

f=wvlen L, =bAS >0 do 1. =b'

- Iyl . . ’ . . L v ~
I readyeset (2) , which ig a conivadiction. | ?

e oy O NP -y 7 f i { ]
fheorcm 9. Up/down - PY, up/dowa = BV chunlk, up/down

Froof. Vaae thecrows 7 ond & and cerolliary 5, Ei

£3 550 ae ~ B O S R T . )
Our sewvond goal 4z te prove thar PV omuliolole o
ol

5]

i brocassze PP vhose actions are:

Ve can thareo oy

\.
1%
it
-
=
[p]
]
o
.
o
.
=
i)
[p)
hY
a.
-
’
”
[#
)
~

Than Sllf(WJl =0 : hence, S{gp(e}] = Q. This implies

=PV ol pivie.

¢ i

1o not
.
1 ’_.1 = '.: "‘" ¥
.
TS
7
Caty 2o
:
S B
S O
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\I"}; iw E_j‘_'_;‘ Ll = 2 92 )'1' -
(3,14) wvheo L, =3 do I, L3 -3 - £

Ly convention & = 8 and S, = &, . The states of DT are of the Forw

Y.
Sj) S/‘,‘/ ’

the initdal state 4s (1, 1, 1, 1, (1,1,1,1)) . Taformally, DP is v sysiem

of processes that vepresouts the behavior of the philogophers (fuz ko cage
of four philosophers). In addition, DP iwplicirvly defines i, .
[
Theoren 10. PV multiple defines HZ .
Proes. <Counsider the PV muliiple systen of procecsce DP.
The active timiugs of this system of procasses ave {A,L,ﬁ,ﬁ,&!L& AL, 00,520
Therefove, PV nultiple defines M.l
Theorer 11 The alass of PV chuonk syetens of processes doss not defios )
iugoraen o k ;
. ~ ~ N J - o K e o
Yroof., Suprose that ¢ = <fe, ¢,k D, v> defines T, . and fa
S #3 7 be s fvpical elewmenc of R . 5 s
thar the active Ar
2he come type of S o by

we Lo assune that

e o= vhen Lo oo A S, S, dn P gl 2 g e g
PSR 1 i ‘ <\ N PSE, U ¥ 3
& R A AL ER 2a pAN
1 . i 1
N - ~ - ! - ¥ . Sy | N
{ = uhen Ly, FE, Ao, > b 5 CO b on) . L = 5.
oo P4 - b, ™ 1 e ' 2 i, i



3 Y i - = ) \ . o . ) 1 . )
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) 3
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I = whan 7/ = a, ‘vS. > h A Lo~ al 5 -
~~~~~~~ ' o L T T ' s 1, i

", /

where b1 >0, o,>0, b, >0 ‘DL| >0 ., Since ef dig noi

Si fe(w)] < b2 - Now sionce £ 1s active, §, [w] Z-hz ;  hence,
2

By the reasoning, i1 = 12 =1, = i4 = 1 . Since ek is active,
3

b, + b, . Since fh is not astive S.{w}] <b., +b
1 4 ’

Agaia since fg is active, Si[w] b, + b, . Since eg is nor

Ei[w} < bl 3 bg ; rthevefora, bl > b? » This is a contradiction

* dueg not define HZ . []

Theoven 32, PV multiple = PV chunk.

o e e

1

Proof. Use Theareus 10 and 1! and Corsllary 5. [_3

Our final goal is to prove that PV chunk — PV, FV chunl = (o

PV multiple - PV, PV multiple = up/down. In ordar Le prove this w-

congider the slice “3 =2 (ﬁ,a;hgc,d,ab,ba,ac,ca,bc}cb} .

This slice is related to the "wounded fiegt reancr-wyitay 1.

(Lipten [111).  Consider the svstem of Dracesges BIWVL whose actio -

writer
(10 shen Lo 1A a=0 do L~ 2 bebyj
(2}  when L = 2 go L o 3

. —

H

Pt
A
-

_y:hr.‘-n L .= 3 Lﬁu I = 1 e hg




(2,1} when i, = 2
ten Ly
(3,50 wien L, =3

The

4]
s
-
5
[
(4]

{L,

ine inmitial st

the requirvement that action

readers uszing the resources

havior of the first reader-writer problew (Couvetois, Heyrn

L

(1,1)

(a <

L

l}

of the form

?

)

2 1’3

%]
-
[

> (a,b))

ps (1, 1, 1,01, (0,0)) . piv

Al
Qa ™ oatL
R S
ran [ad i

dlfifers from

st chack that

Informally, ¥RYL repre

with the additional requirement that “at noot 2

Teading at omce." 1loue,

Theorci 13, The class of

=
7
-y
=
.

chunk Jdefires

Procegses vioge actions aro:
(1} when Lo =1 A5, >0A4
e a KS

>0 A

(3) when Ly =1 " S > 0N

. - A
N3 >N

r

L
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PERN

BRWL diwmplicitly

implicitly defings
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-
v
3

and BRWL

there

is
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of uvro-
PV ehu i

consider the PV multipie

N b4
i 3= 2
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R I
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“y ?
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gk[valuc (QEL)] < Trerefere, (33 is rrue. Sy o (Ly, ¢ f 1s

is wetive, and f[f? Is wot active. By (2) and (3),
]

roos [valye (LL)' = n S,\_,r,"/izlue ") -1
€Y S an b
ev,

T2
and

v Sr[value (fé)} = ¥ §.Ivalue (NY] -1,

Since f f? is active,

Lo [valuc (£.)] >0 .
..k G
S, €F.,
72

Thercfore, f f, 15 active; and thig ie¢ a contradiction, | |

L2 b

Corollarv 15. 7The elass of pv gystems of proae:

oo

g
;
[ha 1

15 a 2V ¢

r

©osudpose that systen of procesges such that (0

D0

]

HS « Then since up/down is & peneralization of P, ihere ds an wo/dowe o
1 . - y 1 7
tem of preocosses Q  cuch thar G simulates é’ o By the invariiace #he

G dmplicitly definnsg ﬂg i hoence, vo/dowmn devineg ﬁ} » This o g cove

. g
tradiction, | j

Theoren 16, PV chunk = PV, PV chunk —~ up/down, IV matoiple ~ VU Uy g e

=+ up/down.



Vs theorens 13 and 14 and Corollaries 5 angd 15. l l

The vesults sitared in the introduction e now proved,

Yheorene 9, 12, and 14 prove the seialiy sreeenced in Figurs 1

<

OU NGt PV oehunk =+ py aultiple 1s an ooen juzstion, Also obsgerye
L G

FY e Py chunk, not Ty = py multiple, =nd nor PV ~ upfdowm., ‘Thi

siaca Py chink, PY¥.aultiple, and wpddown ave seneralizations of

r~
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