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18 CONCURRENT PROGRAMMING

It is the objective of this chapter to extend the Clang language and its implementation to do
name suggests - handle simple problems in concurrent programming. It is quite likely that t
field which is new to the reader, and so we shall begin by discussing some rudimentary cor
concurrent programming. Our treatment of this is necessarily brief, and the reader would be
advised to consult one of the excellent specialist textbooks for more detail.

18.1 Fundamental concepts

A common way of introducing programming to novices is by the preparation of a recipe or
algorithm for some simple human activity, such as making a cup of tea, or running a bath. |
introductions the aim is usually to stress the idegequiiential algorithms, where "one thing gets
done at a time". Although this approach is probably familiar by now to most readers, on refl
may be seen as a little perverse to try to twist all problem solving into this mould - indeed, t
be the very reason why some beginners find the sequential algorithm a difficult concept to (
Many human activities are better represented as a set of interacting processes, which are ¢
in parallel. To take a simple example, a sequential algorithm for changing a flat tyre might k
written

begi n
open boot
take jack from boot
take tools from boot
remove hubcap
| oosen wheel nuts
jack up car
take spare from boot
take of f flat tyre
put spare on
| ower jack
tighten wheel nuts
repl ace hubcap
place flat tyre in boot
pl ace jack in boot
pl ace tools in boot
cl ose boot

end

but it might be difficult to convince a beginner that the order here was correct, especially if |
she were used to changing tyres with the aid of a friend, when the algorithm might be bette
expressed

begi n
open boot
take tools from boot and take jack from boot
remove hubcap
| oosen wheel nuts
jack up car and take spare from boot
take off flat tyre
put spare on

| ower jack and place flat tyre in boot
tighten wheel nuts and pl ace jack in boot
repl ace hubcap and pl ace tools in boot
cl ose boot
end

Here we have several examplesaricurrent processes, which could in theory be undertaken k
two almost autonomous processors - provided that they co-operate at crucial instants so as



in step (for example, taking off the flat tyre and getting the spare wheel from the boot are b«
processes which must be completed before the next process can start, but it does not matt
completed first).

We shall define aequential process as a sequence of operations carried out one at a time. T
precise definition of an operation will depend on the level of detail at which the process is
described. Aconcurrent program contains a set of such processes executing in parallel.

There are two motivations for the study of concurrency in programming languages. Firstly,
concurrent facilities may be directly exploited in systems where one has genuine multiple
processors, and such systems are becoming ever more common as technology improves.
concurrent programming facilities may allow some kinds of programs to be designed and st
more naturally in terms of autonomous (but almost invariably interacting) processes, even i
are executed on a single processing device, where their execution will, at best, be interleav
real time.

Concurrent multiprocessing of peripheral devices has been common for many years, as pa
highly specialized operating system design. Because this usually has to be ultra efficient, it
tended to be the domain of the highly skilled assembly-level programmer. It is only compar:
recently that high-level languages have approached the problem of providing reliable, easil
understood constructs for concurrent programming. The modern programmer should have

some elementary knowledge of the constructs, and of the main problem areas which arise

concurrent programming.

18.2 Parallel processes, exclusion and synchronization

We shall introduce the notation

COBEG NS ;S,; S . . .S, COEND

to denote that the statements or procedure §atlan be executed concurrently. At an abstract

level the programmer need not be concerned with how concurrency might be implemented
hardware level on a computer - all that need be assumed is that processes execute in a no
finite (as opposed to infinite) time. Whether this execution truly takes place in parallel, or wi
it is interleaved in time (as it would have to be if only one processor was available) is irrele

To define the effect of a concurrent statement we must take into account the stafgaed&;, |
which precede and follow it in a given program. The piece of code

S COBEG NS, ;S,;S;; .. .§,COEND; §,, 1

can be represented by thieecedence graph of Figure 18.1.
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Figure 13.1 A precedence graph for a simple set of concurrent processes

Only after all the statemen%; . . .S, have been executed W8], ; be executed. Similarly, the
construction

S,; COBEGN S, S, COEND, S

!
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Figure 12.2 A precedence graph for a more compled set of processes

Although it is easy enough to depict code usingtBEG N ... COEND construct in this way, we
should observe that precedence graphs can be constructed which cannot be translated intc

highly structured notation. An example of this appears in Figure 18.3.
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Figure 18.3 A precedence graph_that cannot be edpressed
using COBEGIN ... COERND

As an example of the use of tbéBEG N ... COEND construct, we show a small program that \
compute three simple summations simultaneously



PROGRAM Concurrent;
VAR
sl, s2, s3, i1, i2, i3;

BEG N

COBEG N
BEANsl :=0; FORil1l :=1TO10 DO sl := sl + i1l END
BEGANs2 :=0; FORi2 :=1TO 10 DO s2 :=s2 + i2 END,
BEANs3 :=0; FORiI3 := 10 DO s3 := s3 + i3 END;
CCEND;

WRI TE(s1, s2, s3)
END.

We may use this example to introduce two problem areas in concurrent programming that ¢
do not arise in sequential programming (at least, not that the high-level user can ever perce
have already intimated that we build concurrent programs out of sequential processes that
regarded as executing simultaneously. A sequential process must be thought of as a seque
algorithm that operates on a data structure; the whole has the important property that it alw
the same result, regardless of how long it takes to execute. When sequential processes ste
execute in parallel their time independence remains invariant only if their data structures re
truly private. If a process uses variables which other processes may simultaneously be cha
is easy to see that the behaviour of the program as a whole may depend crucially on the re
speeds of each of its parts, and may become totally unpredictable.

In our example the three processes access totally private variables, so their concurrent con
is equivalent to any of the six possible ways in which they could have been arranged seque
As concurrent processes, however, the total execution time might be reduced. However, fo
similar program below

PROGRAM Concur rent ;
VAR
sl, s2, s3, i1, i2, i3

BEG N

COBEG N
BEGNs2 :=0; FOR il := TO DO sl := sl + i2 END
BEGNs3 :=0; FORi2 :=1TO10 DOs2 :=s2 + i3 END
BEANsl :=0; FORi3 :=1 TO DO s3 :=s3 + i1l END

COEND;
Wite(sl, s2, s3)
END.

chaos would result, because we could never predict with certainty what was in any of the sl
variables. At the same time the reader should appreciate that it must be possible to allow p

to access non-private data structures, otherwise concurrent processes could never exchan
co-operate on tasks of mutual interest.

If one wishes to succeed in building large, reliable, concurrent programs, one will ideally we
use programming languages that cater specially for such problems, and are so designed th
dependent errors can be detected at compile-time, before they cause chaos - in effect the «
must protect programmers from themselves. The siGQEEG N ... COEND structure is
inadequate as a reliable programming tool: it must be augmented with some restrictions on
forms of the statements which can be executed in parallel, and some method must be foun
handling the following problems:

® Communication - processes must somehow be able to pass information from one to a
® Mutual exclusion - processes must be guaranteed that they can access a critical regio

code and/or a data structure in real-time without simultaneous interference from comg
processes.



® Synchronization - two otherwise autonomous processes may have to be forced to wai
real-time for one another, or for some other event, and to signal one another when it i
proceed.

How best to handle these issues has been a matter for extensive research; suffice it to say
various models have been proposed and incorporated into modern languages such as Con
Pascal, Pascal-FC, Pascal-Plus, Modula, Edison, Concurrent Euclid, occam and Ada. Alart
excursions: we propose to study a simple method, and to add it to Clang in this chapter.

We shall restrict the discussion to the use of shared memory for communication between p
(that is, processes communicate information through being able to access common areas ¢
same memory space, rather than by transmitting data down channels or other links).

The exclusion and synchronization problems, although fundamentally distinct, have a lot in
common. A simple way of handling them is to use the concept sétiaphor e, introduced by
Dijkstra in 1968. Although there is a simple integer value associated with a semgpheheuld
really be thought of as a new type of variable, on which the only valid operations, beside th
assignment of an initial associated integer valuep@g (from the Dutchpasseren, meaning to
pass) and( S) (from the Dutchurijgeven, meaning to release). In English these are often calle
wait andsignal. The operations allow a process to cause itself to wait for a certain event, an
to be resumed when signalled by another process that the event has occurred. The simple:
semantics of these operations are usually defined as follows:

P(S) orwal T(S) Wait until the value associated wihs positive, then subtract 1 frasrand
continue execution

V(S) orsi GNAL(S) Add 1 to the value associated withThis may allow a process that is waiting
because it executes) to continue.

Bothwal T(S) andsl GNAL( S) must be performed "indivisibly" - there can be no partial comple
of the operation while something else is going on.

As an example of the use of semaphores to provide mutual exclusion (that is, protect a criti
region), we give the following program, which also illustrates having two instances of the se
process active at once.

PROGRAM Excl usi on;
VAR Shared, Senmphore;

PROCEDURE Process (Limt);
VAR Loop;
BEG N
Loop := 1;
WH LE Loop <= Limt DO
BEG N
WAI T( Senaphore) ;
Shared : = Shared + 1,
S| GNAL( Sermaphor e) ;
Loop := Loop + 1,
END
END;

BEG N
Semaphore := 1; Shared := 0;
COBEG N
Process(4); Process(5+3)
COEND;
WRI TE( Shar ed) ;

END.

Each of the processes has its own private local loop cawter but both increment the same



global variableshar ed, access to which is controlled by the (shasegipphor e. Notice that we al
assuming that we can use a simple assignment to set an initial value for a semaphore, eve
we have implied that it is not really a simple integer variable.

As an example of the use of semaphores to effect synchronization, we present a solution tc
producer - consumer problem. The idea here is that one process produces items, and anot
consumes them, asynchronously. The items are passed through a distributor, who can only
item in stock at one time. This means that the producer may have to wait until the distributc
ready to accept an item, and the consumer may have to wait for the distributor to receive a
consignment before an item can be supplied. An algorithm for doing this follows:

PROGRAM Pr oducer Consuner ;
VAR
CanSt ore, CanTake;

PROCEDURE Pr oducer ;
BEG N
REPEAT
Pr oducel t em
WAI T(CanStore); G veToDistributor; SlIGNAL(CanTake)
FOREVER
END;

PROCEDURE Consuner ;
BEG N
REPEAT
WAl T(CanTake); TakeFronDi stributor; SIGNAL(CanStore);
Consunel t em
FOREVER
END;

BEG N
CanStore := 1; CanTake := 0;
COBEQ N
Producer; Consuner
CCEND
END.

A problem which may not be immediately apparent is that communicating processes which
synchronize, or ensure that they have exclusive access to a critical region, may descthook ed
when they all - perhaps erroneously - end up waiting on the same semaphore (or even diffe
ones), with no process still active which can signal others. In the following variation on the :
example this is quite obvious, but it is not always so simple to detect deadlock, even in quit
programs.

PROGRAM Pr oducer Consuner ;
VAR
CanSt ore, CanTake;

PROCEDURE Pr oducer (Quota);
VAR | ;
BEG N
=1
WH LE | <= Quota DO
BEG N
Produceltem | =1 + 1;
WAl T(CanStore); G veToDistributor; SlIGNAL(CanTake);
END
END;

PROCEDURE Consuner (Demand);
VAR | ;
BEG N
I =1
WH LE | <= Denmand DO
BEG N
WAl T( CanTake) ; TakeFronDi stributor; SIGNAL(CanStore);
Consuneltem | :=1 + 1;
END
END;

BEG N



CanStore := 1; CanTake := 0;
COBEG N
Producer (12); Consuner (5)
COEND
END.

Here the obvious outcome is that only the first five of the objects produced can be consume
whenconsuner finishes,Producer will find itself waiting forever for thei st ri but or to dispose
of the sixth item.

In the next section we shall show how we might implement concurrency using

COBEG N ... COEND, and then T andsl GNAL primitives, by making additions to our simple
language like those suggested above. This is remarkably easy to do, so far as compilation
concerned. Concurrent execution of the programs so compiled is another matter, of course
shall suggest how an interpretive system can give the effect of simulating concurrent exect
using run-time support rather like that found in some real-time systems.

Exercises

18.1 One of the classic problems used to illustrate the use of semaphores is the so-called "
buffer" problem. This is an enhancement of the example used before, but where the distribi
store up tovax items at one time. In computer terms these are usually held in a circular buffe
stored in a linear array, and managed by using two indicesgsayndTai | . In terms of our
simple language we should have something like

CONST
Max = Size of Buffer;
VAR
Buf fer[ Max-1], Head, Tail;

with Head andTai | both initially set to 1. Adding to the buffer is always done at the tail, and
removing from the buffer is done from the head, along the lines of

add to buffer:
Buffer[Tail] := Item
Tail := (Tail + 1) MOD Max;

renove from buffer:

Item : = Buffer[Head];

Head := (Head + 1) MOD Max;
Devise a system where one process continually adds to the buffer, at the same time that a
process tries to empty it, with the restrictions that (a) the first process cannot add to the buf
full (b) the second process cannot draw from the buffer if it is empty (c) the first process cal
to the buffer while the second process draws from the buffer at exactly the same instant in
real-time.

18.2 Another classic problem has become known as Conway'’s problem, after the person w
proposed it. Write a program to read the data from 10 column cards, and rewrite it in 15 col
lines, with the following changes: after every card image an extra space character is appen
every adjacent pair of asterisks is replaced by a single up-firow

This is easily solved by a single sequential program, but may be solved (more naturally?) b
concurrent processes. One of theseut , reads the cards and simply passes the characters (
the additional trailing space) through a finite buffer, iIseBuf f er , to a procesSquash which

simply looks for double asterisks and passes a stream of modified characters through a se«



buffer, sayout Buf f er , to a processut put , which extracts the characters from the second buf
and prints them in 15 column lines.

18.3 A semaphore-based system - syntax, semantics, and code generation

So as to provide a system with which the reader can experiment in concurrent programmin
shall add a few more permissible statements to our language, as described by the followinc

St at ement = [ ConpoundStatenent | Assignment | ProcedureCall
| I'fStatenent | Wil eStatenment
| WiteStatenment | ReadStat enent
| Cobegi nStatenent | SemaphoreStatenent ]

Cobegi nSt at emrent = "COBEA N' ProcessCall { ";" ProcessCall } " COEND" .
ProcessCal | = Procldentifier Actual Paraneters .
Senaphor eSt at enent = ( "WAIT" | "SIGNAL" ) "(" Variable ")"

There is no real restriction in limiting the statements which may be processed concurrently
procedure calls, as any other statement may be packaged into a trivial procedure. Howevel
simple implementation we shall limit the number of processes which can execute in paralle
restrict theCOBEG N ... COEND construction to appearing in the main program block. These

restrictions are really imposed by our pseudo-machine, which we shall augment as simply
possible by incorporating five new instructiooBG FRK, CND, WGT andsl G, with the following
semantics:

CBG N Prepare to instantiate a setafoncurrent processes

FRK A Set up a suspended call to a level 1 procedure whose code commences ahaddress

CND Suspend parent process and transfer control to one of the processes previously instantiated k
FRK

WGT Wait on the semaphore whose address is at top-of-stack

SIG Signal the semaphore whose address is at top-of-stack.

The way in which parsing and code generation are accomplished can be understood with ri
to the Cocol extract that follows:

Cobegi nSt at enment

int processes = 0;
CGEN_| abel s start; .)

(.
" COBEG N' (. if (blockclass != TABLE progs) Sentrror(215);
CGen- >cobegi n(start); .
ProcesscCal | (. processes++; .)
{ WEAK ";" ProcessCall (. processes++; .)
}
" COEND' (. CGen->coend(start, processes); .) .

ProcesscCal |
= (. TABLE entries entry; TABLE alfa nane;
bool found; .)
| dent <name> (. Tabl e->search(name, entry, found);
if (!found) SenError(202);
if (entry.idclass == TABLE procs)
CGen- >mar kst ack() ;
el se { SenError(217); return; } .)
Act ual Par anet ers<entry> (. CGen->forkprocess(entry.p.entrypoint); .) .

Semaphor eSt at enent
= bool wait; .)

wait = true; .)
wait = false; .)

( "waT
| "SI GNAL"

—~ o~~~

"(" Variabl e if (wait) CGen->waitop(); else CGen->signalop(); .)
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The reader should note that:

® Code associated wittDBEG N andCOEND must be generated so that the run-time system
prepare to schedule the correct number of processes. A count of the processes is ma
the parser foCobeginSatement, and later patched into the code generated by the call tc
cobegi n code generating routine when the caltéend is made.

® Thef orkprocess routine generates code that resembles a procedure call, but when th
is later executed it stops short of making the calls. In a more sophisticated code gene!
employing the use of an AST, as was discussed in section 17.6PROtNEDE class would
need to incorporate two code generating members, one for normal calls, and one for ¢
suspended calls.

® The code generated by tbeend routine signals to the run-time system that all the proce
that have been initiated by the code generatedbipr ocess may actually commence
concurrent execution, and at the same time suspends operation of the main program.
become clearer in the next section, where we discuss run-time support.

As before, the discussion will be clarified by presenting the code for an earlier example, wh
shows the use of semaphores to protect a critical region of code accessing a shared variab
of processes that use simple value parameters, and the invocation of more than one instan
same process.

Clang 4.0 on 28/12/95 at 15:27:13

0 PROGRAM Excl usi on;

0 VAR Shared, Semaphor e;

2

2 PROCEDURE Process (Limt);

2 VAR Loop;

4 BEG N

4 Loop : = 1;

10 WH LE Loop <= Linmt DO
21 BEG N

21 WAI T( Senaphore) ;

25 Shared : = Shared + 1;
36 S| GNAL( Semaphor e) ;
40 Loop := Loop + 1,

51 END

51 END;

56

56 BEG N

58 Semaphore := 1; Shared := 0;
70 COBEG N

70 Process(4); Process(5+3)
83 CCEND;

86 WRI TE( Shar ed) ;

92 END.

The code produced in the compilation of this program would read

0 BRN 56 to start of nmmin program
2 DSP 1 BEGQ N Process

4 ADR 2 -6 address of Loop

7 LT 1 Constant 1

9 STO Loop :=1

10 ADR 2 -6 address of Loop

13 VAL val ue of Loop

14 ADR 2 -5 address of Limt

17 VAL value of Limt

18 LEQ Loop <= Limt ?

19 BZE 53 WH LE Loop <= Linit DO
21 ADR 1 -2 Addr ess of Semaphore
24 WGT WAI T( Senmaphor e)

25 ADR 1 -1 Addr ess of Shared



28 ADR 1 -1 Addr ess of Shared

31 VAL Val ue of Shared
32 LIT 1 Constant 1
34 ADD Val ue of Shared + 1
35 STO Shared : = Shared + 1
36 ADR 1 -2 Addr ess of Senmaphore
39 SIG S| GNAL( Serraphor e)
40 ADR 2 -6 Addr ess of Loop
43 ADR 2 -6 Addr ess of Loop
46 VAL Val ue of Loop
47 LIT 1 Constant 1
49 ADD Val ue of Loop + 1
50 STO Loop := Loop + 1
51 BRN 10 END
53 RET 2 0 END Process
56 DSP 2 BEGQ N Excl usion
58 ADR 1 -2 Addr ess of Senmphore
61 LIT 1 Constant 1
63 STO Semaphore (=1
64 ADR 1 -1 Addr ess of Shared
67 LIT 0 Constant 0
69 STO Shared := 0
70 CBG 2 COBEA N (2 processes)
72 MST Mar k st ack
73 LIT 4 Argunent 4
75 FRK 2 Process(4)
77 MST Mar k St ack
78 LIT 5 Constant 5
80 LIT 3 Constant 3
82 ADD Argument 5 + 3
83 FRK 2 Process(5+3)
85 CND CCEND
86 ADR 1 -1 Addr ess of Shared
89 VAL Val ue of Shared
90 PRN WRI TE( Shar ed)
91 NLN Witeln
92 HLT END Excl usi on
Exercises

18.3 If you study the above code carefully you might come up with the idea that it could be
optimized by adding "level" and "offset" components towaeandsl Ginstructions. Is this a
feasible proposition?

18.4 What possible outputs would you expect from the example program given here? Whai
could you expect if the semaphore were not used?

18.5 Is it not a better idea to introdURCESS as a reserved keyword, rather than just specifyi
process as BROCEDURE? Discuss arguments for and against this proposal, and try to implem:
anyway.

18.4 Run-timeimplementation
We must now give some consideration to the problem of how one might execute a set of p¢
processes or, in our case, interpret the stack machine code generated by the compiler. Per
is a good point to comment that any sequential process forming part of a (generally) concui
program may be in one of four states:

- running - instructions are being executed

- ready - suspended, waiting to be assigned to a processor



- blocked - suspended, waiting for some event to occur (such as 1/0 to be completed, ¢
a signal on a semaphore)

- deadlocked - suspended, waiting for an event that will never occur (perhaps because
a failure in some other part of the system).

These states may conveniently be represented on a state diagram like that of Figure 18.4.

—* Running

wait for event

Progessar Interrupt
assianed - Elocked

EVENT OCCUTS |
Deadlocked

Figure 18.4 The possible edecution states of one of a number of
sequent ial processes

Ready +

In practical implementations, concurrent behaviour is achieved in one of several ways. For
example, processes can either

® share execution time on a single real processor (pseudo-concurrency);

® execute on a true multiprocessor system with shared memory, perhaps with each pro:
handling at most one process;

® execute on a true multiprocessor system without shared memory (distributed processi

The implementation usually depends critically on a run-time support systeennat, which may
take one of a number of forms:

® a software structure, programmed as part of the application (as must be done in Modt
® a standard software system, linked in with the object code (as usually done in Ada);
® a microcoded hardware structure (as typified by the Transputer).

Although thelogical behaviour of a correct concurrent program will not - or should not - be
dependent on the kernel, therformance of a real-time system may depend critically on the
characteristics of the scheduling algorithms used in the kernel.

The shared memory, semaphore-based implementation upon which we have been focusing
lends itself to the idea of multiplexing the processes on a single processor, or distributing tt
among a set of processors. Our interpreter, of course, really runs on one processor, althou
no reason why it should not emulate several real processors - with an interpretive approact
architecture can be modelled if one is prepared to sacrifice efficiency. What we shall do hel
emulate a system in which one controlling processor shares its time between several proce
allowing each process to execute for a few simulated fetch-execute cycles, before moving «
next. This idea ofime-slicing is very close to what occurs in some time-sharing systems in re
life, with one major difference. Real systems are usually interrupt-driven by clock and perip
controller devices, with hardware mechanisms controlling when some process switches oct
software mechanisms controlling when others happen as a regailtrainds| GNAL operations or
semaphores. On our toy system we shall simulate time-slicing by letting each active proces



execute for a small random number of steps before control is passed to another one.

The simulated shared memory of the complete system will be divided up between the paral
processes while they are executing. This is not the place to enter into a study of sophisticat
memory management techniques. Instead, what we shall do is to divide the memory which
after the allocation to the main program stack frame, the program code, and the string pool
among each of the processes which have been initiated.

The processes are started by the main program; while they are executing, the main progral
effectively dormant. When all the processes have run to completion, the main program is a
once more. While they are running, one can think of each as a separate program, each req
own stack memory, and each managing it in the way discussed previously. Each process
conceptually has its own processor - or, more honestly, keeps track of its own set of proces
registers, its own display, and so on. To accomplish this, we extend the data structures use
interpreter, and in particular introduce a linked ring structure of so-qaltm#ss descriptors, as
follows:

const int STKMC procmax = 10;
typedef int STKMC proci ndex;

——
——

Limt on concurrent processes
Really 0 .. procmax

struct processrec {
STKMC_address bp, np, sp, pc;
STKMC pr oci ndex next;
STKMC_pr oci ndex queue;
bool ready;
STKMC _addr ess stackmax, stackmi n;
int display[ STKMC | evimax];

Process descriptor records
Shadow regi sters

Ri ng pointer

Li nked, waiting on semaphore
Process ready flag

Menmory limts

Di spl ay registers

~————
~————

processrec process[ STKMC procmax + 1];
STKMC _proci ndex current, nexttorun;
const int maxslice = 8;

int slice;

Ri ng of process descriptors
Process pointers

Maxi mumtine slice

Current tine slice

~——
~——

The reader should note the following:

® The important eady field indicates whether the process is still activeady = true), or has
run to completion or been suspended on a semapturgy(= f al se).

® Each process descriptor needs to maintain copies of the processor registers, so that v
context switch is done to allow another process to take charge of the single processor
real CPU registers can be restored to the values they had when that process last exe«

® Similarly, each process descriptor maintains its own set of display registers, and its ov
on the memory that it is allowed to access for storing local variables and performing s
manipulations.

® The zeroth entry in thgr ocess array is used for the main program. As already mentione
the other process descriptors are linked to form a circular ring, andxth@ndqueue fields
are used to connect these descriptors together.

As an example, consider the case where the main program has just launched four concurre
processes. The process descriptors would be linked as shown in Figure 18.5(a).



Process 1

FProcess 2

next 3
ready  TEUE
quEde 5]

FProcess 2

next 4
ready  TREUE
quEde 5]

FProcess 4

next z
ready  TEUE
quiEde 5]

Figure 12.50a)

next 1
ready  TEUE
quEde 5]

Process ring immediately after launch ing four concurrent
processes

If process 2 is then forced to wait on a semaphore, the descriptor ring would change to the
depicted in Figure 18.5(b).

FProcess 1 Frocess 2 Frocess 3 Frocess 4
next z ¥| next 3 ¥| next 4 ¥| next 1
ready  TEUE ready  FHLSE ready  TEUE ready  TEUE
= 5] = 5] = 5] = 5]

Figure 18.5(b) Process ring immediately after process 2 has been forced

to walt

If process 3 runs to completion in the next time slice, the ring will then change to the situati
depicted in Figure 18.5(c).

Frocess 4

next z ¥| next 3 ¥| next 4 ¥| next 1
{_+ ready TEUE ready FBLSE ready FBLSE ready TEUE

Frocess 1 Frocess 2 Frocess 3

QUELE QUELE QUELE QUELE

Figure 18.5(c) Process ring immediately after process 3 has run to

camp let ion

Finally, if process 4 then waits on the same semaphore, the ring changes to the situation d:
Figure 18.5(d).

When a group of processes are all waiting on a common semaphoregdleifields will all have
been set tohal se, and theiueue fields will have been used to link them in a FIFO queue, se!
in real time as theal T operations were handled. We return to this point a little later on.

Initialization and emulation of the machine proceeds much as before, save that we now init
parent process (main program) process descriptor as well as the virtual processor:

process[ 0] . queue 0

process[ 0] . ready true
process[0].stackmax = initsp
process[0].stackm n = codel en

/1 Initialize parent process descriptor
/1 (menory limts and displ ay)

for (int I =0; | < STKMC_ |evmax; |++) process[0].display[l] = initsp
cpu.sp = initsp; /'l Initialize stack pointer

cpu.bp = initsp; /1 Initialize registers

cpu.pc = initpc; /1 Initialize program counter
nexttorun = 0; nprocs = 0; /1 Initialize enulator variables

slice = 0; ps = running
do



