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Robinson and Roubine September 27, 1 976

I .  INTRODUCTI ON

SPECIAL (SPECIfication and Assertion ~.anguage ) is a language for

specifying software systems and was creat.ed with the following goals in mind :

To specify systems in conjunct ion with a particular methodology for

design , implementation , and proof of computer systems. The

methodology , called the SRI Hierarchical Design Methodology, is

described elsewhere [6, 7].

To be powerful enough to specify a large class of systems , including

systems containing bot h hardware and software , yet. restrict ive enough

t.o permit, syntactic checks of well—formedness of a specification.

To be usable direct ly in the statement and formal proof of propert.ies

of software systems.

To foster abstract.ion through the hiding of unnecessary data arid

algorithms of implementation.

To specify systems to be implement.ed in any programming language .

SPECIAL describes properties of the data contained in a soft.ware system , but .

not~ properties concerning the time requi red to perform an operation.

In order to fulfill these goals , we have developed a language wit.h the

followi ng features:

An inner level that allows the writing of non-procedural expressions ,

using predicate calculus and set- theory. This level is called the

assertiofl level of the language . Expressions at. t.he assertion level

are used t o describe the behavior of soft ware sy st .ems and I heir

abstract propert.ies in a precise way.

An ou t er level , called t he suecificat ion level, tha t  enables the

- 
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Robinson and Roubine Sept.ember 27, 1 976

descript.ion of a software system as a hierarchy of modules , in which

each module is an abst .ract maehine having a st.ate and operat .ions to

change the st.ate. The behavior of a module is described in terms of a

formal soecificatiori ,  containing functions (2) that can be called by

programs us ing  t h e  module .  The st.ate of a module is represented by the

output s of its V—func t ions ( funct ions that  re turn  va lue s) .  The state

t ransformat ions  of a module are called 0—func t ions  ( funct ions that .

perform operat ions) of the module .  Each t ransformat ion  is described as

a set. of assert-ions •-elating t h e  values of V-func t ions  before  t h e

funct ion call t o  t h e  values  of V-funct .ions  a f te r  the ca l l .  Q~~.

func t ions  are func t ions  that both ret urn values and t r ansform t h e

state.  In addit ion to module specifications , assertions written in

SPECIAL are used to specify relations among the stat.es (V— funct ion

values) at different levels of the hierarchy. These relations are

called maooing funct ions.

Its own not ion of type and facilities for describing abst.ract. data

types.

Aggregat.e object s such as sets , vec tors , and s t r uctu re s .

An expression—based macro f ac i l i t y .

Feat .ures to faci l it at .e  the charact.erizat ion of object . s without .

overconstraining t hem , and t h e  detect ion of abnormal condi t . ions .

Sect ion II o f this paper describes some background in the design of

SPECIAL . Sect ion III describes t.he assert-ion level. Sect ion IV describes the

specificat.ion level . Section V presents two complete examp les of module

specificat .ions.

(2 )  The t .ertn “ f u n c t i o n ” hereaf ter  refers to a V- , 0- , or OV-fu ne t  ion of
a module and not to a mathematical  f’unct. iori

.2
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I I .  BACKGROUND AND GENERAL CONCEPTS

A .  Background

Formal specification languages of some kind have always been necessary

for research in programming language semantics and program ver i f ica t ion .

Recent .ly there has been some emphasis on specif icat ion languages themselves -—
as design tools for sof tware  systems. Parnas [Li , 5] f i rs t  suggsted t h e  idea

of’ designing a software system as a collect ion of formally specified modules.

Parnas ’ language was more precise than the informal  methods of software

specification that .  preceded it , but i ts synt ax and semantics were not formal l y

st ated . Recently there have been several e f fo r t s  [1 , 2] aimed at specifying

the formal properties of data s tructures and ot.her software systems. Yet oher

specification languages have emphasized the theory of pr imit ive  recursive

funct ions [10) and t h e  formal English of a mathematics text book [ii] for

describing properties of software .

The SRI Hierarchical Design Met .hodo logy suggests a par t icular

(hierarchical) way of structuring t.hese modules in order to improve t.he

reliability of large soft.ware syst.ems by:

Formally stating all design decisions .

Allowing a complex design to be struct.ured so t hat it can easily be

under st.ood.

• Allowing proofs of formally stated properties of the design .

Allow ing a proof of syntactic consistency of the implementat.ion with

t.he design specifications .

Several small proofs have been complet.ed (e.g. [6, 9] ) , and proofs for the

design and implementation of a general-purpose operating system whose major

design goal is secur ity [3, 7) ,  are now in progress.
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SPECIAL was developed through numerous attempts to write module

specif icat ions in the style of Parnas ( [ L ~ J )  for many d i f f e r e n t  kinds of’

sof tware  syst .ems. This paper present . s a se l f -consis tent  and working version

of the language , a l t hough  it may change as more experience is gained .

In the descr ipt ion of SPECIAL that  fol lows , some ~f the examples have

been over—simplif ied for ease of explana t ion .  One feat .ure of SPECIAL t~ at. is

riot discussed deals with the handl ing of para l le l ism . However , t .he f ul l

grammar appears in the Appendix , and a complete descript .ion of the l angu age

appea rs in  t.he SPECIAL Reference Manual [8].

B. General Concept. s

The problem of designing a good specif icat ion language is immense . There

are perhaps as many factors  as there are in designing a good programming

language , and t h e r e  is not , much experience of others to draw on. The language

should be able to character ize  t.he ~~Ject.s of the syst .em it. is spec i fy ing

( e . g . ,  the  variables , procedures , and data s t ruc tu res) , and may employ object s

of it . s own to facil i tat .e tha t  descri ption —- t .hus the d i s t inc t ion between

specif ica t.ion ob jec t s  and implementa t ion  ob jec t s .  Spec i f i ca t ion  object s are

not comput ed , and may not , be comput .able , in the implementa t ion . The language

must be well  suit-ed to t h e  pa r t i cu lar  kinds  of systems it. hopes t .o specify

( e . g . ,  operat. ing systems , data  base systems) , and at. t .he same t ime must . adhere

t.o the cons t ra in ts  of t .he design methodology being used with  t .he language.

The language must  al low as much machine checking of specificat . ions as

possible , an d al so be amenable to formal mathematical proof. The la ng u age

must be powerful , but without .  a pro l i fera t ion  of specialized synt.act .ic

feat .ures to suit every possible need . The language must.  be concept ua l ly

Li
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elegant , but must have features that  make specif icat ions in the language easy

to read and wri te .

We shall  now out.line some of the desirable properties of a spec i f ic at .L on

language , with the intent of later mot ivating each of the features of SPECIAL

according t o  the list .

Mathematic al  basis: A specification language must have some fea tures

t h a t  relate directly to t.he mathematics on which the language is based .

In the case of SPECIAL , the ma themat i c s  involved is that .  of set. theory

and f i rs t -order  logic ( including quan t i f i ca t . i on ) ,  wi th integer and real

ar i thmet ic .  SPECIAL al lows the w r i t i n g  of a rb i t r a ry  expressions in

these domains.  Other specification languages , ( e . g . ,  [1]  and [ 1 0] )  may

not. permit ; such general i ty .

Powerful, concise exDressions: A specification language should be able

to st.ate , in a s t ra ight forward  way, properties shared by d i f f e r e n t

ob jec t s .  Sets , vectors , and s t ruc tu res  (as well as thei .r cons t ruc to r s)

are supported by SPECIAL in order to assist the writing of these

expressions.

Well—suited L~ ~~~ s~ ecified systems: A specif icat ion language should

be able to accomodate in a natural way the properties of the systems

being specified . For example , in operating systems , it is desir able to

be able to look at a machine word as being of different types under

d i f f e r e n t  c i rcumstances.  The concept of type in SPECIAL provides th is

f ac i l i t y  (uni t - ed t ypes) without.  restrict ing t.he kind of mach ine

checking t ha t .  can take place.

• Formal statement s: It Is desirable in a specif icat ion language to be

able to make as many formal st .at ements about an object. as possible. In

5
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SPECIAL one statement that can always be made about an object. is its

type ( i . e . ,  t.he set of values that  it can as sume) .  The macro f a c i l i t y

in SPECIAL provides a formal substitut.ion rule based on expressions.

0—funct ions in SPECIAL are defined comp le te ly  by t .he s p e c i f i . f a t i o n :

every V-funct ion value not . ment ioned as changing in the spec i f i ca t ion

must stay the same.

Charac ter iz ing  an obj ect.: A l t h o u g h  t.he above goal ( formal  s ta tements )

is sometimes desirable , some specification language object.s must. not be

overconstrained for fear of dictating a particular implementation

(e.g., a particular ordering among element s of a vect.or). Thus , a

specification language should be able to introduce new objects without.

uniquely defining them . The existential quantifier in SPECIAL allows

this charact.erization , and we have introduced two other constraints

(LET and SOME) that make this process more straightforward and

readable.

Abst.raction . prot ect-ion: One original goal of SPECIP,L was to foster

abstraction , i.e , the definition , maintenance , and prot ect ion of

objects of an abstract dat,a type [2]. Some specification languages

(e.g., [1]) deal explicitly with the objects themselves , and writ.e

axioms about functions defined on the object.s in order to specify the

abstraction . In SPECIAL , an object. is defined by the V—funct ion values

that  take the name for the abst .ract object. as an argument . The

operat.ions on an abstract object are defined by the 0—func t ions  tha t

take the name for the abstract object as an argument . SPECIAL provides

a facil i ty for de f in ing  protected names (called designators) for these

abstract. objects , such that the creation and modification of these

names is limited .

6
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Su~~prt a methodplogy: It is ext remely useful to couple a specification

language with a methodology for designing , struct.uring , and

implementing systems. Not only does it allow the language t.o help

constrain the systems to conform to t.he methodology (a desirable

t r a i t .) , but it helps restrict,  the possible alt .e rnat . ive s  in

specif icat ion language design , which are many .  This has cha rac te r i zed

t h e  relat ionship of SPECIAL t.o the SRI Hierarchical  Design Methodology.

Suo~ort readability ~~~ writabilit.y: In cer ta in  cases there is no

possible justification for the inclusion of a feature in a

specification language other than t.hat . the feature  makes the

specifications either more readable or wr i t ab l e .  These feat.ures come

under the general category of shorthands and mnemonics. Excessive

lengt h has been a problem with this specification technique in the

past , so shorthands , such as macros and global declarat ions , are

welcome for that  reason . These shorthands also make it possible for

the user to establish mnemonic names for macros and variables  that. are

used globally. Concerning readability, other specification methods may

produce more concise specifications (e.g., [1]): but we believe that.

they are more d i f f i c u l t  to unders tand t han those w r i t t e n  in SPECIAL ,

especially when trying to implement a complex system based on them or

when trying to ascertain whet.her or not. they conform t o  t h e  in ten t ions

of the specification writer .

• Machine checking: Besides the usual grammatical checking , it. is also

desirable t.o be able to check properties of variables such as their

types , declarations , and bindings . Thus , SPECIAL provides mschanisms

for separating t.he declaration of a variable from its use , and scope
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rules that  l imit  n a m i n g  ambiguities (see Section I V — B ) .  Machine

checking of these rules is easily done. In fact we have implemented

several on—line  t .ools at. SRI to perform syn tac t i c  checking . The use of

such t ools has reduced t h e  f requency of errors ( i n c l u d i n g  logical

errors)  in  w r i t i n g  specif icat ions , b y immedia te ly  f lagging

syntact  ical ly meaningless s ta tements .

Ver i f ica t ion:  The specif icat ions in SPECIAL have a l ready been used in

proofs of correctness (by  hand ) of small h ierarchical  systems [6 , 9] .  P~

semi-automat - ic  ver i f ica t ion  system based on SPECI AL as an assert i on

language is cur ren t ly  in the planning stages. All  of the const . ru ct s at.

the assertion level of SPECIAL can be fo rmal ly  stat.ed . The const .ruct. s

at. the specif icat ion level of SPECIAL are in the process of being

defi ned , as part of a formal descript ion of the SRI Hierarchical  Design

Methodology.

The next - two sections should be read with  the preceding cri teri.a in mind .

I I I .  THE ASSERTION LEVEL

A .  I n t r o d u c t i o n

Assertions (or predicates) in SPECIAL are used t.o describe propert.ies of

systems , e. g ., stat.e t.ransformat.ions , error conditions , invariant properties ,

mapping funct.ions , and conditions that must be true at a particular t ime in a

program ’s execut.ion. This sect ion describes the object s of t.he assert ion

level , and t.hen describes the various operators of the language .

B. Expressions

The primitive construct at the assertion level is an expression, defined8
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as eit.her 1)  a constant or a variable , or 2)  an ordered pair  consist ing of an

operator and a sequence of express ions  denot ing its operands .  A cons tant .

represent.s a s ingle  value , whi le  a var iable  may re present . several d i f f e r e n t .

values. Operat.ors may be predefined (e.g., + or NOT ) or user-defined (e.g.,

functions or macros defined by the user). The constant.s, variables , and

operators of SPECIAL are called the obiect .s of t.he language.

C. Types

Every object. and expression in SPECIAL has a Lyj~ .. A t.ype can be t.hought .

of as a set of values (or constants  in the assert ion l a n g u a g e ) .  Wi t .h the

except .ion of UNDEFINED as explained below , t.he set. of const .ants  in SPECIAL is

pa r t i t ioned . The t .ype of a constant  is of course the par t i t . ion to which it

belongs.  For a var iable , it- s type is the set of values t .hat it. can assu rn~~.

For any operator , i ts operands as well as its resul t  have a type . Thus , the

t. ype of an expression is eit .her 1)  if the expression is def ined  by a s i n g l e

constant .  or v a r i ab le , th en t .he t .ype of the  constant  or va r i ab l e :  or 2 )  if the

expression is an operat.or and a sequence of operands , t.hen the t ype of t .he

result  of i ts  operator .  The t.ypes of all object s are e x p l i c i t l y  speci f ied :

t .he type of each const.ant and predefined opera tor  is s p e c i f i e d  as part .  of t h e

semant.ics of SPECIAL:  t .he type of each v a r i a b l e  and u s e r — d e f i n e d  operator  in a

sp ecif icat . ion must be declared by t.he writ.er of t ,he spec i f i ca t ion .

In SPECIAL , we have incorporated a more f lex ib le  a t t .i tude  in rest.rict . ing

t .he t .ypes of t.he operands for the predefined operat ors , t h a n  has been done in

most. strongly typed programming languages (e.g., [12]). The only rest.ri~ t ions

imposed are those t.hat. would prevent the writ.i.ng of meaningless expressions.

We have also supplied a mechanism in SPECIAL (the TYPECASE expressi n) for

9
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going ba ck and fort.h be~.ween relat ed t ypes , so t.he term “coercion ” has no

meaning here .

The d e f i n i t i o n  of a va l id  t ype in SPECIAL is r elat.ed t o  t.he ways  of

naming set.s of values  in t.he language.  Types in  SPECIAL are of t .hre e

va riet .ies: p r i m i t i v e  t.ypes , subt .ypes , and con s t ruc t ed  t ypes.  A 2C.~~it i ve LY~~
is a set. of values tha t  is d is jo in t  from every ot her p r i m i t i v e  t.ype ( w i t h  t h e

ex cep t .ion of UNDEFINED ) and such t.hat. no va lue  in the set is def ined  in t e r m s

of any ot her values. There are three kinds of’ p r im i t i ve  t.ypes in SPECIAL:

Th ose t. ypes whose values have we l l -known  math emat . ica l  propert ies ,

called prede fined t ypes. The prede fined t ypes in SPECIAL ar~ BOOLEAN ,

INTEGER , REAL , and’ C H A R .  The usual k inds  of operat ions apply  to these

types.

Those types whose values  are used t o  name object .s  of an abst.ract.  dat.a

t ype i n specif icat ions  for abstract-  machines .  These types are called

designator tyu es ,  and t h e  object . s of such types are called designat .or s.

The only operat ions that. app ly t o designat.ors are equa l i t .y ,  in e q u a l i t y ,

and N E W ( t . ) , wh ich  ret urns  a never-used designator of type  t..

Th ose t.ypes whose values  are a set. of symbolic constant . s , ca l led  i~i

t ypes. For examp le , the scalar type “ pr i m ary  color ” could be the  set.

{ red , bl ue , yel low !. There is no added general it . y in i n c l u d i n g  scalar

t.ypes i n SPECIAL , because the object .s of a scalar type could a lways  be

represented by the int .egers.  However , scal ar t ypes provide a u s e f u l

mnemonic , and increase r e l i ab i l i t y  by restr ict ing t h e  oper a t . lons  t .h at.

can be performed on object. s of scalar t .ype t.o equa l it .y  and i n e q u a l i t y .

Thus , for example , one could never have t.he expression “red + blue

yellow ” , which could occur in an int.eger representat.ion .

10
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The other types can be built using the primitive types as a basis. A subt ype

is an arbit.rary subset of a given type . An example of a subt ype is t.he even

in t ege rs. A cons t ruc t ed  ~~~~~~~~~~ can be any one of the f o l l o w i n g :

An aggregat.e 
~~~~~ i . e . ,  a set. or vect.or of object.s of t.he same “.ype .

A unit.ed ~~~~~ which is the u n i o n  of several t ypes .

A st .ruct ured ~~~~~ whi ch is the cart esian prod u ct .  of t .ypes .  For

example , a complex number can be thought of as a struct ure of “REAL X

REAL” .

Aggregate and st ructured t ypes provide complex specification language objects ,

whose use oft.en short-ens the spec i f ica t ions .  The types out of which a subt ype

or const .ruct  ed t ype is made are called t h e  cpnst . i tuent .  tj~ es of the subt ype or

constructed t.ype . The operations on a subt ype are the same as the operations

on its const.it.uent type . However , syntact.ic checking cannot be made to

determine whet-her or not an expression of a given type  is a member of a

subt ype of t.hat. t.ype. The operations defined for constructed t.ypes will be

discussed in lat er subsections.

In a d d i t i o n  to t h e  s tandard constants  of all  t ypes , there  is a constant ,

UNDEFINED ( or ?) , tha t  is a memb er of any t .ype , b ut. d i f f e r e n t  f rom any ot her

const .ant .  of any t.ype . The semantics of th i s  constant  are that. an objec t  whose

val ue i s  UNDEFINED r ea l ly  has no value . For example , the va lue  of a st.ack

po in t er of a stack that .  does not exist. would be UNDEFINED.

D. Dec lar at . i ons

A var iab le  or user —def ined  operat ion must be declared,  or associat.ed wit. h

a t ype , be fore using i t .  The syntax of a declaration , written in ext ended BNF

11
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( 3 ) ,  is

<de clara t , ion> ::: <t - ype specification> <symbol> {‘ ,
‘ < symbo l> !~

A t.ype spec i f i c a t i on  can be e i t he r  an symbol t h a t  refers  t.o a type  or an

exp l ic i t .  t.ype spec i f i ca t ion.  Here are some examples  of e x p l i c i t  t.ype

spec i f i ca t ions:

predef i ned : IN T EGER
BOO L EAN

scala r: { red , green , blue !

subt ype : {I N TEGER x x MOD 2 O f
( t h e  set of a l l  integers x such that.  x MOD 2
is 0 , i . e . ,  t.he set of a l l  even in tegers)

agg regat.e: SET_OF I N TEGER
VECTOR OF BOO LE A N

st r u c t u r e d : STRUCT ( REAL realpart . , tmagp ar t )

un it .ed:  ONE _OF ( I N T E G E R , VECTOR _OF C H A R )

A named t.y~~. is a type that  has been associat.ed with  a symbol for use in later

declarat .ions , e . g . ,

STRUCT ( R EAL realpar t , im a g p a r t ) :  complex _number

Then a new complex number xx can be declared as fol lows

comp lex_number  xx

A designat.or t ype must be a named t ype , so we writ.e

stack_n am e: DESIG N AT O R

t .o d e fi n e t h e  type , and lat.er

st ack_na m e st .

t.o declare a va r i ab le  of type “stack_name ” .

(3) In extende d BNF , < ... > means that . the enclosed symbol is a nonterminal of
t.he grammar :  [ . . . ]  means t.hat. t.he enclosed construct.  is opt iona l :  {. . . } ‘
means t,hat. t.he ~neIosed eonst.ruct. can occur 0 or more times , { .  . . 1+  means
1 or more t . Ime s , r ind { . . J . .J . . . f  me ans an a l t e r n a t i v e  among t h e
enclosed const .ru ct .s .  Al l  special charact .ers that  are terminal symbols
have been enclosed in single quot es (e.g., :

12
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A function is declared with i.t.s function t.ype, name , formal arguments ,

and resu l t  ( i n  the case of a V- func t i o n ) .  For example , a V-fu nct , i on

decla ra t ion looks like th is ,

VFUN read ( segment  s , INTEGER i)  — > ma ehtne _word w

where “segment” and “machine_word” are na m ed t ypes , s and i are the formal

arguments , and w is the result. . An O-funct.ion declaration looks like this ,

OFIJN write(segment s, INTEGER i , machine_word w)

The exact role of type specif icat ions and declara t ions  in a module

specification is discussed in Section IV .

E. Simple Operations on Predefined Types

These include the logical , a r i thmet ic , and relat.iorr al operators , whi ch

apply to objects of types INTEGER , BOOLEAN , and REAL.  The logical operators

are AND , OR , NOT , and IMPLIES , all of which take BOOLEAN arguments and have

BOOLEAN r e s u l t s .  The basic ar i thmet ic  operators are + , - (u n a r y  or b ina ry ) ,

* , and I. They operat. e on object . s of ’ types INTEGER or REAL , he r eaf te r call ed

numbers. Object.s of bot.h types can be arbitrarily intermixed as arguments to

the arithmetic operators , wit.h the following const.raints on the results: a

b ina ry  operator having t w o  INTEGER or two REAL argument .s  has an INTEGER or

REAL result , respect ively:  and a b inary  operat.or having mixed argument - s has a

REAL result . The re lat ional  operators are :, ~~ , >~ >~~, < , and <~~~, t .ake

numbers as a rguments , and have a BOOLEAN result . . For object s of type  CHAR

there are no dist.’Lngulshed operators: perhaps at.  a lat.er time it will be

advis—ible to define , as part of SPECIAL , a lexical ordering funct ion , or a

funct.ion that. maps from a character t.o It - s integer code.

F. Operations on Set.s, Vec t ors , and Structures

13
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SPECIAL provides the conventional set. operat.ors —- union , intersection ,

set. difference , elementhood , a subset. predicate , and the number of elements in

a set. -- as UNION , INTER , DIFF , IN SET , SUBSET , and CARDINAL ITY , respect ively.

The argument- s to UNION can be set-s of any type , and the type of the result is

the set. of the union of the constit.uent types of the a rguments .  For example ,

if t.he t ypes of si and s2 are “SET_OF INTEGER” and “ONE_OF ( SET_OF BOOLEAN ,

SET_OF CHAR)” , respect.ively, then the type of “Si UNION s2” is “ONE_OF( SET_OF

ONE_OF ( INTEGER , BOOLEAN) , SET_OF ONE_OF( INTEGER , CHAR))” . The arguments t.o

INTER must. be sets whose const i tuent  types are not. d i s jo in t , and t .he t.ype of

the result is t.he set of the intersect ion of the constituent t.ypes 1 the

argument-s. For example , if the types of si and s2 are “SET_OF ONE_OF (

INTE GER , BOOLEAN)” and “ONE_OF( SET_OF INTEGER , SET_OF CHAR )” , respectively,

t hen the type of “si INTER s2” is “SET_OF INTEGER” . The arguments to DIFF

must both be sets whose const i tuent  types are not . d is joint , and t.he result has

the t ype of the f irst  argument . The second argument to INSET must be a set ,

t.he f i r s t .  argument must. be of a type tha t  is not d is joint  wi th  t.he const i tuen t

type of t.he second argument , and I-he resul t  is BOOLEAN. The a rguments  t.o

SUBSET must. be sets whose constituent types are not d is jo int , and the  result.

is BOOLEAN. CARDINALITY allows any set as an argument and ret.urns an INTEGER

result

Const.ru ot .or s are expressions that. define sets , vect .ors , and struct .ures in

terms of object s of t.heir const . i t .uent. t .ypes . An ext .ensional  const .ruct .or ( used

for all of t.he above t.ypes) requires t.he individual elements. An i~it.ensiona1

constructor (used for set.s and vectors only) supplies a necessary and

sufficient. propert.y of t.he elements. The synt-ix of the extensional

construct or for set.s is as follows ,

{1 , 3, 5 , TI

1~



Robinson and Roubine September 27, 1 976

The synt.ax of the intensional constructor for set.s looks like t.his ,

{INTE GER i O<i AND i<9 AND i MOD 2 i J

This  reads , “the set. of a l l  integers i such t.hat. 0 is less than  i and i is

less than 9 and i MOD 2 is equal t.o 1 ,” or “the set of all odd int.e.~ers on the

open int.erval (0, 9).” Only the intensional constructor can be used to

specify infinite sets , e.g.,

{INTEGER i I MOD 2 = if

There are only two operations on vect.ors: lengt.h and ext.ract ion. The

lengt h operat ion is wr i t t en  LENGT H ( v ) , where v is a v e c t o r  expression.  The

result  is of type INTEGER. The ext.ract .ion operat ion is writ . ten v [ i ] ,  whe re v

is an expression of type “VECTOR_OF x ” and i is an expression of type INTEGER ,

whose value is between 1 and LENGTH (v). The result. is of type x. The

ext ensional vector constructor is written as follo ws ,

VECTOR ( 1 , 3, 5 , 7)

The intensional constructor for the same vect or as above is written

VECTOR (FOR i FROM 1 TO ~4: 2~i - ‘I)

Structures have an ext ractor. If a structured t ype has the following

declarat.ion ,

STRUCT(REAL realpart , imagpart): complex_number ,

then the two extractors for the type are “x.realpart ” and “x.imagpart ” , where

x is an object of type “comp lex_number. ” The ext.ensional constructor for an

object of type “com plex_num ber ” whose realpart is 1 and whose imagpart is 2

woul d be “<1 ,2>” .

G. Quantified Expressions and Characterization Expressions

The syntax of a quantified expression is as follows:
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{F0RAL L~EXISTSI <qualification> {‘:‘ <qualification>!’
<expression>

where

<qua l i f i ca t i on>  ::: <symbol>
[{INSET <ex pression> ‘V <expression>f]

The purpose of a qualification is to optionally rest.rict t,he domain of’ a

quant.ified expression . This adds no generality but improves readability. For

example , we write

FORALL x INSET s : p(x)

to mean , “fo r all x in set s , p( x )  is TRUE .” Thi s is equiva len t  t.o

FORALL x : x INSET s => p (x )

We writ.e

FORALL x q(x) : p (x)

to mean

FORALL x : q(x) :> p(x)

Somet imes It. is desirable to writ.e expressions in which an object with a

particular value or property is used repeatedly. To do t.his we have devised a

construct  called a ra c ter iza t ion  expression, in which a variable is first

c h a r a c t e r i z e d  and t .hen used in an expression containing i t .  One of t .hese , t he

LET expression , has a syntax as follows :

LET <qualificationl> (‘:‘ <qualification i>}’ IN <expression>

where

<qualificationi> ::: <symbol>
(INSET <expression> ‘V <expression> f

In t.he LET expression the domain rest.riction is mandatory. As an example of a

LET construct , suppose we have a t.able implemented as a funct.ion t , of one

integer argument , where t.he key is in an even position and the value is stored

16
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in the subsequent posit ion . We would like to calculate “f(x) + g(x)” , where x

is the value corresponding 1.0 the key y in t.he table. We write

LET x EXISTS z : z >: 0 AND z MOD 2 = 0 AND t(z) y
AND x t.(z+1)

IN f(x) + g(x)

Note that the function t. may not. define a table (i.e., have more than one z

whose key is y). Then the semantics is for the expression to be calculat.ed

for any x (and z) satisfying the predicate , but it is not. known which ahead of’

time . If there is no x (or z), then the value of the expression is UNDEFINED.

A restricted form of the LET expression is called a SOME expression , and

is written

SOME <qualificationi>

An expression of the form

SOME x p(x)

is equivalent t~

LET x p(x) IN x

The variables defined by quantified expressions and characterization

expressions are called indicial variablei.

H. Miscellaneous Operators

The remaining operations are the equality and inequality operations , the

conditional expression , and t.he TYPECASE expression . Equality and inequalit.y

have already been discussed for numbers. For other types , equalit.y and

inequality will permit objects of any two non-disjoint types as arguments.

The ~oiidittorial exureseion is of the form

IF b THEN e l ELSE e2

17
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where b is a BOOLEAN expression . If expressions ei and e2 have types ti and

1.2, respectively, then the type of the result. is the union of t i  and 1.2.

Suppose we have a variable x of type “ONE_OF (tl ,t2)” , and wish the result

of an expression t.o be f(x) i~ x is of type 1.1 and g(x) if x is of t.ype t.2.

The most . obvious solut.ion to this problem is to provide a funct.ion “TYPE (x)”

in SPECIAL to return the t.ype of a variable x and write

IF TYPE(x) t 1 THEN f(x) ELSE g (x)

This would work in some cases , but. would still produce a type error if f

required an argument of type tl . The error occurs because aut omat-ic t ype

checking cannot, identify (without. semantic checks) that. the context of the

call has restricted the type of x. Instead we provide the TYPECASE

ex pression , which provides a context. in which the aut.omatic t ype checking

facilit.y can detect. that an object. of a united t ype has a particular

constit.uent type . To solve the above problem , we write

TYPECASE x OF
ti :
t2 :

END

The ~~~~ labels (Ii and t2 in the example) must . refer to disjoint types , the

type of the o~kect variable (x in the example) must be the union of’ all t.he

type labels , and the type of the entire expression is t.he union of the types

of the cpm~pneflt exDressiQns (f(x) and g(x) In t.he example).

IV .  THE SPECIFICATION LEVEL

A. Introduction

In t.he discussion of the speciflcat.ion level , we discuss how to conf igure

expressions at the assertion level in order to write module specifi~ations.

18
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The specification of’ a module is divided into six opt.ional paragraphs so that

its top—level structure looks like this:

MODULE <symbol>
TYPES

DECLARATIONS

PAR AMETERS

DEFINITION S

EXTERNAL R EFS

FUNCTIONS

END_MODULE

<symbol> is the name of the module. The TYPES paragraph contains the

declarations for all named t.ypes (including designators). The DECLARATIONS

paragraph contains all global declarations for variables (see the next

subsection). The PARAMETERS paragraph contains the declarations for symbolic

constants (called parameters) that become bound at some time before the module

is used and that cannot be changed . Module parameters are used t.o

characterize a resource (e.g., the maximum size of a stack) or the values of

initialization that. are ribt bound t.o particular constants. The DEFINITIONS

paragraph contains the definitions of macros whose scope is global t.o the

module . The EXTERNALREFS paragraph contains the declarations of object-s of

• other modules (i.e., designator ty pes , funct ions with t.heir arguments and

19
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resul t s , scalar types , and parameters) t hat are referenced in the

speci f ica t ion . The FUNCTIONS paragraph contains the def in i t ions  (and

declarat .ions) for all the V- , 0— , and OV—functions of the module .

Following a discussion of some general issues (e.g., as bi nding ,

dec la ra t ion , scope rules , macros , and ext ernal references) is a descript ion of

function definition.

B. Binding , Declaration , and Scope

Every name in SPECIAL must. have  a b i n d ing ,  or a place where it. is

associat,ed with  a pa r t i cu la r  object . The scope of a binding is the text  in a

module specificat.ion over which that particular binding is in force . The

scope of a bind i ng depends on the object being bound , and may be any one of

the following : .

The entire module , in the case of module parameters , functiofl names ,

names for types , global macros , and constants of’ scalar types.

The function definition or macro definit.ion, in the case of formal

arguments and results.

The expression over which the variable is an index , in the case of

indicia l  variables.

The binding of a name for which a binding is alread.y in force is not

allowed , thus eliminating t.he overlapping of scopes for the same name .

In most programm ing languages the declaration of a variable is

inseparable from its binding . In SPECIAL this is the case for names of

func tions , macros , module parame ters , an d constan ts of scalar types , wh ich are

all bound when they are declared . However , the declara tion of a var iable in

20
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SPECIAL (i.e., an indicial variable or formal argument or result) may be

separated from its binding . This is done to allow a single global declarat.ion

for a variable name (in the DECLARATIONS paragraph ) t.o apply to many different

bindings. Bindings for indicial variables occur in the expressions in which

t.hey are introduced : formal arguments and result.s are bound either in t.he

funct ion  de f in i t i on , the ext ernal re ference , or the macro def in i t ion . The

motivation for global declarations is to save writ.ing on the part of the

module specifier , and t.o enable the establishment of mnemonics in the choice

of names for globally declared variables . For example , this allows

conventions such as having the variable I be of type INTEGER in all bindings .

A local declaration supersedes a global one.

C. Macros

The concept of macros In SPECIAL is different from that of most

programming languages . In programming languages a macro definition is

generall y a string substitution rule of of some complexity. The string t.o

which the macro expands need not be a particular syntactic entity. All

variables in the macro definition that are not. formal arguments are bound the

context of the expansion , so that the macro writer must be careful about using

macro definitions with unbound variables . In SPECIAL , a macro definition has

a body which is an expression and thus has a type that must be the same as the

declared type of the macro definition . All macro references, which look

syntactically like funct.ion references (excepting macros without arguments ,

which look like variables), have the same type as the declared type of’ t.he

macro definitIon . In addition a macro definition may not use any names except.

it .s own form al argumen ts , and the type names and parameters of the module.
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Thus , t.here is no chance of misusing t.he macro because of the cont .ext in  which

it. is referenced .

Macros in SPECIAL are a formal shorthand (corresponding to t.he

definitions used by a mathemat i c i an ) and are not expanded as part of t .he

syrit .act.ic processing of a module  s p e c i f i c a t . i o n .  They would be expanded only

f or proving  propert ies  based on the s p e c i f i c a t i o n .

The syn t.ax of a macro d e f i n it i o n  i.s as fo l lows :

<definit.ion> : : <t ypespeci ficat .  i o n >
<symbol> ~<formalargs>J IS <expression>

where

< forrnalargs> ::: ‘(‘ <declaration> {‘; ‘ <declara t i .on> }’  ‘)‘

Local macros are defined wit.hin t.he DEFINITIONS sect ion of a funct ion

definition , and have a scope of that. funct.ion definition only. Global macros

are defined in the DEFINITIONS paragraph of the ent.ire module and have global

scope.

Fur ther  work on macros might. include t.he ab i l i ty  to def ine  macros wi th

complex t ype checking rules (such as the set operations of SPECIAL described

above ) .  This would probabl y require  some res t r ic ted  not .ion of a t.ype

variable. Also interesting would be the a b i l i t y  t.o def ine  new types of

spec i f ica t .ion  language obj ect.s for which func t ions  are part of the d e f i n i t i o n

(e.g., bags as defined in [6]) and intensional construct .ors for these t ypes.

This kind of definitional facilit.y would put. t.he put the complete power of a

mathematician (t.o define new mathem atical concepts) in the hands of’ the

specification writer , but might require so much mechanism as not. to be

worthwhile.
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D.  V-fu n c t i o n  D e f i n i t i o n

V — f u nct . ions  have t w o  purposes:  t.o desc r ibe  the  st. at.e of ‘.he m odu l ~ and t o

pr ovid~ in fo r m at . ion  about. t .h ’~ module ’s st.at. e t.o programs u s i n g  t h ’~ m -~~u i e .

The current .  va lue  of a V — f u n c t . i o n  t.hat de f i nes  a modu le ’s s~.at. e is not.

ex p l i c i t l y des cribed as part  of t .h e m o d u l e  spec i f i c . a t . ion . Ins tead , U.s

current .  va lue  is d e f i n e d  by i n d u c t i o n :  U .s in i t . i a l  v a l u e  appear s  i n  it . s

s p e c i f i c a t i on , and subsequent .  va lue s  are det .er rnined by the  sequence of 0—

f unct .ions cal ls  up to t hat. point .  (s ince each 0 - fun d  ion  ca l l  r e l a t es t .hr

val ues of V - f u n c t ions before the cal l  t o  va lues  of V - f u n c t ions aft . ’~r tMe

c a l l) .

A V—fu n c t i o n  may be e i ther  )~j~4en or v i s i b l e , and eit .her iw i m i t . i v e  or

d erived. A h idden  V - f u n c t i o n  is  one that .  cann ot  be called by p rograms  i : i n g

the  module , whereas a v is ib le  V — f u n c t i o n  can be.  A d e r i v e d  V—fun~ t ion is en~

wh ose va lue  is an expression derived from ot her V- f unc t ions of ‘h e  m o d u l e ,

whe reas a p r i m i t . i v ~ V—f un d ion cont .ains part. of t .he stat . e d e f i n i t i o n . The

form of a V — f u n c t ion ’s d e f i n i t . i o n  depends on its st. a t.us. The synt .ax  for  a V—

func t i on  i e f i n i t . i o n  is as fo l lows :

VFUN <symb ol> <fo r rn alargs> ‘— > ‘ <declara t.ion>
[DEFINITIONS {, de f i n i t i on >  ‘: ‘1+]
[HIDDEN I EXCEPTIONS (<expression> ‘ :
N INIT IALLY DE R IVATION I <express ion> ‘:‘]

The f i rst. l i n e , t .he fu nct ion header , dec la res  the formal  a rguments  and resu l t

of the V-funct ion. The second line declares any macros local to the funct ion.

The t.hird line est.ablishes whet.her t.he funct .ion is hidden or visiblc . If t.he

f u n c t i o n  is h i d d e n , th e keyw ord “HIDDEN ”  appears. If the funct i on is visible ,

th e t .hird l i n e  conta ins  t.h e keyword EXCEPTIONS fo l lowed  by a l i s t ,  of excep t ion

cp~ di t ions  for the funct ion . An except ion cond i t .t on  is a BOOLEAN express ion
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wh i ch , if TRUE fo r a g iven call  t o  t h e  funct i on , means that . t.he funct ion i s

not. execu ted  ( t h u s  no va lue  is re tu rned  in  the  case of a V — f u n c t i o n ) .

I nst ead , control  is ret .urned t o  t h e  ca l l ing  program with  a not i f i c a t i o n  of f-he

exc ept.ion t .hat .  was det ect ed.  The except. ions have an o rde r ing ,  me a n i n g  t h a t  a

single except  i.on is be s igna l l ed  for a given f u n c t i o n  ca l l , eve n if  more t han

one except ion cond i t.ion is satisfied . If the EXCEPTIONS sect ion of a function

looks like t.his:

EXCEPTIONS el : e2: ... : en:
the n i.ts s e m a n t i c s  P ar e

IF el  THEN ER R0R ~ ODE 1
ELSE IF e2 THEN E RR ORC O DE 2

ELSE IF en THEN E R R O R C O D E  = n
ELSE UNDEFINED

where ERRORCODE is an abst.ract. variabl,e used in passing t.he ideni..it.y of the

exception beck t.o the calling program . Except.ion condit .ions are t.he same for

0— and OV-functions , described in t.he next subsect .ion .

If the V-funct ion is primit.ive , the fourt.h line ~ias t.he word I’~ITIALLY

f o l lowed by an assertion characteri zing the function ’s init .ial value . If t.he

V— function is derived , t.he fourth line has the word DERIVATION followed by an

expression (of t.he same t ype as the V— funct ion ’s result.) that. denot es it. s

i n i t i a l  va lue .

As an example of V—funct.ion definit ion , consider a st.ack of tnt.egers

m a i n t . a i n e d  by a m odu le .  The s t-ate  in fo rm at . ion  for t .he module  i s  cont .a ined in

t.he V—fun ct.ions “st.ack” and “ptr” , signifying t.he element-s of t.he st ack and

t h e  st .ack p o i n t e r , re spect.ivel y.  Their  def in i t . i ons  are as fo l lows :

VFUN p t . r ( )  -> INTEGER I:
I N I T I A L L Y  I 0:
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VFUN st.ack(TNTEGER i) —> INTEGER j:
HIDDEN :
IN ITIALL Y j = ?:

Not e th a t . “pt.r ” has no exceptions , t h a t .  “ st. a ck” is h i d d e n  (t .o  preven t .  pr o~, ram s

from examining intermediate values of the st.ack) , and that. t.h’~ in i t i a l  valu~ s

of “pt.r” and “st.ack” are 0 and UNDEFINED (or ?) , respe~ t i v’.ly. The value of

“pt.r” signifies t.he number of values on the st.ack (also t he number of i n 4 
~ zer s

i for which “ s t . a c k ( i ) ”  is  d e f i n e d ) .  We could also def ine  a der ived  V-

funct . i on , “i op ” , that  ret. urns  t .he va lue  of the  t o p  of the  s tack , as fo l l ows :

VFUN t.op() —> INTEGER j:
EXCEPTIONS pt.r() = 0:
DERIVATION st.ack (pt.rO):

~of .e t.hat. “pt.r” could also have been writ .t en as a derived V—fu nd ioa whose

derivation would be as follows ,

CARDINALITY({INTEGER k I st.ack(k) 71)

Thi s woul d  do away w i t h  r edundancy  at. the  expense of some c l a r i t y .  Not . e also

that asking for the t.op of an empty stack is meaningless , so an except. ion

condit .ion prevent.s such a call.

E. 0- and OV-funct ion Definition

The syn t .ax of an 0 — f u n c t  t e n  1’~f i n i l . i o n  i s  as f o ll ow s:

~)FUN <symb ol> <fo r m’ i la rgs> ‘ :

[D E F I N I T f ~~N.~i { <definition> : - I + J

[EXCEPTIONS I < e x p r e s s i o n >  ‘ : 
- 

1+ ]

[EFFECTS I < e x p r e s s i o n >  ‘ : ‘ 1+]

The synt.ax of an OV—fu nct .ion deft nit .ion differs only in the h~ ed~-r (th’- first

l i ne ) , w h i c h  i c

O VFU N < s y m b o l >  < fo r m a la rgs>  ‘-> ‘ <declaration> ‘ :

The EFFECTS sect ion descrIbes a st.at.e t ransforrnat.i on by using assert. ~~ t.o
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rel .at. e values of V — f u n c t  ions before  t h e  ca l l  t.o va lues  of V — f u n c t ions a f t er

the call. Va lues of V-functions before and aft er the call are distinguished

by pre’eding all references t.o values of V— functions aft-er the call by a

single quot e (‘) .  For example , t.o indic-at.e t.hat. the value of a V-func t ion f()

is increment-ed by an 0— or OV— funct ion call , we writ ’~-

‘f() f() + 1

N o t e  t hat . an e f f e c t  i s  an assert ion rat .her  than  an ass ignment , , for  we can

w r it e

‘f() > f() + 1

or

‘f() + ‘go f() +

which do not uniquely redefine the values of f() and g o .  Note that all V-

funct. ion values in t.he EFFECTS of an 0 - func t i on  that  do not. appear wi th  a

single quot e are left  unchanged by t .he 0 - f u n c t i o n .

0- and OV-funct ions of o t h e r  modules  can be referenced by means of the

EFFE CTS_OF construct . If “ol (args)” is a reference to an 0-function of

anot .her module , then the effect .  “ EFFECTS_OF o l ( a r g s ) ”  would expand all  of t h e

effect. s of “ o l ( a r g s ) ”  in t h e  place where it was wr i t . t .en .  OV-funct .ions  may

also be referenced in th is  way.  The express ion “x EFFEC TS_OF o v l ( a r g s ) ” ,

where “o v l ( a r g s ) ”  is a reference t.o an OV-funct.ion of anot her module , means

that. , “x is equa l to the result. of ovl (args) and all effect.s of ovl (args) are

TRUE .”

An example of an 0-funct ion deflnit.ion i s  t.he func t . ion  “ push” , t.o be used

wit.h the V-funct ions of the stack , described above:

OFUN push(INTEGER j):
EXCEPTIONS pt.r() >: maxsize :
EFFE CTS ‘st.ack(’pt.rO) =

‘pt.r() pt.r() + 1;
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“maxsize ” i s a module  para met .er  of t.ype INT E GER t .h e t desig nat.es the  m a x i m u m

per m itted st ack size .

An example of an OV— funct. i on d e finit .i’jn is provided by “pop ” , wn ieh pops

t h e  st.ack and ret-urns the popped value , as follows :

OVFUN p o p ( )  -> IN TEGER j:
E XCEPTIONS p t . r ( )  0 :
EFFEC TS j top ():

‘pt . r ( )  p t . r ( )  — 1;
st.ack(pt.r())

N ot.e t .hat . t .he va lue  of j ,  t .he resu l t  of “ pop ” , i s a l so  ep ’~ f~ ed -is p a r ’  of

the  EFFECTS .

V.  EXAM PLES

Table I displays t.he specification of a module t.hat. m ai n~.ains ~ s~ - ’

stacks as an abst.ract. dat.a type . Its specification differs slightly from ~~~~

examples present.ed above , having t.he following interest.ing properties:

A module parameter , “maxstacks” , to limit, the number of stacks ~~~~

exist..

Designators of type “stack_name” , to name t.he individua l stacks , an d  an

ext ra argument in each funct i on for the stack designator .

The funct ions “creat.e_st.ack” and “delete_st.ack” .

Two global macros: “nstacks” , the number of st acks that. current.ly exi s ’

(the exist.ence predicate for stacks is “pt.r(s) ? “ );  and “empt y(s)” ,

the empt y predicate for stack s. These are both examples of mnemonics.

Using mnemonics for except-ion condit.i.ons has been used frequently for

writ.ing larger specifications.

Note the use of global declarations: s always refers t.o a st.ack: I t.o a
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p o i n t e r  value : and j to a st.ack value . Note also that .  comments , de no t.ed b y

can be inserted anywhere in a specificat.ion .

Table  II is a specificat.ion for a t.elephone system of a single area code.

T h i s  is not a soft.ware system; It. is implement .ed in ha rdware  and it. s 0-

fu n ’~t , i ons correspond to phys i cal acts performed by peop le. However , t.he

¶~~ieph one syst em is a good example because everyone underst .ands it. , as opposed

t o most. comp le x soft ware syst.ems. The syst .em contains the fo l lowing  general

design decisions:

Telephones are named by a des igna to r  t.ype (phone _id)  r a th e r  than  a

t e l e p h o n e  number .  Th i s  corresponds t.o real l i f e , i n  which  a te leph one

i s  p h y s i c a l l y  prot ect ed , i . e . ,  knowi ng t.he number of a phone is not

sufficient t.o be able to pick up that phone and dial from it.

The mapping between phone numbers and connect .ed phones is an invertible

func tion. This is not true in a phone syst.em with  more than one area

~ade , because a single phone number may identify different. phones in

d i f fer en t .  areas and because a phone is known by a d i f f e r e n t .  number  when

d i a l e d  from w i th in  t .he area t.han when dialed from outside t.he area .

The st.at.e of a phone Is indicat .ed by t .he scalar  t.ype “ phone_st.ate ” .

Based on t.he st.ate of t.he phone , d i f f e r ent. th ings  happen when an 0-

f u n c t i o n  is called . These st .ates can lat .er be mapped t.o pa r t icu la r

swit.ch positions in the actual phone circuits.

The phenomenon t.hat. a connect ion can be terminat.ed only by the part.y

that. lnlt .iat.ed the call. Thus if’ the called party hangs up, the

connect i on st.tll exist s, and the hung up phone has st.at.e

“hu ng_up_ but._connect ed” .

0
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There are also several fea tures  of SPECIAL whose use is worth  po in t . ing

out.:

Use of a subt ype t .o c h a r a c t e r i z e  a digit . . Note t .hat . i.n t.his case t .here

J.s no chance of m i s u s i n g  t h e  subt ype , si nce digits are only used wit - h

t.he equalit .y operat.or.

Use of vect ors to represent phone numbers .  The int .ensi .ona l  v e c t o r

constructor is u sed in t.he 0-funct ion “dial” .

Use of the SOME expression in the 0-function “pick_up_phone ” . In thi s

case there is onl y one value of “phone l” satisfy ing the given

assertion .

The reader can see other ways of writ.ing module specificat .ions with the

same proper t ies  as those above. The s ty l e  t.o be chosen in wr i t i ng

specificat.ions depends on one ’s desire  for conciseness , r eadab i t i t . y ,  or even

provability of t.he specificat.ions. It Is also possible t.o see that

specl .ficat.ions may d i f f e r  consi .derab ly from t h e i r  implement .a t . ion s .  In f ac t

the di f ference between speci f ica t .ion  and implementat . ion is of t en so great. that .

specificat .ions cannot. be const rued in any way as a guide  t.o t .he programmer on

h ow t.o writ . e an ef f ic ient .  implement .a t . ion.  Such informat .ion must .  o ft -en be

supplied separat .ely from t h e  module  specif icat ion .

V I .  CON CLUSI ONS

SPECIAL has been shown ext remely useful for designing certain classes of

systems , especial ly operat ing systems.  It . enables some ef fec t- s  of c r u c i a l

design decisions to be examined at. an early stage in t.he design process ,

r e s u l t i n g  in  “t i ght. ” designs for systems specif i.ed in th i s  way.  It .s

usefulness for proof is currently being examined . However , SPECIAL is only
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one of several t echniques currently in use for specifying soft.ware systems .

Our experience has shown that specifications writ.ten in SPECIAL t.end to be

lengt hy , because

SPECIAL tries to be as general as possible , and encourages the w r i t . in g

of sufficient. (as well as necessary) properties of software systems.

SPECIAL t.ries to be bo4.h easy to read and easy t.o use .

More work must be done concerning t radeoffs and criteria for design of

specification languages before the ult imate value of SPECIAL can be

determined.
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Table I

MODULE stacks

TYPE S

stack_name: DESIGNATOR :

DECLARATIONS

INTEGER i, ,j:
stack_name s:

PARAMETERS
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INTEGER max size  $( maximum size of’ a given st.ack)
maxst.acks $ ( maximum number of st.acks allowed )

DEFINITI ONS

INTEGER nst.acks IS CARDINAL ITY({ st.ack_name s I pt.r(s) ‘~~ ? I):

BOOLEAN empty ( s t . ack _name s) IS p t r ( s )  0:

FUNC T IO N S

VFUN pt.r(s) -> 1~~
I N I T I A L L Y

I = 7:

VFUN stack(s: i) -> 
~~

HIDDEN:
I N I T I A LL Y

J ?:

VFUN top (s) —> j:
EXCEPTIONS

pt.r(s) ?:
empty(s):

DERIVATION
st.ack(s, pt.r(s)):

• OVFUN cre.at.e_st.ack() -> 5;
EXCEPTIONS

nstacks > = maxst .acks ;
EFFECTS

a NEW ( st .ack _n a m e ) :
‘pt. r ( s )  = 0;

OFUN d elet e_st a c k ( s ) :
EX CEPTI ONS

pt.r (s)
EFFE CTS

‘pt.r(s) = ?:
FORALL I: ‘st.ack(s, i) 7:

OFUN push (s: j):
EX CEPTI ONS

pt.r (s)
pt.r(s) > = max size :

E FFEC TS
• ‘st.ack(s, ‘ptr(s))

‘pt.r(s) = pt.r(s) + 1:

OVFUN pop (s) -> J;
EXCEPTIONS

p t r ( s ) = ?:
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empty(s):
EFF EC TS

j top(s) :
‘pt.r(s) ptr(s ) — 1:
‘staek(s, pt.r(s)) = ?:

END_MODULE

Ta ble II

MODULE telephone_syst.em

TYPE S

phone_id: DESIGNATOR :
phone_state:
I hung .up, hung .up_but_connected , dial_t one , dialing ,
dialed_unconnect ed_num ber , ri nging_ano ther_phone , being_rung , connec ted ,
busy I

digit: { INTEGER i 0 <= i AND I <= 9 1:
phone_number_id: VECTOR_OF digit :

DECLARATIONS

phone_id phone , phonel:
digit. d:
phone_num ber_Id phone_number:
phone_stat.e ps:

FUNCTIONS

VFUN st.at.e(phone) -> ps: $( state of “phone ”)
HIDDEN :
INITIALLY PS ?:

VFUN connection(phone) -> phonel: $( “phonel” is t.he phone that “phone”
has dialed and is eit.her connected or
ringing)

HIDDEN :
INITIALLY phonel =

VFUN buffer(phone) -) phone_number: $( sequence of digits dialed

32



Robinson and Roubine Sept ember 27 , i’~7~

by “phone”)
HIDDEN :
INITIALLY phone_number 7:

VFUN valid_phone_number(phone_number) -> BOOLEAN b: $(TRUE for all  valid
phone numbers)

HIDDEN :
INITIALLY TRUE $(init.ialized by the phone company ) :

VFUN direct ory(phone _number) —> phone : $( “phone_number ” t.hat.
corresponds to “phone”)

H IDDEN :
INITIALLY TRUE $( init.ial~ zed by the phone company)

OVFUN inst.all (phone_number ) -> phone : $( creates a new designator
“phone” that corresponds to
“phone_number ”)

EXCEPTION S
NOT valid_phone_number(phone_nurnber):
dlrectory(phone_number) 7:

EFFECTS
phone NEW(phone_id):
‘dlrectory(phone_number) phone :
‘st.ate(phone) hung_up:
‘buffer(phone ) VECTORO :

OFUN disconnect.(phone_number): $( disconnects phone corresponding
t.o “phone_number”)

DEFINITION S
phone_id phone IS directory(phone_number):

EXCEPTI ONS
phone = 7:
st.ate(phone) hung_up:

EFFECTS
‘dlrectory(phone_number)
‘st.at.e(phone) 7:
buffer(phone ) 7:

OFUN pick_up_phone(phone): $( “phone” is picked up)
EXCEPTI ONS

st.ate(phone) 7:
NOT st.at.e(phone) INSET { hung_up, hung,_up_but._connect ed , bei~~~runR I:

EFFECTS
IF st.ate(phone) hung_u p
THEN $( picking up t.o dial) ‘st.ate (phone) = d i a l_ t one

ELSE IF st.ate (phone) being_rung
THEN $( answering phone )

stat.e(SOME phone l I connect.Ion(phonel) = phone ) connected
AND ‘st.ate(phone) = connected

ELSE $(resuming exist i ng connect-ion) ‘st.ate (phone) = connected :

OFUN dIal (phone : d): $( dials a digit. “d” from “phone”)
DEFINITION S

INTEGER j IS LENGTH (buffer(phone)): 

~~~~~~~~~~~~
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phone_number_id newbuf
IS VECTOR(FOR I FROM 1 TO j + 1

IF I <= j THEN b u f f e r (p h o n e ) [ i 3  ELSE d ) :
phone_id phone l IS direct.ory(newbuf) :

EXCEPTION S
state(phone) 7:

EFFECTS
stat.e(phone) INSET {dial_tone , dialing i

:> $( updat. e b u f f e r  and change s ta te)  ‘b u f f e r ( p h o n e )  newbuf
AND (IF phone l 7
THEN $( a valid number has been reached ) IF state(phonel) hung_up

THEN $( ringing begins) ‘state(phone) ringing_another_phone
AND ‘state(phonel) = being_rung

AND ‘connection(phone ) phone l
ELSE $( busy signal) ‘state(phone) busy

ELSE IF valid_phone_number(newbuf)
THEN $( not a connected number)

‘state(phone) dialed_unconnected_number
ELSE ‘stat.e(phone) = dialing) :

OFUN hang_up (phone): $( hangs up “phone”)
EXCEPTIONS

stat.e(phone) ?:
stat e(phone ) INSET { hung_up , being_rung, hung_up_but_connected 1 :

EFFE CTS
IF EXISTS phone l : connection(phonel) = phone

THEN $(connect ion NOT terminated )
‘stat.e( phone) hung_up_but_connected

ELSE $(back to original st-ate)
‘state(phone) = hung_up
AND ‘buffer(phone) = VECTOR()
AND (connect ion(phone ) ? :> $(connected to someone else)

‘connect ion(phone) ?
AND ‘state(connection(phone))
(IF state(phone ) ringing_another_phone

THEN $(rlnging stops) hung_up
ELSE $(t.erminates connect-ion) dial_t one)):

END_MODULE
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APPENDIX: GRAMMAR OF SPECIAL

ROOT ::: MODULE <symbol> [<types>] [<declarat. i.ons>]
[<paramei.ers>] [<definitions>]
[<ext ernalrefs>] [<funct ions>]
END_MODULE

MAP <symbol> TO <symbol> { ‘
,
‘ < symbol> !~[<t .ypes> )  [< d e c l a r a t i o n s > ]  [<pa r am et . e r s > ]

[<definitions>) [<ext ernalrefs>]
[< mappings> ]  END _MAP

<types> ::= TYPES { <t.ypedeclaration> ‘: - 1 -’-

<typedeclarat.ion> ::= <symbol> ( ‘
,
‘ <symbol> I~’DESIGNATOR I < t y p e sp e c i . f i c o t i o n >

I <setexpressiori)

< t y p e specificat. ion> : : =  <symbol>
::: INTEGER
:: BOOLEAN
::= REAL
::= CHAR

STR U CT ‘V <declarat .i.onlist.> ‘Y
::~ ONE_OF ‘C ’ <typespecification>

{ ‘
,
‘ <t.ypespeci .fication> 1+ ) ‘

SET_OF I VECTOR _OF I < t y p e s p e c i f i c a t i on >

<simp le declaration> ::: <t .ypespeclfication> <symbol>

<declarat.ion> ::: <simple declaration> { ‘
, <symbol> 1*

<symbol>

<declarations> ::= DECLARATIONS I <declarat.ion> ‘: 1+

< paramet ers> ::: PARAMETERS { <param eterdec la ra t .ion> ~: 1+

<pararneterdeclaration> ::: <t ypespecification> <symbol> [<formalargs>]
I ‘

,
‘ <symbol> [<formalargs>] I

<formalargs> ::= ‘(‘ [<declarationlist .>] ‘)‘
[ ‘V <declarat.ionlist> ‘ 1’ ]

<declarationlist> ::= <deelarat.ion> I ‘: ‘ <declarat.ion> I’

<definitions> ::: DEFINITIONS I <defini tion> ‘:‘
4

< d e f i n i t i o n >  : = (t.ypespecification <symbol> [<formalargs>]
IS <expression>
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< e x t e r n a l r e f s >  ::~ EXTERNALREFS { exterr jalgroup 1+

< ext~~rnalgroup> ::= ~‘ROH <symbol> ‘: - { <ex ’ ern~ 1rof> ‘; ‘ 1+

<extern airef> ::: <paramet,erdec larat.ion>
<symbol> I - 

, ‘ < s y m b ~~ ~ I~ 
‘: - DES I GN AT r ) R

::= <symbol> ‘: - <set.expr -~;sion>
VFUN I OVFUN I <symbol ) <fortnalargs>

‘ — > ‘ <de~ larat.i.on>
::~ OFUN <symbol> <formalargs>

< func t i o~ s> : : =  FUNCTIO N S I <funct ionspec> 1+

< funct.ionspec> ::: V FUN <symbol > < f o r m a l a r g s >
‘ — > ‘ <de claration> ‘ : 

-

[<defini Li ons> ]
[{ HIDDEN - I <except.ions> I]

INITIALLY I DERIVATION I <expressi on .> ‘: -

OVFUN <symbol> <formalargs>
‘— > ‘ <declaraLi on>
[<defin it .io s . {<ex .~ >pt .ions>] i <delay> f~
[<effect s>]

OFUN <symbol> <forrnalargs> ‘:
[<exoept .ions>] I <del ay .> !~

<d e lay> ::~ DELAY UNTIL <expre s s i o n >

<exceptions> ::= EXCEPTIONS { <express ion>
1 EXCEPTIONS _OF <call> ; 

- 
1+

<ef f ec t s>  ::: EFFECT S < e x p r e s s i o n >  ‘
; 1÷

<mapp ings> : : =  MA PPINGS C < m a p p i n g >  ‘: - 1+

<mapp ing> ::: <symbol> [<fo rrnalargs>] ‘: ‘ <e xpres s i on >
: : :  <symbol> ‘: ‘ <typespeo ificat .ion>

<expression> ::: IF <expression> THEN <expr -~ssiori >
ELSE < exp re s s ion>

LET <qual ificat ion> { ‘: 
- <qualification> }*

IN <e xpress ion >
: :=  SOME <qu alifi cot .ion>

C FORALL I EXISTS I < q u a l i f \ d e c l a r a t . i o n l i s t .>
- <express i on>

: : :  TYPECASE <symbol> OF I <case> ‘: 1 .4- END
: :: < e x p r e s s i o n >  < b i n a ry o p~ r a t or~’ <exp re s s io n>

= I NOT I - I <expression>
<e xpress ion>

‘V <ex pression> ‘)‘

<symbol>
<number>
<character conot ant.>
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::: <st.r ing const .ant. >
: : =  T R U E  I FALSE I U N D E F I N E D
::: <expression> [‘ <expression> ‘1’
: : =  <express ion>  . <symbol>

I CA RD I N A L I T Y  I LEN GTH I MAX I MIN I SUM
I I NTPA R T I F R A C T P A R T  I
(‘ <expression> ‘Y

: : :  NEW V <symbol> - Y
::=  [EFFE CTS_OF] <call>

<st,ruct .ureconst.ruct .or>
= <vect orconst.ruct.or>

<set.expression>

<q ua l i f \dec la ra t . i on l i s t .> : : :  {< q u a l i f i c a t i o n >  I < d e c l a r a t ion > I
<qualifl.cat.Ion> I <declaration> }*

< q u a l i f i ca t . ion> ::~ [< t y p e s p e c i f i c a t i on > ]  <symbol> C ‘I ’ I INSET I
<exp ress ion>

<case> ::: <t y p e s p e c i f i c a t i o n >  ‘: - <express ion>

<bi naryoperat .or> : : =  ‘~~‘ I ‘1’ 1 INTER I ‘+ I ‘—
‘ I UNION I DIFF

I ‘
=
‘ I ‘

>
‘ I I ‘

<
‘ I <= ‘ I

IN SET I AND I OR I SUBSET I MOD I

< c a l l >  : :=  [‘ ‘I <symbol > ‘V [ <expression>
‘
, <expression> 1*1 ‘)‘

<structureconst.ruct .or> : : =  ‘
<
‘ [ <expression> I ‘

,
‘ <express ion> 1* 1

: : =  ‘
<
‘ <range> : - <expression> ~~

<vectorconstructor> ::: VECTOR ‘(‘ [ <expression>
I ‘

, <expression> 1* ] ‘)‘
::: VECTOR ‘V <range> ‘: - <expression> ‘)‘

< range> : : =  FOR <symbol > FROM < e xp r e s s i on >  TO <express ion >

<set.expresslon> : : =  ‘ { ‘  [ <expression> I ,
‘ <express ion> I~ 

] 1 ’

: : =  ‘I’ [<typespecification>] <symbol > ‘ I ’
<expression> ‘1 ’
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