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ABSTRACT

A new proposal for synchronization and com~
aunication in parallel programs is presented. The
proposal, called gynchronizing resources, combines
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ﬂ*nxLo'ﬂ, comuunicating sequential processes, and
distriduted processes. It provides a single nota-

v

tion for parallel programming with or without
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1. Introduqtion

There is by now widespread asgreement on a few basic
concepts of sequential programming: assignment, composition
(e.g. ;), alternation (e.g. if), and 4iteration (e.g. d49) .
There is ulao‘ widespread agreement that the process is a
basic concept of parallel programaming and that process com-
munication and process synchronization are the two other
fundamental issues. However, there 1s not yet agreement on
the appropriate mechanisms for parallel programming. This
results from the rapid changes in the field, the lack of a
widely recogniged set of selection criteris, the immense
variety of spplications and hardwere architectures, and the
diversity of philosophies about how systems should be struc-

tured,.

Pronennan can communiante in two baala ways, Airently

by exohnnging meansages and indireotly by rocearing shared



Varlablasl Prnecraasrs oan 8ln0 synchronize {n two haasle
vays, directly by expliceit signalling and indirectly by
Boolean expreassiona on shared variadbles. Numerous communie
cation and synchronization mechanisms have been proposed,
each of which combines the above possidbilities in different
ways: semaphores {7}, conditionsl criticasl regtons 12,13},
zessages (1,2), event counts and sequencers [20), monitors
. [2,18], mcdules ([24]}, path expreasions [5,12}, managers
[16], coamunicating sequential processes [15), and distri-
buted processes [&]. Underlying each mechanism i3 e dif-
ferent philosophy about the relationship between processes.
The various mechanisas and philosophies can be i1llustrated
by considering the differences between Concurrent Pascal
{33, Modula [24], communicating sequential processes [15],

and distributed processes [8].

A Concurrent Pascal program contains active processes,
which execute statements, and passive monitors, which pro-
~2c%t shared variables. Consequently, the language s best
suited for hardware architectures where one or more proces-
scre askare menory. Concurrent Pascal also prohibits simul-
tarecus access to shared variables by requiring that all
shared varizbles be protected by monitors. Synchronization
is provided by special queue variables that are explicitly

signalled.

Modula 1is similar to Concurrent Pascal in thst

processes interact via passive modules, synchronizatiom iy



explicit, and the language 1a intended for shared memary sar-
chitectures,  However, Modula permsits simultaneous access to
shared variables. It is an an cxomple of a language that
provides a tool for mutual exclusion (i.e., the interface
module) but gives the progranmmer thé freedom to allow con-

current access.

Hoare's recent communicating sequential processes (CSP)
proposal 1llustrates a philosophy, hence a choice of mechan-
isms, quite different from that of Concurrent Pascal or
Modula. In CSP, a system is a set of processes that in-
teract only by means of input/output commands. As such, CSP
is well sujted to architectures in which processors do not
share common memories {of course, it also can be implemented
on shared memories). Communication is direct and synchroni-
zation 1is provided both explicitly by input/output commande
and implicitly by Boolean expressions. A key attribute of
CSP is that each process can explicitly control when ft will

accept an input command.

Brinch Hansen's recent proposal, distributed processes
(PP), 4s similar to CSP in that a system consists of a set
of processes that interact only by direct communication. A=
such, DP 1is also well suited to distridbuted architectﬁres.
One essential difference between the proposals s that in
DP, processes communicate by procedural operations rather
than the nmore primitive 10 commands of CSP. Another differ-

ence is that in DP apy operation in a process can be execut-



ed whenever the operation is called and the process is wait-
irg. In short, DP combines processes and monitors whereas

CSP combines processes and message passing.

Each of the above proposals {s adequate for its intend-
el purposes and each underlying philosophy has its devout
adherenis. However, each of the philosophies and proposals
his 2 restricted domain of application. This paper presents
2 new proposal, called synchronizing resources, that gen-
eralfzes and unifies the above approaches and, conseguently,
s ~2ually suited te both shared and distributed memory im-
Fie==snTations. It is the result of a search for a common
=irator that i{s both primitive enough to be easily un-
Sarsteod  and Implemented and powerful enough to provide a
igh-level, structured solution to a wide variety of parel-

el gprograzzing probdblems.

The remainder of the paper 18 organized as follows.
Section 2 presents the philosophy, structure, and mechanisms
of syvnchronizing rescurces. Sections 3-6 present solutions
to numerous parallel programming problems; many are familiar
communication and scheduling problems, but others are 1in-

cluded to iilustrate the range of application. Section 7

(2%

isz2usses 2 number of related language lasues, including ve-
rifizatfon and implementation. Finally, Section 8 examines
the relation between synchronizing resources and other 'pro-
grzm=ing concepts, includinrg procedures and classes as well

as oth~r synchronization proposals,
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2. Basiq Conceptis

The main contribution of synchronizing resources is to
provide a single notation for parallel programsing with or

without shared variables. The essential ideas are:

(1) A system, hence a program, is a set of resources that

comnunicate and synchronize via operations.

(2) A resource is a set of one or more processes together

with the variablea, 1if any, that they share.

(3) Processes in different resources interact only by
operations; processes in the same resource fnteract by

operations or shared variables.

(4) Operations are a generaslization of procedures and mes-
sage passing; they are defined by in statements, wvhich
are similar to Dijkstra's Jif statements [8)], and ac-
tivated by invocation statements, which 2re similar to
calls. Operations are the mechanism for process com-
mnunication, and jin statements are the mechanism for

synchronization.

Bach of these ideas will now be described in detail.

2.1. Programs

A synchronizing resources program consists of one or

more resources. It has the form:



resource {// resource}
where the braces denote zero or more rﬁpetitions of the en-
closed unit, Many view parallel systems as consisting of
levels (or layers) of virtual machines. At each level, a
prograzaer implements a set of resources by employing opera-
ticns defined by lower levelil For example, the kernel lev-
el. of an operating system 1is Implemented by employing
hardware operations and im turn provides a set of logical
resources and operations for use by other portions of the
crerating system and user programs. Using synchronizing
resources, one can progran apny of the levels. In short, the
syrchronizing resources philosophy is that parallel programs

provide, centain, and are loplemented in terms of resources.
&-2. Esazurces

A rescurce 1is a collection of processes together with

the variatles they share, It has the fora:

222uT22 naze;
{4efine cperation names;)
fvzr vertabie declarations;)
[statement 1ist;)

prozess {// process)

eng name

where the brackets indicate that the enclosed unit .is op-
tional anéd 2 statewent liat consists of one or more state-

ments separated by semi-colons. A resource contains at



least one process; it optionally contains pernanent (ALGOL
own) variables shared by the processes and statements to in-
itialize the ﬁermanent variables. 1Its purpose is to encap-
Sulate its permanent variables and processes. It does so by
constructing a wall around them where operations provide the
only gates through the wall. Operations are declared by
processes (see Section 2.4) and those named 1in the defin

clause are exported from the resource. Processes external
to the resource can invoke the exported operations;
processes internal to the resource can invoke operations ex-
ported by other resources. (Processes in o resource can
also invoke operations declared by éther prbcesses in the

same resource as will be shown.)

Since a resource can contain more than one process, {ts
permanent variables can be accessed simultaneously. It has
become fashionable to preclude all concurrent access to
variables but doing s0 precludes efficiently solving
numerous parallel programming problens such as
readers/writers [6], 1in place buffer access [14], and en-
the-fly garbage collection {9,10). Although cencurrent ac-
cess should occur only when it is both beneficial ond safe
to do so, it seems overly restrictive and unnecessary to
prohibit it. Synchronizing resources allows concurrent Ace
cess but only within a resource and only with respect to the
permanent variables. The extent of sharing 1s therefore lo-

calized and identifiable.



_2.3. esses

A process contains a set of variables and a sequence of
stateaents. It has the form:
Drocess name;
{yar variadle declarations ;]
. Statemsnt list
end name
A process exccutes one statement at a2 time and terminates
when its staterent list terminates. The variables declared
within a precess are local to it and hence can be accessed
only by the statements within the process. Processes can
alss declaﬁe cpgratlons by means of 1input statements (see
next Section). Cperations are automatically exported from
the precess: they can be invoked by processes in the same
resturce and, if exported from the resource, they can be in-
voked by processes in other resources. Together, processes
and input statements allow mutually exclusive operations to-
b; prograzmed. In fact, processes are the 3sole mechanism

needed to provicde for mutual exclusion,

A special kind of process is a pultiprocess, whieh has
the fora:
- zultiprocess name; -
[vzr variable declarations;)
statement list
end name
Whereas 2 regular process has exactly one instance, a nmul-

tiprocess declares a family of identical processes, each
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with its own copy of the local vari;bxes. There are as many
separate instances as there are distinct processes that inw
voke the operations the multiprocess declares; each instance
is permanently associated with the process that uses it. (If
a multiprocess declares no operations, its family has no
members; if it is used recursively, it has a potentially un-
bounded number of members). A multiprocess combines sspects
of re-entrant (pure) procedures, coroutines, Concurregt Pas-

cal classes {3), and Modula modules [24].
2.8, Statements

Six kinds of statements are used in synchronizing
resources programs, four for sequential programming and two
for communication and synchronization. The sequential

statements are:

(1) null akip
(2) assignment: variable:z expression
(3) alternation: AL Boolean command [ O Boolean command} 24

(4) repetition: do Boolean command { O Boolean comzand) o4

The null statement does not change the value of any
variable and always terminates. The assignment statement
computes the value of the expression and terminates after

assigning it to the indicated variable.

The alternative and repetitive s2tatements are
Dijkstra's [8). Each contains one or more Boolean (guarded)

commands of the form:



Boolean expression => statement list
A Boclean comzand can be executed 1f its guard (Boolean ex-

pression) is true.

An aiternative statement specifies that exactly one of
the Boclean commands is to be executed. If at least one of
the guards is true, an‘arbxtrary one of the corresponding
sz;tement iists 1is executed and the alternative statement
terzinates; 1f‘all guards are false the statement aborts and

the exezuting process terminates abnormally.

A repetitive statement specifies that its constituent
cozzancts are to be executed as many times as possible. On
eacn iteration, if at least one of the guards 1is true, an
srditrary one of the correéponding statement lists {s exe-

suted; if 211 guards zre false, the statement terminates.

Processes coamunicate and synchronize by means of two

stztexzents:

"

(1, invocation: operation _name ([2ctual parameters])

(2} 1input: 4ip operation command { O operation command} ni

Invscation is like a procedure call; it requests execution
=f the n2zed operastion. The input statement on the other

ta2nd dezlares, synchronizes, and executes operations.

Each operation command in an input statement has the

form:



operation_name ([formal parameters}) { A Boolean expression]
(by arithmetic expression]} => statement list

An operation command always has an operation_name and state-
ment 1list; optionally, it has a Boolean expression used for
synchronization and an arithmetic expression used for
scheduling. The Boolean expression, arithmetic expression,
and statements can refer to the formal parameters of the
operation, the local variables of the process declaring the
operation, or the permanent variables of the resource con-

taining the process.

An operation guard consists of the operation name and
Boolean expression. It 4is true if'there is at least one
pending invocation of the named operation and the
corresponding Boolean expression is true fif omitted, the
Boolean expression 1is implicitly true). If there are two or
more pending invocations of the named operation for which
the corresponding Boolean expression is true, the 1invoca-
tions are ordered by the values of the arithmetic expression
with the minimum value first and the maximum value last (if
the by phrase 1s omitted, the order is undefined). The
guard determines whether or not 2ny invocation of the opera-
tion can be executed, the arithmetic expression deterxzines
¥hich invocation is to be executed first. Therefore, the
guard specifies a correctress constraint, and the arithmetic
expression specifies a performance constraint that applies

once the correctness constraint is satisfied.

Execution of an input statement proceeds as folleows.



If at least one of the operation guards i{s true, an arbi-
trary one is chosen, the first of the pending invocations {s

zelected (as determined by the arithmetic expression), and

‘the corresponding statement list is executed. Qtherwise, the
izput staterent is delayed (hence the executing process

waits) until at least one of the operation guards becomes
true. The input statement terminates when one of the opera-
tion <commands has been executed. Whereas an alternative
statement chooses one Boolean command if at least one guard
is true, an input statment chcoses one operation command

x¥ern 3t least one guard -becomes true.

An invocation names an operation and specifies a set of
20tual paraceters. It is executed in three stages as fol-
icus, First, the named operation is activated. Second, at
2 time determined by an input statement that declares the
nazed operation, it is gglgggég for execution. Third,' the
Sody c¢f the operation, as defined by the input .command that
salects the operation, is executed. When all the above

stages have been completed, the invocation terminates.

Operation parameter passing s assumed to have
value/result semantics. In particular, the value of each
formal paraseter becomes that of the corresponding actual
parazeter when an invoked operation 1is selected, and the
value of each actual result parameter becomes that of the
corresponding forrcal parameter when the {nvocation ter-

Tinales. Fornmal parameters are assumed to be declared in the
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same manner as in Pascal procedures [23].

Input and invocation are closely coupled. They
correspond to singular points in the execution of processes
in the sense that the body of an operation 1is executed by
one process on behalf of another. Generally, the processes
execute independently but when one requires an input cpera-
tion and the other invokes the operation, the two processas

aynchronize and "merge™ their execution.

Operations are declsred within executable ipput state-
ments rather than as procedures because this allows one to
implement and enforce orders on the execution of operations.
(They c¢an, 1in fact, be declared 1in more than one input
statement.) Consequently, input statements allow one to im-
plement path expressions [5,12) as will be shown in Section
8. Synchronization conditions are specified dy Boolean ex-
pressions rather than explicit signslling since this leads
to more comprehensible programs; explicit synchronization by
signalling, if desired, can be built using input and invoca-
tion. Scheduling constraints are specified 'by arithmetic
expressions associated with operations in order to provide a
powerful tool for selecting among a set of operations that
vary only in";he value of their parameters. Since efficient
scheduling is a major concern of parallel systems, it is im-
portant to have adequate scheduling mechanisms jpn the
language rather than to have to build them ygsireg the

language.



Exzzzles:
(1) _dn B( VA s¢a3 > 0 => sem:= sem - 1

O ¥( ) => zsem:s gem + 1
ot .

Waits until P is.invoked and sea > 0 or until V is in-
voked. Then the value of sem is either decremented or
incremented by one,'depending on which operation com-
mand was selected. This statement defines and imple-

ments the semaphore P and V operations {7].

ia P(val:integer) A vald>0 A sem-vald0 =z> sem:z sem-val
QO V(val: integer) A val > 0 =z> sem:= sem + val

£t

This extends the above example by allowing the 1invoker
of P or V to specify a value by which to decreﬁent or
incre=zent the seszsphore. The guard for the P operation
{3 true when P {s invoked, the actual parameter is po-
sitive, and sem - val 1s positive. This example illus-
trates the use of formal parameters (hence the values
of actual parameters) in guards for operation commands,
If two processes have both invoked P(2) and the value
of se3 is inftially 3, then one but not both of the P
¢perations 'will be selected before an intervening V
operation. (With the above statement, an 1invocation
P{x) could be indefinitely delayed if sem were slways

less than x).



(3) 1in request (amount:integer) A free by amount =>
free:= false
-3 release( ) => free:= true

od

Waits until request 1s invoked and free is true, or un-
til release 1is invoked. Pending requests are ordered
by the values of their actual parameters; when request
is selected, the invocation with the ainimum value for
amount 1is executed. This statement implements a
shortest-job-next scheduler (or a first-come, firste

served scheduler if amount is a clock value).

2.5%. lﬁ.ni.a_b_lia.a.n.d Expregssions

Variables are assumed to be declared in s manner analo-
gous to Pascal [23). The examples in subsequent sections
will use basic types, such as Boolean and integer, and

structured types, such as array and rccord.

Expressions in statements can refer to any variable lo-
cal to the process containing the expression, the permanent
variables of the enclosing resource, or in the case of input
statements, any formal parameter in the operation command
containing the expression. Expressions can also reference
two special variables, which are implicitly associated with

each operation:

(1) “?operation_name - the number of activated and not yet

terminated invocations of the named operation;
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(2) #operation_name - the number of times the named opera-

tion has deen terminated (i.e. completely executed).

These attributes of operations are useful for synchroniza-
tien and scheduling, as will be shown. (They are also easi-

ly izplexzented).
2.8. Init{slization and Ierminpation

A synchronizing resources program consists of a number
34 ‘resources each of which consists of a number of
praltesscs., Execution of a program begins by concurrently
cuting the initialization statements in each resource.

‘nce this has  completed, each process 1is executed con-

A program terminates when every process has either‘ter-
zinated or is delayed at am invocation or input statement.
A program terminates normally if no process is delayed at an
invecation sStatement; othérvlse it terminates in deadlocl:.
(It is reasoradble and conmon to write processes that repeate-
edly wait feor and execute input statements; this is fine as
ieng as all operations that are 1n§oked are eventvally

selncted and executed),



- 17 -

3. Communication

Two processes can communicate directly if one defines
an operation that the other invokes. Direct communication
is synchronous and unbuffered: the invoking process waits
for the operation to execute before proceeding and the
operation's parameters provide the communication storage. 1In
order to allow producer and consumer processes to execute at
their own rates as much as possible, a resource that buffers
communication can be constructed. The structure of =uch a

communication system (or subsystem) is:

resource Producer;

process P; yar output: message;
... send(output)...end P
end Producer
/7
resqource Communication;
define send,recelve;

end Communication

1/
resource Consumer;

process C; yar input: nessege;
... receive(input)...epnd C
end Consumer
The following examples {llustrate three possibdble i-qle-
mentations of the Communiantinn reraourne: a one-slot matl-
box, a dbounded buffer, and a parallel bounded buffer. Each
nolution will work when uned by one producer and one consue

mer (a8 shown above) or when uaerd by many produrers and/or

many consumers.
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3.1. Siogle-alet Hallbex (11

A slngle-slot mailbox-has one box for the storage of
mafil. The box 18 either empty or full. It is initially
empty and can then be alternately filled dy the send opera-

ion or emptied by the receive operation.

Selutlien:
~ rescurce Commsunicatlion;
_defire send,receive;
727 box: message;
proecess Matlbox;
20 trues =>
in send (m)1: message) => box:= m1 pi;
in receive(yar m2: message) => m2:= box ni
erd Mailbox

253 Cozzunication

Sen2 ard receive alternate since Mailbox first  waits
for and executes a send and then waits for and executes a
rezeive. The Mailbox process never terminates but {f the
Przducer and Consuzer resocurces terminate, the system of
rescurces will terninate normally. Note that no special
varlable, suyeh 33 an empty fTlag, is required in this solu-
tion; the ordering of send and receive is controlled dy the
orZerinz c¢f the two input statements that define them. If
the Ccnsuzer invokes receive before the(Mailbox executes the
input statezent that defines receive, the Consumer waits un-
til recelve {s accepted; the same comment applies to the

Producer.



3.2. Bounded Buffer {14)

A bounded bduffer 13 a mailbox with several slots, It
smooths the communication between the Producer and the Con-
sumer when they execute at varying rates. To ensure that
the buffer 1is accessed correctly, assume that send and re-

ceive operations are to be mutually exclusive.

Selution:
resource Communication;
gdefine send, receive;
yar buffer: array 1..10 of message;
front, rear: integer;
front:= 1; rear:= 1;
process BoundedBuffer;
do true =) .
in send (m1: message) N (#send-#receive) < 10
buffer[rearl:z mi; rear:= rear pod 0 +
O receive(var m2: message) A(#send-#receive)
ni
od
end BoundedBuffer

end Communication

Send and receive are mutually exclusive since each is
defined by the same process., Send can be executed when the
buffer is not full; receive can be executed when the buffer
is not empty. The synchronization expressions in the guards
for send and receive employ the counter variables implicitly
associated with operations: #send is the number of sends
that have been executed by BoundedBuffer, #reccive is the
number of receives that have been executed. A valid invari-
ant for the iterative statement above is: 0  (#send - #re-

ceive) € 10. When 0 < (#send - #receive) < 10, either send

Vo

>

I\

m2:= buffer[frontl; front:= front pod 10 + 1

=>
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. or receive can be selected for execution.

3,3. Parallel Bounded Buffer [11,19])

The bounded buffer implementation in the previous exam-
nle {= more restrictive than necessary. In order to ensure
the integrity of the buffer, it is only necessary to ensure
that send srnd receive do not concurrently access the same
‘buffer slot. When there 1is at least one empty slot (#send -
dreceive < 10), and at least one available message (#send -

#receive > 0), both send and receive can execute,

(q"--:(cn:

rescyrce Communication;
define egend, receive;
yar bdbuffer: array 1..10 of message;
front, rear: integer;
frort:=z 3; rear:z 1;

precess deposit;
do true =>
in send (m1: message) A (#send - freceive) <10 =)
buffer(rear):= mi; rear:= rear mod 10 + 1
ni

od
end deposit
/7

Rrocess fetch;
20 true =>
in receive{var =2: message) A(#send - #receive) > 0 =
m2:= buffer(front); front:sz front god 10 + 1
i . .
od
engd fetch

enéd Communication

This solution 1i)lustrates a resource having two
processes that share common variables (buffer, front and

r2ar). It differs from the previous solution only 1in that
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send and receive are defined by separate processes. Conse.
quently, they can execute concurrently, subject to the syn-
chronization constraints, but send excludes other sends =and
receive excludes other receives. The solution works
correctly becavse neither process invalidates the synchroni-

zation expreassion of the other.

Although one must take care when processes are allcwed
to access shared variables simultaneously, many prébleus,
such as this one, can be correctly, efficlently, and clesrly
solved by using shared variables. Although little is gzined
by programming a parallel bounded buffer for a system imple-
mented on e single processor, since the logical parallelism
cannot actually occur, 1t would be very efficlent relative
to the previous solution on a multiprocessor system with
shared memory. A basic tenet of synchronizing resources 1is
to allow the solution that is most appropriate for a given

application or hardware architecture to be programmed.
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8. Schedulipk 2nd Allocation

T Efficlent scheduling and allocation of ashared resources
is one of the most important concerns of parallel systems.
In this section, several familiar scheduling and allocation
probleas eare considered: an alarm clock, readers/writers,
data base tronsactions, and a disk head scheduler. They il-
iustrate different ‘'uses of nultlprocesses_and input state-

zents and different kinds of scheduling disciplines.
B.1. Alarm Clock [14]

Processes often need to be adble to delay their execu-
tica for a period of time: for example, in polling or real-
tize applications. The problem is to program an alarm clock
resource ts facilitate this. The alarm clock defines two
cperations: wakeme, which delays its caller for a specified
irterval, and tick, which is perlodically invoked by a clock

interrupt handler to record the passage of time.



Solution:

resoyrce AlsrmClock;
‘define wakeme, tick;
yar time: integer;
time:= 0;

userclock;
yar setting: integer:
d9 true =>
in wakeme(intervsl: integer) =>
setting:=z time + interval;

wakeup(setting)

ni

od

end userclock

/7

process systemclock:

40 true =>
in wakeup(t: integer) A t £ time => skip
O tick( ) => time:=z time + %
ni .

o4

end systemclock

end Alarmciock

Users ;t the alarm clock <c¢all the wakeme operation.
Since it -13 defined by a myltiprocess, each user process
communicates with his own private instance of the wuserclock
process. Each wakeme operation computes !he'ﬂpproprin:;
clock setting and then invokes wakeup. The systemclock
waits for invocations of tick and wakeup; tick ecan always bde
selected but wakeup can be selected only when 4ts actual
parameter is less than or equal to time. When an invocation
of wakeup terminates, the invoking instance of wakeme ter-
ainates and the corre;ponding user can proceed. In this ex-
ample, the userclock multiprocess is similar to a pure pro-

cedure.

The above version of the alarm clock may, in practice,



- 28 =

have two undesirable properties, First, the systemaclock
could possidly delay accepting an invocation of tick {f it
1* busy servicing wakeup oﬁerationa; this may cause the
value of time to beccme f{nacourate, This problem oan bde
. soived by defining &8nd executing the tiock operstion in
another process in the alarmclock resource; tick and wakeup
operations could then be executed in parallel. The second
potentially undesirabdle property is that there is no guaran-
tee that pending wakeup operations serviced 1in the right
erder, This problem can be solved by adding the scheduling
requirement by t to the operation command defining wakeup.
This guarantees that {f more than one invocation of wakeup
could be selected (1.e. nore than one satiasfies t K time),

one which nminimizes t will be selected.
3.2. Readers/Nriters (4]

Two groups of proceasases, readers and writers, share a
dat; base. To protect the integrity of the data baaer at
®a0st one writer at a time can alter it and no reader can ag-
c;ss it while a writer is writing. However, readeras can sx-

amine the data bdase oconourrently.
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Solution:

resource ReadersWriters;
define read,write;
yar database: arpray 1,.10 of item;

BRultiproceay RW;
40 true =) .
in read (var value: itemj index: (1,..10)) »>
startread( );
value:s database{index];
endread( );
Q write(value: item; index: (1.,10)) &>
startwrite( ): -
database[index):=x value;
endwrite( )

ni
od
end RW
/7

arocess allocator;
var state: integer; atate:s 0
do true =)
in startread( ) A state > 0 => state:s state ¢
Q endread( ) s> state:s state - 1
€ startwrite{ ) A state s 0 => state:s -1
Q endwrite{ ) => state:s O
ni
od
end allocator

end ResderaWriters

To aocess the data base, a process invokes sither resd
or write; dnny processes can be executing or waiting within
the read and write operations concurrently since read and
write are declared within a multiprocess. Each read opern-
tion invokes ata;tread before and endread after accessing
the dats base (similarly for write). The sllocator process
fmplements the required data base exclusion by recording the
state of the data base (-1 = one writer, 0 s no reasders or
writers, state > 1 = atate ronaéra) and synchronizing the

four allooator oporatgonl appropristely., The solution gives
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readers preferenna in Lhe sonne that s render will not bhe

delsysd {f the data base 19 alresady being read, even ir

writers are wvaiting.

An ioportant sttribute of this solution, whioch is not
presént in numerous other proposed solutions [4,6,14], 18
that the ReadersWriters resource encapsulates the use of the
dats base. A reader or writer can only access the data base
by invoking read or write, which 4n turn provides the
desired access and guaranteea that access 4ia gcorregtly
Azhedyled.

An alternative solution that gives writer preference
over rescers s achieved by replascing the allocator of the

aScve soluticn by:

2;0¢e39 allonators

yar state: {nteger; state:s 0:
L% true 2>

in startread( ) A state > 0 A 7?startwrite s 0 >

state:s state +

Q endread( ) => state:x state - 1

Q startwrite( ) A state x 0 s> statets =1

Q 2ndwrite( ) s> state:s 0

ni
¢
end4 allocator

The only chanze 1s that startread can be selected for execue
tion only if there are no active or waiting writers (recs:il

that 7star~twrite {3 the number of invoked but not yet oconmn-

pietad executions of startwrite),

Each of the above solutions potentially atarves one

group of processes; the first _could starve writers, the



annond would atarve rendera, To preclude atarvaticon, the

allooator oen be ohanged 80 that it alternates betwveen

readers and writers when both are waiting, allowing cone

current rcads as long as no writers are dolayed, then nllowv-

ing one write, and so on., This can be achieved as follows:
process allocator;

yar state: integeri writerlast: Boolean;
statet=z 0; writerlast:s false;

dQ true =>
in startread( ) A state > 0 A (writerlast V ?startwrite =2 0) »
state:s state + 1} writerlastts false .
O endread( ) 2> state:s state - 1
O startwrite( ) A state = 0 A (= writerlsst VvV 7startread = 0)

state:s =-1; writerlast:s true
endwrite( ) 2> state:a 0 .

Bo

od
end allocator

Boolean variable writerlast indicates whether a writer was
the last proceas to start, When both readers and writers
are waiting to atart, they alternate turns, depending on the
value of writerlast (waiting if necessary for the eqrreét

state),

4.3, Data Base Iraunsactions

The previous example considered ways to synchronize the
reading and writing of single data base records. However,
in data base applications, processing a user transaction may
require reading or writing gseveral)l records. In order to en-
sure the integrity and consistency of the data base, 1t 1s
necessary to synohronize entire transsctions, not just indi-

vidual reads and writes, Assume that processing a transac-
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,fion consists of first requesting read or write access to
the data base, then invoking possibly several read or write
operationa, and finally releasing control of the data base.
The probien i2 to modify the ReadersWriters resource of the
previous example to meet these constraints and to ensure

that the data bdase is requested before it is accessed.

Salution:

rescurge ReadersWriters;
geline request, read, write, release;
xor datadbase: aprray 1..1000 of item;

sultiprocess Transaction;
yar mode: (r,w,inactive);
mode:s inactive;
29 true >
ip request(operation: (r,w)) =>
{f operation = r => startread( )
O operation z w =z> startwrite( )
£1:
zode:= operation
als
40 mode = r =>
in read{var result: item; index: integer) z2>
result:= database[index]
Q release( ) => endread( ); mode:z inactive

QO mode = w 2>
in write(val: item; index: integer) =>
database[ index]:z val
B release( ) => endwrite( ); mode:z inactive

od

od
end Transaction
/77

2recess allocataor;
(* any of the allocmtors of Example 4.2 ®)
end allocator

end ReadersWriters

In +this solution, the varizble mode local to each in-

stance of Transaction indicates whether the transaction {s
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reading, writing, or inactive, The solution illustrates the
utility of being able to accept input operations at dif-
ferent places in the body of a process, in this case to en-
force the ordering of request, read or write, then release.
The reader is encouraged to use this technique to progras
solution to the bduffer aliocation problem described in [14,

pp. 5548-555].

4.5. Disk Scheduling

A different kind of scheduling problem, which involves
ordering the operations invoked by different processes, oc-
curs with a moving head disk. 1In order tq efficiently util-
ize a disk, it is important to reduce excessive head move-
ment. Of the several possible scheduling algorithms, one of
the most attractive is the circular scan (CSCAK) algoritha,
which decreases the variance in expected anting time rela-
tive to the more widely known elevator (SCAN) algorithe
[22]. 1In the CSCAN algorithm, the disk head moves across
the disk in one direction, servicing requests as it goes,
then jumps back to the starting point \to begin 1ts next
pass, (CSCAN exploits the fact that a disk head can be
moved across all cylinders in only about twice the time that
it takes to move freom one cylinder to an adjacent one.) Ais-
suming that processes wishing to access the ditsk invocke
operation doI0 and pass the index (c) of the desired
cylinder and other data as parameters, the problem {2 t¢

program a disk resource that utilizes the CSCAN algorithk=.
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. . .
_Lesource disk;
defipe dolID;

var dbuffers, ete.

process driver;
var position: (1,maxcylinder); position:s 1;
do true =>
in dol0(c: (d.maxeyltnder)s...)
by (c-position) mod maxeylinder =>
postition:z e}
start JO on disk;
wait for interrupt
nd
2d
eng- driver

ensd disk

In the above solution, the driver process repeately
waits for, selects, and executes dol0 operations. If more
than one dcl0 has been activated, driver, 1if possible,
gelects tre cone that requests access to the cylinder closest
tc the current disk head position in the forward direction
(c-posttion 2 G); otherwise driver selects the one that is
closest to “%e initial position of the disk head. (The
¢2heduling expressions assumes that god can take a negative
argucent, e.g.-that -1 ped 3 = 2). The reader is encouraged
to write 3 scheduling expression that implements the eleva-
tor algorithm. (Hint: use the function sign(n), which re-

turns 1 4f r 2 0 and -1 1f n < 0.)

Note that in the above solution, the disk driver
schedules itself. No separate scheduling "monitor® is re-
quired since the by phrase sllows the driver to select the

eporopriate invocation of dol0. However, if disk traffic is



heavy, it may be desirable to schedule future disk accesses
in parallel with performing one access. In this case, a
scheduler process is added to the disk resource and the user

and driver interfaces are changed appropriately.

5. Hardware and Device Comtrol

As argued in Section 2.1, any parallel system consists
of one or more layers of virtual {software) machine butilt on
top of a physical (hardware) machine. In fact, what appears
to be hardware at one level may actually be implemented at
least partially by software (e.g. virtual memory).  Hardware
and software systems have many common characteristics: they
each contain processes (processors), they may share =memory,
and they are connected by communication channels. if a
language is intended for progranming systems that control
hardware, it should also be possible to use the language to
write programs that describe the behavior of the hardware
itself since this unifies the concepts of physical and vir-
tual machines and 1leads to cleaner, more efficient
hardware/software interfaces. This section contains three
examples that illustrate the wutility of synchronizing

resource for hardware description and device control.
S.1. Computer System

Consider ‘a small computer that has a central processor,
one device and a memory that is shared by the device ahd

central processor. Assume the device is an independent pro--



cesgor that accepts a startI0 operation from the CPU,
tranefers data to or from memory, and signals completion by
causing an interrupt. The CPU .fetches and executes instruc-
tions from memory and accepts {nterrupts when they are in-
voked and not inhibited. The computer halts when the hsalt

instructien 1s executed.

Leaqurge Conputers

¥ar gezory: array 1..size of byte;

trap program;

pravesg TP
xzr IT: integer; 1inhibit, halt: Boolean; ...
IC:z l202d address; inhibit:= false; halt:z false;
49 = halt >
e

L Zinterrupt > OA « inhibit =>
in interrupt (code: integer) =>
memorv{int . location}:= IC;
IC:= interrupt handler address
4
Q ?interrupt = 0 V inhibit =>
IC:= IC + %3
fetch and execute instruction in memory[IC]
(®* the instruction may set inhibit or invoke
startI0 or set halt:= true %)

£

od
end CPU
/77
brocegs device;
X2ar storage for parameters and data transfer;
£0 true => :
ic startIO(p: params) => save p
4.
trarnszit data to or from memory;
interrupt{code)

cend Computer

ation - executed when "Load™ button is pushed %)
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5.2. Device Drivers and Interrupt Handlers

For increased efficlency ana reliability, it has become
common to associate 5 device driver process with each device
{or group of identical devices) controlled by a asysten. ‘A
driver process repeatedlvy accepts an operation requ;sting
access to the device it controls, performs the operation,
and {(optionally) returns a result. Processing a request in-
volves starting the device and waiting for the device to
complete., which 1is  usually signalled by an {nterrupt.
Although the actual implementation of device contrel and in-
terrupt handling is device and machine dependent, a program
that shows the {interaction of » device driver and an 1intera

rupt handler can be outlined,
Assume that the driver has the form:

process driver;
do true =>
in dolO(operations) =)
start device d;
waitinterrupt(d)
ni
od
end driver

where waitinterrupt invokes an operation defined dy the 1in-
terrupt handler. If actusl 10 interrupts implicitly cause
an interrupt operation to be invoked (by & run-time kernel),

the interrupt handler can be programmed as follows:
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reszource InterruptHandler;
define interrupt, waitinterrupt;

yar done: arroy device_ids of Boolean;
done:=z false; (% for all device ids ¥)

Rrocess IH:
do true =>
in interrupt(d: deviceid) => done[dl:= true
O waitinterrupt(d: deviceid) A done(d] 2>
done[d]l:= false
ni
od
end IH
~end InterruptHandler
The InterruptHandler uses Boolean flags to synchronize 1{n-
terrupt and waitinterrupt operations. With this solution,
process IH cannot be delayed'if an interrupt occurs before
tne corresponding driver {s waiting for it. This solution
can be changed to give the 1ntérrupt operation priority over
waitinterrupt by adding (?interrupt = 0) to the guard for
waitinterrupt; it is alsc easy to add interrupt codes to the

paraseter lists.
2-.1. CRT Lisplay

A a final exampla nf A hardware rogsourca, oonsider a
CET display that <continuously refreshes a screen. The
points to be displayed on the screen are stored in memory 1in
a grid array. A refresh process within the CRT transfers
points from the grid to the screen; in parallel, an update
process accepts write opeéations and alters the grid. The
rerfesb and update proceasses can logically execute in paral-

lel (2nd4 do normally physically execute in parallel) since a



new update merely overwrites a previous part of the screen.

Sclution:

resource CRT;
define update;

Yapr grid: arpay 1. .M,1..N of intensity;
1,J: integer;

grid:= "blank"; (* for all elements of grid *)

Rrocess update;
do true =>
in update{x,y,i

: integer) =>
gridix,yl:= ¢

-]
end update
124

procesa refresh;
do true =>

it= 13 J:= 13

do 1 X M A S KN 2> output{aridf1.31); J::=3 «
O 1< MAID>N=> 1121 4+ 15 J:3 1

od

Qd
end refresh

ead CRT

If many processes need to display information on the screen,

update can be declared as a pultiprocess without affecting

the behavior of CRT.
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6. Miscellaneoun

Twe final examplea, the dining philosophers and a
parallsl version of the sieve of Erathosenes, will respec~
tively {llustirate the use of formal parameters in input

guards and a recursive use of the multiprocess construct.
$.1. Iinivz Philoscphers [7)

Five philosophers alternately think and eat. When a
philosp=er wants to eat, he enters the dining room and sits
in his own :hz;r at a circular table set with five plates of
i and five forks, one between each plate. To eat, a
philosspher must pick up two forks, the one on his left and
trte <cne on his right. Two philosophers can eat at the same
tize 2aly if they are not sitting in adjacent chairs. Once

a prhilcosopher has finished eating, he puts both forks down

104
o
o
e
o
»

ves the room.
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Solutien:

resource PO;
process philosopher0d;
yar 1: integer; 1:=2 1
... entar(1);
end philosopher?
end PO
1/ !
(* resources P1 to PA containing philosophers 1-8§ are
77
resource dining room;
define enter:

var plate: array 0..% of spaghetti;
plate: fresh spaghetti; -

multiprocesa chair;
do true =>
in enter(1: integer) =>
get forks(i);
eat from plate{i];
releaseforks(i)
ni

o4
eng chair
/7

process forks;
Yar eating: srray 0..% of Boolean;
eating:e false: (% for eating [0]..eatingl[h] @)
do true =>
in getforks(i: integer) A =~ eating[i ® 1]A
~meating{1 © 1) => eating{1):= true

O releaseforks(1: integer) => eating(i}:: false
ni

od
‘end forks

end dining room

In the above program, @ snd ® denote module 5 addition
and substraction. The program terminates when all philoso-

phers have terminated (they are either full or out of

thoughtsa).

sfmilar ¢
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L.2. Siwye «f Erelheacupa (14)

" The sieve of Erathosenes {s a method for generating
5r;me nusbers. A parallel version of the method is pro-
granmed below; 1t is a direct translation from communicating
sequential processes to synchronizing resources of the pro-
graa given in [1S5]. It contains a starter process, a Sieve
aultiprocess, and a limit (say 10000). The starter prints
th; first prime, 2, and then passes 13,5,7,...,1imit on to
the first instance of Sieve., Each instance of Sieve sccepts
2 streaz of integers, the first of which is prime and 1s
therefore printed, and passes on integers that are not mul-

tiples cof *re first input value,.

Selutiso:
£28%24r%°% Primes;
prosess starter;

vzr- n: integepr;
limit: integer; limit:= 10000;

Print{2); n:= 3;
2z n < limit £> candidate(n); n:z n + 2
oz
end starter
/7
Buatairotesy Sieve;
¥2r ».@.,25: integer;
{® - {s a3 prime; mp 1s a multiple of p #)
in cerndidate(c: integer) => p:= ¢ ni;
print(p); mp:=z p;
3¢ true =) :
in candidate(c: integer) => m:=z ¢
ods
do @ > @mwp => mp:=z mp + P
% K
il 2 = mp => 3kip
Q m < zp => candidate(m)
I
og

204 Sieve
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and Primen

This example is more controversiasl than the previous
one since it wuses the multiprocess construct recursively.
The first instance of Sieve inputs candidate operations from
starter and invokes the candidate operation of a second in-
stance of Sieve; each subsequent instance of Sieve receives
numbers from its successor and potentially passes them on to
its successor. There are as many instances of Sieve as
there are primes less than limit. The program terminates

when the starter process has terminated and each activated

instance of Sieve is waiting for further candidates (of

which there are none).

Relative to the communicating sequential Dprocesses
solution given in [15], this solution has the advantage that
there 1is no fixed bound on the number of instances of Sieve
that are created. Merely by changing the initial value of
limit, a different set of primes is generated tin parallel,
Unfortunately, this solution also has the disadvantage that
the exact number of instances of Sjeve that are required
cannot be determined at compile time; this means that an im-
plementation of recursive multiprocesses must either support
dynamie process creation or impose a fixed limit on the
depth of recursion. Although this implementation problem is
a serious concern in practice, the example does illustrate
another aspect of the expressive power of synchronizing

resources.
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1. B_eum_l.mumlu.u.u

The main purposes of this paper are to present s new
approach to process communication and synchronization and to
illustrate {tas expressive power. However, several related
language 1issues must also be addressed before synchronizing
resources can be generally useful as a language for systems
programiing. This section identifies and discusses the most

izportant of these issues.

A rule ¢f thumbd 4in language design 1is that {f a
language consgtruct has a complex (or worse yet no) proof
rule, then £t is undoubtedly difficult to understand and
use, Alttousgh formal proof rules for synchronizing
reaourfts have not yet been Qeveloped, the desire to be able
to ‘formulate such rules has influenced the language. Since
the basic statements (null, assignment, alternation and
iteration) are the same as those used by Dijkstra, they have
the same proof rules.lﬁl. The new conatgdets, for which
precf rules do not yet exist, are invocation and input

statements, processes, and resources,

To the invoking process, an invocation statement has
the effect of a procedure call: parameters are passed from
the process tnvoking an operatfon to the proceas declnf!ng
the operation, the 1invoking proceas waits for the invoked

operation to terminate, and results sre returned, A proof
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rule for invocation should therefore be similar to a proof
rule for procedure call with value/result parameter passing

semantics.

The effect of an input statepent is 2a e~cxzbination of
the effecta of procedures and alternative statements. Sup-

pose that an input statement has the form

in op’(formals1%91 z> s,

Q opu(fornalsu;@“ => sN ni

where B, ‘and S1 are, respectively, the Boolean expression

i
and statement list for operation opy (by phrases are ignored
since they do not affect correctness). Since 1input state-
ments are non-deterministic, any of the Bperations that has
a8 true guard can be executed. Therefore the combined effect

of several operstions must be independent of which operation

is executed. If one could prove

(P A fornalal N Bi) .",i {Q I\fornuln1']

for each operation i (where P and Q are predicates about
variables accessible to the statement and rornals1 and
rornalsi' are y;edicatea about the initial and final paranme-
ter values) then a proof rule for input statements would al-
low one to assert that if P is true before execution of the
statement, then Q 18 trues after (provided the statement tep-

minates).

Since a process (or mulliprocess) consists of a set of



distinct variables and statements, its effect 1s the compo-
sltion of the effects of {ts atatements., Thereafora, to
develop a correctness prool for a process, one merely com-
poses the proofs for individual staterments., One of the vir-
tues of the ilnput statement ns a means for synchronization
and coraunlication i{s that each process consists of 8 sequen-
tially ordered set of statements., Therefore, it i3 possible
to- follow the logic of a process by sequentially examining
its statements. This 1s in direct contrast to monitors [14)
or distributed processes [4) where execution of statements
can be interleaved in time due to waiting and signalling and
one s always forced to find invarisnt relations unaffected

by possible irterleaving.

The most difficult verificatlon problem is to develop a
proof for each Tresource. Since a resource can contain
seversl prosesses that share varlables, one must (usually)
establish an invariant that captures the state of the shared
variatles 2nd also wverify that the préors of the processes
are interference-free, as defined by Owicki and Gries [19]
(2 multiprocess ﬁust not interfere with other instances of
itself). If the processes are disjolnt, or at least no pro-
cess references variables altered by another, the
lnterference;tree properéy is trivial to demonstrate,. How-
ever, 1f processes share varjfables, as in the parallel
bounded buffer examplé. great care must be taken both in
progrepming and proving a solution. One must recognize the

interent dangers that shared variables introduce, but if one
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is willing to use them carefully when the situation war-

ranta, it should be allowed.
1.2. Implementation

Implemanting the four dbasto atatements ts stralghtfor-
ward using standard techniques. The challenge {s to !mple-
ment invocation and input statements. Assune for simplicity
that a program is implemented on a single processcr systen.
One way to proceed is outlined below; the technigue present-
ed can be readily generalized to allow a prograz t¢ be im-
plemented on a multiprocessor system with or withou: shared

memory.

The basic data structures used to support processes and
operations are process deacriptors, a ready l1l%t, wWork
queues, and operation queues. Associated with e2ch rrocess

is a descriptor containing the process' s*atus, =X«

state (when it is not executing), actual or res:l: parane-
ters (when it has invoked an operation) and iin<=ze o cne
of the other data structures. The ready list cocn*2i7s the
descriptors of all processes that are ready to execute; iIni-
tially all process descriptors are on the reacdy 1list. A
work gqueue is associated with each process thra: deciares
operations; an operation queue is associated with each dis-
tinet operation. These queues are manipulated as describded

below.

Operafiona are implemented via three kernel procedures:



4dnvoke, watlt, and reply. Invoke takes an operation name and
e2t of values as parameters; it stores the values in the

ailing process' descriptor and inserts the descriptor onto

7]

the work queue of the process that declares the named opera-
tion. aa2it delays the calling procesa until an entry |is
present on  its work queue, then transfers the entry to the
approcriate operation queue. Egnlxvtakes a process name and
set of result values as parameters; it inserts the named
process onto the ready list and saves the result values 1in
the processt Jdescriptor (they are returned to the process

when it resuzes execution),

Given the adbove three procedures, invocation and input
statements can be implemented as follows. An invoeation
stitenent calls jnvoke, passing the appropriate operation
name and actual parameter yalue:; the invoking process is
then bloceked until it receives a reply. An input statement
ie impiemented by searching ¢the appropriate operation
queue(s) for an available operation that satisfies the
specified Boolean e*pression. If one is found, the schedul-
ing expressaion 1s evaluated (if necessary) and one operation
is selected. The appropriate statement list 1s then executed
and a reply i8 sent to the process thaot invoked the selected

operation. If no acceptable operation is found, the process

attempting the input statement calls yait. Once awakened,
the proceass oxaminesn the pew operation, If seceptable, the
ceperation {a excouled and a veply 12 nment; otherwine the

procean aynin oalls walt and repautn the nbove nlgorithm,
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If an operation guard refers to a variable that {is
changed by another process (as in Example 3.3), the process
may need to walt for the variable to change This can be i=m-
plemented by busy waiting, {f the process executes on a
separate processor, or by having any change to the variable

result in an implicit invocation of a special operation 'ha

o

awakens the potentially waiting process. (Synechronizing
with respect to shared variables is beneflcial and efficient
only when the synchronizing processes are exeeﬁting cn

separate processors, as was discussed in Section 3.3).

The chief source of overhead in this implementation Is
the searching snd testing involved in finding and scheduling
an acceptable aperation in an input statement. This over-
head does not appear to be excessive although finél Judge-~
ment cannot be made until an actual implementation 1is coz-
pleted and analyzed. In any case, this overhead occurs 901y
when an input statement uses Boolean or "scheduling expres-
sions. Less expressive mechanisms are by themselves xcre
efficient to implement, but they require that 8 prograamer
build and maintain queues in order to solve scheduling prob-
lems. Typically, such scheduling queues duplicate 1informa-
tion already preseat 1in the kernel (such asg process n&ames
and operation parameters) and are therefore unnecessarily

costly.



1.3. Mzchine Interfaces

° Any language for systems programming also needs ways to
interface to hardware features. This includes mechanisms to
bind variadles to fixed locations, to associate operation
entry points with hardware signals (e.g., interrupts), to
access individual dits in storage locations, and to wutilize
available hardware priority levels such as for iaterrupts.
Hardware fnterface mechanisms are by their nature wmachine
dependent; consequently, <the appropriate set of mechanisns
.may well vary from implementation to implementation. Howev-
er, to enhance software reliability, machine interface
zechanisas should be limited to a few, well-defined places
in any system program. Modula introduced the device module
for thii purpose [24]. The related concept in synchronizing
rescurces would be to declare some resources as real
resources and to allow hardware attributes to be accessed
within thems only. The details of this approach have yet to

be completed but it appears to be a viable approach.
1.5. ek

A fourth language issue, which has only been cursorily
address«d in this paper, is that of naming. For simplicity,
all names have been assumed to be unique., However, this s
far tco reatrictive in large programs, especially those that
are occasionally altered. This problem could be alleviated,
as long as resource names are distinct, by using the Pascal

2c% notation to name operations  1in 1invocation statements



(1.e. by uailng resource.operation). The name space of each
resource could be further restricted if it were to name the

external renources that it wishes to use (e.g. as in Modula

[a24]).

A related naming issue is how to declare families of
resources or processes that are nearly identical. For exam-
ple, if a system requires several comaunication resources,
as 1llustrated in Section 3, it should be easy to declare
multiple instances, perhaps varying only in the type of the
transmitted information or the size of the buffering storage
area. One solution to this problem would be to attach an
optional range specification to the declaration of 2
resource (e.g. resource Communication[1..5]); individual in-
stances would then be named by using subscript notation
(e.g. Communication{1).send). Resources could alsc be
parameterized by wusing an approach like that of Corncurrent
Pascal [23] or Euclid [17]. Although these are important

language issues, no specific suggestion {s made here.
1.5. Access Control

Another important language issue, especially in operat-
ing systems and data bases, 1is access control. Access con-
trol in synchronizing resources 15 static; namely the scope
of each object is determinable at compile time. However, it
is often necessary or desirable to allocate objects dynami-
cally, for example to implement a file systeum. This re-

quires some means to bind names and alter access rights to



cbjects at run-time. One possible approach is described in
{¥13]: it 1a based on the concept of & capability and can de

readily combined with the language presented in this paper.



8. Summary and Diascyssion

The novel aspects of synchronizing resources are opera-~
tions, 4input statements, sultiprocesses, and resources.
These facilities generalize many previous parallel program-
ming proposals 1including procedures, coroutines, clasases,
modules, monitors, path expressions, message passing, con-

municating sequential processes, and distributed processzes.

Operations combine aspects of procedures. and message
passing. They are like procedures in that to the invoking
process an operation looks and behaves 1like a procedure
call; and to the declaring process, an operation has formal
paﬁameters and specifies a statement list. Operations are
like message passing in that they cause information to bde
transferred from one process to another and they may result

in execution delays.

Input statements allow processes to wait for several
operations at a time, control which operations can be
selected (using Boolean expressions), and control the order
in which multiple invocations of the same op?ratlon are exe-
cuted (using arithmetlic scheduling expressions). Being able
to express scheduling requirements using the hy phrase ap-
pears to be an especislly powerful programming tool, as 11-
lustrated by the diak heand acheduler (Example 4.8), It 1s

similar to the scheduling mechanisms proposed tn [21) and

has the same advantagen. In particular, {t alleviates the

need for programming scheduling queues and extra scheduling



prareaasa (ar manitora).

Input statements alno provide a meana for {mplementing
path expressions [5,12], which define meaningful sequences

of operations. For example, the psth expression

path send; receive end

specifies that send and recelve operations alternate, with
send executing first. The mallbox resource in Example 3.1
exactly meets this specification by sequentially ordering
finput statements declaring send and receive. Another exam-

ple of a path expression is

path request; (read® + write®); release end

which zpecifles that request precedes either zero or more
reads or zére or more writes, and that release precedes the
rext request. The data base transaction resource of Example
l.3.31513f108 this specification. Path expressions can also
contain Bococlean expressions that conditionally enable opera-
tions, for  ex3zuple, to specify that in a bounded bduffer,
send can execute only when there are empty slots. Condi-
tional path elements ‘are implemented by using Boolean ex-

pressicns to synchronize input operations.

The process construct combines the conventional concept
of a process as an active program with the concept of a

coroutine. Processes can execute 1independently, have a



]
-
-
1

manler/alave relationahip, or Intearact n>.-| corcout fnea, For
exampla, the processes in the CRT reasource (Example 5.3) ex-
ecute independently; the bounded duffer process in the Com-
munication resource (Example 3.2) is a slave of the producer
and consumer processes; and the Transaction processes in the
ReaderaWriters resource (Example &.3) are coroutines with
respect to their users. Although not shown here, qll of tre
coroutine examples of {15)] have also been programmed in syn-

chronizing resources.

Processes, together with operations, also provide a
means to implement monitors, as illustrated by the zaildox
(Example 3.1) and bounded buffer (Example 3.2) processes,
among others. The mutual exclusion required by a moniteor is
automatically provided by a process and input statements
provide the mechanism for declaring and synchronirsinrz moni-
tor entries. The chief differences between a synchreonizing
resources implementation of a monitor and an actu2l gonitor
are that synchronization is =specified by Boolear expres-
sions; that scheduling 1is specified by arithmetic expres-
sions; and that an operation, once selected, executes to
completion. This requires that distinct operations bde de-
clared for each set of statements that may be delayed (as
opposed to waiting in the middle of a monitor procedure),
but yields the benefit that each operation and input state-
ment c;n be analyzed and verified as an uninterruptadle un-

it.



The multiprocess construct provides a way for several
processes to share the same set of operations. Consequent-
ly, it generalizes the procedure and module ([24] concepts.
A multiprocess can be used like a procedure, as in the alarm
elock resource (Example 4.1), like a Modula module, as 1in
the readers writers resource {(Example 4.2), or like a recur-
sive procedure, as in the primes resource (Example 6.2).
Since a multiprocess can have local variables, it can also
be used to implement a Concurrent Pascal class [3] as illus-
trated by the readers/writers (Example 4.3) and dining phi-

losopher (Example 6.1) resources.

The resource construct is the means for encapsulating
processes and the variebles they share. It provides a way
to define an abstract object while hiding detaills of {ts
representation, This was 'lllustrated by all the examples
but in particular by the three versions of the communication
resource prograsmed in Section 3. Since processes in a
resource can share variables, it is also possible to 1imple-
ment resources such as a parallel bounded buffer (Example
2.3), data base (Examples 4.2 and 4.3), and on-the-fly gar-
bage collector [9,10], and to ensure that the shared vari-
ables are accessed only by meaningful operations. The
resource construct also provides an appropriate representa-

tion for hardware as discussed in Section 4.

The recent communicating sequential processes proposal

of Hoare {15] combines processes and message passing, and
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the recent distributed processes proposal of Brinch Hansen
[4] combines processes and monitors. This paper has at-
tempted to show that combining processes, message passing,
and monitors results 1in an even more expressive language.
The examples presented in this paper provide a smeasure of
the breadth of its applicability and are only a small subset

of the examples that have been programmed.
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