Geoff Barrett

occam 3 reference manual Χ

1992 INMOSLimited This manual is a draft. Its contents represent the current state of development of the 3 specification and some details may change before the final specification is released. However,it is envisaged that these changes willbe to the manual and not to the language itself. This copy is supplied forinformationpurposes onlyand it is not to be used for commercialpurposes. INMOSassumes no responsibilityfor its use nor for any infringementof patents or other rights of thirdparties resultingfromits use. No licence is granted under any patents, trademarks or other rights of INMOS. INMOS,IMSand are registered trademarks of INMOSLimited. We solicitcomments on the clarityand consistency of the manual. In particular,observations in the following areas are welcomed:

typographicalerrors; inconsistency withcurrent 2 implementations; clarificationof descriptions; better examples; errors or omissions in the index.

occam

occam

occam • • • • •

Χ iv v xi xiii 1 3 5 5 5 6 6 6 7 9 9 10 11 12 12 13 14 16 16 18 20 22 23 23 24 24 26 26 27 29 29 30 32 32 34 36 36 37

Contents

Contents

Contents overview

Preface

Introduction

Syntax and program format

1 Primitive processes 1.1 Assignment 1.2 Communication

1.2.1 Input 1.2.2 Output 1.3 and 1.4 Summary

2 Combining processes 2.1 Sequence

2.1.1 Replicated sequence 2.2 Conditional

2.2.1 Replicated conditional 2.3 Selection 2.4 Loop 2.5 Parallel

2.5.1 Parallel disjointness 2.5.2 Replicated parallel 2.6 Alternation

2.6.1 Replicated alternation 2.7 Summary

3 Basic data types 3.1 Primitive data types Rounding of real values 3.1.1 Literals 3.2 Arrays

3.2.1 Tables 3.2.2 Replicated tables

4 Variables and values 4.1 Declaring a variable 4.2 Array components and segments 4.3 Initialised declaration 4.4 Scope 4.5 Abbreviation of variables 4.6 Abbreviation of values 4.7 Result abbreviation 4.8 Disjoint arrays in parallels

SKIP STOP

39 39 39 40 41 41 41 42 42 42 45 45 45 45 46 46 47 47 48 49 49 51 52 52 53 55 55 56 57 58 59 59 59 60 61 61 63 63 63 64 65 65 67 67 68 68 69

Contents

5 Structured data types 5.1 Named data types 5.2 Record data types Record literals The empty record 5.3 Union data types Union literals 5.3.1 Subtype conversion 5.3.2 Subtype discrimination 5.3.3 Scope of subtype names

6 Channels

6.1 Channel type 6.2 Declaring a channel 6.3 Arrays of channels

6.3.1 Channel array components and segments 6.4 Channel protocol

6.4.1 Simple protocols 6.4.2 Naming a protocol 6.4.3 Sequential protocol 6.4.4 Variant protocol

Input on a channel with variant protocol Variants in alternatives Scope of tag names 6.5 Records of channels 6.6 Abbreviation of channels

7 Remote call channels 7.1 Declaring a call channel 7.2 Using a call channel 7.3 Call channels in alternations 7.4 Call channel abbreviation

8 Sharing

8.1 Sharing call channels 8.2 Shared communication channels

8.2.1 Restrictions on the body of a claim 8.3 Modelling shared call channels with shared channel records 8.4 Shared channels in alternations

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 Expressions

10.1 Tables 10.2 Operations

10.2.1 Arithmetic operators

Rounding the results of real operations

70 70 70 71 71 72 73 73 73 75 81 85 86 88 89 89 90 92 92 93 93 95 95 99 101 103 105 105 105 105 106 106 108 109 110 110 110 110 111 111 112

Contents

10.2.2 Modulo arithmetic operators 10.2.3 and (integer range) 10.2.4 Bit operations 10.2.5 Shift operations 10.2.6 Boolean operations 10.2.7 Relational operations (later than) 10.2.8 (number of components in an array) 10.3 Data type conversion

11 Procedures

12 Functions

13 Modules

13.1 Process declarations

13.1.1 Automatic termination of processes 13.1.2 Disjointness of resource and server processes 13.2 Interfaces 13.3 Module types

13.3.1 Disjointness of instances of a module type 13.4 Module abbreviation and interface types 13.4.1 Passing modules as parameters 13.4.2 Interface conversion

14 Libraries

14.1 Defining new types 14.2 Libraries with internal state

15 Separate compilation and linking

Appendices

A Configuration

A.1 Execution on multiple processors A.2 Execution priority on a single processor A.2.1 Priority parallel A.2.2 Priority alternation A.3 Allocation to memory

B Ports

C Mapping types

D Concrete representation of data types D.1 Record layout D.2 Numbered unions D.3 Type width D.4 Array alignment D.5 E Rounding errors

       MOSTPOS MOSTNEG

       AFTER
       SIZE

WIDTHOF

114 115 116 116 116 117 117 118 119 119 119 119 119 121 122 122 122 124 125 125 126 127 128 128 129 129 130 132 144 146 148 148 149 149 150 151 152 153 159 160

Contents

F Omitting type decorations from literals

G Anarchic protocol

H Usage rules check list

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

I Invalid processes

J Syntax summary

J.1 Collected syntax

J.1.1 Assignment J.1.2 Replicator J.1.3 Process constructions J.1.4 Data types J.1.5 Values J.1.6 Variables J.1.7 Channels J.1.8 Call channels J.1.9 Sharing J.1.10 Timers J.1.11 Expressions J.1.12 Procedures J.1.13 Functions J.1.14 Process declarations J.1.15 Modules J.1.16 Libraries J.1.17 Configuration J.2 Ordered syntax

K Keywords and symbols

L Character set

M Standard libraries

M.1 Multiple length integer arithmetic functions M.2 Floating point functions M.3 Full IEEEarithmetic functions M.4 Elementary function library M.5 Value, string conversion procedures

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

162 162 162 163 163 163 163 164 164 164 165 165 165 166 166 166 167 168 168 170 171 171 171 172 172 173 173 173 174 174 174 175 175 175 176 177 177 178 178 180 185

Contents

O Floating point functions

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

P IEEEfloating point arithmetic P.1 ANSI/IEEEreal comparison

Q Elementary function library Q.1 Logarithm Q.2 Base 10 logarithm Q.3 Exponential Q.4 Xto the power of Y Q.5 Sine Q.6 Cosine Q.7 Tangent Q.8 Arcsine Q.9 Arccosine Q.10 Arctangent Q.11 Polar Angle Q.12 Hyperbolic sine Q.13 Hyperbolic cosine Q.14 Hyperbolic tangent Q.15 Pseudo-random numbers

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

S Glossary of terms

Index x Contents

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

Describes the basic buildingblocks of programs. Describes how smaller processes may be combined into larger processes to make programs. Describes data types of integers, bytes, booleans, reals and arrays, detailingliteralsand tables. Describes how to declare variables and values. Describes record and union types. Describes channel types, detailingthe declarationofchannels, channel protocol,and the definitionof channel protocol. Describes how to pass parameters to a procedure whose body is executed in a different process fromthe callingprocess. Describes how channels can be used by more than one process concurrently. Describes timer types, detailingthe declaration of timers, timer input, and delayed input. Describes expressions in , arithmeticand other operators, type conversions . Describes the method of givingnames to processes. Describes value processes, and the method of givinga name to value processes. Describes how to structure processes and buildinfrastructuresaround processes. Describes how to structure program and reuse definitionsin many different applications. Describes how to use librariesfromanother application.

occam

occam

occam

occam

Contents overview

Primitiveprocesses Combiningprocesses

Basic data types

Variables and Values Structured data types Channels

Remote call channels

Sharing

Timers

Expressions &c Procedures Functions

Modules

Libraries

Separate compilation and linking

The preliminaries

Preface Introduction Syntax and program format

The chapters 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Describes how to allocate processes to individualprocessors, how to give priorityto processes running on a single processor, and place elements at absolute locations in memory. Describes how to communicate withmemory mapped devices. Describes how to convert the data type of a bit pattern. Describes how to controlthe physical layout of data in memory.

Describes the roundingmodes of the ANSI/IEEEstandard. Describes when type decorations can be omittedfromliterals.

Describes the unstructured protocol . Acheck listofthe rules whichapplytonames used inparallelprocesses and abbreviations. Describes the three modes of existence forinvalidprocesses. A complete list of the syntax. Each syntactic object is presented in context, and also alphabetically. Acomplete listof the keywords and symbols used in . The character set, ASCIItable. Acomplete listofallthe procedures and functionsinstandard libraries. Describes the routines available formultiplelength arithmetic.

Describes the routines available forfloatingpointoperations. Describes the routines available forfloatingpointoperations.

Describes the routines in the elementary functionlibrary.

Describes the routines to convert between values and strings.

Acomplete glossary of terms. Acomprehensive index

occam

occam occam

Configuration

Ports Mappingtypes Concrete representation of data types Roundingerrors Omittingtype decorations from literals Anarchicprotocol Usage rules check list

Invalidprocesses Syntax summary

Keywordsand symbols Character set Standard libraries Multiplelength arithmeticfunctions Floatingpointfunctions IEEEfloatingpoint arithmetic Elementary function library Value, string conversion routines Glossary

Contents overview

The appendices A

B C D

E F

G H I J K L M N O P Q R S THEINDEX

ANY

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

The serves to providea single reference, and definitionof the language . The manual describes each aspect ofthe language, startingwiththe most primitivecomponents ofan program, and movingon to cover the whole language in detail. The manual is addressed to the wideraudience, includingnot onlythe computer scientist, software engineer and programmer, but also the electronics engineer and system designer.

Programmingin is easy. enables an applicationto be described as a collectionof , where each process executes concurrently,and communicates withother processes through . Each process in such an application describes the behaviour of a particular aspect of the implementation, and each channel describes the connection between each of the processes. This approach has two important consequences. Firstly,it gives the program a clearly defined and simple structure. Secondly, it allows the applicationto exploitthe performance of a system whichconsists 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. simplifiesthe task of program verification,by allowingapplicationof mathematical proof techniques to prove the correctness of programs. Transformations, which convert a process fromone formto a directlyequivalentform,can be applied to the source ofan program to improveits efficiencyin 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.

The foundingprincipleof is a minimalistapproach whichavoids unnecessary duplicationoflanguage 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 ProgrammingLanguage) and Tony Hoare in CSP (CommunicatingSequential Processes). Since its conception in 1982 has been, and continues to be under development at INMOSLimited,in the United Kingdom,under the directionof DavidMay. The support for large programs provided by 3 is based on principles found in many current programminglanguages which have been refined at INMOSby Geoff Barrett. The development of the INMOStransputer, a device which places a microcomputer on a single chip, has been closelyrelated to , its design and implementation.The transputer reflects the architecturalmodel, and may be considered an machine. is the language of the transputer and as such, when used to program a single transputer or a networkof transputers, provides the equivalent efficiencyto programminga conventionalcomputer at assembler level. However,this manual does not make any assumptions about the hardware implementationof the language or the target system.

is a trademark of the INMOSgroup of companies.

occam

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 xiv Preface

This manual describes the programminglanguage 3. 3 is an extension of 2 withnew constructs to support medium and large programs. In particular, 3 has mechanisms forthe definition of new data types, and forthe constructionof modules and libraries. The extensions also includeconstructs whichallowan efficient implementationof shared channels.

This manual was completed during 1991 and 1992 as a part of the final development of 3 at the INMOSMicrocomputerCentre, Bristol,UK.

This book is designed primarilyto be used as a reference text for the programming language . 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 fullindex and glossary of terms are providedat the end of the manual.

Keywordsand example program fragments appear in a throughout,forexample:

Words which appear in indicate a syntactic object, but may also serve to emphasise a need to cross reference and encourage referralto the index. Mathematicalsymbols and names referringto a mathematical values use a .

Figures are used ina number ofplaces to illustrateexamples, they use the followingconventions: an arrowed line represents a , a round cornered box represents a (referred to here as a ), a lightercoloured process box combines a number of smaller processes. The conventions are illustratedin figure 0.1.

occam occam occam occam

occam

occam

Introduction

roman italic f ont italic

channel process process box

Using this manual

                                      bold program font

-- example program fragment
IF
  occam
    programming := easy

2

Figure 0.1 Figure conventions

Introduction

0 1

The syntax of programs is described in a modified Backus-Naur Form (BNF).As an example, the followingshows the syntax of , discussed on page 5:

This means “An assignment is a followedby the symbol , followedby an ”. A vertical bar ( ) means “or”,so forexample:

is the same as

The meaning of this syntax is “An action is an , an , 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 twospaces beyond ”.Curlybrackets and are used to indicatethe number of times some syntactic object occurs. means, “zero or more processes, each on a separate line”. Similarly, , means “A list of zero or more expressions, separated by commas”, and , means “A listof one or more expressions, separated by commas”.

Acomplete summaryofthe syntax ofthe language is givenat the end ofthe mainbodyofthe manual (starting on page 119).

Along statement may be broken immediatelyafter one of the following:

an operator i.e. a comma a semi-colon assignment the keyword , 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.

occam

occam occam

occam

occam

Syntax and program format

{ } { } { } { } { } assignment

assignment variable expression

variable expression

action assignment input output

action assignment action input action output

assignment input output

sequence

sequence process

process expression expression

Syntactic notation

Continuation lines

The annotation of programs

=

=

= = =

=

                              :=

                                               :=
 |

                     |
                     |

                        SEQ

                                       SEQ
                                 SEQ

            ,
,

                                     +, -, *, / etc..
                                  ,
                                  ;
                                  :=
                                  IS FROM FOR

                                                --

4

Consider the followingsequence:

Comments may not be indented less than the followingstatement.

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, i.e. is considered different from . Withthe exception of the names of channel protocols, names in the examples presented in this manual are all lower case. However, the followingare all validnames in :

Allkeywords are upper case (e.g. ). Allkeywords are reserved, and thus may not be used by the programmer. A fulllistof the keywords appear on page 144. The names of libraryroutines are given in the appendix starting on page 148.

occam

occam occam

occam

Syntax and program format

Names and keywords used in programs

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

                        SEQ

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 valid.

Variables are discussed on page 29, data types are discussed on page 23, and expressions on page 67.

Amultipleassignment 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 (in parallel) to the corresponding variable of the list to the left of the symbol. The rules whichgovern the names used in a multipleassignment therefore followfromthose for names used in parallelconstructions (see page 16). Practically,this means that no name may appear twiceon the leftside of a multipleassignment, as the name of a variableor as the name of a variableand the name of a subscript expression which selects a component from an array (data type arrays are explained in section 3.2 which starts on page 26).

The expression on the rightof the assignment symbol( ) may be a function. Amultipleresult functioncan be an expression listin a multipleassignment. Functions are discussed in chapter 12 starting on page 81.

Communicationis an essential part of programming. Values are passed between concurrent processes by communicationon . Each channel provides unbuffered, unidirectionalpoint-to-pointcom-munication between two concurrent processes. The format and of communication on a channel is

occam occam

occam

1 Primitiveprocesses

{ } { } action assignment input output

assignment

assignment variable expression

variable expression data type

assignment variable.list expression.list variable.list variable

expression.list expression

channels type

1.1 Assignment

1.2 Communication

=

= = = 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

specified by a given in the of a channel. Channel protocols are discussed in chapter 6, whichstarts on page 46, and channel declarations are discussed in the same chapter 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:

An input receives a value from the channel on the left of the input symbol ( ), and assigns that value to the variable on the right of the symbol. The value input must be of the same as the variable to whichitis assigned, otherwise the inputis not valid. Variables are discussed on page 29, and data types are discussed on page 23.

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 input.

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.

Variables are discussed on page 29 and expressions on page 67.

The primitiveprocess starts, performs no action and terminates.

The primitiveprocess starts, performs no action and never terminates.

To explain how behaves, consider the following :

occam

channel protocol declaration

actions input output

input channel variable

input channel variable

data type

output expression channel

output channel expression

sequence

1 Primitive processes

1.2.1 Input

1.2.2 Output

1.3 and

=

= keyboard ? char

                                              keyboard
  char

                            ?

                                                      ?

screen ! char

                                       char screen

                            !

                                                          !

             SKIP

             STOP

        SKIP

SEQ
  keyboard ? char
  SKIP
  screen ! char

 SKIP STOP

7

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:

Thissequence performsthe input before, then executes , whichstarts but does not terminate and so does not allowthe sequence to continue. The output is never executed.

The primitive processes are assignments, inputs, outputs, and :

occam

process assignment input output

1 Primitive processes

1.4 Summary

=

                      keyboard ? char SKIP
                        screen ! char STOP

SEQ
  keyboard ? char
  STOP
  screen ! char

                     keyboard ? char STOP
                                                 screen ! char

                                              SKIP 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 followingkind:

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 using channels, inputs and outputs.

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

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

Thisprocess combines twoactions whichare performedsequentially. The input receives a value whichis 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 actions, and suggests how embedded sequences may be used to show the hierarchical structure of a program. Embedding constructions of the same kind has no effect on the behaviour of the process. This example is equivalent to the following:

occam

2 Combiningprocesses

construction

replicated replicates process choice alternative

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

10

The syntax fora sequence is:

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, and behave likea conventionalcounted loop. Consider the following:

This process performs the output the number of times specified by the value of . The initialvalue of the is specified by a base value (in this case 0). In the above sequence the value of for the first output is 0, and for each successive output performed the value of the index is an increment of its previous value. 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:

This example uses an ; arrays (page 26) are explained later in the manual. Arrays may 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 right of the keyword . The replicator specifies a name for the index ( 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 indexmay be used inexpressions but cannot be assigned to by an inputor assignment. The indexhas a value of . The base and count expressions must also be ofdata type . Data types (page 23) are explained later inthe the manual. Anegative value count expression is . See appendix I, page 118 for an explanation of how behave. Ifthe value of the count expression is zero, the replicated sequence behaves likethe primitiveprocess (page 6).

{ } sequence process

replicated

index

array

sequence replicator process replicator name base count base expression count expression

ie base count

type invalid invalidprocesses

2 Combining processes

2.1.1 Replicated sequence

=

= = = =

                        SEQ

        SEQ

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

                        stream ! data.array[i]
array.size i
               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 each boolean expression in sequence; ifa boolean expression is found to be true the associated process is performed,and the conditionalterminates. Ifnone of the boolean expressions are true the conditionalbehaves likethe primitiveprocess (page 6), 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 6). 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 which is always true, and acts as a catch-all which causes the associated process to be performed if none of the previous boolean expressions are 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 behaviourif“flattened out”ina similarwayto the embedded sequences shown earlier (page 9). Consider the followingexample:

{ } conditional choice choice guarded.choice conditional guarded.choice boolean process boolean expression

guarded

2 Combining processes

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 71) are discussed later in the manual.

Aconditionalmay also be replicated, just as a sequence may (page 10). Areplicated conditionalconstructs a number of similarchoices. 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 a component of the array and the array . The replicationmay be expanded to show its meaning. If has a constant 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 assigned to by an inputor assignment. The index is of . The data type of the base and the count expressions must also be of type . Data types (page 23) are explainedlater inthe the manual. Anegative value count expression is . See appendix I, page 118 for an explanation of how behave. Ifthe value of the count expression is zero, the replicated conditionalbehaves likea conditionalwithno true conditions.

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 or

conditional replicator choice replicator name base count base expression count expression

base count

data type invalid invalidprocesses

options selector case expression

2 Combining processes

2.2.1 Replicated conditional

2.3 Selection

= = = =

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

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

Constant expressions may be given a name in an (page 36). Data types (page 23) and expressions (page 67) are also discussed later.

Aloop repeats a process whilean associated is true. Consider the followingexample:

{ } { } options

selection selector option option case.expression process

process selector expression case.expression expression

options

abbreviation

boolean expression

2 Combining processes

2.4 Loop

= =

= =

    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
                         BOOL BYTE
                     ELSE

                                               ELSE

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

14

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. Infactitis simplerand easier to writethisexample using 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 .

The parallel is one of the most useful constructs of the language. A parallel combines a number of processes whichare performed concurrently. Consider the followingexample:

This parallel combines three named processes (known as procedures, page 75), which are performed together. Theystart together and terminatewhen allthree processes have terminated. The editorand keyboard

occam

loop boolean process boolean expression

2 Combining processes

2.5 Parallel

= =

                                     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

PAR
  editor (term.in, term.out)
  keyboard (term.in)
  screen (term.out)

15

Figure 2.1 Communicatingconcurrent processes

process communicateusing channel , the screen and editorcommunicateusing channel .

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 parallel in this example inputs the next value to be processed fromone channel whilethe last value is being processed and 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.

Parallels may be nested to form the hierarchical structure of a program. The behaviour of the following process is the same as the earlier example:

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

A parallel construction whichspecifies a priorityof execution on a single processing device able to perform several tasks ( a multi-taskingprocessor) is described in appendix A.2.1,page 105.

{ } channels

parallel process

configured

ie

2 Combining processes

=

                       term.in term.out

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

                      PAR

      PAR

PAR
  editor (term.in, term.out)
  PAR
    keyboard (term.in)
    screen (term.out)

16

Parallel processes which share channels and variables are subtly dependent on the way in which parallel 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 writtenbefore it is read. The scheduling can be affected by events outside the control of the processes and differs between implementations. This means that errors in the program can become apparent on rare occasions and are therefore difficultto repeat. Chapter 8 describes sharing constructs. Variables and channels in parallels are subject to disjointness rules whichprevent them frombeing accidentallyshared between processes.

Variables whichare assigned by inputor assignment in one ofthe processes ofa parallelmay not be used in expressions or forassignment by any other process in the parallel. Avariable 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 whichis used for input (respec output) in one component of a parallel may not be used for input (respec output) in any 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 H.

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:

This replicationperforms the fouroutputs concurrently,and is equivalent to

Nowconsider the followingexample:

2 Combining processes

2.5.1 Parallel disjointness

2.5.2 Replicated parallel

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

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

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

17

Figure 2.2 Afarm of parallelprocesses

The replicated parallel in this example starts 4 processes, each a copy 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. Unlikesequence and conditionalreplications,the value (here 4) must be constant. The procedure takes a single (page 75), foreach (page 75) ofthe procedure the value ofthe index is passed. Expandingthe 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 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 indexmay be used inexpressions but cannot be assigned to by an inputor assignment. Anegative value count expression is (see appendix I, page 118 for an explanation of how behave). Ifthe value of the count expression is zero, the parallel replicationbehaves likethe primitiveprocess (page 6). The base and count expressions of a replicated must be constant values.

The index has a value of . The data type of the base and the count expressions must also be of type . Data types (page 23) are explained later in the manual.

count parameter instance

parallel replicator process replicator name base count base expression count expression

invalid invalidprocesses

type

2 Combining processes

= = = =

                                                                   worker

                       worker
                         i

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

                      PAR

                           = FOR

       PAR
                PAR

                                                                         SKIP
                                        PAR

                    INT
INT

18

An alternation combines a number of processes guarded by inputs. The alternation performs the process associated witha guard whichis ready. Consider the followingexample:

The effect of this example is to merge the input fromthe two channels named and , on to the channel . The alternation (illustratedin figure 2.3) receives an input from either channel or channel . Aready input is selected, and the associated process is performed. Consider this example in detail. Ifthe channel is ready, and the channel rightis not ready, then the input is selected. Ifthe channel is ready, and the channel leftis not ready, then the input is selected. Ifneither channel is ready then the alternationwaits untilan inputbecomes ready. Ifboth inputs are ready, onlyone of the inputs and its associated process are performed.

Figure 2.3 Mergingthe flowof data

A boolean expression may be included in an alternation to selectivelyexclude inputs frombeing considered ready, as shown in the followingexample:

This alternation places the (page 29) before the second input. If is true, the inputis includedforconsideration by the alternation. If is false, boolean variable

2 Combining processes

2.6 Alternation

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

                                                            left right
       stream left
      right
                  left left ? packet
                  right right ? packet

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

                                             left.enabled
left.enabled left.enabled

19

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 ( ), microcomputers perhaps, each able to perform some 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 networkof workerprocesses. Work may be received by the input , and is onlyconsidered ifa member of the farm is idle ( ). As a packet of workis sent to the farm, the counter is decremented to indicate the number of worker processes which are idle. The worker processes are sent workon the channel (see figure 2.2), and the variable is decremented to keep a count of the idle machines in the farm. Ifa workeris busy, the workpacket is passed on untila non-busy workeris found.

The syntax foralternation is:

{ } farm worker processes

ie

alternation alternative alternative guarded.alternative alternation guarded.alternative guard process guard input boolean input boolean

2 Combining processes

= = = =

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

                                                       to.farm ? packet
                                  (idle >= 1)
     idle
                          to.workers idle

                      ALT

                                     |

                   | &
                   | & SKIP

20

The keyword is followedby zero or more , indented two spaces. An alternative is either a alternative or another alternation. Aguarded alternative is an input,or a boolean expression to the leftof an ampersand ( ) withan input or on the right. can take the place of an input in a guard whichincludes 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.

Alternationwith priorityselection is explained in appendix A.2.1, page 106. explained on page 64 willdelay before they become ready, and may be used in guards wherever an inputmay be used.

Inputs (page 6) and (page 6) are discussed in chapter 1. Expressions (page 67) are discussed later in the manual. Details of boolean expressions are given on page 71.

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 workerprocesses inthe farmare able to inputdirectlyfromthe process. Work packets are input on the channel and distributedto an array of workerprocesses. The completed result is returned to the farmer process via the channel . Consider first the upper half of this alternation. Each alternative is guarded by a boolean (whichhas the value true if the worker process is idle), and an input which inputs packets of work. A selected component of this replicationwill,after completingthe inputof a packet, performthe output ( pass workto an idle worker process), and then set the boolean to false, indicatingthe workeris no longer idle.

The replicationmay be expanded to show its meaning. For instance, ifthe value of is , the second alternation expands to:

alternatives guarded

Delayed inputs

ie

2 Combining processes

2.6.1 Replicated alternation

          ALT

                 & SKIP SKIP

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

           monday SKIP
                   in ? data

               SKIP

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

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

                                            farmer

              free.worker

                         to.farm
                                            from.worker
                                             free.worker[i]
                                to.farm ? packet
                                                                     to.worker[i]
! packet free.worker[i]

                                                                number.of.workers
  2

    ALT
      from.worker[0] ? result
        SEQ
          ...
      from.worker[1] ? result
        SEQ
          ...

21

Figure 2.5 Atree structured farm of parallelprocesses

Nowconsider the lowerhalfofthisexample, whichhandles the results returningfromworkerprocesses. Each component of the replicationis guarded by an input which receives results from a worker process. A selected component of this replication will,after completing the input from the worker process, perform the output ( pass the result back to the process which sent the work),and reset the boolean to true to indicate the workeris now idle.

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

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 ie

2 Combining processes

                                       from.worker[i] ? result

                          from.farm ! result
                           free.worker

number.of.workers

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

     ALT
       from.worker[0] ? result
         SEQ
           from.farm ! result
           free.worker[0] := TRUE
       from.worker[1] ? result
         SEQ
           from.farm ! result
           free.worker[1] := TRUE

22

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 indexmay be used inexpressions but cannot be assigned to by an inputor assignment. Anegative value count expression is . See appendix I, page 118 foran explanationofhow behave. If the value of the count expression is zero, the replicated alternation behaves likethe primitiveprocess (page 6).

The index has a value of . The data type of the base and the count expressions must also be an integer of type . Data types (page 23) are explained later in the manual.

Thischapter has shown howprocesses can be constructed froma sequence ofprocesses; froma conditional choice between processes; byselection ofa process accordingto a value; byrepeated executionofa process in a loop;by execution of a number of processes in parallel;and by selection between process according to alternative communications:

alternation replicator alternative replicator name base count base expression count expression

invalid invalidprocesses

data type

process sequence conditional selection loop parallel alternation

2 Combining processes

2.7 Summary

= = = =

=

                ALT

                     = FOR

ALT
                 ALT

                                                                   STOP

                 INT
    INT

             |
             |
             |
             |
             |

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 the time.

This chapter describes the of values and literalrepresentations of known values. Variables are discussed on page 29, channels are discussed on pages 45 and 55 and timers are discussed on page 63.

Values are classified by their . A data type determines the set of values that may be taken by objects of that type.

These are the primitivedata types available in :

Boolean values true and false. Integer values from0 to 255. Signed integer values represented in twos complement form using the word size most efficientlyprovidedby the implementation. Signed integer values in the range 32768 to 32767, represented in twos complement form using 16 bits. Signed integer values in the range 2 to (2 1), represented in twos complement form using 32 bits. Signed integer values in the range 2 to (2 1), represented in twos complement form using 64 bits. 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. 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. 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.

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 be assigned to by inputor assignment Index Replicationindex value

occam

occam

occam

3 Basic 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

24

A literalis a known value ( , , , , .). A variable has a value of a specified type, and may be assigned a new value by an input or assignment. Names with a constant value are specified by an (page 36). (page 67) and (page 81) 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 67), inexplicit (page 73), and also when literals are converted to the IEEE representation. An explanation of the IEEE roundingmodes, is given in the appendix (page 112).

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

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

Anumber ( ) representing a decimal value, or a hexadecimal value introducedby the hash symbol( ), is an integer of type . Acharacter enclosed withina pair of quotationmarks ( ) has a value of type . Astring is an array of bytes, thus the string is an array of type .

Literalvalues of other types may be expressed by decorating the textual representation of the value withthe type, forexample:

a byte value an integer value an integer value with64 bit representation a 32 bit floatingpointvalue a 64 bit floatingpointvalue a 64 bit floatingpointvalue a 64 bit floatingpointvalue a 32 bit floatingpointvalue

. . . . .

&c abbreviation Expressions functions

data.type

rounded

typeconversions

eg eg

3 Basic data types

Rounding of real values

3.1.1 Literals

=

                    1 2 ’H’ "Hello"

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

                                                                    REAL32

REAL32 REAL32

                         42
                         #2A
                         ’T’
                         "zen"
                         TRUE

           42 #
               INT ’z’
BYTE "zen" [3]BYTE

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

24 24

25

Allreal number literals must be explicitlydecorated with their type in parentheses after the real number unless the rules in section F allow the decoration to be omitted. A literalof type or will be rounded (page 24) 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 bit real numbers witha fractionof 23 bits. However, the value 16777217 0 is (2 +1) and cannot be represented preciselyinthis representation, and willround to the value 16777216 0. The nearest unique value of a conversion of a literalof type can be determined fromthe first9 significantdigits,and fromthe first17 significantdigitsofa literaloftype . The routines whichperformthese conversions willuse all the digitsgiven in a literal,but furtherdigitswillhave no affect on the value, forexample:

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 112).

The syntax forliteralsis:

Allcharacters are coded according to their ASCIIcode. The character , for example, has a value 65, and so on. A table of the ASCIIcharacter set is given in the appendix (appendix L, page 146). A character enclosed in a pair of quotes ( ) is a byte value, unless explicitlystated otherwise by placing a type in parentheses to the rightof the enclosing quotes.

Strings are a sequence of characters enclosed by double quotes ( ). The type of a string is an array of type . Each component of the array is the ASCIIvalue of the corresponding character in the string. Special character sequences allowcontrolvalues such as Tabulationand Carriage Return values to be includedin strings. Fulldetails of the character set and special characters are given in the appendix (page 146).

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 literals and represent the boolean values true and false respectively.

occam

. . .

. .

literal integer byte integer decoration byte decoration real decoration string

decoration data.type integer digits hex.digits byte character real digits digits digits digits exponent exponent digits digits digit hex.digit digit

eg

eg

3 Basic data types

=

= = = = = = =

                                                           REAL32 REAL64

                                                        REAL32
                                                            REAL64

   54321765439.54(REAL32)
   54321765400.00(REAL32)

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

                          | #
                      ’ ’
                          . | . E
                      + | -
                      0 | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9
                          | A | B | C | D | E | F

                                                  A

                     ’T’

                                                  "zen"
      BYTE

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

     TRUE FALSE

26

An array has a number of consecutively numbered components of the same type. Arrays of channels and timersare discussed inchapters 6, 7 and 9. Primitivedata types have already been discussed insome detail. Non-primitivedata types include . 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 further dimensions specified by simply 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.

In theory there is no limitto the number of dimensions an array type may have. In practice however, arrays of data type require memory, and therein lies the limit.Here are some more array types:

a byte array with components a three dimensionalarray of real numbers an array withboolean components.

The size of each dimensionin an array declaration must be specified by a value of type , and be a value greater than or equal to zero. Two arrays of data type are considered to have the same type ifthey have the same number and type of components. An array may be assigned to by input or assignment. An input or assignment to an array is validonlyifthe value to be assigned is of the same type as the array.

The syntax fordata type arrays is:

The syntax forarray types shows that any type can be preceded by a value (oftype ) in square brackets, that value specifyingthe number ofcomponents ofthe type. Primitiveand non-primitivetypes are collectively called . The syntax is defined recursively,and this allowsthe syntax to cater formultidimensional arrays, as illustratedin the examples above.

Atable constructs an array ofvalues froma number ofexpressions whichmust yieldvalues ofthe same data type. 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 of withtwo component values a table witha single component a table of two integers

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

array types

data.type expression data.type

basic types

3 Basic data types

3.2.1 Tables

3.2 Arrays

=

    [5]INT

                                      INT

    [4][5]INT

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

                [n]BYTE n
                [3][3][3]REAL32
                [50]BOOL

                                                                  INT

                          [ ]

                                                              INT

    [1, 2, 3]

                                                     INT

           [’a’, ’b’, ’c’] "abc"
           [x, y, z]
           [x * y, x + 4]
           [(a * b) + c]
           [6(INT64), 8888(INT64)] INT64

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

1

27

Tables are the literalrepresentation of array values, their syntax is:

A table is one or more expressions of the same data type, separated by commas, and enclosed in square brackets. Linebreaks are permitted after a comma.

Areplicated table constructs a number of similarexpressions as shown on the followingexample:

This constructs the sequence of squares below:

The syntax of a replicated table is:

Likethe replicated parallel,the of a replicated table ( in the example above) must be constant. Line breaks are permitted after the colon.

{ } literal expression

literal replicator expression

count

3 Basic data types

3.2.2 Replicated tables

=

=

                      [ , ]

[VAL i = 4 FOR 10 : i*i]

[16,25,36,49,64,81,100,121,144,169]

                      [VAL : ]

                                        10

28 3 Basic data types

1

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 the time.

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

Channels (pages 45 and 55) and timers (page 63) are discussed elsewhere in the manual.

The declarationofa variabledeclares the data type and name ofthe variable. Consider the followingexample:

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

The syntax fora data declaration 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. Where a number of variables of the same type need to be declared, permits a single declaration forseveral names, as shown in the followingexample:

The type of the declaration is determined, and then the declarations are performed. This declaration is equivalent to the followingsequence of declarations:

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:

This declaration introduces an integer array withfive components.

occam

occam

4 Variables and values

{ } variables channels timers assignment input

declaration data.type name

4.1 Declaring a variable

=

INT n :

                                     INT n

BOOL flag :
BYTE char :
INT64 big :
REAL32 x :

                                , :

REAL64 a, b, c :

REAL64 a :
REAL64 b :
REAL64 c :

BOOL flag, switch :
INT16 i, j, k :
REAL64 x, y :
INT64 chains,
      more.chains :

[5]INT x :

                             x

30

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

Here are a few more examples of array declarations:

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

The type of the declarations is determined, and then the declarations are made. This is especially important in the declaration of arrays. Consider the followingrather sillydeclaration:

This declaration introduces two new array variables, and . The size of the arrays is determined by the value , whichis evaluated before the declarations are made and therefore refers to some name already in scope when the declaration is made.

The declaration of an array also introduces the components and segments of the array. Subscripted names select a component of an array. Suppose is declared as follows:

Consider these examples:

the first component of a dimension of , of type . the first component of another dimension 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. Subscripts must be an expression of integer type . A subscript is validonlyifthe value ofthe expression is withinthe bounds ofthe array, and so a negative value subscript is always invalid.That is, 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 components is:

The simplest subscripted variable is a name followedby a single subscript in square brackets to the rightof the name. This is itselfa variable and may also be followedby a subscript in square brackets, and so on, limitedby the number of dimensions in the array.

n n −

variable variable expression

4 Variables and values

4.2 Array components and segments

=

[4][5]INT x :

[4]BOOL flag :
[5]INT v1, v2 :
[xsize][ysize]REAL64 matrix :
[3][3][3]INT16 cube :

[users]INT id, privilege :

[forms]INT forms, teachers :

                                   forms teachers
          forms

                            data

[8][9][10]REAL32 data :

   data[0] data [9][10]REAL32
   data[3][0] data [10]REAL32

                                                                       INT

                            [ ]

31

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

the first components of , of type . six components of the array from , of type . an “empty”segment, of type .

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

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. 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 with a square bracket, followedon the right by a variable and the keyword . This is followedby a subscript, whichmust be an integer of type , indicatingthe first component of the segment, this in turn is followedby the keyword and a count, which is a value of type which specifies the number of components in the segment.

Line breaks are permitted immediatelyafter the keyword and the keyword . The segment is valid onlyifthe value of the count is not negative, and does not violatethe bounds of the array. That is, the value must be in the range 0 to (( + ) 1). 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 .

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 positionsso that the meaning coulddepend on the order in whichan implementationcauses the component assignments to be performed. Howeveran subscript count −

≥ variable variable base count variable count variable base

4 Variables and values

=

[data FROM 0 FOR n] n data
                           [n][9][10]REAL32
[data FROM n FOR 6] data n
                           [6][9][10]REAL32
[data FROM 1 FOR 0]
                           [0][9][10]REAL32

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

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

                                                       FROM
                              INT
                 FOR INT

                                       FROM FOR

[[c FROM j FOR i] FROM 0 FOR 5]

           [c FROM j FOR 5] i

[x FROM n][3]

                                                                     x[n]
                       x

x[3] := 42

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

                             x[8]

32

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 on a channel of an array or a segment of an array is equivalent to an assignment fromthe outputtingprocess 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 118) to discover how invalidprocesses behave.

The previous sections described howto declare a variableand where the variablemay be used. Thissection describes how to declare a variable withan initialvalue. Consider the example:

This declaration introduces a new variable whose initialvalue is . The initialvalue and the type are determined and then the declaration is made.

Ifthe variable is not used in the expression , then the process

is equivalent to

The syntax of initialiseddeclarations is:

The previous section explained the declaration of names for variables. This section explains the scope of a name, or the region of the program in whichthe name is valid.

declaration data.type name expression

4 Variables and values

4.3 Initialised declaration

4.4 Scope

=

[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

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

                            y (m * x) + c

       x e

INITIAL INT x IS e :
P

INT x :
SEQ
  x := e
  P

                      INITIAL IS :

33

The declaration of all names is terminated by a colon in , forinstance:

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

Allof these declarations are terminated by a colon.

The scope of a name is illustratedby the level of program indentation. The scope of a name starts on the linefollowingthe colonwhichterminates its declaration. The scope includes any other declaration whichmay immediatelyfollowat the same level of indentation,and encompasses all greater levels of indentationin the program. The illustratedscope concludes when the level of indentation returns to the same or lesser level, as the followingexample shows :

This example increments if it is less than the value specified by . The scope associated with the variable in this example begins at the declaration of earlier in the program. The association of a name withany particularscope is either , that is, it is specified at the start of the scope under consideration, or the name is of local association. That is, the name is specified at an outer level of scope (as for in the above example) whichincludes the scope under consideration. Ifa specification is made whichuses an existing name then the new meaning supersedes the old meaning for the duration of the scope of the new specification, as illustratedby the followingexample:

The second declaration of in the above example, has the effect of“hiding”the earlier use ofthe name for the duration of its scope. Allnames withina scope in are distinct. That is, a name may only have one meaning withinany scope.

Consider the followingdeclaration:

Because the scope of the new name does not begin untilafter the colon, the value of whichis used to initialisethe new variable is the value of the name whichis already in scope before the declaration.

occam

occam

local free

4 Variables and values

INT x :

CHAN OF BYTE c :

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

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

                                                                          p

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

                x x

INITIAL INT x IS x+1 :

                        x x

34

The followingsyntax specifies at whichpointina program a declaration,abbreviation,or definitionmay occur, and the scope associated witheach:

Names of keywordsmay not be used in specifications. Aspecification is a declaration, an abbreviation( a variable abbreviation,page 34) or a definition( a protocoldefinition,page 46). Aspecification may appear before a process, choice, option, alternative, variant, or valof (See page 81). The region of the program in which a specified name is valid includes any other specification that may immediatelyfollowat the same level of indentation,and the corresponding process, choice, option,alternative, variant or valof.

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 32) 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

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 allows various optimisationsto be provided, such as evaluating any expression withinthe abbreviated variableonlyonce. The originalvariable may not be used withinthe scope ofthe abbreviation . Where the abbreviation is of a component of an array no other reference may be made to any other part of that process specification process choice specification choice option specification option alternative specification alternative variant specification variant

valof specification valof specification declaration abbreviation definition eg eg functions

scope

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

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

                              a[i] c

35

array, except in a furtherabbreviation. Consider the followingexample:

Alsoconsider the followingexample:

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. Further discussion on abbreviationis giveninthe chapter on procedures (page 75).

The syntax forabbreviations of variables is:

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

The specifier can usually be omitted from the abbreviation, as the type can be inferred from the type of the variable. A specifier simplydefines the abbreviation as being an array withcomponents of the specified type.

scope

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

type

4 Variables and values

= =

    [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!

                                       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

                   []

36

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

This abbreviationspecifies the name forthe value 7. Here are some more abbreviations for values:

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, that is, itmust not overflow,and allsubscripts must be in range. Variables used in an abbreviated expression may not be assigned to by an inputor assignment within the (page 32, the region of a program where a name is valid)of the abbreviation. This ensures that the value of the expression remains constant forthe scope of the abbreviation. For example, in the following abbreviation

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

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 inferredfromthe type of the value.

This section shows how to define a value fora variable fromthe result of a process. Consider scope

abbreviation specifier name expression name expression

4 Variables and values

4.6 Abbreviation of values

4.7 Result abbreviation

=

  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
                        [screen FROM line FOR length]

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

                             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

  RESULT REAL32 y IS x :
  P

37

This introduces a new variable whose final value after execution of the process P willbe assigned to . The process is equivalent to

The syntax of result abbreviations is:

In order to ensure that result abbreviations can be implemented in the same way as variable abbreviations, the rules of variable abbreviationapply to result abbreviation.

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 variable name variable

4 Variables and values

4.8 Disjoint arrays in parallels

=

                    y x

REAL32 y:
SEQ
  P
  x := y

                      RESULT IS :
                   | RESULT IS :

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

38 4 Variables and values

Previous chapters have described the basic data types and variables of those types. This chapter describes how to create new types and how to define new structures forthose types.

This section describes how to create new types whichhave the same values as existingdata types.

Consider the definition

This creates a new type called with the same as the type . Literals of the new type are denoted in just the same way as literalsof the type except that they are decorated withthe name of the new type. For example:

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

Thisnew type definitionmightbe used ina context inwhichmany different sorts ofvariableallhave the same primitivetype representation. For instance, by defining a type and an type, the type checking system 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.

Variables of the new type are declared in just the same way as variables of any of the primitivetypes. For instance:

The syntax of named types is:

The data type which is defined may be referred to by its name. Modules (chapter 13) introduce indirect ways of referencing a data type. 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 declarations introduce different names.

The previous sections have shown how to use the data types whichare builtin to the language. Thissection shows how record data types may be defined.

5 Structured data types

.

structure

definition name data.type data.type name

5.1 Named data types

5.2 Record data types

= =

DATA TYPE LENGTH IS REAL32 :

                    LENGTH REAL32
                                         REAL32

54321765439.54(LENGTH)

                                                       REAL32

                                       LENGTH AREA

LENGTH height, width :

                      DATA TYPE IS :

DATA TYPE AREA IS REAL32 :
AREA a, b :
REAL32 c :

     a b c

DATA TYPE AREA IS REAL32 :
AREA a :
DATA TYPE AREA IS REAL32 :
AREA b :

     a b

1

40

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

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

Variables of the type 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 primitivetype. The components and may be used likeordinaryvariables in assignments and communications.

The syntax of record types is:

The same field name may be used in the definitionof more than one type. Consider

In this example, both kettles and heaters have a power field. The field refers to the second field of the record and refers to the first field of .

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

This is a literalwithdata type (defined above). The value of the field is and the value of the field is .

The syntax of a record type literalis:

The expressions in a record literalmust have the type of the corresponding field in the type definition. For instance, a record literalof type must have three expressions, the first of these expressions must have type and the second two must have type .

{ { } }

{ } definition name structured.type

structured.type data.type field.name field.name name

literal expression decoration

5 Structured data types

Record literals

=

= =

=

DATA TYPE COMPLEX32
  RECORD
    REAL32 real :
    REAL32 imag :
:
                           COMPLEX32 real imag

             COMPLEX32

COMPLEX32 z :

                         z COMPLEX32
                                                    z[real] z[imag]

                      DATA TYPE

                      :
                      RECORD
                                  , :

DATA TYPE KETTLE
  RECORD
    REAL32 capacity, power :
:
DATA TYPE HEATER
  RECORD
    REAL32 power :
    REAL64 height, width :
:
KETTLE k :
HEATER h :
                                                 k[power]
      k h[power] h

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

                   COMPLEX32 real 0.0(REAL32)
            imag 1.0(REAL32)

                      [ , ]( )

                     HEATER
    REAL32 REAL64

1

41

There is one record type whichhas a special representation. That is the record type withno fields. The type is called and its definitionis:

There is onlyone value of this type, namely .

The syntax of empty records is:

Thisvalue is useful to communicatealong a channel when synchronisationis required withoutcommunication of data.

The previous section described data types whose values all have the same format. This section describes data types whose values may have one of a number of different formats.

Consider the data type definitions:

Thisdefines three data types. The data types and are the ofthe type . Values of the type may have either of the types specified by the subtypes.

Variables of union types are declared in the usual way, forinstance:

The syntax of union types is:

Aliteralrepresentation of a union value gives a value fromone of the subtypes, the name of the subtype tag and the name of the union type. For instance:

The syntax of union literalsextends the syntax of literals:

{ { } } data.type literal

subtypes

structured.type data.type name

literal name expression decoration

5 Structured data types

The empty record

Union literals

5.3 Union data types

= =

=

=

   NONE
DATA TYPE NONE
  RECORD
:
                             [](NONE)

                      NONE
                      [](NONE)

DATA TYPE CARTESIAN
  RECORD
    REAL32 real, imag :
:
DATA TYPE POLAR
  RECORD
    REAL32 mod, arg :
:
DATA TYPE COMPLEX
  UNION
    CARTESIAN c :
    POLAR p:
:
                              CARTESIAN POLAR COMPLEX
          COMPLEX

COMPLEX x :

                      UNION
                                  , :

(c :- [0.0(REAL32), 1.0(REAL32)](CARTESIAN))(COMPLEX)

                      ( :- ) ( )

42

Avariable may be converted into a variable of a subtype of a union. Consider the process:

Thisassignment calculates the real component ofthe variable and assigns itto the fieldofthe variable . This process is INVALIDifthe current type of is not or ifthe current type of is not .

The syntax of subtype conversion is:

The subtype to whicha variable belongs is determined using a subtype discriminationprocess:

This process determines the current type of the variable and behaves likethe appropriate process.

The syntax of subtype discriminationis:

It is possible that the name of a subtype is used again duringthe scope of a union. For instance:

Althoughthe data type is stillin scope after these definitions,the subtype is not. New variables whichare declared to be of type willbe records withtwo integer fields. However,it is stillpossible to declare variables of the type , to express literalsof subtype

{ } variable variable name expression expression name

process expression discriminant discriminant name process

5 Structured data types

5.3.1 Subtype conversion

5.3.2 Subtype discrimination

5.3.3 Scope of subtype names

= =

= =

    w[c][real] := z[p][mod] * COS (z[p][arg])

                                        POLAR z real
CARTESIAN w w CARTESIAN
      z POLAR

                                [ ]
                                  [ ]

    CASETAG z
      p
        w[c][real] := z[p][mod] * COS (z[p][arg])
      c
        w[c][real] := z[c][real]

                                          z

                          CASETAG

    DATA TYPE COMPLEX
      UNION
        CARTESIAN c :
        POLAR p :
    :
    DATA TYPE CARTESIAN
      RECORD
        INT x, y :
    :

                 COMPLEX CARTESIAN
                                CARTESIAN
                                  COMPLEX COMPLEX CARTESIAN

43

and to analyse expressions using a process. Consider the program:

In the assignment to , the name is interpreted as a subtype of and therefore the literalofthat type has two fields. Inthe assignment to , refers to the most recently declared type of that name.

5 Structured data types

        COMPLEX CASETAG

DATA TYPE COMPLEX
  UNION
    CARTESIAN c :
    POLAR p :
:
DATA TYPE CARTESIAN
  RECORD
    INT x, y :
:
COMPLEX z :
CARTESIAN orig :
SEQ
  z := (c :- [1.0(REAL32),0.0(REAL32)](CARTESIAN))(COMPLEX)
  orig := [0,0](CARTESIAN)

            z CARTESIAN COMPLEX
                REAL32 orig CARTESIAN

44 5 Structured data types

1

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 the time.

Thischapter describes communicationchannels, the declarationofcommunicationchannels, the specification of the formatand data type of communications,and the declaration of a record of channels.

Variables (page 23), call channels (page 55) and timers (page 63) are discussed elsewhere in the manual.

Communicationchannels provide unbuffered, unidirectionalpoint-to-pointcommunicationof values between two concurrent processes. 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:

Achannel is declared in just 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:

Arraysof channels can be declared in the same way as arrays of variables (see page 29). The following,for example, declares an array of channels:

This declaration introduces an array of fourchannels.

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

occam

6 Channels

{ } variables channels timers assignment input

protocol

channel.type protocol

declaration channel.type name

6.1 Channel type

6.2 Declaring a channel

6.3 Arrays of channels

=

=

                      CHAN OF

CHAN OF BYTE screen :

                               screen BYTE
                                                           BYTE

screen ! ’H’

CHAN OF BYTE screen, keyboard :

                                  , :

[4]CHAN OF BYTE screens :

                       screens

[5][5]CHAN OF PACKETS node :

1

46

There is a subtle semantic distinctionto be made between an array of data type and arrays of channels. An array of variables is itself a variable (it may be assigned to by assignment or input), however, an array of channels is not itselfa channel (that is, onlysingle components of the array may be used in input/output)but a means of referencing a number of distinctchannels identifiedby consecutive subscripts.

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:

Components and segments ofchannel arrays are denoted injustthe same wayas components and segments of variable arrays. Unlikearrays of variables, arrays of channels may be specified by tables.

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:

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 compilerto check the usage of channels.

{ } channel.type expression channel.type

channel name channel expression channel base count channel base channel count

channel

replicator channel

6 Channels

6.3.1 Channel array components and segments

6.4 Channel protocol

=

=

  [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 FOR 3] user.in
                              [3]CHAN OF MESSAGES

                     | [ ]
                     | [ FROM FOR ]
                     | [ FROM ]
                     | [ FOR ]
                     | [ , ]
                     | [CHAN : ]

1

1

In 2, the count was inputfirst and the parallelassignment rules did not apply. Some 2 programs are invalidated by the new rule.

47

The simplest protocolsconsist ofa data type. Anexample ofa channel witha byte protocolhas already been given. Aprotocolwithan array type can be declared in the same way, forexample:

This declaration introduces a channel witha byte array protocol which is identified by the name . The protocolof this channel specifies that the channel is able to pass byte arrays with components. For example, consider this output:

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 the string ; the first characters 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, whichare assigned to the first components of the array . The assignments to and happen in parallel and therefore the same rules apply as for parallel assignment. That is, the name may not appear free in and . The input is invalidif the number of components in is less than the value inputto .

Allthe above protocols are called , their syntax is:

This syntax has extended the syntax for and (see page 6). A simple protocol is either a data type or a counted array as described above, and is specified by the data type of the count (whichmay be either an integer or byte), followedby a double colon, square brackets ( ), and the specifier indicating the type of the components.

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

occam occam

counted array

vice versa

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

6 Channels

6.4.1 Simple protocols

6.4.2 Naming a protocol

= = = = = =

  CHAN OF [36]BYTE message :

                                                                       message
                                                               36

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

  CHAN OF INT::[]BYTE message :

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

                              16 "The vorpal blade" 16

  message ? len::buffer

                           16 len
                                                           buffer
len buffer
        len buffer
          buffer len

                     | ::[]
                              ?

                     | ::
                              !

                     | ::

                                                     ::[]

  PROTOCOL CHAR IS BYTE :

1 1 1

48

Achannel can now be declared withthe protocol , forexample:

A protocol definitionmust be used if more complex protocols, like the described in the followingsection are required. The syntax forprotocoldefinitionis:

Aprotocoldefinitiondefines a name forthe simple protocolor sequential protocol(described in the following section) whichappears to the rightof the keyword . A protocoldefinitionappears on a single line, and is terminated by a colon. The line may 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:

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 input in sequence and assigned to each variable in turn. Here are some more examples of sequential protocoldefinitions:

Declarations of channels withthese protocols wouldlooklikethis:

The syntax of sequential protocols is:

A sequential protocol is one or more simple protocols separated by semi-colons. The communicationon a channel witha sequential protocolis validprovided the type of each item input or output is compatible with the corresponding component of the protocol.

{ } { } { } sequential protocol

definition name simple.protocol name sequential.protocol protocol name

sequential.protocol simple.protocol input channel input.item output channel output.item

6 Channels

6.4.3 Sequential protocol

= =

= = =

                                 CHAR

CHAN OF CHAR screen :

                      PROTOCOL IS :
                   | PROTOCOL IS :

                                  IS
                                              IS

PROTOCOL COMPLEX IS REAL64; REAL64 :

                         CHAN OF COMPLEX

        COMPLEX

items ? real.part; imaginary.part

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 :

                        ;
                            ? ;
                            ! ;

1

49

It is often convenient to use a single channel to communicate messages with different formats. A specifies a number ofpossible formatsforcommunicationon a singlechannel. Considerthe following example:

Thisexample defines a variantprotocolnamed . combines a number of , each ofwhichmay identifya sequential protocol. The variant 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:

Thisoutput sends onlythe tag and according to the above variantprotocoldefinitionrequires no further output.

The syntax fora variant protocoland the associated output is:

In a definitionof a variant protocolthe name whichidentifies the protocolappears to the rightof the keyword , this is followedat an indentation of two spaces by the keyword , whichin turn is followed at a further indentation of two spaces by a number of tagged protocols. The definitionof a variant protocol is terminated by a colon, which appears on a line by itself, at the same level of indentation as the of the keyword . A tagged protocol is either a tag by itself or a tag followedby a semi-colon, and sequential protocol.

An output on a channel of variant 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 definition.

So far only output on a channel withvariant protocol has been shown. A special form of input is required (called )toprovideforinputon channels witha variantprotocol. The previousexample is suggestive

{ }

{ } variant protocol

tags

definition name

tagged.protocol

tagged.protocol tag tag sequential.protocol tag name output channel tag channel tag output.item

case input

6 Channels

6.4.4 Variant protocol

Input on a channel with variant protocol

=

= = =

    PROTOCOL FILES
      CASE
        request; BYTE
        filename; [14]BYTE
        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

                          PROTOCOL
                            CASE

                          :

                       | ;

                                !
                       | ! ; ;

PROTOCOL CASE

                                                                             P
          PROTOCOL

50

of a witha , and is a reminder that channels are unidirectional.So, fora 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 , forexample:

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 6). Acase input is validonlyifthe tagged lists are compatiblewithone of the tagged protocols specified in the definition.

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:

Each communicationofa sequential protocol,or ofa tagged sequential protocolis in fact a sequence ofseparate communications. So, in the above example, the input conversation disc filingsystem

6 Channels

    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 ()

                                             route ? CASE packet; length::message

1

51

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 75) willbe performed, and the procedure willnot be performed.

The syntax forcase inputis:

Acase inputreceives a tag fromthe channel named on the leftof the case inputsymbol( ), and then the tag is used to select one of the variants. These appear on the followinglines, indented by twospaces. 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 furthertwo spaces, is performed. Ifno variant withthat tag is found the process next behaves likethe primitiveprocess .

Acase inputmay consist of a tagged listonly,as shown in the earlier examples.

A case input may also be used as an input in an alternation (chapter 2, page 18). 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 18. The syntax forcase inputs in an alternative is:

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.

{ }

{ }

{ } { } 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

6 Channels

Variants in alternatives

= =

= = =

=

                            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

                                               &

52

It is possible for the name a variant protocol tag to be used again during the scope of the protocol. For instance:

However, it is stillpossible to use the name to denote a tag of the protocol in outputs and inputs on channels withprotocol . Consider the following,rather silly,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.

Asinglechannel may onlycommunicatevalues inone direction. Oftenthe communicationbetween processes is achieved over a number of channels in both directionswhichare more convenientlythought of as a group. The group structure can be defined by a record of channels. The structure of the record is declared in a channel type declaration as forinstance:

This declaration introduces a channel type which is a record of two channels, one named and the other . Arecord of this type is declared as in the followingexample:

Components ofthe record are accessed by subscriptioninjust the same wayas components ofa data record are. For instance, the record mightbe used in the followingway:

6 Channels

Scope of tag names

6.5 Records of channels

    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

    CHAN TYPE RPC
      RECORD
        CHAN OF REAL32 param, result:
    :

                                 RPC param
       result

    RPC sine:

                      sine

    PAR
      REAL32 x:
      SEQ
        sine[param] ? x
        sine[result] ! SIN (x)
      SEQ
        sine[param] ! 46.2(REAL32)
        sine[result] ? y

53

The syntax of the channel record declaration is

Onlychannels may be declared as fields of a channel record.

Channel abbreviations are similarto variable abbreviations (see page 34). A channel abbreviationspecifies a new name fora channel, channel array or record of channels. Consider

This introduces the name as the new name for .

The syntax of channel abbreviationis:

The specifier may be omitted whenever the type of the abbreviation can be inferred from the type of the channel. Channel abbreviations are subject to the same usage restrictionsas variable abbreviations. These are summarised in appendix H.

{ } definition name

declaration

channel.type name

abbreviation specifier name channel name channel specifier channel.type specifier expression specifier

6 Channels

6.6 Abbreviation of channels

=

=

= =

                      CHAN TYPE
                        RECORD

                      :

CHAN OF INT user IS lines[8] :

                user lines[8]

                                 IS :
                   | IS :

                   | []
                   | [ ]

54 6 Channels

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 the time.

This chapter describes remote callchannels, the declaration of remote callchannels, and the specification of the parameter listof a call.

Variables (page 23), communicationchannels (page 45) and timers (page 63) are discussed elsewhere in the manual.

Remote call channels provide the abilityto pass parameters from one process to a procedure which is executed by another process, in much the same way as the traditionallowlevel system call. The format of the parameters is specified by a in the declaration of the callchannel. The callchannel provides a point-to-pointconnection.

Acall channel is declared withits name and formalparameter list. Consider:

The effect of this is to declare a remote callchannel named whichtakes twoparameters: the first is a variable of type and the second is a value of the same type.

Acall is made along a call channel by supplyinga listof actual parameters. For instance:

The actual parameters specified in the call are passed to a procedure body which is defined by an accept process, forexample:

This process willaccept a call on the channel. On acceptance, the process increments its count of the number of calls accepted and assigns to the parameter. Ifthe channel is called with parameters and and it is accepted by this process, the variable will contain the result of on terminationof the call.

The declaration of a call channel specifies the name of the channel and its formalparameter list as in the example of above. The of a call correspond to the initialisingdeclaration and the variable, value and result abbreviations described in chapter 4. The different parameter types specify different ways inwhicha parameter may be passed froma callprocess to an accept process and also specify different ways in whichthe parameter may be used withinthe accept process.

In the declaration of , the parameter is specified to be a value. This means that the value of the actual parameter corresponding to is passed to the accept process. The name cannot be assigned within the body of the call.

The first parameter of the channel is specified to be a result parameter. This means that the final value of the variable is passed back on terminationof the call. The name may be used like any other variable in the accept process.

The value of an initialparameter is passed fromthe call process to the accept process at the beginning of the calljust likea value parameter. However,unlikea value parameter, the name ofan initialparameter may be used in the body of the accept process in the same way as any other variable.

occam

7 Remote call channels

variables channels timers assignment input

formalparameter list

formal parameters

7.1 Declaring a call channel

CALL cosine (RESULT REAL32 result, VAL REAL32 x) :

                                         cosine
         REAL32

cosine (cos.pi, 3.14159(REAL32))

ACCEPT cosine (RESULT REAL32 result, VAL REAL32 x)
  SEQ
    calls := calls+1
    result := COS (x)

                        cosine
                                 result cosine
     cos.pi 3.14159(REAL32) cos.pi
           COS(3.14159(REAL32))

     cosine

            cosine x
                      x x

                cosine
            result result

1 1 1 1

0

1

56

A simple variable parameter is passed fromcall to accept at the beginning of a call and passed back again on termination. The parameter name may be used likeany other variable in the body of the accept process.

The syntax of call formalsis:

Arraysof call channels are declared in the usual way by preceding the declaration withthe size of the array in square brackets:

The syntax of a call declaration is:

Acallchannel is used to make calls and accept calls as inthe example above. Callchannels provide a point-to-pointconnection between processes and so no more than one concurrent process may use a call channel forcall or accepting.

Acall is made on a call channel by providinga listof actual parameters, forexample:

An actual parameter is either a variable or an expression. Actualparameters must be compatible withthe specificationgiveninthe formalparameter listofthe call. Thismeans that onlyvariables are permittedwhere a variable or result parameter is specified and that the type of the actual parameter must match the type specified by the formalparameter.

The syntax of a call is:

Acallis accepted by specifyingthe name of the callchannel and repeating its formalparameter listand then givinga process to be executed on acceptance of the call as in the followingexample:

{ } { } { } { }

{ }

{ }

{ } call.formal data.type name data.type name data.type name data.type name

declaration call.typename call.formal call.type expression call.type

process call.channel call.actual call.channel name call.channel expression

call.channel

replicator call.channel call.channel base count call.channel base call.channel count call.actual expression variable

7 Remote call channels

7.2 Using a call channel

=

= =

= =

=

                                 ,
                    | INITIAL ,
                    | RESULT ,
                    | VAL ,

[10]CALL cosine (RESULT REAL32 result, VAL REAL32 x) :

                                  ( , ) :
                      CALL
                   | [ ]

                                          cosine

cosine(cos.pi,3.14159(REAL32))

                               ( , )

                   | [ ]
                   | [ , ]
                   | [CALL : ]
                   | [ FROM FOR ]
                   | [ FROM ]
                   | [ FOR ]

                   |

ACCEPT cosine (RESULT REAL32 result, VAL REAL32 x)
  SEQ
    calls := calls+1
    result := COS (x)

57

The listofcallformalsmust match the listinthe specificationofthe callexactly;the names ofthe parameters must be the same. There may be several accept processes for the same call channel, and they may have different effects. For instance, the process below mightsequentially followthe process above:

The syntax of the accept process is:

Remote call channels can be implemented using two communicationchannels. The first channel is used to communicate the value parameters and the initialvalues of the variables at the beginningof the call;and the other is used to communicate back the finalvalues ofthe variableparameters and the result parameters. For instance, the processes above can be modelled by:

Noticethat the callprocess and the accept process synchronise both at the beginningand the end ofthe call.

Aprocess may use the acceptance of a call as a guard in an alternation. For instance:

The guard becomes ready as soon as a process makes a callon the channel. Inthis example, the increment of the variable is performed in the body of the alternative after the final synchronisation of the call process withthe accept process.

The syntax of accept process guards is:

{ }

{ } { } process call.channel call.formal process

guard call.channel call.formal process boolean call.channel call.formal

process

7 Remote call channels

7.3 Call channels in alternations

=

=

ACCEPT cosine (RESULT REAL32 result, VAL REAL32 x)
  result := 0.0(REAL32)

                      ACCEPT ( , )

CHAN TYPE CALL.CHAN -- call declaration
  RECORD
    CHAN OF REAL32 params:
    CHAN OF REAL32 results:
:
CALL.CHAN cosine.rpc:

SEQ -- call process
  cosine.rpc[params] ! 3.14159(REAL32)
  cosine.rpc[results] ? cos.pi

REAL32 result, x: -- accept process
SEQ
  cosine.rpc[params] ? x
  calls := calls+1
  result := COS (x)
  cosine.rpc[results] ! result

ALT
  ACCEPT cosine (RESULT REAL32 result, VAL REAL32 x)
    result := COS (x)
    calls := calls+1
  halt ? TRUE
    STOP

 calls

                      ACCEPT ( , )

                   | & ACCEPT ( , )

58

Acall channel abbreviationspecifies a new name fora call channel or an array of call channels. Consider

This abbreviation specifies a new name for . Notice that the names of the formal parameters have changed but otherwise the formalparameter listis just the same as that of .

The syntax forcall channel abbreviationis:

Ifthe formalparameter listof the callis not specified in the abbreviation,then the formalparameter listof the call channel whichis abbreviated is assumed.

abbreviation specifier call.header call.channel name call.channel specifier call.type specifier expression specifier

7 Remote call channels

7.4 Call channel abbreviation

= =

CALL cosine.4 (RESULT REAL32 cos.x, VAL REAL32 x) IS cosine[4] :

                              cosine[4]
                                                        cosine

                                     IS :
                   | IS :

                   | []
                   | [ ]

0

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 the time.

Communicationchannels (page 45) and call channels (page 55) providepoint-to-pointconnections between processes. This chapter describes shared channels which provide connections between a single process and an arbitrarynumber of other processes.

A shared communicationchannel is declared similarlyto an ordinarychannel except that the declaration is preceded by the key word . Consider:

This introduces a call channel whichmay be shared between many processes.

The use of a shared call channel is just the same as the use of an unshared call channel. Processes make calls on the shared end of the channel and a single process accepts the calls. The accepting process may not accept more than one call at once on any channel.

The type of a shared call channel is:

Communicationchannels are not shared singly but as a record. A type of channel records is declared as follows:

Shared records of channels are declared using the keyword :

Aprocess whichwishes to use the shared ends of a channel record must first claimit. Consider:

This process claims the channel record , outputs a parameter along the component and then inputs the result fromthe component . The shared end ofthe record may not be used outside a claim process.

The process which has access to the non-shared end of the record must first grant the record to a claim process. Consider

occam

8 Sharing

{ variables channels timers assignment input

shared.call expression shared.call declaration shared.call name formal

8.1 Sharing call channels

8.2 Shared communication channels

= =

                SHARED

SHARED CALL cosine (RESULT REAL32 result, VAL REAL32 x):

                   cosine

                      SHARED CALL
                   | [ ]
                                   ( , ) :

CHAN TYPE RPC
  RECORD
    CHAN OF REAL32 param, result:
:
                                         SHARED

SHARED RPC sine :

CLAIM sine
  SEQ
    sine[param] ! 3.14159(REAL32)
    sine[result] ? x
                           sine param
                        result

GRANT sine
  REAL32 y:
  SEQ
    sine[param] ? y
    sine[result] ! SIN (y)

60

This process grants the record to one of the claimingprocesses, inputs fromthe parameter channel, outputs along the result channel and then terminates the grant. The granting action synchronises withthe claiming action of the claim process and the termination of the grant process synchronises with the termination of the claimprocess. The cooperation of both parties in these actions ensures that there can be no confusion caused by the channel being released when one party is not expecting it. Since no more than one process may grant a channel at once, a successful claim process has exclusive use of the channel for the duration of the claim.

The syntax of shared channel records is:

The syntax of the claimand grant is:

Shared channels and process scheduling can conspire to give the most subtle deadlocks in concurrent languages. Consider the followingprocess, whichthe restrictionsbelow make INVALID:

The channel records and are granted by processes which run concurrently with a pair of processes whichattempt to claim them in different orders. Ifone of the claimingprocesses should claim both channel records before the other process has claimedeither, then the wholecompositionwillterminated successfully. However,should each process succeed in its first claim,then the wholeprocess willdeadlock because each of the claimingprocesses is waitingforthe other process to release the channel record whichithas claimed.

The probabilityof a deadlock likethis occurringis very small because it requires a very precise interaction withthe scheduler. Errors caused by the presence of this sort of deadlock are therefore difficult to repeat and detect. The restrictionwhichis imposed prevents the programmingof these subtle deadlocks.

Aclaimprocess is onlyallowedto affect its environmentby assignment to its ownvariables or communication along the channels of the shared record. The claim process may not communicate with its environment along any other channels and may not claim any other shared record. This prevents a claim process from synchronisingwithanythingother than the grantingprocess duringthe periodofthe claim. Similarrestrictions apply to the bodies of procedures called fromthe claimprocess.

{ } definition name

declaration

shared.channels name expression shared.channels declaration shared.channels name

process channel process

channel process

8 Sharing

8.2.1 Restrictions on the body of a claim

=

= =

=

                      CHAN TYPE
                        RECORD

                      :
                      SHARED
                   | [ ]
                                        :

                      CLAIM

                   | GRANT

PAR
  CLAIM a
    CLAIM b
      SKIP
  CLAIM b
    CLAIM a
      SKIP

            a b

61

The call and accept mechanism may be modelled by a shared record pair

so that the call

is modelled by:

Inthis way,the callon the shared channel is equivalentto a claimon the channel, followedby communicating the parameters and releasing the channel. The accept process is modelled by a grant so that

may be implemented by

This shows how the accept of the shared channel is equivalent to granting the channel, copying in the parameters, executing the body of the accept and copyingthe parameters back out again.

Grant processes and accept processes may be used as guards of alternations. The syntax for accept processes is exactly the same as that forthe unshared case. Consider the alternation:

8 Sharing

8.3 Modelling shared call channels with shared channel records

8.4 Shared channels in alternations

CHAN TYPE CALL.CHANS
  RECORD
    CHAN OF REAL32 params:
    CHAN OF REAL32 results:
:
SHARED CALL.CHANS cosine.rpc:

cosine (cos.4, 4.0(REAL32))

CLAIM cosine.rpc
  SEQ
    cosine.rpc[params] ! 4.0(REAL32)
    cosine.rpc[results] ? cos.4

ACCEPT cosine (RESULT REAL32 result, VAL REAL32 x)
  result := COS (x)

GRANT cosine.rpc
  REAL32 result, x:
  SEQ
    cosine.rpc[params] ? x
    result := COS (x)
    cosine.rpc[results] ! result

ALT
  GRANT cosine.rpc
    SEQ
      cosine.rpc[params] ? x
      result := COS (x)
      cosine.rpc[results] ! result
    SKIP
  ACCEPT cosine (RESULT REAL32 result, VAL REAL32 x)
    result := COS (x)
    SKIP
  NONE n :
  halt ? n
    STOP

62

The syntax of guards is extended as follows:

guard channel process boolean channel

process

8 Sharing

= GRANT

| & GRANT

1

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 the time.

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

Channels are discussed on pages 45 and 55 and variables are discussed on page 23.

Atimerprovides a clockwhichcan be accessed by any number of concurrent processes.

The type of a timeris:

Timer arrays have type similarto other 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 just the same way as other arrays, forexample:

Components and segments of timerarrays are denoted in just the same way as components and segments of variable arrays (page 30) and channel arrays (page 46).

The syntax of timerdeclarations is:

occam

9 Timers

{ } variables channels timers assignment input

timer.type

timer.type expression timer.type

declaration timer.type name timer name timer expression timer base count timer base timer count

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 ]

64

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 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 input withinone cycle of the timer.

is also explained in the chapter on expressions (page 67).

The rate at whicha timeris incremented is implementationdependent.

Timers are accessed by special forms of called , which are similarto channel inputs, for example:

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.

Anotherspecial input(called a ) specifies a time, after whichthe inputterminates, forexample:

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.

Moreusefullyperhaps, a delay can be caused by this sequence:

This sequence inputs a value representing the current time and assigns it to the variable . The following delayed input waits until the value input from is later than the value of . (page 70) is a .

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 .

ie

pm am

input timer inputs

delayed input

modulooperator

input timer.input delayed.input timer.input timer variable delayed.input timer expression

9 Timers

9.3 Timer input

= = =

                                             INT

                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

                       |
                              ?
                              ? AFTER

                                                              ?

                     ? AFTER

65

Timer inputs and delayed inputs may be used as guards in alternations. This gives a simple way in whichto program time outs. 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 alternativelyforthe server to become ready withthe reply or for the time out period to pass. Ifthe server has not become ready to reply before the end of the timeout period, then the process willexecute the branch ofthe alternationassociated withthe delayed input. Noticethat the time out period starts fromthe time of the request, not fromthe beginningof the alternation.

Timers may be abbreviated in just the same way as variables (page 34) and channels (page 53). The same rules, summarised in appendix H, apply to abbreviated timer names as apply to abbreviated variable or channel names.

The syntax of timerabbreviationis

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

9 Timers

9.4 Timers in alternations

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 :

                   | []
                   | [ ]

66 9 Timers

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 , operators and . An operand is a (page 29), a literal, a table, or another expression enclosed 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 a boolean expression

Anexpression 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 as the hierarchical structure of a large expression is clearly defined by parentheses. Withthe exception of shiftoperations, where the number of bits shifted is 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 which it is to be assigned. Consider in detail the followingexample:

Each of the components of this expression ( , , and ) must be of the same data type. The result 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 syntax forexpressions is:

Tables, operators and conversions are detailed in the followingsections. Variables (page 29) and literals (page 24) have been explained earlier.

Atable constructs an array ofvalues froma number ofexpressions whichmust yieldvalues ofthe same data type. The value of each component of the array is the value of the corresponding expression. Consider the followingexample:

occam

10 Expressions

expressions operators data type conversions tables

operands parentheses variable

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

10.1 Tables

=

=

                 5(INT64)
                 x
                 6 * 4
                 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) +
                  +

                   |
                   |
                   |

                   |
                   |
                   | ( )

[1, 2, 3]

1

68

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 of withtwo component values a table witha single component a table of two integers

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

The syntax fortables is:

—index,@ Atable is one or more expressions of the same data type, separated by commas, and enclosed in square brackets. Line breaks are permitted after a comma. The meanings of and are given earlier in the descriptionof variables (page 29).

An operation evaluates its operand(s) and produces a result. The result of an operation has a value and a data type.

addition subtraction multiplication division remainder remainder moduloaddition modulosubtraction modulomultiplication most negative most positive bitwiseand bitwiseor bitwiseexclusive or bitwisenot 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 array size

The arithmeticoperators are:

addition subtraction multiplication division remainder

{ } table table subscript expression table subscript count table subscript table count

subscript count

10 Expressions

10.2.1 Arithmetic operators

10.2 Operations

=

                                                     INT

           [’a’, ’b’, ’c’] "abc"
           [x, y, z]
           [x * y, x + 4]
           [(a * b) + c]
           [6(INT64), 8888(INT64)] INT64

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

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

        ,

             +
             -
             *
             /
             REM
             \
             PLUS
             MINUS
             TIMES
             MOSTNEG
             MOSTPOS
             /\ BITAND
             \/ BITOR
             ><

                                         ~ BITNOT
                                         >>
                                         <<
                                         AND
                                         OR
                                         NOT
                                         =
                                         <>
                                         <
                                         >
                                         <=
                                         >=
                                         AFTER
                                         SIZE

                                 +
                                 -
                                 *
                                 /
                                 REM

69

Arithmeticoperators perform an arithmetic operation upon operands of the same integer or real data type (not on bytes or booleans), forexample:

produces a value of 42 produces a value of 42 produces a value of 42 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 two operands. The sign of a remainder operation is the sign of the left hand expression (except where the result is zero) regardless of the sign of the right hand value. The result of an integer divisionis rounded toward zero ( 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, forexample:

has the value (0 ) minus 5

The result of an arithmeticoperation produces a result of the same data type as the operands. Anarithmetic operation is not validifthe resultingvalue cannot be represented by the same data type as the operands, for example where the result of a multiplicationof twolarge integers produces a value whichexceeds the range of the type (arithmeticoverflow). Divisionby zero is also treated as invalid.

Remainder operations on both integers and reals, obeys 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

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 112).

x/y y x y x

. . . . .

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

− − −

−

∗

− − ∗ − ∗ − ie

10 Expressions

Rounding the results of real operations

                          39 + 3
                          45 - 3
                          6 * 7
                          126 / 3
                          128 REM 3

                                        128 \ 3 REM \

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

          -

                              - x x
                              - 5

                                          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

    1.5(REAL32) REM 2.0(REAL32)

                                                           REM

70

The moduloarithmeticoperators are:

moduloaddition modulosubtraction modulomultiplication

These modulo arithmeticoperators performan operation upon operands of the same integer data type (not on reals, bytes or booleans). Whilstthe effect of these operations is similarto the corresponding arithmetic operations, no overflowchecking takes place, and thus the values are cyclic. For example, adding one to the most positiveinteger willproduce a value equal to the most negative integer ( ( 1) = ), and subtracting one from the most negative integer willproduce a value equal to the most positiveinteger ( ( 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

is also a validmonadic operator.

The operator produces the most positivevalue ofan integer type. The operator produces the most negative value of an integer type. Consider the followingexamples:

has the value 32768 has the value 32767

The syntax forthese operators is:

The keyword( or ) appears to the leftof a type.

Bitwiseoperators performoperations on the bitpattern of a value of integer type. The bitwiseoperators are:

bitwiseand bitwiseor bitwiseexclusive or bitwisenot

Here are some example expressions using the bitwiseoperators. The results shown are true 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

MOSTP OS MOSTNEG MOSTNEG MOSTP OS

−

− ie ie

expression data.type data.type

10 Expressions

10.2.2 Modulo arithmetic operators

INVALID!

INVALID!

INVALID!

10.2.3 and (integer range)

10.2.4 Bit operations

=

                             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)

MINUS

      MOSTPOS MOSTNEG

          MOSTPOS MOSTNEG

                         MOSTNEG INT16
                         MOSTPOS INT16

                          MOSTPOS
                       | MOSTNEG

           MOSTPOS MOSTNEG

                            /\ BITAND
                            \/ BITOR
                            ><
                            ~ BITNOT

pixel #1010 pattern #FFFF INT16

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

71

The operands of , and must both be of the same integer 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 an integer type. Each bitof the result is the inverse of the corresponding bit in the operand, as shown in the followingtable:

~1= 0 ~0= 1

The result ofa bitwiseoperation is ofthe same integer type as the operand(s). The keywords , and are equivalent to , , respectively,and are includedespecially forimplementationswhich have a restricted character set.

The shiftoperators performa logicalshifton the value of an integer type. The shiftoperators are:

shiftright shiftleft

The shiftoperators shiftthe bitpattern of a value of any integer type by a number of places determined by a count value of type . For example, ifthe value of is , and of type :

produces a result produces a result

The result is of the same integer type as . The bits vacated by the shiftbecome zero, the bits shifted out of the pattern are lost. The leftshiftoperator shifts toward the most significantend of the pattern, the rightshift operator 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.

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

boolean and boolean or boolean not

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

\ \ \ \ \ \ \ \

10 Expressions

10.2.5 Shift operations

10.2.6 Boolean operations

          /\ \/ ><

                ~

                                                                 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

                              AND
                              OR
                              NOT

72

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, the evaluation of the expression does not take place. Ifthe result is true, the expression to the right of 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

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 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

10 Expressions

10.2.7 Relational operations

              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

                                                                          x y

             x < y x y

             x > y x y

             x <= y x y

             x >= y x y

73

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,then the value of the second operand is earlier, and the result of the expression is false.

( ) produces the same value as ( ) 0.

The special operator has a single operand of 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 , then:

produces the value 8 produces the value 4

Withthe exception of logical shifts (where the number of bits to shift must be of type ), the types of the operands in an expression must be of the same type. Operands may explicitlyhave their data type converted. Adata type conversion permits a value of a primitivedata type (not array types) to be converted to a numericallysimilarvalue of another primitivedata 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 type must be a primitivedata type, and appears to the leftofthe operand. Adata type conversion which includes the keyword as described by the syntax, produces a value rounded to the nearest value of the specified type. Where twovalues are equallynear, the value is rounded towardthe 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.

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 a b a b > pm am

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

10 Expressions

(later than)

10.2.8 (number of components in an array)

10.3 Data type conversion

=

AFTER

                       AFTER

    (a AFTER b)

                   a b

  AFTER MINUS

      SIZE

                SIZE INT
                                                 a [8]INT

                            SIZE a

 a [8][4]INT

                           SIZE a
                           SIZE a[1]

                                                                   INT

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

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

                       | ROUND
                       | TRUNC

                ROUND

                                        TRUNC

                                                                       BYTE

                           BOOL 1 TRUE
                           BOOL 0 FALSE
                           INT TRUE
                           INT FALSE

74

Conversions from integer values to real values, and vice versa, must specify whether the result is to be rounded or truncated. Avalue 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 112.

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 (even) produces the value 4, rounded (even) produces the value 1 produces the value 40 produces the value 3 5

Afullexplanation of the IEEEroundingmodes is given in the appendix (page 112).

. . . .

. .

. .

.

10 Expressions

                          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

                 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

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 is of type . The procedure may be used as shown in the followingexample:

Aformalparameter is an ofthe used inan ofa procedure or a variable whichis initialisedwitha value givenas an actual parameter. An ofa 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:

Thisprocedure takes a channel ( ) and an array ( ) as parameters, and outputs the components of the array to the channel. Aninstance of the procedure looks likethis:

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

occam occam

11 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 :
  x := x + 1
  ...

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

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

                    stream string

SEQ
  ...
  writes (screen, "Hello world")
  ...

SEQ
  ...
  CHAN OF BYTE stream IS screen :
  VAL []BYTE string IS "Hello world" :
  SEQ i = 0 FOR SIZE string
    stream ! string[i]
  ...

76

A name which is in the body of the procedure is staticallybound to the name used in 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 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.

The rules for abbreviations 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

occam

free

bound

11 Procedures

INVALID!

INVALID!

INT step :
SEQ
  step := 39
  PROC next.item (INT next, VAL INT present)
    next := present + 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

INT step :
SEQ
  step := 39
  INT g, curb : -- name changed
  SEQ
    curb := 7
    next IS g : -- expand instance of next.item
    VAL present IS 3 :
    next := present + 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 present)
  next := present + step
:

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

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

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

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

77

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 invalid because the variable is used in the expression , after it has been abbreviated, and the example is invalidas has already been used in the previous abbreviationof the variable (and the rules state [see appendix H]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:

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

is equivalent to: whichis

is invalidhere 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 might be expected. However, the followinginstance is invalid, whichis 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 valid,wouldbe 0, whichis counter intuitive.The followingexample

11 Procedures

INVALID!

INVALID!

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

  next.item

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

                next.item (x, x)

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

0

1 1 1 1

0

78

highlightsthe problem further.

is equivalent to: whichis

and by substitution a non-intuitiveeffect!

If this instance were valid, 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.

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 two spaces, whichis the body of the procedure. The procedure definitionis terminated by a colonwhichappears on a new lineat the same indentationlevelas the start ofthe definition. Because an initialparameter requires a local variable withinthe procedure, its type must be given exactly, it may not be specified.

The syntax forprocedure 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, call channel, timeror expression. The listof actual parameters must correspond directlyto the listof 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 formal parameter. In a program in which all names are distinct,an instance of a procedure behaves likethe substitutionof the procedure body. Notice that all programs can be expressed in a formin whichall names are made distinctby systematic changes of name. Procedures in are not recursive. Achannel parameter or free channel may onlybe used forinputor output (not both) in the procedure.

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

occam

{ }

{ } { } { } { }

{ } definition name formal process

formal specifier name specifier name

specifier name data.type name

instance name actual actual variable channel call.channel timer expression process instance

11 Procedures

INVALID!

=

=

= =

=

 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

                      PROC ( , )

                      :
                               ,
                   | VAL ,
                   | RESULT ,
                   | INITIAL ,

       PROC

                           ( , )

                   |
                   |
                   |
                   |

VAL VAL

PROC snark (VAL INT butcher, beaver, REAL64 boojum, jubjub)
  ...
:

79

This example, is equivalent to:

11 Procedures

PROC snark (VAL INT butcher, VAL INT beaver,
            REAL64 boojum, REAL64 jubjub)
  ...
:

80 11 Procedures

=

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 data type, and may appear in expressions. Value processes may also produce more than one result, whichmay be assigned in a multipleassignment. functionsare side effect free, as they are forbiddento communicate or 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:

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

This functiondefinitiondefines the name for the associated value process. The type of the result is , specified by . Just as the behaviour of procedures is defined by the substitutionof the procedure body, functionsbehave likethe substitutionof the functionbody. Itfollowsthat the example which starts this chapter is an expansion of the following:

occam

occam

12 Functions

procedures functions value process

value.process process

expression.list specification value.process

operand value.process

expression.list value.process

=

= =

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

                                                          v

                                    SIZEv

                                     i 0

                                          v i

                          VALOF

                            RESULT
                       |

                          (
                          )
                          (
                          )

    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 INT FUNCTION

    total := subtotal + sum (n)

∑

82

A functiondefinitionmay also define a name for an expression list, so that simple, single line functionscan be defined in the followingfashion:

Each of these functionsreturns a single boolean result. The definitionof the function is equivalent to the following:

Anumber ofrules applytofunctionstoensure theyare side effectfree. Asforprocedures, 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 only be a value parameter or an initial parameter. Onlyinitialparameters and variables declared withinthe body of a value process or functionmay be assigned to and communications may only occur along channels which are declared withinthe body of the value process or function.

Anyprocedure used withina functionmust also be side effect free. A name which is free withinthe value process (Scope, page 32) can be used only in expressions withinthe value process or functionbody, they may not be assigned to by inputor assignment. Consider the following:

Functions may also have initialparameters which are used for giving the initialvalues of a calculation. Consider the function:

This functioncopies the values of its parameters and uses them as variables in the calculationof its result.

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

abbreviations

12 Functions

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 ischar (VAL BYTE ch) IS uppercase (ch) OR lowercase (ch) :

                                                             ischar

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

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

INT FUNCTION exponent (INITIAL INT x, y)
  INITIAL INT k IS 1:
  VALOF
    WHILE y <> 0
      IF
        (y\2) = 0
          x, y := x*x, y/2
        (y\2) <> 0
          k, y := k*x, y-1
    RESULT k
:

83

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 linefunctionswithmultipleresults may also be defined:

This functionproduces the divisionand remainder of and . Ifan error occurs withina functionor value process, it willbehave like the primitiveprocess . This behaviour is equivalent to the behaviour of a mathematical overflow in an arithmetic expression (see page 118 for details of the behaviour of invalid

12 Functions

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

1 0

0 0

1 0

84

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

This functionwillbehave like the primitiveprocess if is less than zero, or if an overflow occurs in the evaluation of the factorial. In either case the behaviour is equivalent to the behaviour of any other invalid expression (page 118).

The syntax forfunctionsis:

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 line may be broken after a comma, or at a validpointin an expression. Anoperand of an expression may consist of a leftparenthesis, a value process, followedby a rightparenthesis. The structured parentheses appear at the same indentation as each other, and are equivalent to 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.

The heading ofa functiondefinitionconsists ofthe keyword , preceded bythe type(s)ofthe result(s) produced by the function. The name of the functionand a formalparameter list enclosed by parentheses followsthe keyword on the same line. This is followedby a value process, indented two spaces, which forms 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 functiondefinitionmay consist ofthe functionheading followedby the keyword , an expression list,and a colon,on the same line. The line may be broken after the keyword , a comma, or at a validpointin an expression.

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 parameter list,a single specifier may specifyseveral names. For example:

This example is equivalent to:

{ } { }

{ } { } { } { } definition data.type name formal function.body

function.body value.process

operand name expression expression.list name expression

definition data.type name formal expression.list

12 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 ( , )

                          :

                               ( , )
                               ( , )

                            , FUNCTION ( , ) IS :

                                                                VALOF
                                             RESULT
RESULT

                                            FUNCTION

               FUNCTION

                                         IS
                                IS

    INT FUNCTION alice (VAL REAL64 tweedle.dum, tweedle.dee,
                               INT cheshire.cat)
      ...
    :

    INT FUNCTION alice (VAL REAL64 tweedle.dum,
                        VAL REAL64 tweedle.dee,
                        INT cheshire.cat)
      ...
    :

There are twomethods forstructuring programs so that they can be easily changed and components used again. These are the and the . This chapter describes modules. Librariesare described in chapter 14.

Modules provide a mechanism for structuring processes. A module is like a black box with a number of channels which can be used for communicating with the contents of the box. Inside the box there are processes whichservice the channels. Because the user ofthe box cannot access the contents and can only communicate withit through the channel interface, the contents can be changed and a new implementation plugged into the user program withno alteration required to the rest of the program. Alsobecause the user has no access to the contents, the internalstate of the box is protected fromaccidental interference.

This chapter describes the mechanisms whichpermitlogicallyconnected program components to be written as a contiguous sequence of declarations. Once in this form,the sequence can be extracted into a and multipleinstances of it may be created in different parts of a program. The second part of the chapter describes the mechanisms whichachieve this.

Consider the process:

This example shows a two place buffer withinput channel and output channel , along witha user process. The channels and provide an to the buffer process. Furthermore, it would be unusual to see such a buffer process writtenwithoutthe declaration of its channels. Thisconceptual unitcan be emphasised by declaring the buffer process as a :

Thissequence ofdeclarations may be used as the bodyofa so that many processes withsimilar implementationsmay be declared:

Instances of the module type are declared as follows:

This gives the name to an instance of the channels and processes specified in the body of the module type. The channels are referenced by subscription as for a record (here they are and ).

occam

13 Modules

module library

module type

interface

resource

moduletype

    CHAN OF INT in, out :
    PAR
      CHAN OF INT mid :
      PAR
        WHILE TRUE
          INT x :
          SEQ
            in ? x
            mid ! x
        WHILE TRUE
          INT y :
          SEQ
            mid ? y
            out ! y
      ... user process

                                             in out
                  in out

    CHAN OF INT in, out :
    RESOURCE
      ... buffer process
    :
    ... user process

    MODULE TYPE TWO.BUFFER ()
      CHAN OF INT in, out :
      RESOURCE
        ... buffer process
      :
    :

    MODULE buffer IS INSTANCE TWO.BUFFER () :

                buffer
                                                                   buffer[in]
buffer[out]

86

The scoping rules provide a restricted interface (the channels and ) to the internal state of the buffer (the integers and and the channel ), the internalstate has been protected fromaccidental interference by the user process and it allowsthe details of the implementationto be changed. In this case, the protectionof the internalstate is essential to the correct functioningof the buffer because ifthe variables and were overwritten,then the buffer wouldoutput the wrongvalues.

The factthat the internaldetails ofthe implementationare hidden means that the bufferimplementationabove may be replaced by the followingimplementationwithoutaffectingthe functionalbehaviour of the program:

The only way in which to distinguishbetween this buffer process and the first buffer process is through its timed behaviour and its space requirements.

We have just seen how a resource process can be used to structure a program so that logicallyconnected components of a program can be writtenas a contiguous sequence of declarations and then extracted as a module. This section describes some more process structuringconstructs.

occam

13 Modules

13.1 Process declarations

                                                      in out
                  x y mid

x y

    MODULE TYPE NEW.TWO.BUFFER ()
      CHAN OF INT in, out :
      RESOURCE
        INT x, y :
        SEQ
          in ? x
          WHILE TRUE
            SEQ
              PAR
                out ! x
                in ? y
              PAR
                out ! y
                in ? x
      :
    :

87

Consider the sequence of declarations:

This provides a call channel interface to a disk block cache. The cache is initialisedby input from the channel into the local array . The module then repeatedly enables a number of alternative guards and services and requests. When the scope of the module terminates, the finalisationprocess is executed and causes the localarray to be output along the channel . The module then terminates.

Each of the process declarations can be described withexisting constructs. A resource process is executed in parallelwithits scope so that the process:

is equivalent to

Aninitialisationprocess is executed before its scope so that the process:

is equivalent to

occam

13 Modules

CALL Get (RESULT BYTE c, VAL INT n) :
CALL Put (VAL INT n, VAL BYTE c) :
CALL Halt () :
[block.size]BYTE cache:
INITIAL
  from.disk.block ? cache
:
FINAL
  to.disk.block ! cache
:
RESOURCE
  INITIAL BOOL going IS TRUE:
  WHILE going
    ALT
      ACCEPT Get (RESULT BYTE c, VAL INT n)
        c := cache[n]
        SKIP
      ACCEPT Put (VAL INT n, VAL BYTE c)
        cache[n] := c
        SKIP
      ACCEPT Halt ()
        going := FALSE
        SKIP
:
FINAL
  Halt ()
:

   from.disk.block cache
                      Put Get
                                                               to.disk.block

RESOURCE
  P
:
Q

PAR
  P
  Q

INITIAL
  P
:
Q

SEQ
  P
  Q

88

Similarly,the finalisationprocess is executed after its scope so that the process:

is equivalent to

The syntax of process declarations is:

Some processes are only active in response to user requests. Consider the cache process above. Its only actions are to repeatedly enable the guards of the alternation, service the call channels and terminate when its scope terminates. This sort of module is called a and has a special representation in . Consider the followingdeclarations:

These declarations have precisely the same effect as the previous cache implementation. A server process repeatedly enables and services a set of accept guards until its scope terminates. Once its scope has terminated, the server process terminates as soon as all of its branches have terminated.

occam

declaration process

process

process

server

13 Modules

13.1.1 Automatic termination of processes

=

FINAL
  P
:
Q

SEQ
  Q
  P

                      INITIAL

                      :
                   | FINAL

                      :
                   | RESOURCE

                      :

CALL Get (RESULT BYTE c, VAL INT n) :
CALL Put (VAL INT n, VAL BYTE c) :
[block.size]BYTE cache:
INITIAL
  from.disk.block ? cache
:
FINAL
  to.disk.block ! cache
:
SERVER
  ACCEPT Get (RESULT BYTE c, VAL INT n)
    c := cache[n]
    SKIP
  ACCEPT Put (VAL INT n, VAL BYTE c)
    cache[n] := c
    SKIP
:

89

The accept guards ofa server may themselves be guarded byboolean conditionsas inthe followingexample:

These declarations introduce a buffer module witha process which repeatedly enables an alternative with two inputguards withconditionswhichcheck whether the buffer is fullor empty.

The syntax of servers is:

The rules governingthe disjointness of variables and channels in process declarations can be deduced from the equivalences withthe process constructs. Because resource and server processes execute in parallel withtheir scope, the followingrules apply (see page 16 or appendix H for the disjointness rules of parallel processes):

ifa resource or server process assigns a variable,then its scope may not read or assign the variable.

ifa resource or server process reads a variable, then its scope may not assign the variable.

ifa resource or server process uses a channel for input, then its scope may not use that channel forinput.

ifa resource or server process uses a channel for output, then its scope may not use that channel foroutput.

In the example of the cache server above, the internal state (namely the array ) is in scope in the user code. Althoughthe user code cannot read or assign the state because of the usage rules, the declared names mightinterfere withnames previouslyin scope. The internal state of the server can be hidden using

{ }

• • • • declaration alternative

13 Modules

13.1.2 Disjointness of resource and server processes

13.2 Interfaces

=

CHAN OF BYTE in, out :
CHAN OF NONE out.request :
[size]BYTE buff :
INITIAL INT front IS 0 :
INITIAL INT back IS 0 :
INITIAL INT contents IS 0 :
SERVER
  contents < size & c ? buff[back]
    back, contents := (back+1)\size, contents+1
  NONE n :
  contents > 0 & out.request ? n
    SEQ
      out ! buff[front]
      front, contents := (front+1)\size, contents-1
:

                      SERVER

                      :

                                                         cache

90

an declaration. Consider the declaration:

Thisdeclares the callchannels and as the interface to the server whichimplementsthe cache. The interface channels are available both to the body of the interface declaration and to the user code. Names whichare brought into scope in the body of the declaration (in this example ) are not available to the user code.

The syntax of interfaces is:

Onlychannels may be declared in the first part of an interface declaration. Anyspecification may appear in the second part of the declaration.

The previous sections have shown how to structure processes so that a logicalunit of the process can be expressed as a contiguous sequence of declarations witha restricted interface. This section shows how to define many named modules withsimilarimplementations. Consider the definition:

Thisdefines a type oftwoplace buffer module named whose interface consists ofthe channels and . Instances of the type are declared as in the followingexample:

This declaration has the effect of introducingtwo new channels, named and , and creating a parallel process as specified in the body of the type definition. The module type serves to abstract the body of the module.

{ } { } interface

declaration declaration

specification

13 Modules

13.3 Module types

=

    INTERFACE
      CALL Get (RESULT BYTE c, VAL INT n) :
      CALL Put (VAL INT n, VAL BYTE c) :
    TO
      [block.size]BYTE cache:
      INITIAL
        from.disk.block ? cache
      :
      FINAL
        to.disk.block ! cache
      :
      SERVER
        ...
      :
    :
    ... user code

                       Put Get

                                                         cache

                          INTERFACE

                          TO

                          :

    MODULE TYPE TWO.BUFFER ()
      CHAN OF INT in, out :
      RESOURCE
        ...
      :
    :

                                        TWO.BUFFER
in out

    MODULE buffer IS INSTANCE TWO.BUFFER () :

                                                       buffer[in] buffer[out]

0

0

1

91

Moduletypes may have parameters in just the same way as procedures may. Consider

This defines a cache type whichmay be instantiated withdifferent disk blockchannels.

Arraysof modules may be declared as follows:

Each component of the array must present the same , although it does not have to be of the same type. Consider the declaration:

where and are the modules defined on pages 85 and 86. This declaration introduces the name foran array of two buffers withchannels and in their interfaces.

Unlikedata and channel declarations, the order ofdeclarations ina modulearray is important. The declaration of above is equivalent to:

The first component of the array is declared first and so on. This means that the first cache is the first to be initialised.Ifthe disk is onlywillingto initialisethe thirdcache first, then the process in whichthe declaration occurs willdeadlock. Similarly,the finalisationsoccur inthe reverse order ofdeclarationso that itis the cache withindex whichis writtenback first.

The syntax of module types is: { } { }

{ } { interface

definition name formal declarations

abbreviation module.specifier name module module.specifier module name module expression name actual replicator module module module base count module base module count channel module name call.channel module name

13 Modules

=

= = =

= =

  MODULE TYPE CACHE (CHAN OF BYTE to.disk.block, from.disk.block)
    INTERFACE
      CALL Get (RESULT BYTE c, VAL INT n) :
      CALL Put (VAL INT n, VAL BYTE c) :
    TO
      [block.size]BYTE cache :
      INITIAL
        from.disk.block ? cache
      :
      FINAL
        to.disk.block ! cache
      :
      ...
    :
  :

  MODULE caches IS [INSTANCE i = 0 FOR 10 :
                    CACHE (to.disk.block[i],from.disk.block[i])] :

  MODULE buffers IS [INSTANCE TWO.BUFFER (), INSTANCE NEW.TWO.BUFFER ()] :

   TWO.BUFFER NEW.TWO.BUFFER
              buffers in out

caches

  MODULE caches[0] IS CACHE (to.disk.block[0],from.disk.block[0]) :
  MODULE caches[1] IS CACHE (to.disk.block[1],from.disk.block[1]) :
  ...
  MODULE caches[9] IS CACHE (to.disk.block[9],from.disk.block[9]) :

      9

                        MODULE TYPE ( , )

                        :
                                         IS :
                        MODULE

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

92

The declarations permitted withinthe body of a module type are restricted to channels, processes and interfaces. Data declarations are not permitted withinthe body of a module type nor in the first part of an interface.

It must always be possible to declare more than one instance of any module type. These instances may be declared in parallelprocesses and so there are rules whichgovern the way in whichvariables and channels may be used:

withina module type body, onlyvariables whichare declared withinthe body may be assigned.

withina module type body, only shared channels or channels which are declared withinthe body may be used forcommunication.

Therefore, variables and channels whichare globalto the module type may not be referenced inan exclusive way withinthe type body. Anyglobal state whichis altered in the type body must be accessed shared channels. Consider the followingexample whichmaintains a count of the number of instances of a particular module type whichexist at any point:

Each instance of the module type willmake calls along and . Instances of the type may be declared in concurrent processes. If each instance assigned directly to the variable , the variable separation rules wouldbe violated.

The name of a module may be abbreviated in the same way as the name of a variable or a channel, for example

The type of the name may be specified using an interface type. Consider:

• •

via

13 Modules

13.3.1 Disjointness of instances of a module type

13.4 Module abbreviation and interface types

    SHARED CALL begin.module () :
    SHARED CALL end.module () :
    INITIAL INT no.of.modules IS 0 :
    SERVER
      ACCEPT begin.module ()
        no.of.modules := no.of.modules+1
        SKIP
      ACCEPT end.module ()
        no.of.modules := no.of.modules-1
        SKIP
      ...
    :
    MODULE TYPE counted.module ()
      INITIAL
        begin.module ()
      :
      FINAL
        end.module ()
      :
      ...
    :

                                             begin.module end.module

no.of.modules

    MODULE my.block IS caches[4] :

    INTERFACE TYPE BUFFER
      CHAN OF INT in, out :
    :
    MODULE BUFFER my.buffer IS buffers[29] :

93

This introduces the new name for the module . The abbreviation is only validif the interface of the abbreviated module name matches the interface type precisely.

Interface types may also be used in the declaration of modules. Consider

This declares the module withimplementation and specifies that it must have the interface type .

The syntax of module abbreviationand interface types is:

The rules restrictingmoduleabbreviation(summarised inappendix H)are the same as forother abbreviations.

In the same way as variable, channel, abbreviations define procedure parameters, module abbreviation defines how to pass modules as procedure parameters.

Consider the procedure

This procedure puts the string in the buffer .

The previous sections showed how to define abbreviations formodules and how to pass modules as parameters. This section shows how to restrict the interface of a module. Consider the module:

{ } definition name declaration

interface.type name module.specifier interface.type formal interface.type actual module

&c

13 Modules

13.4.1 Passing modules as parameters

13.4.2 Interface conversion

=

= = = =

                   my.buffer buffers[29]

MODULE BUFFER key.board IS INSTANCE TWO.BUFFER () :

               key.board TWO.BUFFER ()
         BUFFER

                      INTERFACE TYPE

                      :

                      MODULE
                      MODULE

PROC output.string (VAL []BYTE s, MODULE BUFFER b)
  SEQ i = 0 FOR SIZE s
    b[in] ! s[i]
:

                   s b

MODULE TYPE COUNT.BUFFER ()
  INTERFACE
    CHAN OF INT in, out :
    CALL count (RESULT INT n) :
  TO
    INITIAL INT how.many IS 0 :
    SERVER
      INT x :
      in ? x
        PAR
          how.many := how.many+1
          out ! x
      ACCEPT count (RESULT INT n)
        n := how.many
        SKIP
    :
  :
:

94

This module extends the functions provided by a one place buffer by providinga count of the number of items whichhave passed through the buffer. The interface specification can be used to restrict the interface of the buffer so that it can be passed to a procedure whichexpects a simple buffer. Consider the abbreviation

This introduces as a new name for but witha restricted interface which does not have access to the channel.

The syntax of interface conversions is:

A conversion is onlyvalidwhen the interface of the module whichis being converted contains the channels specified by the interface specifier.

module interface.specifier module

13 Modules

=

                                                  BUFFER

MODULE BUFFER simple.buffer IS CONVERT(BUFFER) count.buffer :

        simple.buffer count.buffer
                  count

                      CONVERT( )

There are twomethods forstructuring programs so that they can be easily changed and components used again. These are the and the . This chapter describes libraries. Modules are described in chapter 13.

Librariesprovidea mechanism forstructuringprograms. Alibraryis a reusable unit of a program. It gathers together definitionswhichimplementa data type or a system service. These definitionsmay be used by any number of concurrentlyrunningprograms.

Adata type is implementedby a librarywhichexports a type definitionand a number ofvalues, functionsand procedures whichoperate on values and variables ofthe type. Users ofthe librarydeclare localvariables and values of the type and operate on these withthe exported functionsand procedures. Because the functions and procedures operate on localvariables and values, they can be shared between any number ofconcurrent users.

Asystem service is implementedby a librarywithinternalstate whichexports module type definitions. Users ofthe librarydeclare localinstances ofthe moduletypes whichprovidean interfaceto the internalstate ofthe library.The internalstate is shared between the module instances using the sharing mechanisms described inchapter 8. Because ofthe restrictionson the body ofa module type, instances ofthe type may be declared by any number of concurrent users. Such a librarymay export procedures whichoperate only on the local instances of modules and so may also be shared. Thismeans that the wholelibrarymay be shared between any number of concurrent users.

One of the most common uses of a libraryis to define a new type and the operations whichare validon that type. Consider the definitions:

Thisimplementsa set data typewith64 possible members. There is an emptyset and sets mayhave elements added or taken away or tested for membership. The functionis only an auxiliaryfunctionfor the rest of the implementation,not to be used by any other part of the program. Furthermore, the representation of the set as an is not criticalto the user.

It is often useful to be able to formalise the fact that some parts of an implementationare intended to be internalso that they can be changed at a later date withoutdisturbinguser programs. To do this, it must be possible to specify the part of the implementationwhichdoes not change. This is called the . In the case of the set implementation,the export list consists of the data type, the procedures and , and the function . The interface of an implementationis defined withan export definition.

occam

14 Libraries

module library

export list

14.1 Defining new types

    DATA TYPE SET IS INT64 :
    VAL SET empty IS 0(SET) :
    SET FUNCTION mask (VAL INT n) IS 1(SET) << n :
    PROC add (SET set, VAL INT n)
      set := set \/ mask (n)
    :
    BOOL FUNCTION member (VAL SET set, VAL INT n) IS
                     (set /\ mask (n)) <> 0(SET) :
    PROC delete (SET set, VAL INT n)
      set := set /\ (BITNOT mask (n))
    :

                                        mask

          INT64

                                                  SET add
delete member

96

Consider the definition:

The construction is only legal ifthe body of the definitiondeclares the names in the interface withsuitable definitions. The scope ofthe definitiononlyhas access to the names inthe interface. Therefore, the interface provides a complete descriptionof the possible interactions between the user code and the implementation. Because only the name of the data type is exported, the scope of the definitiondoes not have access to the structure of the type. This means that if the implementationof the type is changed, then it is only the procedures and functionsin the export listwhichneed to be changed.

Consider the following,alternative implementationof sets:

The new implementationprovides exactly the same functionalitybut trades the space efficiency of the first implementationforspeed.

Sometimes itcan also be importantto protect some ofthe internalstate ofan implementationfromaccidental interference by user code. The encapsulation providedby the libraryconstructionhas ensured that the value ofa set cannot be changed except byusing the procedures and . Inthisparticularcase, itmay be safe to allowuser code to alter the set in an unconstrained way. However,suppose that the implementation needs to be extended to include a functionwhichreturns the number of elements in the set at a given time and it is decided that this is to be done by maintaininga count of the number of elements. The second

14 Libraries

EXPORT
  DATA TYPE NAME SET :
  VAL SET empty :
  PROC add (SET set, VAL INT n) :
  BOOL FUNCTION member (VAL SET set, VAL INT n) :
  PROC delete (SET set, VAL INT n) :
FROM
  ... set implementation
:

EXPORT
  DATA TYPE NAME SET :
  VAL SET empty :
  PROC add (SET flags, VAL INT n) :
  BOOL FUNCTION member (VAL SET flags, VAL INT n) :
  PROC delete (SET flags, VAL INT n) :
FROM
  DATA TYPE SET IS [64]BOOL :
  VAL SET empty IS [ARRAY i = 0 FOR 64 : FALSE] :
  PROC add (SET flags, VAL INT n)
    flags[n] := TRUE
  :
  BOOL FUNCTION member (VAL SET flags, VAL INT n) IS flags[n] :
  PROC delete (SET flags, VAL INT n)
    flags[n] := FALSE
  :
:

                                        add delete

97

implementationmay be rewrittenas:

This is all the change that is necessary in order to extend the implementation. Notice, however, that at the end of each procedure, the value of is equal to the number of bits whichare set in the array so long as this relation is true at the start of each procedure. Had the user code had unrestrained access to the internalstructure of the implementation,then the user code wouldhave to ensure that the relationship between and was maintained each time was accessed. Furthermore, it is now crucial to the implementationof the set that any access to the internalstate maintains the relationship. Consider the followingprocess:

This process outputs the smallest number in the set or gives an indication that the set is empty. If the relationshipfails to hold on the fields of the set then this program willdeadlock ifthe field becomes negative or ifit becomes positivewhen it should be .

14 Libraries

EXPORT
  DATA TYPE NAME SET :
  VAL SET empty :
  PROC add (SET flc, VAL INT n) :
  BOOL FUNCTION member (VAL SET flc, VAL INT n) :
  PROC delete (SET flc, VAL INT n) :
FROM
  DATA TYPE SET
    RECORD
      [64]BOOL flags :
      INT count :
  :
  VAL SET empty IS [[ARRAY i = 0 FOR 64 : FALSE], 0] :
  PROC add (SET flc, VAL INT n)
    IF
      flc[flags][n]
        SKIP
      NOT flc[flags][n]
        flc[flags][n], flc[count] := TRUE, flc[count]+1
  :
  BOOL FUNCTION member (VAL SET flc, VAL INT n) IS flc[flags][n] :
  PROC delete (SET flc, VAL INT n)
    IF
      flc[flags][n]
        flc[flags][n], flc[count] := FALSE, flc[count]-1
      NOT flc[flags][n]
        SKIP
  :
  INT FUNCTION size (VAL SET flc) IS flc[count] :
:

                       count flags

   count flags flags

IF
  size(set) = 0
    output ! empty
  size(set) > 0
    IF i = 0 FOR size(set)
      member (set, i)
        output ! next; i

                                                             count
                                   0

98

The syntax of an export specification is

The export mechanism allows exported definitionsto be changed withoutaffectingprograms whichuse the library.For this reason, procedures and functionswhichare exported froma librarymust be able to be shared between concurrent processes and procedures must be side effect free. Ifthis restrictionwere not in force, then a user program wouldhave to be changed ifan exported procedure or functionwere changed so that it couldnot be used in concurrent processes or ifa procedure were changed so that itcouldnot be used inside a value process or claimprocess.

{ } { } specification export.item

specification

export.item proc.heading function.heading

data.type name

name

name name

name name

name name

name name

name

14 Libraries

=

=

   EXPORT

   FROM

   :

             :
| :
| VAL :
| DATA TYPE :
| DATA TYPE NAME :
| MODULE TYPE :
| MODULE TYPE NAME :
| CHAN TYPE :
| CHAN TYPE NAME :
| PROTOCOL :
| PROTOCOL NAME :
| INTERFACE TYPE :
| INTERFACE TYPE NAME :

99

Anotheruse of librariesis to provide an interface to a service whichis shared by a number of programs. In this case, the librarywillhave some internalstate. Consider the followingnaïvefile system:

The state ofthe filesystem is manipulatedby a server modulewhichhas twoshared channels inits interface, and . The libraryexports a single module type which is the file system user’s interface to the file system. In order to use the file system, a user must first declare an instance of the module. This module communicates withthe file server on behalf of the user. The data structures whichare associated witheach user are maintained by the module. The user does not communicate directlywiththe file store. By the use of a module as the interface to the file server, the file pointers and other data whichis importantto the correctness of the server are protected against accidental interference by user programs.

14 Libraries

14.2 Libraries with internal state

    EXPORT
      MODULE TYPE FILE (VAL INT id) :
    FROM
      [no.files]SHARED CHAN OF INT::[]BYTE read :
      [no.files]SHARED CHAN OF INT::[]BYTE write :
      INITIAL [no.files]INT lengths IS
          [VAL i = 0 FOR no.files : 0] :
      [no.files][max.len]BYTE files :
      RESOURCE
        PAR i = 0 FOR no.files
          WHILE TRUE
            ALT
              GRANT read[i]
                read[i] ! lengths[i]::files[i]
                SKIP
              GRANT write[i]
                write[i] ? lengths[i]::files[i]
                SKIP
      :
      MODULE TYPE FILE (VAL INT id)
        INTERFACE
          CALL read.char (RESULT BYTE c) :
          CALL write.char (VAL BYTE c) :
          CALL goto (VAL INT n) :
        TO
          [max.len]BYTE chars :
          INT ptr.left, ptr.right :
          INITIAL
            ... read file in and initialise pointers
          :
          FINAL
            ... write file out
          :
          SERVER
            ... service call channels
          :
        :
      :
    :

read write
                                                                  FILE

100 14 Libraries

1

The previous chapters have shown how to define things and hide things in . Thischapter shows how to combine separate sections of program.

A is a librarywhichhas no free names. For instance, allthe librariesin chapter 14 are separate compilationunits. A separate compilationunit is only instantiated once. This means that if a librarycontains internal data, then each user of the libraryshares the internal data; similarly,if a type is defined withina library,then every user of the librarygets the same type. The operating system environment of a program binds librarynames to librarytext. Names whichare defined in a libraryare importedinto the text of a program using an statement. Consider

This specifies that the names to the rightof the keywordare to be importedfromthe librarynamed . Names may be changed on import. Consider

The name defined in the library is changed to . The other names are unchanged. The originalnames which are changed on importare not available in the scope of the import. In this example, the name defined in the library is not available in the scope. The definitionmust be referred to by the new name, ie . Adefinitionof whichwas in scope before the importis stillavailable in the scope, forinstance

In this example, the variable is assigned the value of .

Name changes happen in parallel. Consider:

In this example, the names and are swapped on import.

The syntax of importsis:

Animportis not validifthe librarydoes not exportthe names whichare specified as imports. Importednames may be exported. Types may not be renamed.

occam

15 Separate compilationand linking

{ } separate compilationunit

definition name import.item import.item name name name = =

                    IMPORT

    FROM sets IMPORT SET, add, delete, member, empty :

                                    IMPORT
sets

    FROM sets IMPORT SET, add AS set.add, delete, member, empty :

        add sets set.add

        add sets
              set.add add

    REAL64 FUNCTION add (REAL32 x, y) IS (REAL64 x)+(REAL64 y) :
    FROM sets IMPORT SET, add AS set.add, ... :
    z := add (x,y)

                      z (REAL64 x)+(REAL64 y)

    FROM sets IMPORT ..., add AS delete, delete AS add, ... :

                     add delete

                          FROM IMPORT , :

                       | AS

102 15 Separate compilation and linking

Appendices

104 Appendices 105

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. It is expected that the program is logicallycorrect before configurationis used to optimise performance. Configurationdoes not affect the logicalbehaviour of a program.

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:

Inthis 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.

The component processes ofa parallel(page 14) executing on a single processor may be assigned a priority of execution. Consider the followingexample:

occam occam

occam occam

{ } configuration

placed parallel

placedpar placedpar

replicator placedpar

expression process parallel placedpar

A Configuration

A.2.1 Priority parallel

A Configuration

A.1 Execution on multiple processors

A.2 Execution priority on a single processor

=

=

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

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

106

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.

The inputswhichguard alternativesinan alternation(page 18)mayalso be givena selection priority.Consider the followingexample:

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.

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.

The syntax forpriorityalternation is:

The keywords are followedby zero or more processes at an indentation of two spaces. As for alternations detailed earlier in the manual (page 20) the alternative may be replicated.

This section explains how a , , or may be placed at an absolute location in memory. presents a consistent viewof a processor’s memory map. Memoryis considered to be an

occam

{ }

{ } parallel process

replicator process

alternation alternative

replicator alternative

variable channel timer array

A Configuration

A.2.2 Priority alternation

A.3 Allocation to memory

=

=

                                  terminal editor

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

                          PRI PAR

                       | PRI PAR

           PRI PAR

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

                                             disk
keyboard disk keyboard disk

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

                data stream P
      busy Q

                          PRI ALT

                       | PRI ALT

           PRI ALT

107

array of type , each address in memory is considered a subscript into that array. Consider the following example:

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.

An allocationmust allocate a channel, timer or variable to 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.

process allocation process allocation name expression

A Configuration

= =

      INT

PLACE term.in AT link1in :

             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

108

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 106). 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

Aport declaration is similarto a channel declaration, and must obey the same rules ofscope (page 32). That is, a port may not be used forinputor output in more than one component process in a parallel.

The syntax forports is:

A port is declared in just the same way as a channel. Instead of a defined (page 46) the port definitionspecifies a data type as the type forcommunication.

occam

{ } 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

B Ports

B Ports

= = =

= =

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 ]
                         ?
                         !

109

This appendix describes retypingconversion. A retypingconversion changes the data type of a bit pattern, from one data type to another. There are two kinds of retyping conversions: conversions which convert a variable,and conversions whichconvert the value of an expression. The length ( the number of bits)of the new type specified must be the same as the length of the bit pattern. A retyping conversion has no effect upon the bit pattern, and differs from (page 73) where the value of one type is represented as an equivalent value of another type.

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. Consider also the followingexample:

The bit pattern for the real representation of the value 42 0 is mapped to a name of type . As forthe (page 36) ofexpressions, no variableused inthe expression may be assigned to by input or 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:

In this example, , a variable of type , is converted into an array of 8 bytes. Each byte is accessible via subscript, any change to the bitpattern as a result of an assignment or inputwilldirectlyaffect the value of the originalvariable.

The same rules apply to names specified by retyping conversions as apply to abbreviations. That is, no variable used in a subscript or count expression whichselects a component or segment of an array may be assigned to by an input or assignment withinthe (page 32, the region of a program where a name is valid)ofthe conversion. The variableconverted may not be be used withinthe scope ofthe conversion. See the rules whichaffect abbreviations on page 116.

The syntax forretypingconversion is:

The retyping conversion of a value begins with the keyword , a specifier appears to the right of , followedby the name specified, and the keyword , the expression appears to the right of the keyword . The lineon whichthe conversion occurs may not be broken after the keyword , but may be broken at some validpointin the expression.

.

ie type conversion

abbreviation

scope

definition specifier name variable specifier name expression

C Mapping types

C Mapping types

=

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

VAL INT64 pattern RETYPES 42.0(REAL64) :

                                                         pattern INT

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

         condition INT64

                                 RETYPES :
                   | VAL RETYPES :

                                           VAL VAL
                                   RETYPES
   RETYPES RETYPES

110

This section explains how to controlthe layout of a record. Ifthe layout of a record is not specified, then an implementationis free to place the fields in any order and at any offset fromthe base ofthe record. Consider the followingrecord type:

In this record type, all of the fields are placed at a specified offset fromthe base of the record. The offset is measured inbytes. Inthis example, the field starts at the beginningofthe record and the field starts at the beginningof the first byte.

The syntax of record layout is:

The offset must be givenby a constant expression. Negativeoffsets are not allowed. Fields may not overlap.

Some implementationsmay insist that data types are only placed at appropriate boundaries. For instance, s may onlybe allowedto be placed at offsets whichare a multipleof the wordlength.

Sometimes it is useful to be able to determine the value of the tag of a union. The expression , where is of a numbered union type, gives an representation of the tag. This does not implythat the machine representation of the tag must be an . The value of is specified in a numbered union type definitionas follows:

If is applied to a variable whichhappens to belong to the second variant, then the value is produced. The integers specified for each variant must be different. Integers must be specified for all branches of a numbered union.

The tag of a numbered union may be used to index arrays, .

The syntax of numbered unions is:

The tag expression must be constant.

This section explains how to control the widthof a type. Ifno widthis specified for a type, then the implementation is free to choose a width. The widthof a data type defines the amount of store whichis required

{ }

{ { } } structured.type data.type name expression

&c

structured.type data.type 1 expression name

D Concrete representation of data types

D Concrete representation of data types

D.1 Record layout

D.2 Numbered unions

D.3 Type width

=

=

    DATA TYPE LINK
      RECORD
        PLACE BYTE data OFFSET 0 :
        PLACE BOOL control OFFSET 1 :
    :

                                 data control

                          RECORD
                             PLACE OFFSET :

INT

                                                                         TAG (x)
     x INT
                                   INT TAG (x)

    DATA TYPE PARAM
      UNION
        INT32 (0) word:
        INT64 (1) long.word, (2) extra.word:
    :

 TAG 1

                          UNION
                                       , ( ) :

111

fora value of that type. Consider the followingtype:

This specifies that the widthof the data type is bytes.

The syntax of widthspecifications is:

The widthexpression must be constant. The widthmust be large enough to hold values of the type.

Some implementationsmay insist that the widthof a type is an appropriate size forthe structure of the type. For instance, consider the type:

An implementationmay insist that the widthof this record be a multipleof bytes so that the field may be aligned on a wordboundary. In this case, the value of must be a multipleof .

Arrays are always aligned according to the width of the component type. For instance, if the type is given the width by the implementation,then an array with components of type willhave width . Furthermore, the address of each component of the array willbe one byte away fromthe address of its neighbours.

The operator returns the widthof a type in bytes. For instance, willtypically return . Because components of arrays are aligned according to the width of the component type, the followingequation is always true: = The syntax of is: × definition expression name data.type expression name structured.type

expression data.type

D Concrete representation of data types

D.4 Array alignment

D.5

=

=

    WIDTH 2 DATA TYPE LINK
      RECORD
        PLACE BYTE data OFFSET 0 :
        PLACE BOOL control OFFSET 1 :
    :

                                  LINK 2

                          WIDTH DATA TYPE IS :
                       | WIDTH DATA TYPE

                          :

    WIDTH n DATA TYPE FIFTEEN
      RECORD
        REAL64 a :
        REAL32 b :
        [3]BYTE c :
    :

                                                        16 a
                                            n 16

                                                                             BOOL
              1 n BOOL
n

    WIDTHOF WIDTHOF (BYTE)
     1

                        WIDTHOF ([n]TY) n WIDTHOF (TY)

           WIDTHOF

                          WIDTHOF ( )

    WIDTHOF

1

112

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 libraryroutine, these modes round values toward plus infinity,minus infinityor toward zero. A value rounded to plus infinityis the value nearest to and not less than the value to be represented, a value rounded to minusinfinityis 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

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

E Rounding errors

E Rounding errors

               REAL32 REAL64

                                                     IEEEOP

                                              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

{

113

standard.

E Rounding errors 114

In many expressions the explicittype decoration of a literal does not aid the clarityof an expression. In these circumstances, the decoration may be omitted. Withina single expression, a type decoration may be omitted when there is only one decoration which would type check correctly. For instance, the expression is validbecause the onlydecoration of whichtype checks correctlyis .

There are three other sorts of contextual informationwhichmay be used to determine the type of an expression:

expressions in process constructs where onlyone data type is permitted are assumed to have that type. For instance, array size and subscript expressions are assumed to be of type . Guards of conditionalprocesses and loops, and boolean guards of alternatives are assumed to be of type . inassignment and output the types ofexpressions are inferredfromthe types ofthe variables or the protocolof the channel.

inabbreviationsand initialisingdeclarations, the type ofthe expression is inferredfromthe type ofthe abbreviationor declaration. This rule also applies to the actual parameters of functions,procedures and calls.

For instance, the followingprocesses are valid:

•

• •

F Omitting type decorations from literals

F Omitting type decorations from literals

1(INT32)+10 10 (INT32)

                                                                       INT

       BOOL

    CHAN OF INT32 c:
    c ! 4

    REAL32 x:
    x := 2.0

    VAL BYTE ESC IS 13:
    SKIP

115

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 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 followingexample:

A channel withthis protocolcan onlyinput or output data values. The effect of an output on a channel with the protocolis that the value is mapped down intoits constituent bytes, and output as an array of bytes. Aninput on a channel withthe protocolinputs the array of bytes and converts (by retypingconversion, see page 109) the value to the type of the receivingvariable.

alien process

G Anarchic protocol

G Anarchic protocol

                ANY

 CHAN OF ANY printer :

ANY
                     ANY

116

This appendix summarises the rules whichgovern the use of variables, channels, timers, ports (page 108) and arrays in parallel constructions, and the rules whichgovern abbreviations and parameters. These rules are discussed in context throughoutthe manual, and are gathered here as a check list.

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.

Avariable or component of an array of variables, whichis assigned to in a component of a parallel, may not appear in any other component of the parallel.

An array may be used in more than one component of a parallel, ifand onlyifthe subscripts used to select components of the array can be determined at compiletime. Otherwisethe array may only be used in one component of the parallel.

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.

For the purposes of these rules, a or process must be considered to be a parallel component.

Instances of a module type may occur in parallelcomponents of the same process and, therefore, the usage rules for variables, channels, timers and ports in the body of a module type definitionprevent the usage of variables, unshared channels or ports whichare declared outside the body of the module type definition.

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 be assigned to by input or assignment within the scope of the abbreviation.

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

Allsubscript expressions used in an abbreviation must be valid, not subject to overflow and in range.

•

• • •

• •

•

• • • ie ie

H Usage rules check list

H Usage rules check list

H.1 Usage in parallel

H.2 The rules for abbreviations

RESOURCE SERVER

117

Allreference to a variable must be via the new name only, withthe exception that array variables may be furtherretyped providingthe later retypingconversions do not includecomponents of the array already retyped.

Variables used in a retypingconversion may not be assigned to by input or assignment withinthe scope of the new name.

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.

The rules for procedures which are exported from libraries are constructed so that exported procedures may be called by parallel components of the same process and so followfrom the rules for parallel usage. This means that exported procedures may only assign to variables which are declared locallyor passed in as parameters. Further, exported procedures may only input fromor output to channels whichare shared, declared locallyor passed in as parameters.

Functions may onlyhave value parameters.

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

A value process may not contain inputs or outputs on channels which are declared outside the process.

The body of a procedure used withina functionmust also obey these rules.

•

•

• •

• • • • retyped

H Usage rules check list

H.3 The rules for procedures

H.4 The rules for value processes and functions

118

Processes whichbecome invalidduringprogram execution may behave in one of three ways, determined by a compileroption. An invalidprocess may behave in one of these ways: the process may stop, the system may halt, or the behaviour of the process may be undefined.

The three modes of existence in detail are:

In this mode, processes whichbecome invalidbehave likethe primitiveprocess , thus allowingother processes to continue. The invalidprocess stops, and inparticulardoes not make erroneous outputs to other processes. Other processes continue untilthey become dependent upon data fromthe stopped process. In this mode it is therefore possible to writecommunicationswhich willtimeout to warn of a stopped process, and to construct a system withredundancy in which a 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.

In this mode, an invalidprocess may have an arbitraryeffect, and is only useful for optimisingprograms knownto be correct!

I Invalid processes

Stop process mode

Halt system mode

Undefined mode

I Invalid processes

                                                        STOP

STOP

0 1

1

119

{ } { }

{ }

{ }

{ } assignment variable.list expression.list

expression.list name expression expression value.process

variable.list variable

replicator name base count

base expression

count expression

sequence process replicator process

conditional choice replicator choice

choice guarded.choice conditional specification choice

guarded.choice boolean process

J Syntax summary

J.1.1 Assignment

J.1.2 Replicator

J.1.3 Process constructions

J Syntax summary

J.1 Collected syntax

=

=

=

=

=

=

=

=

=

=

            :=

        ( , )
| ,
| (
   )

     ,

        = FOR

   SEQ

| SEQ

   IF

| IF

|
|

1

120

{ }

{ }

{ }

{ }

{ } { } selection selector option

selector expression

option case.expression process

process specification option

case.expression expression

loop boolean process

parallel process replicator process

alternation alternative replicator alternative

alternative guarded.alternative alternation channel

variant boolean channel

variant specification alternative

guarded.alternative guard process

variant specification variant tagged.list

process specification variant

J Syntax summary

=

=

=

=

=

=

=

=

=

=

   CASE

     ,

| ELSE

|

   WHILE

   PAR

| PAR

   ALT

| ALT

|
| ? CASE

| & ? CASE

|

|

|

121

{ } { }

{ }

{ } { } guard input boolean input boolean

call.channel call.formal process boolean call.channel call.formal

process

channel process boolean channel

process

discrimination expression discriminant

discriminant name process

process

specification process

specification declaration abbreviation definition

export.item

specification

data.type

expression data.type name

J Syntax summary

J.1.4 Data types

=

=

=

=

=

=

| &
| & SKIP
| ACCEPT ( , )

| & ACCEPT ( , )

| GRANT

| & GRANT

   CASETAG

   SKIP
| STOP
|

|
|
| EXPORT

   FROM

   :

   BOOL
| BYTE
| INT
| INT16
| INT32
| INT64
| REAL32
| REAL64
| NONE
| [ ]
|

1

1

1

122

{ { } } { { } }

{ } definition name data.type name structured.type

structured.type data.type field.name

data.type name

field.name name

specifier data.type specifier expression specifier

abbreviation name expression specifier name expression

variable variable name variable base count variable count variable base variable expression

declaration data.type name data.type name expression

abbreviation name variable specifier name variable

name variable specifier name variable

channel.type protocol name expression channel.type

J Syntax summary

J.1.5 Values

J.1.6 Variables

J.1.7 Channels

=

=

=

=

=

=

=

=

=

   DATA TYPE IS :
| DATA TYPE

   :

   RECORD
                , :
| UNION
               , :

| []
| [ ]

   VAL IS :
| VAL IS :

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

             , :
| INITIAL IS :

        IS :
| IS :
| RESULT IS :
| RESULT IS :

   CHAN OF
|
| [ ]

1

1

1

1

1

1

123

{ }

{ }

{ }

{ }

{ }

{ } { } channel name channel expression channel base count channel base channel count

channel

replicator channel module name

declaration channel.type name

abbreviation name channel specifier name channel

input channel input.item channel tagged.list channel

variant

input.item variable variable variable

tagged.list tag tag input.item

variant specification variant tagged.list

process specification variant

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

output.item expression expression expression

J Syntax summary

=

=

=

=

=

=

=

=

=

| [ ]
| [ FROM FOR ]
| [ FROM ]
| [ FOR ]
| [ , ]
| [CHAN : ]
| [ ]

               , :

        IS :
| IS :

          ? ;
| ? CASE
| ? CASE

| ::

| ; ;

|

|

          ! ;
| !
| ! ; ;
| !

| ::

1

1

124

{ }

{ }

{ }

{ }

{ } definition name

declaration

name

declaration

name

tagged.protocol

name simple.protocol name sequential.protocol

protocol name simple.protocol

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

sequential.protocol simple.protocol

tagged.protocol tag tag sequential.protocol

tag name

specifier channel.type specifier expression specifier

call.channel name call.channel expression

call.channel

replicator call.channel call.channel base count call.channel base call.channel count module name

J Syntax summary

J.1.8 Call channels

=

=

=

=

=

=

=

=

   CHAN TYPE
     RECORD

   :
| CHAN TYPE
     RECORD

   :
| PROTOCOL
     CASE

   :
| PROTOCOL IS :
| PROTOCOL IS :

|

| ::[]

     ;

| ;

| []
| [ ]

| [ ]
| [ , ]
| [CALL : ]
| [ FROM FOR ]
| [ FROM ]
| [ FOR ]
| [ ]

1 1 1 1

0

1

125

{ }

{ } { } { } { }

{

{ } declaration call.typename call.formal

abbreviation name call.channel specifier call.header call.channel

call.actual expression variable

call.formal data.type name data.type name

data.type name data.type name

call.type expression call.type

specifier call.type specifier expression specifier

declaration shared.call name formal shared.channels name

shared.call expression shared.call

shared.channels name expression shared.channels

timer name timer expression timer base count timer base timer count

declaration timer.type name

J Syntax summary

J.1.9 Sharing

J.1.10 Timers

=

=

=

=

=

=

=

=

=

=

=

               ( , ) :

        IS :
| IS :

|

             ,
| VAL ,
| INITIAL ,
| RESULT ,

   CALL
| [ ]

| []
| [ ]

                 ( , ) :
| :

   SHARED CALL
| [ ]

   SHARED
| [ ]

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

             , :

0

126

{ } abbreviation name timer specifier name timer

timer.type expression timer.type

timer.input timer variable

delayed.input timer expression

specifier timer.type specifier expression specifier

boolean expression

byte character

expression operand monadic.operator operand operand dyadic.operator operand

data.type data.type expression name conversion data.type

operand variable literal table expression value.process

name expression

valof specification valof

J Syntax summary

J.1.11 Expressions

=

=

=

=

=

= =

=

=

=

        IS :
| IS :

   [ ]
| TIMER

       ?

       ? AFTER

| []
| [ ]

   ’ ’

|
|
| MOSTPOS
| MOSTNEG
| [ ]
|
| WIDTHOF ( )

|
|
| ( )
| (
   )
| ( , )

1

1

0

127

{ } { }

{ }

{ } literal integer byte integer decoration byte decoration real decoration string

expression expression decoration replicator expression name expression decoration

table table subscript expression table subscript count table subscript table count

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

digit

exponent digits digits

hex.digit digit

integer digits hex.digits

real digits digits digits digits exponent

decoration data.type

definition name formal process

J Syntax summary

J.1.12 Procedures

=

=

=

=

=

=

=

=

=

=

|
| ( )
| ( )
| ( )
|
| TRUE | FALSE
| [](NONE)
| [ , ]
| [ , ]( )
| [VAL : ]
| ( :- ) ( )

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

| ROUND
| TRUNC

   0 | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9

   + | -

       | A | B | C | D | E | F

        | #

       . | . E

   PROC ( , )

   :

0

1 1 1 1

1 0 1 0

128

{ }

{ } { } { } { }

{ } { } { } { }

{ } instance name actual

actual variable channel call.channel timer expression module

formal specifier name specifier name

specifier name data.type name interface.type

definition data.type name formal expression.list data.type name formal function.body

function.body value.process

value.process process

expression.list specification value.process

declaration process

process

process

alternative

J Syntax summary

J.1.13 Functions

J.1.14 Process declarations

=

=

=

=

=

=

=

        ( , )

|
|
|
|
|

            ,
| VAL ,
| RESULT ,
| INITIAL ,
| MODULE

     , FUNCTION ( , ) IS :
| , FUNCTION ( , )

   :

   VALOF

     RESULT
|

   INITIAL

   :
| FINAL

   :
| RESOURCE

   :
| SERVER

   :

0 1

0

1

129

{ } {

{ } { }

{ } { }

{ }

{ } { }

{ } module name module expression name actual module module base count module base module count replicator module interface.specifier module

declaration declaration

specification

abbreviation module.specifier name module

interface.type name

module.specifier interface.type

definition name formal declarations

name declaration

specification export.item

specification

definition name import.item

J Syntax summary

J.1.15 Modules

J.1.16 Libraries

=

=

=

=

=

=

=

=

| [ ]
| INSTANCE ( , )
| [ , ]
| [ FROM FOR ]
| [ FROM ]
| [ FOR ]
| [INSTANCE : ]
| CONVERT( )

   INTERFACE

   TO

   :

                     IS :

   MODULE
| MODULE

   MODULE TYPE ( , )

   :
| INTERFACE TYPE

   :

   EXPORT

   FROM

   :

   FROM IMPORT , :

130

{ }

{ }

{ } export.item proc.heading function.heading

data.type name

name

name name

name name

name name

name name

name

import.item name name name

allocation name expression

alternation alternative

replicator alternative

parallel process

replicator process placedpar

placedpar placedpar

replicator placedpar

expression process

port.type data.type expression port.type

port name port expression port base count port base port count

J Syntax summary

J.1.17 Configuration

=

=

=

=

=

=

=

=

             :
| :
| VAL :
| DATA TYPE :
| DATA TYPE NAME :
| MODULE TYPE :
| MODULE TYPE NAME :
| CHAN TYPE :
| CHAN TYPE NAME :
| PROTOCOL :
| PROTOCOL NAME :
| INTERFACE TYPE :
| INTERFACE TYPE NAME :

| AS

   PLACE AT :

   PRI ALT

| PRI ALT

   PRI PAR

| PRI PAR

|

   PLACED PAR

| PLACED PAR

| PROCESSOR

   PORT OF
| [ ]

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

1

131

{ } declaration port.type name

definition specifier name variable specifier name expression

expression name data.type expression name structured.type

J Syntax summary

=

=

            , :

               RETYPES :
| VAL RETYPES :
| WIDTH DATA TYPE IS :
| WIDTH DATA TYPE

   :

132

The followingtables present the syntax of , witheach syntactic object placed in alphabetical order.

occam

{ }

{ }

{ } { } abbreviation name variable specifier name variable

name expression specifier name expression

name variable specifier name variable name channel specifier name channel name call.channel specifier call.header call.channel name timer specifier name timer module.specifier name module

actual variable channel call.channel timer expression module

allocation name expression

alternation alternative replicator alternative

alternative

replicator alternative

alternative guarded.alternative alternation channel

variant boolean channel

variant specification alternative

assignment variable.list expression.list

J Syntax summary

J.2 Ordered syntax

=

=

=

=

=

=

        IS :
| IS :
| VAL IS :
| VAL IS :
| RESULT IS :
| RESULT IS :
| IS :
| IS :
| IS :
| IS :
| IS :
| IS :
| IS :

|
|
|
|
|

   PLACE AT :

   ALT

| ALT

| PRI ALT

| PRI ALT

|
| ? CASE

| & ? CASE

|

            :=

1

1 1 1 1

1

133

{ }

{ } { } { } { }

{ }

{ } base expression

boolean expression

byte character

call.actual expression variable

call.channel name call.channel expression

call.channel

replicator call.channel call.channel base count call.channel base call.channel count module name

call.formal data.type name data.type name

data.type name data.type name

call.type expression call.type

case.expression expression

case.input channel variant

channel.type protocol name expression channel.type

channel name channel expression channel base count channel base channel count

channel

replicator channel module name

J Syntax summary

=

=

=

=

=

=

=

=

=

=

=

   ’ ’

|

| [ ]
| [ , ]
| [CALL : ]
| [ FROM FOR ]
| [ FROM ]
| [ FOR ]
| [ ]

             ,
| VAL ,
| INITIAL ,
| RESULT ,

   CALL
| [ ]

          ? CASE

   CHAN OF
|
| [ ]

| [ ]
| [ FROM FOR ]
| [ FROM ]
| [ FOR ]
| [ , ]
| [CHAN : ]
| [ ]

134

{ } choice guarded.choice conditional specification choice

conditional choice replicator choice

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

count expression

data.type

expression data.type name

J Syntax summary

=

=

=

=

=

|
|

   IF

| IF

| ROUND
| TRUNC

   BOOL
| BYTE
| INT
| INT16
| INT32
| INT64
| REAL32
| REAL64
| NONE
| [ ]
|

1

1

1 0

1

135

{ } { } { } { } { { }

{ }

{ } { } declaration data.type name data.type name expression channel.type name call.typename call.formal timer.type name shared.call name formal shared.channels name port.type name

process

process

process

alternative

declaration

specification

decoration data.type

J Syntax summary

=

=

             , :
| INITIAL IS :
| , :
| ( , ) :
| , :
| ( , ) :
| :
| , :
| INITIAL

   :
| FINAL

   :
| RESOURCE

   :
| SERVER

   :
| INTERFACE

   TO

   :

0

1 0 1 0

0

1

136

{ }

{ }

{ }

{ }

{ } { } { } { }

{ } { }

{ } { } definition name data.type name structured.type

name

declaration

name

declaration

name

tagged.protocol

name simple.protocol name sequential.protocol name formal process

data.type name formal expression.list data.type name formal function.body

name formal declarations

name declaration

name import.item specifier name variable

specifier name expression

expression name data.type expression name structured.type

delayed.input timer expression

digit

discriminant name process

exponent digits digits

J Syntax summary

=

=

=

=

=

   DATA TYPE IS :
| DATA TYPE

   :
| CHAN TYPE
     RECORD

   :
| CHAN TYPE
     RECORD

   :
| PROTOCOL
     CASE

   :
| PROTOCOL IS :
| PROTOCOL IS :
| PROC ( , )

   :
| , FUNCTION ( , ) IS :
| , FUNCTION ( , )

   :
| MODULE TYPE ( , )

   :
| INTERFACE TYPE

   :
| FROM IMPORT , :
| RETYPES :
| VAL RETYPES :
| WIDTH DATA TYPE IS :
| WIDTH DATA TYPE

   :

       ? AFTER

   0 | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9

   + | -

0 1

1 1 1 1

137

{ } { }

{ } { } { } { } export.item proc.heading function.heading

data.type name

name

name name

name name

name name

name name

name

expression.list name expression expression value.process

expression operand monadic.operator operand operand dyadic.operator operand

data.type data.type expression name conversion data.type

field.name name

formal specifier name specifier name

specifier name data.type name interface.type

function.body value.process

guarded.alternative guard process

guarded.choice boolean process

J Syntax summary

=

=

=

=

=

=

=

=

             :
| :
| VAL :
| DATA TYPE :
| DATA TYPE NAME :
| MODULE TYPE :
| MODULE TYPE NAME :
| CHAN TYPE :
| CHAN TYPE NAME :
| PROTOCOL :
| PROTOCOL NAME :
| INTERFACE TYPE :
| INTERFACE TYPE NAME :

        ( , )
| ,
| (
   )

|
|
| MOSTPOS
| MOSTNEG
| [ ]
|
| WIDTHOF ( )

            ,
| VAL ,
| RESULT ,
| INITIAL ,
| MODULE

1

0

1

138

{ } { }

{ }

{ }

{ } { } guard input boolean input boolean

call.channel call.formal process boolean call.channel call.formal

process

channel process boolean channel

process

hex.digit digit

import.item name name name

input.item variable variable variable

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

instance name actual

integer digits hex.digits

interface.type name

literal integer byte integer decoration byte decoration real decoration string

expression expression decoration replicator expression name expression decoration

J Syntax summary

=

=

=

=

=

=

=

=

=

| &
| & SKIP
| ACCEPT ( , )

| & ACCEPT ( , )

| GRANT

| & GRANT

       | A | B | C | D | E | F

| AS

| ::

          ? ;
| ? CASE
|
|
| ?

        ( , )

        | #

|
| ( )
| ( )
| ( )
|
| TRUE | FALSE
| [](NONE)
| [ , ]
| [ , ]( )
| [VAL : ]
| ( :- ) ( )

0 1

0

1

1

1

139

{ } {

{ }

{ }

{ } { }

{ }

{ } loop boolean process

module.specifier interface.type

module name module expression name actual module module base count module base module count replicator module interface.specifier module

operand variable literal table expression value.process

name expression

option case.expression process

process specification option

output.item expression expression expression

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

parallel process replicator process

process

replicator process placedpar

J Syntax summary

=

=

=

=

=

=

=

=

   WHILE

   MODULE
| MODULE

| [ ]
| INSTANCE ( , )
| [ , ]
| [ FROM FOR ]
| [ FROM ]
| [ FOR ]
| [INSTANCE : ]
| CONVERT( )

|
|
| ( )
| (
   )
| ( , )

     ,

| ELSE

|

| ::

          ! ;
| !
| ! ; ;
| !

   PAR

| PAR

| PRI PAR

| PRI PAR

|

0

140

{ }

{ }

{ }

{ } placedpar placedpar

replicator placedpar

expression process

port.type data.type expression port.type

port name port expression port base count port base port count

process expression discriminant allocation process assignment input output

instance sequence conditional selection loop parallel alternation specification process

call.channel call.formal process

channel process

channel process call.channel call.actual case.input

protocol name simple.protocol

real digits digits digits digits exponent

J Syntax summary

=

=

=

=

=

=

   PLACED PAR

| PLACED PAR

| PROCESSOR

   PORT OF
| [ ]

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

   CASETAG

| :

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

| ACCEPT ( , )

| CLAIM

| GRANT

| ( , )
|

|

       . | . E

1

141

{ }

{ }

{ }

{ } { } replicator name base count

selection selector option

selector expression

sequence process replicator process

sequential.protocol simple.protocol

shared.call expression shared.call

shared.channels name expression shared.channels

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

specification declaration abbreviation definition

export.item

specification

specifier call.type channel.type data.type timer.type

specifier expression specifier

J Syntax summary

=

=

=

=

=

=

=

=

=

=

        = FOR

   CASE

   SEQ

| SEQ

     ;

   SHARED CALL
| [ ]

   SHARED
| [ ]

| ::[]

|
|
| EXPORT

   FROM

   :

|
|
|
| []
| [ ]

1

1

1

1

142

{ { } } { { } } { } { { } }

{ }

{ } structured.type data.type field.name

data.type name

data.type name expression

data.type 1 expression name

table table subscript expression table subscript count table subscript table count

tagged.list tag tag input.item

tagged.protocol tag tag sequential.protocol

tag name

timer.input timer variable

timer.type expression timer.type

timer name timer expression timer base count timer base timer count

valof specification valof

value.process process

expression.list specification value.process

J Syntax summary

=

=

=

=

=

=

=

=

=

=

   RECORD
                , :
| UNION
               , :
| RECORD
       PLACE OFFSET :
| UNION
                , ( ) :

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

| ; ;

| ;

       ?

   [ ]
| TIMER

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

   VALOF

     RESULT
|

1

143

{ } variable.list variable

variable variable name variable base count variable count variable base variable expression

variant specification variant tagged.list

process specification variant

J Syntax summary

=

=

=

     ,

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

|

|

144

This section provides a complete listof symbols and keywords.

call channel body later than operator alternation boolean and operator anarchic protocol importrenaming at bitwiseand operator bitwisenot operator bitwiseor operator boolean type byte type data type width call channel type selection, variant protocol,case input union type discriminator channel type claimof shared channel data type conversion data type definition default selection libraryexport boolean constant finalised declaration, finalisationprocess count base functiondefinition grant of shared channel conditional importfromlibrary initialiseddeclaration, initialisationprocess module instance integer type 16bitinteger type 32bitinteger type 64bitinteger type module interface specification introduction modulosubtraction/negationoperator module most negative most positive type name exported fromlibrary data type withno content boolean not operator record layout boolean or operator parallel allocation placed processes moduloadditionoperator port type prioritisedconstruction procedure processor allocation protocoldefinition 32bitreal type 64bitreal type record type remainder operator resource process value process result retypingconversion roundingoperator sequence server declaration channel type modifier array size operator skip process stop process timertype modulomultiplicationoperator

boolean constant truncationoperator type definition union type value value process loop data type widthspecification

Ifan implementationadds furtherreserved words, then the names used must not includelowercase letters.

occam

location

K Keywords and symbols

K Keywords and symbols

ACCEPT
AFTER
ALT
AND
ANY
AS
AT
BITAND
BITNOT
BITOR
BOOL
BYTE
WIDTHOF
CALL
CASE
CASETAG
CHAN OF
CLAIM
CONVERT
DATA
ELSE
EXPORT
FALSE
FINAL
FOR
FROM
FUNCTION
GRANT
IF
IMPORT
INITIAL
INSTANCE
INT
INT16
INT32
INT64
INTERFACE
IS
MINUS
MODULE

                                             MOSTNEG
                                             MOSTPOS
                                             NAME
                                             NONE
                                             NOT
                                             OFFSET
                                             OR
                                             PAR
                                             PLACE
                                             PLACED
                                             PLUS
                                             PORT OF
                                             PRI
                                             PROC
                                             PROCESSOR
                                             PROTOCOL
                                             REAL32
                                             REAL64
                                             RECORD
                                             REM
                                             RESOURCE
                                             RESULT
                                             RETYPES
                                             ROUND
                                             SEQ
                                             SERVER
                                             SHARED
                                             SIZE
                                             SKIP
                                             STOP
                                             TIMER
                                             TIMES
                                             TO
                                             TRUE
                                             TRUNC
                                             TYPE
                                             UNION
                                             VAL
                                             VALOF
                                             WHILE
                                             WIDTH

145

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 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 Separator forspecifications, parameters, and table Sequential protocolseparator Specification terminator Comment introduction Uniontype literalconstructor

K Keywords and symbols

Arithmetic operators

Bit operators

Relational operators

Communication symbols

Other symbols

+
-
*
/
\

/\
\/
><
~
<<
>>

=
<
>
<=
>=
<>

                        !
                        ?

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

146

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:

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

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

occam occam

&c

L Character set

ASCII Dec Hex ASCII Dec Hex ASCII Dec Hex

L Character set

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

           !
           "
           #
           $
           %
           &
           ’
           (
           )
           *
           +
           ,
           -
           .
           /
           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
                                               {
                                               |
                                               }
                                               ~

        * ’ "

147

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 by followedby two hexadecimal digits,forexample:

is a byte constant.

L Character set

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

               *#

soh := ’*#01’ ’*#01’

148

Thisappendix providesa complete listofthe standard libraryroutines. The behaviourofroutines is described indetailinthe followingappendices. Libraryroutines (typicallythe most primitiveroutines)may be predefined in an implementation,that is, they may be knownto the compilerand do not need to be explicitlyreferenced by the programmer. Other librariesmust be explicitlyreferenced by the programmer, and the name used in theirspecification has the same propertyas any other specification. However,programmers are discouraged from using the names of any libraryroutine for any specification 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 arithmeticfunctionsprovidearithmeticshifts,wordrotationsand the primitivesto construct multiplelength arithmeticand multiplelength shiftoperations.

M Standard libraries

M Standard libraries

M.1 Multiple length integer arithmetic functions

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) :

149

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

M Standard libraries

M.2 Floating point functions

M.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):
REAL32 FUNCTION IEEE32OP (VAL REAL32 X, VAL INT Rm, VAL INT Op,
                                                         VAL REAL32 Y):
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) :
REAL32 FUNCTION REAL32EQ (VAL REAL32 X, Y) :
REAL64 FUNCTION REAL64EQ (VAL REAL64 X, Y) :
REAL32 FUNCTION REAL32GT (VAL REAL32 X, Y) :
REAL64 FUNCTION REAL64GT (VAL REAL64 X, Y) :
INT FUNCTION IEEECOMPARE (VAL REAL32 X, Y) :
INT FUNCTION DIEEECOMPARE (VAL REAL64 X, Y) :

150 M Standard libraries

M.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):

151

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

M Standard libraries

M.5 Value, string conversion procedures

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) :

152

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.

constants used in the followingdescription

= 2 = ( 2 1)

= ( 2) literals

IS 1( ) : IS 2( ) :

mask

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

bitsper wor d range/ range/ − −

INTEGER

INTEGER INTEGER

INTEGER

INTEGER

INTEGER INTEGER INTEGER

INTEGER

N Multiple length arithmetic functions

N Multiple length arithmetic functions

    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

153

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

performsthe additionofsigned quantitieswitha carryin. The functionis invalidifarithmeticoverflow occurs.

− −

− − −

INTEGER

INTEGER

INTEGER

INTEGER

INTEGER

INTEGER

N Multiple length arithmetic functions

N.1 The integer arithmetic functions

                                          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
     :

LONGADD

154

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.

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

INTEGER

INTEGER INTEGER INTEGER

INTEGER

INTEGER

N Multiple length arithmetic functions

     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)
     :

LONGSUB

155

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

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

INTEGER

INTEGER INTEGER INTEGER

INTEGER

INTEGER

N Multiple length arithmetic functions

     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)
     :

LONGPROD

156

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.

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

0 = = 2 < < ∗

INTEGER

INTEGER

ie

N Multiple length arithmetic functions

     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)
     :

SHIFTRIGHT

       places bitsperword

157

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.

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.

0 = = 2 < < ∗

INTEGER

ie

N Multiple length arithmetic functions

     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
     :

SHIFTLEFT

       places bitsperword

158

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.

normalises a double length quantity. No overflowcan occur.

INTEGER

N Multiple length arithmetic functions

     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
     :

NORMALISE

159

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 .

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

0 = =

No overflowcan occur.

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

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

< <

/

∗

− − −

INTEGER

ie

eg

INTEGER

N Multiple length arithmetic functions

N.B

N.2 Arithmetic shifts

     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
     :

ASHIFTRIGHT

       places bitsperword

     ASHIFTRIGHT ( )

     -- operand places
     --

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

160

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.

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.

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.

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.

0 = =

< <

< <

< < ie

INTEGER

INTEGER

ie

INTEGER

ie

N Multiple length arithmetic functions

N.B

N.3 Word rotation

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
     :

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

161

The action of the functionis defined as follows:

Rotates the value in by the given number of .

INTEGER

N Multiple length arithmetic functions

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)
:

162

The floatingpointfunctionsdescribed inthis appendix providethe listoffacilitiessuggested by the ANSI/IEEE standard 754-1985.

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

( ) =

Thisreturns the absolute value of . Thisis implementedclearingthe sign bitso that becomes and even though Not-a-Numbers(NaNs) have no signed-ness the sign bit in their representation willbe cleared.

| |

NaN Inf

O Floating point functions

Error Single length value Double length value

O Floating point functions

O.1 Not-a-number values

O.2 Absolute

     REAL64 REAL32

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

                                ABS X X

                     X -0.0 +0.0

163

( ) =

This returns the square root of . Negative arguments produce a Negative square root Not-a-Number,and infinityproduces an infinity.

( ) =

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.

n n n

X

NaN

NaN Inf

,

√

⇔ ∈

⇔ ∈ ∪

×

O Floating point functions

O.3 Square root

O.4 Test for Not-a-Number

O.5 Test for Not-a-Number or infinity

O.6 Scale by power of two

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

                               SQRT 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

164

= 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) = 0 = “otherwise” = 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 an infinityor a NaN then a NaNis returned in and holds MaxExp- the exponent of a NaN.If is zero then a NaNis returned in and MaxExpin - this is because the methods used to evaluate a functionin its primaryrange willnot be defined for whichshould have already been dealt withas a special case. The use of a NaN in these cases signals an error in the attempt to produce a “primaryrange” value and offset from .

= 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

Inf NaN NaN RealExp Bias , r

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

∈ ∪ ∧ ̸⇒ − ⇒ − ∈ ⇒ ∈ ⇒

∨ ∈ ∪ ⇒ ∈ ∧ − × ∧ ∈ ×

− − where

where r n r r r n r r n r n

where

O Floating point functions

NOTE

O.7 Return exponent

O.8 Unpack floating point value

O.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 X
                                                           X
                                                     X

       0.0
                                                              X

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

     X X
                                               X ABS

165

= 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

O Floating point functions

O.10 Copy sign

O.11 Next representable value

O.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

                             < >

166

( ) = ( )

+ = ( + )+ ( ( + ) 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.

( ) = 2

This returns dividedby 2 withunderflowhandlingas defined in the ANSI/IEEEstandard 754-1985.

. , , 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

O Floating point functions

Z

O.13 Perform range reduction

O.14 Fast multiply by two

O.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

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

     X

167

= result 2 = 2 = This returns rounded to a floatingpointinteger value.

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

O Floating point functions

O.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

168

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 without error 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 functionis:

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

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

occam

occam

occam

X Op Y

X Y

X Op Y op

P IEEEfloating point arithmetic

P IEEEfloating point arithmetic

P.1 ANSI/IEEEreal comparison

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

IEEEOP (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)
      ...
    :

169

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 .

>

NOT <> less than greater than equals unordered

P IEEEfloating point arithmetic

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

170

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

. . π

{ } { }

∗ ∗

−

Domain Range Domain ie Range Domain

exceptional results

Q Elementary function library

loge 2

NaN Inf NaN Inf

NaNs NaN +Inf Inf Inf

NaN

Error Single length value Double length value

Q Elementary function library

                            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

171

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

− −

− −

− − −

Q Elementary function library

NaN NaN

loge X

Domain : Range :

undefined.NaN

log10 X

Domain : Range :

undefined.NaN

Domain : Range : Inf

Q.1 Logarithm

Q.2 Base 10 logarithm

Q.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

172

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

− −

≤ ≤

− − ≤ ≤ ± ≤ ≤ − ≤ ≤ − ≤ ≤ − −

− − − ∗ ∗ −

Q Elementary function library

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

Q.4 Xto the power of Y

Q.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

173

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

− − − ∗ ∗ −

− − − ∗ ∗ −

− −

Q Elementary function library

Domain : Range :

inexact.NaN

Domain : Range :

inexact.NaN

Domain : Range :

undefined.NaN

Q.6 Cosine

Q.7 Tangent

Q.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

174

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

−

− −

− − − ± ±

Q Elementary function library

Domain : Range :

undefined.NaN

Domain : Range :

Domain : Range :

Inf Inf undefined.NaN

Q.9 Arccosine

Q.10 Arctangent

Q.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)
  ...
:

175

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 >

− − − − − −

− − −

| |

− −

Q Elementary function library

Domain : Range :

Inf Inf

Domain : Range : Inf

Domain : Range :

Q.12 Hyperbolic sine

Q.13 Hyperbolic cosine

Q.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)
  ...
:

176

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

Q Elementary function library

Domain : Range :

Q.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

177

This appendix describes the standard libraryof string to value, value to string routines. The libraryprovides primitiveprocedures to converta value to and fromdecimalor hexadecimal representations. Highinput/output routines can be easily built using these simple procedures, 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:

R Value, string conversion routines

R Value, string conversion routines

R.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

178

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 stillvalid. 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 24.

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

R Value, string conversion routines

R.2 Boolean, string conversion

R.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

179

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

R Value, string conversion routines

                                   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

180

An abbreviation specifies a as an for an existing or for the value of an . The meaning of the alias is defined by substitution of the abbreviated element or expression. Aprocess whichservices a call channel.

Aparameter used in an of a procedure. Aname specified by an abbreviation.

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 . Aparameter used in an instance of a function.

Anumber of components of the same type.

Evaluates an expression or list of expressions, and assigns each result to a corresponding variable.

Operation on the individualbits in the representation of a value. Logicalevaluation of truth values.

Selects the protocolof an inputon a single channel withvariant protocol. Unbuffered, uni-directionalpoint-to-pointconnection for communication between two processes executing in parallel.

The formatofcommunicationon a channel. Communicationis validonlyifthe output and inputare compatible; each communicationis of the type specified by the channel protocol.

Aprocess whichobtains exclusive use of a shared channel and uses it. Acomponent of a conditional.

The communicationof values between concurrent processes. Processes acting and existingtogether. A construction ( ) which combines a number of processes each of which is guarded by a boolean.

Configurationassociates the components of an program witha set of physical resources.

Aconstructioncombines processes. programs are builtfromprocesses, bycombining primitiveprocesses and other constructions to form constructions of ( ), ( ), ( ), ( ), ( ) or ( ).

The structure of a value. The data type of a variable defines whichvalues can be stored in that variable. The data type of a value defines the operations whichcan 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 .

Aspecial whichwillwaituntilthe timerhas incremented beyond a specified time before terminating. Usefulforadding a simple delay in a process.

Adiscriminationis a process whichidentifies the tag of a value of union type. This process is introduced withthe keyword .

occam

occam

name alias element expression

instance

scope variable channel timer array port

alternation

ie

sequence conditional selection loop parallel alternation

variable channel timer array timerinput

S Glossary of terms

Abbreviation

Accept Actual parameter Alias Alias check Allocation Alternation

Alternative Argument Array Assignment

Bitwise operation Boolean operation

Case input Channel

Channel protocol

Claim Choice Communication Concurrency Conditional

Configuration

Construction

Data type

Deadlock

Declaration Delayed input

Discrimination

S Glossary of terms

               IF

                                                             SEQ
IF CASE WHILE PAR ALT

                       CASETAG

181

A procedure, function, , whichis defined in a and made available for use in other applications.

Alistof expressions separated by commas; used in and .

Afield is part of a record type.

Adeclaration whichis executed after its scope.

Parameter specified in the definitionof a procedure or function. Aformalparameter acts as an forthe used in an of a procedure.

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.

Aprocess whichgrants exclusive use of a shared channel to a claimprocess. Determines the execution of an associated process in a choice ( ) or alternative ( ). Aprocedure, function, , whichis defined in a libraryand is used a separate application.

An offset fromthe left hand edge of the page. In indentation is critical,and serves to define the structure of processes. Avariable declaration whichprovides an initialvalue forthe variable.

Adeclaration whichis executed before its scope. Receive a value froma channel and assign the value to a variable.

Aninputwhichguards an alternative in an alternation. The occurrence of a procedure or applicationof a function. The names and types of channels whichare used to communicate witha .

A process whose behaviour has for some reason become undefined, and as a result may lead to the failureof a system.

A set of functions,procedures, data types, , whichcan be shared between any number of applications. Aliteralis a textual representation of a knownvalue, and has a data type.

Adivergentprocess, one whichmay remain internallyactivebut not performfurthercommunication, it may behave likethe followingprocess:

Adeclaration whichis executed in parallelwithits scope and presents a channel interface.

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.

a networkconsists of a number of processing devices, microcomputersperhaps, withthe facilityto communicate witheach other.

Yields a value in an expression. (monadic or dyadic)performs an operation on its operand(s).

Send the value of an expression to a channel.

occam

&c library

multipleassignment functions

abbreviation actual parameter instance

boolean guard input guard &c

module

&c

ie

S Glossary of terms

Export

Expression list

Field Final process Formal parameter

Free channel Free name Free variable Function definition

Grant Guard

Import Indentation

Initial abbreviation Initial process Input Input guard Instance Interface Invalid process

Library

Literal Livelock

Module Modulo operator

Network

Operand Operator Output

WHILE TRUE
  SKIP

                                       PLUS MINUS TIMES

182

Aconfigurationstatement whichplaces a process on a particularprocessing device.

A primitivetype is a channel, timer, integer, boolean, byte or real type. A is also a primitivetype. Prioritycan be given to a parallelexecuting on a single processing device. Lowerpriorityprocesses on such a device may only continue when all higher priorityprocesses are unable to. The inputs which guard alternatives in an alternation may be given a selection priority. If two 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 of values passed on a channel.

The actual time taken fora physical process to occur. Arecord consists of a number of witha specified type. In a data type record, each field has a data type and in a channel record, each field has a channel 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. Channel over whichparameters are passed to another process whichexecutes the body of a procedure. Arepetitiveprocess ( ) executes the associated process as long as the specified conditionis true; ifthe conditionis initiallyfalse the associated process is not executed.

Areplicatorproduces a number of similarcomponents of a construction.

Adeclaration whichis executed in parallelwithits scope. An abbreviation which defines the value of a variable on leaving the scope of the abbreviation. A retyping conversion changes the data type of a bit pattern, from one data type to another. There are two kinds of retyping conversions: conversions which convert a variable, and conversions whichconvert the value ofan expression. Such a conversion has no effect upon the bit pattern, and differs from where the value ofone type is represented as an equivalent value of another type.

The region of a program associated withthe specification of a name.

Asegment is one or more components of an array. Aselection process ( ) executes a process froma listof associated options. The options are selected by matching a selector witha constant 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.

Adeclaration whichis executed in parallelwithits scope. A channel which can be used for communicationby more than one process, subject to having first been claimed.

Perform logicalshiftof the bit pattern of a value.

occam

occam

port

assignment input output

type

fields

type conversion

S Glossary of terms

Placement Primitive type

Priority

Procedure definition Procedure instance

Process

Protocol

Real time Record

Record layout Relational operation Remote call

Repetitive process

Replication Resource process Result abbreviation

Retyping conversion

Scope Segment Selection

Sequence Sequential protocol

Server process Shared channel

Shift operation

                                                                   :=
 ? ! SKIP STOP SEQ IF CASE WHILE PAR
ALT

                         WHILE

                 CASE

                   SEQ

183

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 given in an abbreviationor definition. Start, performno furtheraction and do not terminate. Asequence of ASCIIcharacters equivalent to a table of bytes.

Anexpression whichselects a component of an array. One of the possible values of a union type.

Anarray of values of the same type, used in expressions. Identifierofa protocolvariantspecified ina definition;or the identifierofa unionsubtype in a data type definition.

Atimeris a clockwhichcan be accessed by any number of concurrent processes.

Atimerinputinputs a value froma timer.

Atype conversionconverts the value ofan expression ofone data type intoa similarvalue of another data type.

Aunionis a data type witha number of ofspecified data type. Each subtype is discriminated bya distinct . The values ofthe uniontype consist ofa tag value and a value ofthe corresponding data type.

Ensure that variables and channels are not shared between parallelcomponents.

Avalue process produces one or more results, each of primitivedata type. Avariable is an element of data type whichmay be assigned to by inputor assignment.

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.

Specifies a listof possible protocols forcommunicationon a single channel.

alias

variantprotocol

subtypes tag

multipleassignment

S Glossary of terms

Skip Specification

Specifier Stop String Subscript Subtype

Table Tag Timer Timer input Type conversion

Union

Usage check

Value process Variable Variable list Variable subscript

Variant protocol

184 S Glossary of terms

, , 145 , , 145 , , 145 , , 145 , , 145 , 25, 67, 78, 81, 91, 145 , 25, 67, 78, 81, 91, 145 , 68, , , , , , , , , , , , , , , , 68, 145 , 145 , , 68, 145 , 145 , , 68, 145 , 68, , 145 , 145 , , 145 , 47, 145

, 47 , 5, 145 , 48, 145 , 68, , 145 , 68, , 145 , 68, , 145 , 68, , 145 , 68, , 145 , 68, , 145 , 68, , 145 , 68, , 145 , 68, , 145 , 6, 145

, 64 , 49, 51 , 67, 145 , 145 , 68, , 145 , 68, , 145 , 67, 145 , 68, , 145

Abbreviation,24, , 109, 116, 180

call channel, channel, module, 92 result, rules, timer, value, variable, , Absolute,

, 57 Accept, , 180

, 174 Action,5 Actualparameter, 56, 75, 78, 82, 180 Addition,68

, 64, 68, , 144 Alias,180 Aliascheck, 116, 117, 180 Allocation, , 107, 108, 180

, 171

, 171 , 18, 144 Alternation,9, , 106, 180

accept guard, priority, replicated, shared channel, 61 timerguard, Alternative,18, 34, 51, 180 Anarchicprotocol,

, 68, , 144 ANSI/IEEEstandard 754-1985, 23, 24, 113, 162, 168 , , 144 Arccosine,174 Arcsine,173 Arctangent,174 Argument,82, 180 , Arithmeticoperator, , 145 Arithmeticoverflow,69 Arithmeticshift,159 Array,47, 63, 91, 116, 180

alignment, allocation,107 assignment, 26, channel, component, data type, parallel, segment, , table, , variable, 29 Arrayprotocol, Arraysize, 68 ASCII,25, 146 , 160 , 159 , 173 Assignment, , 29, 31, 180

multiple, Assignment

multiple,82

Index 6 24 24 18 24

68 145 147 147 147 147 147 147 147 147 147 147 147 147 68 68 68 70 41

72 71 72 72 72 72 70 72 71

69 70 70 34 58 53 36 116 65 36

34 162 162 56

73

106

18 57 106 20 65 115 71

115

166 68

111 32 45 30 26 37 30 73 26 67 47

5 5

!
"
#
&
’
(
)
*
*"
*#
*’
**
*C
*N
*S
*T
*c
*n
*s
*t
+
,
-
--
/
/\
:
:-
::
::[]
:=
;
<
<<
<=
<>
=
>
><
>=
>>
?
? AFTER
? CASE
[
[]
\
\/
]
~

                                           ABS

                                           ACCEPT

                                           ACOS

                                           AFTER

                                           ALOG
                                           ALOG10
                                           ALT

                                           AND

                                           ANY

                                           ARGUMENT.REDUCE

                                               SIZE

                                           ASHIFTLEFT
                                           ASHIFTRIGHT
                                           ASIN

186

, 144

, 174 , 174

Base 10 logarithm,171 Bitoperation, , 145 Bitpattern, 109

, 68, , 144 , 68, , 144 , 68, , 144 Bitwiseand, 68, Bitwiseexclusive or, 68, Bitwisenot, 68, Bitwiseoperation, 180 Bitwiseor, 68,

, , 144 Boolean and, 68, Boolean expression, 11, 18 Boolean not, 68, Boolean operation, , 180 Boolean or, 68, Boolean to string, 178 Boolean type, 23 , 178 , , 144 Byte type, 23

, 56 Callchannel,

abbreviation,58 declaration, formal, shared, type, , , , 144 Case expression, 12 Case input, , 180 , , 45, 144 Channel, 5, , 57, 116, 145, 180

abbreviation, array, declaration, , 47, 48 protocol, record, shared, type, Channel protocol,180 Character set, Checking usage, 116 Choice, 11, 34, 180 , Claim,59, 180

deadlock, 60 Clock,63 Coercion, 109 Combiningprocesses, Comment, 3 Communication,5, 15, 45, 46, 55, 59, 105, 180 Component, Concurrency, 180

Concurrent process, 9 Conditional,9, , 180

replicated, Configuration,105, 180 Constant, 23 Construction, , 180 Continuationline, 3 Conversion, 73

interface, 93 , , 173 , 175 Cosine, 173 Count, 68 Counted array protocol, Counted loop, 10 , , 174 , 171

, 171 , , 173 Data type, 5, 6, , 23, 39, 95, 180

conversion, name, 39 record, 39 union, 41 width, , 111 Data type conversion, 67

, 174 , 174 , , 173 , 175

, 166 Deadlock, 60, 180 Declaration,32, , 56, 90, 180

call channel, channel, initial,

, 108 process, timer, variable, Decoration,114 Definition, , 93, 109 Delayed input,64, 180

, 171 , , 167

, 169 Discrimination,42, 180 Disjointarray, , Distributedprocessor, 105

, 166 Division,68 , , , 166

Index

70 70 70 70 70 70 70 70 23 71 71 71 71

23

55, 56 55 56 59 56 12 49 49 42 45 53 45 45 46 52 59 45 146

59

9

30

11 12

9

165

47 162

166 23 73

110

165

34 55 45 32 86 63 29 34

164

37 163

164 164

AT
ATAN
ATAN2

BITAND
BITNOT
BITOR

BOOL

BOOLTOSTRING
BYTE

CALL

CASE

CASETAG
CHAN OF

CLAIM

                                           COPYSIGN
                                           COS
                                           COSH

                                           DABS
                                           DACOS
                                           DALOG
                                           DALOG10
                                           DARGUMENT.REDUCE
                                           DASIN

                                           DATAN
                                           DATAN2
                                           DCOPYSIGN
                                           DCOS
                                           DCOSH
                                           DDIVBY2

                                               PORT

                                           DEXP
                                           DFLOATING.UNPACK
                                           DFPINT
                                           DIEEECOMPARE

                                           DISNAN

                                           DIVBY2

                                           DLOGB
                                           DMINUSX
                                           DMULBY2

187

, , , 172 , 176 , , 172 , 175 , , 173 , 175

Elementary function,170 Elementary functionlibrary,150

, 13, 144 Emptyrecord, 41 Encapsulation, 99 Equal operation, 68, Errorhandling,118

, 171 Exponential,171 Export,180 Exportlist, , 95, 98 Expression, 5, 24, Expression list, , 181 External device, 108

, 144 Farm, 19, 20 Fast divide,166 Field, , 110, 181

, 87, 144 Finalprocess, 87, 181 Floatingpoint,23, 24, 113, 149 Floatingpointarithmetic,168 Floatingpointfunction, , , 68, 144 Formal parameter, 78, 181 Format

protocol,

, 167 Free channel, 181 Free name, 82, 181 Free variable, 181

, 68, 144

, 84, 144 Function,24, , 117

multipleresult, 82 Functiondefinition,181 , Grant, 59, 181 Greater than, 68, Guard, 181

Haltsystem mode, Hex to string, 177 , 177 Hyperboliccosine, 175 Hyperbolicsine, 175 Hyperbolictangent, 175

IEEEarithmetic,149

, 168 , 168

, 169 , 112 , , 144 Import,181 Importlist,95, Indentation,33, 181

, 32, 56, 87 Initial

declaration, Initialabbreviation,181 Initialprocess, 87, 181 INMOS,1 Input, , 29, 47, 49, 51, 64, 108, 181 Inputguard, 181 Instance, 75, 181

, , 144

, , 144 , , 144 , , 144 Integer, 23 Integer range, 70 Integer to string, 177 Integer type, 23 , 89 Interface, 85, 89, 181

type, 92 Interface conversion, 93 , 177 Invalidprocess, , 181

, 144 , Keyword,4, 34, 144

Later than, 68, Less than, 68, Less than or equal, 68, Library, , 101, 148, 181 Linebreak, 3 Linking, Literal,23, , 114, 181 Livelock,181 Localscope, Logarithm,171 , , 154 , 155 , 156 , 156 , 155 , 154 Loop,9,

Memory

allocation, Memorymap, 106 Memorymapped device, 108

, 68, , 144

Index

165 165

163

163

72

95 67 5

39

162 164

46

81

59 72 118

11 101

32

6

23 23 23 23

118 163

73 72 72 95 101 24 33 164

13

106

70

DNEXTAFTER
DORDERED
DPOWER
DRAN
DSCALEB
DSIN
DSINH
DSQRT
DTAN
DTANH

ELSE

EXP

FALSE

FINAL

FLOATING.UNPACK
FOR

FPINT

FROM
FUNCTION

GRANT

HEXTOSTRING

                                           IEEE32OP
                                           IEEE64OP
                                           IEEECOMPARE
                                           IEEEOP
                                           IF

                                           INITIAL

                                           INT
                                           INT16
                                           INT32
                                           INT64

                                           INTERFACE

                                           INTTOSTRING

                                           IS
                                           ISNAN

                                           LOGB
                                           LONGADD
                                           LONGDIFF
                                           LONGDIV
                                           LONGPROD
                                           LONGSUB
                                           LONGSUM

                                           MINUS

188

, Module, , 86, 181

abbreviation,92 array, type, 90 Moduleparameter, 93 Modulo

addition,68 multiplication,68 subtraction, 68 Modulooperator, , 181

, 68, , 144 , 68, , 144 , 166 Multipleassignment, , 81, 82 Multiplelength arithmeticfunctions,152 Multiplication,68

, 96 Name, 4 Named data type, , 39 Named process, 75 Network,19, 181 , , Nonsense, 77 , 159 , 68, , 144 Not equal operation, 68, Not-A-Number, , 163, 170 Notation

syntax, 3 , Numbered union, 110

2, 1 , 110 Omission of type decoration, 114 Operand, 67, 181 Operation, Operator, 67, 181 Operator precedence, 67 Option,12, 34

, 68, , 144 , Output, , 47, 108, 181

, 14, 144 Parallel, 9, , 105, 106

array, disjointness, , 89, 92, 116 placed, priority, replicated, usage, , 89, 92, 98, 116, 117 Parameter, 82

actual, 78 formal,78 Parenthesis, 67 Physical resource, 105

, 107, 110, 144

, 144

, 105 Placed parallel,105 Placement, 182

, 64, 68, , 144 Polar angle, 174

, 144 Port, 108, 116 Port type, 108

, 172 , 144

, 106 , 105 Primitivetype, 182 Priority,105, , 182

alternation, execution, level, parallel, , 144 Procedure, , 117 Procedure definition,182 Procedure instance, 182 Process, 5, 9, 34, 107, 182

declaration, final, 87 initial,87 named, 75 resource, 87 server, 88 Process declaration, 85 , 105, 144 Processor allocation,105 Program, 95

, 48, 144 Protocol, 45, , 47–49, 182 , definition, name, sequential, 48 simple, variant, Protocol definition,49 Pseudo-random number, 176

, 176 Real arithmetic,69 Real comparison, 168 Real number, 23, 24 Real time, 182 Real to string, 178 Real type, 23

, , 144

, 169 , 169 , 168 , 168 , , 144

, 169 , 169 , 168

occam

Index

164 85 91

70 70 70 5

39

165 41

71 72 162

163

68

71 165 6

14 37 16 105 105 16 16

70

106 106 105 106 105 75

86

46 115 47 47 47 49

23

23

MINUSX

MOSTNEG
MOSTPOS
MULBY2

NAME

NEXTAFTER
NONE

NORMALISE
NOT

NOTFINITE

OFFSET

OR
ORDERED

PAR

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

189

, 168

, 178 , 168 , 168 , 53 Record, , 39, 110, 182

channel, 52 Record layout, , 182 Record literal,40 Relationaloperation, , 145, 182

, , 68, 144 Remainder, 68 Remote call, 182 Repetitiveprocess, 182 Replicated alternation, Replicated conditional, Replicated parallel, Replicated sequence, Replication,9, 10, 12, 16, 20, 182 Replicationindex, 10, 23, 24 Representation, 24 Reserved word,144

, 87 Resource process, 87, 182

, 56, 84, 144 Result abbreviation, , 182 Return exponent,

, 109, 144 Retypingconversion, , 182 , 161 , 160 , 73, 144 Rounding, , 69, , 167 , Scope, 32, 34–36, 52, 82, 109, 182 Segment, , 182 Selection, , 182 , Selector, 12 Separate compilation,

, 9, 144 Sequence, 9, , 182

replicated, Sequential protocol,48, , 182

, 88 Server process, 88, 182 Shared, Shared call channel, 59, 61 Shared channel, 59, 61, 182

alternation, 61 Shiftleft,68, Shiftoperation, , 182 Shiftright,68, , 158 , 157 Simple protocol,

, 172 Sine, 172

, 175 , 68, , 144

, , 144 Skip, 182 Specification, 34, , 183 Specifier, 183 , Square root, Standard library,148

, , 118, 144 Stop, 183 Stop process mode, String, 25, 183 String to boolean, 178 String to hex, 177 String to integer, 177 String to real, 178 String to value conversion, 177 , 178 , 177 , 177

, 178 Subscript, 68, 116, 183 Subtraction, 68 Subtype, 41, 42, 183 Subtype discrimination,42 Symbol,144 Symbols, 145 Syntactic notation, 3 Syntax, 3, , 132 System requirement, 105 System service, 95

Table, , 67, , 183

replicated, Tag, 41, 49, , 110, 183

scope, , 173 Tangent, 173

, 175 , 144 Timer, 63, 116, 183

abbreviation, alternation, 65 array, declaration, Timer input,63, 64, 183 Timer type,

, 68, , 144 , 12, 144 , 73, 144 , 90, 92 Type

interface, 92 module, 90 Type conversion, 183

Undefined mode, Union,39, , 183

numbered, 110 subtype, 42 Unionliteral,41 Usage

Index

39 110 72 68

20 12 16 10

36 164 109

24 112 163 30 12 12 101 9 10 48

59

71 71 71

47

73

6 34 163 163 6 118

119

26 67 27 49 52

65 63 63 63 70

118 41

REAL64REM
REALnnTOSTRING
REALOP
REALREM
RECORD

REM

RESOURCE

RESULT

RETYPES

ROTATELEFT
ROTATERIGHT
ROUND

SCALEB

   CASE

SEQ

SERVER

SHIFTLEFT
SHIFTRIGHT

SIN

SINH
SIZE

                                           SKIP

                                           SQRT

                                           STOP

                                           STRINGTOBOOL
                                           STRINGTOHEX
                                           STRINGTOINT
                                           STRINGTOREALnn

                                           TAN

                                           TANH
                                           TIMER

                                           TIMES
                                           TRUE
                                           TRUNC
                                           TYPE

190

parallel, Usage check, 60, 89, 92, 98, 116, 117, 183 Using the manual, 1

, 56, 78, 109, 144

, 84, 144 Valof, 34, Value

abbreviation, Value process, 81, 117, 183 Value to string conversion, 151, 177 Variable, 5, 23, , 116, 183

abbreviation, array, 26 declaration, Variable list, , 183 Variable subscript, 37, 183 Variant, 34 Variant input, , 51 Variant protocol, , 183

, 13, 144 , 110

, 111 Word rotation,160

Index

16

84 36

29 34 29 5

49 49

VAL
VALOF

WHILE
WIDTH
WIDTHOF