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

42

Avariable abbreviationspecifies a new name fora variable. Consider

This abbreviationspecifies the name as the new name for . Also,consider the followingexample:

This abbreviation specifies the name for a component of the array . Allsubscript expressions used inan abbreviationmust be valid. The type ofthe abbreviated variablemust be the same as the data type specified, so in this example, has to be an array of . Other components of the array may be used onlyin abbreviations withinthe scope (page 39) of , but they must not include the component . Here are some more examples of abbreviations:

specifies a new name for specifies a name fora component of the array specifies a name fora segment of specifies the used part of an array

An abbreviation simplyprovides a name to identifyan existing variable. The name in the above example identifiesthe existingvariable . Inthe scope ofthe abbreviation, is an assignment to the original variable . A variable used in a subscript to select a component or components of an array may not be assigned to withinthe of the abbreviation. For example, no assignment or input can be made to withinthe scope of . As a result the abbreviation always refers to the same variable throughout its scope. This allowsvarious optimisationsto be performed, such as evaluating any expression withinthe abbreviated variable onlyonce. The originalvariable may not be used withinthe scope of the abbreviation .

The abbreviation of as a leading sub-array of a previously declared array of the same name is a common device for allocatingan array whose size is the upper bound of possible sizes and then onlyusing part of it in a particularscope.

The specifier can usually be omitted froman abbreviation, as the type can be inferred fromthe type of the variable. Aspecifier withone or more empty dimensions defines the abbreviationas being any array withcomponents of the specified type. The type of an array on the righthand side of an abbreviationwhose specifier has an empty dimension is said to be withthe specifier.

Where an abbreviation is of a component of an array no other reference may be made to any other part of that array, except in a furtherabbreviation. Consider the followingexample:

Alsoconsider the followingexample:

scope

type

compatible

4 Variables and values

4.5 Abbreviation of variables

    INT n IS m :

                            n m

    INT user IS lines[8] :

                            user lines

                      lines INT lines
                                             user
lines[8]

     x IS y : x y
     INT c IS a[i] : a
     []REAL32 s IS [a FROM 8 FOR n] : a
     []BYTE fname IS [fname FOR len] :

                                                               c
                      a[i] c := e
      a[i]
                                                                                i
               c

                               a[i] c

                fname

               []

    [60][72]INT page :
    ...
      first.line IS page[0] :
      last.line IS page[59] :
      SEQ
        first.line := last.line
        last.line := page[58] -- This assignment is INVALID!
        ...
        next.to.last.line IS page[58] : -- This abbreviation is valid
        last.line := next.to.last.line -- and so too, this assignment
        ...

    WHILE i < limit
      this.line IS page[i] :
      next.line IS page[i+1] :
      SEQ
        this.line := next.line
        ...
        i := i + 1 -- this assignment is INVALID!

43

The assignment in the above example is invalidas is used to select components of the array in an abbreviationwithinthe scope of the assignment. This is how the above should be written:

It is importantto ensure that all the components of an array remain identified by a single name withinany given . Identificationofany component ofan array by more than one name constitutes an invalidusage of the component, and it is especially importantto be aware of this of when abbreviating components of an array. Once any component of an array is abbreviated then reference to other components of the array must be made by furtherabbreviation. Checks are made to ensure that twoabbreviations whichidentifysegments fromthe same array do not overlap. When necessary a compilermay generate code to performthis check at run time. Further discussion on abbreviationis given in the chapter on procedures (page 69).

The syntax forabbreviations of variables is:

The abbreviationof a variable begins withan optionalspecifier, specifyinga data type. The name specified appears to the rightof the optionalspecifier followedby the keyword , the abbreviated variable appears to the rightof the keyword . The line on whichthe abbreviationoccurs may be broken after the keyword or at some legal pointin the variable. The type of the variable must be the same as the data type specified.

The last section described variable abbreviations. This section describes abbreviations of values. Consider the example:

Thisabbreviationspecifies the name forthe value 7. Thisconstruct is always used inoccam fornamed constants. Here are some more abbreviations forvalues:

specifies a name forthe current value of an expression specifies a name forthe current value of the variable

specifies a name fora table of values

The abbreviated value must be a validexpression, so itmust not overflow,and allsubscripts must be inrange. Variables used in an abbreviated expression may not receive new values by input or assignment withinthe (page 39) of the abbreviation. This ensures that the value of the expression remains constant for the scope of the abbreviation. For example, in the followingabbreviation

no assignment or inputmay be made to , , or withinthe scope of this abbreviationdefining . The effect of the abbreviationmay be obtained by replacing each occurrence of in its scope by the abbreviated value . Similarlyforthe followingabbreviationofthe value scope

abbreviation specifier name variable name variable specifier data.type specifier expression specifier

scope

4.6 Abbreviation of values

4.6 Abbreviation of values

= =

                                       i page

    WHILE i < limit
      SEQ
        this.line IS page[i] :
        next.line IS page[i+1] :
        SEQ
          this.line := next.line
          ...
        i := i + 1

                                      IS :
                       | IS :

                       | []
                       | [ ]

                                                   IS
                  IS IS

    VAL INT days.in.week IS 7 :

                            days.in.week

  VAL REAL32 y IS (m * x) + c :
  VAL INT n IS m : m
  VAL []BYTE vowels IS
  [’a’, ’e’, ’i’, ’o’, ’u’] :

    VAL REAL32 y IS (m * x) + c :

                              m x c y
                                                    y
((m * x) + c) [screen FROM line FOR length]

    VAL []INT scan IS [screen FROM line FOR length] :

44

no assignment or input may be made to , or withinthe scope of . The effect of the abbreviationis the same as each instance of being replaced by the abbreviated value, thus

is equivalent to

The syntax forabbreviations of values is:

The abbreviationofa value begins withthe keyword . Anoptionalspecifier (whichspecifies the data type of the abbreviation)appears to the rightof , followedby the name, and the keyword . The abbreviated value appears to the right of the keyword . Line breaks are permitted after the keyword . The type of the value must be compatible withthe specifier. The specifier can usually be omittedfromthe abbreviation, as the type can be inferred from the type of the value. An important exception to this is if the value is an undecorated literalconstant. The followingwillbe treated as equivalent by the compiler:

The choice between these is a matter forindividualpreference.

Abbreviationsmay be used to decompose an array into a number of disjointparts, so that each part may have a unique name in all or several processes in parallel. Components of each disjointpart may then be selected by a variablesubscript (a subscript whose value is dependent on a procedure parameter, a variable, or a replicatorindex whose base or count is not a constant value), forexample:

This example divides the array into two parts, and provides a name for those parts in each of the two parallelprocesses. These parts may then be selected by using variable subscripts.

abbreviation specifier name expression name expression

4 Variables and values

4.7 Disjoint arrays in parallels

=

                           screen line length scan
                                 scan

VAL []INT scan IS [screen FROM line FOR length] :
SEQ
  row := scan
  ...

SEQ
  row := [screen FROM line FOR length]
  VAL []INT scan IS [screen FROM line FOR length] :
  ...

                      VAL IS :
                   | VAL IS :

                                   VAL
                            VAL IS
                            IS IS

VAL REAL32 pi IS 3.14159(REAL32) :
VAL pi IS 3.14159(REAL32) :
VAL REAL32 pi IS 3.14159 :

frame1 IS [page FROM 0 FOR 512] :
frame2 IS [page FROM 512 FOR 512] :
PAR
  INT i :
  SEQ
    ...
    c1 ? frame1[i]
    ...
  INT j :
  SEQ
    ...
    c2 ? frame2[j]
    ...

                    page

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 time.

This chapter describes communicationchannels, their declaration, the specification of the format and data type of communications,and the constructionof arrays of channels.

Variables (page 25) and timers (page 81) are discussed elsewhere in the manual.

ACommunicationchannel providesunbuffered, unidirectionalpoint-to-pointcommunicationofvalues between two concurrent processes, which are components of a parallel or of constructions which are themselves components of a parallel. The format and type of values passed on a channel is specified by the channel . The name and protocolof a channel are specified in a channel declaration.

The type of a channel is:

The keyword is always followedby the keyword whichis followedby a protocolaccording to syntax elaborated below (page 47). Channel types cannot be named, but protocols can.

Achannel is declared in the same way as variables are declared. Consider the followingexample:

This declaration introduces a channel named with a protocol of type . The protocol in this example specifies that each communicationon this channel must be a value of type . Anoutput on this channel could be:

Several channels withthe same protocolcan be declared together, forexample:

The type of the declarations is determined, and then the declarations are made.

The syntax of channel declarations is:

A channel declaration consists of the channel type, and a comma separated list of names to identifythe channels. The declaration appears on a single line, whichmay be splitafter any comma, and is terminated by a colon.

Arraysof channels can be declared in the same way as arrays of variables (see page 36). The following,for example, declares an array of channels:

occam

5 Channels and their protocols

{ } variables channels timers

assignment input

protocol

channel.type protocol

declaration channel.type name

channel name

5.1 Channel type

5.2 Declaring a channel

5.3 Arrays of channels

=

= =

                      CHAN OF

      CHAN OF

CHAN OF BYTE screen :

                               screen BYTE
                                                           BYTE

screen ! ’H’

CHAN OF BYTE screen, keyboard :
CHAN OF INT from.a, from.b, from.c :

                                  , :

[4]CHAN OF BYTE screens :

46

This declaration introduces an array of fourchannels.

Multidimensionalarrays of channels are builtin the same way as multidimensionalarrays of variables, for example:

There is a subtle semantic distinctionto be made between an array of data type and an array of channels. Anarray of variables is itselfa variable, as it may receive a new value by assignment or input. However,an array of channels is not itselfa channel, as onlysingle components of the array may be used in input/output, but a means ofreferencinga number ofdistinctchannels identifiedby consecutive subscripts. Thisdistinction is not made in the descriptionof the syntax of channels.

Several arrays of the same type can be declared together. Consider the followingexample:

The type of the declarations is determined, and then the declarations are made.

The syntax of channel types is extended with:

Achannel type may be preceded by an expression in square brackets. The value of the expression must be a constant and is the number of components in arrays of the channel type.

Components and segments of channel arrays are denoted in the same way as components and segments of variable arrays.

Subscripted names select a component of an array. Suppose is declared as follows:

Consider the example:

the tenth component of the array , of type .

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

the tenth component of the array , of type . the tenth, eleventh and twelfthcomponents of the array , of type .

Asegment of an array has the same number of dimensions as the array.

The syntax is:

This syntax matches exactly the corresponding syntax forvariables (page 37).

channel.type expression channel.type

channel channel expression channel base count channel base channel count

5 Channels and their protocols

5.3.1 Channel array components and segments

=

=

                         screens

  [5][5]CHAN OF PACKETS node :

  [users]CHAN OF BYTE screen, keyboard :

                        [ ]

                                            user.in

  [12]CHAN OF MESSAGES user.in :

    user.in[9] user.in CHAN OF MESSAGES

[user.in FROM 9 FOR 1] user.in
                              [1]CHAN OF MESSAGES
[user.in FROM 9] user.in
                              [3]CHAN OF MESSAGES

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

1

1

In occam 2, the count was input first and the parallel assignment rules did not apply. Some occam 2 programs are invalidatedby the new rule and implementorsmay providea compileroptionto accept programs writtenassuming the old definition.

47

A channel communicates values between two concurrent processes. The format and data type of these values is specified by the channel protocol. The channel protocolis specified when the channel is declared. Each input and output must be compatible withthe protocolof the channel used. Channel protocols enable the compiler to check the usage of channels, and to ensure the same effect whether the sending or the receivingprocess is ready to communicate first.

The simplest protocols consist of a data type. Examples of channels withbyte and integer protocols have already been given. A protocolwithan array or record type can be declared in the same way, for example, using types declared in chapter 3:

The first declarationintroduces a channel witha byte array protocolwhichis identifiedby the name . The protocolof this channel specifies that each communicationon the channel consists of a byte array with 36 components. The second declaration declares to be a channel on which are communicated file names of type , defined on page 31 to be arrays of 12 bytes. The third declaration declares a channel forcommunicatingcomplexnumbers, each constructed as a record of type (page 31).

The followingoutputs use these channels:

The variable in the thirdexample must be an array of 12 bytes of type . Note that in the fourthexample it wouldbe possible to omitthe type decoration because the type of the record can be inferredfromthe type of the protocol.

It is often desirable to have a channel that willpass arrays of values, where the number of components in the array is not known untilthe output occurs. A special protocol,called a protocol,enables this kind of array communicationby passing a length and that number of components from the array. A declaration forsuch a channel looks likethis:

This declaration introduces a channel whichpasses an integer value and that number of components from the array. Anoutput on this channel willlooklikethis:

Thishas the effect ofoutputtingthe integer and then the string , the first bytes of the array. The associated inputcould looklikethis:

This input receives an integer value ( in this example), which is assigned to the variable , and that number of components, which are assigned to components of the array starting at . The assignments to and happen in parallel and therefore the same rules apply as for parallel assignment. That is, no name appearing to the leftof may be used in the array variableon its rightand . The inputis invalidifthe number of components in the destination array is less than the count value inputto .

counted array

vice versa

5.4 Channel protocol

5.4.1 Simple protocols

Counted array protocols

5.4 Channel protocol

CHAN OF [36]BYTE message : -- explicit array type
CHAN OF DOSFNAME fdir : -- named array type
CHAN OF COMPLEX32 imp : -- named record type

                                                                     message

                                   fdir
        DOSFNAME
                                                           COMPLEX32

message ! "The vorpal blade went snicker-snack."
fdir ! "AUTOEXEC.BAT"(DOSFNAME)
fdir ! sourcename
imp ! [cosx, sinx](COMPLEX32)

      sourcename DOSFNAME
                                               (COMPLEX32)

CHAN OF INT::[]BYTE message :

message ! 16::"The vorpal blade went snicker-snack."

                            16 "The vorpal blade" 16

message ? len::[buffer FROM start]

                        16 len
                                                           buffer[start]
        len buffer
                                  ::

  len

48

Allthe above protocolsare called , the syntax of these and of inputs and outputs using them is:

This syntax has extended the earlier syntax for and (page 6). Asimple protocolis either a data type or a counted array as described above. Acounted array is specified by the data type ofthe count (which may be either an integer or byte type), followedby a double colon, square brackets ( ), and the specifier indicatingthe type of the components.

Aninputis a channel followedby the symbol and an inputitem. Aninputitem may be either a variable, of any data type, or a variableof integer or byte type followedby a double colon ( ) and a variableof an array data type.

An output is a channel followedby the symbol and an output item. An output item may be either an expression, of any data type, or an expression of integer or byte type followedby a double colon ( ) and an expression of an array data type.

Aprotocolcan be given a name in a , as shown in the followingexample:

Achannel can now be declared withthe protocol , forexample:

Whilethe namingofsimpleprotocolsis optional,a protocoldefinitionmust be used ifmore complexprotocols, likethe described in the followingsection are required.

The syntax forprotocoldefinitionis:

Aprotocoldefinition defines a name forthe simple protocolor sequential protocol(described in the following section) whichappears to the rightofthe keyword . Asimpleor sequential protocoldefinitionappears on a single line,and is terminated by a colon. The linemay be broken after the keyword or after a semi-colon in a sequential protocol.

Simple protocols have been discussed earlier. Sequential protocols specify a protocol for communication whichconsists of a sequence of simple protocols. Consider the followingexample:

simple protocols

simple.protocol data.type data.type data.type

input channel input.item

input.item variable variable variable output channel output.item

output.item expression expression expression

protocol simple.protocol

input output

protocoldefinition

sequential protocol

definition name simple.protocol name sequential.protocol

protocol name

5 Channels and their protocols

5.4.2 Naming a protocol

5.4.3 Sequential protocol

= = = = = =

= =

                   | ::[]

                            ?

                   | ::
                            !

                   | ::

                                                           ::[]

                              ?
                                                      ::

                                 !
                                                                       ::

PROTOCOL CHAR IS BYTE :

                                 CHAR

CHAN OF CHAR screen :

                      PROTOCOL IS :
                   | PROTOCOL IS :

                                 IS
                                                           IS

PROTOCOL COMPLEX IS REAL32; REAL32 :

1 1 1

49

Channels declared with this protocol ( ) pass pairs of values. An input or output on a channel withsequential protocolis a sequence of distinctinputs or outputs. An input on a channel withthe above protocol is shown below:

Each value is inputin sequence and assigned to each variable in turn.

It is importantto note the difference between this protocoland the simple protocol derived from the record data type declared on page 31. Communicationsusing a simple protocol derived from a single record type pass a complete record value of several fields in a single communication,but communications using a sequential protocol use a sequence of separate communications and so do not require either the outputtingor the inputtingprocesses to have declared variables of record type fromwhichand to whichthe data willbe communicated. There willbe situations in whicheach of these alternatives is the better choice of coding style.

Consider also the example:

Thisis a legal program, but the effect ofthe named protocoldefinitionis to introducea new meaning of as a protocoland so in the scope of that declaration it wouldnot be possible to declare new variables of the record type . Howevervariables of the record type whichwere declared before the protocoldefinitionare stillinscope after itand may be used inprocesses withinits scope. Inthe absence of the protocoldefinitionthe channel declaration wouldstillbe legal as itwouldreference the simple protocol derived from the type definitionof . In this case new variables of this type may be declared in the scope of the channel declaration.

Here are some more examples of sequential protocoldefinitions:

Declarations of channels withthese protocols wouldlooklikethis:

The syntax of sequential protocols, whichcan onlyappear in protocoldefinitions,is:

A sequential protocol is one or more simple protocols separated by semicolons. A communication on a channel witha sequential protocolis legal provided the type of each item input or output is compatible with the corresponding component of the protocol.

It is often convenient to use a single channel to communicate messages with different formats. A protocolspecifies a number ofpossible formatsforcommunicationon a singlechannel. Consider the following

occam

{ } { } { } sequential.protocol simple.protocol

input channel input.item

output channel output.item

5.4 Channel protocol

5.4.4 protocol

= = =

                           CHAN OF COMPLEX

          COMPLEX

  items ? real.part; imaginary.part

                                                            COMPLEX32

  COMPLEX32 z1, z2 : -- COMPLEX32 already declared as a record data type
  PROTOCOL COMPLEX32 IS COMPLEX32 : -- unnecessary protocol definition
  CHAN OF COMPLEX32 cz :
  PAR
    cz ! z1
    cz ? z2

COMPLEX32
                   COMPLEX32

                        COMPLEX32

  PROTOCOL DIR.ENTRY IS INT16; [14]BYTE :
  PROTOCOL INODE IS INT16;INT16;INT32;INT32;INT16;[7]INT16;INT16;INT16 :
  PROTOCOL LINE IS INT16::[]BYTE :

  CHAN OF DIR.ENTRY directory :
  CHAN OF INODE sys :
  CHAN OF LINE blocks :

                          ;

                              ? ;

                              ! ;

     CASE

                                                                           CASE

1

50

example:

This example defines a case protocolnamed . combines a number of , each of whichmay identifya tagged sequential protocol. The case protocoldefined here has six variants.

Achannel declared withthis protocolwouldlooklikethis:

A communicationon this channel first sends a tag to informthe receivingprocess of the format for the rest of the communication.So, forexample

first sends the tag followedby a value ( ). Consider the output:

This output sends onlythe tag and according to the above protocoldefinitionrequires no further output.

The syntax fora case protocoland the associated output is:

In a definitionof a case protocolthe name whichidentifies the protocolappears to the rightof the keyword , this is followedat an indentationoftwospaces by the keyword , whichinturn is followedon succeeding lines at a furtherindentationof two spaces by a number of tagged protocols. The definitionof a case protocolis terminated by a colon, whichappears on a line by itself,at the same level of indentationas the of the keyword . Atagged protocolis either a tag by itselfor a tag followedby a semi-colon, and a sequential protocol.

A name may be used as a tag withinmultipleprotocols in the same scope. A tag name may also be the same as a name defined in any other specification in the scope.

An output on a channel of case protocol is a tag by itself or a tag followedby a number of output items separated by semi-colons. The output is validonlyifthe tag and the associated output items are compatible withone of the tagged protocols specified in the definitionof the protocol.

Animplementationmay restrict the number of tags in a protocoldefinitionso that a tag may be represented by a value in a limitedrange, but this range must be at least 0 to 255.

{ }

{ } tags

definition name

tagged.protocol

tagged.protocol tag tag sequential.protocol

tag name output channel tag channel tag output.item

5 Channels and their protocols

=

= = =

    PROTOCOL FILES
      CASE
        request; BYTE
        filename; DOSFNAME
        word; INT16
        record; INT32; INT16::[]BYTE
        error; INT16; BYTE::[]BYTE
        halt
    :

                                  FILES CASE

    CHAN OF FILES to.dfs :

    to.dfs ! request; get.record

              request BYTE get.record

    to.dfs ! halt

                       halt CASE

                          PROTOCOL
                            CASE

                          :

                       | ;

                                !
                       | ! ; ;

PROTOCOL CASE

   P PROTOCOL

51

So faronlyoutputon a channel withcase protocolhas been shown. Aspecial formofinputis required (called ) to provide for input on channels witha case protocol. The previous example is suggestive of a witha , and is a reminder that channels are unidirectional. So, for a user process to “listen to”the other side of this conversation, another channel must be declared, as shown below:

This example declares another channel with the protocol . The process which outputs , mightreasonably expect to receive a reply on a channel withthis protocol. Consider a more complete example of this conversation:

Illustratedin the above example is a case inputon the channel . This accepts a variant inputwith either the tag or the tag ; any other tag wouldbe invalidand the inputwouldbehave likethe primitiveprocess .

A special form of case input simply receives a tag from the channel named on the left of the case input symbol( ), and then compares the tag forequalitywiththe tag of the tagged listwhichappears to the rightof the symbol. Atag is input,then ifthe tags match the process next inputs the remainder of the tagged list. Ifthe tags do not match, the process next behaves likethe primitiveprocess . For example:

Thisprocess inputs a tag. Ifthe tag is the inputis completed, and a value assigned to the variable . Otherwise, no further input is performed, and the input behaves like the primitiveprocess (page 7). Acase inputis legal onlyifthe tagged lists are compatiblewithtagged protocols specified in the definitionof the case protocol.

Consider the following:

In this example the input willbehave likethe primitiveprocess as the tags do not match. The associated output willalso behave like , for although the output of the tag succeeds, the output does not. In this example the procedures and willnot be performed. Alsoconsider the following:

case input

conversation disc filingsystem

5.4 Channel protocol

Input on a channel with case protocol

    CHAN OF FILES from.dfs :

                                             FILES request;
get.record

    SEQ
      to.dfs ! request; get.record
      from.dfs ? CASE
        record; rnumber; rlen::buffer
          ... do whatever
        error; enumber; elen::buffer
          ... handle error

                                               from.dfs
          record error
             STOP

      ? CASE

                                                             STOP

    from.dfs ? CASE filename; name.buffer

                            filename
name.buffer
STOP

    PROTOCOL COMMS
      CASE
        packet;INT::[]BYTE
        sync
    :
    CHAN OF COMMS route :
    PAR
      SEQ
        route ! packet; 11::"Hello world"
        R ()
      SEQ
        route ? CASE sync
        S ()

                   route ? CASE sync STOP
                                           STOP packet
                11::"Hello world" R() S()

    PAR
      SEQ
        route ! sync
        P ()
      SEQ
        route ? CASE packet; length::message
        Q ()

1

52

Each communicationofa sequential protocol,or ofa tagged sequential protocolis in fact a sequence ofseparate communications. So, in the above example, the input willbehave likethe primitiveprocess because the tags do not match. However,the associated output willsucceed as the output of the tag has completed, and the variant requires no further output. Thus, the (page 69) willbe performed, and the procedure willnot be performed.

The syntax forcase inputis:

Aprocess whichis a case inputreceives a tag fromthe channel named on the leftofthe case inputsymbol( ), and then the tag is used to select one of the variants. These appear on the followinglines, indented by two spaces and optionallypreceded by local specifications. A tag is input, then ifa variant withthat tag is present the process next inputs the remainder of the tagged list, and an associated process, indented a further two spaces, is performed. If no variant with that tag is found the process next behaves like the primitiveprocess .

An input may contain the case input symbol followedby a single tagged list only, as shown in the earlier examples.

A case input may also be used as an input in an alternation (chapter 2, page 19). Consider the following example:

Thisalternationaccepts inputfromeither ofthe twochannels ( and ). These inputs are explained in the previous section. This alternation could have included a mix of case inputs, and the alternatives described on page 19. The syntax forcase inputs in an alternative is:

{ }

{ }

{ } { } procedure

case.input channel variant

variant tagged.list process specification variant tagged.list tag tag input.item

process case.input

input channel tagged.list

alternative channel variant boolean channel

variant

5 Channels and their protocols

Variants in alternatives

= =

= = =

=

                                             route ? CASE packet; length::message
                            STOP
route ! sync
                             P() Q()

                                ? CASE

                       |

                       | ; ;

                                ? CASE

                                                                                ?
CASE

             STOP

    ALT
      from.dfs ? CASE
        request; query
          ... do query
        error; enumber; elen::buffer
          ... handle dfs error
        record; rnumber; rlen::buffer
          ... accept record

      from.network ? CASE
        request; query
          ... do query
        error; enumber; elen::buffer
          ... handle network error
        record; rnumber; rlen::buffer
          ... accept record

                                              from.dfs from.network

                                ? CASE

                       | & ? CASE

53

Acase input as an alternative is either a case input withvariants as described in the earlier syntax, or such a case inputpreceded by a boolean guard and an ampersand ( ) to the leftof the channel name. The case inputis not considered by the alternation ifthe boolean guard is false.

Aname may be used as a tag withinmore than one case protocolin the same scope. For example:

It is possible for a tag name of a tagged protocolto be used again in a specification or as a field name in a record duringthe scope of the protocol. For example:

However, it is stillpossible to use the name to denote a tag of the protocol in outputs and inputs on channels withprotocol . Consider the followingsimple program:

The name is used to denote the variant tag in both the inputand the output. The name is also used to specify the destination of the input. Confusingusages such as this are usually better avoided.

Insome situationsitmay be necessary to specifya channel protocolwhere the formatofthe protocolforsome reason cannot be defined. Such situations are rare, and are likelyto occur only when communicatingwith

5.4 Channel protocol

Scope of tag names

5.4.5 Anarchic protocol

                                               &

    PROTOCOL LINES
      CASE
        aline; INT::[]BYTE
        eof
    :
    PROTOCOL HEATING
      CASE
        kettle; KETTLE
        heater; HEATER
        eof
    :
    CHAN OF LINES document:
    CHAN OF HEATING installation:
    PAR
      ...
      SEQ
        ...
        document ! eof -- eof of LINES
        ...
        installation ! eof -- eof of HEATING
        ...

    PROTOCOL COMMS
      CASE
        packet;INT::[]BYTE
        sync
    :
    [4]BYTE packet :

                                  packet COMMS
CASE COMMS

    PROTOCOL COMMS
      CASE
        packet;INT::[]BYTE
        sync
    :
    [4]BYTE packet :
    CHAN OF COMMS c :
    INT len :
    PAR
      c ! packet; 3::"xyz"
      c ? CASE packet; len::packet

        packet

1 1

54

an external device such as a printer,terminalor other device controller.Such a device can be considered an where the protocolforcommunicationwiththat process is dictated by the nature of the device.

A special protocolexists whichallows the input and output of any format withoutchecking. The protocolis specified by the keyword , as illustratedin the followingexamples:

The keyword may be used directlyin a channel declaration such as that of above, or it may be used as a simple protocolas in the definitionof .

A channel witha protocoldefined to be in either of these ways can onlyinput or output data values. It cannot handle case protocols. The effect of an output on a channel withan protocol is that the value is mapped down into its constituent bytes, and output as an array of bytes. An input on a channel withany protocolinputs the array of bytes and converts (by retypingconversion, see page 85) the value to the type of the receivingvariable.

A protocol defined to be may be redefined to have any other protocol by a channel retyping definition (page 86). Such retypingsare necessary whenpassing a channel withanarchic protocolas a actual parameter to a procedure whose corresponding formalhas any other protocol.

The syntax extends that of simple protocol:

Channel abbreviations are similarto variable abbreviations (see page 42). A channel abbreviationspecifies a new name fora channel or a channel array. Consider the followingexamples:

This introduces the name for the constructed array shown. It then introduces as the new name for and and fornon-overlappingsegments ofthe array . The syntax of channel abbreviationis:

The specifier must specify a channel type but may be omittedwhenever the type of the abbreviationcan be inferred fromthe type of the channel. Channel abbreviations are subject to the same usage restrictions as variable abbreviations. These are summarised in appendix E.

{ } { } alien process

simple.protocol

abbreviation specifier name channel name channel specifier name channel name channel

specifier channel.type specifier expression specifier

5 Channels and their protocols

5.5 Abbreviation of channels

=

=

=

                   ANY

    CHAN OF ANY mouse:
    PROTOCOL PRN IS ANY :
    CHAN OF PRN printer :

          ANY mouse
                                    PRN

                              ANY
                                                          ANY

ANY

                   ANY

                          ANY

    []CHAN OF INT clients IS [from.a, from.b, from.c, from.d, from.e] :
    CHAN OF INT client2 IS clients[2] :
    clients01 IS [clients FOR 2] :
    otherclients IS [clients FROM 3] :

                    clients client2
           clients[2] clients01 otherclients
clients

                                      IS :
                       | IS :
                       | IS [ , ] :
                       | IS [ , ] :

                       | []
                       | [ ]

55

In the syntax above it can be seen that a channel array in an abbreviationmay be constructed as a table of individualchannels. Consider the example:

The three channels originallydeclared separately have been constructed into an array which can then be named in an abbreviationso that it may be subscripted or segmented. This can be particularlyuseful when is the replicationindex of a replicated alternation, and the construction is being used to receive input on one of a group of channels of the same protocol.

This example shows how the constructor mightbe used to combine an arbitrarycollectionof channels of the same protocolforuse by a process whichlistens to all of them:

This example has been so simplifiedthat the need for a constructor is not immediatelyobvious. The need becomes greater ifthe individualchannels are allocated to non-contiguous hardware addresses (page 94).

The channels combined in a channel array constructor must all be used in the same direction. Channel array constructors can only be used withinchannel abbreviations (and as actual parameters to procedure instances, see page 70).

5.5 Abbreviation of channels

5.5.1 Channel array constructors

    sources IS [from.a, from.b, from.c] :
    sources[i] ? x

i

    CHAN OF BYTE from.a, from.b, from.c:
    PAR
      SEQ
        ... process a
        from.a ! ’A’
        ...
      SEQ
        ... process b
        from.b ! ’B’
        ...
      SEQ
        ... process c
        from.c ! ’C’
        ...
      sources IS [from.a, from.b, from.c]:
      [3]BYTE bb:
      SEQ j = 0 FOR 3
        ALT i = 0 FOR 3
          sources[i] ? bb[i]
            SEQ
              ...

56 5 Channels and their protocols

This chapter is about , and describes the range of provided by . The chapter also describes and .

An expression is evaluated and produces a result. The result of an expression has a value and a data type. The simplest expressions are literals and variables. More complex expressions are constructed from , and . Anoperand is a (page 35), a literal,a table, or an expression in parentheses. An operator performs an operation, for example an addition, upon its operand(s). The followingare all validexpressions:

a literalvalue a variable multiplicationof two literaloperands multiplicationof two variable operands shiftof a variable operand by a literal comparison of two variable operands a boolean expression

Anexpression in parentheses may itselfbe an operand in an expression. In this way larger expressions are built,as shown in the followingexamples:

subtract fromthe result of multiplythe results of the expressions and

There is no operator precedence and so the hierarchicalstructure of a large expression must be defined by parentheses. Withthe exception of shiftoperations, where the number of bits to be shiftedmust be indicated by a value of type , the data type of the two operands in a dyadic expression must be of the same type. In an assignment the value of the expression must be of the same data type as the variable to whichit is to be assigned. Consider in detail the followingexample:

Each of the variables in this example ( , , and ) must be of the same data type. The value of an expression is of the same type as its operand(s). The expression in this example - - has two operators. The parentheses indicate that the expression is an operand of the operator , and thus must be evaluated before the operation can be performed.

The right hand second operand of a shift operator must always be, or be converted to be, of the explicit type . Apartfromthis, where an operator is defined in this chapter to operate on operands of a particular primitivedata type, it may be assumed also to operate on operands of a named type derived from that underlyingtype. The two operands of a dyadic operator (excludingshifts) must both be of the same type, and so must be explicitlyconverted (see page 66) to the same type ifthey are declared as, or computed to be, of different types.

The syntax forexpressions includes:

occam

6 Expressions

expressions operators tables data type conversions

operands operators parentheses variable

expression monadic.operator operand operand dyadic.operator operand operand conversion operand variable literal table expression

variable name monadic.operator

dyadic.operator

=

=

= = =

                 5(INT64)
                 x
                 6 * 4
                 x * y
                 y << 2
                 x = y
                 NOT TRUE

    (1 + 2) - 1 1 (1 + 2)
    (x * y) * (w * z) (x * y) (w * z)

          INT

y := (m * x) + c

                           y m x c
                                                          (m * x) + c
                                       (m * x) +
                   +

INT

                   |
                   |
                   |

                   |
                   |
                   | ( )

                      - | MINUS | ~ | BITNOT | NOT | SIZE

                      + | - | * | / | \ | REM | PLUS | MINUS | TIMES
                   | /\ | \/ | >< | BITAND | BITOR | AND | OR
                   | = | <> | < | > | >= | <= | AFTER

58

A monadic operator precedes its one operand. A dyadic operator appears between its two operands. Tables, operators and conversions are detailed in the followingsections. Variables (page 35) and literals (page 27) have been explained earlier. An operand whichis a table can only be used where an array may be used. Conversions are decribed on page 66.

Atable constructs an array ofvalues froma number ofexpressions whichmust yieldvalues ofthe same data type. A string is a compact representation of a table of bytes. The value of each component of the array is the value of the corresponding expression. Consider the followingexample:

This example constructs an array withthree components, each of type . Here are some more examples:

a table of three bytes (equivalentto ) a table of three values a table withtwo component values a table witha single component a table of two integers a string literal a string literalof a named type

A table that is not a string is one or more expressions of the same data type, separated by commas, and enclosed in square brackets, optionallyfollowedby the type name of an array or record type in parentheses. Linebreaks are permitted after a comma.

A table is a value of an array type. Ifthe variables , and are of type , then the table is an expression whose type is . is an expression whose type is , and so on.

Atable may be subscripted or segmented likean array variable (page 35).

Ifa table appears in a context where its type is known,the type of its components are then knownand may be untyped literals (page 29) whose type is implicitlydetermined. However if a table appears in a context where its type is not knownthe type ofits components willbe inferredfromthe first component foundto have a knowntype. Consider:

The type of is determined from the specifier . The type of is determined from its first component which is an explicitlydecorated literal. The type of is determined from its second component which is an explicitlydecorated literal. The type of cannot be determined and so the abbreviationis illegal.The type of is determined by the explicitdecoration of the table, whichmust be done by a type name rather than a type specifier includingsubscript brackets.

A string is a sequence of characters enclosed in double quotes. A string of a named byte array type may be decorated witha type name in parentheses. Note that though a string is lexicallya literalconstant, it is treated syntacticallyas a table of bytes.

The type of a string is an array of type . The string is an array of type . Each component of the array is the ASCIIvalue of the corresponding character in the string.

Special character sequences allow certain control values such as Tabulation and Carriage Return to be includedin strings. Fulldetails of the character set and special characters are given in the appendix (page 103).

occam

6 Expressions

6.1 Tables and strings

    [1, 2, 3]

                                                     INT

           [’a’, ’b’, ’c’] "abc"
           [x, y, z]
           [x * y, x + 4]
           [(m * x) + c]
           [6(INT64), 8888] INT64
           "occam"
           "RUNHELLO.BAT"(DOSFNAME)

                                      m x c INT [(m * x) +
c] [1]INT [’a’, ’b’, ’c’] [3]BYTE

    VAL []REAL32 tab1 IS [0.0, 1.1] :
    VAL tab2 IS [2.0(REAL32), 2.1, 2.2] :
    VAL tab2a IS [1.9, 2.0(REAL32), 2.2] :
    VAL tab3 IS [3.0, 3,1] : -- ILLEGAL
    DATA TYPE VEC2 IS [2]REAL32 :
    VAL tab4 IS [4.0, 4.1](VEC2) :

          tab1 []REAL32 tab2
                                                    tab2a
                                                  tab3
                          tab4

                                []BYTE "zen" [3]BYTE

1 1

59

A string may be broken over several lines by terminating broken lines with an asterisk, and starting the continuationon the followinglinewithanother asterisk. The indentationof the continuationshould be no less than the current indentation,as illustratedin the followingexample:

The syntax fortables and strings is:

A table is either a string or is a sequence of expressions separated by commas inside a pair of square brackets. It may optionallybe decorated by a an array data type name in parentheses. A table may be subscripted or segmented in the same way as an array variable (see page 37). Asegmented or subscripted table may not be decorated.

Tables are syntacticallyvery similarto record literals,(page 32), the difference being that all components of a table must be of the same type, and so the application of the rules of literaltype inference are different withina table.

Anoperationevaluates itsoperand(s) and produces a result. The resultofan operationhas a value and a data type. These are the operators whichoperate on values, whichare defined in related groups in subsections below:

addition subtraction multiplication division remainder moduloaddition modulosubtraction modulomultiplication bitwiseand bitwiseor bitwiseexclusive or bitwisenot array size shiftright shiftleft boolean and boolean or boolean not equal not equal less than greater than less than or equal greater than or equal later than element size

Some operators are symbols, others keywords. Those symbols whichuse characters whichmay be absent in some national variants of ASCII(i.e. or ) have alternative representations as keywords.

{ } { } table string string name

expression expression name table expression

table base count table base table count

6.2 Operations on values

6.2 Operations on values

= occam := "Beware the jabberwock my son, the jaws that bite, the*
         * claws that catch, beware the jubjub bird, and shun the*
         * frumious bandersnatch."

                   | ( )
                   | [ , ]
                   | [ , ] ( )
                   | [ ]
                   | [ FROM FOR ]
                   | [ FROM ]
                   | [ FOR ]

          +
          -
          *
          /
          \ REM
          PLUS
          MINUS
          TIMES
          /\ BITAND
          \/ BITOR
          ><
          ~ BITNOT
          SIZE

                                      >>
                                      <<
                                      AND
                                      OR
                                      NOT
                                      =
                                      <>
                                      <
                                      >
                                      <=
                                      >=
                                      AFTER
                                      BYTESIN

                          \~

60

The arithmeticoperators are:

addition subtraction multiplication division remainder

Arithmeticoperators perform an arithmeticoperation upon operands of the same real, integer or byte type (not on booleans), forexample:

produces a value of 42 produces a value equal to produces a value of 42 produces a value of 42 produces an approximationto 2 produces a value of 42 produces a value of 2

The final example in this list may also be written: . The symbols and both signify the remainder operation. A remainder operation produces a value whichis the remainder of the divisionof the twooperands. The sign of an integer remainder operation is the sign of the lefthand operand (except where the result is zero) regardless ofthe sign ofthe righthand operand. The result ofan integer divisionis rounded toward zero (i.e. truncated), forexample:

produces a value of 1 produces a value of 1 produces a value of 2 produces a value of 1

The operator is also a monadic negation operator, whichhas the effect ofnegating the value ofits operand whichmust be of an integer or real type, forexample:

has the value (0 ) minus 5 minus one million

Anarithmeticoperation produces a result of the same data type as the operands. Anarithmeticoperation is not validifthe resulting value cannot be represented by the same data type as the operands, for example where the result of a multiplicationof two large integers produces a value which exceeds the range of the type (arithmeticoverflow). Divisionby zero is also treated as invalid.

Remainder operations, on both integers and reals, obey the followinglaw:

(( ) )+( ) =

Here are some examples of real expressions, in which is a value of , and is a value of : produces a value of 42 0 of type produces a value of 36 0 of type produces a value of 117 0 of type produces a value of 13 0 of type produces a value of 0 0 of type π

x/y y x y x

. . . . .

− − −

−

∗

6 Expressions

6.2.1 Arithmetic operators

                                +
                                -
                                *
                                /
                                \ REM

                39 + 3
                ’T’ + 32 ’t’
                45 - 3
                6 * 7
                2.0(REAL32) * 3.14159
                126 / 3
                128 REM 3

                                        128 \ 3 REM \

                          3 / 2
                          (-3) / 2
                          (-9) / 4
                          (-9) REM 4

          -

                       - x x
                       - 5
                       - 1.0E+06(REAL32)

                                          REM

                                          x 39.0(REAL32) y
3.0(REAL32)

                    x + y REAL32
                    x - y REAL32
                    x * y REAL32
                    x / y REAL32
                    x REM y REAL32

61

The result of a real arithmetic expression (which is considered to be infinitelyprecise) is rounded to the nearest value whichcan be represented by the type. That is, the value willbe adjusted, ifnecessary, to fit into the representation of its type. The precision of an operation is that of the type of the operands.

It is possible forthe result of a real remainder operation to be negative. Consider the followingexample:

The result ofthis expression is ( 0 5). If and are real values, the result of is ( ( )), where is the result of dividing and rounded toward zero. Applyingthis to the above example, is 0 75 rounded to the nearest integer (1), leaving : (1 5 (2 0 1))= ( 0 5).

Fulldetails of IEEEroundingmodes are given in the appendix (page 98).

The moduloarithmeticoperators are:

moduloaddition modulosubtraction modulomultiplication

These modulo arithmetic operators perform an operation upon operands of the same integer or byte data type (noton reals or booleans). Whilstthe effect ofthese operations is similarto the corresponding arithmetic operations, no overflowcheckingtakes place, and thus the values are cyclic.For example, adding one to the most positive integer willproduce a value equal to the most negative integer (i.e. ( 1) = ), and subtracting one from the most negative integer willproduce a value equal to the most positiveinteger (i.e. ( 1) = ). Consider these examples:

causes an arithmeticoverflow. produces the value 32768. causes an arithmeticoverflow. produces the value 32767. causes an arithmeticoverflow. produces the value 3392 causes an arithmeticoverflow. produces the byte value 0 produces the byte value 128

is also a valid monadic operator. is always equivalent to and so if is of a byte type then it is equal to .

Bitwiseoperators perform operations on the bit pattern of a value of an integer or byte type. The bitwise operators are:

bitwiseand bitwiseor bitwiseexclusive or bitwisenot

. x y x y x y n n x y n . . . .

MOSTP OS MOSTNEG MOSTNEG MOSTP OS

− − ∗ − ∗ −

−

6.2 Operations on values

Rounding the results of real operations

6.2.2 Modulo arithmetic operators

INVALID!

INVALID!

INVALID!

INVALID!

6.2.3 Bit operations

    1.5(REAL32) REM 2.0(REAL32)

                                                           REM

                             PLUS
                             MINUS
                             TIMES

                                                                         PLUS

                          MINUS

         32767(INT16) + 1(INT16)
         32767(INT16) PLUS 1(INT16)
         (-32768(INT16)) - 1(INT16)
         (-32768(INT16)) MINUS 1(INT16)
         20000(INT16) * 10(INT16)
         20000(INT16) TIMES 10(INT16)
         255(BYTE) + 1(BYTE)
         255(BYTE) PLUS 1
         128(BYTE) TIMES 3

MINUS MINUS z 0 MINUS z z
                     256 - z

                           /\ BITAND
                           \/ BITOR
                           ><
                           ~ BITNOT’

62

Here are some example expressions using the bitwiseoperators. The results shown are correct ifthe value of is , and the value of is , and their type is :

produces a result produces a result produces a result produces a result

The operands of , and must both be of the same integer or byte type. The followingtable illustrates how each bit of the result is produced fromthe corresponding bits in the operand.

1 0 = 1 1 0 = 0 1 0 = 1 0 0 = 0 0 0 = 0 0 0 = 0 1 1 = 0 1 1 = 1 1 1 = 1 0 1 = 1 0 1 = 0 0 1 = 1

The bitwisenot operator ( ) has a single operand whichmust be of an integer or byte type. Each bit of the result is the inverse of the corresponding bit in the operand, as shown in the followingtable:

~1= 0 ~0= 1

The result ofa bitwiseoperationis ofthe same integer or byte type as the operand(s). The keywords , and are equivalentto , , respectively,and are includedespecially forimplementations whichhave a restricted character set.

The shiftoperators performa logicalshifton a value of an integer or byte type. The shiftoperators are:

shiftright shiftleft

The shiftoperators shiftthe bitpattern ofa value ofany integer or byte type bya number ofplaces determined by a count value whichmust be of type . For example, ifthe value of is , and of type :

produces a result produces a result

The result is ofthe same integer or byte type as . The bits vacated by the shiftbecome zero, the bits shifted out of the pattern are lost. The left shift operator shifts toward the most significant end of the pattern, the rightshiftoperator shifts toward the least significantend of the pattern.

Consider these furtherexamples, where is a value of type :

produces the value produces the value produces the value 0 produces the value 0

Ashiftby a negative value, or by a value whichexceeds the number of bits in the representation, is invalid.

>< / / >< / / >< / / >< / /

\ \ \ \ \ \ \ \

6 Expressions

6.2.4 Shift operations

  pixel #1010 pattern #FFFF INT16

                   pixel /\ pattern #1010(INT16)
                   ~ pixel #EFEF(INT16)
                   pixel \/ pattern #FFFF(INT16)
                   pixel >< pattern #EFEF(INT16)

             /\ \/ ><

                   ~

                                                                          BITAND
BITOR BITNOT /\ \/~

                                   >>
                                   <<

                              INT n #FFFF INT16

                        n << 4 #FFF0(INT16)
                        n >> 4 #0FFF(INT16)

                                    n

                              n INT32

                            n << 0 n
                            n >> 0 n
                            n >> 32
                            n << 32

63

The boolean operators operate on operands of boolean type, and produce a boolean result. The boolean operators are:

boolean and boolean or boolean not

The followingtable shows the results foreach operation:

= = = = = = = = = = The operand to the leftofa boolean operator is evaluated, and ifthe result ofthe operation can be determined evaluation ceases. This differs fromthe behaviour of other expressions. Consider the followingexample:

Note that parentheses may be omitted between expressions containingadjacent or operators. The evaluation of the boolean expression ceases if the expression is false, in whichcase the evaluation of the expression does not take place. Ifthe result is true, the expression to the rightof is not evaluated. The rule is that evaluation of a boolean expression willcease ifthe operand to the left of is false, or ifthe operand to the leftof is true.

The relationaloperators performa comparison oftheiroperands, and produce a boolean result. The relational operators are:

equal not equal less than greater than less than or equal greater than or equal

Here are examples of relationalexpressions using and . In these examples the operands, and , can be any primitivedata type:

is true ifthe value of is equal to the value of the result is false otherwise is true ifthe value of is not equal to the value of the result is false otherwise f alse tr ue f alse f alse tr ue tr ue f alse tr ue f alse f alse f alse f alse f alse f alse tr ue f alse tr ue f alse f alse tr ue f alse tr ue tr ue tr ue tr ue tr ue tr ue tr ue

6.2 Operations on values

6.2.5 Boolean operations

6.2.6 Relational operations

                                 AND
                                 OR
                                 NOT

              AND OR NOT
              AND OR NOT
              AND OR
              AND OR

    IF
      ((ch >= ’a’) AND (ch <= ’z’)) OR ((ch >= ’A’) AND (ch <= ’Z’))
        ...
      (ch = cr) OR (ch = down) OR (ch = up)
        ...
      ((ch = escape) AND shift)) OR ((ch = escape) AND control))
        ...

                                                             AND OR
                             ((ch >= ’a’) AND (ch <= ’z’)) (ch
>= ’a’) (ch <= ’z’)
                      ((ch >= ’A’) AND (ch <= ’Z’)) OR
                                                                 AND
                OR

                              =
                              <>
                              <
                              >
                              <=
                              >=

                                      = <> x y

                 x = y x y

                 x <> y x y

64

The followingare examples using the other relationaloperators. In these examples the operands, and , can be an integer, byte or real type, but may not be a boolean:

is true ifthe value of is less than the value of the result is false otherwise is true ifthe value of is greater than the value of the result is false otherwise is true ifthe value of is less than or equal to the value of the result is false otherwise is true ifthe value of is greater than or equal the value of the result is false otherwise

The special modulo operator performs a comparison operation, and returns a boolean result, for example:

This expression is true if is later in a cyclicsequence than , just as one o’clock can be considered later than eleven o’clock . The first operand is considered the starting point on a “clock face” of integer values. Ifthe shortest route to the value of the second operator is clockwise,then the value is later than the first operand and the result of the expression is true. Ifthe shortest route to the value of the second operand is anticlockwise,or the routes are equal in length, then the value of the second operand is earlier, and the result of the expression is false.

Ifthe type ofthe operands is a (signed) integer type ( ) produces the same value as ( ) 0.

If the type of the operands is a byte type (which is unsigned) ( ) produces the same value as (( ) 1) 127.

The special operator may have a single operand of any array type, and produces an integer value of type , equal to the number of components in the array. For example, if is an array of type , then:

produces the value 8

If is of type (see page 31), then:

produces the value 8 produces the value 4 produces the value 12

Thisoperator is most oftenused to determine the size ofan array passed as a formalparameter ina procedure or function(pages 69 and 76). The operator may also be applied to named array data types (page 65).

The operation of on operands is discussed below together withits operation on types (page 65).

a b a b > a b a b < pm am

6 Expressions

(later than)

6.2.7 (number of components in an array)

6.2.8 (bytes occupied by implementation of array element)

                                                                          x y

             x < y x y

             x > y x y

             x <= y x y

             x >= y x y

AFTER

                       AFTER

    (a AFTER b)

                   a b

                                        AFTER MINUS

                                                   AFTER
  MINUS MINUS

       SIZE

                SIZE
    INT a [8]INT

                            SIZE a

 b [8][4]DOSFNAME

                         SIZE b
                         SIZE b[1]
                         SIZE b[0][0]

                                 SIZE

       BYTESIN

             BYTESIN

65

Anoperation on a type produces a result based on a propertyof the implementationof allvalues of the type. The result of an operation on a type has a value and a data type.

most negative most positive

The operator produces the most positivevalue of an integer or byte type. The operator produces the most negative value of a (signed) integer type, and the value 0 for an (unsigned) byte type. The type of the result is the same as the operand. Consider the followingexamples:

has the value 255 has the value 32767 has the value 2147483647 has the value 9223772036854775807 has the value 0 has the value 32768

The syntax forthese operators extends that of , and is:

The keyword( or ) appears to the leftof the name of an integer or byte data type.

array size

The operator may have a single operand whichis an array data type, and produces an integer value of type , equal to the number of components in arrays of that type. For example, if is a name defined as an array of type , then:

produces the value 12

The syntax for applied to types extends that of , and is:

where the data type is any array data type. The operator may also be applied to arrays, see page 64.

bytes in a record offset of record field

It is sometimes necessary to discover how the compilerhas mapped the fields of a record data type onto the computer’s memory. The mapping may be determined by applying the operator to discover

− expression

expression data.type data.type

expression

expression data.type

6.3 Operations on types

6.3.1 and (integer range)

6.3.2 (number of components in an array type)

6.3.3 and (field positions in records)

6.3 Operations on types

=

=

  MOSTPOS MOSTNEG

                         MOSTNEG
                         MOSTPOS

     MOSTPOS MOSTNEG

             MOSTPOS BYTE
             MOSTPOS INT16
             MOSTPOS INT32
             MOSTPOS INT64
             MOSTNEG BYTE
             MOSTNEG INT16

                    MOSTPOS
                 | MOSTNEG

     MOSTPOS MOSTNEG

  SIZE

                            SIZE

     SIZE
INT DOSFNAME
               [12]BYTE

                   SIZE DOSFNAME

      SIZE

                    SIZE

                                     SIZE

  BYTESIN OFFSETOF

                      BYTESIN
                      OFFSETOF

                                                    BYTESIN

66

the total number of bytes occupied by a variable of the record type, and the operator to a pair of names to discover the offset of a field withinvariables of a particular record type. The values returned by these operators are of type .

The operator may be applied to any data type or to any expression yieldinga value of that type and returns the number of bytes that wouldbe occupied by a component of that type in an array. This takes account of any need to add padding at the end of a record to meet implementationdependent alignment restrictions. This impliesthat: = Itis illegalto apply to an object whose size cannot be represented as an integralnumber of bytes.

The operator is applied to two operands in parentheses. The first operand must be the name of a record data type and the second operand the name of a field declared in the definitionof that type. The value returned is the offset in bytes fromthe start of the record in memoryand the start of the field indicated.

is invalidif its first operand is not the name of a record or packed record type, or if its second operand is not a field of that record type. It is invalidto apply to a field whose offset cannot be represented as an integralnumber of bytes.

Let us assume that the followingrecord type meets any restrictionson alignmentimposed by the implementation and that the compilerhas not needed to force the insertionof padding bytes. Ifso the operations yield the results indicated:

The syntax foroperands using these operators is:

The operand of maybe syntacticallyeitheran operand orany data type. The operands of must be names, the first of a structured data type and the second of a field of that type. Note that and its operand in parentheses and and its operands in parentheses are treated syntacticallyas operands, as ifthey were functioninstances, see page 78.

Withthe exception of logicalshifts (where the number of bits to shiftmust be of type ), the types of the operands inan expression must be ofthe same type. Operands may explicitlyhave theirdata type converted.

n n ∗ type type

operand operand data.type name field.name

6 Expressions

6.4 Data type conversion

=

                                                         OFFSETOF

                     INT

    BYTESIN

    BYTESIN([ ] ) (BYTESIN( ))

              BYTESIN

   OFFSETOF

OFFSETOF
                                               OFFSETOF

    DATA TYPE MIXED
      PACKED RECORD
        BYTE b1, b2:
        INT16 i1:
        REAL32 r1:
        REAL64 r2:
        DOSFNAME n1:
    :
    MIXED m1 :
    INT a, b, c, d, e, ob1, ob2, or2, on1 :
    SEQ
      a := BYTESIN (MIXED) -- 28
      b := BYTESIN (m1) -- 28
      c := BYTESIN (m1[r1]) -- 4
      d := BYTESIN (m1[n1]) -- 12
      e := BYTESIN (m1[n1][0]) -- 1
      ob1 := OFFSETOF (MIXED, b1) -- 0
      ob2 := OFFSETOF (MIXED, b2) -- 1
      or2 := OFFSETOF (MIXED, r2) -- 8
      on1 := OFFSETOF (MIXED, n1) -- 16

                          BYTESIN ( )
                       | BYTESIN ( )
                       | OFFSETOF ( , )

            BYTESIN OFFSETOF
                                                                          BYTESIN
                           OFFSETOF

                                                                INT

67

A data type conversion permits a value of any non-array data type to be converted to a numericallysimilar value of another non-array data type. A data type conversion produces the value of its operand as a value of the specified data type, forexample:

The value of in this example is converted to a value of type . Note that is a literal value of type , whereas is a data type conversion of the value of .

The syntax fordata type conversions is:

The data type must be a primitivedata type, or a named type derived froma primitivedata type and appears to the left of the operand. A data type conversion which includes the keyword as described by the syntax, produces a value rounded to the nearest value of the specified type. Where two values are equally near, the value is rounded toward the nearest even number. A data type conversion which includes the keyword as described by the syntax, produces a value truncated (rounded toward zero) to a value of the specified type. A real value of appropriate magnitude can be rounded or truncated to a value of type . Aconversion between any ofthe integer types, and conversions between those types and type , is valid onlyifthe value produced is withinthe range ofthe receivingtype. Byteand integer values may be converted to boolean values iftheir value is one or zero. The boolean value is true ifthe value is one, and false ifthe value is zero. That is:

evaluates to evaluates to evaluates to 1 evaluates to 0

Conversions from integer or byte values to real values, and vice versa, must specify whether the result is to be rounded or truncated. A value of type can be extended to an exact value of type . Values of type can be converted to values of type , providingthe value is in the range of the type. The conversion must specify if the value is to be rounded or truncated. Consider these examples, where , and are integers of type , and has a value 255 and has a value 3:

produces a byte value 255 produces a value 255 0 produces a value 255 0 produces a value 765 0 produces a value 765 0

Conversions may be applied to operands of the same type, but willhave no effect. The truncation and roundingof integer types to real types occurs where the integer cannot be exactlyrepresented as a value of the real type. Consider the followingexample:

The value in this example has been chosen specificallyto illustratethe behaviour of explicitlyrounding an integer value whichcannot be directlyrepresented in the floatingpointrepresentation of . The value of after this sequence is 33554436 0, and the value of is 33554432 0. For , the twoleast significantbits of the integer representation have been lost (they had held the value 3). For the value of those bits has been rounded to the next nearest representable value. Further detail of roundingis given in the appendix on page 98.

. . . .

. .

conversion data.type operand data.type operand data.type operand

6.4 Data type conversion

=

    j := (k * 4.5(REAL64)) * (REAL64 n)

          n REAL64 4.5(REAL64)
          REAL64 (REAL64 n) n

                       | ROUND
                       | TRUNC

                                                            ROUND

       TRUNC

BYTE

                                                                       BYTE

                           BOOL 1 TRUE
                           BOOL 0 FALSE
                           INT TRUE
                           INT FALSE

                                  REAL32 REAL64
           REAL64 REAL32
   REAL32
             n m INT64 n m

          BYTE n
          REAL32 ROUND n REAL32
          REAL64 TRUNC n REAL64
          REAL64 ROUND(n * m) REAL64
          (REAL64 ROUND n) * (REAL64 ROUND m) REAL64

    SEQ
      i := 33554435 (INT32) -- hex #2000003
      a := REAL32 ROUND i
      b := REAL32 TRUNC i

                                                                  REAL32
  a b b
                                                           a

68

Conversion of real values to integers has the effect illustratedby the followingexamples:

produces a value of 1 produces a value of 0 produces a value of 0 produces a value of 0

Consider these examples, where , and are type , has a value 3 5, has a value 2 5.:

produces the value 2, truncated produces the value 2, rounded to nearest even produces the value 4, rounded to nearest even produces the value 1 produces the value 40 produces the value 3 5

Afullexplanation of the IEEEroundingmodes is given in the appendix (page 98).

Type conversions may be needed if named types have been introduced to improve type abstraction in a program. For example ifthe types and (page 26) have been defined withreal underlyingtypes then it may be necessary to convert expressions of this type ifthey are to be used as actual parameters of calls to mathematical functions:

This example shows a named type being used as a conversion operator. As the conversion from to may not be exact then a roundingoperator must also be used.

Similarlyifa named integer type has been defined then conversions willbe needed incontexts whichexplicitly require a value of type . Consider:

. .

.

6 Expressions

                   INT32 ROUND 0.75(REAL32)
                   INT32 ROUND 0.25(REAL32)
                   INT32 TRUNC 0.75(REAL32)
                   INT32 TRUNC 0.25(REAL32)

                         x y REAL32 x y

           INT16 TRUNC y y
           INT16 ROUND y y
           INT32 ROUND x x
           INT16 TRUNC (x / y)
           (INT ROUND x) * 10
           REAL64 x

                          AREA LENGTH

    AREA a:
    LENGTH b:
    b := LENGTH ROUND (DSQRT (REAL64 a))

                                                                         REAL64
LENGTH

                 INT

    DATA TYPE INDEX IS INT :
    INDEX i :
    VAL INDEX max IS 8192 :
    [INT max]INT heap : -- explicit conversion for array size
    SEQ
      i := max - 3 -- 3 is an implicitly typed INDEX
      heap [INT i] := 4 -- explicitly converted INDEX
      ...

Thischapter describes in . Aprocedure definitionin defines a name fora process. Consider the followingexample:

This example defines as the name for the process, . of a procedure are specified in parentheses after the procedure name. In this example, is a formalparameter, and its specifier is the type . The procedure may be used as shown inthe followingexample:

Aformalparameter is an of the used in an of a procedure. The type of the actual parameter matches the type of the corresponding formalparameter.

An of a procedure has the same effect as the substitutionof the process named in the procedure’s definition. This instance of can be expanded to show its effect:

whichis equivalent to

Here is a furtherexample:

This procedure takes a channel ( ) and an array value ( ) as parameters, and outputs the components of the array to the channel. Note the use of the operator (page 64) on the formalto obtain the number of components in the actual parameter when the specifier of a formalhas an empty dimension.

Aninstance of the procedure looks likethis:

The type of the second actual parameter is compatible(page 42) withthe specifier of the formalparameter.

Again,this instance can be expanded to show the effect:

occam occam

7 Procedures

procedures

Formal parameters

abbreviation actual parameter instance

instance

PROC increment (INT x)
  x := x + 1
:
             increment x := x + 1
                                                          x
                INT increment

INT y :
SEQ
  ...
  increment (y)
  ...

                increment

INT y :
SEQ
  ...
  x IS y : -- variable abbreviation
  x := x + 1
  ...

INT y :
SEQ
  ...
  y := y + 1
  ...

PROC writestr (CHAN OF BYTE stream, VAL []BYTE string)
  SEQ i = 0 FOR SIZE string
    stream ! string[i]
:
                      stream string
                                                SIZE

                  writestr

SEQ
  ...
  writestr (screen, "Hello world!")
  ...

SEQ
  ...
  CHAN OF BYTE stream IS screen : -- channel abbreviation
  VAL []BYTE string IS "Hello World!" : -- value abbreviation
  SEQ i = 0 FOR SIZE string
    stream ! string[i]
  ...

70

To show the use of a user defined named type this example may be rewrittento use the type defined on page 31, together withthe use of the operator on such a type (page 65):

This procedure has the same effect as but is restricted in its application to strings of type . Aninstance of the procedure looks likethis:

Again,this instance can be expanded to show the effect:

The correspondence between formalparameters and actual parameters is defined in terms of abbreviations. There are three kinds of abbreviation: value abbreviations (page 43), variable abbreviations (page 42) and channel abbreviations (page 54) and procedure parameters may also be of these three kinds (they may also be timers, page 83).

If the formal is qualified by , then it is a value parameter and the corresponding actual must be an expression as the abbreviationis a value abbreviation(page 43). Ifthe formalis a data type not qualifiedby , then the actual must be a variablewhichcan receive a value by inputor assignment as the abbreviation is a variable abbreviation(page 42).

A name which is in the body of the procedure (page 40) is staticallybound to the specification of the name in scope at the positionof the procedure definition,forexample:

The free variable , in scope when the procedure was defined, is to the occurrence of the name in the procedure . The rules of ensure that distinctnames identifydistinct objects. The second declaration of a variable with the name introduces a distinct new name. This means that in the example, the scope and binding of the variables can be seen more clearly by making

occam

free

bound

7 Procedures

                                                                         DOSFNAME
                                           SIZE

    PROC writefname (CHAN OF BYTE stream, VAL DOSFNAME string)
      SEQ i = 0 FOR SIZE DOSFNAME
        stream ! string[i]
    :

                                writestr
DOSFNAME

                      writefname

    SEQ
      ...
      writefname (screen, "autoexec.bat"(DOSFNAME))
      -- the decoration (DOSFNAME) could have been omitted here!
      ...

    SEQ
      ...
      CHAN OF BYTE stream IS screen : -- channel abbreviation
      VAL DOSFNAME string IS "autoexec.bat" : -- value abbreviation
      SEQ i = 0 FOR SIZE DOSFNAME
        stream ! string[i]
      ...

                      VAL

VAL

    INT step :
    SEQ
      step := 39
      PROC next.item (INT next, VAL INT this)
        next := this + step
      :
      INT g, step :
      SEQ
        step := 7
        next.item (g, 3)
        ... -- at this point the value of g is 42

             step next.item
                       next.item
                                               step

71

systematic changes of name. Once this is done, the example is equivalent to:

Inthistransformationofthe earlierexample, itcan be seen that the variableused inthe instance of is the variable named declared before the procedure definition of , and not the second variable declared withthe same name.

Further rules for procedure parameters followfromthose for abbreviations (see appendix E). The principal purpose of these rules is to ensure that at any one point in a program there is only one name that refers to any one variable. is the name given to the checks performed by a compilerto ensure the absence of illegal .

The rules for abbreviations (page 99) lead to restrictions on the actual parameters which may be used in procedure instances. Consider the procedure:

Andnow consider the followingequivalences of instances that may appear in the scope of the procedure:

is equivalent to:

is equivalent to:

is equivalent to: whichis

is equivalent to: whichis

Here it can be seen how the meaning of each procedure parameter is defined in terms of an abbreviation, the ordering of parameters corresponds to a sequence of abbreviations. is illegal because the variable is used inthe expression , after ithas been abbreviated, and the example is illegalas has already been used in the previous abbreviationof the variable (and the rules state that a variable used in such an abbreviation may not be used withinthe associated scope). Noticealso the effect withthe order of parameters used in changed:

Aliaschecking aliases

Procedures 7

ILLEGAL!

ILLEGAL!

INT step :
SEQ
  step := 39
  INT g, curb : -- name step changed to curb
  SEQ
    curb := 7
    INT next IS g : -- expand instance of next.item
    VAL INT this IS 3 :
    next := this + step
    ... -- at this point the value of g is 42

                                                                    next.item
              step next.item

INT x, y, step :
PROC next.item (INT next, VAL INT this)
  next := this + step
:

next.item (x, y) INT next IS x :
                                   VAL INT this IS y :
                                   next := this + step

next.item (x, step) INT next IS x :
                                   VAL INT this IS step :
                                   next := this + step

next.item (step, x) INT next IS step :
                                   VAL INT this IS x :
                                   next := this + step

next.item (x, x) INT next IS x :
                                   VAL INT this IS x :
                                   next := this + step

                                                   next.item (step, x)
            step next := this + step
         next.item (x, x) x
      x
                                                       next.item

INT x, y, step :
PROC next.item (VAL INT this, INT next)
  next := this + step
:

72

Withthis re-ordering, is stillillegal,although now fora different reason, as follows:

is equivalent to: whichis

is illegalhere as there is an assignment to (via ) withinthe scope of the first abbreviation. Nowconsider the followingexample:

This procedure should leave the value of the variable used as the actual parameter for , unchanged, as the followingexpansion shows:

is equivalent to:

and by substitution:

The value of after this instance is , as mightbe expected. However,the followinginstance is illegal,which is just as well,as the effect is non-intuitive:

is equivalent to: whichis

and by substitution: a non-intuitiveeffect!

The value of after this instance, ifitwere legal, wouldbe 0, whichis counterintuitive.The followingexample highlightsthe problem further.

is equivalent to: whichis

and by substitution: a non-intuitiveeffect!

If this instance were legal, the value of after the instance of would be difficult to predict, as in each of the assignments willprobably reference a different component of , as the value of the subscript may be changed by the first assignment.

7 Procedures

ILLEGAL!

ILLEGAL!

ILLEGAL!

                next.item (x, x)

       next.item (x, x) VAL INT this IS x :
                                       INT next IS x :
                                       next := this + step

next.item (x, x) x next

    PROC nonsense (INT x, VAL INT y)
      SEQ
        x := x + y
        x := x - y
    :

                                                                 x

                nonsense (n, 3) INT x IS n :
                                                 VAL INT y IS 3 :
                                                 SEQ
                                                   x := x + y
                                                   x := x - y

                                                 SEQ
                                                   n := n + 3
                                                   n := n - 3

          n n

       nonsense (n, n) INT x IS n :
                                        VAL INT y IS n :
                                        SEQ
                                          x := x + y
                                          x := x - y

                                        SEQ
                                          n := n + n
                                          n := n - n

          n

     nonsense (i, v[i]) INT x IS i :
                                          VAL INT y IS v[i] :
                                          SEQ
                                            x := x + y
                                            x := x - y

                                          SEQ
                                            i := i + v[i]
                                            i := i - v[i]

                               i nonsense
                      v[i] v
       i

0

1 1

0

73

The syntax fora procedure definitionis:

The keyword , the name of the procedure, and a formal parameter list enclosed in parentheses is followedby a process, indented twospaces, whichis the body of the procedure. Anydata type may be used as a specifier following , any type as a specifier otherwise. The procedure definitionis terminated by a colon whichappears on a new line at the same indentationlevel as the start of the definition.

The syntax fora procedure instance is:

An instance of a procedure is the procedure name followedby a list of zero or more actual parameters in parentheses. Anactual parameter is a variable, channel, timeror expression. The listof actual parameters must correspond directlyto the list of formalparameters used in the definitionof the procedure. The actual parameter listmust have the same number of entries, each of whichmust be compatiblewiththe kind( or non- ) and type of the corresponding formalparameter. In a program in whichall names are distinct, an instance of a procedure behaves likethe substitutionof the procedure body. Noticethat allprograms can be expressed in a form in which all names are made distinct by systematic changes of name. A channel parameter or free channel may onlybe used forinputor output (not both) in the procedure.

Procedures in cannot be recursive as the procedure name is not defined untilthe end of its body and so cannot itselfbe used inside it. It is, however, possible to produce the effect of recursion, to a fixed maximumdepth, by means of multipledefinitionsof the same procedure, in each of whicha reference to the procedure name identifies the immediatelypreceding definition.

Aninstance of a procedure defined withzero parameters must be followedby empty parentheses. Where a number of parameters of the same type appear in the formalparameter list, a single specifier may specify several names. For example:

This example, is equivalent to:

The optimisationof procedure instances by generation of inlinecode is discussed in appendix A.

occam

{ }

{ } { }

{ } definition name formal process

formal specifier name specifier name

proc.instance name actual

actual variable channel timer expression

process proc.instance

Procedures 7

=

=

= =

=

                      PROC ( , )

                      :
                               ,
                   | VAL ,

       PROC

              VAL

                           ( , )

                   |
                   |
                   |

                                                                          VAL
 VAL

PROC snark (VAL INT butcher, beaver, LENGTH boojum, jubjub)
  ...
:

PROC snark (VAL INT butcher, VAL INT beaver,
            LENGTH boojum, LENGTH jubjub)
  ...
:

74 7 Procedures

( ) 1

=0

The previous chapter discusses named processes (called ). This chapter describes in . A functiondefines a name for a special kind of process, called a . A value process produces a result of any data type, and may appear in expressions. Value processes may also produce more than one result, whichmay be assigned in a multipleassignment. functionsare free fromall side effects, as they are forbiddento communicate or to assign to free variables. This helps to ensure that programs are clear and easy to maintain.

Avalue process performs an enclosed process and produces a result. Consider the followingexample:

In the example shown here, the value process produces the sum of the array , and is equivalent to

[ ]

The syntax of value processes is:

A value process consists of zero or more specifications which precede the keyword , followedby a process at an indentation of two spaces, and the keyword at the same indentation. The keyword is followedby an expression list on the same line. The expressions in this list may be of any fixed size data type. The line may be broken after a comma, or at a legal point in an expression. An operand of an expression may consist of a left parenthesis, a value process, and a right parenthesis. The structured parentheses appear at the same indentationas each other, and are equivalentto the lefthand and righthand parentheses of a bracketed expression respectively. So, where the value process produces a single result, the upper bracket may be preceded by an operator, or the lowerbracket may be followedby an operator.

occam

occam

8 Functions

SI Z E v

i

− v i procedures functions value process

value.process process

expression.list specification value.process

operand value.process

expression.list value.process

8.1 Value processes

=

= =

    total := subtotal + (INT sum :
                         VALOF
                           SEQ
                             sum := 0
                             SEQ i = 0 FOR SIZE v
                               sum := sum + v[i]
                           RESULT sum
                        )

                                                          v

                          VALOF

                            RESULT
                       |

                          (
                          )

                          (
                          )

                                                                VALOF
                                             RESULT
RESULT

∑

76

Morecommonlythe value process is the body of a functiondefinition,as illustratedin the followingexample:

This functiondefinitiondefines the name forthe associated value process. The type of the result of this functionis . The result type or types, whichmay be any explicitor named fixed size data types appear in a comma separated listbefore the keyword .

Just as the behaviour of procedure instances is defined by the substitutionof the procedure body, instances of functions behave likea substitutionof the functionbody. In fact the value process is introduced into the language for the purpose of providinga clean definitionof functioninstances in terms of substitution,rather than as a construct that willnormallybe used in its own right. It followsthat the example whichstarts this chapter is an expansion of the following:

Afunctiondefinitionmay also define a name foran expression listwhichdoes not need a value process for its evaluation, so that simple, single line functionscan be defined in the followingfashion:

Each of these functions returns a single byte or boolean result. The definitionof the function is equivalent to the following:

A number of rules apply to functions to ensure they are free from side effects. As for procedures, the correspondence between the formaland actual parameters of a functionis defined in terms of , and followsthe associated scope rules. However,an argument of a functionmay onlybe a value parameter. Onlyvariables declared withinthe body of a value process or functionmay be assigned to. There may be no parallels withina value process. There can be no inputs, outputs or alternations withina value process. The evaluation of a functioncan therefore never be explicitlydelayed by the action of another process running concurrently.

Anyprocedure used withina functionmust also be free fromside effects on variables outside the function. A variablewhichis free withinthe result listor value process (Scope, page 39) can be used onlyinexpressions withinthe value process or function body; it may not receive new values by assignment. Consider the following:

abbreviations

8 Functions

8.2 Functions

INT FUNCTION sum (VAL []INT values)
  INT accumulator :
  VALOF
    SEQ
      accumulator := 0
      SEQ i = 0 FOR SIZE values
        accumulator := accumulator + values[i]
    RESULT accumulator
:

                           sum
    INT
                             FUNCTION

total := subtotal + sum (v)

BYTE FUNCTION noparity (VAL BYTE ch) IS (ch /\ #7F) :
BOOL FUNCTION lowercase (VAL BYTE ch) IS (ch >= ’a’) AND (ch <= ’z’) :
BOOL FUNCTION uppercase (VAL BYTE ch) IS (ch >= ’A’) AND (ch <= ’Z’) :
BOOL FUNCTION isletter (VAL BYTE ch) IS uppercase (ch) OR lowercase (ch) :

                                                                   isletter

BOOL FUNCTION isletter (VAL BYTE ch)
  VALOF
    SKIP
    RESULT uppercase (ch) OR lowercase (ch)
:

[]THING stack:
INT stack.pointer:
SEQ
  ...
  THING FUNCTION read.top.of.stack () IS stack[stack.pointer] :
  BOOL FUNCTION empty () IS (stack.pointer = 0) :

77

and are free in the definitionof and in the definitionof , but can be used in expressions in those definitions.

Avalue process may produce more than one result, whichmay then be assigned using a multipleassignment. Consider the followingexample:

This value process searches the byte array for the character . The result is produced fromthe expression list whichfollows , and is then assigned to , and . This value process can be given a name in a functiondefinition,as follows:

This example finds the positionof in the string . Afterthe multipleassignment in this example, the value of willbe , and the value of willbe .

Single line functionswithmultipleresults may also be defined:

Thisfunctionproduces the quotientand remainder when is dividedby . Ifan error occurs withina function or value process, itwillbehave likethe primitiveprocess . This behaviour is equivalentto the behaviour of a numerical overflow in an arithmetic expression (see page 101 for details of the behaviour of invalid

8.2 Functions

stack stack.pointer read.top.of.stack stack.pointer
         empty

    point, found := (VAL BYTE char IS ’g’ :
                     VAL []BYTE string IS message :
                     BOOL ok :
                     INT ptr :
                     VALOF
                        IF
                          IF i = 0 FOR SIZE string
                            string[i] = char
                              SEQ
                                ok := TRUE
                                ptr := i
                          TRUE
                            SEQ
                              ok := FALSE
                              ptr := -1
                        RESULT ptr, ok
                    )

                                 string ’g’
                      RESULT point found

    INT, BOOL FUNCTION instr (VAL BYTE char, VAL []BYTE string)
      BOOL ok :
      INT ptr :
      VALOF
        IF
          IF i = 0 FOR SIZE string
            string[i] = char
              SEQ
                ok := TRUE
                ptr := i
          TRUE
            SEQ
              ok := FALSE
              ptr := -1
        RESULT ptr, ok
    :
    VAL message IS "Twas brillig and the slithy toves" :
    INT point :
    BOOL found :
    SEQ
      point, found := instr (’g’, message)
      ...

                          ’g’ message
         point 11 found TRUE

    INT, INT FUNCTION div.rem (VAL INT x, y) IS x / y, x REM y :

                                          x y
                                          STOP

0 1

1 0

0

78

processes). Consider the behaviour of an instance of the followingfunction:

This functionwillbehave likethe primitiveprocess if is less than zero, or ifan overflowoccurs in the evaluation of the factorial. In either case the behaviour is equivalent to the behaviour of any other in valid expression (page 101).

The syntax forfunctionsis:

A functionheader consists of the keyword , followedby the name of the functionand a formal parameter listenclosed in parentheses. Afunctiondefinitionconsists of a comma separated listof the types of the result(s) produced by the function,followedby a functionheader. This is followedby a value process, indented two spaces, whichforms the body of the function. The functiondefinitionis terminated by a colon which appears on a new line at the same indentation level as the start of the definition. Alternatively,a function definition may consist of the result type list and function header followedby the keyword , an expression list,and a colon, on the same line. The linemay be broken after the keyword , a comma, or at a legal pointin an expression.

Aninstance ofa functionis an operand and consists ofa functionname followedby a listofactual parameter expressions in parentheses. Anoperand that is a functioninstance or value process returninga single result of an array or record type may be subscripted by an expression or a field name respectively. An instance of a functiondefined to have zero parameters must be followedby empty parentheses. Where a number of parameters of the same type appear in the formalparameter list, a single specifier may specify several names. For example, using the type declared on page 31:

This example is equivalent to:

Afunctionmay return results ofa record type such as . For example the multiplicationofcomplex

{ } { }

{ } { } { } function.header name formal

definition data.type function.header value.process

data.type function.header expression.list

operand name expression operand subscript

expression.list name expression

8 Functions

= =

= =

INT FUNCTION factorial (VAL INT n)
  INT product :
  VALOF
    SEQ
      product := 1
      SEQ i = 1 FOR n
        product := product * i
    RESULT product
:

                                  STOP n

                      FUNCTION ( , )

                        ,

                      :
                   | , IS :

                           ( , )
                   | [ ]

                           ( , )

                             FUNCTION

                                                                        IS
                                                              IS

                        COMPLEX32

INT FUNCTION alice (VAL COMPLEX32 tweedle.dum, tweedle.dee,
                    VAL INT cheshire.cat)
  ...
:

INT FUNCTION alice (VAL COMPLEX32 tweedle.dum,
                    VAL COMPLEX32 tweedle.dee,
                    VAL INT cheshire.cat)
  ...
:

                                    COMPLEX32

79

numbers may be expressed by this function:

The final example of a functionshows both the use of a named array type as a result type and the use of two results to return two values. Anexplicitarray type could have been used here instead of a named one. Givenan array ofprogram names separated by commas this functionwillselect one ofthese names, append to it and return it withits length:

Use of this functionto select a name froma listand then use of that name as a parameter to a procedure is shown in this example:

Note that the expression listreturned as a functionresult cannot be used directlyas an actual parameter list, but must be assigned to a variable list(or used after or in another functiondefinition).

The optimisationof functioninstances by generation of inlinecode is discussed in appendix A.

8.2 Functions

    COMPLEX32 FUNCTION cmul (VAL COMPLEX32 z1, z2)
      COMPLEX32 z :
      VALOF
        SEQ
          z[real] := (z1[real] * z2[real]) - (z1[imag] * z2[imag])
          z[imag] := (z1[real] * z2[imag]) + (z1[imag] * z2[real])
        RESULT z
    :
    COMPLEX32 w1, w2, w3 :
    SEQ
      ...
      w1 := cmul (w2, w3)
      ...

".exe"

    INT, DOSFNAME FUNCTION exename (VAL[]BYTE names, VAL INT j)
      -- extract (j-1)’th name from comma separated names and append ".exe"
      DOSFNAME fname :
      INT n :
      VALOF
        INT m, s :
        SEQ
          m, s := 0, 0
          SEQ i = 0 FOR j
            SEQ
              WHILE names [m] <> ’,’
                m := m + 1
              s := m + 1 -- names [s] starts next name
              m := s
          WHILE isletter (names [m]) -- instance of FUNCTION isletter
            m := m + 1
          n := m - s -- n is length of j’th name
          [fname FOR n] := [names FROM s FOR n]
          [fname FROM n FOR 4] := ".exe"
        RESULT n + 4, fname
    :

    VAL prognames IS "oc,occonf,ilink,icollect,imakef,":
    DOSFNAME tool :
    INT len :
    SEQ
      len, tool := exename (prognames, 2)
      callprog ([tool FOR len])

                                        IS RESULT

80 8 Functions

1

Timers produce a value which represents the time, and allow processes to be delayed until the time has reached or passed a particularvalue. The use of timers is essential in most real time controlsystems.

This chapter describes timers, the declaration of timers, and access to them.

Syntacticallytimers have many similaritiesto channels (discussed on page 45).

Atimerprovidesa clockwhichcan be accessed byany number ofconcurrentprocesses. The relationshipbetween the timereturned byan timerand real timeis not defined bythe language, i.e. implementations may differ in the granularityof timers and consequently in their cycle period.

The type of a timeris:

Timer arrays have type similarto channel arrays, forexample:

The syntax of timerarray types is:

Atimeris declared in a manner similarto channels and variables. Consider the followingexample:

This declaration introduces a timer whichis identifiedby the name . Several timers may be declared together, forexample:

The type of the declarations is determined, and then the declarations are made. Timer arrays are declared in the same way as other arrays, forexample:

Components and segments of timer arrays are denoted in the same way as components and segments of variable arrays (page 36) and channel arrays (page 46).

The syntax of timerdeclarations is:

Avalue inputfroma timerprovides an integer value of type representing the time. The value is derived froma clock, whichchanges by an increment at regular intervals. The value of the clock is cyclic( when

occam

9 Timers

{ } timer.type

timer.type expression timer.type

declaration timer.type name

timer name timer expression timer base count timer base timer count

ie

9.1 Timer type

9.2 Declaring a timer

=

=

= =

                      TIMER

[10]TIMER

                      [ ]

TIMER clock :

                                              clock

TIMER clockA, clockB :

[10]TIMER clocks :

                               , :

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

                                         INT

82

the value reaches the most positive integer value, an increment results in the most negative integer value). The special operator can be used to compare times even though the value may have crossed from most positive to most negative, just as one o’clock may be considered later than eleven o’clock . If and are successive inputs from the same timer, then the expression is true if is later than . This behaviour is onlysensible ifthe second value ( ) is inputwithinhalfa cycle of the timer.

is also explained in the chapter on expressions (page 57).

The rate at which a timer is incremented is implementationdependent, and may depend on the priorityat whicha process is run (see page 94).

Timers are accessed by special forms of called , whichare syntacticallysimilarto channel inputs, forexample:

This example inputs a value fromthe timer and assigns the value to the variable . Unlikechannels, inputs fromthe same timermay appear in any number of components of a parallel.

Another special timer input (called a ) specifies a time, after which the input terminates, for example:

Thisinputwaits untilthe value ofthe timer is later than the value of . Inother words, if is the value of the timer , then the inputwillwaituntil is true. The value of is unchanged.

Adelay can be caused by this sequence:

The first input inputs a value representing the current time and assigns it to the variable . The second (delayed) input waits untilthe value input from is later than the value of . (page 61) is a . Note that because of the cyclicnature of timers it is importantto use and when adding and subtracting integers derived froma timer.

The syntax fortimerinputs is:

Atimerinputreceives a value fromthe timernamed on the leftofthe inputsymbol( ), and assigns that value to the variable named on the rightof the symbol. Adelayed inputwaits untilthe value of the timernamed on the leftof the inputsymbol ( ) is later than the value of the expression on the rightof the keyword .

Timer inputs and delayed inputs may be used as guards in alternations. This gives a simple way in which to program timeouts wherein a process waits for one or more inputs on communicationchannels for up to pm am

input timerinputs

delayed input

modulooperator

input timer.input delayed.input

timer.input timer variable delayed.input timer expression

9 Timers

9.3 Timer input

9.4 Timers in alternations

= = =

                AFTER

t1 t2 t1 AFTER t2 t1
       t2 t2
AFTER

    clock ? t

                                clock t

    clock ? AFTER t

                                clock t c
         clock (c AFTER t) t

    SEQ
      clock ? now
      clock ? AFTER now PLUS delay

                                                                   now
                                    clock now PLUS delay PLUS
                                                                             PLUS
   MINUS

                       |

                              ?
                              ? AFTER

                                                              ?

                     ? AFTER

83

some maximumtime and performs some other action ifno inputwas received. Consider the process:

In this example, the process sends a request to a server and notes the time at whichthe request was sent. When the process is ready to receive the reply, it waits alternativelyfor the server to become ready with the reply or for the timeout period to pass. If the server has not become ready to reply before the end of the timeout period, then the process willexecute the branch of the alternation associated withthe delayed input. Noticethat the timeoutperiod starts fromthe time of the timerinputfollowingthe request, not fromthe beginningof the alternation.

Timers may be abbreviated inthe same wayas variables (page 42) and channels (page 54). The same rules, summarised in appendix E, apply to abbreviated timer names as apply to abbreviated variable or channel names. Timers may be used as actual parameters in procedure instances.

The syntax of timerabbreviationis

This syntax is closely related to the corresponding syntax forchannels.

abbreviation specifier name timer name timer specifier timer.type specifier expression specifier

actual timer

9.5 Timer abbreviation

9.5 Timer abbreviation

= =

=

SEQ
  to.server ! request
  time ? request.time
  ...
  ALT
    from.server ? reply
      ... the server has replied in time
    time ? AFTER request.time PLUS time.out
      ... the server has missed the deadline

                                 IS :
                   | IS :

                   | []
                   | [ ]

84 9 Timers

Thischapter describes retypingconversions. Aretypingconversionis syntacticallya specification(a definition) in whose scope the data type of a bit pattern is changed from one data type to another. There are three kinds of retypingconversions: conversions whichconvert a variable, conversions whichconvert the value of an expression, and conversions whichchange the protocolof a channel. There is also the related reshaping conversion.

The length(i.e. the number ofbits)ofthe new type specified must be the same as the lengthofthe bitpattern being retyped. A retyping conversion has no effect upon the bit pattern, and differs from (page 66) where the value of one type is converted into an equivalent value of another type.

As retyping conversions are dependent on the exact mapping of types in the computer, the word size, the significance of the order of bytes in a word, etc., their use can lead to programs which are not portable between different target computer types. See also the discussion of wordsize on page 92 in appendix A.

The retypingconversion of a value may be used to specifya name fora particularbitpattern described by a hexadecimal constant. Consider the followingexample:

The advantage of the above conversion is that it has been possible to specify the exact representation of a value otherwise difficultto represent. Use of this conversion may be dependent on the target machine’s use of IEEEfloatingpointarithmetic. Consider also the followingexample:

The bitpattern forthe real representation ofthe value 42 0 is mapped to a name oftype . As for the (page 43) of expressions, no variable used in the expression may receive a new value by inputor assignment withinthe scope of the conversion.

The retypingconversion may also specify a name of a new type foran existingvariable of the same length. For example:

Inthis example, , a variableoftype , is made accessible as an array of8 bytes. Each byte is accessible via subscript, any change to the bit pattern as a result of an assignment or input willdirectly affect the value of the originalvariable.

The same rules apply to names specified by retypingconversions as apply to abbreviations (page 99). That is, no variable used in a subscript, base or count expression whichselects a component or segment of an array may receive a new value by input or assignment withinthe (page 39, the region of a program where use of the name is legal) of the conversion. The variable converted may not be used withinthe scope of the conversion.

The syntax forretypingconversion is:

Aretypingconversionis syntacticallya definition.The retypingconversionofa variablebegins witha specifier, followedby the name specified, and the keyword , the variable appears to the rightof the keyword . The retypingconversion of a value begins withthe keyword , a data type specifier appears to

10 Retypingand reshaping

.

type conversion

abbreviation

scope

definition specifier name variable specifier name expression

10.1 Retyping variables and values

=

    VAL REAL32 root.NaN RETYPES #7F840000(INT32) :

    VAL INT64 pattern RETYPES 42.0(REAL64) :

                                                            pattern INT64

    INT64 condition :
    ...
    SEQ
      [8]BYTE state RETYPES condition :
      ...

            condition INT64

                                      RETYPES :
                       | VAL RETYPES :

                                     RETYPES
RETYPES VAL

86

the rightof , followedby the name specified, and the keyword ; the expression appears to the rightofthe keyword . The number ofbytes inthe representation ofvalues ofthe type ofthe specifier must be the same as in the variable or value retyped. The line on whicha retypingconversion occurs may be broken after the keyword , or at any legal pointin the expression.

A retyping conversion where the destination type is an array type may use a specifier withone empty dimension. The size of this dimension is determined fromthe size of the variable or value being retyped. For example:

Ifa variable being retyped is implemented withdifferent alignmentrequirements to the destination type then the retypingconversionis invalidunless itis determined that alignmentmismatches do not occur. Thiscan be importantwhen using retypingto pack binaryvalues intoa buffer forsending to a file. Consider the following example:

Animplementationmay reject an invaliddefinitionas above at compiletime or may cause the generation of code to reject it at run time.

The protocol of a channel is used by a compiler to check the format and content of messages that are communicated by inputs and outputs. Sometimes it is necessary to allowdifferent protocols to be used for communicationsusing the same channel at different places withina program.

10 Retyping and reshaping

10.2 Retyping channels

     VAL RETYPES
           RETYPES

                  RETYPES

[10]REAL64 w :
SEQ
  []BYTE bw RETYPES w :
  -- here we can send the binary array to a file
  ...
  [10][]INT iw RETYPES w :
  -- here we can look at each REAL as a bit pattern
  ...

[4096]BYTE diskbuff :
INT di :
DATA TYPE MYINT IS INT :
MYINT x :
SEQ
  ...
  MYINT db0 RETYPES [diskbuff FOR BYTESIN (MYINT)] :
  -- ok because start of array always aligned
  di := x
  []BYTE bx RETYPES x :
  [diskbuff FROM di FOR SIZE bx] := bx
  ...
  MYINT dbi RETYPES [diskbuff FROM di FOR BYTESIN (MYINT)] : -- INVALID!
  -- fails because value of di might cause misaligment
  ...

87

This may be achieved by using a retypingconversion applied to channels. Consider this example:

This is a trivialexample of a situation that sometimes arises in programming. The procedure represents an existing general purpose procedure that it is not convenient to rewrite. This happens to buffer single values. Similarlythe procedure has been writtento output complexnumbers as pairs of values using the protocol . As this is a sequential protocoleach value willbe sent as a single communicationand so willmatch one input in the buffer procedure. The use of channel retypingallowsthese separately writtenprocedures to be called withoutchanging either.

If channel retyping is used in only one of the processes that use a channel as here, then it is important to ensure that individualinputs and outputs remain compatible in terms of the numbers of bytes in each communication. Channel retypingmay also be used to change the protocolboth in the process that outputs on a channel and the process whichinputs on the channel. In this case there is no need to take special care about the details of implementationof communication.

Acommon use of channel retypingis to apply protocolchecking to the use of one or both ends of a channel that was declared withan anarchic protocol(see page 53).

The syntax of channel retypingis similarto variable retyping:

The specifier must be of the form protocol. Channel arrays may be retyped or reshaped (see below).

A special kind of retyping conversion may be used to change the interpretation of an array in terms of its subdivisioninto arrays of fewer dimensions. A reshaping conversion may increase or decrease the number of dimensions or may merely change the sizes of the dimensions. A reshaping conversion is independent of details of representation and therefore programs using them are portable to different target computer

occam

definition specifier name channel

10.3 Reshaping

10.3 Reshaping

=

    PROC real.buffer (CHAN OF REAL32 rin, rout)
      REAL32 r :
      WHILE TRUE
        SEQ
          rin ? r
          rout ! r
    :
    PROTOCOL COMPLEX IS REAL32; REAL32 :
    PROC generate.complex (CHAN OF COMPLEX c)
      ... process outputting complex values on c
    :
    PROC consume.complex (CHAN OF COMPLEX c)
      ... process inputting complex values on c
    :
    CHAN OF COMPLEX cin, cout :
    PAR
      generate.complex (cin)
      CHAN OF REAL32 crin RETYPES cin :
      CHAN OF REAL32 crout RETYPES cout :
      real.buffer (crin, crout)
      consume.complex (cout)

real.buffer
                                            generate.complex
                                         COMPLEX

                                      RETYPES :

                           CHAN OF

88

architectures. Consider this example:

Inallthe reshapings shown the number ofcomponents ofthe array base type on the twosides ofthe keyword must be the same. One pair of brackets in the specifier on the left may be empty, and such a reshaping is valid if and only if there is an integer such that the product of the sizes of all dimensions on the left is equal to the number of base type components in the array on the right. The empty brackets may be in any position. In the example shown the type of willbe found by the compilerto be . The syntax forreshaping conversion is:

Areshaping conversionofa variablebegins witha specifier foran array type, followedby the name specified, and the keyword . The variable whichmust be an array builtfromcomponents of the same base type as the specifier appears to the rightof the keyword .

A reshaping conversion of a value begins withthe keyword , a data type specifier appears to the right of , followedby the name specified, and the keyword . The expression whichmust be of an array type builtfromcomponents of the same base type as the specifier appears to the rightof the keyword . A reshaping conversion of a channel begins witha specifier for a channel array type, followedby the name specified, and the keyword . The channel which must be an array builtfrom components of the same base type as the specifier appears to the rightof the keyword .

The line on which a conversion occurs may be broken after the keyword , or at any valid point in the variable or expression. Specifiers appearing in reshaping conversions may contain one empty pair of brackets (open dimension).

definition specifier name variable specifier name expression specifier name channel

10 Retyping and reshaping

=

    VAL [2][6]REAL32 nums IS [[0.0, 1.0, 2.1, 3.1, 4.2, 5.2]
                              [6.3, 7.3, 8.4, 9.4, 10.5, 11.5]] :
    SEQ
      -- here we want to use two arrays of six reals each
      ...
      VAL [6][2]REAL32 nums.6.2 RESHAPES nums :
      SEQ
        -- here we want to use six arrays of two reals each
        ...
      VAL [12]REAL32 nums.12 RESHAPES nums :
      SEQ
        -- here we want to use one array of twelve reals
        ...
      VAL [2][2][]REAL32 nums.2.2. RESHAPES nums :
      SEQ
        -- here we want a 3-dimensional subdivision
        ...

RESHAPES

                                            nums.2.2.
[2][2][3]REAL32

                                      RESHAPES :
                       | VAL RESHAPES :
                       | RESHAPES :

             RESHAPES
                                          RESHAPES

                                              VAL
  VAL RESHAPES

RESHAPES

                     RESHAPES
                                                   RESHAPES

                                                        RESHAPES

Appendices

90 Appendices

Asfaras possible an implementationof should place no unreasonable quantitativerestrictionson the components of an program. Ifany restrictionsthat impact the class of acceptable programs are imposed by a compilerthen they must be described in accompanying documentation. Examples of such limitsand restrictionswouldbe those concerningthe lengthofnames, lengthofformalparameter lists,number of tags in a protocolor requirements that certain constants be knownat compiletime.

An implementationof may need to extend the language in various ways to facilitatethe solutionof common software engineering problems such as source code management, optimisationsand interfacingto other software and special purpose hardware. Such extensions should always obey the spiritof in keeping things as simple as possible and should as far as possible be limitedto structures introduced by explicitkeywords easily recognised by a compileror human reader.

Directivesto a compiler which can occupy a line on their own should always do so and be introduced by a keyword whose first character is the special character . This should be the first lexical item on a line and should be allowed at any indentation consistent withthe surrounding source code. Allowable indentations match those for comments (page 4). Anysuch compilerdirectiveline must be allowed to end withan comment, and apart fromits interpretationat compiletime is treated as a comment.

These keywordsand others whichneed to be embedded within source should allobey the convention that no keywordcontains a lowercase letter.

It is not the purpose of this appendix to describe any such language extensions in detail, but to mention some of those that have been found useful in existingimplementations,and so reduce the likelihoodof new extensions being devised forsimilarpurposes when existingones could sensibly be reused. Readers should consult detailed documentation accompanying a particularcompilerfor details of the syntax and semantics of these extensions.

From the strict syntactic point of view compilerdirectives behave as comments and may appear wherever a comment can appear. They are interpreted by the compiler. Particular directives may be allowed by a compileronly in a more restricted set of positions, and their indentation may be significant ifthey introduce additionalspecifications, whose scope they willdetermine.

introduces (by name in some filingsystem or operating system name space) a source text file to be inserted at the current source line positionand indentation.

introduces an object file or libraryfile from which interface informationfrom a pre-compiled body of code is to be inserted at the current source line positionand indentation.

introduces a listof compilationoptions.

introduces further informationthat may influence what a compilerdoes to the source text during compilation. Versions of this directive have also been used to define interfacing to code compiled from languages other than , selective controlof usage checking, etc.

introduces a text string that is to be explicitlycopied to an object file. This may be needed to ensure that copyrightetc is identified.

This keywordmay be inserted before or to suggest to the compilerthat calls to the routine should be compiledto inlinecode rather than to a closed subroutine.

occam occam occam

occam

occam

occam

occam

occam

occam

occam

A Implementationdependent features

A.1 Compiler directives

A.2 Special keywords introducing language extensions

                                            #

#INCLUDE

#USE

#OPTION

#PRAGMA

#COMMENT

INLINE

                            PROC FUNCTION

92

This keywordis used in the transputer implementationsof to introduce, on followingindented lines, sequences of target processor instructionsin a simple assembly language. Similarextensions designed for other target processor types should allowreference to names declared in the surrounding scope, and should followall the usual conventions concerning the indentationof source text lines.

Target processors for which programs willbe compiled differ in such matters as word length and the addressing of bytes withinwords. Documentationaccompanying an implementationmust fullydefine the mapping of data types onto the words in the target processor’s memory, and specify any requirement for alignmentof values withrespect to wordboundaries and/or need forpadding bytes withinrecords or arrays.

In order to optimise computations on integers, the programmer is given a choice between explicit specification of the length of all integer variables as , or whichwillmaximise portability of code between targets, or declaring all integers as whichwillallowthe compilerto choose the length of integer whichis natural in the target.

There are, however, contexts in where type is always assumed. These include the values returned by timers, the sizes of arrays and the bases and counts of replicators and segments. Programmers must be aware that ifthe target word length is only 16 bits, then there willbe classes of program that they mightreasonably wish to writewhose portabilityis compromised by the limitedsize of integers.

Particular care is necessary when designing code that is to be distributed across a network of processors, not all having the same word length. The protocols of channels connecting dissimilarprocessors should not include components of type .

An compileris required to performany arithmeticon constants that are knownat compiletime using the wordlengthofthe target processor. Anysuch computationsthat wouldoverflowon the target willproduce a compiletime error message.

The word has been adopted by computer engineers to define the relationshipbetween the addressing of bytes withinwords and the positionalsignificance of these bytes in the representation of integer values.

Aprocessor architecture may be implyingthat bytes withloweraddresses have least significance in integers, or implyingthat bytes withloweraddresses have most significance.

An program whichdoes not include any of the keywords , , , , or is capable of compilationto target code whose behaviour willbe identicalwhether the processor is little-endianor big-endian.

If an program is to be ported from a little-endiantarget processor, such as a transputer, to a bigendian one, then it willbe necessary to inspect all uses of these keywords and either to confirm that the bit patterns mapped willbe treated identicallyby the twoimplementations,or to make the necessary adjustments to the code forthe new target processor.

occam

occam occam

occam

occam

occam

occam

occam

occam

endianness

little-endian big-endian

A Implementation dependent features

A.3 Target word size

A.4 Endianness

ASM

                                       INT16 INT32 INT64
                                        INT

                                         INT

                     INT

                                                  ASM RETYPES BYTESIN OFFSETOF
PACKED

This appendix describes the aspects of which specify the of an program. Configurationassociates the components of an program witha set of physical resources. During configurationthe processes whichmake up an program are distributedover the number of interconnected processing devices available in the environment in which the program willexecute. The processes whichexecute on a single processor may be given a priorityof execution, and the channels whichinterconnect the distributed processes may be mapped onto the physical communicationlinks between processing devices. Configurationdoes not affect the logicalbehaviour of a program.

An implementationmay extend the syntax of configuration to take advantage of the features of particular target computer and network architectures. Readers are advised to consult documentation accompanying a particularimplementationfor the details of such extensions, whichmay introduce additionalreserved keywords to the language. Asingle processor implementationmay omitthese language features altogether. An implementationmay choose to arrange forthe configurationof programs by means outside the language.

The component processes of a parallel may each be executed on an individualprocessor. This can be specified by a whichassigns a process forexecution on a specified processor. Consider the followingexample:

In this example, the processes , and , are placed on three individualprocessors numbered , and . Each process is executed on the assigned processor; each process uses localmemory, and communicates withthe other processes via channels.

The syntax fora placed par is:

The keywords are followedby zero or more processor allocations. A processor allocation is the keyword , and an expression of type whichserves to identifythe processor on whichthe associated process is to be placed. As fornormal parallels (page 16), the placed parallelmay be replicated. An implementationmay extend this syntax to identifythe type of processor on whichthe process is placed. Allvariables and timers used withinthe placement must be declared withinit.

occam occam

occam occam

B Configuration

{ } configuration

placed parallel

placedpar placedpar

replicator placedpar

expression process

parallel placedpar

B.1 Execution on multiple processors

=

=

PLACED PAR
  PROCESSOR 1
    terminal (term.in, term.out)
  PROCESSOR 2
    editor (term.in, term.out, files.in, files.out)
  PROCESSOR 3
    network (files.in, files.out)

                   terminal editor network
    1 2 3

                      PLACED PAR

                   | PLACED PAR

                   | PROCESSOR

       PLACED PAR
     PROCESSOR INT

94

The component processes ofa parallel(page 15) executing on a single processor may be assigned a priority of execution. Consider the followingexample:

Thisprocess willalways execute the process inpreference to the process . Each process executes at a separate priority,the first process is the highest priority,the last is the lowest. Lowerpriority processes may only continue when all higher priorityprocesses are unable to. The process may also be replicated, as shown in the followingexample:

The process withthe highest index is executed at the lowest priority.

The syntax forpriorityexecution is:

The keywords are followedby zero or more processes at an indentation of two spaces. As for parallels detailed in the main body of the manual (page 16), the process may be replicated.

Animplementationfora target processor withouthardware support forprocess prioritymay omitthisextension or may implement it as though the keyword were not present. If hardware only implements a limited number ofprioritiesan implementationmay impose restrictionson the nesting of constructs or may not permitreplicated s.

Priorityalternations have been discussed withother alternations above (page 23). They are not concerned withprocess priorityand are not dependent on hardware support forpriority.

This section explains how a , , or may be placed at an absolute location in the memory of a target processor. presents a consistent viewof a processor’s memory map. Memory is considered to be an array of type ; each address in memory is considered a subscript into that array. The location used an refers to the lowest address occupied by the variable, etc, in memory. It is therefore the locationof first byte of a scakar or the first byte of the zeroth component of an array or the first field defined in a packed record type.

Consider the followingexample:

occam

{ } parallel process

replicator process

variable channel timer array

allocation

B Configuration

B.2.1 Priority parallel

B.2.2 Priority alternation

B.2 Execution priority on a single processor

B.3 Allocation to memory

=

PRI PAR
  terminal (term.in, term.out)
  editor (term.in, term.out)

                              terminal editor

PRI PAR i = 0 FOR 8
  users (term.in[i], term.out[i])

                      PRI PAR

                   | PRI PAR

       PRI PAR

                              PRI
                                                        PRI PAR
            PRI PAR

                       INT

PLACE term.in AT link1in :

95

This allocationplaces at the locationspecified by . Here are some furtherexamples:

The syntax forallocationis:

An allocationbegins withthe keyword , followedby the name of the variable, channel, timer or array to be placed. This in turn is followedby an expression of type whichindicates the absolute locationin memory.

Althoughnot explicitlydetermined by the syntax, itis usual foran implementationto require that an allocation appear immediatelyafter the declaration of the variable whose place it defines. A compiler may reject an allocationwhichappears at a positionviolatingthis guideline,especiallyafter code may have been generated referringto the variable.

An allocation must place a channel, timer or variable at a compatible location. That is, a timer should be placed at a locationwhichacts as a timer,and a channel should be placed at the locationwhichimplements a channel. Also,arrays must not be placed so that the components of an array overlap other allocations.

An implementationmay extend the concept of allocationto give the user furthercontrolover the placement of variables in a way meaningfulonlyin that particularimplementation.

process allocation process

allocation name expression

B.3 Allocation to memory

= =

             term.in link1in

[80]INT buffer :
PLACE buffer AT #0400 :

[5]REAL32 points :
PLACE points AT #0800 :

CHAN OF INT term.out :
PLACE term.out AT 3 :

                      PLACE AT :

                         PLACE
                                           INT

1

This appendix describes how memory mapped devices may be addressed in . A process may communicate with external devices which are mapped into the processor’s memory map, using a special input or output in a way similarto communicationon channels. A special type declares a whichmust then be placed using an allocation(page 94). Consider the followingexample:

This example declares a port whichis then allocated to a location in memory. The following sequence includes an inputwhichreads the value ofthe port, and also an output whichwritesa value to the port location. Consider the followingexamples of port declarations:

one port of type eight ports of byte type

A port declaration is similarto a channel declaration, and must obey the same rules of scope (page 39); that is, a port may not be used for input or output in more than one component process in a parallel. It is, however, possible to use a port forboth inputand output in sequence, as in the example above.

The syntax forports and the necessary extensions to other syntax are:

Aport is declared in the same way as a channel. Instead of a defined (page 47) the port definition specifies a data type as the type forcommunication.Adeclaration ofa port must be followedby an allocation (see page 94) defining its address in the memory of the target processor.

Althoughport input and output are treated syntacticallyas communications, in practice they behave more likeassignments from and to variables mapped onto the processor’s address space. They do not cause a process to waitforinputor output.

Ports may be abbreviated, and therefore passed as parameters to procedures. The necessary syntax extensions are:

Aspecifier used in a port abbreviationmust be a port type.

occam

C Ports

{ } port

port.type data.type expression port.type

declaration port.type name

port name port expression port base count port base port count

input port variable

output port expression

protocol

specifier port.type

abbreviation name port specifier name port

actual port

= = =

= =

= = =

PORT OF INT16 status :
PLACE status AT uart.status :
SEQ
  ...
  status ? state
  status ! reset
  ...

                                              uart.status
                                                                        reset

            PORT OF [8]INT uart : [8]INT
            [8]PORT OF BYTE transducer :

                      PORT OF
                   | [ ]

                               , :

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

                         ?

                         !

                           IS :
                   | IS :

97

Ports may be retyped and arrays of ports reshaped. Ifa port is retyped the types on the leftand rightmust be of the same size. Anarray of ports may be retyped fromor to a scalar port or another array of the same total size. The extensions to the syntax are:

The specifier in a port retypingor reshaping definitionmust be a port type. Aspecifier whichis an array port type withan empty dimension is allowedonlyin a retypingor reshaping definition.

The followingcode fragment illustrates port retypingand reshaping by example:

definition specifier name port specifier name port

Ports C

                   = RETYPES :
                   | RESHAPES :

PORT OF INT32 pi :
PLACE pi AT #2000 : -- at word #2000 of memory map
[4]PORT OF BYTE p4b RETYPES pi :
SEQ
  pba IS p4b[1] :
  pba ! ’z’
  [2]PORT OF INT16 pia16 RETYPES p4b :
  pia16[0] ! 32767
  PORT OF [4]BYTE pir RETYPES p4b :
  pir ! "dead"
  [][2]PORT OF BYTE pirs RESHAPES p4b :
  pirs[0][1] ! ’g’

1

Earliersections of this manual have discussed roundingand the possibilityof roundingerrors. These occur because the types and only contain a subset of the real numbers. This is because it is not possible to store all the possible real values in the format for real numbers available on a machine. Roundingtakes a value, whichis considered infinitelyprecise and, ifnecessary, modifies it to a value which is representable by the type. By default, values are rounded to the nearest value of the type; ifthe nearest greater value and the nearest smaller value are equally near, then the result whichhas the least significant bit zero is chosen. Other modes of rounding are selectable using the libraryroutines. These modes round values toward plus infinity,minus infinityor toward zero. Avalue rounded to plus infinityis the value nearest to and not less than the value to be represented; a value rounded to minus infinityis the value nearest to and not greater than the value to be represented; a value rounded toward zero is the value no greater in magnitude than the value to be represented.

Avalue is rounded to the precisionofits type. Avalue oftype is equivalentto IEEEsingle precision, and a value of type is equivalent to IEEEdouble precision.

Values in the and formats are stored in the followingformats

where is the sign bit, is the exponent and is the fraction. For the type is 1 bitwide, is 8 bits wide and is 23 bits wide. For the type is 1 bit wide, is 11 bits wide and is 52 bits wide. Whenever the field is not 0 the actual fractionof the number represented has an “implied” 1 placed on the leftof the value.

The value of finite s is given by

= ( 1) 1 2 if = 0;

( 1) 0 2 if = 0;

where is 127 for and 1023 for .

In the type the value 1.0 is represented by an unset sign bit , an equal to 127, and a of 0. The next larger number has an unset sign bit, of 127 and a of 1. This has the value 1 000000119209.... Hence any number lyingbetween 1.0 and this value cannot be exactly represented in the type – such values have to be to one of these values. Nowconsider the assignment:

The previous sections show that the result of this operation cannot be exactly represented by the type . The exact result has to be rounded to “fit”the type. Here the exact result willbe rounded to the nearest value 1 000000119209....

Other roundingmodes – Round to Zero (truncation),Round to Plus infinityand Round to Minusinfinity– can be obtained through the use of the function. Because of the presence of rounding, programmers should be wary of using equalitytests on real types. Consider the followingexample:

never terminates as roundingerrors cause and to differ.

The nearest unique value of a conversion of a literal of type can be determined from the first 9 significant digits, and fromthe first 17 significant digits of a literalof type . Complete details of the IEEE Standard for BinaryFloating-PointArithmeticcan be found in the published ANSI/IEEEStd 754-1985 standard.

D Roundingerrors

s exp bias s bias − − .f rac , exp .f rac , exp

.

.

− × × − × × s exp frac

s exp frac s exp frac s exp frac exp frac

val s exp frac

bias

s exp frac exp frac

rounded

               REAL32 REAL64

                                                      IEEEOPnn

                                              REAL32
               REAL64

          REAL32 REAL64

                                                        REAL32
                                    REAL64

              REAL

                REAL32 REAL64

     REAL32

   REAL32

    X := 1.0(REAL32) + 1.0E-7(REAL32)

REAL32
      REAL32

                           IEEEOP

    SEQ
      X := 1.0(REAL32)
      WHILE X <> 1.000001(REAL32)
        X := X + 0.0000005(REAL32)

                                1.000001 1.0 + 0.0000005 + 0.0000005

                                               REAL32
                                                        REAL64

{

This appendix summarises the rules which govern the use of variables, channels, timers, ports (page 96) and arrays in parallel constructions, and the rules whichgovern abbreviations and parameters. These rules are discussed in context throughout the manual, and are gathered here as a check list. Programs violating these rules are deemed as alias and usage checking can usuallybe performed at compiletime. Ifthe compilerhas to generate run-timechecks then a violationis treated as an invalidprocess.

The purpose of these rules is to prevent parallel processes from sharing variables, to ensure that each channel connects onlytwoparallelprocesses, and to ensure that the connection ofchannels is unidirectional. The rules allowmost of the checking for validusage to be performed by a compiler,thus reducing runtime overheads.

A channel implements a point-to-pointcommunicationbetween two parallel processes. The name ofa channel may onlybe used inone component ofa parallelforinput,and inone other component of the parallelforoutput.

Atimermay be used forinputby any number of components of a parallel.

Avariableor component ofan array variable,whichis assigned to ina component ofa parallel,may not appear in any other component of the parallel.

Components of an array variable may be assigned to in more than one component of a parallel, ifand only ifthe used subscripts are compile-timeconstants and select distinctcomponents of the array variable. However,an implementationmay use the followingmore general rule: components of an array may be assigned to in parallel, ifand only ifit can be determined at compile time that the used subscripts select distinctcomponents of the array.

Several abbreviations can decompose an array into non-overlappingdisjointparts; components of these parts may then be selected using variable subscripts.

Aport may be used in onlyone component of a parallel.

The purpose of these rules is to ensure that each name identifies a unique object, and that the substitution semantics are maintained.

Allreference to an abbreviated element must be viathe abbreviationonly,withthe exception that array elements may be furtherabbreviated providingthe later abbreviationsdo not includecomponents of the array already abbreviated.

Variables used in an abbreviated expression may not receive new values by input or assignment withinthe scope of the abbreviation.

The abbreviated expression must be valid,i.e. inrange and not subject to overflow,and allsubscript expressions must be in range.

Allsubscript expressions used in an abbreviation must be valid,i.e. not subject to overflowand in range.

Allreferences to a or variable must be via the new name only,withthe exception that array variables may be further retyped providingthe later retypingconversions do not include components of the array already retyped.

Variables used in a retyping or reshaping conversion may not receive new values by input or assignment withinthe scope of the new name.

E Usage rules check list

•

• • •

• •

•

• • • •

• illegal

retyped reshaped

E.1 Usage in parallel

E.2 The rules for abbreviations

100

The rules for procedure parameters followfrom those for abbreviations, but in addition a channel parameter or free channel may not be used forboth inputand output in a procedure.

Functions may onlyhave value parameters.

Onlyvariables declared withinthe scope of a value process may be assigned to. Free names may be used in expressions.

Avalue process may not contain inputs, outputs parallels or alternations.

The body of a procedure used withina functionmust also obey these rules. Such a procedure may include assignments to variables declared in the enclosing function.

•

• • • •

E Usage rules check list

E.3 The rules for procedures

E.4 The rules for value processes and functions

Processes whichbecome invalidduringprogram execution may behave in one of three ways, determined by a compileroptionor otherwise. Aninvalidprocess may behave inone ofthese ways: the process may stop, the system may halt, or the behaviour of the process may be undefined.

The three in detail are:

In this mode, processes whichbecome invalidbehave likethe primitiveprocess , thus allowingother processes to continue. The invalidprocess stops, and in particular does not make erroneous outputs to other processes. Other processes continue untilthey become dependent upon communicationwiththe stopped process. In this mode it is therefore possible to write communications which willtimeout to warn of a stopped process, and to construct a system with redundancy in whicha number of processes performingthe same task may be used to enable the system to continue after one of the processes has failed.

In this mode an invalidprocess may cause the whole system to halt, and is useful for the development of programs, particularlywhen debugging concurrent systems. In this mode the primitiveprocess willalso cause the whole system to halt.

Inthismode, an invalidprocess may have an arbitraryeffect, and is onlyusefulforallowing a compilerto optimiseprograms knownto be correct!

F Invalidprocesses

error modes

Stop process mode

Halt system mode

Undefined mode

                                                        STOP

STOP

The lexicalcomponents ofan programare the keywords,symbols,names and literals. The distinction between lexicaland syntacticcomponents is not rigidand may varybetween differentcompilers. Forexample, in the followingappendix H the categories and it real are defined by syntactic productions, whereas a compilerwillprobablyrecognise these by lexicalanalysis.

The sections of this appendix are a table of keywords, a table of symbols, informallyclassified into groups, and a table of the ASCIIcharacter set forstrings and byte literals. The final section of this appendix defines inwords the syntacticcategories fornames and literalsthat are not defined inthe syntax summarised in appendix H.

The keywords are:

later than operator alternation boolean and operator anarchic protocol assembly language insertion at bitwiseand operator bitwisenot operator bitwiseor operator boolean type byte type widthoperator selection, variant protocol,case input channel type data type definition default selection boolean constant count base functiondefinition conditional inlinecode indicator integer type 16bitinteger type 32bitinteger type 64bitinteger type specification introduction modulosubtraction/negationoperator most negative most positive boolean not operator record layout boolean or operator record type qualifier parallel allocation placed processes moduloadditionoperator port type prioritisedconstruction procedure processor allocation protocoldefinition 32bitreal type 64bitreal type record type remainder operator reshaping conversion value process result retypingconversion roundingoperator sequence array size operator skip process stop process timertype modulomultiplicationoperator boolean constant truncationoperator type definition value value process loop

Ifan implementationadds furtherreserved words, then the names used willnot include lowercase letters. Programmers should consult documentationsupplied witha particularcompilerto see ifthere are other words whichcannot be used as occam names.

occam

occam

occam

G Lexicalprogram components

integer

location

G.1 Keywords

AFTER
ALT
AND
ANY
ASM
AT
BITAND
BITNOT
BITOR
BOOL
BYTE
BYTESIN
CASE
CHAN OF
DATA
ELSE
FALSE
FOR
FROM
FUNCTION
IF
INLINE
INT
INT16
INT32
INT64
IS
MINUS
MOSTNEG
MOSTPOS
NOT

                                        OFFSETOF
                                        OR
                                        PACKED
                                        PAR
                                        PLACE
                                        PLACED
                                        PLUS
                                        PORT OF
                                        PRI
                                        PROC
                                        PROCESSOR
                                        PROTOCOL
                                        REAL32
                                        REAL64
                                        RECORD
                                        REM
                                        RESHAPES
                                        RESULT
                                        RETYPES
                                        ROUND
                                        SEQ
                                        SIZE
                                        SKIP
                                        STOP
                                        TIMER
                                        TIMES
                                        TRUE
                                        TRUNC
                                        TYPE
                                        VAL
                                        VALOF
                                        WHILE

103

The symbols of each composed of one or two ASCIIcharacters are tabulated here according to a simple classification. They all appear explicitlyin one or more syntactic productions in appendix H.

plus minus times divide remainder and or exclusive or not leftshift rightshift

equal less than greater than less than or equal to greater than or equal to not equal

Input Output

Hexadecimal or compilerdirective Ampersand: used in a guard Parentheses: used to delimitexpressions, the type of literalsand a parameter list Square brackets: used to delimitarray subscripts, and to construct segments and tables Arraytype specifier Counted array communication Assignment symbol Double quote: used to construct a string byte table Single quote: used to delimitcharacter byte literal Comma: separator forspecifications, parameters, expression or variable lists and tables Sequential protocolseparator Specification terminator Comment introduction

Characters in are represented according to the AmericanStandard Code forInformationInterchange (ASCII).Where the fullcharacter set is not available guarantees the followingsubset:

For reference, here is a table of all printableASCIIcharacters, and their values:

occam

occam occam

G.2 Symbols

Arithmetic operators

Bit operators

Relational operators

Communication symbols

Other symbols

G.2 Symbols

G.3 Character set

   +
   -
   *
   /
   \

   /\
   \/
   ><
   ~
   <<
   >>

   =
   <
   >
   <=
   >=
   <>

                           ?
                           !

                           #
                           &
                           (
                           )
                           [
                           ]
                           []
                           ::
                           :=
                           "
                           ’
                           ,

                           ;
                           :
                           --

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
0123456789
!"#&’()*+,-./:;<=>?[]

104

SPACE 32 20 33 21 34 22 35 23 36 24 37 25 38 26 39 27 40 28 41 29 42 2A 43 2B 44 2C 45 2D 46 2E 47 2F 48 30 49 31 50 32 51 33 52 34 53 35 54 36 55 37 56 38 57 39 58 3A 59 3B 60 3C 61 3D 62 3E 63 3F

64 40 65 41 66 42 67 43 68 44 69 45 70 46 71 47 72 48 73 49 74 4A 75 4B 76 4C 77 4D 78 4E 79 4F 80 50 81 51 82 52 83 53 84 54 85 55 86 56 87 57 88 58 89 59 90 5A 91 5B 92 5C 93 5D 94 5E 95 5F

96 60 97 61 98 62 99 63 100 64 101 65 102 66 103 67 104 68 105 69 106 6A 107 6B 108 6C 109 6D 110 6E 111 6F 112 70 113 71 114 72 115 73 116 74 117 75 118 76 119 77 120 78 121 79 122 7A 123 7B 124 7C 125 7D 126 7E 127 7F

The characters , and may not be used directlyin strings or as character constants. These and nonprintable characters (such as carriage return, tab .) can be included in strings, or used as character constants, in the followingform:

carriage return = *#0D newline = *#0A tab = *#09 space = *#20 quotation mark double quotation mark asterisk

In addition, any byte value can be represented in a byte literal or withina string by followedby two hexadecimal digits,forexample:

is a byte constant.

Animplementationmay accept national variants of the ASCIIcharacter set both in comments and in strings and character constants, subject only to the restrictionthat characters are all held in 8-bitbytes. Programs using such extended character sets may not be portable between implementations.

&c

G Lexical program components

ASCII Dec Hex ASCII Dec Hex ASCII Dec Hex

   !
   "
   #
   $
   %
   &
   ’
   (
   )
   *
   +
   ,
   -
   .
   /
   0
   1
   2
   3
   4
   5
   6
   7
   8
   9
   :
   ;
   <
   =
   >
   ?

                      @
                      A
                      B
                      C
                      D
                      E
                      F
                      G
                      H
                      I
                      J
                      K
                      L
                      M
                      N
                      O
                      P
                      Q
                      R
                      S
                      T
                      U
                      V
                      W
                      X
                      Y
                      Z
                      [
                      \
                      ]
                      ^
                      _

                                       ‘
                                       a
                                       b
                                       c
                                       d
                                       e
                                       f
                                       g
                                       h
                                       i
                                       j
                                       k
                                       l
                                       m
                                       n
                                       o
                                       p
                                       q
                                       r
                                       s
                                       t
                                       u
                                       v
                                       w
                                       x
                                       y
                                       z
                                       {
                                       |
                                       }
                                       ~

* ’ "

            *c *C
            *n *N
            *t *T
            *s *S
            *’
            *"
            **

                                                      *#

           soh := ’*#01’ ’*#01’

105

The tables of syntax in appendix H leave 5 categories undefined as it is assumed, but not required, that these willbe recognised by lexicalanalysis. Semi-formaldefinitions of these (

and ) are given below:

An must begin withan alphabetic character. Names consist of a sequence of one or more upper or lowercase alphabetic characters, digitsor dots.

The syntactic category represents a sequence of one or more of the characters and a sequence of one or more of the characters .

A is either an explicitASCIIcharacter, a special character escape introducedby , or a hexadecimal coded character introduced by . For furtherdetails see page 103.

A is a sequence of s between a pair of double quotes ( ). A string may be broken over several lines by terminatingbroken lines withan asterisk, and starting the continuationon the followingline withanother asterisk at an indentation no less than the line where the string starts. An additionalcharacter escape ( or ) may be defined for use as first character of a string of less than 256 bytes. The value of this byte is the length in bytes of the string followingthis byte.

occam

occam

name, digits, hex.digits, character string

name

digits hex.digits

character

string character

G.4 Names and literals

G.4 Names and literals

                                                             0123456789
                                   0123456789ABCDEF

                                                            *
                 *#

                                                 "

*l *L

1 1

The followingtables present the syntax of , witheach syntactic category placed in alphabetical order. In this tabulationallproductionsforeach category appear together, includingthose introducedin appendices B and C whichmay not be implemented by all compilers.

The metalanguage of these descriptions is introduced on page 3. Note that these rules must be read in conjunctionwiththe semantic rules given informallyin the text of the definition,as it is possible to construct programs whichobey the syntax rules but are not legal .

Opposite the productionsforeach syntacticcategory is givena listofpage numbers where these productions first appear together withthe qualifyingsemantic rules whichrestrict the class of legal programs.

Certain syntactic categories are not defined in this tabulations. These are (see page 28), (see page 29), (see page 4) and (see page 58). The definitions of these categories were repeated in appendix G above.

(43) (43) (44) (44) (54) (54) (54) (54) (83) (83) (96) (96)

(73) (73) (73) (96) (73)

(95)

(21)

(23)

(24)

(24)

occam

occam

occam

occam

H Ordered syntax of occam

{ } { }

{ }

{ } digits, hex.digits character name string

abbreviation name variable specifier name variable

name expression specifier name expression name channel specifier name channel name channel specifier name channel name timer specifier name timer name port specifier name port

actual variable channel timer port expression

allocation name expression

alternation alternative replicator alternative

alternative

replicator alternative

=

=

=

=

        IS :
| IS :
| VAL IS :
| VAL IS :
| IS :
| IS :
| IS [ , ] :
| IS [ , ] :
| IS :
| IS :
| IS :
| IS :

|
|
|
|

   PLACE AT :

   ALT

| ALT

| PRI ALT

| PRI ALT

107

(21) (21) (52)

(52)

(41)

(5)

(10,12,17,23)

(11)

(28)

(13)

(52)

(45) (46) (46) (46) (46)

(45) (46)

(11) (11) (41)

{ } { }

{ } alternative guarded.alternative alternation channel

variant boolean channel

variant specification alternative

assignment variable.list expression.list

base expression

boolean expression

byte character

case.expression expression

case.input channel variant

channel name channel expression channel base count channel base channel count

channel.type protocol expression channel.type

choice guarded.choice conditional specification choice

Ordered syntax of occam H

=

=

=

=

=

=

=

=

=

=

|
| ? CASE

| & ? CASE

|

            :=

   ’ ’

          ? CASE

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

   CHAN OF
| [ ]

|
|

1 1 1 1

108

(11)

(12)

(67) (67) (67)

(10,12,17,23)

(26) (26) (26) (26) (26) (26) (26) (26) (27) (31)

(35) (45) (81) (96)

{ }

{ } { } { } { } conditional choice replicator choice

conversion data.type operand data.type operand data.type operand

count expression

data.type

name

expression data.type

declaration data.type name channel.type name timer.type name port.type name

H Ordered syntax of occam

=

=

=

=

=

   IF

| IF

| ROUND
| TRUNC

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

             , :
| , :
| , :
| , :

0

1

1

109

(27) (31)

(48) (48) (50)

(73)

(78)

(78) (85) (85) (87) (97) (88) (88) (88) (97)

(82)

(57)

(28) (28)

(57) (57) (57) (65) (65) (65) (57)

{ } { }

{ }

{ } definition name data.type name structured.type

name simple.protocol name sequential.protocol name

tagged.protocol

name formal process

data.type function.header value.process

data.type function.header expression.list specifier name variable

specifier name expression specifier name channel specifier name port specifier name variable

specifier name expression specifier name channel specifier name port

delayed.input timer expression

dyadic.operator

exponent digits digits

expression operand monadic.operator operand operand dyadic.operator operand

data.type data.type data.type conversion

Ordered syntax of occam H

=

=

=

=

=

   DATA TYPE IS :
| DATA TYPE

   :
| PROTOCOL IS :
| PROTOCOL IS :
| PROTOCOL
     CASE

   :
| PROC ( , )

   :
| ,

   :
| , IS :
| RETYPES :
| VAL RETYPES :
| RETYPES :
| RETYPES :
| RESHAPES :
| VAL RESHAPES :
| RESHAPES :
| RESHAPES :

       ? AFTER

   + | - | * | / | \ | REM | PLUS | MINUS | TIMES
| /\ | \/ | >< | BITAND | BITOR | AND | OR
| = | <> | < | > | >= | <= | AFTER

   +
| -

|
|
| MOSTPOS
| MOSTNEG
| SIZE
|

1 0

1 1

0

1

110

(5) (78) (75)

(31)

(73) (73)

(78)

(21) (21) (21)

(21)

(11)

(6,48,49)

(52) (82) (82) (96)

(48) (48)

(28) (28)

{ } { }

{ } { }

{ }

{ } expression.list expression name expression

value.process

field.name name

formal specifier name specifier name

function.header name formal

guard input boolean input boolean

guarded.alternative guard process

guarded.choice boolean process

input channel input.item channel tagged.list timer.input delayed.input port variable

input.item variable variable variable

integer digits hex.digits

H Ordered syntax of occam

=

=

=

=

=

=

=

=

=

=

     ,
| ( , )
| (
   )

            ,
| VAL ,

   FUNCTION ( , )

| &
| & SKIP

          ? ;
| ? CASE
|
|
| ?

| ::

| #

0

1

1

1

111

(28) (28) (28) (28) (28) (28) (28) (28)

(14)

(57)

(57) (57) (57) (57) (75)

(78) (78) (66) (66) (66)

(13)

(13)

(41)

(6,48,49)

(50) (50) (96)

(48) (48)

{ }

{ }

{ } { } literal integer byte real integer data.type byte data.type real data.type

loop boolean process

monadic.operator

operand variable literal table expression value.process

name expression operand expression operand data.type name field.name

option case.expression process

process specification option

output channel output.item channel tag channel tag output.item port expression

output.item expression expression expression

Ordered syntax of occam H

=

=

=

=

=

=

=

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

   WHILE

   - | MINUS | ~ | BITNOT | NOT | SIZE

|
|
| ( )
| (
   )
| ( , )
| [ ]
| BYTESIN ( )
| BYTESIN ( )
| OFFSETOF ( , )

     ,

| ELSE

|

          ! ;
| !
| ! ; ;
| !

| ::

0

112

(15)

(17)

(94)

(94)

(93)

(93)

(93)

(93)

(96) (96) (96) (96) (96)

(96) (96)

(73)

(24) (24) (24) (24) (24) (24) (24) (24) (24) (24) (24) (52) (73) (41)

(95)

{ }

{ }

{ }

{ } parallel process replicator process

process

replicator process placedpar

placedpar placedpar

replicator placedpar

expression process

port name port expression port base count port base port count

port.type data.type expression port.type

proc.instance name actual

process assignment input output

sequence conditional selection loop parallel alternation case.input proc.instance specification process allocation process

H Ordered syntax of occam

=

=

=

=

=

=

   PAR

| PAR

| PRI PAR

| PRI PAR

|

   PLACED PAR

| PLACED PAR

| PROCESSOR

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

   PORT OF
| [ ]

        ( , )

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

|

1

1

1

113

(48) (48)

(28) (28)

(10,12,17,23)

(13)

(13)

(9) (10)

(49)

(48) (54) (48)

(40) (40) (40)

(43) (54) (83) (96) (43,54,83) (43,54,83)

(31)

(31)

{ }

{ }

{ }

{ { } } { { } } protocol name simple.protocol

real digits digits digits digits exponent

replicator name base count

selection selector option

selector expression

sequence process replicator process

sequential.protocol simple.protocol

simple.protocol data.type

data.type data.type

specification declaration abbreviation definition

specifier data.type channel.type timer.type port.type

specifier expression specifier

structured.type data.type field.name

data.type field.name

Ordered syntax of occam H

=

=

=

=

=

=

=

=

=

=

=

|

       .
| . E

        = FOR

   CASE

   SEQ

| SEQ

     ;

| ANY
| ::[]

|
|

|
|
|
| []
| [ ]

   RECORD
                , :
| PACKED RECORD
                , :

1

1

114

(59) (59) (32,59) (32,59)

(59) (59) (59)

(50)

(52) (52)

(50) (50)

(82)

(81) (81) (81) (81) (81)

(81) (81)

(75)

(75)

(35) (37) (37) (37) (37)

{ }

{ } table string string name

expression table expression

table base count table base table count

tag name

tagged.list tag tag input.item

tagged.protocol tag tag sequential.protocol

timer.input timer variable

timer name timer expression timer base count timer base timer count

timer.type expression timer.type

value.process process

expression.list specification value.process

variable name variable expression

variable base count variable base variable count

H Ordered syntax of occam

=

=

=

=

=

=

=

=

=

| ( )
| [ , ]
| [ ]
| [ FROM FOR ]
| [ FROM ]
| [ FOR ]

| ; ;

| ;

       ?

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

   TIMER
| [ ]

   VALOF

     RESULT
|

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

1

115

(5)

(52)

(41,52)

{ } variable.list variable

variant tagged.list process specification variant

Ordered syntax of occam H

=

=

     ,

|

This appendix provides a listof the libraryroutines that an implementationshould provide.

The behaviour ofroutines is described in greater detailin the followingappendices, but this may be amplified or modifiedin furtherdocumentation accompanying an implementation.

It may be necessary to use compilerdirectives such as to incorporate specifications of these routines into an program at an appropriate point(see page 91).

Some libraryroutines (typicallythe most primitiveroutines) may be predefined in an implementation, that is, they may be known to the compiler and so not need to be explicitlyreferenced by the programmer. The names of such routines do not become reserved words as the programmer is free to redefine them in local specifications. Animplementationmay define additionalpredefined names not mentioned here. This is typicallydone to provide convenient access to special purpose instructions available in one or more target processor types.

Other librariesmay need to be explicitlyreferenced by the programmer, and the names used in their specifications behave likeany other names and may be redeclared withdifferent meaning inlocalscopes. However, programmers are discouraged fromusing the names of any libraryroutine forany purpose other than that of naming the routine in question. The followingtables include the name of the routine, and a specifier which indicates the type of each of the parameters to the routine.

The librariesdescribed here are not intended to be exhaustive, and a large group of additionalroutines have been providedwithmost existing implementationsand have become established by common usage. None of the routines described here make explicituse of extensions to the language beyond 2.

The arithmeticfunctionsprovidearithmeticshifts,wordrotationsand the primitivesto construct multiplelength arithmeticand multiplelength shiftoperations.

occam

occam occam

I Libraryprocedures and functions

I.1 Multiple length integer arithmetic functions

                                        #USE

INT FUNCTION LONGADD (VAL INT left, right, carry.in)
INT FUNCTION LONGSUB (VAL INT left, right, borrow.in)
INT FUNCTION ASHIFTRIGHT (VAL INT argument, places)
INT FUNCTION ASHIFTLEFT (VAL INT argument, places)
INT FUNCTION ROTATERIGHT (VAL INT argument, places)
INT FUNCTION ROTATELEFT (VAL INT argument, places)
INT,INT FUNCTION LONGSUM (VAL INT left, right, carry.in)
INT,INT FUNCTION LONGDIFF (VAL INT left, right, borrow.in)
INT,INT FUNCTION LONGPROD (VAL INT left, right, carry.in)
INT,INT FUNCTION LONGDIV (VAL INT dividend.hi, dividend.lo, divisor)
INT,INT FUNCTION SHIFTLEFT (VAL INT hi.in, lo.in, places)
INT,INT FUNCTION SHIFTRIGHT (VAL INT hi.in, lo.in, places)
INT,INT,INT FUNCTION NORMALISE (VAL INT hi.in, lo.in)

117

The floatingpointfunctionsprovidethe listof facilitiessuggested by the ANSI/IEEEstandard 754-1985.

I.2 Floating point functions

I.2 Floating point functions

I.3 Full IEEEarithmetic functions

   REAL32 FUNCTION ABS (VAL REAL32 X)
   REAL64 FUNCTION DABS (VAL REAL64 X)
   REAL32 FUNCTION SCALEB (VAL REAL32 X,VAL INT n)
   REAL64 FUNCTION DSCALEB (VAL REAL64 X,VAL INT n)
   REAL32 FUNCTION COPYSIGN (VAL REAL32 X, Y)
   REAL64 FUNCTION DCOPYSIGN (VAL REAL64 X, Y)
   REAL32 FUNCTION SQRT (VAL REAL32 X)
   REAL64 FUNCTION DSQRT (VAL REAL64 X)
   REAL32 FUNCTION MINUSX (VAL REAL32 X)
   REAL64 FUNCTION DMINUSX (VAL REAL64 X)
   REAL32 FUNCTION NEXTAFTER (VAL REAL32 X, Y)
   REAL64 FUNCTION DNEXTAFTER (VAL REAL64 X, Y)
   REAL32 FUNCTION MULBY2 (VAL REAL32 X)
   REAL64 FUNCTION DMULBY2 (VAL REAL64 X)
   REAL32 FUNCTION DIVBY2 (VAL REAL32 X)
   REAL64 FUNCTION DDIVBY2 (VAL REAL64 X)
   REAL32 FUNCTION LOGB (VAL REAL32 X)
   REAL64 FUNCTION DLOGB (VAL REAL64 X)
   BOOL FUNCTION ISNAN (VAL REAL32 X)
   BOOL FUNCTION DISNAN (VAL REAL64 X)
   BOOL FUNCTION NOTFINITE (VAL REAL32 X)
   BOOL FUNCTION DNOTFINITE (VAL REAL64 X)
   BOOL FUNCTION ORDERED (VAL REAL32 X, Y)
   BOOL FUNCTION DORDERED (VAL REAL64 X, Y)
   INT,REAL32 FUNCTION FLOATING.UNPACK (VAL REAL32 X)
   INT,REAL64 FUNCTION DFLOATING.UNPACK (VAL REAL64 X)
   BOOL,INT32,REAL32 FUNCTION ARGUMENT.REDUCE (VAL REAL32 X, Y, Y.err)
   BOOL,INT32,REAL64 FUNCTION DARGUMENT.REDUCE (VAL REAL64 X, Y, Y.err)
   REAL32 FUNCTION FPINT (VAL REAL32 X)
   REAL64 FUNCTION DFPINT (VAL REAL64 X)

REAL32 FUNCTION REAL32OP (VAL REAL32 X, VAL INT Op, VAL REAL32 Y)
REAL64 FUNCTION REAL64OP (VAL REAL64 X, VAL INT Op, VAL REAL64 Y)
BOOL,REAL32 FUNCTION IEEE32OP (VAL REAL32 X, VAL INT Rm, VAL INT Op,
                                                              VAL REAL32 Y)
BOOL,REAL64 FUNCTION IEEE64OP (VAL REAL64 X, VAL INT Rm, VAL INT Op,
                                                              VAL REAL64 Y)
REAL32 FUNCTION REAL32REM (VAL REAL32 X, Y)
REAL64 FUNCTION REAL64REM (VAL REAL64 X, Y)
BOOL,REAL32 FUNCTION IEEE32REM (VAL REAL32 X, Y)
BOOL,REAL64 FUNCTION IEEE64REM (VAL REAL64 X, Y)
BOOL FUNCTION REAL32EQ (VAL REAL32 X, Y)
BOOL FUNCTION REAL64EQ (VAL REAL64 X, Y)
BOOL FUNCTION REAL32GT (VAL REAL32 X, Y)
BOOL FUNCTION REAL64GT (VAL REAL64 X, Y)
INT FUNCTION IEEECOMPARE (VAL REAL32 X, Y)
INT FUNCTION DIEEECOMPARE (VAL REAL64 X, Y)

118 I Library procedures and functions

I.4 Elementary function library

REAL32 FUNCTION ALOG (VAL REAL32 X)
REAL64 FUNCTION DALOG (VAL REAL64 X)
REAL32 FUNCTION ALOG10 (VAL REAL32 X)
REAL64 FUNCTION DALOG10 (VAL REAL64 X)
REAL32 FUNCTION EXP (VAL REAL32 X)
REAL64 FUNCTION DEXP (VAL REAL64 X)
REAL32 FUNCTION TAN (VAL REAL32 X)
REAL64 FUNCTION DTAN (VAL REAL64 X)
REAL32 FUNCTION SIN (VAL REAL32 X)
REAL64 FUNCTION DSIN (VAL REAL64 X)
REAL32 FUNCTION ASIN (VAL REAL32 X)
REAL64 FUNCTION DASIN (VAL REAL64 X)
REAL32 FUNCTION COS (VAL REAL32 X)
REAL64 FUNCTION DCOS (VAL REAL64 X)
REAL32 FUNCTION ACOS (VAL REAL32 X)
REAL64 FUNCTION DACOS (VAL REAL64 X)
REAL32 FUNCTION SINH (VAL REAL32 X)
REAL64 FUNCTION DSINH (VAL REAL64 X)
REAL32 FUNCTION COSH (VAL REAL32 X)
REAL64 FUNCTION DCOSH (VAL REAL64 X)
REAL32 FUNCTION TANH (VAL REAL32 X)
REAL64 FUNCTION DTANH (VAL REAL64 X)
REAL32 FUNCTION ATAN (VAL REAL32 X)
REAL64 FUNCTION DATAN (VAL REAL64 X)
REAL32 FUNCTION ATAN2 (VAL REAL32 X, Y)
REAL64 FUNCTION DATAN2 (VAL REAL64 X, Y)
REAL32, INT32 FUNCTION RAN (VAL INT32 N)
REAL64, INT64 FUNCTION DRAN (VAL INT64 N)
REAL32 FUNCTION POWER (VAL REAL32 X, Y)
REAL64 FUNCTION DPOWER (VAL REAL64 X, Y)

119

The libraryprovides primitiveprocedures to convert a value to and fromdecimal or hexadecimal representations.

The libraryprovides procedures whichprovidesome useful facilitiesforthe programmer.

occam

I.5 Value, string conversion procedures

I.5 Value, string conversion procedures

I.6 Programming support routines

PROC INTTOSTRING (INT len, []BYTE string, VAL INT n)
PROC INT16TOSTRING (INT len, []BYTE string, VAL INT16 n)
PROC INT32TOSTRING (INT len, []BYTE string, VAL INT32 n)
PROC INT64TOSTRING (INT len, []BYTE string, VAL INT64 n)
PROC STRINGTOINT (BOOL error, INT n, VAL []BYTE string)
PROC STRINGTOINT16 (BOOL error, INT16 n, VAL []BYTE string)
PROC STRINGTOINT32 (BOOL error, INT32 n, VAL []BYTE string)
PROC STRINGTOINT64 (BOOL error, INT64 n, VAL []BYTE string)
PROC HEXTOSTRING (INT len, []BYTE string, VAL INT n)
PROC HEX16TOSTRING (INT len, []BYTE string, VAL INT16 n)
PROC HEX32TOSTRING (INT len, []BYTE string, VAL INT32 n)
PROC HEX64TOSTRING (INT len, []BYTE string, VAL INT64 n)
PROC STRINGTOHEX (BOOL error, INT n, VAL []BYTE string)
PROC STRINGTOHEX16 (BOOL error, INT16 n, VAL []BYTE string)
PROC STRINGTOHEX32 (BOOL error, INT32 n, VAL []BYTE string)
PROC STRINGTOHEX64 (BOOL error, INT64 n, VAL []BYTE string)
PROC STRINGTOREAL32 (BOOL error, REAL32 r, VAL []BYTE string)
PROC STRINGTOREAL64 (BOOL error, REAL64 r, VAL []BYTE string)
PROC REAL32TOSTRING (INT, []BYTE, VAL REAL32, VAL INT)
PROC REAL64TOSTRING (INT, []BYTE, VAL REAL64, VAL INT)
PROC STRINGTOBOOL (BOOL error, b, VAL []BYTE string)
PROC BOOLTOSTRING (INT len, []BYTE string, VAL BOOL b)

             PROC RESCHEDULE ()
             PROC ASSERT (VAL BOOL assertion)

The followingarithmetic functions provide arithmetic shifts, word rotations and the primitivesto construct multiplelength integer arithmeticand multiplelength shiftoperations.

signed additionwitha carry in. unsigned additionwitha carry in and a carry out. signed subtraction witha borrowin. unsigned subtraction witha borrowin and a borrowout. unsigned multiplicationwitha carry in, producinga double length result. unsigned divisionof a double length number, producinga single length result. rightshifton a double length quantity. leftshifton a double length quantity. normalise a double length quantity. arithmeticrightshifton a double length quantity. arithmeticleftshifton a double length quantity. rotate a wordright. rotate a wordleft.

For the purpose ofexplanationimaginea new type , and the associated conversion. Thisimaginary type is capable of representing the complete set of integers and is presumed to be represented as an infinite bit two’scomplement number. Withthis one exception the followingare descriptions of the various arithmeticfunctions.

= 2 = ( 2 1)

= ( 2)

IS 1( ) : IS 2( ) :

In , values are considered to be signed. However, in these functions the concern is with other interpretations. In the construction of multiplelength arithmeticthe need is to interpret words as containing both signed and unsigned integers. In the followingthe new type is used to manipulate these values, and other values whichmay require more than a single wordto store.

occam

occam

J Multiplelength integer arithmetic functions

bitsper wor d range/ range/ − −

INTEGER

INTEGER INTEGER

INTEGER

INTEGER

INTEGER INTEGER INTEGER

INTEGER constants used in the following description

literals

mask

    LONGADD
    LONGSUM
    LONGSUB
    LONGDIFF
    LONGPROD
    LONGDIV
    SHIFTRIGHT
    SHIFTLEFT
    NORMALISE
    ASHIFTRIGHT
    ASHIFTLEFT
    ROTATERIGHT
    ROTATELEFT

--
VAL bitsperword IS machine.wordsize( ) :
VAL range IS storeable.values( ) :
                 -- range
VAL maxint IS (MOSTPOS INT) :
                 -- maxint
VAL minint IS (MOSTNEG INT) :
                 -- minint
--
VAL one
VAL two
--
VAL wordmask IS range - one :

32

31 31

31 31

121

The sign conversionofa value is defined inthe functions and . These are used inthe description followingbut they are NOTfunctionsthemselves.

Returns the value of as an unsigned integer value. forexample, on a 32 bit wordmachine : 1 = 1 1 = 2 1

Takes the and returns the signed type . forexample, on a 32 bit wordmachine : 2 1 becomes 2 1 2 becomes 2

− −

− − −

INTEGER

INTEGER

INTEGER

INTEGER

INTEGER

INTEGER

Multiple length integer arithmetic functions J

                                     unsign sign

        FUNCTION unsign (VAL INT operand)

  -- operand
  --
  -- unsign ( )
  -- unsign ( )

           operand.i
  VALOF
    IF
      operand < 0
        operand.i := ( operand) + range
      operand >= 0
        operand.i := operand
    RESULT operand.i
:

INT FUNCTION sign (VAL result.i)

  -- result.i INT
  --
  --
  --

  INT result :
  VALOF
    IF
      (result.i > maxint) AND (result.i < range)
        result := INT (result.i - range)
      TRUE
        result := INT result.i
    RESULT result
:

122

performsthe additionofsigned quantitieswitha carryin. The functionis invalidifarithmeticoverflow occurs.

The action of the functionis defined as follows:

Adds (signed) wordto wordwithleast significantbit of .

overflowmay occur in the followingconversion resultingin an invalidprocess

performsthe additionofunsigned quantities witha carry inand a carry out. No overflowcan occur.

The action of the functionis defined as follows:

Adds (unsigned) wordto wordwiththe least significantbit of . Returns two results, the first value is one ifa carry occurs, zero otherwise, the second result is the sum.

INTEGER

INTEGER INTEGER INTEGER

INTEGER

INTEGER

J Multiple length integer arithmetic functions

J.1 The integer arithmetic functions

LONGADD

     INT FUNCTION LONGADD (VAL INT left, right, carry.in)

       -- left right carry.in

               sum.i, carry.i, left.i, right.i :
       VALOF
         SEQ
           carry.i := (carry.in /\ 1)
           left.i := left
           right.i := right
           sum.i := (left.i + right.i) + carry.i
         --
         --
         RESULT INT sum.i
     :

LONGSUM

     INT, INT FUNCTION LONGSUM (VAL INT left, right, carry.in)

       -- left right carry.in
       --
       --

       INT carry.out :
               sum.i, left.i, right.i :
       VALOF
         SEQ
           left.i := unsign (left)
           right.i := unsign (right)
           sum.i := (left.i + right.i) + (carry.in /\ 1)
           IF -- assign carry
             sum.i >= range
               SEQ
                 sum.i := sum.i - range
                 carry.out := 1
             TRUE
               carry.out := 0
         RESULT carry.out, sign (sum.i)
     :

123

performs the subtraction of signed quantities witha borrowin. The functionis invalidifarithmetic overflowoccurs.

The action of the functionis defined as follows:

Subtracts (signed) wordfrom wordand subtracts fromthe result.

overflowmay occur in the followingconversion resultingin an invalidprocess

performs the subtraction of unsigned quantities withborrowin and borrowout. No overflowcan occur.

The action of the functionis defined as follows:

Subtracts (unsigned) wordfrom wordand subtracts fromthe result. Returns two results, the first is one ifa borrowoccurs, zero otherwise, the second result is the difference.

assign borrow

INTEGER

INTEGER INTEGER INTEGER

INTEGER

INTEGER

J.1 The integer arithmetic functions

LONGSUB

     INT FUNCTION LONGSUB (VAL INT left, right, borrow.in)

       -- right left borrow.in

               diff.i, borrow.i, left.i, right.i :
       VALOF
         SEQ
           borrow.i := (borrow.in /\ 1)
           left.i := left
           right.i := right
           diff.i := (left.i - right.i) - borrow.i
         --
         --
         RESULT INT diff.i
     :

LONGDIFF

     INT, INT FUNCTION LONGDIFF (VAL INT left, right, borrow.in)

       -- right left borrow.in
       --
       --

               diff.i, left.i, right.i :
       VALOF
         SEQ
           left.i := unsign (left)
           right.i := unsign (right)
           diff.i := (left.i - right.i) - (borrow.in /\ 1)
           IF --
             diff.i < 0
               SEQ
                 diff.i := diff.i + range
                 borrow.out := 1
             TRUE
               borrow.out := 0
         RESULT borrow.out, sign (diff.i)
     :

124

performsthe multiplicationoftwounsigned quantities,addinginan unsigned carryword. Produces a double length unsigned result. No overflowcan occur.

The action of the functionis defined as follows:

Multiplies(unsigned) wordby wordand adds . Returns the result as two integers most significantwordfirst.

divides an unsigned double length number by an unsigned single length number. The function produces an unsigned single length quotientand an unsigned single length remainder. Anoverflowwilloccur ifthe quotient is not representable as an unsigned single length number. The functionbecomes invalidifthe divisoris equal to zero.

The action of the functionis defined as follows:

Divides(unsigned) and by . Returns two results the first is the quotient and the second is the remainder.

INTEGER

INTEGER

J Multiple length integer arithmetic functions

LONGPROD

     INT, INT FUNCTION LONGPROD (VAL INT left, right, carry.in)

       -- left right carry.in
       --

               prod.i, prod.lo.i, prod.hi.i, left.i, right.i, carry.i :
       VALOF
         SEQ
           carry.i := unsign (carry.in)
           left.i := unsign (left)
           right.i := unsign (right)
           prod.i := (left.i * right.i) + carry.i
           prod.lo.i := prod.i REM range
           prod.hi.i := prod.i / range
         RESULT sign (prod.hi.i), sign (prod.lo.i)

     :

LONGDIV

     INT, INT FUNCTION LONGDIV (VAL INT dividend.hi, dividend.lo, divisor)

       -- dividend.hi dividend.lo divisor
       --

               divisor.i, dividend.i, hi, lo, quot.i, rem.i :
       VALOF
         SEQ
           hi := unsign (dividend.hi)
           lo := unsign (dividend.lo)
           divisor.i := unsign (divisor)
           dividend.i := (hi * range) + lo
           quot.i := dividend.i / divisor.i
           rem.i := dividend.i REM divisor.i
         -- overflow may occur in the following conversion of quot.i
         -- resulting in an invalid process
         RESULT sign (quot.i), sign (rem.i)
     :

125

performs a rightshifton a double length quantity. The functionmust be called withthe number of places in range, otherwise the implementationcan produce unexpected effects.

i.e. 0 = = 2

The action of the functionis defined as follows:

Shifts the value in and rightby the given number of . Bitsshifted in are set to zero. Returns the result as two integers most significantwordfirst.

< < ∗

INTEGER

J.1 The integer arithmetic functions

SHIFTRIGHT

        places bitsperword

     INT, INT FUNCTION SHIFTRIGHT (VAL INT hi.in, lo.in, places)

       -- hi.in lo.in places
       --
       --

       INT hi.out, lo.out :
       VALOF
         IF
           (places < 0) OR (places > (two*bitsperword))
             SEQ
               hi.out := 0
               lo.out := 0
           TRUE
                     operand, result, hi, lo :
             SEQ
               hi := unsign (hi.in)
               lo := unsign (lo.in)
               operand := (hi << bitsperword) + lo
               result := operand >> places
               lo := result /\ wordmask
               hi := result >> bitsperword
               hi.out := sign (hi)
               lo.out := sign (lo)
         RESULT hi.out, lo.out
     :

126

performs a left shift on a double length quantity. The functionmust be called withthe number of places in range, otherwise the implementationcan produce unexpected effects.

i.e. 0 = = 2

The action of the functionis defined as follows:

Shifts the value in and leftby the given number of . Bitsshifted in are set to zero. Returns the result as two integers most significantwordfirst.

< < ∗

INTEGER

J Multiple length integer arithmetic functions

SHIFTLEFT

        places bitsperword

     INT, INT FUNCTION SHIFTLEFT (VAL INT hi.in, lo.in, places)

       -- hi.in lo.in places
       --
       --

       VALOF
         IF
           (places < 0) OR (places > (two*bitsperword))
             SEQ
               hi.out := 0
               lo.out := 0
           TRUE
                     operand, result, hi, lo :
             SEQ
               hi := unsign (hi.in)
               lo := unsign (lo.in)
               operand := (hi << bitsperword) + lo
               result := operand << places
               lo := result /\ wordmask
               hi := result >> bitsperword
               hi.out := sign (hi)
               lo.out := sign (lo)
         RESULT hi.out, lo.out
     :

127

normalises a double length quantity. No overflowcan occur.

The action of the functionis defined as follows:

Shifts the value in and leftuntilthe highest bit is set. The functionreturns three integer results The first returns the number of places shifted. The second and thirdreturn the result as two integers withthe least significantwordfirst; Ifthe inputvalue was zero, the first result is 2 . ∗

INTEGER

J.1 The integer arithmetic functions

NORMALISE

     INT, INT, INT FUNCTION NORMALISE (VAL INT hi.in, lo.in)

       -- hi.in lo.in
       --
       --
       --
       -- bitsperword

       INT places, hi.out, lo.out :
       VALOF
         IF
           (hi.in = 0) AND (lo.in = 0)
             places := INT (two*bitsperword)
           TRUE
             VAL msb IS one << ((two*bitsperword) - one) :
                     operand, hi, lo :
             SEQ
               lo := unsign (lo.in)
               hi := unsign (hi.in)
               operand := (hi << bitsperword) + lo
               places := 0
               WHILE (operand /\ msb) = 0
                 SEQ
                   operand := operand << one
                   places := places + 1
               hi := operand / range
               lo := operand REM range
               hi.out := sign (hi)
               lo.out := sign (lo)
           RESULT places, hi.out, lo.out
     :

128

performs an arithmeticrightshift, shiftingin and maintainingthe sign bit. The functionmust be called withthe number of places in range, otherwise the implementationcan produce unexpected effects.

i.e. 0 = =

No overflowcan occur.

the result of this functionis NOTthe same as divisionby a power of two.

e.g. 1 2 = 0 1, 1 = 1

The action of the functionis defined as follows:

Shifts the value in rightby the given number of . The status of the high bit is maintained

performsan arithmeticleftshift. The functionis invalidifsignificantbitsare shiftedout, signalling an overflow. The functionmust be called withthe number of places in range, otherwise the implementation can produce unexpected effects.

i.e. 0 = =

the result of this functionis the same as multiplicationby a power of two.

The action of the functionis defined as follows:

Shifts the value in leftby the given number of . Bitsshifted in are set to zero.

< <

/

< <

− − −

INTEGER

INTEGER

INTEGER

J Multiple length integer arithmetic functions

N.B

N.B

J.2 Arithmetic shifts

ASHIFTRIGHT

        places bitsperword

      ASHIFTRIGHT ( )

     -- operand places
     --

     INT FUNCTION ASHIFTRIGHT (VAL INT operand, places) IS
                  INT( (operand) >> places ) :

ASHIFTLEFT

        places bitsperword

     INT FUNCTION ASHIFTLEFT (VAL INT argument, places)

       -- argument places
       --

               result.i :
       VALOF
         result.i := (argument) << places
         -- overflow may occur in the following conversion
         -- resulting in an invalid process
         RESULT INT result.i
     :

129

rotates a word right. Bits shifted out of the word on the right, re-enter the word on the left. The functionmust be called withthe number of places in range, otherwise the implementationcan produce unexpected effects.

i.e. 0 = =

No overflowcan occur.

The action of the functionis defined as follows:

Rotates the value in by the given number of .

rotates a word left. Bits shifted out of the word on the left, re-enter the word on the right. The functionmust be called withthe number of places in range, otherwise the implementationcan produce unexpected effects.

i.e. 0 = =

The action of the functionis defined as follows:

Rotates the value in by the given number of .

< <

< <

INTEGER

INTEGER

J.3 Word rotation

J.3 Word rotation

ROTATERIGHT

        places bitsperword

     INT FUNCTION ROTATERIGHT (VAL INT argument, places)

       -- argument places

               high, low, argument.i :
       VALOF
         SEQ
           argument.i := unsign(argument)
           argument.i := (argument.i * range) >> places
           high := argument.i / range
           low := argument.i REM range
         RESULT INT(high \/ low)
     :

ROTATELEFT

        places bitsperword

     INT FUNCTION ROTATELEFT (VAL INT argument, places)

       -- argument places

               high, low, argument.i :
       VALOF
         SEQ
           argument.i := unsign(argument)
           argument.i := argument.i << places
           high := argument.i / range
           low := argument.i REM range
         RESULT INT(high \/ low)
     :

Mostof the floatingpointfunctionsdescribed in this appendix conformto the ANSI/IEEEstandard 754-1985. However some of the functions act as invalidprocesses when called with arguments which are not finite (page 131). These behaviours do not conform to the standard and are noted as part of the description of each function.

Each functionis specified by a skeletal functiondeclaration, a predicate stating the relationshipbetween the actual parameters after the functioncalland an informaltextualdescriptionofthe operation. Allfunctionsare implemented in a way which allows the same variable to be used as both the input and receiving variable in an assignment. The predicate gives the formaldefinitionof the operation, although formost purposes the text willbe an adequate explanation.

and are the sets of all Not-a-Numbersand all infinitiesin the format.

Floatingpointarithmeticimplementationswillreturn the followingvalued Not-a-Numbersto signifythe various errors that can occur in evaluations.

Dividezero by zero #7FC00000 #7FF80000 00000000 Divideinfinityby infinity #7FA00000 #7FF40000 00000000 Multiplyzero by infinity #7F900000 #7FF20000 00000000 Additionof opposite signed infinities #7F880000 #7FF10000 00000000 Subtraction of same signed infinities #7F880000 #7FF10000 00000000 Negative square root #7F840000 #7FF08000 00000000 to NaN conversion #7F820000 #7FF04000 00000000 Remainder frominfinity #7F804000 #7FF00800 00000000 Remainder by zero #7F802000 #7FF00400 00000000

( ) =

This returns the absolute value of . This is implemented clearing the sign bit so that becomes . If is a NaN or infinity,then calls to these functionsact as invalidprocesses.

K Floatingpointfunctions

| |

NaN Inf

Error Single length value Double length value

K.1 Not-a-number values

K.2 Absolute

         REAL64 REAL32

    REAL32 FUNCTION ABS(VAL REAL32 X)
      ...
    :
    REAL64 FUNCTION DABS(VAL REAL64 X)
      ...
    :

ABS X X

                          X -0.0 +0.0
 X

131

( ) =

This returns the square root of . If is a negative number, NaN or infinity,then calls to these functionsact as invalidprocesses.

( ) =

This returns if is a Not-a-Numberand otherwise.

( ) =

This returns if is a Not-a-Numberor an infinityand otherwise.

( ) = 2

Thismultiplies by2 . Overflowand underflowbehaviouris as fornormalmultiplicationunder the ANSI/IEEE standard 754-1985. can take any value as the operation willreturn the correct result even when 2 cannot be represented in the format. If is a NaN or infinity,then calls to these functionsact as invalidprocesses.

n n n

X

NaN

NaN Inf

,

√

⇔ ∈

⇔ ∈ ∪

×

K.3 Square root

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

    REAL32 FUNCTION SQRT(VAL REAL32 X)
      ...
    :
    REAL64 FUNCTION DSQRT(VAL REAL64 X)
      ...
    :

SQRT X

                       X X

    BOOL FUNCTION ISNAN(VAL REAL32 X)
      ...
    :
    BOOL FUNCTION DISNAN(VAL REAL64 X)
      ...
    :

ISNAN X TRUE X

         TRUE X FALSE

    BOOL FUNCTION NOTFINITE(VAL REAL32 X)
      ...
    :
    BOOL FUNCTION DNOTFINITE(VAL REAL64 X)
      ...
    :

NOTFINITE X TRUE X

         TRUE X FALSE

    REAL32 FUNCTION SCALEB(VAL REAL32 X, VAL INT n)
      ...
    :
    REAL64 FUNCTION DSCALEB(VAL REAL64 X, VAL INT n)
      ...
    :

SCALEB X n X

           X
               n
                        X

132

= result = 0 = ( ) = 0 = = + = This returns the exponent of as an integer valued floating point number; special cases for Infs, NaNs and zero. that all denormalised numbers return the same value – this is not equivalent to rounding the logarithmto an integer value. If is a NaN then it is returned as the result, if is an infinitythen the result is plus infinityand if is zero then the result is minus infinity.

= (n, r) = 2 [1 2)

This “unpacks” into a real ( ) and an integer ( ) so that lies between 1 and 2 and that = 2 . This is useful for reducing a value to the primaryrange for “exponential”type functions. If is zero, a NaN or infinity.then calls to these functionsact as invalidprocesses. Ifone of these values is possible, then itmust be tested forexplicitlybefore callingthese functions.

= result = = =

This returns withthe sign bit toggled. This is not the same as (0 ) as it has different behaviour on zero and NaNs. This should not be used as a unary negation where (0 ) should be used. As with it does affect the representation of NaNs even though they have no sign in their interpretation.

n

n

/ Inf NaN result . Bias result inf Inf result inf NaN result

, r

result.sign toggle .sign, result.f rac .f rac,result.exp .exp

∈ ∪ ∧ ̸⇒ − ⇒ − ∈ ⇒ ∈ ⇒

× ∧ ∈ ×

− − where

where r r

r n r

where

K Floating point functions

NOTE

K.7 Return exponent of floating point number

K.8 Unpack floating point value

K.9 Negate

   REAL32 FUNCTION LOGB(VAL REAL32 X)
     ...
   :
   REAL64 FUNCTION DLOGB(VAL REAL64 X)
     ...
   :

LOGB (X)
                  X X REAL32 X exp
                  X
                  X
                  X X

                     X

                       X X
              X

   INT, REAL32 FUNCTION FLOATING.UNPACK(VAL REAL32 X)
     ...
   :
   INT, REAL64 FUNCTION DFLOATING.UNPACK(VAL REAL64 X)
     ...
   :

FLOATING.UNPACK (X)
                             X

           X X
                                                                 X

   REAL32 FUNCTION MINUSX(VAL REAL32 X)
     ...
   :
   REAL64 FUNCTION DMINUSX(VAL REAL64 X)
     ...
   :

MINUSX (X)
                                  X X X

        X X
                                                  X ABS

133

= result = = =

This returns withthe sign bit from .

= result = = This can be specified precisely but as several subsidiary definitionsare required first the informalthirdlineof the “predicate” is used forbrevity.

This returns the first floating point number from in the direction of . The major area where this willbe used is in intervalarithmetic. Ifeither or both of or is a NaN then a NaN equal to or is returned. An overflowfroma finite to an infiniteresult is handled in the same way as an arithmeticoverflow.

( ) =

Thisreturns if and are “orderable”as defined bythe ANSI/IEEEstandard 754-1985. Thisimplements the negation of the comparison in ANSI/IEEE754-1985 5.7 and enables the full IEEE style comparison to be derived fromthe standard , , ... comparisons of real types in .occam result.sign .sign, result.f rac .f rac,result.exp .exp

NaN NaN result NaN X,Y

, / NaN / NaN

∈ ∨ ∈ ⇒ ∈ ∩ { } ⇒ ̸⇒

⇔ ∈ ∧ ∈

§ where

where

“result is next real after in the directionof ”

unordered

K.10 Copy sign

K.10 Copy sign

K.11 Next representable value

K.12 Test for orderability

    REAL32 FUNCTION COPYSIGN(VAL REAL32 X, Y)
      ...
    :
    REAL64 FUNCTION DCOPYSIGN(VAL REAL64 X, Y)
      ...
    :

 COPYSIGN (X,Y)
                                   Y X X

         X Y

    REAL32 FUNCTION NEXTAFTER(VAL REAL32 X,Y)
      ...
    :
    REAL64 FUNCTION DNEXTAFTER(VAL REAL64 X,Y)
      ...
    :

 NEXTAFTER (X,Y)
                          X Y
                          X Y X
                          X Y X Y

                                     X Y
                                    X Y X Y
                X

    BOOL FUNCTION ORDERED(VAL REAL32 X,Y)
      ...
    :
    BOOL FUNCTION DORDERED(VAL REAL64 X,Y)
      ...
    :

ORDERED X Y TRUE X Y

         TRUE X Y

                                 < >

134

( ) = ( )

+ = ( + )+ ( ( + ) 2 ( = ( + ) 2 2 = 0)) + : = + ( 2 ( = 2 2 = 0)) = is 20 for and 30 for .

Thisperformsa more accurate remainder byusingan extended precisionvaluefor where possible. It is assumed that is no larger than a last bit error in . is returned as the boolean result to indicate that the more accurate remainder has been done and the integer result willthen be the quotient. Ifthe more accurate remainder cannot be done a normalremainder is performed and the quotient must be calculated separately. This is designed to be used to reduce an argument to the primaryrange for cyclical functions- such as the trigonometricfunctions.

( ) = 2

This returns 2 times withoverflowhandlingas defined in the ANSI/IEEEstandard 754-1985, except that if is a NaN or infinity,then calls to these functionsact as invalidprocesses.

( ) = 2

This returns dividedby 2 withunderflowhandlingas defined in the ANSI/IEEEstandard 754-1985, except that if is a NaN or infinity,then calls to these functionsact as invalidprocesses.

. , , b,n, r .exp .exp maxexpdif f r < / r / n MOD .exp > .exp maxexpdif f m b m r r < / r / m MOD n undef ined maxexpdif f

≤ ⇒ ∧ × ∧ ∨ ∧ ⇒ ∃ ¬ ∧ × ∧ ∨ ∧ ∧

×

÷ where b n r

where

b n n

K Floating point functions

Z

K.13 Perform range reduction

K.14 Fast multiply by two

K.15 Fast divide by two

    BOOL,INT32,REAL32 FUNCTION ARGUMENT.REDUCE(VAL REAL32 X, Y, Y.err)
      ...
    :
    BOOL,INT32,REAL64 FUNCTION DARGUMENT.REDUCE(VAL REAL64 X, Y, Y.err)
      ...
    :

ARGUMENT REDUCE X Y error

         X Y X Y error
                                        Y error Y error
         X Y
                                      X Y
                                       Y Y

                               ARGUMENT.REDUCE DARGUMENT.REDUCE

                               X REM Y Y
              error Y TRUE

    REAL32 FUNCTION MULBY2(VAL REAL32 X)
      ...
    :
    REAL64 FUNCTION DMULBY2(VAL REAL64 X)
      ...
    :

MULBY2 X X

               X
X

    REAL32 FUNCTION DIVBY2(VAL REAL32 X)
      ...
    :
    REAL64 FUNCTION DDIVBY2(VAL REAL64 X)
      ...
    :

DIVBY2 X X

         X
     X

135

= result 2 = 2 = This returns rounded to a floatingpointinteger value. If is a NaN or infinity,then calls to these functions act as invalidprocesses.

bitsper wor d bitsper wor d result < result | | ≥ ⇒ | | ⇒ where

K.16 Round to floating point integer

K.16 Round to floating point integer

   REAL32 FUNCTION FPINT(VAL REAL32 X)
     ...
   :
   REAL64 FUNCTION DFPINT(VAL REAL64 X)
     ...
   :

FPINT (X)
                    X X
                    X REAL32(INT ROUND X)

        X X and are implementations of the ANSI/IEEE754-1985 floating point arithmetic standard.

An implementationshould complyto the requirements of the standard in as much as all results returned by them should be correct as defined in the standard. Most programmers willnot need to use these functions directlyas most implementationswillcompileall real arithmeticas calls to these functions. In some applications, such as interval arithmetic, the rounding modes are needed so the functions willneed to be explicitlycalled in those cases. Also, in some applications, the IEEE standards use of infinitiesand Not-a-number to handle errors and overflows may be required in preference to the standard treatment of them as invalidexpressions.

The functionsfor operands are

evaluates according to the standard withouterror checking, using the conventionalroundingmode. The various operations are coded in where: = 0 = 1 = 2 = 3 evaluates according to the standard withouterror checking.

and are defined in an similarmanner to operate on s.

evaluates according to the standard withouterror checking. The roundingmode to be used is indicated by where:

round mode = 0 Round to Zero round mode = 1 Round to Nearest round mode = 2 Round to Plus Infinity round mode = 3 Round to MinusInfinity

The functionsare:

evaluates according to the standard . The functionsare:

The functionsreturn a boolean whichis true ifan error has occurred, and false otherwise, and the result.

occam

occam

L FullIEEEfloatingpointarithmetic

X Op Y

X Y

X Op Y

X Y op

L.1 ANSI/IEEEreal arithmetic operations

REALOP REALREM

             REAL32

    REAL32 FUNCTION REAL32OP (VAL REAL32 X, VAL INT Op, VAL REAL32 Y)
      ...
    :

    REAL32 FUNCTION REAL32REM (VAL REAL32 X, VAL REAL32 Y)
      ...
    :
REAL32OP (X, Op, Y)
                                                  Op

             +
             -
             *
             /

REAL32REM (X, Y) REM

REAL64OP REAL64REM REAL64

IEEExxOP (X, Rm, Op, Y)
                                Rm

    BOOL, REAL32 FUNCTION IEEE32OP (VAL REAL32 X, VAL INT Rm, Op, VAL REAL32 Y)
      ...
    :
    BOOL, REAL64 FUNCTION IEEE64OP (VAL REAL64 X, VAL INT Rm, Op, VAL REAL64 Y)
      ...
    :

IEEExxREM (X, Y) REM

    BOOL, REAL32 FUNCTION IEEE32REM (VAL REAL32 X, VAL REAL32 Y)
      ...
    :
    BOOL, REAL64 FUNCTION IEEE64REM (VAL REAL64 X, VAL REAL64 Y)
      ...
    :

137

The comparisons on the real types provided in the language should suffice for most purposes. However, if the comparisons detailed in the ANSI/IEEE754-1985 standard are required then they can be generated fromthe set of primitivecomparisons.

Astandard function willreturn a value whichindicates whichofthe relations , , or as defined by IEEE754 paragraph 5.7. This procedure is

Then, if really necessary, any of the 26 varieties of comparison suggested by the IEEE standard can be derived. For instance the ? = predicate could be implemented by

Similarly ( ) could be implemented as

In either of these cases the value returned in the first boolean is equivalentto the invalidoperation flag being set according to the ANSI/IEEEstandard 754-1985.

The double length version is defined in a similarmanner to .

occam

>

NOT <> less than greater than equals unordered

L.2 ANSI/IEEEreal comparison

L.2 ANSI/IEEEreal comparison

BOOL FUNCTION REAL32EQ (VAL REAL32 X, Y)
  -- result = (X = Y) in the IEEE sense
  ...
:
BOOL FUNCTION REAL32GT (VAL REAL32 X, Y)
  -- result = (X > Y) in the IEEE sense
  ...
:

           IEEECOMPARE

INT FUNCTION IEEECOMPARE (VAL REAL32 X, Y)
  INT result :
  VALOF
    IF
      ORDERED (X, Y)
        IF
          REAL32EQ (X, Y)
            result := 0
          REAL32GT (X, Y)
            result := 1
          TRUE
            result := -1
      TRUE
        result := 2
    RESULT result
:

BOOL, BOOL FUNCTION IEEE.UGE. (VAL REAL32 X,Y)
  VAL LT IS -1, EQ IS 0, GT IS 1, UN IS 2:
  INT relation :
  VALOF
    relation := IEEECOMPARE (X, Y)
    RESULT FALSE,
           (relation=GT) OR ((relation=EQ) OR (relation=UN))
:

BOOL, BOOL FUNCTION IEEENOT.LG. (VAL REAL32 X,Y)
  VAL LT IS -1, EQ IS 0, GT IS 1, UN IS 2:
  INT relation :
  VALOF
    relation := IEEECOMPARE (X, Y)
    RESULT (relation=UN), (relation=EQ) OR (relation=UN)
:

                DIEEECOMPARE IEEECOMPARE

38 308

The elementary functionlibraryprovides a set ofroutines whichprovideelementary functionscompatiblewith the ANSI/IEEEstandard 754-1985 forbinaryfloating-pointarithmetic.

Allsingle length functionsother than , and have one parameter whichis a taking the argument of the function. and have two parameters. They are both s whichreceive the arguments of the function. has a single parameter whichis a . In each case the double-length version is obtained by prefixinga onto the functionname, whose parameters are or, in the case of , .

Accompanyingthe descriptionof each functionis the specification of the function’s and . The specifies the range ofvalidinputs, those forwhichthe outputis a normalor denormal floating-point number. The specifies the range of outputs produced by all arguments in the . The given endpoints are not exceeded. Note that some of the domains specified are implementationdependent.

Ranges are givenas intervals,using the conventionthat a square bracket [ or ] means that the adjacent endpoint is includedin the range, whilsta round bracket ( or ) means that it is excluded. Endpoints are given to a few significant figures only. Where the range depends on the floating-pointformat, single-length is indicated withan S and double-lengthwitha D.

For functionswithtwo arguments the complete range of both arguments is given. This means that for each number in one range, there is at least one (though sometimes onlyone) number in the other range such that the pair of arguments is valid. Both ranges are shown, linkedby an ‘x’.

In the specifications, XMAXis the largest representable floating-pointnumber: in single-lengthit is approximately 3 4 10 , and in double-length it is approximately1 8 10 . Pi means the closest floating-point representation of the transcendental number , ln(2) the closest representation of ( ), and so on. In describing the algorithm, X is used generically to designate the argument, and “result” to designate the output.

The routines willaccept any value, as specified by the IEEEstandard, includingspecial values representing s (‘Nota Number’)and s (‘Infinity’). s are copied directlyto the result, whilst s may or may not be validarguments. Validarguments are those forwhichthe result is a normal(ordenormalised)floating-point number.

Argumentsoutside the domain(apart from whichare simplycopied to the result)giverise to , which may be , , or . s mean that the result is mathematicallywell-definedbut too large to be represented in the floating-pointformat.

Errorconditionsare reported by means of three distinct s :

This means that the function is mathematically undefined for this argument, for example the logarithmof a negative number. Thismeans that a smallchange inthe argument wouldcause a large change inthe value of the function,so any error in the inputwillrender the output meaningless. This means that although the mathematical functionis well-defined,its value is in range, and itis stable withrespect to inputerrors at this argument, the limitationsof word-length(and reasonable cost of the algorithm)make it impossible to compute the correct value.

Implementationswillreturn the followingvalues forthese Not-a-Numbers:

#7F800010 #7FF00002 00000000 #7F800008 #7FF00001 00000000 #7F800004 #7FF00000 80000000

M Elementary functions

. . π

{ } { }

∗ ∗

−

Domain Range Domain ie Range Domain

exceptional results loge 2

NaN Inf NaN Inf

NaNs NaN +Inf Inf Inf

NaN

Error Single length value Double length value

                            POWER ATAN2 RAN VAL REAL32
                           POWER ATAN2 VAL REAL32
                                   RAN VAL INT32
                                            D
VAL REAL64 DRAN VAL INT64

  undefined.NaN

  unstable.NaN

  inexact.NaN

                undefined.NaN
                unstable.NaN
                inexact.NaN

139

In all cases, the functionreturns a ifgiven a .

These compute : result = ( ).

(0, XMAX] [MinLog,MaxLog]= [ 103 28 88 72] = [ 745 2 709 78]

Allarguments outside the domain generate an .

These compute : result = ( )

(0, XMAX] [MinLog10,MaxLog10]= [ 44 85 38 53] = [ 323 6 308 25]

Allarguments outside the domain generate an .

These compute : result = .

[ Inf,MaxLog)= [ 88 72) = [ 709 78) [0, XMAX)

Ifthe result is too large to be represented in the floating-pointformat, is returned.

X

. , . S . , . D

. , . S . , . D

e Inf , . S, Inf , . D

− −

− −

− − −

M.1 Logarithm

NaN NaN

loge X

Domain : Range :

undefined.NaN

log10 X

Domain : Range :

undefined.NaN

Domain : Range : Inf

M.1 Logarithm

M.2 Base 10 logarithm

M.3 Exponential

REAL32 FUNCTION ALOG (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DALOG (VAL REAL64 X)
  ...
:

REAL32 FUNCTION ALOG10 (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DALOG10 (VAL REAL64 X)
  ...
:

REAL32 FUNCTION EXP (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DEXP (VAL REAL64 X)
  ...
:

8 8

140

These compute : result = .

[0, Inf]x [ Inf,Inf] [ Inf,Inf]

Ifthe result is too large to be represented in the floating-pointformat, is returned. IfXor Yis , is returned. Other special cases are as follows:

0 any 0 0 0 0 XMAX 0 0 0 1 0 0 1 1 XMAX XMAX 1 1 1 XMAX 1 XMAX 0 1 1 0 1 1 otherwise 0 1 otherwise 1

These compute : result = sine(X) (where Xis in radians).

[ Smax, Smax] = [ 12868 0 12868 0] = [ 2 1 10 2 1 10 ] [ 1.0, 1.0]

Allarguments outside the domain generate an . Implementationsmay providea larger domain.

YX

X < < Y < X < < X < Y < X < X Y Y < Y < X

. , . S, . , . D

− −

≤ ≤

− − ≤ ≤ ± ≤ ≤ − ≤ ≤ − ≤ ≤ − −

− − − ∗ ∗ −

M Elementary functions

Domain : Range :

Inf NaN NaN

First Input (X) Second Input (Y) Result

undefined.NaN undefined.NaN

Inf unstable.NaN Inf Inf Inf

Inf unstable.NaN Inf Inf Inf Inf Inf Inf Inf Inf Inf undefined.NaN

Domain : Range :

inexact.NaN

M.4 Xto the power of Y

M.5 Sine

REAL32 FUNCTION POWER (VAL REAL32 X, Y)
  ...
:
REAL64 FUNCTION DPOWER (VAL REAL64 X, Y)
  ...
:

REAL32 FUNCTION SIN (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DSIN (VAL REAL64 X)
  ...
:

8 8

8 8

1

141

These compute : result = cosine(X) (where Xis in radians).

[ Smax, Smax] = [ 12868 0 12868 0] = [ 2 1 10 2 1 10 ] [ 1.0, 1.0]

Allarguments outside the domain generate an . Implementationsmay providea larger domain.

These compute : result = tan(X) (where Xis in radians).

[ Tmax, Tmax]= [ 6434 0 6434 0] = [ 1 05 10 1 05 10 ] ( Inf,Inf)

Allarguments outside the domain generate an . Implementationsmay providea larger domain.

These compute : result = sine ( ) (inradians).

[ 1.0, 1.0] [ Pi/2, Pi/2]

Allarguments outside the domain generate an .

−

. , . S, . , . D

. , . S, . , . D

X

− − − ∗ ∗ −

− − − ∗ ∗ −

− −

M.6 Cosine

Domain : Range :

inexact.NaN

Domain : Range :

inexact.NaN

Domain : Range :

undefined.NaN

M.6 Cosine

M.7 Tangent

M.8 Arcsine

REAL32 FUNCTION COS (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DCOS (VAL REAL64 X)
  ...
:

REAL32 FUNCTION TAN (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DTAN (VAL REAL64 X)
  ...
:

REAL32 FUNCTION ASIN (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DASIN (VAL REAL64 X)
  ...
:

1

1

1

142

These compute : result = cosine ( ) (inradians).

[ 1.0, 1.0] [0, Pi]

Allarguments outside the domain generate an .

These compute : result = tan ( ) (inradians).

[ Inf,Inf] [ Pi/2, Pi/2]

These compute the angular co-ordinate tan ( ) (in radians) of a point whose X and Y co-ordinates are given.

[ Inf,Inf]x [ Inf,Inf] ( Pi, Pi]

(0, 0) and ( , ) give .

−

−

−

X

X

Y/X

−

− −

− − − ± ±

M Elementary functions

Domain : Range :

undefined.NaN

Domain : Range :

Domain : Range :

Inf Inf undefined.NaN

M.9 Arccosine

M.10 Arctangent

M.11 Polar Angle

REAL32 FUNCTION ACOS (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DACOS (VAL REAL64 X)
  ...
:

REAL32 FUNCTION ATAN (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DATAN (VAL REAL64 X)
  ...
:

REAL32 FUNCTION ATAN2 (VAL REAL32 X, Y)
  ...
:
REAL64 FUNCTION DATAN2 (VAL REAL64 X, Y)
  ...
:

143

These compute : result = sinh(X).

[ Hmax, Hmax]= [ 89 4 89 4] = [ 710 5 710 5] ( Inf,Inf)

Hmax gives , and Hmax gives .

These compute: result = cosh(X).

[ Hmax, Hmax]= [ 89 4 89 4] = [ 710 5 710 5] [1.0, Inf)

Hmax gives .

These compute : result = tanh(X).

[ Inf,Inf] [ 1.0, 1.0]

. , . S, . , . D

X < X >

. , . S, . , . D

X >

− − − − − −

− − −

| |

− −

M.12 Hyperbolic sine

Domain : Range :

Inf Inf

Domain : Range : Inf

Domain : Range :

M.12 Hyperbolic sine

M.13 Hyperbolic cosine

M.14 Hyperbolic tangent

REAL32 FUNCTION SINH (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DSINH (VAL REAL64 X)
  ...
:

REAL32 FUNCTION COSH (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DCOSH (VAL REAL64 X)
  ...
:

REAL32 FUNCTION TANH (VAL REAL32 X)
  ...
:
REAL64 FUNCTION DTANH (VAL REAL64 X)
  ...
:

144

This functionreturns two results, the first is a real between 0.0 and 1.0, and the second is an integer. The integer, whichmust be used as the parameter in the next callto the function,carries a pseudo-random linear congruential sequence , and must be kept in scope for as long as the function is used. It should be initialisedbefore the first callto the functionbut not modifiedthereafter except by the functionitself. Consider the followingsequence:

In this example , , and are each assigned a pseudo-random value.

Integers [0.0, 1.0) x Integers kN

M Elementary functions

Domain : Range :

M.15 Pseudo-random numbers

REAL32, INT32 FUNCTION RAN (VAL INT32 N)
  ...
:
REAL64, INT64 FUNCTION DRAN (VAL INT64 N)
  ...
:

SEQ
  x, seed := RAN (8) -- initialise seed
  y, seed := RAN (seed)
  z, seed := RAN (seed)

        x y z

This appendix describes the standard libraryof string to value, value to string routines. The libraryprovides primitiveprocedures to convert a value to and from decimal or hexadecimal representations. High level input/outputroutinescan be easilybuiltusing these simpleprocedures, and a number willtypicallybe provided in an implementation.

The procedures described here provideconversion between integer values and theirdecimalor hexadecimal representations held as a string of characters, forexample:

The procedure returns the decimalrepresentation of in and the numberofcharacters in the representation in .

The procedure returns in the value represented by . is set to ifa non numericcharacter is foundin . or a are allowedin the first character position. willbe the value of the the portionof up to any illegalcharacter withthe conventionthat the value of an empty string is 0. is also set ifthe value of overflowsthe range of , in this case willcontain the low order bits of the binaryrepresentation of . is set to in all other cases.

The procedure returns the hexadecimal representation of in and the number of characters in the representation in . Allthe nibbles (a nibbleis a word4 bits wide)of are output so that leading zeros are included. The number of characters willbe the number of bits in an dividedby 4.

The procedure returns in the value represented by the hexadecimal . is set to ifa non hexadecimal character is found in . Here willbe the value of the the portion of up to the illegalcharacter withthe convention that the value of an empty string is 0. is also set to ifthe value represented by overflows the range of . In this case willcontain the loworder bits of the binaryrepresentation of . In all other cases is set to .

Similarprocedures are providedfor the types , and . These procedures use equivalent parameters of the appropriate type. The procedures are:

N Value, string conversion routines

N.1 Integer, string conversions

    PROC INTTOSTRING (INT len, []BYTE string, VAL INT n)
      ...
    :

           INTTOSTRING n string
                  len

    PROC STRINGTOINT (BOOL error, INT n, VAL []BYTE string)
      ...
    :

           STRINGTOINT n string error TRUE
                      string + - n
               string
    error string INT n
                               string error FALSE

    PROC HEXTOSTRING (INT len, []BYTE string, VAL INT n)
      ...
    :

            HEXTOSTRING n string
                          len n
                                                                 INT

    PROC STRINGTOHEX (BOOL error, INT n, VAL []BYTE string)
      ...
    :

           STRINGTOHEX n string error
  TRUE string n
string error
     TRUE string INT n
                                  string error FALSE

                                  INT16 INT32 INT64

            INTTOSTRING INT16TOSTRING INT32TOSTRING INT64TOSTRING
            STRINGTOINT STRINGTOINT16 STRINGTOINT32 STRINGTOINT64
            HEXTOSTRING HEX16TOSTRING HEX32TOSTRING HEX64TOSTRING
            STRINGTOHEX STRINGTOHEX16 STRINGTOHEX32 STRINGTOHEX64

2

146

The procedures described here provideconversion between boolean values and their textual representation “ ” and “ ”.

The procedure returns “ ”in if is and “ ”otherwise. contains the number of characters in the string returned.

The procedure returns in b iffirst 4 characters of are “ ”, iffirst 5 characters are “ ” and is undefined in other cases. is returned in if is not exactly “ ” or .

The procedures described here provide conversion between real values and their representation as strings, forexample:

These two procedures each take a string containinga decimal representation of a real number and convert itintothe corresponding real value. Ifthe value represented by overflowsthe range of the type then an appropriatelysigned infinityis returned. Errors in the syntax of are signalled by a Not-a-Number being returned and being set to . The string is scanned from the left as far as possible while the syntax is stilllegal. Ifthere any characters after the end of the longest correct string then error is set to , otherwise it is . For example if was then the value returned would be 12 34 10 with set to . Strings whichrepresent real values are those specified by the syntax for literals,forexample:

Further examples are given in the section on literalson page 27.

These twoprocedures return a string representing the value in the first s of . The format of the representation is determined by and . Free format is selected by passing in and into the

. × real

N Value, string conversion routines

N.2 Boolean, string conversion

N.3 Real, string conversion

 TRUE FALSE

    PROC BOOLTOSTRING (INT len, []BYTE string, VAL BOOL b)
      ...
    :

           BOOLTOSTRING TRUE string b TRUE FALSE len

    PROC STRINGTOBOOL (BOOL error, b, VAL []BYTE string)
      ...
    :

            STRINGTOBOOL TRUE string TRUE FALSE
              FALSE b TRUE error string
      TRUE "FALSE"

    PROC STRINGTOREAL32 (BOOL error, REAL32 r, VAL []BYTE string)
      ...
    :
    PROC STRINGTOREAL64 (BOOL error, REAL64 r, VAL []BYTE string)
      ...
    :

                                               string
                                                  string
               error TRUE

TRUE FALSE string "12.34E+2+1.0"
               error TRUE

     12.34
     587.0E-20
     +1.0E+123
     -3.05

    PROC REAL32TOSTRING (INT len, []BYTE string,
                         VAL REAL32 r, VAL INT m,n)
      ...
    :
    PROC REAL64TOSTRING (INT len, []BYTE string,
                         VAL REAL64 r, VAL INT m,n)
      ...
    :

                                             r len BYTE string
                              m n 0 m n

147

procedure. Where possible a fixed point representation is used when this does not indicate more accuracy than is availableand does nothave more than 3 “ ”safterthe decimalpointbefore significantdigits. Otherwise exponential formis used. The number of characters returned in here depends on the input but will be no more than 15 in and 24 in . is leftjustifiedinfree format.

If is non-zero then ifpossible the procedure returns a fixed pointrepresentation of with digitsbefore the decimal pointand places after withpadding spaces being added when needed. Ifthis is not possible then an exponential representation is returned withthe same field widthas the fixed point representation would have had. If and are both very small then an exponential representation may not fit in the field widthso twospecial values “ ”and “ ”witha sign are returned to indicate a value under or over the representable fixed pointvalues. In allthese cases is padded withspaces so that itcontains ( + +2) characters - before the decimal point, after, as wellas the sign and decimal pointcharacters.

If is zero but is not then an exponential representation is returned where the number of digitsof fraction returned is . The form of the fraction is except when is 1. In this case the output is not a proper representation as the fractionwillbe of the form where the padding space is added due to the absence of a decimal point. For this reason the case = 0, = 1 should not be used in general. When is 0 willcontain ( +6) characters for and ( +7) for .

Each procedure returns a string“ ”preceded by a sign character forinfinitiesand a string“ ”forNot-a- Numbers. In free formata leading space on either string is dropped. Both these willbe padded on the right withspaces to fillthe field widthwhen free formatoutput is not being used.

digit.digits ‘’digit

N.3 Real, string conversion

                                   0
                                               string
               REALTOSTRING32 REALTOSTRING64 string

m r m
             n

         m n
              Un Ov
                           string m n
m n

m n
        n n

                                       m n m
string n REALTOSTRING32 n REALTOSTRING64

                       Inf NaN

Thisappendixdescribes some additionalroutinesthat have been added to implementationstoprovide support forthe programmer. For fullspecifications of these see documentation providedwiththe compiler.

In real time processing it is sometimes necessary to force the compilerto ensure that a process in a parallel suspends itself to give another process a chance to be executed. A call of willhave this effect.

This procedure is provided to enable the programmer to make assertions involvingthe variables of the program, to ensure that ifsuch an assertion is foundto be false at compiletime, then the compilerwillreport an error, or ifit is found to be false at run time then the program willstop at that point.

An instance of may usefullybe included as a “stub” at all places in a program under development that willeventuallybe replaced by suitable error checking code. The careful use of assertions is at the heart of defensive programming.

An implementationmay provide compiler options to control the action which occurs when an assertion is found to be false.

occam

O Programmingsupport routines

O.1 Rescheduling the processor

O.2 Assertion checking

                                                      RESCHEDULE()

PROC RESCHEDULE ()
  ...
:

PROC ASSERT (VAL BOOL assertion)
  ...
:

       ASSERT

Thisappendix enumerates the changes whichhave been made to 2 to derive the extended language 2.1, and the more prominent changes in the style and structure of this manual to facilitate the descriptionof the extended language.

The followinggroups of changes have been made to 2:

1 Additionof named types. (page 26)

2 Additionof record and packed record types. (page 31)

3 New operators and . (page 65)

4 Arithmeticand other operations on values of type. (page 57)

5 Implicittypingof literalconstants. (page 29)

6 Functions returningresults of any fixed length type. (page 78)

7 Segments withoptional and . (page 37)

8 Reshaping of arrays. (page 88)

9 Scope of tags. (page 53)

10 Revised treatment of anarchic protocols. (page 53)

11 Channel retyping. (page 86)

12 Channel array constructors. (page 55)

13 Revised semantics of counted array communication.(page 47)

14 Restrictions on the positioningof allocations. (page 95)

The opportunityhas been taken in this revised manual to make some structuralchanges, and many detailed changes in style of presentation.

The followingstructural changes have been made:

A new chapter on variables and values collects together material that was previouslyspread over the chapters on arrays and elements, scope and abbreviation.

The chapter on timers has been delayed untilafter the more familiarprocedures and functionshave been introduced.

Descriptionof priorityalternation has been moved fromthe appendix to the chapter on constructed processes.

The description of retyping has been moved froman appendix to a new chapter together withthe new feature of reshaping.

The complete syntax in the appendix is fullyannotated withcross references to the places in the text where the semantic restrictionsapplicable to each productionare defined.

occam occam

occam

P Changes fromoccam 2

• • • • •

P.1 Language changes

P.2 Manual changes

    BYTESIN OFFSETOF

                          BYTE

           FROM FOR

PROTOCOL

150

Anew appendix on implementationdependent features has been added.

In additionto material defining and illustratingthe new extensions several revisions have been made to the detailed presentation of language syntax in the manual. In particular:

The syntactic category has been dropped, to simplifythe separate handlingof , and , whichhave many syntactic similaritiesbut also some significantdifferences in how they are used.

The treatment of has been revised to emphasise its semantic closeness to .

The syntactic categories and have been replaced by the categories , , and , each of whichmay be used forscalars and arrays.

The syntacticcategories , , , and whichserved no particularalyuseful syntactic purpose and had onlydescriptivevalue have been eliminated.

The syntactic categories and have been explicitlydefined in the syntax, and the lexicallevel categories , , , and in the lexicalappendix.

•

element variable channel timer

string table

primitive.type array.type data.type channel.type timer.type port.type

action function.body procedure.body valof

monadic.operator dyadic.operator

name digits hex.digits character string

P Changes from occam 2

Anabbreviationspecifies a as an foran existing or or forthe value ofan . The meaning ofthe alias is defined by substitutionofthe abbreviated expression, variable, etc.

Anaction is an assignment, an input,or an output.

Aparameter used in an of a procedure or function.

Ensure all variables and channels are identifiedby a single name withina given .

Place a , , , or at an absolute locationin memory.

Combines a number of processes guarded by inputs, and performs the process associated with an inputwhichis ready.

Acomponent of an .

Aprotocolcompatiblewithany communicationusing a simple protocol.

Aparameter used in an instance of a function.

Asequence of components of the same type stored in consecutive memory locations.

Evaluates an expression or list of expressions, and assigns each resulting value to a corresponding variable.

Anexpression defining the starting value of a or the subscript of the first component of a .

Operation on the individualbits in the representation of a value.

Atruth value used in a guard or loop.

Logicaloperation on truth values.

Uses tag to select the protocolof an inputon a single channel witha case protocol.

Aprotocolcomprisinga collectionof tagged protocols.

Unbuffered, uni-directionalpoint-to-pointconnection for communication between two processes executing in parallel.

Anarray ofchannels expressed as a sequence ofcomponentchannels insquare brackets.

Aliteralvalue ofbyte type expressed alone between single quotes, or as part ofa stringindouble quotes.

Acomponent of a conditional.

The collectionof processes in a .

The communicationofvalues between concurrentprocesses. Each communicationinvolves a rendezvous between an inputand an output.

Anarray is a sequence of components of the same type selected by an integer subscript.

Two or more processes are concurrent ifthey may be executed at the same time.

A construction ( ) which combines a number of processes each of which is guarded by a boolean. Behaves as the first to evaluate to true.

Configurationassociates the components of an program witha set of physical resources on one or more processors.

Aconstructioncombines processes. programs are builtfromprocesses, bycombining primitiveprocesses and other constructions to form constructions of ( ), ( ), ( ), ( ), ( ) or ( ).

Use of a type name as an operator to convert a value to an equivalent value of another type.

An expression defining the number of replications in a or number of components in a .

occam

occam

Q Glossary of terms

name alias variable,channel, port timer expression

instance

scope

variable channel timer array port

alternation

replicationindex segment

construction

sequence conditional selection loop parallel alternation

replicator segment

Abbreviation

Action

Actual parameter

Alias check

Allocation

Alternation

Alternative

Anarchic protocol

Argument

Array

Assignment

Base

Bitwise operation

Boolean

Boolean operation

Case input

Case protocol

Channel

Channel array constructor

Character

Choice

Combination

Communication

Component

Concurrency

Conditional

Configuration

Construction

Conversion

Count

               IF

                                                             SEQ
IF CASE WHILE PAR ALT

152

An array communicated on a channel, whose size is defined by an explicitcount communicated previously.

The data type of a variable defines whichvalues can be stored in that variable. The data type of a value defines whichoperations can be performed on the value.

Astate inwhichtwoor more concurrent processes can no longerproceed due to a communication interdependency.

Specifies the name, type and scope of a , , , or an array of one of these types.

The use of a type name in parentheses to define the type of a literalor table.

Aspecial whichwillwaituntilthe timerhas incremented beyond a specified time before terminating. Usefulforadding a simple delay in a process.

A specification introducing a name for a procedure, function, protocol, data type, retyping or reshaping.

Decimalor hexadecimal digitsas a component of a literalof a real, integer or byte type.

The representation of a value withina program. The data type of an expression can always be determined by the compiler.

Alistof expressions separated by commas; used in and .

A field is a component of a record type. A field is selected from a record by a in square brackets followingthe record variable or value.

Parameter specified in the definitionof a procedure or function. Aformalparameter acts as an forthe used in an of the procedure or function.

Achannel whose name is a free name.

Aname whichoccurs withina process, but is not specified withinthe process.

Avariable whose name is a free name.

Specifies a name fora value process or expression list.

Determines the execution of an associated process in a choice ( ) or alternative ( ). An offset fromthe left hand edge of the page. In indentation is critical,and serves to define the structure of processes. Indentationincreases by twospaces foreach nested construct in a program, and decreases by two spaces at the end of that construct.

When the compilerimplementsan instance of a procedure or functionby an explicitcopy of the body, withappropriate parameter substitutions, rather than by a closed subroutine.

Receive a value froma channel into a variable.

Aninputwhichguards an alternative in an alternation.

Aprocess whichis a callofa procedure or an operand or expression listwhichis a callofa function.

A process whose behaviour has for some reason become undefined, and as a result may cause a system to stop.

See .

A procedure whose definitionis compiledseparately and whose compiledcode may be referenced withina program by an implementationdependent language extension.

Aliteralis a textual representation of a knownvalue, and has a data type.

Adivergentprocess, one whichmay remain internallyactivebut not performfurthercommunication.

A ( ) loop executes the associated process as long as the specified condition is true; if the

occam

variable channel port timer

timerinput

multipleassignment functions

field name

abbreviation actual parameter instance

boolean guard input guard

libraryprocedure

Q Glossary of terms

Counted array

Data type

Deadlock

Declaration

Decoration

Delayed input

Definition

Digits

Expression

Expression list

Field

Formal parameter

Free channel

Free name

Free variable

Function definition

Guard

Indentation

Inline

Input

Input guard

Instance

Invalid process

Library function

Library procedure

Literal

Livelock

Loop WHILE

153

conditionis initiallyfalse the associated process is not executed.

A modulo operator performs its operation ( , , ) withno check for overflow. The value returned as a result is the cyclicvalue withinthe range of the operand type.

Asequence of letters (and digitsor dots) introducedin a specification as the name of a variable,field, tag, channel, timer,procedure, function,data type, protocol,etc.

a networkconsists of a number of processing devices, microcomputersperhaps, withthe facilityto communicate witheach other.

The positionin memory of a field withina record.

Yields a value in an expression.

Amonadic operator performsan operation on a single operand and a dyadicoperator performsan operation on two operands.

Send the value of an expression to a channel.

Arecord in whichthe programmer explicitlydefines the order and implicitlythe offsets of all the fields.

Aconfigurationstatement whichplaces a process on a particularprocessing device.

Amemory mapped peripheral controlregister fromwhichinput,or to whichoutput, may be directed.

Apredefined procedure or functionis one that may be used in a program withoutexplicitspecification. Animplementationmay define a set of such names and specify their formalparameters.

Aprimitivedata type is a integer, boolean, byte or real type. Anamed type derived from such a type or an array or structured type is not a primitivetype.

Prioritycan be given to the component processes of a parallel executing on a single processing device. Lowerpriorityprocesses on such a device may only continue when all higher priorityprocesses are unable to. The inputs whichguard alternatives inan alternationmay be givena selection priority.Iftwo or more inputs are ready, then the inputwiththe highest priorityis selected.

Aprocedure definitionspecifies a name fora process.

An instance of a procedure is a use of the procedure, and behaves likea substitution ofthe process named inthe procedure definition.The phrase “procedure call”is used inmany other languages, to indicate the use of a procedure, and has a similarmeaning. Althoughthe behaviour of an procedure is clearly defined as the substitution of the procedure body, a procedure may be implemented as either a substitutionor as a call to a closed subroutine.

Aprocess starts, performs a number of actions, and then either stops withoutcompletingor terminates completely. programs are builtfrom the primitiveprocesses ( ), ( ), ( ), and . These primitivesare combined in , , , , and constructions.

The formatand ofvalues passed (communicated)on a channel, ora name defined torepresent such a format. Communication is valid only if the output and input are compatible; i.e. each communicationmatches the type(s) specified by the channel protocol.

Anumericalvalue represented according to the IEEEstandard forfloatingpointarithmetic.

The actual time taken for a physical process to occur. The time returned by a is directly related to real time.

Arecord consists of a number of named each of whichhas a specified data type. Avalue of record type associates a value of appropriate type witheach of the fields.

The concrete representation of a record data type in store.

Arelationaloperation compares its operands and yields a boolean result.

A replicator produces a number of similarcomponents of a construction, distinguished by the value of a .

occam

occam assignment input

output

type

timer

fields

replicationindex

Glossary of terms Q

Modulo operator

Name

Network

Offset

Operand

Operator

Output

Packed record

Placement

Port

Predefine

Primitive data type

Priority

Procedure definition

Procedure instance

Process

Protocol

Real

Real time

Record

Record layout

Relational operation

Replication

                                       PLUS MINUS TIMES

                                                                   :=
 ? ! SKIP STOP SEQ IF CASE WHILE PAR
ALT

154

A reshaping conversion changes the program’s view of the internal structure of a (multi-dimensional)array.

A retyping conversion changes the data type of a bit pattern, from one data type to another. There are three kinds of retypingconversions: conversions whichchange the protocolof a channel, conversions which convert a variable, and conversions which convert the value of an expression. Data type retypinghas no effect upon the bit pattern, and differs from where a value of one type is converted into an equivalent value of another type.

The region of a program in whicha particularspecification of a name is valid.

A segment is one or more consecutive components of an array, defined by a base and a count. Anabbreviated segment may have a computed number of components whichmay be zero but not negative.

Aselection process ( ) executes a process froma listof associated options. The options are selected by matching a selector witha constant case expression associated withthe option.

Asequential process ( ) is one where one action followsanother.

A sequential protocolspecifies a sequence of simple protocols as the format of communicationon a channel.

Perform logicalshiftof the bit pattern of a value.

Start, performno action and terminate immediately.

A specification is either a declaration, an abbreviation or a definitionand specifies a name whichmay be used withinthe associated scope.

Identifies the type of an name specified in an abbreviation,formalparameter, or definition.

Start, performno furtheraction and do not terminate.

Asequence of characters in double quotes equivalent to a table of bytes.

Aninteger expression in square brackets ( ) whichselects a component of an array.

An array of values of the same type, or a record of values of possibly different types, optionally decorated by a type name in parentheses, used in expressions.

Identifierof a protocolvariant specified in a definition. Used in an output or input.

Component of a variant in a .

Specifies a possible case protocolvariant, distinguished by its tag, for communicationon a single channel.

Atimeris a clockwhichcan be accessed by any number of concurrent processes.

Atimerinputinputs a value froma timer.

Atype conversion converts the value of an expression of one data type intoan equivalent value of another data type.

A usage check performed by a compilerensures that variables and channels are not shared illegallybetween parallelcomponents.

Avalue process produces one or more results, each of a data type.

A variable is declared or abbreviated and may receive a new value by input or assignment. A variable normallyrequires the allocationof an addressable storage locationin the computer.

Alistof variables used in a .

A variable subscript is a subscript whose value depends on a variable, a procedure parameter, or the index of a replicator with a base or count which is not a constant or constant expression.

A variant is a component of a consisting of a tagged list of variables and an associated process to be executed when the tag inputmatches the tag in the tagged list.

type conversion

case protocol

case input

multipleassignment

case input

Q Glossary of terms

Reshaping conversion

Retyping conversion

Scope

Segment

Selection

Sequence

Sequential protocol

Shift operation

Skip

Specification

Specifier

Stop

String

Subscript

Table Tag Tagged list

Tagged protocol

Timer

Timer input

Type conversion

Usage check

Value process

Variable

Variable list

Variable subscript

Variant

CASE

  SEQ

                []

                                               CASE

Bowler,K.C,Kenway,R.D, Pawley, G.S. and Roweth, D Chartwell- Bratt 1989 ISBN0 86238 227 0

Brookes, Graham R Macmillan1989 ISBN0 333 45340 9

Burns, Alan Addison-Wesley 1987 ISBN0 201 17371 9

Carling,Alison Sigma 1988 ISBN1 85058 07 4

Cok, Ronald S Prentice-Hall1991 ISBN0 13 651480 4

Dowsing,R.L. Van Nostrand Reinhold1988 ISBN0 278 00059 2

East, I Pitman 1989

Ellison,David Sigma ISBN 1 85058 206 8

Galletly,J Pitman 1990 ISBN0 273 03067 1 Japanese edition: ISBN4-526-02874-6

Hoare, C.A.R Prentice-Hall1985 ISBN0 13 153271 5

Inmos Limited Prentice-Hall1984 ISBN0 13 629296 8 Japanese edition: ISBN4-7665-0133-0

Inmos Limited(tr Fontaine A.B) (inFrench) Masson 1989

Inmos Limited Prentice-Hall1988 ISBN0 13 629312 3

Inmos Limited Prentice-Hall1988 ISBN0 13 629320 4

Inmos Limited Prentice-Hall1989 ISBN0 13 929126 1

Inmos Limited Prentice-Hall1990 ISBN0 13 929068 0

Jones, Geraint Prentice-Hall1987 ISBN0 13 729773 4

Jones, G and Goldsmith,M Prentice-Hall1988 ISBN0 13 730334 3

Kerridge,J BlackwellScientific1987 ISBN0 632 01659 0

Pountain, D and May,D BlackwellScientific1987 ISBN0 632 01847 X

Roscoe, A.W. OxfordUniversityComputingLaboratory,ProgrammingResearch Group 1986 ISBN0 902928 34 1

Wexler, John EllisHorwood1989 ISBN745 80394 6

Alarge number of these have been published by IOS Press: ISSN 0925-4986

R Occam Bibliography

Introductionto OCCAM2 Programming

Introductionto Occam 2 on the Transputer

Programmingin Occam 2

Parallel Processing, Transputer and Occam

Parallel Programs forthe Transputer

Introductionto Concurrency Using Occam

Parallel Processing: AFirst Course

UnderstandingOccam and the Transputer : ThroughCompleteWorkingPrograms

Occam 2

CommunicatingSequential Processes

Occam ProgrammingManual

Occam 2: Manuelde Reference

Occam 2 Reference Manual

CommunicatingProcess Architecture

Transputer Technical Notes

Transputer DevelopmentSystem, Second Edition

Programmingin occam

Programmingin Occam 2

Occam Programming: APractical Approach

ATutorialIntroductionto Occam Programming

LawsofOccam Programming

Concurrent Programmingin occam2

R.1 Books

R.2 Conference Proceedings

156

Wiley1993- ISSN 1070-454X

(formerly ) Published privatelyby the user group 1984-

Transputer Communications

WoTUGNews OUGNewsletter

R Occam Bibliography

R.3 Journals, etc

, , 103 , , 103 , , 103 , , , , , , , 103 , , 103 , 28, 57, 73, 75, 103 , 28, 57, 73, 75, 103 , 59, , , , , , , , , , , , , , , , , 59, , 103 , 5, 35, 58, 73, 78, 103 , 59, , 103 , 103 , 59, , 103 , 59, , 103 , 103 , , 103 , , , 103 , , 103 , 59, , 103 , 59, , 103 , 59, , 103 , 59, , 103 , 59, , 103 , 59, , 103 , 59, , 103 , 59, , 103 , 59, , 103 , , 19, 47, 82, 96, 103 , , , 52 , , 32, 36, 39, 58, 103 , , 47, 103 , 59, , 103 , 59, , 103 , , 32, 36, 39, 58, 103 , 59, , 103

Abbreviation,26, , 85, 99, 151

channel, port, rules, timer, value, variable, , Absolute, , Action, Actualparameter, 69, , 76, 96, 151 Addition,59

, 59, , 82, 102 Aliascheck, , 100, 151 Aliaschecking, 71 Alignment, , 86, 92 Allocation, , 95, 96, 151 , , , , 40, 102 Alternation,9, , 24, 151

priority, replicated, timerguard, Alternative, , 40, 41, 52, 151 Anarchicprotocol, , 151

, 59, , 102 Annotation,4 ANSI/IEEEstandard 754-1985, 25, 26, , 130, 137 , , 102 Arccosine,142 Arcsine,141 Arctangent,142 Argument, , 151 , Arithmetic

compiletime, 92 Arithmetic

complex,78 Arithmeticoperator, , 103 Arithmeticoverflow,28, 60, 122 Arithmeticshift,128 Array, , 47, 99, 151

allocation,95 assignment, 31, channel, component, data type, parallel, port, segment, subscript, table, timer, variable, Arrayprotocol, Arraysize, 59, , 65 ASCII,29,

national variant, 59 national variants, 104 , , ,

157

Index 6 27 27 91 91 91 91 91 19 27

60 103 104 104 104 104 104 105 104 104 104 104 105 104 104 104 60 60 60 61 47 47 5 49 63 62 63 63 63 63 61 63 62 6 82 51 30 43 60 61 30 61 40 54 96 99

83 43 42 130 130 142 5 73 64 99 33 94 139 139 19 19 23 21 82 19 53 63 98 53

76 134

60

30 38 45 36 30 44 96 36 36 58 81 36 47 64 103

128 128 141

!
"
#
#COMMENT
#INCLUDE
#OPTION
#PRAGMA
#USE
&
’
(
)
*
*"
*#
*’
**
*C
*L
*N
*S
*T
*c
*l
*n
*s
*t
+
,
-
--
/
/\
:
::
::[]
:=
;
<
<<
<=
<>
=
>
><
>=
>>
?
? AFTER
? CASE
[
[]
\
\/
]
~

                                           ABS

                                           ACOS

                                           AFTER

                                           ALOG
                                           ALOG10
                                           ALT

                                           AND

                                           ANY

                                           ARGUMENT.REDUCE

                                           ASHIFTLEFT
                                           ASHIFTRIGHT
                                           ASIN

158

, , 102 Assemblylanguage, , Assertion checking, 148 Assignment, , 29, 35, 38, 151

multiple, , 77 , , 102 , , Base, , 29, 37, 151 Base 10 logarithm,139 Bibliography, Bigendian, Bitoperation, , 103 Bitpattern, 85

, 59, , 102 , 59, , 102 , 59, , 102 Bitwiseand, 59, Bitwiseexclusive or, 59, Bitwisenot, 59, Bitwiseoperation, 151 Bitwiseor, 59, BNF,3, 106 Books on , 155

, , 29, 102 Boolean, , 63, 151 Boolean and, 59, Boolean expression, 11, 14, 19, Boolean literal, Boolean not, 59, Boolean operation, , 151 Boolean or, 59, Boolean to string, 146 Boolean type, , 27 , Built-intype, 25

, , 102 Byte arithmetic,60 Byte literal, Byte type, , 27

, 33, 59, 64, , 92, 102

Carriage return, 104

, , 40, , 102 Case expression, , 13, 30 Case input, , 151 Case protocol, , 151

, , 102 Channel, 6, , 99, 103, 151

abbreviation, array, array constructor, declaration, , 47, 49 protocol, type, Channel abbreviation,70 Channel retyping, Character, 103, , 151 Character set,

Checking usage, 99 Choice, , 40, 41, 151 Clock, Combination,151 Combiningprocesses, Comment, , 91 Communication,6, 15, , 47, 93, 151 Compatibletype, 42 Compilationhints, Compilerdirectives,91 Compileroption,47, , 101, 148 Complexarithmetic,78 Complexnumbers, 31 Component, , 151 Concurrency, 151 Concurrent process, 9 Conditional,9, , 151

replicated, Configuration, , 151 Constant, , 31 Constant

named, 26 Construction, , 151 Continuationline, Conversion, , 151 , , , Cosine, 141 Count, , 29, 37, 151 Counted array, 151 Counted array protocol, Counted loop, 10 Cyclicshift,129 , , , , , , , , 31 Data type, 5, 6, 25, , 152

name, 26 record, 31 Data type conversion, 57, , , , , , , Deadlock, 152 Declaration, , 40, 152

channel, port, timer, variable, Decoration, , 29, 32, 58, 59, 152 Defensive programming,148 Definition,26, , 48, 69, 85, 87, 88, 152

occam

INDEX

92 92 148 5 5 95 142 142 10 155 92 61 61 61 61 61 61 61 61

25 11 63 57 27 63 63 63 25 146 25 27 25 65

13 49 13 51 49 45 45 54 45 55 45 47 45 86 105 103

11 81 9 4 45 91 91

36

11 12 93 26

9 3 67 133 141 143 10 47

130 142 139 139 134 141 26 25

66 142 142 133 141 143 134 39 45 96 81 35 28 40

ASM

ASSERT

AT
ATAN
ATAN2

BITAND
BITNOT
BITOR

BOOL

BOOLTOSTRING

BYTE

BYTESIN

CASE

CHAN OF

                                           COPYSIGN
                                           COS
                                           COSH

                                           DABS
                                           DACOS
                                           DALOG
                                           DALOG10
                                           DARGUMENT.REDUCE
                                           DASIN
                                           DATA TYPE

                                           DATAN
                                           DATAN2
                                           DCOPYSIGN
                                           DCOS
                                           DCOSH
                                           DDIVBY2

159

Delayed input, , 152 , , , , Digits, , 152 Dimension

array, 36 empty, , 69, 86, 88 Directives

compiler,91 Disjointarray, , Distributedprocessor, 93 , Division,59 , , , , , , , , , , , , , Dyadicoperator,

Element size, 59 Elementary function,138 Elementary functionlibrary,118

, 13, 102 Endianness, 85, Equal operation, 59, Errorhandling,101 Errormode, , Exponent

decimal, 28 floatingpointnumber, Exponential,139 Expression, 5, 26, 44, , 152

array size, 31 base, 10 boolean, 11, 14, 20 case, 13 count, 10, 18 output, 48 retyping,85 selector, 13 subscript, 37 table, 57 Expression list, , 152

functionresult, 78 value process, 75 External device, 96

, 102

Farm, 20, 21 Fast divide,134 Field, , 152

offset, 33 size, 33 Fieldname, Filingsystem, 91 Floatingpoint,25, 26, 98, 117 Floatingpointarithmetic,136 Floatingpointfunction, , , , 37, 59, 102 Formal array size, 64 Formal parameter, , 73, 152 Format

protocol, , Free channel, 152 Free name, , 76, 100, 152 Free variable, 152

, , 59, 102

, 78, 102 Function,26, 30, , 100

multipleresult, 77 Functiondefinition,76, 152 Functionheader, 78 Functioninstance, 5, 78 Functions

library,116

Greater than, 59, Guard, 11, , 152 Guarded alternative, Guarded choice,

Haltsystem mode, Hexadecimal, 85

character representation, Hexadecimal digits, , Hiding,41 Hyperbolicfunctions,143

IEEEarithmetic,117, , , , , , , 98 , , 40, 102 Illegal, Implementationdependence, Implementationrestrictions,91 Indentation, , 40, 152

, , 102 Inline,152 Input, , 35, 47, 51, 52, 82, 96, 152 Inputguard, 152 Inputitem, , 52 Instance, 152

INDEX

82 139 132 135 137 105

42

44 131 134 132 132 134 133 133 140 144 131 140 143 131 141 143 58

92 63 101 139

132 57

5

31

31

130 132 10 69 47 135 40 37 75

63 21 21 11 101 104 105 145

130 136 136 136 136 137 11 4 91 3 91 6 48

DEXP
DFLOATING.UNPACK
DFPINT
DIEEECOMPARE

DISNAN

DIVBY2

DLOGB
DMINUSX
DMULBY2
DNEXTAFTER
DORDERED
DPOWER
DRAN
DSCALEB
DSIN
DSINH
DSQRT
DTAN
DTANH

ELSE

EXP

FALSE

                                           FLOATING.UNPACK
                                           FOR

                                           FPINT

                                           FROM
                                           FUNCTION

                                           HEXTOSTRING

                                           IEEE32OP
                                           IEEE32REM
                                           IEEE64OP
                                           IEEE64REM
                                           IEEECOMPARE
                                           IEEEOP
                                           IF

                                           INLINE

160

, , , , 29, 92, 102

, , 102 , , 102 , , 102 Integer, 25 Integer arithmetic,60 Integer literal, Integer range, 65 Integer to decimal string, 145 Integer to hexadecimal string, 145 Integer type, , 27 , Invalidprocess, 7, , 152

, 102 , Keyword,4, 41, 91, 102,

Later than, 59, Legal, Length byte, Less than, 59, Less than or equal, 59, Lexicalanalysis, 4, 58 Lexicalunit, Library,116 Libraryfile inclusion, Libraryfunction,152 Libraryprocedure, 152 Libraryroutine, 41 Linebreak, , 105 Literal,26, , 29, 57, 152 Littleendian, Livelock,152 Localscope, Logarithm,132, 139 , Logicalshift,62, 125 , , , , , , Loop,9, , 152

counted, 10

Memory

allocation,96 Memoryallocation, Memorymap, 94 Memorymapped device, 96

, 59, , 82, 102 , Modulo

addition,59 multiplication,59 subtraction, 59 Modulooperator, , 153

Monadicoperator,

, , 102 , , 102 , Multipleassignment, , 75, 77 Multiplelength integers, 120 Multiplication,59

Name, 4, , 153 Named constant, 26, Named data type, Named process, 69 Named protocol, Network,20, 153 Newline,104 , Non-terminalsymbol,3 , , 59, , 102 Not equal operation, 59, Not-A-Number, , 131, 138 Notation

syntax, 3 , Object file inclusion,

2, 1 Offset, , 153

, 33, , 92, 102 Omission of type decoration, 29 Operand, , 153 Operation, , 65 Operator, , 153

dyadic, monadic, Operator precedence, 57 Option, , 40, 41

, 59, , 102 , OUG,156 Output, , 29, 47, 96, 153 Output item, Overflow,92

arithmetic,60 Overflowchecking

suppression, 61

, 92, 102 , Packed record, 33, 153 Padding, 66 Padding bytes,

, , 102 Parallel, 9, , 93, 94

array, disjointness, placed, priority, replicated, usage, , 99, 100 Parameter

occam

INDEX

78 69 25 25 25 25

27

25 145 101 131 102 64 4 105 63 63 3 91

3 27 92 40 132 122 123 124 124 123 122 14

94

61 132

61

58 65 65 134 5

105 43 26 48

133 127 63 63 130

131 91 65 65 57 59 57 58 58 13 63 133 6 48

33

33 15 15 44 16 93 94 16 16

   FUNCTION
   PROC
INT
INT16
INT32
INT64

INTTOSTRING

IS
ISNAN

LOGB

LONGADD
LONGDIFF
LONGDIV
LONGPROD
LONGSUB
LONGSUM

MINUS
MINUSX

                                           MOSTNEG
                                           MOSTPOS
                                           MULBY2

                                           NEXTAFTER

                                           NORMALISE
                                           NOT

                                           NOTFINITE

                                           OFFSETOF

                                           OR
                                           ORDERED

                                           PACKED
                                           PACKED RECORD

                                           PAR

161

actual, 73, 76 formal,73, 76 Parentheses, 57 Physical resource,

, , 96, 102 , 102 , Placed parallel,93 Placement, , 153

, 59, , 82, 102 Point-to-point, Polar angle, 142

, , 102 Port, 96, , 99, 153

abbreviation, allocation,96 retyping, Port type, , Precedence

operator, 57 Predefine, 116, 148, 153

, 102

, 23 , 94 Primitivedata type, 25, 153 Priority, , 94, 153

alternation, execution, level, parallel, , , 102 Procedure, , 100 Procedure definition, , 153 Procedure instance, , 153 Procedures

library,116 Process, , 40, 41, 95, 153

constructed, named, 69

, , 102 Processor allocation,93 Production, Programmingsupport, 119, 148

, , 102 Protocol, 29, 45, , 48–50, 153 , case, definition, name, sequential, simple, tagged, variant, Protocol definition, , 49 Pseudo-random number, 144 , Real, 153 Real arithmetic,60, 61, 136 Real comparison, 137

Real literal,28 Real number, 25, 26 Real time, 148, 153 Real to string, 146 Real type, , 27

, , 102 , , , , , , 102 , , , , , , 136 , 136 , , 102 Record, , 153 Record fields, Record layout, , 153 Record literal,30, Relationaloperation, , 103, 153

, 59, , 102 Remainder, 59 Replicated alternation, Replicated conditional, Replicated parallel, Replicated sequence, Replication, , 10, 12, 16, 21, 153 Replicationindex, , 26 Replicator, Representation, 26 , Rescheduling, Reserved word,91, , 116

, , 102 Reshaping, Reshaping conversion, 153

, 75, 102 , 85, 92, 102 Retyping

port, Retypingconversion, , 154 , , , , 102 Rounding, , 61, , 135 , Scope, , 42, 43, 49, 76, 85, 154 Scope

field name, 32 protocoltag, 50, 53 Search

bounded, 14 Segment, , 37, 154 Selection, , 154 , Selector, 13

INDEX

93 95 93 93 61 6 96 96 96 97 96 140

23 23 94 94 94 69 69 69 69

5 9 93 3 48 47 53 49 48 48 48 47 49 49 48 144

25 25 137 137 136 136 25 137 137 136 136 146

31 31 39 31 32 63 60 21 12 16 10 9 10 10 148 148 102 87 87

97 85 129 129 67 26 98 131 39

36 13 13

PLACE
PLACED
PLACED PAR

PLUS

PORT

POWER

PRI
PRI ALT
PRI PAR

PROC

PROCESSOR

PROTOCOL

   ANY

RAN

                                           REAL32
                                           REAL32EQ
                                           REAL32GT
                                           REAL32OP
                                           REAL32REM
                                           REAL64
                                           REAL64EQ
                                           REAL64GT
                                           REAL64OP
                                           REAL64REM
                                           REALnnTOSTRING
                                           REALOP
                                           REALREM
                                           RECORD

                                           REM

                                           RESCHEDULE

                                           RESHAPES

                                           RESULT
                                           RETYPES

                                           ROTATELEFT
                                           ROTATERIGHT
                                           ROUND

                                           SCALEB

                                               CASE

162

, , 102 Sequence, 9, , 154

replicated, Sequential protocol, , 48, 154 Shiftleft,59, Shiftoperation, 29, , 154 Shiftright,59, , , Simple protocol, , Sine, 140 , , 59, , 65, 102 , , 102 Skip, 154 Source file inclusion, Space, 104 Specification, 39, , 40, 154 Specifier, , 73, 78, 85, 88, 154 , Square root, Standard library,116

, , 101, 102 Stop, 154 Stop process mode, String, 58, , 154

length byte, String to boolean, 146 String to integer

decimal, 145 hexadecimal, 145 String to real, 146 String to value conversion, 145 , , , , Structured type, Subscript, 29, , 99, 154 Subscripting, Substitution

procedure body, 69 value process, 76 Subtraction, 59 Symbol, , 103 Syntactic category, 3, 106 Syntactic notation, 3 Syntax, 3, , 106 System requirement, 93

TAB,3, 104 Table, 30, 57, , 154 Tag, , 51, 154

scope, Tagged list, , 154 Tagged protocol, , 154 , Tangent, 141 , Terminalsymbol,3

Timeout,

, , 102 Timer, , 99, 154

abbreviation, alternation, 82 array, declaration, Timer input,81, , 154 Timer type,

, 59, , 102 Transputer, 92

, 12, 102 , , 102 Twos complement, , Type, 25 Type abstraction, 27 Type conversion, , 154 Type definition, Type equality,27

Undefined mode, Underlyingtype, 27, 57 Usage

parallel, Usage check, , 100, 154 User defined type, 26 User group, 156 Using the manual, 1

, , 73, 85, 87, 102

, , 102 Valof, 41, Value, 25 Value abbreviation,29, , 70 Value process, 29, 40, , 100, 154 Value to string conversion, 119, 145 Variable, 5, 25, 26, , 37, 57, 99, 154

abbreviation, array, 31 declaration, Variable abbreviation,70 Variable list, , 154 Variable subscript, 44, 154 Variant, 40, 41, , 154 Variant input, , 52 Variant protocol,

, , 102 Word length, Word rotation,129 WoTUG,156

INDEX

9 9 10 48 62 62 62 126 125 47 140 143 64 7 91 40 43 131 131 7 101 105 105

146 145 145 146 31 36 36

103

106

58 50 53 52 49 141 143

82 81 81 83 81 81 82 81 61

67 25 26

66 26

101

16 99

43 75 75 43 75 35 42 35 5 52 51 49 14 92

SEQ

SHIFTLEFT
SHIFTRIGHT

SIN

SINH
SIZE
SKIP

SQRT

STOP

STRINGTOBOOL
STRINGTOHEX
STRINGTOINT
STRINGTOREALnn

TAN

TANH

                                           TIMER

                                           TIMES

                                           TRUE
                                           TRUNC

                                           TYPE

                                           VAL
                                           VALOF

                                           WHILE