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ABSTRACT

A model for digital parallel systems composed by mutually asynchronous modules,
each of them with processing speed in general variable, is described, by means of which
it is possible to realize parallel and/or pipeline computers in a systematic and correct way.
Each module of a system corresponding to the proposed model has its own control part
and its own operation part, and the behaviour of the entire system, called PMC system,
depends exclusively on the exchange of messages among the control parts of the modules
belonging to the system. Moreover the modules exchange each other data by means of
queues: data held in queues and messages are the only resources shared by modules.

Three rules of message exchange among modules are defined, obtaining three types
of systems called PMC systems with weakly linked modules, with strongly linked modules
and with strongly linked modules looking-ahead.

Some ways of transmitting messages are introduced which give rise to several schemes
of the control structure of the entire system.

The activity of a PMC system is described by a graph; by some constraints impo-
sed on this graph it is possible to define a class of systems, called PMC linear systems, into
which any PMC system can be transformed.

For PMC linear systems, with regard to the rules of message exchange, general condi-

tions are given under which such systems are determinate and deadlock-free.
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1. INTRODUCTION

The development of new hardware technologies and the need of performance enhance-
ment in computer systems, with the purpose of resolving more complex and inherently paral-
lel problems, justify the growing of interestin highly parallel systems organization.

Various machines, [THO 1], [BON 1], [FLY 1], [FLY 2], [MUR 1], [GRA 1], [IBB 1],
with very different architectures but all composed by independent, cooperating blocks, have
been realized or proposed. The co-operation control, generally simplified by utilizing mutu-
ally synchronized blocks or blocks with related processing speeds, seems to be realized by
intuitive considerations and no formal methods are given for its design. Besides, the full
utilization of the characteristics of a system composed by co-operating blocks is obtained
only if the processing speeds of the blocks are not related.

Many theoretical works, formalizing control synthesis of parallel systems composed
by mutually asynchronous independent blocks, can be found in the literature.

Some of these, due to Patil [PAT 1] and to Bruno, Altmann and Denning [BRU 1],
[AIT 1], introduce a highly structured realization of the control of a digital system; mo-
reover Patil defines a method for obtaining this realization from a formal description of
system operations.

No one of these approaches consider the connections between the control part and
the operation part of the system.

It follows that:

1) the way of exchanging information among control blocks is imposed by the block
definition, therefore, given a specific operation part, the performance of the whole system
might be limited;

2) nothing can be said about determinacy and deadlock in the whole system.

In this report we intend to give a model for digital parallel systems composed by

mutually asynchronous modules with processing speed in general variable; the co-ordination



of system operations is obtained by means of exchange of messages among modules.

In particular we intend:

a) to define the modules in such a way as their realization comes out enough regular
and structured, concerning both their control part and their operation part;

b) to define the rules of message exchange among modules for obtaining a system
whose behaviour is determinate and deadlock-free;

¢) to define some feasible structures realizing the rules of message exchange with re-

gard to the best performance of the whole system.

At last, this model must be easily applicable to the design of parallel and/or pipeline
computers.

In Sect. 2 the model is defined starting from the description of the structure of the
generic module; according to three rules of message exchange among modules, three types
of systems are introduced, called PMC systems with weakly linked modules, PMC systems
with strongly linked modules and PMC systems with strongly linked modules looking -ahead.
Finally several control schemes are described specifying for each of them the way of tran-
smitting messages and the management of the control functions.

In Sect. 3, in order to obtain a formal description of the activity of PMC systems,
some graphs are defined: the cycle graph describing the activity of any module, the system
graph describing the activity of the entire system and the precedence graph defining the
precedence relations among the tasks of the system. With this graphical description it is
possible to define a class of systems, called PMC linear system, into which any PMC system
can be transformed.

In Sect. 4 sufficient conditions are given under which a PMC linear system is determi-
nate.

In Sect. 5 the deadlock problem is discussed referring to consumable resources, like
méssages and data, which are the only resources of interest in PMC systems. Conditions
under which a PMC linear system is deadlock-free are derived. |

In Sect. 6 conclusions are given together with suggestions for future works.



2. DESCRIPTION OF THE MODEL

A digital parallel system can be thought of as composed by a number of mutually
asynchronous, co-operating modulesTl|; (i = 1,..., n). Data lines and message lines (both
in general multiwired) provide information exchange among modules. Information by which
processing of the modules is conditioned are exchanged by means of message lines; the re-
sults of such processing are exchanged by means of data lines. Each message line carries
one and only one message, each data line carries one and only one datum.

Data lines are in general constituted by queues; this allows the speed matching among
modules and therefore a more continuous and uniform flow of data (fig. 1). Denote by 9

the queue (:01rmectingTrl‘].l with mj such that mi sends data into qj; and m i takes
data out from q;; -
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Fig. 1 - Model of digital parallel system



Each module'TTLi is composed by two interconnected parts, an operation paré OTI].

and a control part Cmi. C'mi controls the exchange of information between mi and

other modules, and the execution and sequence of operations in Omi' The control parts

of the system are connected by message lines and the operation parts are connected by da-

ta lines.

The digital system is therefore composed by two separate, interacting structures, data
flow structure and control structure (fig. 2): all the Omi’s (i=1,..., n) belong to the
former and all the Cmi’s (i=1,..., n) belong to the latter.

N

Y

7

om;

CONTROL STRUCTURE
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DATA FLOW STRUCTURE

Fig. 2 - Digital parallel system composed by two separate, interacting structures: control structure and

data flow structure.

The definition of the model is complete if we define also:

a) the structure of the generic module mi , including the access mechanism and the

queue discipline of the queues constituting the data lines;

b) the rules of message exchange among modules.



A system corresponding to the proposed model will be called Parallel Message Exchange
Controlled System, or shortly PMC system.

2.1. Structure of the modulerm‘ .

i

The operation part O’mi (fig. 3) is composed by:

a) input switch K, : by this switch one or more input data lines are chosen from which
data to be processed are taken out;

b) functional unit %, : by this unit, including logic networks and memory cells, data
taken out from input data lines are processed;

¢) oulput switch S,: by this switch output data lines are chosen to which some results

of nrocessing are sent.
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Fig. 3 — Operation part omi of the modulem i

Queues in data lines are single-channel, finite length queues and First-In-First-Out 1s
their queue discipline, if not otherwise specified. Each queue allows two simultaneous acces-
ses, one for reading and one for writing. The “Producer-Consumer’” algorithm [DIJ 1]

allows a correct utilization of the data stored in queues. Two semaphores are associated to



each queue g * the first one CVij , a private semaphore of the producer module mi ,
counts the queue empty positions; the second one CPij , a private semaphore of the con-
sumer module mj , counts the queue full positions. Since semaphores CV;; and CP; are
common resources between modules mi and mj , it is necessary to protect them by
means of a mutual exclusion network [BRE 1].

Two distinct purposes are assigned to the control part C'mi :

i) message exchange with other modules;

ii) control of processing in the operation part, depending on messages from other
modules, and generation of messages to be sent to other modules.

At least logically these purposes can be thought of as carried out by two distinct
parts of (‘.'mi ; in the following we will refer to these parts as message exchange control
and processing control respectively.

In par. 2.3 we will consider some cases in which the message exchange control is in-
cluded in the processing control and other cases in which the first one is physically distinct
and independent from the second one.

Processing control is divided into five distinct sub-controls (fig. 4), each of which is a
sequential machine.

Acting on K, and S;, CK; and CS, determine respectively the choice of input queues
and output queues. These choices are made on the basis of messages, coming from other
modules, and/or conditions belonging to the processing control. C#, controls the execution
and the sequence of operations in %, . QﬂVi and CQOUTi manage respectively all the input
queues and all the output queues of the module mi.

The following sequence of steps is defined cycle T'; of the processing control of CTH; :

(t, #1, m=1,..,2) and then

1) CK, (initially active) selects input queues qtmi
activates CQ,y :

2) CQ[NII executes Dijkstra’s Z-primitive on CP, ; and then activates CK,;

3) CK, 1causes data transfers from selected input q&neues to % , executes Dijkstra’s
¥ -primitive on CVtmi and then activates C97i ;

4) C&, controls processing of data taken out from input queues and then activates
CSi ;

5) CS; selects output queues qifn (f, # i, n=1,..,v) and then activates CQOUTi;



6) CQOUTi executes P-primitive on CV,, and then activates CS;;

n .
7) CS, causes data transfers from %, into selected output queues, executes ¥ -pri-

mitive on CP, and then activates CK, . Goto 1.
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Fig. 4 — Control part Cmi of the module mi .

The time taken for the execution of each cycle T, is in general variable.

z

As it results from the definition of cycle, one and only one sub-control is active at a

time. Fach sub-control, when it is dctive, can send to and/or receive messages from other

modules via the message exchange control.

Some examples can now be useful to verify the possibility of describing, by the pro-

posed model, a large class of digital systems. The CPU of a digital system can be described
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by a module m . when we want to study the connections between CPU and external
world; a digital system can be described by three modules, appropriately interconnected,
if we consider memory, instruction prepaiation unit and execution unit as three indepen-
dent co-operating blocks. At last, each stage of a pipeline system can be described by a

module, as well as each Element of a multiprocessor system.

2.2. Rules of message exchange among modules.

Let "mi be a module receiving messages from a set of other modules {mjz 1,
ks i,l=1,..,p.

Suppose that mfl sends a message to ™M . on the relative message line; after utili-
zing the message, mi deletes it from the message line.

Let C bea sub-control of mi‘ C, can receive, in a certain state v, , a known set
of messages {M, }7k from a subset of modules belonging to {,mjz.}'

Three rules of message exchange are considered:

1) Ci examines, in the state v, the message lines relative to the set {M i}”fk and
starts immediately the processing, behaving, if some messages of {M, }"Yk are not present,
as if the sending modules have no messages to send it. C, stops, waiting for a message,
only when this is indispensable in a certain state. In the following we will refer to a PMC
system with weakly linked modules to denote a PMC system with modules exchanging
messages according to this rule.

For example, in a pipeline computer with a look-ahead instruction fetching unit
(LFU), the instruction sequence may be interrupted by a jump decoded by the instruction
decoding unit (IDU). The IDU sends a message to the LFU on message line J only if it
decodes a jump instruction; before fetching a new instruction, LFU examines message line
J and, if the relative message is not present, it fetches the next instruction in sequence.

Since, in general, there is no relation among the processing speeds of the modules, a
message may arrive to a module after processing is started by sub-control C,, and this
message may specify that a wrong processing was started by C,. Referring to the example
above, this drawback can be avoided when it is possible to delete the effects of the wrong

sequence of instructions and to restart processing from the last right operation.
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2) Being in state v, , G, starts the processing only when it receives all the messages
belonging to {M, }71{ . This implies that the time interval between sending two successive
messages must be finite.

Further information, specifying the presence or the absence of messages, must be
associated to each message line, the presence being tagged by sending modules and the
absence by receiving modules.

If the number of cycles I'; between sending two successive messages is fixed, the
sending module must be able to send also a particular type of message whose meaning is
nothing to communicate, shortly called n.t.c. message.

In the following we will refer to aPMC system with strongly linked modules to de-
note a PMC system with modules exchanging messages according to this rule.

In the example above, relating to a pipeline computer, if the IDU is requested to
send a message to the I FU for each decoded instruction, this message would be (e.g.) zero
if the instruction just decoded is not a jump and one if yes.

3) Being in state v,, C, starts immediately the processing assuming the absent mes-
sages belonging to {M, }7k as n.t.c. messages; during processing all the possible partial re-
sults are stored in auxiliary memory cells inside the module mi ; processing goes on,
eventually by the activation of the sub-controls associated with the successive steps of
I, , until C; reaches a state in which it is necessary to send results into output queues
and messages to other modules. All the messages not arrived in state vy, are waited for
in this state, referred to as check state: if these messages are messages of the type n.t.c.,
processing is continued by (i) transferring the partial results from auxiliary memory cells
to the actual memory cells or sending them into output queues, (ii) sending messages to
other modules, (iii) starting next step of T',; otherwise processing is restarted from state
Tk -

In the following we will refer to a PMC system with strongly linked modules looking-
ahead to denote a PMC system with modules exchanging messages according to this rule.

An improvement in processing speed can be obtained, in respect of a PMC system
with strongly linked modules, if time interval between sending two successive messages

is fixed and the n.t.c. messages occur with high probability.
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2.3. Message exchange control.

In par. 2.1. the structure of processing control of generic module mi was examined
and it was premised that message exchange control may be either distributed in each of
sub-controls C, or physically distinct from them and independent. It follows that two
types of management of the Cmi functions are possible: the first, with single control, is
called Sequential Management; the second, with two or more controls, is called Parallel

Management.

2.3.1. Ways of transmitting messages.

Let us consider two generic controls C'mi and Crmj , which exchange messages
with each other; let CTI]. be the sending control and C mj be the receiving control.
Three different ways of transmitting messages, called Interlocking, Queueing of mes-

sages and Interrupting are possible.

1) Interlocking: C mi sends the message on condition that ij has utilized the
message previously sent by Cmi , otherwise Cmi waits until this occurs. In fig. 5-a the
case of PMC systems with weakly linked modules is shown; the message line is composed

by a register F; whose bit-leng{h is sufficient to store a message.

! PN. ey .4
__r o %

cm,

C’mj

F',j i | -
1 R
a) The case of PMC systems with weakly b) The case of PMC systems with strongly linked
linked modules. modules, eventually looking-ahead.

Fig. 5 — Interlocking
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When C'mi is in a state in which it may have messages to send to C mj , its behaviour

is the following (F;=0 defines the situation: “no message on the line”):

test.: if C mi has no message to send then goto rem;

if Fi). # (0 then Cmi waits else C'mi sends the message into Fij;

rem : remainder of r;

In its turn C mj , when in a state in which it may receive messages from C 'mi ,

behaves as follows:

read : ij reads Fij;
F.:=0;
ij

remainder of FJ. ;

In fig. 5-a P.N. is a priority network which, in the case of simultaneous accesses to

Fi;, grants the execution of the operation F; =0 before Cmi sends a message into

ij
In fig. 5-b the case of PMC systems with strongly linked modules, eventually looking-
ahead, is shown. G, is a tag indicating the presence (Gij = 1) or the absence (Gij =0) of
a message on the line.

When C T, must send a message to ij , its behaviour is the following:

test, : if Gij = 1 then C'mi waits else C'mi sends the message into Fij;

Gij:=l;

remainder of T
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The behaviour of C1l]., when it is in a state in which it must receive a message from
i g

CcM., is the following:

test, : if Gi}. = 0 then ij waits else C mj takes the message out from Fiis
G.:=0;

ij

remainder of L3

The network P.N. grants operation G := 0 always preceeds operation G := 1.
Using Interlocking as way of transmitting messages, the cases in which CT, waits
can be reduced by buffering, inside C 'mi itself, the messages tobe sent. In this case CTN,
puts always the message into a First-In-First-Out buffer and, if possible, sends to ij
the message at the head of the buffer.

2) Queueing of messages: G m-i sends the messages into a queﬁe realizing the mes-
sage line; C mj takes messages out from this queue with First-In-First-Out discipline.
Synchronization of queue is accomplished by the “Producer-Consumer” technique described
in par. 2.1: when CTI, wants to send a message to C'mj it is blocked only if the queue
is full. Shown in fig. 6 is the way of transmitting messages by Queueing in PMC systems

whatever modules are linked.

SEHAPHORES

Cvmij CPem ij

cmi e C'?'r‘]_.j
M9

Fig. 6 — Queueing of messages.
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Consider a PMC system with weakly linked modules. When CTI, is in a state in

which it may have a message to send to ij , its behaviour is the following:

test, : if C'mi has no message to send then goto rem;
’@(Cvmu) 5
C'mi sends the message into mg;; ;
“//(CPmij) ;

rem : remainder of T3

In its turn ij , when it is in a state in which it may receive a message from Cmi,

behaves as follows

testj . if CPmij = 0 then goto rem;
CPmij = CPmij -1
ij takes the message out from mq;; ;
4 (CVmiJ.);

rem : remainder of Iy

Consider now a PMC system with strongly linked modules, eventually looking-ahead;

when C'mi must send a message to ij , its behaviour is the following:

test, : g"(CVmij);
C'm.1 sends the message into me;; ;
“//(CPmij) ;

remainder of T ;
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Finally when ij Is in a state in which it must receive a message from Cmi , it

behaves as follows:

test; : W(CPmij);
ij takes the message out from mg;; ;
¥ (CVmy);

remainder of Fj ;

In this way of transmitting messages the queue realizing the message line allows to
adapt the speed, with which CTI|, produces messages, to that with which ij consumes
them; notice that, in the case of Interlocking with buffering, the buffer does not realize a
similar function, because ij still receives messages at time int“e_rvals depending on length
of cycle ', of Cmi.

3) Interrupting: CT, sends to C'mj an interrupt request and transmits the message
only after receiving by ij the interrupt acknowledgement.

Shown in fig. 7 is the way of transmitting messages by Interrupting in PMC systems,
whatever modules are linked; two wires are associated with each message line: the one for
the interrupt request and the other for the interrupt acknowledgement.

The way of transmitting messages by Interrupting is useful when time lost for inter-

rupt management is negligible in comparison with the processing time; when interrupt

B

cm, > ij

~SH © e & s 6 R o e o

e HMESSAGE LIKE

T IHTERRUPT REQUEST LINE

—————— g JNTERRUPT ACKHOWLEDGEHENT LIKE

Fig. 7 — Interrupting
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management time and processing time are of the same order of magnitude, Interrupting is

not convenient for PMC systems with sequential management of control functions, while

it may be still valid if used for PMC systems with paralle]l management of control functions.
In order to avoid blocking of C mi , 1t is necessary that the algorithm of interrupt

management permits the acknowledgements to interrupt requests from other modules while

ij is waiting for the acknowledgement to an interrupt request.

2.3.2. Control with parallel management.

If the control CT1], has a parallel management, the functions of message exchange
control and processing control are executed by two distinct and parallel operating controls
denoted by MEC, and PC, respectively.

MEC, provides for:

a) sending messages to other modules, owing to PC, requests;

b) receiving messages from other modules;

) preparing messages received from other modules and sending these messages to
PC, either when PC, requests them or according to a prefixed priority, independently of

requests from PC,.

In fig. 8 a generic control C'mi with parallel management is shown.

:
Ck; CQm.‘

*—-—+—mu- s o o e o s gf et » o v o e SRS

| ik e

o e o e o o e

|

MEC, ke | PC

Cs; CQou‘r;

=———=) MTERRUPT REQUEST LINE

e IHTERRUPT ACKMOWLEDGEHEHT LINE
—————— HESSAGE LINE

Fig. 8 — Control Cmi with parallel management.
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Message exchange between MEC, and PC, is done by interrupt. Message exchanges
with other modules may be done according to one of the ways of transmitting messages
defined in par. 2.3.1.

Operationsa), b), c) are executed sequentially and in fixed order by MEC,;because of
this, if message exchanges among modules are very frequent, it may be convenient to divi-
de MEC, in two distinct, parallel operating parts: the first, denoted by MEC?, manages
transmission of messages to other modules owing to PC, requests; the second, denoted by

MEC%, receives messages from other modules and sends them, conveniently assembled, to

PC, (fig. 9).

|
———— oo T ]
...--...{...__, MEC; - ..,._(r.;.._ .
PC;
|
-(--_l_....... et
| MEC? B e e -
I o

Fig. 9 - Control Cmi with parallel management and MEC, divided in two parts. .

2.4, Control schemes.

We define control scheme of a PMC system the network of controls of the system
(i.e. the control structure), in which the type of management and the way of transmitting
messages are specified.

Asan example, in fig. 10 and in fig. 11 a control scheme with sequential management
and transmission of messages by Queueing and a control scheme with parallel management
and transmission of messages by Interrupting, respectively, are shown.

In the scheme shown in fig. 11 interrupts are acknowledged by MEC, (not divided
in two parts), with fixed priority. The algorithm of interrupt management is shown by a
flow chart in fig. 12, where W is a queue initially empty containing the identifiers of mo-

dules which did not yet acknowledge the interrupt requests from MEC; .
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Fig. 10 — Control scheme with Sequential Management and with transmission of messages by Queueing.

MEC;

Pc

Fig. 11 — Control scheme with Parallel Management and transmission of messages by Interrupting.
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|
MODULE INTERRUPT INTERRUPT IHTERRUPT
IDENTIEIER ACKHOWLEDGEHENT ACK HOWLEDGEMENT ACKNOWLEDGEHENT
TAKEM CUT
BROM W i ]
RECEPTION OF RECEPTION OF PRESENT
HE2SAGES PROM HESSAGES FROM HESSAGES TO
PC; OTHER HODULES PC,
INTERRUPT REQUEST| | gxamiuATION OF
TO THE RECEIVING HESSAGES
MODULES
HODULE
IDENTIFRIER
PUT INTO W
1
HO
HESSAGE TO THE INTERRUPT TO RETURNM
RECEIVING BC; PROM
HODULES g INTERRUPT
HESSAGES TO ;
BC;
i r {
11 on: Interrupt request from PCi for sending messages;
12 on : Interrupt request from other modules;
13 on: Interrupt request from PCi for receiving messages.

Fig. 12 — Algorithm of interrupt management in MEC;.
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Notice that this algorithm avoids blocking of two (or more) modules waiting for re-
ceiving each other the acknowledgement to an interrupt request.

Blocking cannot ever occur in control schemes with parallel management and MEC;,
divided in MEC! and MEC? .



3. GRAPHICAL DESCRIPTION OF THE ACTIVITY OF A PMC SYSTEM

3.1. Cycle graph and system graph.

In Sect. 2 we saw that the activity of control C'm_i of generic module m . is de-
scribed by a cycle T', and that, in some points of T, CTM\, exchanges messages with
other modules.

Inside T', one may individuate a number of tasks defined as follows: a generic task

Tij €T, is a three-tuple

= (S, t;, SFy)

’ ”

where t; is a segment of cycle and SI and SF; are the states which delimit t; - Sk,
called Lmtzal state of TiJ , 1s the only state of T n which Cm can receive a set {M }
of messages sent from other modules; we shall say that {ML.} belongs to SIIJ SFlJ ,
called final state of T, is the only state of T in which CTl}; can send a set {M‘i’j} of
messages to other modules; we shall say that {ng} belongs to SFij . {M{i} and {M‘i’j}
may eventually be empty sets.

A task Tij is said to be enabled when Cmi is in state SIij . In such a state Cmi ,
according to the messages, belonging to {Mé }, arrived to it, gives rise to initiation of Tij .
In a PMC system with strongly linked modules, initiation of T,; cannot occur before the
arrival of all messages belonging to {MI }. In all cases the tlme interval between enabling
and initiation of T, (if deadlock due to messages does not exist: see Sect. 5) 1s finite.

When Cmi is In state SFij , we say that Tij terminates. The time interval between
initiation and termination is finite (if deadlock due to data does not exist: see Sect. 5). In sta-
te SF. C'ﬂl sends the set {M° }, at the same time the transition from final state SF of T to
lmtlal state Slikl of task T, K, (=1,...,s) occurs, being Tl one of the possible successor tasks
of T : inits turn T,y ik, becomes enahled

We suppose that, at the beginning of its activity, ClI; is in a particular state, called
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initial state of cycle T';, JT; € SI;, where SI, = {SIij | ¥}, and that this state is always
the same at the beginning of each activity of CTf|,. The task, whose initial state coincides
with JT,, will be said to be the initial task of T;.

We suppose also that cycle I'. has one and only one final task, whose final state is
called final state of cycle T'; and is denoted by #T', € SF,, where SF, = {SFij LVj}.
The successor state of #T, is always JT,.

Cycle T, may be described by a graph, called cycle graph, whose nodes correspond
to tasks; an arc, denoted by a}k , connects node Tij with node T, and it is directed
from T, towards T if and only if T, is one of the possible successor tasks of T, .
An arc like a}k will be generically called a-arc. The particular a-arc which connects the
final task with the initial task of the cycle is called return arc.

Since the cycle graph contains only one initial node and only one final node,
corresponding to initial task and final task respectively, it is always pessible to
transform any cycle graph in another one, called linear cycle graph, whose nodes, included
between initial node and final node, are linearly ordered. The last description in general
imposes a constraint to the activity of the module, since the reduction of the number of
nodes restricts the number of points in which the module can send to or receive messages
from other modules.

A PMC system, the activity of all modules of which is described by a linear cycle
graph, is called PMC LINEAR SYSTEM.

In fig. 13 a linear cycle graph is shown: the initial task is marked with*.

The graph deseribing the activity of the entire system is called system graph and it is
obtained by connecting, with a new set of arcs, the cycle graphs of all modules of the
system; these arcs, called message arcs, are so defined: a message arc, labeled my o, con-
nects node T; with node T and it is directed from T, towards T if and only if
Cmi , being in state SFij , sends to C'mr , T # 1, a message m, € {M%} and Cmr ,

ij,rp

. R . y) " 1 PR
being in state SIrp , expects to receive from C m‘i a message my € {Mrp} and it is:
P J— fr —
ijrp -~ Mg~ Mijrp

Message arcs are drawn as dashed edges. The system graph of a PMC linear system is
shown in fig. 14.
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Fig. 13 — A linear cycle graph. Fig. 14 — System graph.

3.2. Precedence graph.

System graph is the description of a collection of co-operating tasks, the co-operation
being realized by message exchange.

A collection of co-operating tasks is what is called a system of tasks [DEN 1] when it
contains a specification of precedence constraints among tasks constituting it; such prece-
dence constraints may define a partial ordering of the tasks of the system. The partial
ordering may be described by means of a graph, called precedence graph, in which:

i) nodes correspond to tasks;

ii) an arc of this graph, called precedence arc and denoted by ™, » connects node T,
with node T, and it is directed from T, towards T, if and only if task T, precedes
task T, (in symbols: T, < T,) in the partial ordering of the system of tasks, and there
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exists no task T, such that T, < T < T, .
The precedence graph of a PMC linear system is derived from the system graph by
applying the following Conversion Rule:
1) Nodes of precedence graph are all the nodes of system graph and only those.
2) Precedence arcs are:
a) all the message arcs of system graph;
b) all the a-arcs of system graph, except return arcs.
3) Initial tasks of precedence graph (still marked with*) are all those of system graph
and only those.

For example, consider the PMC linear system described by the system graph of fig. 15-a;
the corresponding precedence graph is that of fig. 15-b.

m

)

e G e e R e G o s o

a) system graph b) precedence graph

Fig. 15 — Example of a linear system.

Let the symbols TE1 and Ta denote the events initiation and termination of task Ta

P

respectively.
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Given a system of tasks {T, |i=1,..., n} defining a PMC linear system, we shall call
execution & any string of initiations and terminations of tasks € {T,} such that:

— it satisfies the partial ordering of the system of tasks;

— symbols -'I-‘; and T, appear both once and .only once, for all 1.

At the end of each e;ecution, all initial tasks, and only those, are again enabled.

For example, in the case of fig. 15, two possible executions are the following:

TZI T21 T22 12 i3 T22 13

It

-3

=3
=
~3
=3

1:—5

&I

|

T,,

TIB 22

2
1
=3
....3
=
|
=3
I
l>—3
=

-
o,
ot
st
=
—
-
~

Two tasks, T, and T, , are independent if they are not bound by precedence con-
straints: therefore they may be executed in parallel. Two independent tasks are recognized
by the fact that {COF 1] no directed path cennecting T, with Tb exists in the precedence

graph. In the example of fig. 15, independent tasks are T,, and T,,, T, and T, T,

and T, .
We shall call computation ¥ any string composed by an arbitrary, but finite, number

of executions:

The initial state of a computation & , denoted by F €, concides with the initial

state of the first execution &, of ¥ and it is given by the vector of the initial states of

all cycles of the system:
T€=gr,,I1,, ..,.,y’Tp)

being the system composed by modules ‘TT‘Q‘,1 s m2 , ...,mp .



4, DETERMINACY OF PMC LINEAR SYSTEMS

The determinacy problem always arises when we consider a system composed by
modules which may operate in parallel and asynchronously each other: in generic terms
in fact a system is determinate if the result of every processing is independent of the re-
lative speeds of the modules constituting it. More particularly the problem arises when the
modules share memory cells and/or when their behaviour, as in our case, depends on mes-
sage exchange.

Consider a PMC system; let 5 = {si' li=1,..., h} be the set of all memory cells and
Q= {qg |j=1,..,k} be the set of all queues in the system (SN Q = @); let T (¥) and

® (%) denote the contents of S and Q respectively, as a result of computation ¢ .

Definition 1: let ©  and @, be the initial contents of 3 and Q respectively and
let €' and ¥” be two computations such that % =J%"; a PMC system is weak-sense
determinate if T (€') = Z(¥") and ©(¥'y=0(¥").

Let lg; (%) and [s,(¥)] now denote the sequences of values in queue g and in
memory cell s; respectively, as a result of computation % .

Definition 2: let =, and ©, be the initial contents of S and Q respectively and
let €' and 6" be two computations such that 7€' =J%"; a PMC system Is strong-
sense determinate if [q (€= 1q (€")1V ] and [s,(€)] = [5,(¥")NV i.

Definitions 1 and 2 are related to those available in the literature, for instance

[DEN 2], [KAR 1], [KAR 2].

Theorem 1: A PMC linear system with strongly linked modules is strong-sense

determinate.
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Proof.

The following three points will be useful in the proof:

i) let the precedence graph be given; from conversion rule of the system graph in the
precedence graph it follows that in a PMC linear system with strongly linked modules the
ordering of tasks defined by the precedence graph is respected, whatever the computation
be; ,

ii) independent tasks operate on distinct memory cells;

1) independent tasks operate on distinct input and output queues.

Let €', €" be two computations such that 9%’ =9%" =J% and let , and @,
be the initial contents of S and Q respectively. Without loss of generality, suppose that,
among all the tasks enabled at the beginning of the computation, it is possible to find a
set {T,(0)} not empty, such that sets '{ Mf (0)}, which belong to their respective initial
states, are empty. Regardless of the particular computation, since Z, and &, are the
same, and according to points (ii) and (iii), the contents of S and Q take always the
values £, and ©,; moreover tasks {Ti (0)}, when terminated, send always the sets
{M‘i’ (0)} of messages. Let now {T,(1)} be the new set of enabled tasks for which is
{ Mf (1)} € {M?(0)}: according to point (i), regardless of the particular computation,
only these tasks can initiate. According to points (ii) and (iii) the contents of S and Q
take always the values £, and ®, and tasks {T, (1)}, when terminated, send always the
sets {M? (1)} of messages. The foregoing reasoning can now be applied repeatedly to sets
{T,(j)1 of tasks, whatever j is. It follows that Definition 2 is satisfied by the first execu-

tions, & and &7

) ., of €' and €" respectively. Since the system is again in state 7€,

according to points (i), (ii) and (iii) all other executions of ¥’ and " behave in a manner

similar to &' and & respectively. It follows that Definition 2, under the hypotheses of

theorem, is satisfied for any pair of computations ¥’ and €. =
An indirect confirmation of Theorem 1 is that it verifies the six axioms of Denning’s

theorem on determinacy [DEN 2].

Corollary 1: A PMC linear system with strongly linked modules looking-ahead is
determinate.

The system will be strong-sense or weak-sense determinate, according to whether
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auxiliary memory cells (see par. 2.2) are thought of as belonging to S or not.

Proof.

Proof follows directly from Theorem 1 and from definition of PMC system with strongly
linked modules looking-ahead, for which such a system does not differ from a PMC system
with strongly linked modules, with regard to: a) modification of contents of S and Q and
b) production of messages by tasks. e

Referring to PMC linear systems with weakly linked modules, it is impossible to give a
theorem like Theorem 1 because point (i) of the relative proof is not verified. It can be
seen that a weak-sense determinacy can at mest be got by forcing the system to go always
from the same initial state to the same final state through any sequence of states (where

state now is the configuration of contents of S and Q).



5. DEADLOCK PREVENTION IN PMC LINEAR SYSTEMS

Deadlock can be said generically to be the situation in which several tasks belonging
to a system are permanently blocked because of requests for resources which cannot be
satisfied any more.

System resources can be divided in reusable, when they can be reassigned after their
release, and consumable, when they cease to exist after their use [DEN 1], [HOL 1].

In respect to deadlock problem only consumable resources have interest in a PMC
system: specifically data in queues and messages. Initially we will distinguish, for this

purpose, deadlock due to messages from deadlock due to data.

5.1. Deadlock due to messages.

From now we explicitly consider PMC systems with strongly linked modules.
For every task Ti s {Mi} = {Mil} U {M‘i)} is the set of resources concerning Ti ; {M%}
are the resources Ti asks for, while { M‘i’} are the resources Ti holds during the time from

its initiation to its termination.

Definition 3: A PMC system with strongly linked modules is deadlocked due to mes-
sages if there is a set of enabled tasks {Til Il=1,...,p} which cannot initiate because all mes-
sages belonging to {M%I } cannot be sent to them.

An example of deadlock due to messages is shown in fig. 16.

Definitions of resources and of deadlock due to messages allow to relate our analysis
to classical cases found in the literature and, in particular, allow to use Coffman, Elphick,
Shoshani results [COF 2], for which there are three necessary conditions for the existence

of deadlock: a) exclusive control; b) no-preemption; ¢) circular wait.
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Fig. 16 — Example of deadiock due to messages in a PMC system with strongly linked modules.

In our case conditions a) and b) are always true; therefore, in order to design a dead-

lock-free system, condition c¢) has to be false.

Theorem 2: A PMC linear system with strongly linked modules is free from deadlock

due to messages if and only if a partial ordering of all tasks of the system can be established.

Proof.

1) Necessary condition: if a PMC linear system with strongly linked modules is free

from deadlock due to messages, it means, according to Definition 3, that a set of tasks
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doesn’t exist which, having not received messages from other tasks, cannot send messages
to these tasks; it follows that there is not a cycle in the system graph which doesn’t include
return arcs; thus the corresponding precedence graph does not contain cycles and so it de-
scribes a partial ordering.

ii) Sufficient condition: if partial ordering exists, the precedence graph does not con-
tain cycles, hence the corresponding system graph does not contain cycles not including
return arcs. Then, since the system is composed by §trongly linked modules, circular wait
among tasks does not exist and so deadlock cannot arise. L

Considerations like those used to prove Corollary 1 allow to prove the following:

Corollary 2: A PMC linear system with strongly linked modules looking-ahead is free
from deadlock due to messages if and only if a partial ordering of all tasks of the system

can be established.

About PMC linear systems with weakly linked modules, it can be said that they are impli-
citly free from deadlock due to messages. Only if there are tasks which, once enabled, do
not initiate for lack of particular messages, conditions of Theorem 2 are valid if partial

ordering of tasks is imposed by such messages.

5.2. Deadlock due to data.

Deadlock due to data may occur, in a set of modules {'mil II1=20,..,p}, when
}

data lines connecting these modules form a cycle. Let {qilin I1=0,.,p,n=1l+1 lpﬂ
be the queues in the cycle. Under the above hypothesis, deadlock due to data occurs if
one of the following conditions is true:

1) being empty all queues in the cycle, it happens that each module mil requests
a datum from input queue qikil ¢=0,.,pand k=1l+p-1 lp+1 ), before sending a
result into queue G 3

2) being full all queues in the cycle, it happens that each module mil wants to
send a result into queue %G, before taking a datum out of queue G i,

We call complete system graph of a PMC system the graph derived from system graph

by adding a new set of arcs, said data arcs (denoted by =) and so defined: a data arc con-
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nects node T, with node T, and it is directed from T, towards T, if and only if task
T, €T, can cause sending a datum into output queue q,, and task T, € T', can causetaking
a datum out of input queue q,, , and itis: q,; = q, -

An example of complete system graph for a PMC linear system is shown in fig. 17.

Fig. 17 — Example of complete system graph for a PMC linear system.

Theorem 3: A PMC linear system, whose complete system graph does not contain
cycles composed exclusively by data arcs and by a-arcs, distinct from return arcs, is free

from deadlock due to data.

Proof.

The condition of non-existence of cycles of the type mentioned in the theorem is
sufficient to secure that either situation 1) or situation 2) cannot be ever verified with
regard to any set of modules {m*z Il=0, .., p}; therefore the system is free from
deadlock due to data. =
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The system of the example of fig. 17 is deadlocked due to data, owing to the cycle

" .
contaming arcs Qik.rq> 2qu> Dru ik *

5.3. Conclusions on deadlock in PMC linear systems.

From the definitions given in par. 5.1 and 5.2 the following definition results:

Definition 4: A PMC linear system with strongly linked modules is deadlocked if
there exists a set of tasks {Til 1= 1,..., p} such that they cannot initiate, once enabled, be-
cause not all messages belonging to {M%Z } can be sent to them and/or they cannot terminate,
once initiated,because data they need cannot be sent to them.

From Theorems2 and 3 the following corollary is directly derived:

Corallary 3: A PMC linear system with strongly linked modules, whose complete

system graph does not contain cycles not including return arcs, is deadlock-free.

For example, the PMC linear system of fig. 17 is deadlocked owing to the cycle con-
taining arcs (., i ajik s My -
The condition appearing in Corollary 3 is sufficient to secure that also a PMC linear

system with strongly linked modules looking-ahead is deadlock-free.



6. CONCLUSIONS

In this report the characteristics of a PMC system are described from the point of
view of a) structure of the modules, b) ways of transmitting messages, and c) rules of mes-
sage exchange.

a) While the structure of message exchange control (MEC) of each module, either it
is contained in the processing control (PC) or not, depends essentially upon the particular
system, the characteristics of operation part and of PC are such that their structure may
be easily made regular and uniform for all systems. Moreover PC may be realized by means
of usual techniques, as microprogramming used either only for system description or also
for the implementation of PC itself [CAS 1] in a compact and flexible way.

b) Some ways of transmitting messages have been introduced for the purpose of pro-
viding alternative solutions for the realization of control schemes; among these solutions
one can choose, whenever the distribution functions of processing time of the modules are
known, the one which allows to balance, in the best way, the data exchange in the data
flow structure with the message exchange in the control structure, and consequently to
optimize the performance of the whole system. Definition of a method for the control
scheme evaluation will be the subject of a successive work.

¢) With regard to PMC linearsystems with strongly linked modules, eventually looking-
ahead, very general conditions have been derived in order that these systems are determinate
and deadlock-free. With regard to PMC linear systems with weakly linked modules, condi-
tions have been derived only for deadlock prevention; since one guesses that some classes of
systems can be realized with weakly linked modules, we think it is necessary to search
further conditions which secure determinacy of such systems.

The problems concerning point ¢) have been examined with regard to PMC linear
systems. Although in these systems some contraints to the system activity are in general

imposed as regards the points of the cycles in which modules can send and receive mes-
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sages (and in this connection it seems interesting to investigate on PMC systems of any
type, in which these constraints are removed), it is always possible to realize a PMC system
as a PMC linear system.

From the points above it follows that the proposed model is directly applicable to the

design of parallel and/or pipeline computers.
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