2 Computational Models

2 .1 The notion of computational model

2 .1 .1 Introduction

The abundance of different programming languages and computer architectures can best be

overview and classified using a powerful high level abstraction, called computational model.

This notion is a higher level abstraction than the notions of computer architecture or computer

language, since it represents the underlying concept of both (Figure 2- 1 ).

The most complete interpretation of this notion was formulated byTreleaven [ Treleaven87 ,

Treleaven90 ]. In his interpretation the concept of computational model covers the underlying

principles for both computer architectures and the corresponding programming languages. He

identified the following eight parallel models of computation and the associated programming styles

as well as the programming languages (see Table 2- 1 ).

Computational model

Computer

architecture

Computer

language

Level of

abstraction

Figure 2- 1 : Interpretation of the notion computational model as

a higher level abstraction

Programming

Style

Programming Languages Models of Computation

Procedural C, OCCAM Control Flow

Object-Oriented C++, Java Object-Oriented

Single-Assignment ID,SISAL Data Flow

Applicative Pure Lisp, MIRINDA Reduction

Predicate Logic Prolog, GHC Logic

Production System OPS5 Rule-Based

Semantic Network NETL Cellular Array

Neural Network SAIC ANSpec Neurocomputer

Table 2- 1 : Parallel models of computation identified by Treleaven (1990).

44 T HE NOTION OF COMPUTATIONAL MODEL

C OMPUTATIONAL M ODELS

2 .1 .2 Proposed interpretation of the notion of computational model

It is widelynoticed that certain architecture and programming language classes corre spond to each

other. Examples are the class of von Neumann architectures and the imperative languages (see 2.3) or

reduction architectures and functional languages (see 2.5). It is quite obvious that each corresponding

architecture and language class must have a common foundation. This common foundation for a pair

of corresponding architecture and language classes is called computational model . For instance, von

Neumann architectures and imperative languages have a common foundation which should be called

von Neumann computational model (see 2.3). In the other case mentioned, reduction architectures and

functional languages are based on the applicative computational model (see 2.5). It is a fact that most

existing architectures and languages can be associated with a few computational models.

The concept of computational model is obviouslya higher level abstraction than either the concept

of computer architecture or the programming language, and covers both [ Treleaven90 ]. In our

interpretation the notion of computational model comprises the set of the following three

abstractions :

· the basic items of the computation,

· the model of the problem description and

· the model of the execution (see Figure 2- 2 ).

The first abstraction identifies the basic items of the computation. This is a specification of the

items the computation is declared on and the kind of computations (operations) which maybe

performed on them.

For instance, in the von Neumann computational model the basic items of the computation are

data. Data will be typicallyrepresented bynamed (i.e. identifiable) entities in order to be able to

distinguish between a number of different data items in the course of a computation. These named

entities are commonlycalled variables in programming languages and are implemented bymemoryor

register addresses in ar chitectures.

All the best known computational models, namely:

· the Turing model,

· the von Neumann model and

· the dataflow model

are based on the concept of data .

In contrast, there is a number of models which are not data based . In these models the basic

items of the computation are:

· either objects as well as messages sent to them requiring an associated manipulation

(as in case of the object based model, see 2.7),

· or arguments as well as functions applied on them (applicative model, see 2.5),

Computational models

Basic items

of the computation

The model of the

problem description

The model of the

execution

Figure 2- 2 : Interpretation of the notion of computational model as, convering three

abstractions

T HE NOTION OF COMPUTATIONAL MODEL 45

C OMPUTATIONAL M ODELS

· or elements of sets as well as predicates declared on them (predicate-logic based

model, see 2.6).

The model of problem description refers to both, the type and the method of problem description

(Figure 2- 3 )

Usually the type of the problem description is either procedural or declarative (Figure 2- 4 ).

In a procedural type of problem description the algorithm of the problem solving is stated. It is

de clared howthe problem can be solved byspecifying a particular solution in form of an algorithm.

For instance, an algorithm to calculate ’n’ factorial could be given as in Figure 2- 5 using a Pascal-like

syntax. For sake of simplicity the declaration part is omitted.

On the other hand, if a declarative style of problem description is used, all the facts and

relationships relevant to the given problem, have to be stated.

There are two fundamental methods for expressing relationships and facts (see Figure 2- 6 ). The

first method is using functions , showing the wayhowin the applicative model of computation (section

2.5), problems are described. The other method is to state the relationships and facts in form of

predicates , which in employed is the predicate logic based computational model (section 2.6).

Model of problem description

Type of the

problem description

Method of the

problem description

Figure 2- 3 : Interpretation of the model of problem description

Type of the

problem description

Procedural type

of problem description

Declarative type

of problem description

Figure 2- 4 : Types of the problem description

Procedural style Declarative style

if n = 0 then fac(0):= 1

fac = 1 fac( n>0 ):= n * fac( n-1 );

else fac: = 1;

for i := 1 to n do

fac = i * fac;

end;

Figure 2- 5 : Contrasting the procedural and the declarative style of problem description

46 T HE NOTION OF COMPUTATIONAL MODEL

C OMPUTATIONAL M ODELS

In order to illustrate the declarative style of problem description, let us recall the problem of

calculating ’n’ factorial using functions, i.e. the applicative way of description, (see Figure 2- 5 ).

If, in this case, we would like to calculate, say, 3 factorials, that is fac(3), then first we have to look

for the appropriate function definition and substitute into its right side the argument. Next we have to

continue substituting repeatedlyas long as possible. Finally, we have to evaluate (reduce) numerically

the result: Thus, we get:

fac(3) = ?

fac(3) := 3 * fac(2) = 3 * 2 * fac(l) = 3 * 2 * 1 = 6

Note that in the declarative style of problem description the sequence of the statements has no

significance, in contrast to the procedural style, where it does.

While stating the relevant relationships and facts that specifya particular problem, the declarative

style expresses what the problem is . This is in sharp contrast to the procedural style which articulates

howthe problem can be solved and reveals one specific solution to it. Obviously, the declarative style

is a more elegant, concise and abstract alternative for problem description than the procedural style.

The other component of the problem description model is the method of problem description. It

specifies how a problem has to be described in a given computational model.

For instance, in the von Neumann computational model a problem will actuallybe described as a

sequence of instructions expressing the algorithm of the problem. In the applicative model, this is

done bystating a particular set of functions which expresses the relationships and facts which are

characteristic of the given problem. The specific ways howproblems are described in each of the basic

computational models will be presented along with the discussion of the basic computational models

in sections 2.2 - 2.7.

The third, and the last, part of the computational model outlines the model of the execution . It

consists of three components, (Figure 2- 7 ).

The first component of the execution model declares the interpretation of the computation. This

component of the computational model is strongly related to the method of problem description.

Declarative

problem description

( using predicates ) ( using functions )

Applicative computational Predicate logic based

model computational model

Figure 2- 6 : Fundamental methods of declarative problem

description

Model of the execution

Interpretation of how

to perform the computation

Execution

semantics

Control of the

execution sequence

Figure 2- 7 : Interpretation of the model of execution

T HE NOTION OF COMPUTATIONAL MODEL 47

C OMPUTATIONAL M ODELS

Obviously, the choice of problem description and the model of execution mutuallydetermine and

presume each other. Therefore, the interpretation of computation is specific to the computational

model concerned. Let us consider one straightforward example. In the case of the von Neumann

computational model the problem is described as a sequence of instructions specifying data and

control manipulations. Thus, the computation has to be interpreted as the execution of the given

sequence of the instructions. This component will also be detailed bythe description of the basic

computational models in sections 2.2-2.7.

The next component of the execution model specifies the execution semantics. It can be

interpreted as a rule that prescribes howa single execution step is to be performed. This rule is, of

course, associated with the chosen approach of howproblems are described and the execution of the

computation interpreted. The different kinds of execution semantics applied bythe basic

computational models are summarised in Figure 2- 8 . The state transition semantics, is used in the

Turing and von Neumann as well as object based models. The dataflowsemantics , is applied in the

dataflowmodel. Further on the reduction semantics is utilised in the applicative model. Lastly, the

SLD-resolution, is the execution rule of the predicate logic based computational model. These

different types of execution semantics will be described in the framework of the basic models.

The last component of the model specifies the control of the execution sequence .

In the basic models the execution is predominantlycontrol driven, data driven, or demand driven

(Figure 2- 9 ).

For a control driven execution it is assumed that there exists a program consisting of a sequence

of instructions. The execution sequence is then implicitly given bythe order of the instructions.

However, explicit control instructions also exist in order to be able to specifya departure from the

implied execution sequence. For instance, in the von Neumann model or the object based model of

computation, a control driven execution is taken for granted.

A data driven execution is characterised bythe rule, that an operation is activated as soon as all

the needed input data are available . This mode of sequence control is also called eager evaluation

for apparent reasons. The data driven execution control is characteristic for the dataflowmodel of

computation.

Execution semantics

State-transition

semantics

Dataflow

semantics

Reduction

semantics

SLD-resolution

Turing model,

von-Neumann model,

object-based model dataflow model applicative-model predicate logic based

model

Figure 2- 8 : Main types of execution semantics

Control of the execution sequence

Control driven Data driven Demand driven

Figure 2- 9 : Basic ways for controlling the execution sequence

48 T HE NOTION OF COMPUTATIONAL MODEL

C OMPUTATIONAL M ODELS

Bythe demand driven mode of execution the operations will be activated onlywhen their

execution is needed to achieve the final result. This mode of execution control is also termed as lazy

evaluation because the "delayed until needed" philosophyis applied. The demand driven execution

control is usually applied for the applicative model of computation.

Comparing the data and demand driven modes of execution control, it can be stated that data

driven computation activates a great amount of unnecessarycomputation byevaluating all conditional

operations. The demand driven computation avoids such computation. However, demand driven

operation usuallyincurs a high overhead to process the propagation and cancellation of demands, and

to perform the related additional operations.

2 .1 .3 Relationships between the notions of computational model, programming

language and architecture

As we have seen in the foregoing paragraphs, the notion of computational model is a higher level

abstraction than the notions of programming language or computer architecture. In addition, there is

the following relationship between these notions: A programming language can be thought of as a

specification tool making possible the formulation of a computational task wherebya particular

computational model is presumed. On the other hand, a computer architecture maybe looked upon as

a tool to implement a computational model , or to execute a given computational task expressed in a

programming language, whereby a particular computational model is given (see Figure 2- 10 ).

In order to illustrate these relationships let us choose the von Neumann computational model and

examine the basic features of those programming languages and computer architectures which

correspond to this model.

Aprogramming language corresponding to the von Neumann model should allowto declare

variables and to manipulate (alter) their values bymeans of a proper set of instructions during

computation as manytimes as required. Furthermore, the language should provide control instructions

to allowthe explicit control of the execution sequence. Languages fulfilling these requirements are

called imperative languages . The most widelyused languages such as C, Pascal, FORTRAN, etc., are

all imperative languages.

It can easilybe shown that von Neumann architectures suit the above mentioned computational

model. As far as the variables are concerned, theyare implemented as addressable locations in the

memory, or registers, and, therefore, their values can be altered as manytimes as required. Sequence

control is implemented bystoring the instructions in the memoryand declaring a pointer, called

Program Counter, which indicates the particular instruction which is to be executed next.

Finally, it should be pointed out that newcomputational models, and the corresponding

programming languages as well as the architectures usuallyevolve in the following sequence:

computational model, programming language and computer architecture (see Figure 2- 11 ).

Execution

Programming

language

Computer

architecture

Computational

model

Tool for

specification

Tool for

implementation

Figure 2- 10 : Interrelationships between the notions computational model, programming

language and computer architecture

T HE T URING COMPUTATIONAL MODEL 49

C OMPUTATIONAL M ODELS

Summing up, we can state that a number of basic computational models can be declared each

covering a pair of corresponding language and architecture classes. In the next section the basic

computational models will be overviewed along with the corresponding language and architecture

classes.

2 .1 .4 Basic computational models

In the following sections 2.2-2.7 six basic computational models will be described informallyusing

the common framework introduced in the foregoing section.

The models discussed are:

· Turing,

· von Neumann,

· dataflow,

· applicative,

· object based and

· predicate-logic based model.

These models are called basic models in the sense that theymaybe declared byusing a minimal

set of abstractions.

For each of these models a number of submodels maybe distinguished byconsidering additional

abstractions. If, for instance, in case of the von Neumann model, the process abstraction is introduced,

newsubclasses maybe defined, byconsidering whether all processes have access to a global data-

space ( shared memory subclass ) or, alternatively, the processes have local data spaces, and theycan

access remote data spaces by sending messages (message-passing subclass)

After discussing the basic models, we mention in section 2.8 two further real computational

models (knowledge-based as well as the neural computational model). Finally, two abstract models

will be introduced, the spatial computational model and the PRAM model of computation.

2 .2 The Turing computational model

In addition to the realistic computational models, which represent the underlying concept of well

known language and architecture classes, we also brieflyinclude into our overviewthe abstract

Turing model [ Turing36 ] too for two reasons:

Corresponding

programming

languages

Corresponding

architectures

Computational

model

Figure 2- 11 : Typical sequence of the evolution of a computational model and the corresponding

languages and architectures

50 T HE T URING COMPUTATIONAL MODEL

C OMPUTATIONAL M ODELS a) this model is of outstanding theoretical importance constituting the basis of notions

like "algorithm", "computability", "Church’s hypothesis", or "complexityof

algorithms",

b) we intend to contribute to bridging the gap between the purelytheoretical and

pragmatic only approaches.

First, the keyfeatures of the Turing machine will be introduced using the formalism summarized

below in Figure 2- 12 .

A Turing Machine is considered as consisting of two components; a tape and a control unit .

The tape

· is regarded as an endless tape, subdivided into fields, each of which is capable of

storing one tape symbol t i , of the set of the tape symbols t , t i Î t

· can be moved bythe tape movement control symbols {r, l, s} issued bythe control

unit, one field to the right {r}, to the left {l}, or it can be commanded to remain in the

same position {s},

· contains the string of the input symbols i i when beginning the computation, where the

input symbols are elements of the set of i , i i Î i Í t ,

· contains the string of the output symbols at the end of the computation.

The control unit

· possesses a read/write head, which enables it to read or write one symbol from/to the

actual field,

· issues the tape movement control symbols {r, l, s} to the tape,

· is in one of a number of finite states s i , of the set of states s , s i Î s ,

· operates according to a state transition function d described later in this section.

Operation of the Turing machine

When the machine commences the computation it is in its initial state s 0 , the input data are stored

on the tape as a string of the input symbols i i and the read/write head is assumed to be positioned at

the first symbol of the input string.

The execution is performed as a sequence of execution steps , each of which includes three actions .

Let us consider the j-th step, which consists of the following actions:

a) Reading in a tape symbol.

Control

unit

i

Read/Write head

Tape

mover

{r,l,s}

Tape

t i

s

Tape movement

control symbols

d ,

Figure 2- 12 : Components of a Turing Machine

T HE T URING COMPUTATIONAL MODEL 51

C OMPUTATIONAL M ODELS b) Determining

b 1 ) the next output symbol,

b 2 ) the next state,

b

3

) the next tape control symbol.

c) Accomplishing the associated operations of

c 1 ) writing the symbol on the tape,

c 2 ) changing the state,

c 3 ) moving the tape.

However, this well known Turing Machine mayalso be considered as a computational model . Its

key features will be summarised as follows (Figure 2- 13 ).

The basic items of the computation are the elements of the symbol set t .

The operations which maybe performed on the symbols are the mappings specified bythe partial

transition function d t : t x s ® t . Here d t assigns to each pair ( t i , s j ) the symbol t k that is to be

written on the tape, overwriting the symbol in the actual position.

It should be pointed out, however, that the input symbols are usuallyconsidered being elements of

one or more input words, in the same wayas the string of the output symbols is regarded as

constituting one or more output words.

The problem to be solved is procedurallydescribed as follows (see Figure 2- 13 ). The input data are

represented bythe string of the input symbols i , the program is expressed bythe transition function d

and the output data are given bythe string of the output symbols (symbols which are on the tape after

the Turing machine has stopped).

When the computation commences, the control unit is in its initial state s 0 , and when it stops, the

control unit is at the halt state s f .

According to the aforesaid the execution semantics maybe considered as being basicallya state

transition semantics.

Turing

Computational model

Basic items of computation

· elements of the tape symbol set,

· mappings defined on them

type

Way of

description description

Model

of

problem

Execution

semantics

Control of the execution sequence state transition semantics

control driven starting with the initial state a

sequence of subsequent states

will be performed until a

final state is reached

Interpretation

of

the computation how to perform

model

of

execution

Assumed input data

transition function d

initial state s 0 procedural

Figure 2- 13 : Key features of the Turing computational model

52 T HE VON N EUMANN COMPUTATIONAL MODEL

C OMPUTATIONAL M ODELS

In this model the execution sequence i.e. the sequence of the internal states s i is determined bythe

"control part" d s : t x s ® s of the transition function d . Thus, the execution sequence maybe called

control driven.

Because of the operational limitations of the Turing model arising from a lack of an operative

memoryand from the complexityof its programming, there have been no programming languages or

architectures developed which directly implements this theoretical model.

However type 0 grammars are equivalent to Turing machines, and thus, type 0 languages

generated bytype 0 grammars, would be the corresponding language class. This correspondence is

only of theoretical significance, since there are no practical implementations at all.

2 .3 The von Neumann computational model

We designate the underlying model of von Neumann computers and the corresponding languages

as von Neumann computational model. The keyfeatures of this oldest and most widelyused data-

based model may be summarised as follows (see Figure 2- 14 ):

The basic items of the computation are data, where computation means operations performed on

data.

The data items are identified bynames in order to distinguish between different data items used in

the same computation. These named data entities are called variables in programming languages.

On the other hand, in architectures, during a computation theyare associated with selected memory or

register locations whose addresses correspond to the names of the variables. The mapping of the

memoryor register addresses to the variable names is usuallyperformed bythe compiler. In the

following, instead of the term named data entitywe will use the term variable, for ease of

understanding, neglecting the fact, that in architectures named data entities are implemented by

distinguished memory or register locations rather than by variables.

The peculiarityof the named data entities is that theybehave as data containers , i.e. during a

computation theycan be assigned newvalues as manytimes as required. Theycan keep the value

Computational model

Basic items of computation

Type

Way of

description

description

Model

of

problem

Execution

semantics

Control of

the execution

sequence

Interpretation

of

the computation performing

model

of

execution

Assumed von Neumann

input data

output data sequence

of

instructions

state transition semantics

control driven with the input data

the given sequence of instructions

will be executed procedural

· data assigned to named date entities (variables)

· operations performed on data, where

multiple assignments are allowed

Figure 2- 14 : Key features of the von Neumann computational model

T HE VON N EUMANN COMPUTATIONAL MODEL 53

C OMPUTATIONAL M ODELS which theyalreadyhave until a newvalue is assigned to them. This behaviour will be expressed by

saying that multiple assignments of data to the variables are allowed, or briefly, that multiple data

assignments are allowed.

The problem description is procedural, whereas the computational task is specified as a sequence

of instructions.

Performing the computation means simplythat the given sequence of instructions is to be be

executed.

The execution of the instructions follows a state transition semantics, i.e. as far as the execution is

concerned the von Neumann model behaves like a finite state machine (FSM). In order to demonstrate

this, let us first introduce the notion of dual viewof variables. Then, based on this concept the data-,

control-, status- and global-state spaces can be interpreted as well as the execution behaviour of the

von Neumann model can be discussed.

2 .3 .1 Basic characteristics of the von Neumann model

The main attributes of the model followfrom the possibilityof multiple assignments of data as

well as from the control driven execution.

a.) Consequences of the multiple assignments of data

Aconsequence of the possibilityof multiple assignments is, that the values of the variables may

change during the execution of each data manipulation instruction. This means that the actual

values of the variables are history sensitive , i.e. theyare dependent on the actual sequence of the

executed instructions.

Obvious examples for historysensitivityare loop variables. Another wayof expressing the

historysensitivityof variables is to saythat the variables are not referentially transparent . This

expression stresses the fact that the actual values of the variables are not independent of actual

point of the execution.

There exists a special case of historysensitivitycalled side effects . In the context of the von

Neumann model of computation, it is usuallyinterpreted as an unwanted, marginal modification of

the state, e.g. of global variables. As an example, consider the case when a procedure invocation

modifies the value of a variable which is out of the scope of the programmer.

An illustrative example of side effects is given byField & Harrison [ FieldHarr88 ]; which is

shown below. Let us consider the following short program using Pascal syntax (Listing 2- 1 ):

program example(output)

var flag : boolean ;

function f( n : integer ): integer ;

begin

if flag

then f:=n

else f:=2*n;

flag:= not flag;

end ;

begin

flag := true ;

writeln( f( 1 ) + f( 2 ) );

writeln( f( 2 ) + f( 1 ) );

end .

Listing 2- 1 : A program exposing side effects [ FieldHarr88 ]

54 T HE VON N EUMANN COMPUTATIONAL MODEL

C OMPUTATIONAL M ODELS

The execution of this program results in the print out:

f( 1 ) + f( 2 ) = 5

f( 2 ) + f( 1 ) = 4

In everyday mathematical reasoning we would expect that

f( 1 ) + f( 2 ) = f( 2 ) + f( 1 )

because of the commutativity of the addition. However, the marginal operation

flag := not flag;

causes the side effect as indicated in Listing 2- 1 .

Historysensitivityand, especially, side effects put a heavyburden on the programmer, particularly

during program testing.

Application of the state transition semantics presumes the existence of state . It means that the

variables have a dynamic nature, theycan take on newvalues as often as required which theypreserve

until newvalues are assigned. The execution of each instruction results in taking on a newstate, i.e.

one or more of the variables are given a newvalue and/or the control state is changed. The state

transition semantics also presumes the possibilityof multiple assignment of data to the variables

(variables, placeholders). To put it in another way, state transition semantics and multiple

assignments are interchangeable notions.

b.) Consequences of the control-driven execution

Because of the fact that the computational task is specified as an ordered sequence of

instructions and the execution sequence of these instructions is control-driven, this model of

computation is basicallya sequential one. Such an essentiallysequential nature of problem

description forces a serialisation also in those cases also where the problem is inherentlyparallel,

like in the example:

z = ( a + b ) * ( c + d ) .

In this case the terms (a+b) resp. (c+d) could obviouslybe calculated in parallel. Nevertheless, the

computational model enforces a serialisation which could be expressed something like:

z 1 = a + b z 2 = c + d z = z 1 * z 2

This imposed serialisation often covers up potential parallelism inherent in the problem and gives

rise to serial and, therefore, time-consuming execution. The serial wayof execution is often

intolerable, in particular for problems with massivelyparallel nature such as numerical problems

using vector or matrix calculus.

2 .3 .2 Corresponding languages and architectures

Languages implementing the von Neumann model of computation should allowthe declaration of

variables with multiple assignments of data values, offer an adequate set of operations on them, as

well as provide a proper set of control statements to implement the control-driven mode of execution.

These languages are often called imperative languages emphasising the possibilityof multiple

assignments, or sometimes procedural languages , pinpointing their procedural nature of problem

description. Because of the fact, that the procedural style of problem description is used in more than

one computational model, in the following, we would prefer using the term imperative languages to

denote the language class corresponding to the von Neumann computational model. Examples of

imperative languages are C, Pascal, ALGOL, FORTRAN, etc.

Architectures with the underlining von Neumann model of computation are called von Neumann

architectures . Theyshould provide a memorywith addressable and rewritable locations to implement

T HE VON N EUMANN COMPUTATIONAL MODEL 55

C OMPUTATIONAL M ODELS the variables with multiple assignment and preserve their states. Furthermore theyshould maintain a

pointer, called Program Counter, which points to the instruction to be executed to implement the

control driven mode of execution. Lastlytheyshould contain adequate data and control manipulation

facilities (processing unit, control unit) to implement the state transition semantics.

Neumann architectures are, for the time being, the most widelyused class of architectures because

of their relative simplicity and effectiveness for general type of computational tasks. Examples are all

the well known architecture families like the IBM 360/370 series, DEC PDP/11 and VAX families, or

all the widelyused microprocessors such as the Intel 80x86 and Pentium processors, Motorola 68OOO

and 88000 families, the MIPS R series, the Sparc processors, members of the PowerPC familyand

others.

Imperative languages as well as von Neumann architectures inherit the fundamental drawbacks

and limitations of their underlying model of computation, namely

· history sensitivity (s ide effects, lack of referential transparency)

· basically sequential nature of execution (word-at-a-time execution).

However, this model has, from the architectural point of view, a significant advantage, namely; it

can easilybe implemented. This seems to be the point responsible for the clear dominance of the von

Neumann model of computation at present, in spite of fierce criticism and a huge amount of research

and development work carried out on alternative models.

2 .3 .3 Extensions of the von Neumann computational model

The basic von Neumann model may be enhanced along many directions.

Byextending the set of the abstractions alreadytaken into consideration, subclasses, sub-

subclasses etc. may be defined.

E.g. the fundamental constraint of the sequentialitycan be relaxed byintroducing a new

abstraction of parallelly executable pieces of computation , usuallycalled processes or threads , which

provide the necessary mechanisms for synchronisation, communication and data sharing.

The communication mechanism offers means for the transfer of data (parameter) among

executable units. The most widely used mechanisms are (see [ AndrSchne83 ]):

· unprotected shared (global) variables,

· shared variables protected by modules or monitors,

· message passing and,

· rendezvous.

The synchronisation mechanism allows us to impose restrictions upon the execution sequence of

the executable units.

Commonly used methods are (again according to [ AndrSchne83 ]):

· semaphores,

· signals,

· events,

· queues,

· barrier synchronisation etc.

A data sharing mechanism is needed to declare whether parallel executable units (processes)

are allowed to access a common data space ( shared variable concept ), or whether distinct processes

have access onlyto their local data spaces. Also a communication mechanism should be provided for

accessing data pertaining to other processes (often termed as message passing concept ).

Thus, imperative languages maybe subdivided into two subclasses according to whether they

provide means for parallel execution or not (see Figure 2- 15 ).

56 T HE DATAFLOW MODEL OF COMPUTATION

C OMPUTATIONAL M ODELS

Concurrent imperative languages maybe classified further in accordance with their basic features.

For example, as far as the data sharing mechanism is concerned, the most important subclasses of

concurrent languages are as follows (see Figure 2- 16 ):

2 .4 The dataflow model of computation

The ultimate goal of this computational model is to speed up computation utilising available

parallelism on the level of elementary operations inherent in most problems.

In the dataflowmodel, which has its origins in the late 60s ([ KarpMill66 ], [ Adams68 ]), this is

achieved byproviding a means for the specification of parallel executable tasks in the form of a

dataflowgraph ( DFG ) and bymaking use of a data-driven execution control as well as of the dataflow

execution semantics, explained later in this section. The term dataflow is considered as having been

conceived in 1968 [ Adams68 ].

The key features of this model may be summarised as given in Figure 2- 17 .

The basic items of computation are data and the operations performed on them. Data are named,

i.e. theyare identifiable entities. However, in contrast to the von Neumann model of computation, a

value maybe assigned to a named data entityonlyonce, and its value is retained merelyuntil the

related operation is performed. This will be usuallyexpressed bysaying that only single data

assignments are permitted.

The computational task is stated procedurallyin the form of a dataflowgraph or in an equivalent

way (for instance in a dataflow language).

Conventional sequential

languages

( e.g. ALGOL, Pascal, C )

Concurrent languages

( e.g. ADA, OCCAM )

Imperative languages

Figure 2- 15 : Subdivision of imperative languages according to their support of parallel

execution

Shared variable

concurrent languages

( e.g. ADA ) concurrent languages

( e.g. OCCAM )

Concurrent imperative languages

Message passing

Figure 2- 16 : Subdivision of concurrent imperative languages according to their data

sharing mechanism

T HE DATAFLOW MODEL OF COMPUTATION 57

C OMPUTATIONAL M ODELS

Dataflowgraphs are a possible means for expressing parallel executable operations, alreadyin the

problem description phase. A dataflow graph is a directed graph, which consists of nodes and arcs.

Node

Input arcs

Output arc

Nodes (sometimes called actors ) represent the operations to be performed. On the other hand, the

directed arcs specify the input and output data of the nodes.

For example, the computational task

z = ( a + b ) * ( c - d )

may be represented by the dataflow graph shown in Figure 2- 18 as follows:

For non-commutative operators (like -, /), however, some provisions are needed to avoid possible

ambiguities in the dataflowgraph representation. This can easilybe achieved byrequesting that for

Computational model

Basic items of computation

Type

Way of

description description

Model

of

problem

Model

of

execution

Execution

semantics

Control of the execution sequence

Interpretation

of

the computation how to perform

Dataflow

· data assigned to named entities

· operations performed on data

the input data will flow through the

dataflow graph and

as a consequence output data

will be produced

dataflow semantics

data driven (eager evaluation) input data

output data dataflow graph procedural

Figure 2- 17 : Key features of the dataflow computational model

a b c d

+ -

*

z

Figure 2- 18 : The dataflow graph representation of

z = (a+b) * (c-d)

58 T HE DATAFLOW MODEL OF COMPUTATION

C OMPUTATIONAL M ODELS non-commutative operations the order of the input arcs must remain the same as the order of the

operands. For example, the non-commutative operation

z = a / b

will be represented by:

a b

/

z

Further provisions are required for copying the operands or results. For example, in case of

z = x * x

x is to be copied. The simplest solution to achieve this is to let the arc branch, wherebythe branch

symbolises the copying. Thus, the above expression can be represented by:

*

z x

Using these extensions of the basic representation rules, the data flowgraphs for simple problems

may be drawn.

Further extensions are needed to specifyconditional operations, cycles, function calls, etc., which

are not discussed here. For details see [ Gurd87 ].

The specified task will be performed byexecuting the operations indicated bythe DFG using the

given input data (Figure 2- 19 ).

The execution is data-driven, i.e. an operation will be scheduled for execution when all necessary

input data are available.

The semantics of the operations maybe called dataflowsemantics , which will be interpreted in the

context of data flow graphs and data-driven execution as follows.

Let us indicate the presence of a data item on an arc bysaying that a data token is present and

illustrate it by drawing a dot on the arc:

Flow of data

Input data

Dataflow graph

- - -

Results

- - - - - -

- - -

Figure 2- 19 : Performing the computation in the dataflow computational model

T HE DATAFLOW MODEL OF COMPUTATION 59

C OMPUTATIONAL M ODELS op

Token

The condition for activating an operation is that all data tokens needed, should be available. In

data flowterms the activation is often called firing and the condition for firing an actor is that all

required tokens are present:

op

Input tokens

Firing

After firing, the result will be generated and the input tokens will be "consumed".

op

Result token

Thus, the input values vanish, no intermediate result will be preserved. Therefore, the execution

has a single-assignment character.

From the user’s point of view, the essential characteristics of the dataflowmodel of computation

are:

a) It is an inherently parallel model of execution,

b) Variables playquite a different role from that in the von Neumann model of computation,

hence theyare used onlyfor notational convenience. This means that values maybe

assigned to the variables onlyonce and theypreserve their values onlyuntil the operation is

performed (since in the course of execution the tokens will be consumed). This fact is

expressed saying that only single assignments of values to variables are allowed. As a

consequence, there does not exists the notion of state (as the set of actual values of the data

variables), and, therefore, there is no history sensitivity, neither can side-effects occur.

c) On the other hand, in the absence of multiple assignments and states the implementation of

this model is demanding. The reason for this lies, first of all, in the high communication and

synchronisation needs for implementing this model of computation.

In order to asses the difficulties of the implementation, let us discuss the execution of a simple

computational task expressed in form of a DFG (see Figure 2- 20 ). For sake of simplicity, we restrict

ourselves to two operand operations. Permitting one, or more than two operands would not affect the

conclusion which we shall reach.

The most straightforward wayto perform a prescribed computation in the " dataflowstyle " would

obviouslybe byusing for each node "dataflowstyle" functional units and interconnecting them

according to the given DFG (Figure 2- 21 ). In this case the functional units would be interconnected to

perform the computation in much the same way as for analogue computers.

The term " dataflowstyle " is used here to emphasize the abilityof the functional units to monitor

their inputs (for instance, bymaking use of data readysignals) and to operate along the lines of

dataflowsemantics. Unfortunately, this simple wayof implementation is not practicable for a

programmable processor. As a consequence, it is not possible to detect directlyat the node level

whether the corresponding input data are available or not. Instead, the following principle can be

utilised (see Figure 2- 22 ).

60 T HE DATAFLOW MODEL OF COMPUTATION

C OMPUTATIONAL M ODELS

10 20 30 40 50

+ 1:

* 2: - 3:

4: *

5: +

6:

z z = 10 + 20 * ( 30 + 40 ) * (( 30 + 40 ) - 50 )

Figure 2- 20 : DFG of a straightforward computational task with the given input data

10 20 30 40 50

+

* -

*

+

z = 10 + 20 * ( 30 + 40 ) * (( 30 + 40 ) - 50 )

Figure 2- 21 : The simplest way to execute the specified DFG of Figure 2- 20 using dataflow style

functional units

Generated input tokens Operation Output tokens to be generated

1: 1:

30 40

2: 20

3: 50

5: 10

1:

2:

3:

5:

4:

6:

+

*

-

*

+

5:

4:

4:

2: 3:

Instructions representing

the DFG

4:

destinations

3: 2:

3:

5:

4:

6:

Figure 2- 22 : Mapping DFG and input data into a dataflow program together with a set of

generated input tokens

T HE DATAFLOW MODEL OF COMPUTATION 61

C OMPUTATIONAL M ODELS

Let us first describe the DFG in the form of a

dataflowprogram , so that each node will be

represented bya dataflowinstruction. In addition,

let us assign to each instruction (i.e. to each node)

two input tokens and as many output tokens as there

are nodes connected to the node under

consideration. The presence of input tokens

indicates the availabilityof input data. The

execution of each instruction results in the

generation of one or more output tokens, depending on howmanyinstructions are supplied with the

result. Atoken contains the data value and carries the same identifier as the associated node, that is

the same as of the corresponding program line (Figure 2- 23 ).

In this case the dataflowsemantics will be implemented byusing a centralised token matching unit

(Figure 2- 24 ).

The matching unit operates like an associative memoryas follows: First, the generated input

tokens and subsequentlyall generated output tokens are directed to the matching unit. The first token

of a corresponding couple, called peerless token, will always be stored temporarilyhere. If, then, the

missing member of a token pair arrives, the matching peerless token will be read and removed form

the matching unit.

Atypical dataflowarchitecture is constructed basicallyfrom a centralised matching unit, an

instruction memory and a number of functional units (see Figure 2- 25 ).

When the matching unit outputs a matching token pair, the corresponding instruction will be

fetched from the instruction memory, and an execution package will be assembled which contains the

operation code and the required operands. This package is then sent to one of the available functional

units. The execution leads to the generation of one or more output tokens each carrying the resulting

data as well as the identifier of the instruction which will use this result as an input. The generated

output token(s) are passed on to the matching unit.

.

Token 1: 40

Identifier Data value

Figure 2- 23 : Basic components of a token

Arriving token

Peerless tokens

1: 40

1: 1: Matching token pair 40 30

Cetralised matching unit

Arriving token

3: 20 Cetralised matching unit

Peerless

tokens

2: 12

3: 20

2: 12

1: 30

1: 30

The associative search

yields no matching token,

the arriving token will

be stored.

3: 20

2: 12

1: 30

3: 20

2: 12

The associative search

yields a matching token,

the matching peer will be

removed, and the matching

pair will be outputted.

Matching pear

Figure 2- 24 : Operation principle of a centralised matching unit

62 T HE DATAFLOW MODEL OF COMPUTATION

C OMPUTATIONAL M ODELS

However, the real problem is, howto find the companion token. There are two possible principles

to be used, an associative search and a direct match (see Figure 2- 26 ).

If the peerless tokens are stored without ordering , then an associative search is to be performed.

This would result in a rather demanding implementation concerning the fact that real systems may

require to store tokens of the order of 10 5 to 10 6 [ Gurd87 ]. In fact, a direct implementation using an

associative memoryof such a large capacityis presentlynot feasible. Practical solutions approximate

associative searching byparallel hashing (see again [ Gurd87 ]). The alternative solution is to store the

peerless tokens using an ordering , for instance to locations that correspond to their identifiers (termed

Functional

unit

Functional

unit

Functional

unit

Instruction

memory

Matching

unit

Initialisation

Input tokens

1: 30 2: 70 3: 70

Output tokens

1: 30 1: 40

Matching token pairs

1: 30 40

Execution packages

2: 3:

Figure 2- 25 : Basic structure and operation of a dataflow architecture

1: 40 1: 40

2:

3:

20

50

1: 30

5: 10

1:

2:

3:

4:

5:

6:

30

20

50

10

Associative memory

(parallel associative memory)

I-structure memory

(direct fetch)

Figure 2- 26 : Basic alternatives of centralized matching unit

T HE APPLICATIVE MODEL OF COMPUTATION 63

C OMPUTATIONAL M ODELS as explicit token store , introduced by[ CullPapa90 ]. Then, an I-structure memory(incomplete

memory) can be used, where an access to an emptylocation results in writing (storing) and an access

to a written location causes a ’read’ and ’remove’.

In anycase, the difficultyis that a centralised token matching is either too demanding, if a high

enough capacityand throughput is required, or it is too slowto fit the requirements of a highly

parallel computation, if an acceptable implementation cost is presumed. Because of this shortcoming

all general purpose dataflowcomputers built until now, are of experimental or prototype character.

Thus, the lack of a suitable implementation of the dataflowsemantics restricts the pure dataflow

model of computation to be exploited on a large scale. As a further consequence, the focus of the

related research and development work has recentlyshifted more in the direction of reduction and

hybrid architectures (see section 2.5 and 2.10).

LLNL : Lawrence Livermore National Laboratory

Table 2- 2 : Best known dataflow languages

Languages supporting this model are called dataflow - or single-assignment languages for

obvious reasons. The term single assignment language was first used byTesler and Enea

[ TeslerEnea68 ]. The best known dataflowlanguages are summarised in Table 2- 2 . Acomprehensive

discussion of the origins of dataflow architectures may be found in [ Gurd87 ].

2 .5 The applicative model of computation

Like the dataflowmodel, this one also aims at parallel execution at the level of elementary

operations. Its key features are summarised in Figure 2- 27 .

In this model, computation means the application of functions to arguments, which are typically

data or functions ( Figure 2- 28 ).

An outstanding feature of this model of computation is that it is declarative , the same as the

predicate-logic based computational model; in contrast with the procedural models such as the von

Neumann or the dataflow model.

While in a procedural model a given problem is solved bywriting an appropriate procedure, in a

declarative model all the facts and relations, which are relevant for solving a given problem are

declared. Furthermore, an execution mechanism for providing the result, is assumed.

In the applicative model of computation the function ’f’ is a pure mathematical function which may

be either a first-order or a higher-order function.

First-order functions are functions which accept data values as arguments and produce data

values as results (see Figure 2- 29 ).

Higher-order functions, however, can accept functions as arguments and return functions as the

result ( see Figure 2- 29 ).

Language Developed at Reference

LAU (Langue de l’assignation unique) ONERA-CERT

Toulouse

Syre & al. 1977

Id (Irvine Dataflow) U. of Calif. Irvine Arvind & al. 1978

VAL (A Value Oriented Algorithmic

Language)

MIT Ackerman, Dennis 1979

SISAL (Streams and Iteration in a Single-

Assignment Language)

LLNL McGrow & al. 1983

64 T HE APPLICATIVE MODEL OF COMPUTATION

C OMPUTATIONAL M ODELS

Computational model

Basic items of computation

Type

Way of

description

description

Model

of

problem

Execution

semantics

Control of

the execution

sequence

Interpretation

of

the computation how to perform

model

of

execution

Assumed

Applicative

· arguments

· application of functions to their arguments

reduction semantics

demand driven

(lazy evaluation) arguments of the function

to be evaluated

evaluated function set of

function

definitions

involved

the function with the given arguments

will be subsequently rewritten by

substituting the involved function

definitions and performing the

possible reductions until no more

subtitutions or reductions are feasible declarative

Figure 2- 27 : Key features of the applicative model of computation

f ( x ) f ( x )

result computational task

(expressed as a

function)

e.g.

application

(reduction)

argument

+ (3, 4) => 7

Figure 2- 28 : Basic interpretation of the applicative model of computation

First-order- ( x ) f ( x )

( x ) f ( x ) function

Higher-order-

function

Data Data

Data/Function Data/Function

Figure 2- 29 : The notion of first and higher-order functions

T HE APPLICATIVE MODEL OF COMPUTATION 65

C OMPUTATIONAL M ODELS

In the general case, the function ’f

’ that specifies the computational task is given as a rather

complex definition involving a set of composite functions f i , (i = 1, ..., n):

f( x ) = f( f 1 , ... ,f i , ... ,f n, , x )

f 1 ( x 1 ) = ...

.

. (2.5.1)

f i ( x i ) = ...

.

.

f n ( x n ) = ...

with additional function definitions, sayf n+1 ... f n+k , relating to functions occurring on the right

sides of the definitions:

f n+1 ( x n+1 ) = ...

f n+k ( x n+k ) = ... (2.5.2)

.

.

Furthermore, each function definition f i ( x i ) maybe given as a set of function definitions differing

in their parameter patterns . Thus, for example, f i ( x i ) may be defined as

f i ( x i1 ) = ...

f i ( x i1 , x i2 ) = ... (2.5.3)

.

.

An illustrative example of a complete function definition, using, for simplicity, onlyfirst-order

functions, is taken from [ FieldHarr88 ]. In this example (see Listing 2- 2 ) the function ’TreeSort’ sorts a

list of unsorted numbers into ascending order. This will be done byconstructing, first, an ordered

binarytree, using the function ’MakeTree’, and then flattening (transforming) this tree into a sorted

list by means of the function Flatten (see Figure 2- 30 ).

Since our aim is onlyto illustrate the style of function definitions used in the applicative model, we

do not want to go too far into details. Instead, we list first the function TreeSort, written in the

functional language HOPE, and then we explain the functions used.

dec TreeSort: list( num ) à list( num );

dec MakeTree: list( num ) à tree;

dec Flatten: tree à list( num );

[ input list ] [ sorted list ]

MakeTree Flatten

Ordered binary tree

Treesort:

Figure 2- 30 : Functional principle of TreeSort

66 T HE APPLICATIVE MODEL OF COMPUTATION

C OMPUTATIONAL M ODELS dec Insert: num # tree à tree;

--- TreeSort( UnsortedList ) <=

Flatten( MakeTree( UnsortedList ) );

--- MakeTree( nil )<= empty;

--- MakeTree( n::rest )<= Insert( n, MakeTree( rest ) );

--- Insert( n, empty ) <= leaf( n );

--- Insert( n, leaf(i))<=

if n <= i

then node( leaf(n), i,empty )

else node( leaf(i), n, empty );

-- Insert( n, node( left, value, right ) )<=

if n=< value

then node( Insert( n, left ), value, right )

else node( left, value, Insert( n, right ) );

--- Flatten( empty )<= nil;

--- Flatten( leaf( n ) ) <= [n];

--- Flatten( node( left( value, right ) ) <=

Flatten( left )<>( value:: Flatten( right ) );

Listing 2- 2 : Program listing of TreeSort [ FieldHarr88 ]

The program begins with the declarations of the functions used, specifying the names of the

functions as well as the data types of the arguments and of the function values (results).

There are four functions declared, the main function TreeSort and the auxiliaryfunctions

MakeTree, Flatten and Insert. For example, TreeSort accepts as input a list, consisting of integer

numbers, which is the unsorted list, and produces as output a list of integers, which is the sorted list.

As far as the data types are concerned, there are two data types occurring in the declarations and

subsequentlyin the definitions, the data types list and tree. The data type list is predefined; whereas

the data type tree is a user-defined data structure. A tree can be declared by:

data tree == empty++leaf(num)++node(tree#num#tree);

This means that a tree is either emptyor it is a leaf containing an integer number or, it is a node

containing an integer number and two subtrees:

6

3 1

6

empty leaf node

In the declaration the hash symbol (#) denotes the Cartesian product of types.

Subsequently, the function definitions follow(identified bythe sign ---) in the TreeSort program. Note

that argument names are onlyvalid within the same function definition. Actuallytheyhave an

identical role in passing argument values like dummy parameters have in subroutine calls.

In this example, the main function TreeSort (UnsortedList) is defined using the functions

’MakeTree’ as well as Flatten. ’MakeTree’ takes as input argument ’UnsortedList’ and creates, as

output, an ordered binarytree. In an ordered binary tree all the values of the left subtree are less

than or equal to the value of the node, concerned. Figure 2- 31 shows an example of an ordered binary

tree.

T HE APPLICATIVE MODEL OF COMPUTATION 67

C OMPUTATIONAL M ODELS

’MakeTree’ is defined for two different argument patterns. First, if the argument list is empty (nil)

it produces an empty tree.

--- MakeTree( nil )<= empty;

In the other case, when the input list is not empty , say, it contains a head ’n’ and a tail rest, written

in the form (n::rest), an auxiliaryfunction ’Insert’ is invoked. ’Insert’ places a list item (head n) into

the proper place of the tree built up of the rest of the elements of the list.

--- MakeTree( n::rest )<= Insert( n, MakeTree( rest ) );

From the definition of ’Insert’, three cases are to be distinguished, in accordance with the three

cases of the definition of the data type tree; a) when the tree is empty, b) when it has alreadyone leaf,

and c) when it is a true tree.

.

a) If the tree is empty , the Insert creates a leaf node:

--- Insert(n, empty) <= leaf(n);

b) If the tree is already a leaf , say, leaf(i), then there is a tree to be built consisting of three

nodes such that if n £ i, i becomes the root, n will be the left leaf and the right leaf is empty

(see the figure below). Conversely, if n > i, n turns into the root node, i becomes the left leaf

and the right one is empty (see the next figure).

--- Insert( n, leaf(i))<=

if n <= i

then node( leaf(n), i,empty )

else node( leaf(i), n, empty );

For example, in the two cases when n=1 and i=3 as well as n=6 and i=3 the resulting

tree will look like:

7

3 9

1 5

4

Figure 2- 31 : An example of an ordered binary tree

68 T HE APPLICATIVE MODEL OF COMPUTATION

C OMPUTATIONAL M ODELS

6

3

1

3 n = 6 , i = 3 n = 1, i = 3

c) Finally, if the tree, bynow, consists of at least one node with leaves (i.e. it is alreadya real

tree), then the newelement ’n’ is to be placed either in the left subtree (if n <= node value) or

in the right subtree (if n > node value) repeatedly until the insertion is completed:

--- Insert(n, node(left, value, right) <=

if n <= value

then node(Insert(n, left),value, right)

else (node(left, value, Insert(n, right));

For example if n = 5 and the tree at present looks like the one below:

7

3 9

1 4

then the application of ’Insert’ to n = 5 and the tree, shown, yields:

Insert(5,node(node(leaf(1),3,leaf(4)),7,leaf(9)))

à node(Insert(5,node(leaf(1),3,leaf(4)),7,leaf(9)))

à node(node(leaf(1),3,Insert(5,leaf(4))),7,leaf(9))

à node(node(leaf(1),3,node(leaf(4),5,empty),7,leaf(9)))

Finally, the function ’Flatten’ is used to convert the ordered binarytree into a sorted list. In the

definition of ’Flatten’, again, the same three cases are to be distinguished as for ’Insert’.

If the tree is empty, then the resulting list should be nil:

--- Flatten(empty)<= nil;

If the tree consists onlyof a leaf, then the resulting list will have onlyone element corresponding to

the leaf:

--- Flatten(leaf(n))<=[n];

In the last case, when the tree is a "real" one, let us bear in mind that for an ordered tree all elements

in the left subtree are less than or equal to the node value. Therefore, ’Flatten’ has to put the node

value into a list and append to it the values arising from the left and from the right subtrees:

--- Flatten(node(left, value, right))<=

Flatten(left)<>(value:: Flatten(right));

where <> denotes the infix operator append.

All in all, the function ’Flatten’ is defined for three different argument patterns, whereas

’MakeTree’ is defined for two cases. In addition, ’MakeTree’ uses the auxiliaryfunction ’Insert’, which

is also given for three different argument variants.

T HE APPLICATIVE MODEL OF COMPUTATION 69

C OMPUTATIONAL M ODELS

The computational task will be stated as the application of the function ’TreeSort’ to the given

argument list [ UnsortedList ] , like ’TreeSort’ [ 5.2.3 ] .

In the general case, the execution is accomplished as a series of rewritings where the occurring

functions will be substituted into the right sides of the matching function definitions, until no further

substitutions are required. Then, the numerical computations will be performed and the expressions

with the results will be substituted (called reductions).

The following example illustrates howthe execution will actuallybe performed. In the example let

us sort the list [ 7, 5, 2] using ’TreeSort’.

Now the application of ’TreeSort’ to the input list, say [7, 5, 2] results in:

TreeSort[ 7, 5, 2]