May12, 1995

SGS-THOMSONMicroelectronicsLimited

occam 2.1 reference manual Χ

First published 1988 by Prentice HallInternational(UK)Ltdas the occam 2 Reference Manual.

SGS-THOMSONMicroelectronicsLimited1995.

SGS-THOMSONMicroelectronicsreserves the rightto make changes inspecifications at any timeand without notice. The informationfurnished by SGS-THOMSONMicroelectronicsin this publicationis believed to be accurate, but no responsibilityis assumed for its use, nor for any infringementof patents or other rights of third parties resulting from its use. No licence is granted under any patents, trademarks or other rights of SGS-THOMSONMicroelectronics.

The INMOSlogo, INMOS,IMSand occam are registered trademarks of SGS-THOMSONMicroelectronics Limited.

Document number: 72 occ 45 03

Allrights reserved. No part of this publicationmay be reproduced, stored in a retrivalsystem, or transmitted in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, withoutprior permission, in writing,fromSGS-THOMSONMicroelectronicsLimited.

SGS-THOMSONMicroelectronicsLimited

occam 2.1 REFERENCEMANUAL

Χ v ix xi 1 3 5 5 6 7 9 9 11 13 14 15 19 24 25 25 26 27 30 31 35 35 36 39 39 42 43 44 45 45 45 45 47 54

Contents

Contents

Contents overview

Preface

Introduction

Syntax and program format

1 Primitive processes

1.1 Assignment 1.2 Communication 1.3 and

2 Constructed processes 2.1 Sequence 2.2 Conditional 2.3 Selection 2.4 loop 2.5 Parallel 2.6 Alternation 2.7 Processes

3 Data types

3.1 Primitive data types 3.2 Named data types 3.3 Literals 3.4 Array data types 3.5 Record data types

4 Variables and values

4.1 Declaring a variable 4.2 Array components and segments 4.3 Record fields 4.4 Scope of names 4.5 Abbreviation of variables 4.6 Abbreviation of values 4.7 Disjoint arrays in parallels

5 Channels and their protocols 5.1 Channel type 5.2 Declaring a channel 5.3 Arrays of channels 5.4 Channel protocol 5.5 Abbreviation of channels

SKIP STOP

WHILE

57 58 59 65 66 69 75 75 76 81 81 81 82 82 83 85 85 86 87 89 91 91 91 92 92 93 93 94 94 96 98 99 99 99 100 100 101

Contents

6 Expressions

6.1 Tables and strings 6.2 Operations on values 6.3 Operations on types 6.4 Data type conversion

7 Procedures

8 Functions

8.1 Value processes 8.2 Functions

9 Timers

9.1 Timer type 9.2 Declaring a timer 9.3 Timer input 9.4 Timers in alternations 9.5 Timer abbreviation

10 Retyping and reshaping

10.1 Retyping variables and values 10.2 Retyping channels 10.3 Reshaping

Appendices

A Implementation dependent features A.1 Compiler directives A.2 Special keywords introducing language extensions A.3 Target word size A.4 Endianness

B Configuration

B.1 Execution on multiple processors B.2 Execution priority on a single processor B.3 Allocation to memory

C Ports

D Rounding errors

E Usage rules check list

E.1 Usage in parallel E.2 The rules for abbreviations E.3 The rules for procedures E.4 The rules for value processes and functions

F Invalid processes

102 102 103 103 105 106 116 116 117 117 118 119 119 120 122 128 129 130 130 130 131 131 131 131 132 132 132 133 133 133 134 134 134 135 136 136 137 138 139 139 139 140 140 141 141 141

Contents

G Lexical program components

G.1 Keywords G.2 Symbols G.3 Character set G.4 Names and literals

H Ordered syntax of occam

I Library procedures and functions I.1 Multiple length integer arithmetic functions I.2 Floating point functions I.3 Full IEEEarithmetic functions I.4 Elementary function library I.5 Value, string conversion procedures I.6 Programming support routines

J Multiple length integer arithmetic functions J.1 The integer arithmetic functions J.2 Arithmetic shifts J.3 Word rotation

K Floating point functions

K.1 Not-a-number values K.2 Absolute K.3 Square root K.4 Test for Not-a-Number K.5 Test for Not-a-Number or infinity K.6 Scale by power of two K.7 Return exponent of floating point number K.8 Unpack floating point value K.9 Negate K.10 Copy sign K.11 Next representable value K.12 Test for orderability K.13 Perform range reduction K.14 Fast multiply by two K.15 Fast divide by two K.16 Round to floating point integer

L Full IEEEfloating point arithmetic L.1 ANSI/IEEEreal arithmetic operations L.2 ANSI/IEEEreal comparison

M Elementary functions

M.1 Logarithm M.2 Base 10 logarithm M.3 Exponential M.4 Xto the power of Y M.5 Sine M.6 Cosine M.7 Tangent M.8 Arcsine

142 142 142 143 143 143 144 145 145 146 146 148 148 148 149 149 149 151 155 155 155 156

Contents

M.9 Arccosine M.10 Arctangent M.11 Polar Angle M.12 Hyperbolic sine M.13 Hyperbolic cosine M.14 Hyperbolic tangent M.15 Pseudo-random numbers

N Value, string conversion routines N.1 Integer, string conversions N.2 Boolean, string conversion N.3 Real, string conversion

O Programming support routines O.1 Rescheduling the processor O.2 Assertion checking

P Changes from occam 2

P.1 Language changes P.2 Manual changes

Q Glossary of terms

R Occam Bibliography

R.1 Books R.2 Conference Proceedings R.3 Journals, etc

Afew words about the language. Afew words about the book. Describes the modifiedBNFused in syntax, and details program formatand annotation.

Describes the basic buildingblocks of programs. Describes howsmallerprocesses maybe combined into larger processes to make programs. Describes data types of integers, bytes, booleans, and reals and literalvalues of these types; also introduces named types, arrays and records. Describes howto declare and abbreviate variables, values, arrays and records. Describes channel types, detailing the declaration of channels, and the definitionof channel protocol and communicationsconformingto it. Describes expressions and tables in , arithmetic and other operators, type conversions, etc. Describes the method of defining names for processes and theirparameters and ofcalling these procedures. Describes value processes, and the naming of value processes as functions and the use of functions in expressions. Describes timer types, detailing the declaration of timers, timerinput,and delayed input. Describes how to reinterpret values and variables as different types or reshaped arrays.

occam

occam

occam oc- cam

Contents overview

Primitiveprocesses

Constructed processes

Data types

Variables and Values

Channels and their protocols

Expressions

Procedures

Functions

Timers

Retypingand reshaping

Preliminaries

Preface Introduction Syntax and program format

The chapters 1 2 3

4 5

6 7

8

9 10

Discusses compilerdirectivesand language extensions that an implementation may add and other implementationdependent features. Discusses the allocationof processes to individual processors, how to give priorityto processes running on a single processor, and how to place elements at absolute locations in memory. Describes how to communicate with memory mapped devices. Describes the rounding modes of the ANSI/IEEE standard. Acheck listofthe rules whichapplyto names used in parallelprocesses and abbreviations. Describes the three error modes for invalid processes. Acomplete listof the keywords,symbols and character set used in . A complete list of the syntax. Each syntactic category is presented in context, and also alphabetically. Lists of the procedures and functions in standard libraries. Describes the routines available for multiplelength arithmetic. Describes the routines available for floating point operations. Describes the routines available for floating point operations. Describes the routines in the elementary function library. Describes the routines to convert between values and strings. Describes routines to help the programmer Enumerates principal language and manual changes. Aglossary of terms used when describing . Alistof other books on . Acomprehensive index

occam occam occam

occam occam

occam occam occam

Implementationdependent features

Configuration

Ports

Roundingerrors

Usage rules check list

Invalidprocesses

Lexicalprogram components

Ordered syntax of

Libraryprocedures and functions Multiplelength integer arithmeticfunctions Floatingpointfunctions

FullIEEEarithmeticfunctions

Elementary functions

Value, string conversion routines Programmingsupport routines Changes from 2

Glossary of terms

bibliography

Contents overview

Appendices A

B

C D E F G H

I J K L M N O P Q R THEINDEX

The programminglanguage is designed to express concurrent algorithmsand their implementation on a networkof processing components.

The 2.1 serves to provide a single reference and definitionof the 2.1 language. The manual describes each aspect of the language, starting withthe most primitivecomponents of an program, and movingon to cover the whole language in detail. The manual is addressed to the wider audience, includingnot only the computer scientist, software engineer and programmer, but also the electronics engineer and system designer. This manual describes the extended version of the language called 2.1 whichwas defined in 1994; ithas undergone extensive revisionsince the original 2 editionof the book published in 1988.

enables an applicationto be described as a collectionof , where the processes execute concurrently, and communicate with each other through . Each process in such an application describes the behaviourofa particularaspect ofthe implementation,and each channel describes a connection between twoprocesses. Thisapproach has twoimportantconsequences. Firstly,itgivesthe programa clearly defined and simplestructure. Secondly, itallowsthe applicationto exploitthe performance ofa system which consists of many parts.

Concurrency and communicationare the prime concepts of the model. captures the hierarchical structure of a system by allowingan interconnected set of processes to be regarded as a unified, single process. At any level of detail, the programmer is only concerned witha small, manageable set of processes.

is an ideal introductionto a number of key methodologies in modern computer science. programs can provide a degree of security unknown in conventional programming languages such as C, FORTRANor Pascal. semantics simplifythe task of program verification,by allowingapplication of mathematical proof techniques to prove the correctness of programs. Transformations, which convert a process fromone formto a directlyequivalent form,can be applied to the source of an program to improveits efficiency in any particularenvironment. makes an ideal language for specification and behavioural description. programs are easily configured onto the hardware of a system or indeed, may specify the hardware of a system.

has a minimalistapproach which avoids unnecessary duplicationof language mechanism, and is named after the 14th century philosopher Williamof Occam who proposed that invented entities should not be duplicated beyond necessity. This propositionhas become knownas “Occam’s razor”.

The programminglanguage arises fromthe concepts founded by DavidMay in EPL (Experimental Programming Language) and Tony Hoare in CSP (CommunicatingSequential Processes). Since its conception in 1982 has been, and continues to be, under development at INMOSLimited,now SGS- THOMSONMicroelectronicsLimitedin the United Kingdom. The development of the INMOStransputer, a familyof devices which place one or more microcomputers on a single chip, has been closely related to , its design and implementation.The transputer reflects the architecturalmodel, and may be considered an machine. However,this manual does not make any assumptions about the hardware implementationof the language or the target system.

is a trademark of SGS-THOMSONMicroelectronics.

occam

occam occam

occam

occam occam

occam

occam occam

occam occam

occam

occam occam occam

occam

occam

occam

occam occam occam

occam

Preface

Reference Manual

processes channels

This manual describes the programminglanguage 2.1. 2.1 is an extension of 2 withnew constructs to support named and structured data types. In particular, 2.1 has mechanisms forthe definitionof such data types, forefficientaccess to theircomponents and forthe constructionof literal values ofthese types. Manyother minorimprovementsto the 2 language described inearliereditions of this manual have also been made in response to the comments of a wide communityof users in many countries. New features are not expliciltynoted as such in the body of the manual, but are summarised in appendix P.

The first editionof this manual was completed during1986 and 1987 in parallelwiththe development of the 2 language at the INMOSMicrocomputerCentre, Bristol,UK.

This revised editionwas prepared in 1994 to support the workon language extensions to define 2.1 by INMOSLimited,now SGS-THOMSONMicroelectronicsGroup Limited,at Bristol.

Inthe rest ofthismanual the name shouldbe understood tomean the extended 2.1 language. When necessary the previous version of the language willbe explicitlyreferred to as 2.

This book is designed primarilyto be used as a reference text for the programminglanguage 2.1. However, the manual should also serve as an introductionto the language for someone witha reasonable understanding of programminglanguages. The primitiveaspects of the language are presented at the start of the manual, withas few forwardreferences as possible. It is therefore possible to read the manual from cover to cover, givingthe reader an insight into the language as a whole. The manual is cross referenced throughout, and a glossary of terms, a bibliographyand a comprehensive index are provided at the end of the manual.

Keywordsand example program fragments appear in a throughout,forexample:

Words whichappear in oftenindicatea syntacticobject,but may also serve to emphasise a need to cross reference and encourage referral to the index. Mathematicalsymbols and names referringto mathematical values use a .

Figure 0.1 Figure conventions

Figures are used in the chapter on constructed processes to illustrate examples. They use the following

occam occam occam occam

occam

occam

occam

occam occam occam

occam

Introduction

roman italic f ont italic

Using this manual

                                      bold program font

-- example program fragment
IF
  occam
    programming := easy

2

conventions: an arrowed line represents a , a round cornered box represents a (referred to here as a ), and a lightercoloured process box combines a number of smaller processes. The conventions are illustratedin figure 0.1.

channel process process box

Introduction

0 1

The syntax of programs is described in a simple metalanguage close to that knownas Backus-Naur Form (BNF)fromits introductionby those authors in the definitionof Algol60.Syntax is described in terms of a set of each defining the meaning of a syntactic category (or ) in terms of a sequence composed of literallanguage elements ( ) and furthersyntactic categories. The names used forsyntactic categories are made up of lowercase letters and dots and are always printedin an font. As an example, the followingshows the syntax of the syntactic category , discussed on page 5:

This means “An assignment is a followedby the symbol , followedby an ”. Where two or more characters in appear adjacent in a production, e.g. or , they comprise a or a . Symbols and keywords are lexicalunits and may not contain embedded spaces (see appendix G).

Averticalbar ( ) means “or”,so forexample:

is the same as:

The meaning of this syntax is “A specification is a , a , or an ”.

The writtenstructure of programs is specified by the syntax. Each statement in an program normallyoccupies a single line,and the indentationof each statement formsan intrinsicpart of the syntax of the language. The followingexample shows the syntax for discussed on page 9:

The syntax here means “A sequence is the keyword followedby zero or more processes, each on a separate line, and indented two spaces beyond ”. Instead of BNF’srecursive definitions, curlybrackets and are used to indicate that a syntactic object may occur a number of times. There are two styles.

means, “zero or more processes, each on a separate line”. , means “A list of zero or more expressions, separated by commas”, and , means “A list of one or more expressions, separated by commas”.

It is important to note that spaces at the start of a line are significant as they define the indentation which determines program structure. Afterthe first visiblelexicalunit, arbitrarynumbers of additionalspaces may be added between units to improve readability. Leading spaces in groups of 8 may be replaced by TAB characters.

Syntactic rules must always be considered in conjunctionwithrelevant semantic rules whichare given informallyin words followingeach group of productions. For example the productionabove defining is qualifiedby a semantic rule stating that the data types ofthe expression being assigned and ofthe variable must be the same.

A complete summary of the lexical units and syntax of the language is given in appendices (starting on page 102). This summary refers back to the pages where supporting semantic rules are given.

occam

occam occam

Syntax and program format

{ }

{ } { } { } { } productions non-terminalsymbol terminalsymbols

italic assignment

assignment variable expression

production variable expression

symbol keyword

specification definition declaration abbreviation

specification definition specification declaration specification abbreviation

definition declaration abbreviation

sequence

sequence process

process expression expression

assignment

Syntactic notation

=

=

= = =

=

                     :=

                                             :=
               program font := SEQ

|

           |
           |

              SEQ

                             SEQ
                         SEQ

                                               ,
                                   ,

4

The syntax of presented in this manual includes definitions of some syntactic categories that may be more convenientlyhandled by lexicalanalysis. An implementationis free to choose its own distinction between lexicaland syntactic analysis as long as the overall effect is to accept all programs specified by this manual and to reject all illegalones withappropriate error messages.

Along statement may be broken immediatelyafter one of the following:

an operator e.g. etc.. (see page 58) a comma a semi-colon assignment one of the keywords , , , or

Astatement can be broken over several lines providingthe continuationis indented at least as much as the first line of the statement.

As the formatof programs is significant,there are a number of rules concerning how programs are annotated. A comment is introduced by a double dash symbol ( ), and extends to the end of the line. Consider the followingsequence:

Comments may not be indented less than a legal followingstatement, i.e. a statement conformingthe syntax and the supporting semantic rules.

A sequence of three dots is used in this manual to indicate any source code whose contents are not of importance to the reader at this point.

Names used in programs must begin withan alphabetic character. Names consist of a sequence of alphanumeric characters and dots. There is no length restriction. is sensitive to the case of names, e.g. is considered different from . Withthe exception of the names of channel protocolsand user-defined types, names in the examples presented in this manual are usually all lower case. However, the followingare all legal names in :

Allkeywords are upper case (e.g. ), possibly withdigits(e.g. ). Allkeywords are reserved, and thus may not be used by the programmer. A fulllist of the keywords appears on page 102. The names of libraryroutines are given in the appendix starting on page 116; these are not reserved but should only be reused ifnew routines forthe same purpose are being defined.

occam

occam

occam

occam

occam

occam

occam occam

occam

legal

Syntax and program format

Continuation lines

The annotation of programs

Names and keywords used in programs

                               +, -, *, /, REM,
                            ,
                            ;
                            :=
                            FROM FOR IS RETYPES RESHAPES

                                              --

SEQ
  -- This example illustrates the use of comments
  -- A comment may not be indented less than
     -- the following statement
  ...
  SEQ -- A sequence
    ...

                ...

     Say say

                       PACKETS transputer
                       vector6 terminal.in
                       LinkOut terminalOut
                       NOT.A.NUMBER dotty..

                      SEQ REAL64

1 1

programs are builtfromprocesses. The simplest process in an program is an . An action is either an , an or an . Consider the followingexample:

This simple example is an , whichassigns the value of the expression to the variable . The syntax of an assignment is:

The on the leftof the assignment symbol ( ) is assigned the value of the on the right of the symbol. The value of the expression must be of the same as the variable to whichitis to be assigned; otherwise the assignment is not legal.

Variables are discussed on page 35, data types are discussed on page 25, and expressions on page 57.

A assigns values to several variables, as illustratedin the followingexample:

This assignment assigns the values of , and to the variables , and respectively. The expressions on the rightofthe assignment are evaluated, and the assignments are then performedinparallel. Consider the followingexample:

The effect of this multipleassignment is to swap the values of the variables and .

The syntax of multipleassignment extends the syntax forassignment:

A list of expressions appearing to the rightof the assignment symbol ( ) is evaluated in parallel, and then each value is assigned (inparallel)to the corresponding variable of the listto the leftof the symbol.

The expression on the rightof the assignment symbol( ) may be a functioninstance, or a value process in parentheses.

Aninstance ofa function,or a value process, withmultipleresults can also be an expression listin a multiple assignment. It may not be any combinationof these three. Value processes and functionsare discussed in chapter 8 starting on page 75, where examples of such multipleassignments are given.

The rules which govern the names used in the variable list of a multipleassignment followfrom those for names used inparallelconstructions(see page 16). Practically,this means that no variablemay appear twice on the lefthand side of a multipleassignment, nor may any variable in a such a variable list also appear in an expression (page 37) whichselects a component froman array or defines a segment of an array used in the variable list.

occam occam

1 Primitiveprocesses

{ } { } action assignment input output

assignment

assignment variable expression

variable expression data type

multipleassignment

assignment variable.list expression.list

variable.list variable

expression.list expression

1.1 Assignment

=

= = = x := y + 2

                                                          y + 2 x

                            :=

                                   :=

a, b, c := x, y + 1, z + 2

                          x y + 1 z + 2 a b c

x, y := y, x

                                                     x y

                               :=

                        ,

                        ,

                                                 :=

                                     :=

6

Communicationis an essential part of programming. Values are passed between concurrent processes by communicationon . Each channel provides unbuffered, unidirectionalpoint-to-pointcom-municationbetween twoconcurrent processes. The formatand ofcommunicationon a channel is specified by a referenced in the of the channel. Channel protocols are discussed in section 5.4, and channel declarations are discussed on page 45.

Two exist in whichperformcommunicationon a channel. They are: and .

An receives a value froma and assigns the received value to a . Consider the following example:

This simple example receives a value from the channel named and assigns the value to the variable . The inputwaits untila value is received.

The syntax of an inputis:

Aninput receives a value fromthe channel on the leftof the input symbol ( ), and assigns that value to the variableon the rightofthe symbol. The value inputmust conformto the channel protocoland be ofthe same as the variable to whichitis assigned, otherwise the inputis not legal. Variables are discussed on page 35, and data types are discussed on page 25.

An transmits the value of an to a . Consider the followingexample:

This simple example transmits the value of the variable to the channel named . The output waits untilthe value has been received by a corresponding inputon the same channel.

The syntax of an output is:

An output transmits the value of the expression on the rightof the output symbol ( ) to the channel named on the leftof the symbol. The value output must conformto the channel protocol,otherwise the output is not valid.

Variables are discussed on page 35 and expressions on page 57.

occam

occam

channels type channel protocol declaration

actions input output

input channel variable

input channel variable

data type

output expression channel

output channel expression

1 Primitive processes

1.2.1 Input

1.2.2 Output

1.2 Communication

=

= keyboard ? char

                                              keyboard
  char

                            ?

                                                    ?

screen ! char

                                       char screen

                            !

                                                          !

7

The primitiveprocess starts, performs no action and terminates.

The primitiveprocess starts, performs no action and never terminates.

To explain how behaves, consider the following (sequences are introduced on page 9):

This sequence executes the input , then executes , whichperforms no action. The sequence continues, and the output is executed.

The behaviour of is illustratedby the followingsequence:

This sequence performs the input as before, then executes , which starts but does not terminate and so does not allowthe sequence to continue. The output is never executed.

programs whichare syntacticallylegal (page 4) but for some reason or under some circumstances are semantically are said to behave likethe process (see also appendix F). The word should normallybe assumed to have this meaning in this manual. Note that allvalidconstructs are legal, but that all legal constructs are not valid.

occam

sequence

invalid invalid

1.3 and

1.3 and

SKIP STOP

             SKIP

             STOP

        SKIP

SEQ
  keyboard ? char
  SKIP
  screen ! char

                      keyboard ? char SKIP
                       screen ! char

         STOP

SEQ
  keyboard ? char
  STOP
  screen ! char

                       keyboard ? char STOP
                                                         screen ! char

                                          STOP

   SKIP STOP

8 1 Primitive processes

programs are builtfromprocesses. Primitiveprocesses are described inthe previouschapter. Larger processes are builtby combiningsmaller processes in a . Aconstructionbuildsa process ofone of the followingkinds:

sequence conditional selection loop

parallel alternation

A sequential process is builtby combiningprocesses in a sequence, conditionalor selection construction. A loop is builtby combiningprocesses in a loop. Concurrent processes are builtwithparallel and alternation constructions, and communicate by inputs and outputs using channels.

The constructions , , and can all be . A replicated construction the constructed , or a specified number oftimes. The applicationofreplicationto each of these constructions is given in the followingsections.

A sequence combines processes into a construction in which one process followsanother. Consider the followingexample:

This process combines two processes which are performed sequentially. The input receives a value which is assigned to the variable , then the followingoutput is performed.

Programs are built by constructing larger processes from smaller ones. Thus a construction may contain other constructions, as shown in the followingexample:

This simple example combines five processes, and suggests how embedded sequences may be used to show the hierarchicalstructure ofa program. Embeddingconstructions ofthe same kindhas no effect on the behaviour of the process. This example is equivalent to the following:

The syntax fora sequence is:

occam

2 Constructed processes

{ } construction

replicated replicates process choice alternative

sequence process

2.1 Sequence

=

                             SEQ
                             IF
                             CASE
                             WHILE

                             PAR
                             ALT

                              WHILE

          SEQ IF PAR ALT

SEQ
  keyboard ? char
  screen ! char
                                                              keyboard ? char
                                    char screen ! char

SEQ
  SEQ
    screen ! ’?’
    keyboard ? char
  SEQ
    screen ! char
    screen ! cr
    screen ! lf

SEQ
  screen ! ’?’
  keyboard ? char
  screen ! char
  screen ! cr
  screen ! lf

                      SEQ

10

The keyword is followedby zero or more processes at an indentationof two spaces.

A sequence can be to produce a number of similarprocesses whichare performed in sequence. Areplicated sequence is used for a counted loop in whichthe number of repetitions is knownat the start of the loop. This type of loop should be contrasted withthe loop described below (page 14) which is terminated onlywhen a certain conditionbecomes false. Consider the following:

This example uses an ; arrays are explained later in the manual (page 30). The process performs the output the number of times specified by the value of . The initial value of the is the value of the base (inthis case 0). The replicationindex is incremented by 1 after each execution of the output. If has the value 2, the example can be expanded to show the effect of the replicationas follows:

Consider the followingexample in whichthe base value is 14:

This example may also be expanded to show the value of the index foreach replication,as follows:

Arraysmay also be communicated in a single output (see page 47).

The syntax fora replicated sequence extends the syntax forsequences:

The keyword and a replicatorare followedby a process whichis indented two spaces. The replicator appears to the rightof the keyword . The replicatorspecifies a name for the index (i.e. the name does not need to be declared elsewhere). The value of the index for the first replicationis the value of the expression, and the number of times the process is replicated is the value of the expression at the start of the sequence.

The index may be used in expressions but cannot be changed by an input or assignment. The index has a value of . The base and count expressions must also be of data type . Data types (page 25) are explained later in the the manual. Ifthe count expression has a negative value the process is . See appendix F, page 101 for an explanation of how behave. If the value of the count expression is zero, the replicated sequence behaves like the primitiveprocess (page 7) and does nothing.

replicated

array

replicationindex

sequence replicator process

replicator name base count base expression

count expression

base count

type invalid invalidprocesses

2 Constructed processes

2.1.1 Replicated sequence

= = = =

      SEQ

                                        WHILE

SEQ i = 0 FOR array.size
  stream ! data.array[i]

 stream ! data.array[i] array.size
                  i
                            array.size

SEQ
  stream ! data.array[0]
  stream ! data.array[1]

SEQ i = 14 FOR 2
  stream ! data.array[i]

SEQ
  stream ! data.array[14]
  stream ! data.array[15]

                      SEQ

                           = FOR

      SEQ
                       SEQ

       INT INT

                                                         SKIP

11

A conditionalcombines a number of processes each of which is guarded by a boolean expression. The conditionalevaluates the boolean expressions in sequence; ifa boolean expression is found to be true the associated process is performed, and the conditionalterminates. Ifnone of the boolean expressions is true the conditionalbehaves likethe primitiveprocess (page 7), forexample:

Consider this example indetail: if is true, the associated process is performed,however ifthe expression is false, the next boolean expression is evaluated. If is true, then the associated process is performed. In this example, one of the boolean expressions must be true. However,consider the next example:

This conditionalhas a single component. Ifthe expression is false then the conditionalwillbehave likethe primitiveprocess (page 7). It is often convenient to use a formof conditionalwhere the final choice is guaranteed to be performed, as illustratedby the followingexample:

The expressions and willeach be either true or false. The final expression uses the boolean constant whichis always true, and acts as a catch-allwhichcauses the associated process to be performedifnone of the previous boolean expressions is true. In this context may be read as “otherwise”.

The syntax fora conditionalis:

The keyword is followedby zero or more choices, indented two spaces. A choice is either a choice or another conditional.Aguarded choice is a boolean expression followedby a process, indented two spaces.

Achoice whichis itselfa conditionalhas the same behaviour if“expanded” in a similarway to the embedded sequences shown earlier (page 9). Consider the followingexample:

{ } conditional choice

choice guarded.choice conditional guarded.choice boolean process

boolean expression

guarded

2.2 Conditional

2.2 Conditional

= = = =

                                 STOP

IF
  x < y
    x := x + 1
  x >= y
    SKIP

                     x < y x := x + 1
         x < y x >= y x >= y
              SKIP

IF
  x < y
    x := x + 1

                                         x < y
               STOP

IF
  x > y
    order := gt
  x < y
    order := lt
  TRUE
    order := eq

         x > y x < y
   TRUE
                                                   TRUE

                      IF

                   |

      IF

IF
  IF
    x > y
      x := x + 1
  TRUE
    SKIP

12

This has the same effect as:

Boolean expressions (page 63) are discussed later in the manual.

Aconditionalmay also be replicated, just as a sequence may (page 10). Areplicatedconditionalconstructs a number of similarchoices. In a replicated conditionaleach choice may be guarded by a boolean expression involvingthe replicationindex. The followingexample compares the two strings and :

The first choice inthis example is a replicated conditional.Thishas created a number ofsimilarchoices each guarded by a boolean expression comparing components of the array and the array . The replicationmay be expanded to show its meaning. If has the value 2, this example has the same effect as:

The syntax forthe replicated conditionalis:

The keyword and a replicator are followedby a choice which is indented two spaces. The replicator appears to the rightof the keyword . The replicatorspecifies a name forthe index. The value of the index for the first replicationis the value of the expression, and the number of times the choice is replicated is the value of the expression.

The index may be used in expressions but cannot be changed by an input or assignment. The index has a value of . The base and count expressions must also be of data type . Data types (page 25) are explained later in the manual. Ifthe count expression has a negative value the process is . See appendixF, page 101 foran explanationofhow behave. Ifthe value ofthe count expression is zero, the replicated conditionalbehaves likea conditionalwithno true conditions.

or

conditional replicator choice replicator name base count base expression

count expression

base count

type invalid invalidprocesses

2 Constructed processes

2.2.1 Replicated conditional

= = = =

 IF
   x > y
     x := x + 1
   TRUE
     SKIP

                                                         string object

 IF
   IF i = 1 FOR length
     string[i] <> object[i]
       found := FALSE
   TRUE
     found := TRUE

                                                  string object
                                     length

IF
  IF
    string[1] <> object[1]
      found := FALSE
    string[2] <> object[2]
      found := FALSE
  TRUE
    found := TRUE

                                           IF
                                             string[1] <> object[1]
                                               found := FALSE
                                             string[2] <> object[2]
                                               found := FALSE
                                             TRUE
                                               found := TRUE

                       IF

                            = FOR

       IF
                       IF

       INT INT

1

13

A selection combines a number of , one of which is selected by matching the value of a withthe value of a constant expression (called a ) associated withthe option. Consider the followingexample:

In this example the value of is compared to the value of the case expressions and . If has a value equal to then is performed; if has a value equal to then is performed;however ifno match is found, the selection behaves likethe primitive process (page 7). Several case expressions may be associated witha single option,forexample:

If has the value , , , , or , then the variable is assigned the value , otherwise the selection behaves like the primitiveprocess . Here it is useful to use a special form of selection where one of the is guaranteed to be performed, as illustratedbelow:

The process associated with in a selection willbe performedifnone ofthe case expressions match the selector.

The syntax fora selection is:

The keyword is followedby a expression and then by zero or more , indented two spaces. An option starts witheither a list of case expressions or the keyword . This is followedby a process, indented two spaces. Allcase expressions used in a selection must have distinctconstant values (i.e. each must be a different value fromthe other expressions used). The selector and the case expressions must be the same data type, which may be either an integer, byte or boolean data type. A selection can have onlyone option.

Constant case expressions may be given a name in an (page 43). Data types (page 25) and expressions (page 57) are also discussed later.

{ } { } options selector case expression

options

selection selector option

option case.expression process

process

selector expression

case.expression expression

selector options

abbreviation

2.3 Selection

2.3 Selection

= =

= =

    CASE direction
      up
        x := x + 1
      down
        x := x - 1

                     direction up down
direction up x := x + 1 direction
down x := x - 1
      STOP

    CASE letter
      ’a’, ’e’, ’i’, ’o’, ’u’
        vowel := TRUE

 letter ’a’ ’e’ ’i’ ’o’ ’u’ vowel TRUE
                                            STOP

    CASE letter
      ’a’, ’e’, ’i’, ’o’, ’u’
        vowel := TRUE
      ELSE
        vowel := FALSE

                      ELSE

                          CASE

                            ,

                       | ELSE

           CASE
                                                            ELSE

           ELSE

14

A loop repeats a process while an associated is true. Consider the following example:

This loop repeatedly copies a value fromthe channel to the channel . The copying continues while the boolean expression is true. The sequence is not performed ifthe boolean expression is initiallyfalse.

To furtherillustratehow processes combine, consider the followingprocess:

Thisexample searches the array fora character ( ). Note howthe process is builtfromprimitive processes and constructions. Infactthiskindofbounded search is better writtenusing a replicatedconditional (page 12) as follows:

The syntax fora loop is:

The keyword and a boolean expression are followedby a process whichis indented twospaces. The boolean expression appears to the rightof the keyword .

boolean expression

loop boolean process

boolean expression

2 Constructed processes

2.4 loop

= =

WHILE

  WHILE buffer <> eof
    SEQ
      in ? buffer
      out ! buffer

                                       in out
                buffer <> eof

  SEQ
    -- initialise variables
    pointer := 0
    finished := FALSE
    found := FALSE
    -- search until found or end of string
    WHILE NOT finished
      IF
        string[pointer] <> char
          IF
            pointer < end.of.string
              pointer := pointer + 1
            pointer = end.of.string
              finished := TRUE
        string[pointer] = char
          SEQ
            found := TRUE
            finished := TRUE

                       string char

  IF
    IF i = 0 FOR string.size
      string[i] = char
        found := TRUE
    TRUE
      found := FALSE

                        WHILE

        WHILE
                                        WHILE

     WHILE

15

Aparallelcombines a number of processes whichare performed concurrently. Consider the followingexample:

This parallel combines instances of three named processes (known as procedures, page 69), which are performedtogether. They start together and the parallelterminates when allthree combined processes have terminated. The editorand keyboard process communicateusing channel ; the screen and editor communicate using channel .

Figure 2.1 Communicatingconcurrent processes

Values are passed between concurrent processes by communication on (page 45) using input and output (page 6). Each channel provides unbuffered unidirectionalpoint-to-pointcommunicationbetween two concurrent processes. Figure 2.1 illustrates the channels connecting the three processes in the above example.

The example above shows the parallelbeingused totietogether the majorcomponents ofa system. However, a parallel may also be used simplyto allowcommunicationand computation to proceed together, as in the followingexample:

The parallelin this example inputs the next value to be processed fromone channel whilethe previous value is being processed and used in an output on another.

The syntax of a parallelis similarto that of a sequence:

The keyword is followedby zero or more processes at an indentationof two spaces.

Notethat changingthe order ofthe processes combinedina paralleldoes notchange the effectofthat parallel. Parallels maybe nested toformthe hierarchicalstructure ofa program. The behaviourofthe followingprocess

{ } channels

parallel process

2.5 Parallel

2.5 Parallel

=

PAR
  keyboard (kbd.to.ed)
  editor (kbd.to.ed, ed.to.screen)
  screen (ed.to.screen)

                                                   kbd.to.ed
                 ed.to.screen

WHILE next <> eof
  SEQ
    x := next
    PAR
      in ? next
      out ! x * x

                      PAR

      PAR

16

is the same as the earlier example, and is reflected in the use of nested boxes in Figure 2.1:

Writinga parallel like this helps later in program development when a program must be to its environment(when its processes are allocated to physical processors). See appendix B.

A parallel construction whichspecifies a priorityof execution on a single processing device able to perform several tasks (i.e. a multi-taskingprocessor) is described in appendix B.2.1, page 94.

In variables and channels used inparallels are subject to usage rules whichprevent them frombeing accidentallyshared between processes in potentiallydangerous ways.

Parallel processes whichshare channels (page 45) and variables (page 35) can be subtlydependent on the way in whichparallel compositionis implemented. For instance, a variable whichis writtenby one process and read by another depends upon the scheduling of the processes to ensure that the variable is not read before it has been written. The scheduling can be affected by events outside the control of the processes and can differ between implementations. This means that errors in the program can become apparent on rare occasions and are therefore difficultto repeat. The followingusage rules ensure that such errors cannot happen.

Variables whichare changed by inputor assignment in one of the processes of a parallelmay not be used in expressions or for assignment in any other process in the parallel. A variable may appear in expressions in any number ofcomponents ofa parallelso longas itis not assigned inany parallelcomponent. The following process, forexample, is INVALID:

This process is invalidbecause it assigns to the variable in the assignment in the first component of the paralleland also in the input in the second component.

A channel may not be used for input in more than one component of a parallel and may not be used for output in more than one other component of the parallel. The followingprocess, forexample, is INVALID:

This process is invalidbecause it uses the channel foroutput in more than one parallelcomponent.

Acheck listof the usage rules whichapply to parallelprocesses is given in appendix E.

Aparallel can be replicated, in the same way as sequences and conditionalsdescribed earlier. Areplicated parallelconstructs a number of similarconcurrent processes, as shown in the followingexample:

occam

configured

2 Constructed processes

2.5.1 Restrictions on parallel use of variables and channels

2.5.2 Replicated parallel

PAR
  editor (kbd.to.ed, ed.to.screen)
  PAR
    keyboard (kbd.to.ed)
    screen (ed.to.screen)

PAR -- this parallel is INVALID!
  SEQ
    mice := 42 -- the variable mice is assigned . .
    c ! 42
  c ? mice -- . . in more than one parallel component

                                        mice mice := 42
                               c ? mice

PAR -- this parallel is INVALID!
  c ! 0 -- the channel c is used for output . .
  SEQ
    c ? x
    c ? y
  c ! 1 -- . . in more than one parallel component

                                   c

PAR i = 3 FOR 4
  user[i] ! message

17

This replicationperforms the fouroutputs concurrently,and is equivalent to

Nowconsider the followingexample:

Figure 2.2 Afarm of parallelprocesses

The replicated parallel in this example starts 4 processes, each an instance of the procedure , and terminates when all four processes are finished. Figure 2.2 shows the structure of this process, which is elaborated upon in the followingsection. Implementationsof usuallyrequire that, unlikein sequence and conditionalreplications, the value (here 4) must be constant. The procedure takes a single (page 69), foreach (page 69) of the procedure the value of the index is passed. Expanding the replicationshows that the above example is equivalent to the following:

The syntax of a replicated parallelis similarto that of the replicated sequence shown earlier in the manual:

The keyword and a replicatorare followedby a process, indented two spaces. The replicatorappears to the rightof the keyword . The replicatorspecifies a name forthe index. The value of the index forthe

occam

count parameter instance

parallel replicator process

replicator name base count base expression

count expression

2.5 Parallel

= = = =

PAR
  user[3] ! message
  user[4] ! message
  user[5] ! message
  user[6] ! message

PAR
  farmer ()
  PAR i = 0 FOR 4
    worker (i)

                                                                   worker

                                                                worker
                                                                    i

PAR
  farmer ()
  PAR
    worker (0)
    worker (1)
    worker (2)
    worker (3)

                      PAR

                           = FOR

      PAR
                PAR

18

first replicationis the value of the base expression, and the number of times the process is replicated is the value of the count expression.

The index may be used in expressions but cannot be changed by an input or assignment. The index has a value of . The base and count expressions must also be of data type . Data types (page 25) are explained later in the manual. If the count expression has a negative value the process is . See appendix F, page 101, for an explanation of how behave. If the value of the count expression is zero, the replicatedparallelbehaves likethe primitiveprocess (page 7) and does nothing.

type invalid invalidprocesses

2 Constructed processes

INT INT

                                              SKIP

19

An alternation combines a number of processes, only one of which is executed. Each of the combined processes is guarded by a guard whichmay or may not be ready to proceed. Examples of such guards are inputs on channels and delayed inputs on timer channels (page 82). The alternation performs the process associated witha guard whichis ready. Consider the followingexample:

The effect of this process, ifused in a loop, wouldbe to merge the input fromthe two channels and , on to the channel . The alternation (illustratedin figure 2.3) receives an input from either channel or channel . A ready input is selected, and the associated process is performed. An input is ready ifa process running in parallel has executed the corresponding output on the same channel and is unable to proceed untilthis communicationhas completed. Consider this example in detail. If the channel is ready, and the channel is not ready, then the input is selected. If the channel is ready, and the channel is not ready, then the input is selected. Ifneither channel is ready then the alternation waits untilan input becomes ready. Ifboth inputs are ready, onlyone of the inputs and its associated process are performed;the language does not define whichone.

Figure 2.3 Mergingthe flowof data

Aboolean expression may be included in a guard of an alternation to selectivelyexclude guards frombeing considered ready, as shown in the followingexample:

This alternation places the (page 35) before the first input using the operator. If is true, the inputis includedforconsideration by the alternation. If boolean variable

2.6 Alternation

2.6 Alternation

    ALT
      left ? packet
        stream ! packet
      right ? packet
        stream ! packet

                                                                         left
right stream
      left right

      left right left ? packet
         right left right ? packet

    ALT
      left.enabled & left ? packet
        stream ! packet
      right ? packet
        stream ! packet

                                         left.enabled &
       left.enabled left.enabled

20

is false, the inputis excluded. To clarifythis behaviour, consider the followingexample:

Figure 2.4 Regulatingthe flowof data

This is an example (part of the farmer process first illustratedin figure 2.2 and fullyillustratedin figure 2.4) of a process whichregulates the flowof workinto a processor . Aprocessor farm can be thought of as a number of machines ( ), each able to performsome task and output a result. The above example controls the amount of work (as packets of data) given to a farm which consists of a network of worker processes. Work may be received by the input , but is only accepted if a workeris idle(i.e. ). As a packet ofworkis sent to the farm,the counter is decremented to indicate the number of worker processes which are idle. The worker processes are sent work on the channel (see figure 2.4), and the variable is decremented to keep a count of the idle machines in the farm.

farm workerprocesses

2 Constructed processes

-- Regulator:
-- regulate flow of work into a networked farm
SEQ
  idle := processors
  WHILE running
    ALT
      from.workers ? result
        SEQ
          reg.to.gen ! result
          idle := idle + 1
      (idle >= 1) & gen.to.reg ? packet
        SEQ
          to.workers ! packet
          idle := idle - 1

                                      gen.to.reg ? packet
          (idle >= 1) idle

   to.workers idle

21

The syntax foralternation is:

The keyword is followedby zero or more , indented two spaces. An alternative is either a alternative or another alternation. A guarded alternative is a followedby a process on the followinglineundented twospaces. Aguard is an input,or a boolean expression to the leftofan ampersand ( ) with an input or on the right. can take the place of an input in a guard which includes a boolean expression, as shown in the followingexample:

Ifthe boolean is true then is treated as though it where a ready input, and may be selected immediately. Ifthe input is also ready, only one of the processes is performed; whichprocess willbe performed is undefined.

Analternation withno component alternatives behaves as .

Alternationwithpriorityselection is explained on page 23. , explained on page 82, willdelay before they become ready, and may be used in guards wherever an inputmay be used.

Inputs (page 6) and (page 7) are discussed in chapter 1. Expressions (page 57) are discussed later in the manual. Details of boolean expressions are given on page 63.

Analternation can be replicated in the same way as sequences, conditionalsand parallels described earlier in the manual. Areplicated alternation constructs a number of similaralternatives. The alternation performs a single process whichis associated witha ready guard. Consider the followingexample:

This example presents an alternate version of the process discussed in the previous section and is illustratedinfigure2.5. Thisversionalso regulates the flowofworkintothe farm,butdoes so bymaintainingan array of booleans ( ) whichindicate when a workeris busy. This version of the farmer process is most suitable where several worker processes in the farm are able to input directlyfrom the process.

{ } alternation alternative

alternative guarded.alternative alternation guarded.alternative guard process

guard input boolean input boolean

alternatives guarded guard

Delayed inputs

2.6 Alternation

2.6.1 Replicated alternation

= = = =

                         ALT

                      |

                      | &
                      | & SKIP

          ALT

& SKIP SKIP

   ALT
     in ? data
       out ! data
     monday & SKIP
       out ! no.data

          monday SKIP
                  in ? data

                                           STOP

               SKIP

   ALT
     ALT i = 0 FOR number.of.workers
       free.worker[i] & gen.to.reg ? packet
         SEQ
           to.workers[i] ! packet
           free.worker[i] := FALSE

     ALT i = 0 FOR number.of.workers
       from.workers[i] ? result
         SEQ
           reg.to.gen ! result
           free.worker[i] := TRUE

                                            farmer

              free.worker

22

Figure 2.5 Atree structured farm of parallelprocesses

Work packets are input on the channel and distributedto an array of workerprocesses. The completed result is returned to the farmerprocess via the channels . Consider first the upper halfofthis alternation. Each alternativeis guarded by a boolean (whichhas the value true ifthe workerprocess is idle),and an input whichinputspackets ofwork. Aselected component ofthis replicationwill,after completingthe inputofa packet, performthe output (i.e. pass workto an idle workerprocess), and then set the boolean to false, indicatingthe workeris no longer idle.

Now consider the lower half of this example, which handles the results returning from worker processes. Each component of the replicationis guarded by an input which receives results froma workerprocess. A selected component of this replicationwill,after completingthe input from the workerprocess, performthe output (i.e. pass the result back to the generator process whichsent the work),and reset the boolean to true to indicatethe workeris nowidle.

Anumber ofthese farmerprocesses inparallelcan forma tree ofworkerprocesses (see figure 2.5), enabling large and effectivefarms to be built.

2 Constructed processes

                              gen.to.reg
                                                  from.workers
                                                free.worker[i]
                               gen.to.reg ? packet
                                                                    to.workers[i]
! packet free.worker[i]

                                             from.workers[i] ? result

                              reg.to.gen ! result
                                       free.worker

23

If has the value 2, the example has the same effect as:

As for the earlier descriptions of replication,the value of the index for the first replicationis the value of the base expression, and the number of replications is the value of the count expression. The syntax for the replicated alternation is:

The keyword and a replicatorare followedby an alternativewhichis indented twospaces. The replicator appears to the rightof the keyword . The replicatorspecifies a name forthe index.

The index may be used in expressions but cannot be changed by an input or assignment. The index has a value of . The base and count expressions must also be of data type . Data types (page 25) are explained later in the manual. Ifthe count expression has a negative value the process is . See appendixF, page 101 foran explanationofhow behave. Ifthe value ofthe count expression is zero, the replicated alternation behaves likean alternation withno alternatives that can proceed.

The inputs whichguard alternatives in an alternationmay be given a selection priority.Priorityis determined by textualorder, the alternativeappearing first havingthe highest priorityforselection. Consider the following example:

This priorityalternation willinput values from the channel in preference to inputs from the channel . Ifboth channels and become ready then willbe selected as it has the highest priority.

alternation replicator alternative replicator name base count base expression

count expression

type invalid invalidprocesses

2.6 Alternation

2.6.2 Priority alternation

= = = =

 number.of.workers

    ALT
      ALT
        free.worker[0] & gen.to.reg ? packet
          SEQ
            to.workers[0] ! packet
            free.worker[0] := FALSE
        free.worker[1] & gen.to.reg ? packet
          SEQ
            to.workers[1] ! packet
            free.worker[1] := FALSE

      ALT
        from.workers[0] ? result
          SEQ
            reg.to.gen ! result
            free.worker[0] := TRUE
        from.workers[1] ? result
          SEQ
            reg.to.gen ! result
            free.worker[1] := TRUE

                          ALT

                               = FOR

          ALT
                           ALT

           INT INT

    PRI ALT
      disk ? block
        d ()
      keyboard ? char
        k ()

                                             disk
keyboard disk keyboard disk

24

Consider the followingexample:

This process inputs if an input from is ready, and performs the process . Otherwise if the boolean is true the process is performed.

An alternative guarded by is always ready and so can only usefullyappear withina priority alternation after all other alternatives.

The syntax forpriorityalternation is:

The keywords are followedby zero or more alternatives at an indentation of two spaces. The alternative may be replicated.

The constructs introduced in this chapter and the previous chapter are all kinds of process. The following tabulationpresents the syntax ofan process. Thissyntax is extended in later chapters where further kinds of process are introduced, (see pages 41, 52 and 73):

occam

{ } alternation alternative

replicator alternative

process assignment input output

sequence conditional selection loop parallel alternation

2 Constructed processes

2.7 Processes

=

=

PRI ALT
  stream ? data
    P ()
  busy & SKIP
    Q ()

           data stream P
  busy Q

                TRUE & SKIP

                      PRI ALT

                   | PRI ALT

       PRI ALT

                   |
                   |
                   | SKIP
                   | STOP
                   |
                   |
                   |
                   |
                   |
                   |

31 31

63 63

( 127) 126

( 1023)

1022

programs act upon , and . Avariable has a value, and may be assigned a value in an or . Channels communicate values. Timers produce a value whichrepresents time.

This chapter describes the of values and variables and literalrepresentations of known values. Channels are discussed on page 45, and timers are discussed on page 81.

Values are classified by their . A data type determines the set of values that may be taken by objects of that type and the set of operators whichmay be applied to objects of that type.

These are the primitivedata types builtinto :

Boolean values true and false. Aboolean type. Integer values from0 to 255. Abyte type. Signed integer values represented in twos complement form using the word size most efficientlyprovidedby the implementation.Aninteger type. Signed integer values in the range 32768 to 32767, represented in twos complement form using 16 bits. Aninteger type.

Signed integer values in the range 2 to (2 1), represented in twos complement form using 32 bits. Aninteger type.

Signed integer values in the range 2 to (2 1), represented in twos complement form using 64 bits. Aninteger type. Floatingpointnumbers stored using a sign bit,8 bitexponent and 23 bitfractioninANSI/IEEE Standard 754-1985 representation. The value is positive if the sign bit is 0, negative if the sign bit is 1. Areal type. The magnitude of the value is:

(2 ) 1 if0 and 255 (2 ) 0 if = 0 and = 0 0 if = 0 and = 0

Floatingpointnumbers stored usinga signbit,11 bitexponent and 52 bitfractioninANSI/IEEE Standard 754-1985 representation. The value is positive if the sign bit is 0, negative if the sign bit is 1. Areal type. The magnitude of the value is:

(2 ) 1 if0 and 2047 (2 ) 0 if = 0 and = 0 0 if = 0 and = 0

Asthe above listshows, allsigned integer values are represented intwos complementformusing the number of bits indicated by the type. Allreal values are represented according to the representation specified by the ANSI/IEEEstandard 754-1985, forbinaryfloating-pointarithmetic.

Aprimitivetype is either a real type, an integer type, a byte type or a boolean type. These properties oftypes determine whichoperators may legallybe applied to them, except in the cases where an operator is defined to apply to an operand of onlyone type such as .

occam

occam

3 Data types

exponent

exponent

− −

− −

.f raction < exponent exponent < .f raction exponent f raction exponent f raction

.f raction < exponent exponent < .f raction exponent f raction exponent f raction

− − − − −

∗ ∗

∗ ∗ variables channels timers assignment input

data type

data type

3.1 Primitive data types

BOOL
BYTE
INT

INT16

INT32

INT64

REAL32

REAL64

                                   INT

26

Objects whichhave values in have one of the followingforms:

Literals Textual representation of knownvalues Constants Symbolicnames whichhave a constant value Variables Symbolicnames whichhave a value, and may receive a new value by inputor assignment Index Replicationindex value

A literalis a known value ( , , , , etc). A variable has a value of a specified type, and may receive a new value inan inputor assignment. Names witha constant value are specified by an (page 43). (page 57) and (page 75) also have a data type and value. The name specified as the index of a replicationhas a different value foreach component of the replication.

The syntax of primitivedata types is:

An accepted limitationin the use of floating point representations of real values is that only a finite set of all possible real values can be represented, thus any real value willbe rounded to produce a result which is the nearest value that can be represented by the type. For example, where the type is , the next representable value after 1 0 is the value 1 000000119209 (to the nearest 12 digitspast the decimal point), any value lyingbetween 1 0 and this value cannot be exactly represented using the representation of type . Thus, values which do lie between 1 0 and 1 00000019209 which are of type must be to one of these values.

The roundingofreal numbers occurs inarithmeticexpression evaluation(page 57), inexplicit (page 66), and also when literals are converted to the IEEE representation. An explanation of the IEEE roundingmodes is given in the appendix (page 98).

In additionto the primitivedata types builtinto the language it is possible to define new data types derived from these. Each derived type has a name introduced in its . These derived types include array types (page 30) and record types (page 31). This section describes how to define new types which have the same values as existingdata types.

Consider the definition:

This creates new types called and withthe same properties as the type .

Named data types might be used in a context in which many different sorts of variable all have the same primitivedata type representation. For instance, by defining a type and an type, the type checkingsystem can be used to ensure that a length is not assigned to an area, or that an area is not passed to a procedure where a length is expected.

occam

. . . . .

abbreviation Expressions functions

data.type

rounded

typeconversions

type definition

3 Data types

Rounding of real values

3.2 Named data types

=

                     1 2 ’H’ 1.0E+6

                          BOOL
                       | BYTE
                       | INT
                       | INT16
                       | INT32
                       | INT64
                       | REAL32
                       | REAL64

                                                                    REAL32

REAL32 REAL32

    DATA TYPE LENGTH IS REAL32 :
    DATA TYPE AREA IS REAL32 :

                       LENGTH REAL REAL32

                                                 LENGTH AREA

27

Named types may also be used for type abstraction. If a fragment of code defining a computation using floating point arithmeticmay be used in programs where arithmeticof different precision may be required, then one of the definitions:

may be used, followedby code whichuses onlythe named type .

Anylegal name may be used to name a data type, but it may be desirable to adopt the convention that type names do not use lowercase letters. Such conventions are merely to improvereadabilityof code.

The syntax of named types is:

The data type whichis defined may be referred to by its name. Two named data types are onlyequal when their references are equal. For example, in:

the types of and are the same, but the type of is different. In:

the types of and are different because, although the representation ofthe name ofeach type is the same, the two type definitionsintroduce different types.

Anynamed type derived directlyor indirectlyby its definitionfrom a primitivetype is either a real type, an integer type, a byte type or a boolean type.

By followinga chain of one or more type definitions it is possible to determine the type of any named type.

Aliteralis a textual representation of a knownvalue, and has a data type. For example, the followingare all legal literals:

an integer literalin decimal an integer literalin hexadecimal a byte literal a boolean literal

Anumber (e.g. ) representing a decimalvalue, or a hexadecimal value introducedby the hash symbol( ), is an integer of type . Acharacter enclosed withina pair of quotationmarks ( ) has a value of type . Literalvalues of other types may be expressed by decorating the textual representation of the value withthe

occam

definition name data.type

data.type name

underlying

eg

3.3 Literals

3.3 Literals

= =

    DATA TYPE REAL IS REAL64 :
    DATA TYPE REAL IS REAL32 :

                                                 REAL

                          DATA TYPE IS :

    DATA TYPE MONEY IS INT64 :
    MONEY a, b :
    INT64 c :

         a b c

    DATA TYPE MONEY IS INT64 :
    MONEY a :
    DATA TYPE MONEY IS INT64 :
    MONEY b :

         a b

                         42
                         #2A
                         ’T’
                         TRUE

            42 #
               INT ’z’
BYTE

24 24

28

data type in parentheses, forexample:

a byte value an integer value an integer value with64 bit representation a 32 bit floatingpointvalue a 64 bit floatingpointvalue a value of a user-defined type a 64 bit floatingpointvalue a 64 bit floatingpointvalue a 32 bit floatingpointvalue

The exponent ofa literalshould have no more than 2 digits,and the exponent ofa literalno more than 3 digits. Allreal number literalsmust be explicitlydecorated withtheir data type in parentheses after the real number unless the rules in section 3.3.2 allowthe decoration to be omitted. A literalof type or or a named type derived fromone of these willbe rounded (page 26) when the value is converted into the representation of the type. The effect of this roundingcan be seen particularlyin the last example shown here. The value 16777216 0 is 2 and can be represented precisely in the representation of 32-bitreal numbers witha fractionof 23 bits. However, the value 16777217 0 is (2 +1) and cannot be represented precisely in this representation, and willround to the value 16777216 0. The nearest unique value of a conversion of a literalof type can be determined from the first 9 significant digits, and fromthe first 17 significantdigitsof a literalof type . For example:

has a nearest representable value of 54321766400 0 also has a nearest representable value of 54321766400 0

Anexplanation of the IEEEroundingis given in the appendix (page 98).

The syntax forliteralsis:

The data type whichmay appear in parentheses after a literalconstant is called a . A decoration ofa real literalmust be a real data type. Adecoration ofan integer or byte must be an integer or byte type of size appropriate to the value ofthe literal. Acompilerperformsany arithmeticto the precisionrequired by the type and may reject literals whichproduce values whichoverflow. Onlyliteralconstants may be decorated and the decoration serves to informthe compilerofthe type ofconstant value to be created. Type conversion, which may be applied between arbitrary values of most data types, uses type names as operators and is described elsewhere (page 66).

. . .

. .

literal integer byte real integer data.type byte data.type real data.type

integer digits hex.digits

byte character real digits digits digits digits exponent

exponent digits digits

decoration

3 Data types

=

= = = =

               42(BYTE)
               ’T’(INT)
               42(INT64)
               42.0(REAL32)
               386.54(REAL64)
               1760.0(LENGTH) REAL
               587.0E-20(REAL64)
               +1.0E+123(REAL64)
               16777217.0(REAL32)

              REAL32 REAL64

REAL32 REAL64

                               REAL32
                                      REAL64

       54321765439.54(REAL32)
       54321765400.00(REAL32)

                       |
                       |
                       | ( )
                       | ( )
                       | ( )
                       | TRUE
                       | FALSE

                       | #

                          ’ ’
                              .
                       | . E

                          +
                       | -

29

The syntactic category represents a sequence of one or more of the characters and a sequence of one or more of the characters . Literalsof the types and may not contain any embedded spaces.

Allcharacters are coded according to their ASCIIcode. The character , for example, has a value 65, and so on. Atable of the ASCIIcharacter set is given in appendix G (page 103). Acharacter enclosed in a pair ofquotes (e.g. ) is a byte value, unless explicitlystated otherwise by decoration withan integer data type in parentheses to the rightof the enclosing quotes.

The literals and represent the boolean values true and false respectively.

Literalsof a named type derived from a primitivedata type are denoted in the same way as literals of the underlyingtype except that they are decorated withthe name of the new type. For example:

The rules for rounding literals of the new type are the same as those for the underlyingtype so that if the underlyingtype is then the nearest representable value of this literalis 54321766400 0.

In many expressions the explicitdata type decoration is superfluous as a compilercan easily discover the intended type of the literalfromthe context.

The rules defining when a decoration may be omitted are governed by the principlethat where only one possible type decoration wouldcreate a legal occam expression then the decoration may be omitted.

The rules are shown below. Some ofthese rules refer to language features not yet mentioned inthis manual. Howeveritis appropriate to includethis subsection in the section describingliterals. Inany case where there is doubt as to whether a decoration may be omittedit is always safe to leave the decoration in.

Atype decoration may be omittedwhen there is onlyone decoration whichwouldsatisfy all the type checks performed by the compiler. In the followingcircumstances contextual informationis used to deduce type:

Inside a single expression.

Inthiscontext,no informationabout expression types is passed either‘into’or ‘outof’a value process (page 75).

Expressions in process constructs where onlyone data type is permitted are assumed to have that type:

Arraysize (page 31) and subscript (page 37) expressions must be of type .

Base and count expressions of replicators (page 10) and segments (page 37) must be of type .

Guards of conditionalprocesses (page 11), expressions following (page 14), and boolean guards of alternatives (page 21) ), must be of type .

Shiftcounts (page 62) must be of type .

In an assignment (page 5) or output (page 6) the types of the expressions are inferred from the types of the variables or the protocolof the channel.

In value abbreviations (page 44), the type of the expression is inferred from the specifier of the abbreviation. This rule also applies to the actual parameters of functionsand procedures.

In a selection (page 13) the types of the constant case expressions are inferredfromtype of

.

•

•

• • • digits hex.digits integer real

3.3 Literals

3.3.1 Literals of named types

3.3.2 Omitting type decorations from literals

– – – –

                                                               0123456789
                                       0123456789ABCDEF

                                                  A

       ’T’

     TRUE FALSE

54321765439.54(LENGTH)

          REAL32

                                                                 INT

             INT

                                                            WHILE
                                                      BOOL

                                       INT

      CASE

30

the selector.

Inside a record literal(page 32) the type ofeach expression is inferredfromthe context ofthe literal, together withany optionaldecoration.

Inside a table construct (page 59) the type of each expression is inferred from the context of the table and the types of any other components of the table, together withany optionaldecoration.

In the list of a function (page 78) The types of expressions are inferred from the return type(s) of the function.

The followingcode fragments are legal forthe reasons shown:

Examples of undecorated literalsin record literalsand tables are given on pages 32 and 58.

Anarray has a numberofconsecutivelynumbered components ofthe same typewhichare stored contiguously in memory. Arrays of channels and timers are discussed in chapters 5 and 9. Arraydata types are nonprimitivedata types. Such array types may be named in type definitions(page 26). Anexample of an array type is:

Arraysof this type have components each of type . The components are numbered 0, 1, 2, 3, 4. Arrays may have furtherdimensions specified by adding the size of the dimension, enclosed in square brackets, to the type. The followingis an array type withtwo dimensions:

An array of this type has four components each of type . Equally,an array of type is an array withthree components of type , and so on. In this way, arrays withany number of dimensions may be constructed. The type named after the dimension(s) of an array is called the of the array. The base type of a data type array may be any primitiveor named data type.

In theory there is no limitto the number of dimensions an array type may have. In practice however, arrays of data type require memory,both in the compilerand at run time, and an implementationmay impose limits. Here are some more array types:

a byte array with components a three dimensionalarray of values of type an array withboolean components.

• • •

base type

3 Data types

3.4 Array data types

        RESULT

1(INT32) + 10 -- operands of + must be the same

CHAN OF INT32 c :
c ! 4 -- 4 must conform to the protocol of c

REAL32 x :
x := 2.0 -- value assigned to x must be REAL32

VAL BYTE ESC IS 13 : -- 13 must match specifier BYTE

INT reply:
CASE reply
  ’Y’ -- ’Y’ must match type of reply
    ...

REAL32 FUNCTION pi() IS 3.14159 : -- result must match function type

[5]INT

                                  INT

[4][5]INT

                                      [5]INT [3][4][5]INT
                            [4][5]INT

        [n]BYTE n
        [3][3][3]LENGTH LENGTH
        [50]BOOL

1

31

These examples show the definitionof named types whichare arrays:

The size of each dimensionin an array declaration must be specified by a value of type , and be a value greater than zero. Two arrays are considered to have the same type ifthey have the same number and type ofcomponents. The value ofan array is the ordered set ofvalues ofits components. Anarray may receive a new value by inputor assignment. Aninputor assignment to an array is legal onlyifthe value to be assigned is of the same type as the array.

The syntax forarray data types is:

The syntax shows that any type can be preceded by a value given as an expression in square brackets to denote an array of that base type. The value specifies the number of components in the array and must must be a constant of type . The syntax is defined recursivelyshowing how multidimensionalarrays are defined as arrays of arrays, as illustratedin the examples above.

The declaration of variables of named and unnamed array data types is discussed on page 35. The constructionof values of array types is discussed on page 58.

The previous sections have shown howto use primitiveand array data types. Thissection shows howrecord data types may be defined and used.

A record has a number of fields, each of which is of a data type. Records are used to gather together components ofdata whichmake a logicalunit. For instance, the real and imaginarycomponents ofa complex number forma logicalunit:

This definitioncreates a new type named . It is a record type withtwo fields of type named and .

The declarationofvariables ofrecord types and the accessing offields ofsuch records by subscriptingrecord names withfield names is discussed in the next chapter (page 35).

The syntax of record types is:

A structured data type definitionconsists of the keywords followedby a name and, indented by two spaces on the followingline, a structured type. A structured type consists of the keyword followedby one or more on succeeding lines indented two spaces. Althougha record with no fields is permitted by the syntax, it is not useful as there are no values of records of such a type. Each fielddeclarationconsists ofa primitiveor named data type followedby a comma separated listoffieldnames. Fields of named array or record data types may be defined.

{ { } } data.type expression data.type

definition name structured.type

structured.type data.type field.name

field.name name

field declarations

3.5 Record data types

3.5 Record data types

=

=

= =

DATA TYPE DOSFNAME IS [12]BYTE : -- a filename for MSDOS
DATA TYPE MATRIX3 IS [3][3]REAL32 : -- a 3 * 3 matrix

                                                              INT

                      [ ]

                 INT

DATA TYPE COMPLEX32
  RECORD
    REAL32 real :
    REAL32 imag :
:

                            COMPLEX32 REAL32
  real imag

                      DATA TYPE

                      :
                      RECORD
                                   , :

                                         DATA TYPE
                                                                       RECORD

1 1

32

The same field name may be used in the definitionof more than one record type. Afield name may also be the same as a name defined in any other specification in the scope. Consider:

In this example, both kettles and heaters have a power field. The field refers to the second field of variables or values of type and to the first field of variables or values of type . The name is used both fora field and fora variable.

The types of the fields of a record may be any primitiveor named types or arrays of such types. Consider:

The fields of this record are respectivelya named record type, an array of bytes and a primitiveinteger type.

Aliteralrepresentation of a record gives values foreach field and the name of the type. Consider:

Thisis a literalwithdata type (defined above). The value ofthe fieldis and the value of the field is . The association of field values withfields is strictlyby position withreference to the record data type definition. Animplementationmay reorder the fields of a record in the computer’smemory for efficiencyof storage or access. The type decoration in parentheses may be omitted in contexts where it may be inferredby the rules on page 29.

Syntacticallya record literalis a table and this syntax is based on that of tables of array data type (page 58):

The name used to decorate a record literalmust be the name of a record data type. The expressions in a record literalmust have the type ofthe corresponding field in the type definition. For instance, a record literal of type must have two expressions, the first of type and the second of type . The willitselfbe a record literalconstructed fromtwo expressions of type . For example:

{ } { } table expression name expression

3 Data types

3.5.1 Record literals

=

    DATA TYPE VOLUME IS REAL32 :
    DATA TYPE RECTANGLE
      RECORD
        INT height, width :
    :
    DATA TYPE KETTLE
      RECORD
        REAL32 power :
        VOLUME capacity :
    :
    DATA TYPE HEATER
      RECORD
        RECTANGLE size :
        REAL32 power :
    :
    INT height :

                                                      power
                     HEATER KETTLE
height

    DATA TYPE DIRENTRY
      RECORD
        DOSFNAME fname :
        [4]BYTE access :
        INT32 loc :
    :

    [0.0(REAL32),1.0(REAL32)](COMPLEX32)

                      COMPLEX32 real 0.0(REAL32)
            imag 1.0(REAL32)

                          [ , ]( )
                       | [ , ]

      HEATER RECTANGLE REAL64
   RECTANGLE INT

    [[550, 1000](RECTANGLE),750.0](HEATER)
    [[200,500],250.5] -- in a context where the type may be inferred

1

33

Itmay be desirable to use record structures to map onto data formatsdefined byhardware or softwareoutside the programmer’scontrol. Redundant copyingor unpackingof such data structures may often be avoided by treating them as arrays of bytes or integers for communicationand then accessing the data by as defined on page 85. Retypinginto a record type enables efficient access to fields withinthe data.

In these circumstances it is possible for the programmer to inhibitthe compiler’sfreedom to choose how fields of a record are set out in memory. Thisis achieved by puttingthe keyword in frontof the word in the data type definition.

Animplementationmay impose restrictionson the alignmentoffields ofparticulartypes on boundaries defined by the target machine architecture (see page 92). In the absence of the compileris free to reorder the fields of a record and insert implicitpadding fields when mapping the type on to the target machine’s memory. In a packed record the fields are mapped onto memory strictlyin the order of declaration withno implicitpadding. Explicitpadding fields may need to be inserted to avoid alignmentproblems.

Usingthe keyword guarantees that fields willbe assigned positionsinorder ofdeclaration. Acompiler may reject a packed record type definitionwhichcannot be implemented withoutinsertion of padding bytes in order to meet alignmentrequirements. Programs using are therefore potentiallynon-portable.

The syntax of packed record types is:

Itis possible to use informationderived by the compilerconcerning the size and positionof records and their fields. This uses the keywords and , see page 65. Values created in this way may be implementationdependent.

{ { } } retyping

structured.type data.type field.name

3.5 Record data types

3.5.2 Packed records

=

                                                            PACKED
RECORD

                                                    PACKED

              PACKED

                                            PACKED

                          PACKED RECORD
                                       , :

                        BYTESIN OFFSETOF

34 3 Data types

1

programs act upon and communicate using and . Avariable has a value, and may receive a new value in an or . Channels communicate values. Timers produce a value whichrepresents the time.

This chapter describes variables, the declaration of names forvariables and values, and their scope.

Channels (page 45) and timers (page 81) are discussed elsewhere in the manual.

The declaration of a variable associates its name withits data type. Consider the followingexample:

This declaration introduces an integer variable withthe name and of the data type . The variable is not initialised,and therefore the value of the variable is unspecified untilit receives a value by an input or assignment. Anassignment or inputto a variableis validonlyifthe value to be assigned is of the same data type as the variable. Here is a sequence of variable declarations:

Variables of named types are declared in the same way as variables of any of the primitiveor array data types. For instance, using data types introduced in the previous chapter:

The syntax forthe declaration and use of variables of any data type is :

Avariabledeclaration consists of the data type, and a name to identifythe variable. The declaration appears on a single line, and is terminated by a colon. The name introduced by a declaration may then be used to represent the variable in its scope (page 39). The compilerwillallocate memory fora variable and translate uses of the name into uses of the memory allocated.

Where a number of variables of the same type need to be declared, permits a single declaration for several names in a comma separated list,as shown in the followingexample:

The type of the declaration is determined, and then the declarations are performed. The compiler is not constrained to allocate consecutive memorylocations to such variables. This declaration is equivalent to the followingsequence of declarations:

occam

occam

4 Variables and values

{ } variables channels timers

assignment input

declaration data.type name

variable name

4.1 Declaring a variable

= =

INT n :

                                           n INT

BOOL flag :
BYTE char :
INT64 big :
REAL32 x :
[5]INT fingers :

LENGTH width :
COMPLEX32 z :
DOSFNAME autoexec :
RECTANGLE rect1 :
DIRENTRY ent1 :

                                , :

REAL64 a, b, c :

REAL64 a :
REAL64 b :
REAL64 c :

36

The variable names specified in a multipledeclaration are separated by commas. A line break is permitted after a comma. Here are a few more multipledeclarations:

The declaration of an array followsthe same formas other declarations, forexample:

The declaration of introduces an integer array withfive components.

The declarationofan array withmultipledimensions is similarto other declarations, as shown inthe following example:

The declaration of introduces a 4 by 5 array of integers. The declaration of introduces a variable of type whichwas defined above (page 31) to be a 3 by 3 array of real numbers. Note that it is optionalto name an array data type, but that a record can onlybe declared witha named type defined in a previous data type definitionin whose scope the record is declared.

Here are a few more examples of array declarations:

Several arrays of the same type can be declared together, forexample:

Inalldeclarations the type ofthe declarations is determined, and then the declarations are performed. Thisis especiallyimportantinthe declarationofarrays as itis importantto knowthat the size ofthe array is computed once onlyand cannot use variables declared withinthe declaration. Consider the followingdeclaration:

This declaration introduces two new array variables, and . The size of the arrays is determined by the value , whichis evaluated before the declarations are performed and therefore refers to a variablealready in scope when the declaration is performed. See the discussion ofscope below(page 39).

Individualcomponents of an array may be selected by subscripting. A segment of an array is a sub-array comprisinga sequence of consecutivelysubscripted components.

Asubscripted name selects a component ofan array. Suppose , and are declared as follows:

4 Variables and values

4.2 Array components and segments

BOOL flag, switch :
INT16 i, j, k :
REAL64 x, y :
INT64 chains,
      more.chains :
COMPLEX32 u, v, w :
KETTLE k1, k2 :

[5]INT x :

          x

[4][5]INT bigx :
MATRIX3 rot :

          bigx rot
  MATRIX3

[4]BOOL flag :
[xsize][ysize]REAL64 matrix :
[3][3][3]INT16 cube :
[100]LENGTH histogram :
[256]DOSFNAME directory :
[20]HEATER heating.installation :

[users]INT id, privilege :

[forms]INT forms, teachers :

                                   forms teachers
           forms

                                           clock sf data

[9]INT clock :
DOSFNAME sf :
[8][9][10]REAL32 data :

37

Consider these examples:

the second component of the array , of type . the first component of a dimension of , of type . the first component of another dimension of , of type . the th component of , of type .

A subscript appears in square brackets after the name of an array. The component selected has one dimension less than its type for each subscript. A subscript must be an expression of integer type . A subscript is valid only if the value of the expression is withinthe bounds of the array. A negative value subscript is always invalidand the value of a subscript must be in the range 0 to ( 1), where is the number of components in the array.

The syntax of array components is:

The simplest subscripted variableis a name followedby a single subscript expression (whichmust be a value of type ) in square brackets to the rightof the name. Thisis itselfa variableand may also be followedby another subscript in square brackets, and so on, limitedonlyby the number of dimensions in the array. Note that this syntax is also used forthe selection of a field froma record (page 39) in whichcase the expression in square brackets can onlybe a name whichis a field name.

A segment of an array is itself an array. The segment has zero or more components, as shown in the followingexamples:

the first two components of , of type the first components of , of type . six components of the array from , of type . an “empty”segment, of type . a sub-array of , of type . same as above if and is an array of 12 bytes.

A segment of an array has the same number of dimensions as the array, and always defines a set of contiguouslystored components. Asegment withzero components can onlybe used in an assignment, in a counted array communication(page 48), or as the righthand side of an abbreviation(page 42).

Short formsof segment may be used ifthe segment starts at the first component of the array or finishes with the last component. The segment denotes the first components of the array . It is equivalent to . The segment denotes the components of starting with and continuingto the end of the array. In the scope of the above declarations it is equivalent to .

The syntax of segments is:

The syntax is defined recursively,and shows how more complex variables can be built. A segment begins witha square bracket, followedon the rightby a variable. This may be followedby the keyword and a base, whichis a value oftype , indicatingthe firstcomponent ofthe segment. Thisinturnmay be followed n n −

variable variable expression

variable variable base count variable base variable count

4.2 Array components and segments

=

=

     clock[1] clock INT
     data[0] data [9][10]REAL32
     data[i][0] data [10]REAL32
     sf[dotpos] dotpos+1 sf BYTE

                                                                           INT

                              [ ]

   INT

[clock FROM 0 FOR 2] clock [2]INT
[data FOR n] n data
                              [n][9][10]REAL32
[data FROM n FOR 6] data n
                              [6][9][10]REAL32
[data FROM m FOR 0]
                              [0][9][10]REAL32
[sf FROM dotpos FOR 4] sf [4]BYTE
[sf FROM dotpos] dotpos = 8 sf

                        [data FOR n] n data
        [data FROM 0 FOR n] [data FROM 4] data
        data[4]
        [data FROM 4 FOR 4]

                        [ FROM FOR ]
                     | [ FROM ]
                     | [ FOR ]

                                                                      FROM
                    INT

38

by the keyword and a count, whichis a value of type whichspecifies the number of components in the segment. or , but not both may be omitted.

Line breaks are permitted immediatelyafter the keyword and the keyword . The segment is valid onlyifthe value ofthe count is not negative, and does not violatethe bounds ofthe array. Thatis ( + ) must not exceed the size of the array. Here is another example to consider:

This complex lookingsegment selects the first five components of a variable whichis itselfa segment, it is in fact equivalent to provided 5. Segments may also be subscripted, forexample:

The subscript in this example selects component number 3 from the segment which starts at and continues to the last component of ; so it is equivalent to .

An assignment to a variable selected by a subscript is an assignment to that component of the array, and has no effect on any other component in the array. Consider the followingexample:

The effect of an assignment to an array or a segment of an array, is to assign to each component the value of the corresponding component of the expression. Assignmentto a segment of a variablewhichis an array, is not validifa component of the expression is also a component of the array to whichit is to be assigned. Thus, the followingassignment is not valid:

Boththese segments share the component , but indifferent positions,so that the meaning coulddepend on the order in whichan implementationcauses the component assignments to be performed. Howeveran assignment whichassigns a segment of an array to itselfis not invalidas it must always be implemented to have no effect whatsoever.

The combined effect of an input and output, in parallel processes on the same channel, of an array or a segment of an array is equivalent to an assignment from the outputting process to the inputtingprocess. Consider the followingexample:

This is a validassignment, and has the same effect as the following:

Alsoconsider the followingassignment of to , where both are arrays of type :

Thisassignment assigns each component ofthe array to each respective component ofthe array , and has the same effect as the followingcommunication:

Assignment is discussed earlier on page 5, input and output are also described earlier on page 6. See the appendix (page 101) to discover how invalidprocesses behave.

base count

≥ base count

4 Variables and values

        FOR INT
      FROM FOR

                                       FROM FOR

[[c FROM j FOR i] FOR 5]

           [c FROM j FOR 5] i

[x FROM n][3]

                                                                     x[n]
                      x x [n + 3]

x[3] := 42

[x FROM 6 FOR 6] := [x FROM 8 FOR 6] -- INVALID!

                            x[8]

[x FOR 10] := [y FOR 10]

PAR
  c ! [y FOR 10]
  c ? [x FOR 10]

                            v1 v2 [12]INT

v1 := v2

                                     v2 v1

PAR
  c ! v1
  c ? v2

39

Ashas been seen inexample declarations above, variables ofa record type such as are declared in the same way as variables of any other named type. Consider:

This declaration introduces a variable, , of type . This variable may be assigned and communicated in the same way as a variable of a primitiveor array data type.

Fields ofa record are selected by subscriptingthe name ofthe record variableor value ofa record literalwith a field name in square brackets. The fields and may be used likeordinaryvariables in expressions, assignments and communications,in fact in any context where a variable or value of that type may be used. Afield that is itselfan array or another record may in turn be furthersubscripted appropriately.

Here are some examples of record fields:

field of record of type field of record of type field of record literal field of field of array component component of array that is a field segment of array that is a field

Note in particularthe way that field selection has the formof array subscripting,but is distinguishableby the compilerwhichnotes the use of a record name being subscripted and a field name as a subscript.

As the selection of a field from a record is syntacticallyindistinguishablefrom the subscripting of an array, there is no need for a separate definitionof this syntax. The syntax of array subscripting was given in the preceding section (page 37). When the variable being subscripted is a record, then the subscript must be one of the field names declared in the definitionof the type of the record.

Earliersections have explained the declaration of names for variables. This section explains the of a name, whichis the region of the program in whichthe name may legallybe used.

Later chapters of the manual show how to declare other sorts of name, forinstance:

Aname in denotes one of the following:

page 26 page 43 page 31 page 54 page 35 page 69 page 10 page 78 page 45 page 81 page 48 page 83 page 49 page 85 page 42 page 88

We have considered the declaration ofvariables and the definitionofdata types. Declarationsand definitions are examples of . A specification specifies the meaning of one or more names and the scope of those names is the scope of the specification.

occam

scope

Data Type Value abbreviation Field Channel abbreviation Variable Procedure Replicationindex Function Channel Timer Protocol Timer abbreviation Tag Retypes Variable abbreviation Reshapes

specifications

4.3 Record fields

4.3 Record fields

4.4 Scope of names

                                                           COMPLEX32

 COMPLEX32 z :

                          z COMPLEX32

                              z[real] z[imag]

k1[power] REAL32 KETTLE
rect1[height] INT RECTANGLE
[COS(pi/6.0), SIN(pi/6.0)](COMPLEX32)[imag]
heating.installation[i][size][width]
ent1[access][2]
[ent1[fname] FROM 8]

 CHAN OF BYTE c :

 PROC add.to (INT x, y)
   x := x + y
 :

40

The syntax of specifications is:

Aspecification is a declaration, an abbreviation(e.g. a variable abbreviation,page 42) or a definition(e.g. a protocoldefinition,page 47).

Allspecifications are terminated by a colon. The scope of a specification begins at the start of the line followingthe colon. Aspecification may appear immediatelybefore a process, choice (inan ), option(ina ), alternative(inan ), variant(ina case inputor an ), or value process (See page 75).

Anyname specified is then in scope forthat process, choice, option,alternative, variant or value process.

The scope of a name can be seen by the level of program indentation. The scope of a name starts on the linefollowingthe colon whichterminates its specification. The scope includes any other specifications which may immediatelyfollowat the same level of indentation and any further followinglines at greater levels of indentation. The scope of a specification concludes when the level of indentation returns to the same level as, or a lesser level than, the originalspecification.

The followingexample shows the scope of two declarations of variables and :

Thisexample increments ifitis less than the value specified by . The scope associated withthe variable in this example begins at the declaration of earlier in the program.

The association of a name withany particularscope is either or A local name is specified at the start of the scope under consideration, or the name is of local association as are and in the above example. A free name is specified at an outer level of scope (as for in the above example) which includes the scope under consideration, as is in the above example.

Generally all names withina scope in are distinct. That is, a name may only have one meaning withinany scope. This rule is modifiedfornames of record fields (page 32) or protocoltags (page 53) which may be reused in the same scope as they can always be associated witha particulardata type or protocol definition.

occam

specification declaration abbreviation definition

functions

local free free

4 Variables and values

=

                       |
                       |

                                                                     IF
CASE ALT ALT

                                                      min max

    SEQ
      INT max : -- specify max
      INT min : -- scope of max -- specify min
      SEQ -- -- scope of min
        c ? max -- --
        c ? min -- --
        IF -- --
          p < max -- --
            p := p + 1 -- --
          p = max -- --
            p := min -- --
      SEQ
        ...

                   p max
p p

                                                                  max min
                                                         p
                                  p

41

The followingsyntax shows where a specification may occur:

A specification is in scope withinany immediatelyfollowingspecifications, as shown by the recursion in the productions above.

Inmost cases, ifa specificationis performedwhichuses an existingname then the new meaning supersedes the old meaning forthe duration of the scope of the new specification. This effect is called .

The onlyexceptions to this rule are fornames of record fields (page 31) and protocoltags (page 49). These names may be reused in the same scope withouthidingas they can always be associated witha particular data type or protocoldefinition. Examples of such use are given on pages 32 and 53.

The hidingof names is illustratedby the followingexample:

The declaration of the in the above example has the effect of hidingthe earlier use of the name forthe duration of its scope.

Because of this hidingrule, all names (except record fields and protocoltags) withina scope are distinct.

Consider the followingdeclaration, whichillustrates the use of the same name withmore than one meaning in a single line:

The two names refer to completelydifferent objects. The scope of the new name being declared as an array does not begin untilafter the colon, and so the name whichis used in the array size expression must be an constant withthe same name whichwas already in scope before the declaration.

Keywordsmay not be redefined inspecifications. Such names are said to be , and an implementation may extend the list of reserved words beyond those defined in this manual (page 102). By convention no names containinglowercase letters are ever reserved. Animplementationmay also introducefurthernames of routines, whichmay be respecified by the programmer.

process specification process

choice specification choice option specification option

alternative specification alternative variant specification variant value.process specification value.process

hiding

reserved

library

4.4 Scope of names

= = = = = =

    INT x : -- integer variable x
    SEQ -- scope of INT x
      dm ? x --
      ALT --
        REAL32 x : -- REAL32 x hides INT x
        rs ? x -- scope of REAL32 x
          ... --
        dm ? y --
          ... --
      ... --

                 REAL32 x
x

    [n+1]INT n:

            n n
                                            n
     INT