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Abstract

A denotationaL semantics is given for the programming Language
ModPascaL: a n  object oriented proceduraL Language. I t  empLoys
concepts of abstract data type theory: heterogenous order
aLgebras with strict operations describe the semantics of
types and of a compLete program, and the parameterization
concept of ModPascaL is based on expLicit actuaLization by
signature morphisms. This aLLows to treat standard Language
objects and user-defined objects in a uniform and sound way.
AdditionaLLy; the semantic domain structure is abLe to support
equivaLence proofs in the transition from appLicative
Languages to ModPascaL as it is necessary in software
deveLopment environments.

Keywords: DenotationaL Semantics. Semantics of Types. Abstract
Data Types. Parameterixation of Types. Software
Engineering Env i ronmen ts “
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ModPascaL 1 .  In t raduc t ion  ' Page 1

1: In tcogugt ion

1 .1 .  The ModPascaL Environment

The p roceduraL  programming Language  ModPascaL was deveLoped  as
par t  of the  In tegra ted  Sof tware  DeveLopment-  and Verification
Sys tem ( ISDV-Sys tem,  EBGGORV 83] ) .  Th is '  sys tem empLoys
software engineering techniques aLong the
"ver i fy -wh iLe -deveLop“  paradigm: newLy introduced structures
are verif ied against formaL specifications as  soon as possibLe
so  tha t  errorneous o r  inadequate design is  de tec ted  earLy
before i t  causes  greater  damage (=cos t  of  system redes ign ) .
This technique i s  used  to  L ink  the  very f i rs t  formaL
specification; _the intermediate specification s t ruc tures  and
the f inaL  ModPascaL program by assigning proof t asks
( cor rec tness  c r i t e r i a )  to  aLL ref inement  s teps .  Then:  the
vaL id i ty  of aLL proof  t asks  impL ies  that  the  ModPascaL program
meets  the  requirements imposed by the f i rs t  formaL
spec i f ica t ion  - a proposition tha t  is  h ighLy  vaLuabLe fo r
aLmost aLL sof tware deveLOpments.

The appLied method invoLves dif ferent LeveLs  of abstraction
and provides concepts and tooLs for  a verif iabLe transit ion
f rom abs t rac t  to  concre te  s t ruc tures .  In  f igure  1 -1  a rough
overview of  the var ious LeveLs  is  given together  with an  aLso
rough cLassificationr-and the  ver i f icat ion t asks  are Loca ted .

aLgebra ic  abstract  <
speci f icat ions

veri f icat ion

aLgor i thmic  intermediate
specifications <

verification

programming concrete
Language  objec ts  „

F ig ,  1 - ] :  ISDV-System scenar io

The fo rmaL  specifications are  given in  the appLicst ive
specification Language  ASPIK (EBV 83 ] )  that  i s  s t rongLy based
on aLgebraic specifications ( [ADJ  783 ;  [EKP 78 ] ) .  ASPIK
supports  inc rementaL ‚  h ie ra rch icaL  sof tware design and offers
a number of powerfuL descr ip t ion  fea tu res .  I t  i s  the Language
of  the  ' abs t rac t '  and ' in te rmed ia te '  LeveLs of  program
deveLOpment in the  ISDV-Sys tem;  the  Language of  the  ' concre te '
LeveL  is  ModPascaL .  As  a consequence :  bo th  Languages  of fer
constructs  that  are semanticaLLy equivaLent ( e .g .  ASPIK
specifications - ModPascaL moduLes /enr ichments )  but  expLo i t
the advantages of  appLicat ive /proceduraL Languages resp .

December  84  ModPaScaL-Semant ics



ModPascaL 1 .1 .  The ModPascaL Environment Page 2

ModPascaL is an extension of PascaL [ ISO 7185]  in a way that
preserves the fuLL  se t  o f  f ea tures  of  PascaL .  The extension
has  been in fLuenced by two  fac ts :

. I n  software engineering research aLgebraic specifications
have become w ideLy  recognized as  a representat ion
independent  description method  fo r  da ta  t ypes  ( abs t rac t  da ta
t ypes ) .  ALgebraic specifications aLLow moduLarizat ion and
sometimes h ierarchizat ion of  probLem domains and t hey
constitute re ferent iaL  t ransparency on  the specification
LeveL  ($99  9 .9 .  [ADJ  783 !  [EKP  78 ] !  [GHM 78 ] :  [BV  83] ) .

o Existing sof tware engineering environments s t iLL  Lack a
satisfactory soLut ion  to  f iLL  the gap between the
specification and the  f inaL  programming Languages (e .g .  [S iL
80 ] ) .  Of ten,  i t  is  an  incompat ib iL i ty  of  Language constructs
and  underLa id  semantics tha t  causes  the probLems.

As a consequence ModPascaL has been designed to  meet
requirements imposed by both  theory of  . aLgebra ic

specifications and software engineer ing envi ronments .

There are four  new kinds of ob jec ts  that  make ModPascaL differ
f rom PascaL:  moduLes‚  enr ichments :  instant ia t ions and
instantiate t ypes .  The term ' t ype '  in i t s  usuaL (PascaL) sense
i s  not  appL icabLe  to  the f i rs t  th ree  of  these cons t ruc ts  s ince
they  modeL more  o r  d i f ferent  in format ion  than  a r ray ,  record
e tc .

For  an intuit ive introduct ion to  the new concepts see  EOLt
84 ] ,  sect ion 1 .  In  dependence of this modifications and
enLargements of  the PascaL type se t»  aLso  modifications on
var iabLe  decLara t ions ‚  assignments,  and operat ion caLLs  are
necessary ,  and the i r  semantics as  weLL as  the  semant ics  of  the
ob jec ts  have to  be de f ined .

The Language definit ion of  ModPascaL is  _d iv ided  into two
LeveLs:  syntax  and static semantics of aLL addit ionaL
constructs  to  Standard PascaL are given in [OLt  84 ] ;  incLuding
those  port ions of  Standard PascaL tha t  are mandatory fo r  every
semantic description ( e .g .  ass ignments :  operation caLLs) ;  the
dynamic semantics is  defined in this  paper .

We use  the technique of denotat ioneL semant ics .  Then; the new
idea  is  to  provide an  appropr iate  domain of aLgebras  as  target
of  the meaning assignment fo r  object  def ini t ions ( types ;
moduLes: enr ichments ) ‚  such  that  Operat ions  and vaLue  se ts_o f
8 Structure are  combined .  In  th is  se t t ing :  the PascaL
predefined types as  weLL as  the types generated by type
const ructors  as  array ,  record are given aLgebras as  meanings.
The descr ip t ion  of the semant ics  i s  focussed onto th is
embedding probLem of aLgebra domains .  Other necessary  top ics
of a compLete and de ta iLed  Language semant ics (e .g .  bLock
structur ing;  j umps)  are suppressed:  s ince adequate description
techniques are  weLL-known (environment  changes,

December 84 - HodPascaL—Semantics



ModPascaL 1.g‚ Notations Page 3

continuations): and their invoLvement wouLd considerabLy
increase compLexity of semantic cLauses .

Another important  domain provides the meaning for
instantiation objects: a kind of signature morphisms (see sec.
2 .2 .1 . )  in concrete proceduraL Languages. Instantiations can
be viewed at as mappings between identifiers: and their main
purpose is to r e a L i z e  the object parameterization concept of

ModPascaL (see sections 3 .  6. and 3. ?. ). There, it is necessary
to express the connection between 'formaL' and 'actuaL'
parameter objects in form of instantiation definitions; and
their semantics is captured by the introduction of a domain of
speciaL identifier mappings.

For a convieniant description of the.ModPascaL semantics: here
the grammar of EOLt 84] is reformuLated in Vienna Definition
Language (VDL :  [Weg 72 ] ) .  Upon this: the definition of t h e .
syntactic domains  is based. Syntactic domains: semantic
domains, and semantic functions are introduced in section 2.
Section 3 defines the meaning of aLL ModPascaL—specific
const ruc ts  and some Standard P a s c a L  const ruc ts .  Section 4
iLLuminates the semanticaL questions arising from the fact
that the verification con tex t  mentioned above makes it
necessary to precompiLe portions of ModPascaL code to P a s c a L .

1 .  . No tions

N denotes the set of naturaL numbers.

For a naturaL number n, ( n )  denotes the set { 1 :  . . . :  n}: and
[ n ]  : =  ( n )  \: {G: }n

For vectors v = (vl: . . . :  v„)‚ ( v1 ,  . . . ;  v„)+i or vii denotes
the i—th component vi of v.

For a set 5: Pts) denotes  the power set of s.

% denotes the uniqUe existentiaL quantification.

For a mapping m: A ——> B defined by m:: ( A  x 5): the
substitution mEa ** a1] denotes  ( m  \ ((a, m(a))}) u ((a, 31 ) } .

Four operators  are used for functionaL abstraction:
- Ax . term: Bounds free occu r rences  of x in term. This

abstraction is equivaLent to a definition:
t )  = term of a function F

- LX . cond :
Bounds x in cond and quaLifies the x as unique to
fuLLfiLL cond. EquiveLent to: ä x . (cond =
true). If no unique x exists: l evaLuates to L.

ExampLe: n : =  Li . (i+1=5) =? (n=4)
- fix f . term:

Bounds free occu r rences  of f in term and denotes
the Least fixpoint of the functionaL equation F =
termEF] where termEF] is a term with free
occurrences of F .

December 84 ModPascaL—Semantics



ModPascaL 2, Domains ”_ Paqe 4

ExampLe: f ix  f . (An  . g; n = a than 1 eLge
n* f (n—1) )

denotes the Least  fixpoint of the funct ionaL
equation F(n )  = g: n = 0 ;ngn 1 3353 n *F (n -1 ) ‚
tha t  i s  the standard f acuL t y  func t ion .

- n x . cond :
bounds x in obhd and quaL i f ies  x as  one poss ibLe
vaLue  that  satisfies cond .  EquivaLent  t o :  a x .
( cond  = t r ue ) .  I f  no vaLue exists that  satisfies
cond: n evaLuates t o  L .  _
ExampLe:  n : =  n x . ( x * x  = 9 )  =» n € ( 3 ;  - 3 } )

I f  indexed i t ems  occur  t hemseLves  in index positions, t he
ind ices  a re  j ux taposed  i n  pa ren thes i s .
ExampLe:  xn  _ )  Y t  J _ )  ZYrXth  J J

x i i  “>  Yxmu 'a

2 -  Domains

To state the semantics of ModPascaL we empLoy the technique of
denotat ionaL semantics (EStG 77 ] :  [Go r  79 ] ) .  We have t o  def ine
syntactic domains :  semantic domains and funct ions mapping
syntactic const ructs  t o  the i r  meaning in a semantic domain.

2 . ] .  §xntggtic DQMgins

A convenient way t o  describe the syntax of ModPascaL i s  by
Vienna Definition Language (VDL:  [weg  72 ] ) .  He br ie fLy  sketch
some basic concepts t ha t  are  impar tant  fo r  ou r  purposes :  and
then state the ModPascaL grammar of [OL t  84 ]  in VOL.

.1 .  . VDL

VDL supports the idea of abstract  syntax in that sense:  that
no famiL ia r  Language symboLs as  ' beg in ‘  or  ' end '  ( i . e .  the
te rminaL VOCabuLary)  occu r  in a VDL descr ip t ion .  Ins tead :  aLL
objec ts  (syntactic entities) a re  coLLec ted  i n  se t s ,  and there
are seLec to rs  tha t  aLLow man ipu ta t i on  of  them.  Ob jec ts  are
separated  into two  kinds:

- eLeman ta ry  ob jec ts :  ob jec ts  with no components and therefore
. no seLec to r s ‚

- composite ob jec ts  : ob jec ts  Which may be composed of objects
by cens t ruc t ion  ope ra to r s .  The
components may be eLementary  o r
compos i te  ob jec t s ;  and each  is
seLec tabLe  by a unique seLec to r .

Notat ion:  {01 ,  o , }  denotes a se t  ef eLementary  ob jec ts .
( s , :  c1 ,  s , :  c ‚ )  denotes a se t  of composite objects
with seLec to r s  s l :  s ,  and component ob jec t  se t s  c „
c , .

Composite objects represent t ree st ructures in which the arcs
are LabeLLed by seLec to rs :  the Lea f  nodes are eLementary

4——
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ModPascaL g51 .1 .  VDL T_ _ Page 5

objects and aLL other nodes are composite ob jec ts .

There is a distinguished eLementary object:  the'sovcaLLed ngLL
ob jec t  L which i s  di f ferent  f rom every other  eLementary
ob jec t .  The nuLL object  is  used to  denote empty domains or
erroneous manibuLations on domains.

Dgf l  2 .J ‚ ] .—]"EseLec tor  appL ica t ionJ
Let c = ( s . :  c . .  . . . ,  s„ :  c„ )  denote a composite object .  Let s
denote a seLec tor :  and Le t  c e c with c = ( c1 ;  . . . ;  c ” ) .
Then  (s  c )  i s  caLLed  ;eLec tor  aggp iaa t ion  w i th

( sc )  :=ggggs=s„ ie (n ) :c i
osneggise L

3
Notation: ( s"  c )  :=  ( s  ( s  ( s  . . .  ( s  c )  . . .  ) [n  times» n > 0]

(3 °  9 )  :=  c

SeLec tors  may be composed,  t oo . , I f  ( s , :  C1 )  and C ;  E ( s , :  c . .
53 :  c3 )  are composite objects then 5351  is  a cgmggsite
seLgc tor .  I f  x € ( s . :  C: )  then 838 ;  can be apied to  x to
seLec t  the  c3—component.

Nota t ion :  I f  s„s . . . l l  . . .  s1  denotes a composite seLec tor :  then
(Sn  (€“  .. 1 ( . . . ( 31  X )  I I I )  denotes  the  a p p L i c a t i o n

to  a composite ob jec t  x .  -

Def .  2 ‚J . ] . - 2 .  [admissabiL i ty ]
Let  s :=  s“ . . .  s1 denote  a composi te  seLec tor ‚  c a set  of
composite ob jec ts .
1 )  The appLicat ion of 5 to  c € c ,  i . e .

(sn (s„_1  ( . . . ( s ;  c )  . . . )
i s  agmissabLer  if

v i e (n )  . s i  ( s i . 1  ( . . . ( s ‚  c )  . . . )  * L .

s is aLso taLLed admissgbLe seggctor {er c .
2 )  AD(c) :=  {s l  5 is  admissabLe seLector for  c)

The foLLowing  conventions and Opera to rs  are  used:
1 )  We assume aLL ob jec t  se ts  to  be fLa t  domains ( see

d e f i n i t i o n  2 -2 -113 -3 . )  .

2 )  Syntactic Domains are denoted by identif iers starting with
cap i taL  Le t te r .  SeLec tors  and syntactic domains may occur
post f ixed  by  'L '  ( fo r  ' L is t ' ) .  This impL ies  the  foLLowing
L is t  s t ruc türe :  \

DomainL = ( f i r s t :  Domaine  res t :  DomainL)

I f  Domain = Dom1 u Dom2
then  DomainL = Dom1L u Dom2L

An Operator Length: DomainL __) N that returns the number
of  L is t  eLements is  def ined for  every domain. Length(L)  =
0 .  .

3) The L-versien of a domain is  not expLiciteLy mentioned in
the  abst rac t  syntax of  ModPascaL.

December 84  MedPascaL-Semantics
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SpociaL case: DomLL = ( f i r s t :  DomainL» res t :  DomainLL)

4) The generaL assignment operator  i a  u :
For  d € D:  d

51  S:

oLd1  oLd ,

p(d; s l :  newl) : =  d '  : d '

\
new;  oLd1

5 )  Tho genoraL cons t ruc t i on  opera tow i s  no :
“0 ‘81 :  Di :  s ‚ :p ° (sg :  Ds ,  s . :  D .? )  descr ibes the domain:

5% **
D; .

“7 Y“
D;  D I

Abstr  c t  f Mo nqgg

Program = (prog_head:  Prog_headz bLock: BLock)
Prog_head = (prog_id: I d :  p rogüparnms:  IdL)
ID  = {aLphanumer ic  s t r ings}
BLock  = (LabL:LabL ‚  confi tL :  Cons tLp  objL:  ObjL‚

va rL :VaPLz  sub_pPogL: Sunkpron s t t :  St t )
Lab  = {O I  . . . :  9999 }

Const = (const_id: I da  const_vaL: Const_vaL)
Const_yaL = I d  v INT v (sign: Sign: i d :  I d )
INT = { i n t ege r  number}
Sign = {+1  ' }
Obj = Type_def v Enrich_def v Inst_def
Type_dof = ( t ype_ id :  I d ,  t ype :  Type )
Type = I d  v Stand_type v Stand„type_gen v

Non_standard_type_gen
Stand_type = {INTEGER‚_BOOLEAN‚ REAL: CHAR}
Stand_type_gen

= ScaLar_type v Subrange_type v Array_type v
Record_type v Setütype v FiLedtype v Pointer_type

ScaLar_typo
= ( i s  IdL)

Subrange_type
= (Lower :  Sons t ;  Upper :  coast)  .

Array_type = ( i ndexL :  S impLe_typeL‚  comp: Type)
SimpLe_type

= ScaLarhtype v Subrange_typo v I d
Record_typo '

= ( f i xedL :  F ixed_par tLp variant_partL:
Variant_partL)

DeceMEo— 54 „ „  ModPascaL—Semant ics
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Fixod_part =
Variant_part

Tag
Var iant

Set_type
FiLe_type
Pointer_type

2 .1 .2 .  Abst rac t  syfi tax ofJMOUPasceL Page ?

( i dL :  I dL ‚  t ype :  Type )

( t ag :  Tag :  va r ien tb :  Var iantL)
( t ag id :  I d .  t ype id :  I d )  v ( t ype id  : I d )
( cons tL :  Cbns tL ‚  f i xedL :  Fixed_partLp
var iant_partL:  Var iant_partL)
( s impLe_ type :  S impLe_type)
( t ype :  Type)

( t ype :  Type)
Non_standard_type_gen

ModuLe__type

PubL ic
Proc_head
Param
Func_head
Ini t_head
LocaL

LocaL_type

Var
In i t_stmt
Term

‚ S impLe_ te rm

Op_id

EXpr =
S_term =
Op_designator

ModULe_type v Instant iateätype

= ( ud :  I dL ,  pubL i cL :  PubL i cL ‚_LocaL :  LocaL :
Operat ionL : Opera t ionk)
Pree_heed v Funcdhead v Ini t_head
( p roc_ id :  I d ,  pa ramL :  ParamL)
( i dL :  I dL :  t ype :  ID )
( func_ id :  I d ,  pa ramL :  ParamL: r esuL t :  I d )
( i n i t _ i d :  I d ,  pa ramL :  ParamL)
(LocaL_ typeL :  LocaL_typeL ‚  Locat_varL:  VarL:
LocaL_ope ra t i onL :  LocaL_operat ionL)
SimpLe_type v Array_type v Record_type v Set_type
v F iLeü type  v Pointerfl tybe
(idL: I dL :  t ype :  Type :  in i t :  Ini tfistmt)
Term
SimpLe_ te rm v Opddésignator

(op_ id :  Op_ido eet_paramL: ExprL)
I d  V { * :  / I  D IV :  MOD: AND:  + :  * :  OR:  = :  <> :  ( :  > :
<= ;  >= :  IN }

I d  v Term v S_term
( s i gn :  Sign, t e rm :  Term)

( va r_ id :  I d ;  opmidL: I dL ;  act_paramL: ExprL)
LocaL_0perat ion

Operat ion =
Proc_spec =
Func_spec =
In i t_spec =
Instant ia te_t

Enrich_def

Add
Inst_def

Obj_act
Type_act
Op_act
Sub_prog
Proc_c
Func_c

Stmt

December 84

Proc_nead v Cunb_head

Proc_spec v Func_spec v Ini t_epoc
(p roc_ id :  I d ;  body :  BLock )
( func_ id :  I d :  body :  BLock)
( i n i t _ id :  I d ,  body :  BLock )
YPG
(base_ type :  I d :  ob jec th :  IdL)
(enr_ id :  I d ,  useL :  IdLm addL: Add OperationL:
Opera t ionL)
(add_ id :  I d ,  pubL icL :  PubL icL)
( ins t_ id :  I d ,  uSeL: IdL, obj_actL: 0bj_actL‚
t ype_ac tL :  Type_actLr  op_ac tL :  Op_actL)
( oLd :  I d :  new :  I d )
(oLd :  I d ;  new :  I d )
(oLd :  I d ;  new :  I d )
Proc_c v Func_déL
( p roe_ id :  I d ;  pa ramL :  ParamL: body:  BLock )
( func_ id :  I d ,  paramL: ParamL‚ r esub t z  Id: body:
BLock )
(Lab :  Lab:  S impLe_s tmt=  S impLe_stmt)  v ( Lab :  Lab:

| u

ModPascaL-Semant ics



ModPascaL 4_2 .2 .  Semantic Domains Page 8

struc_stmt: Struc_stmt)
SimpLe_stmt

Assg_stmt v Proc_stmt v Gote_stmt
Assg_stmt (assg_var: Assg_var‚ exp”:  Expr)
Assg_var I d  v comp_var v Ref_var v Op_designator
Comp_var = (array_var: I d ,  exprL: EXprL) v FieLd_designator
FieLd_designator _

= (cemp_var: Assg_var‚ fieLd_id:\1d) v
(op_designator: Op_designator) v (ref_var: Id:
fieLd_id: Id)-

Proc_stmt = Term
Goto_stmt = (Lab: Lab)  .
Struc_stmt = Stt v Cond_stmt v Rep_stmt v withwstmt
Cond_stmt = (if: Expr‚ then: Stmtp eLse: Stmt) v (case_expr:

Expr: caseL: CaseL)
Case = (idbt IdL: stmt: ätmt)
Rep_stmt = WhiLe v Repeat v For
White = (whiLe_expr: Expr: stt: Stt)
Repeat  = ( s t t :  Stt: untiL: Expr)
For = (for_var: Id: Lower: Exprz Upper: Expr:

direction: {UP:  DOWN} ;  S t t :  SttJ
with = ( i d L :  IdL: St t :  S tmhL )

2,2. gemantig nains

2 .2 . ] .  The.Domain ALg

Objects in ModPascaL wiLL be associated to aLgebras. To
preserve appLicabiLity of denotationat semantics techniques,
we require speciaL aLgebra domains.
Furthermore: we use a generaL Construction from universaL
aLgebra to denete aLgebra domains by signatures.

Def .  2 .2 .1 .—1  [signature]
Let OB denote  a set of object names: OP a set of nota t ion
names, i.e. OB 5 Id: OP ; 1d. The tUpLe I = (03: OP) is caLLed
signature, if

1) a arity : OP -—> (OB* x CB)
2) gg; op.,t := { o p  e op ] arity(op) = (s‚t>} in

a) OP = u Op.,t
$€ÖB*
t€OB

b) n op.,t = ¢
5603*
tGOB

For'arity(op) = (sat), s is caLLed source, and t target of Op.
8 e OB* denotes the gmgtx sgurce. n

Remgrk :  The arity functiön assigns functionaLities to
operation names: i . e .  if arity<op> = (s: t )  with 3 u
si ... s": then op is name for an operation from 81 x
... x 3" to t.

December 84 ModPasEaL-Semantics
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An important notion to  Link signatures is  the signature
morphism.

Def ,  Z .Z . ] . -g  [signature morphifim]
Le t  Z ;  = ( 08 ; :  QPE), i e ( 1 :  2 }  denote signatures.
Let f :  OB1 —J? (“382 and 9 :  0P1 ~—> OP, denote mappings.
Then the  t upLe  ( f :  g )  i s  caLLed  s ignature  mgrph igm if

V op  € 0P1 . .
gg; ( ob ;  . . .  Ob “ :  ob „ . 1 )  : =  a r i t y1 (op )  in

a r i t y , ( g (op ) )  = ( f ( 0b1 )  . . .  f ( ob „ ) ‚  f (ob„ .1 ) )
where a r i t y i  denotes the ar i ty  func t ion  of 2 ; :  i e ( 1 .  2 } .

n

Signature morphisms become important  " espec iaLLy  for
instantiation object semantics ( see  sec .  3 .6 . ) .

Def .  2 .2 .1 . -3  [ * La t  domain]
Let  S denote  a se t .  Then (SA :  ; )  i s  caLLed  a f La t  domain
i f  1 )  L5  € 3 denotes the bot tom eLement of 8 .

2 )  E C (S ;  x S i )  i s  a par t iaL  order with
XQY:4==>x= l - ‚ o r x=v  n

Ngtg t i on :  I f  no ambiguities are poss ibLe ‚  we_deno te  the f La t
domain S_L s impLy  as  S and the bo t tom eLement  L, as
L .

ggf.  2 .2 .1 . - 4  [ s t r i c t ]
Let c1 ,  . . . :  Cm denote f La t  domains ;  and n € (m) .  A funCt ion

f :  C1  x . . .X  G„  '3'") Cu. ”  )( an!—y; Cm
i s  caLLed  strict, i f
f (C11  . . . - IC" )  : ( LG" .p l r  . . . ;  J—Cm)  @ 3 5. € ( n )  . C;  : -LCi_

!

Bgmggß: There i s  an  ar i ty operat ion for  s t r ic t  funct ions.
ü f :  C1  X I I I  X C“  “"-"> Cn*a  X I I I  X Cm

Egan a r i t y ( f )  = ( c l cz  . . .  fine  C „ .1  c „+ ‚  . . .  Cm) .

Def .  z , z . 1 . - 5  [ o rde r  aLgeb ra ]
Let C denote a non-empty  se t  o f  f La t  domains: F a set  of
s t r i c t  f unc t i ons  f :  C1 x . . . x  C" ——> cn+1  with Ci  e C :  i e
(n+1 ) .  Then (C :  F )  i s  caLLed  an  9 rde r ‚ aggeg rg .
The eLemen ts  o f  C are caLLed  ca r r i e rgg t s  o r  gar r ie r  . u

Def .  g .g .1 . - 6  EZ-aLgebra :  in terpretat ion]
Le t  E = (OB; OP) denote  a s i gna tu re .  _
An order  aLgebra  A = ( c .  F)  i s  caLLed a zea tggpcg l  if there
are  mappings

H1: 08 -——> c
H,:  OP --—-> F

that  associate object  name i  t o  f La t  demains and Operat ion
names t o  s t r i c t  f unc t i ons .  -
The t upLe  (H1 ,  H2)  i s  caLLed  ( z—s igng tgnez  in tecprg tg t ion  fo r
5 .

I
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Def .  2 ,2 . ] . -?  [naming operations]
Let  A = ( c ,  F )  denote  an  order  aLgeb ra ‚  and I d  an  unbound se t
of  identifiers.
Then obname—A:_C  *~> I d  and opname-A :  F ——> Id
associates unique names t o  ca r r i e r  sets and Operat ions of A .
obnames(A) : =  { ebh  S c e C . ebn = obname-A(c) }
opnames(A)  : =  fibpn  3 f e F . opn = opname-A ( f ) }

n
Def .  2 ,2 ‚ J , -fi  [ assoc ia ted  s ignature ]
Le t  A = (C ,  F )  denote  an  order  aLgeb ra .
Then the  s ignature  £ (A)  = (OB(A) ‚  OP(A) )  def ined by

1 )  OB(A) : =  obnames (A )
2 )  OP(A) : =  opnames (A )

i s  caLLed  the assog ig ted  s ignafiUre t o  5 .
' u

Remarg: Let { = (OB, OP) be a s ignature,  A = (C :  F )  a
z -aLgeb ra  w i t h  interpretation (H1 :  Hz )
2 i s  t he  associated s igna tu re  t o  A ;  i f  and  onLy  if

1 )  V ob  € OB . ab  = obname-A (H1 (ob ) )
2 )  v op  6 0P . op  = Opname-A (H ‚ (op ) ) .

This  i s  aLways  poss ibLe  by  appropr ia te  choices of
obname-A and opname-A .

These syn tac t i cak  Operat ions w iLL  be used in sec .  3 .6 .

Def .  z . z . 1 . - 9  EALQEZ]: ALg]
Let I = (OB, OP) denote a signature.
Then

ALgEZ] : =  CAI A is  _ t -aLgebra}  u { i t  }
ALg :=  + {ALgEZJI z i s  signature}

(+  denotes the di rect  sum of  domains). =

The def in i t ion of the domain ALg as coaLesced sum of z -sor ted
aLgebra  domains i s  not  unp robLema t i c .  I t  wouLd  aLLow aLgebras
tha t  possess  as  car r ie rs  “ t he  se t  o f  aLL  se t s “ .  S ince th is  i s
a weLL—known  ba radoxon -gene ra t i ng  cons t ruc t i on :  we assume a
meta -s t ruc tu re  caLLed  un iverSum U whose eLemen ts  are  se t s .
There a re  axioms t ha t  make the  " se t  of aLL  se t s “  under ivabLe
in U .  Then:  aLL  ca r r ie rs  o f  eLemen ts  A e ALg  are  assumed t o  be
eLemen ts  of U .

De f .  3 ,2 .3 . - 1g  ETOIJ ‘
For  each  aLgeb ra  A & ALg :  the ' t ypg—of - i nge res t '  ogergtor  To;
i s  def ined as foLLowsz ‘
TOI(A) : =  ( € :  F )  where

1 )  c € C denotes a distinguished car r ie r  se t  \
2) F ; F_derfiotes aLL operat ions having C in thei'r a r i t ies :

i . e .  V f € F . $$$ (C1 . . .  C,1 : C“.1) : =  a r i t y t f )  in
a i € (n+1)  . C;  = 6 !

TOI w iLL  be used  t o  pa r t i t i on  ca r r i e r s  and func t ions  into
those that  are currenthy new def ined ( ( 5 :  E ) )  and those that
have aLready  been def ined ( (C  \ { c } ,  F \ P) ) .

Often: the distinguished carr ier se t  i s  embiguousLy denoted by
t he  aLgebras  name,  i . e .  TO I (A )  = (A :  F ) .

“
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In some cases  the TOI Operator  w iLL  evaLuate  to  (L ,  L )  if the
aLgebra  under consideration shouLd  expLicitLy be character ized
in th is  way .  This does no t  mean that there are no carr iers  o r
funct ions but  tha t  none of  them i s  quaL i f ied  as  ' o f - i n t e res t '
( see  aLso  enrichment ob jec t s ;  sec .  3 .5 . ) .

The next  definition deaLs  wi th techn icaL  Operat ions on order
aLgeb ra ' s .

Def ,  2 .2 . j . - 11  [Un ion :  D i f ference]
Let  Ea = (DB„  OPa) ‚  z „  = (OBb ‚  OPb) denote signatures.
Let A = (C -A ‚  F-A)  e ALgEqp  B = (C“Bl  F—B) e ALgEZb]
and s ignature  interpretations Ha = (H , ; :  H . ; ) ,  Hb = (Hb1 r
Hbz ) .

The union of A and & ,  denoted A u B:  and the di f ference of A
and  B :  denoted by A\B ‚  a re  g iven by :
ii 1) v ob e (05" „ OB”) . H‚1(Ob) H,.cob)

2 )  V 0p  € (OP ,  n CPD)  . Heg iop )  : Hb‚ (0p )
3 )  V C € (C" ‘A  n C 'B )  |- a Ob  € (OB ;  \! OBb)  . Ha1( °b )

Hb1(0b )  = C .
4 )  V f € (F 'A  n F ‘B )  . 3 Op € ' (OP .  n OPb)  . H, ; (Op)

Hb2(0p )  = f
snap A v B :=  (C 'A  U 6 *31  F 'A  u F 'B )
‚am J- -

it ( add i t i onaLLy?  S) V op  6 OP. .
Lg; (s1 . . .  sh ,  s )  : =  a r i t y (op )  in

1 (S i  € 035 \ OBbI  i € ( h )  35 S € 05.  \ OBh)  Qng
1 (Ha1 (5 i )  € C'A  \ C'B I  i € ( n )  Sn Ha1(S )  G CSA \ C'B )

snap A \ B :=  ( c -A  \ c -B ,  F-A  \ F-B)
ne  L

I f  A u B is  def ined, then A u B € ALgE):a u zb ] ,  where I. u I b
: =  (OB° u Gab ,  OPa u Opa)  and a r i t y r z ‚ uzb ‘ i s  der ived f rom
ar i ty -za and a r i t y -Zb .  This hoLds  ana togous t y  for  A \ B.

n
This definition ensures t ha t  signature interpretations behave
such that union and d i f ference of signatures and of aLgebras
are compa t i bLe .  S ince t he  se t  union identifies identicaL
car r i e rse ts ,  no muLt ipLe  representation can  occu r .  I f ,  on  the
o ther  hand :  one  i s  i n t e res ted  i n  muL t i pLe  occurrences of
spec iaL  carr ier  se t ,  one has  to  use  a tagging mechanism to
distinguish between se t  eLements of different occur rences .

2 ,3 ,2 .  sgangg rg  ALgeb ras

I n  MOdPascaL there  are fou r  predefined standard t ypes :
BOOLEAN, INTEGER: REAL: CHAR. we define s tandard  aLgebras  tha t
w iLL  be assoc ia ted  t o  s tandard  t ypes  ( see  sec .  3 .3 .1 . ) .

(1 )  BOOLEAN

Signature: { - 3  :
' OB-B

OP-B

- ‚_;— - ;

(OB-B ,  OP-B)  with
{ booLean }
( t r ue ,  f aLse ‚  and ;  o r ;  no t :  = ,  <> :

<= ,  >= ,  < ,  >}
“I-
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Gr i tY *B :  OP-B-——> (OP*B*  x OP-B)
( e .g . :  a r i t y (and )  n (booLean booLean:  booLean)

a r i t y ( t r ue )  # ( 8 :  booLean ) )
Then ECDL-Agg :=  (0 -8 :  F-B) @ ALgEZ-B] wi th
C-B  {B -VaL } :  B -VaL  = (TRUE:  FALSE:  L}
F -B  { tPU9 :  f aLse :  and :  OP :  no t :  =:  <> :  <=:  >= :  >:  <)

where  t r ue  :=  TRUE
and tx :  y )  : =  g: x then y 3333 FALSE.

e t c .

TOI(BOOL-ALg) : =  B-VAL

Bemerks :  a )  The functions of  FOB are  ambiguousLy  denoted by
the  function names o f  OP-B .

b )  BOOL-ALg does  not  cen ta i n  an  order  opera t ion  as  i t
i s  obL iga to ry  fo r  enumerat ion types
(ModPascaL /PascaL  v iew BOOLEAN as instance of an
enumeration t ypo ) "

( NTEGER
-.. *. _

(OB-I :  OP—I)  w i t h
{ i n t ege r :  booLean }
{ succ :  p red :  +:  —: * :  div: mod: abs :  odd:

Sq  = :  < ) :  <=:  >=:  ( :  >}
u OP-B

ar i ty - I :  OP-I \ OP—B ——> (OB-1* x 03-1)
( e .g . :  a r i t y -1 ( succ )  = (integer, integer)

a r i t y—I (<> )  = ( i n t ege r  i n teger :  booLean)
Then INT -ALQ : =  (0 -1 :  F- I )  € ALgEZ~ IJ  w i t h
c- I  = { I fVaL :  B-VaL}: I-VaL = C—maxint: . . . :  —1:u : 1: . . .

+max in t :  L }
F- I  = { succ r  pred:  +:  —: * :  d i v :  mod :  abs :  odd,  sqr :  =:

<) :  <=:  >=:  < :  >}
u F 'B

where succ (x )  :
+(X:  Y)  :

Signa tu re :  Z - I  :
OB—I
OP-I

ggggifi x > ß gngn succ (+ (p red (x ) : y ) )
eLse  p red (+<succ (x ) : y ) )

e tc  .

TOI(INT—ALg) : =  I-VAL

Remarks: a )  The funct ions of  F - I  \ F&E are ambiguousLy denoted
by the func t ion  names of OP—I\OP-B.

b )  Max in t  i s  the impLemen ta t i on  dependent boundary
vaLue fo r  in teger  number representa t ion .

c )  The funct ions of F - I  \ F-B  are not  the famiL iar
In teger  funct ions s ince  they  are assumed to  obey
machine arithmetic r uLes .

d) Type convers ions <coe rc i ons )  are disregarded.

necenher  RA ModPascaL -Seman t i cs
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(3) REAL
Signature:  z -R  :=  (OB-R:  OP-R) with

OB-R = . { reaL ‚  i n teger ,  booLean}
OP—R = { - ‚  + ,  * .  ! .  abs, sqr t :  sqr :  sin: cos:

arc tan :  exp ,  Ln ,  t runc,  round}
v OP ‘ I

ar i ty-R: OP—R \ OP-I —«> (OB-R* x OB—R)
( e .g . :  arity—R(sqrt) = ( r eaL ‚  r eaL )

arity-R(round) % ( r eaL .  i n t ege rh ) .
Then REAL-ALQ : =  (c—R‚ F-R)  e ALgtz-RJ with
c -R  = {R -VaL:  I -VaL .  B—VaL} ‚  R—VaL = { x l  x i s  fLoating

point number}
\ F -R  = C- ‚  + .  * .  [ .  abs, sq r ‚  sq r t .  sin. cos; arc tan.  exp :

Ln ;  t r unc .  round}
u F—I
where sq r ( x )  : =  x

t r unc (x )  : =

.L—

* x
{fractionaL part of fLoating
point number x)

e t c .

ToxcnsAL—ALg) : =  R-VAL
___-_ ___

Remarks:  a )  The funct ions of F -R  \ F—I  are ambiguousLy denoted
by the  f unc t i on  names Of OP-R\OP-I .

D) The fLoating point number representat ion (mantisse
and characteristic size) is impLementation
dependen t .  _

c )  The functions of F—R \ F- I  are not the famiLiar
REAL functions s ince they are assumed to  obey
fLoating point arithmetic r uLes .

(& )  CHAR

Signature: z -c  :
OB-C
OP-C

(OB-C:  OP—C) with
( cha r ,  in teger ,  booLean}
{p red ‚  succ: ord ;  eh r ,  = ;  <> :

>= ,  (= ;  < ,  > }
u OP- I

ar i ty—C: OP—c \ OP-I ——> (OB—C* x OB—C)
( e .g . :  a r i t y—C(ch r )  = ( cha r ,  integer)

arity—C(<=) = ( cha r  cha r .  booLean))
Then CHAR-ALg  : =  ( c — c ‚  F—C) € ALgE£*C ]  with
c-c  = {c -VaL ,  I -VaL ;  B-VaL } ‚  OnVaL = {charac te r  set}
F—C = { p red ‚  SUCCI  Örd l  ChP :  = :  < ) :  <= :  >= :  < ;  >}

„ F- I
where < (x ‚  y )  = r d ( x )  < o rd t y ): o

o rd (x )  : =  g: x = a 3939 1 gäggifi x = b . . .

e tc .

TOI(CHAR-ALg) : =  C-VAL

Bgmgggg: a )  The functions of F—c \ F-I  are ambiguousLy denoted
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by the funct ion names of OP-C\OP-I .
b )  The charac te r  se t  and  i t s  order funct ion are

impLemen ta t i on  dependend -

$§l_EBE

Signature: Z-P  :=  (OB—P; OP-P)  w i th
OB-P = OB-B u OB~ I  u OB—R u OB-C
OP-P  = OP-B u OP- I  u OP-R  v OP—C
a r i t y -C :  <comb ina t i on  o f  t he  a r i t y  funct ions of

t he  basing s igna tu res>
Then PRE-Atg :=  (C -P ;  F-P )  € ALgEE—P].with
C-P  = {B -VaL ‚  I -VaL ;  R -VaL ;  C -VaL }
F-P  = {F -B  u F- I  u FHR u F -C }

TOI(PRE-ALg) : =  (L ,  L)
... ___—__

Remarks: a )  The aLgebra PRE—ALg is  a combination of s tanda rd '
aLgeb ras .  I t  i s  equ i vaLen t  t o  t he  (aLgeb ra )  union
of BOOL-ALg: INT-ALg, REAL-ALg and CHAR—ALg.

b )  S ince .  no  new da ta  i s  introduced in PRE-ALg - the
ca r r i e r  se ts  a re  aL ready  de f ined  —‚ the re  i s  no
t ype -o f—in te res t .  Th i s  phenomenon  i s  gene ra t i zed
i n  the  enrichment ob jec t  ( see  sec .  3 .5 . ) .

2 .2 : } .  Fur ther  Domgins '

UsuaLLy :  the  semantic domains prov ide  the mean t o  express  the
in tended semantics of  a programming Language const ruc t .  I n  the
case  of  data  t ypes  and da ta  t ype  genera to rs  t he re  were onLy
f ew  p roposaLs  in the  past  how to  i ncLude  the i r  semantics i n  a
denota t ionaL  descr ip t ion ( [Ten  76 ] ;  [Ge r  79 ] ) .  This was mainLy
due  t o  t he  f ac t  t ha t  a weLL - fo rmaL i zed  and  reasonabLy  wide
accep ted  answer  t o  “wha t  i s  a da ta  t ype “  had  not  been  g i ven .

So our suggestion t o  descr ibe data  types by aLgebras  is
de r i ved . f r om resuL ts  of abs t rac t  da ta  type research  (EADJ 78 ] :
[EKP 7B ] :  [CIP 81 ] )  dur ing  t he  Las t  t en  yea rs .  I n  th is
envi ronment :  data types a re  introduced by aLgebra ic
specifications, tha t  consist o f  s igna tures  (names of  da ta  se ts
and  names of Opera t i ons )  and  o f  se t s  o f  equations t ha t  def ine
a behav iou r  of Ope ra t i ons .  Then a un ique  semant ic  Links t he
spec i f i ca t i on  t o  a s i ngLe  aLgeb ra ‚  the  da ta  t ype .

This  i dea  appL ied  “ t o  the  t ypes  and  type generators  of
convent ionaL Languages  requ i res  some prerequisites:

. An  appropr iate domain  has  t o  be  def ined to  serve as  semant ic
domain of  type de f in i t i ons .

. I f  t ypes are  aLgeb ras :  then  the Language inher i tant  types as
BOOLEAN, INTEGER e tc .  canno t  be  Looked  a t  onLy  as  a se t  o f
vaLues ‚  but  as  s t ruc tu res  i ncLUd ing  Opera t ions  as  ' and '»
' o r '  or  ' + ' ‚  ' 5 '  which in generaL a re  h ided in the comp iLe r .
Therefore i t  shouLd  be cLea r  wh ich  Opera t ions  a re  assoc ia ted
to  a g iven t ype .

' -December  34 ModPascaL-Semantics



ModPascaL 2 .2 .3 .  Further Domains Page 15

o A compLete ModPescaL program with type def init ions:
operat ion decLara t ions ‚  var iabLe  decLarat ions and statement
part  can aLso be viewed at  as an aLgebra: the type
definitions represent  aLready  aLgebras ;  the  operat ion
decLara t ions  a re  new operations of a ' p rogram aLgebra ' ‚  and
the var iabLe  decLara t ions  toge ther  w i th  the s ta tementpar t
may be seen  as  a s ingLe  (unnamed) Operation appL icabLe  to  an
in i t i aL  s ta te  and resuLt ing  in a f inaL  state. The support  of
this main-program-aLgebra view is  par t icuLarLy  important if
in verification con tex ts  programs are Linked to  other
s t ruc tures  tha t  themseLves  a re  based  on  aLgebra ic  semant ics .

Concerning the f i rst  point  above ,  the  domain ALg was
const ructed  as  a coLLec t ion  of  aLL interest ing aLgebras .  ( fo r
reason  of  the  cautious fo rmuLat ion  ' in te res t ing ' ;  see  the
remark a f te r  def in i t ion  2 .2 .1 .—9) .  The second  point  i s  covered
by the expL ic i t  def in i t ions of aLgebras in the preceding
sect ion and the  definitions of sec .  3 .3 .1 .  and sec .  3 .3 .2 .
These s t ruc tures  were  composed accord ing to  the PascaL
standard of [ 130  7185 ] .  The th i rd  point  is  dedicated to  the
spec iaL  sec t ion  2 .2 .4 .

I f :  as  in our  case ,  the Language invoLves addi t ionaL new
constructs they aLso shouLd f i t  into the aLgebra semantic
f rame .  But  s ince  moduLe types ,  enr ichments:  ins tant ia te  types
and instant ia t ions  a re  der ived s t ruc tures  of  abst ract  da ta
type theory th is  requirement i s  t r i v iaLLy  met .

2 .2 , } . 1 ,  The non -ALg  Domains

ALthough the  s tandard  types  of ModPascaL are modeLLed by
aLgebras  wi th  the  expected  car r ie rs»  i t  is  often conveniant in
aLready  very techn icaL  cLauses  to  access  d i rec tLy  to  booLean
and in teger  vaLues. Therefore the  domains D_BOOL and D_INT
were  added .

I n  the foLLowing  onLy fLa t  domains are def ined.

Notat ion:  (A  -—> B)  denotes the domain of str ict  monoton
func t ions  f rom A to  8 .

D OOL
= ( t rue :  f aLse} :  The booLean vaLues .

um .
= { . . . ,  - 2 ‚  —1‚ O: 1 :  2 ,  . . . } :  The integer venues;

L.
: { id l  i d  € (A !  . . . I  Z I  D ’  um. ,  9 }+  A f iPSt ( id )  ‘ {D '  . . . I

9 } } :  Identifier are st r ings of Let ters  and digits; start ing
wi th  a Le t te r .

Loc
= {an  unbound domain of  Loca t ions} :  I f  Locat ions  are

interpreted as  main memory add resses ,  Loc couLd be seen as
integer  subse t .  Bu t  every interpretat ion into

December 84 ModPascaL—Semantics



ModPascaL 2 .2 .3 .  Fu r t he r -Doma ins  Page 16

distinguishabLe eLements wiLL wo rk .

ALQQHEk .
= (MAIN:  BOOLEAN, INTEGER: REAL:  CHAR: SCALAR: SUBRANGE:

ARRAY:  RECORD:  F ILE :  SET :  POINTER:  MODULE: ENRICHMENT} :  The
aLgebra quaL i f ica t ions ind ica te  the basing ModPascaL type of
an  aLgeb ra .  MAIN re fers  t o  the  main program aLgeb ra .

QQQEQL
= (LAB:  CONST:  VAR:  PROC:  FUNC:  IN IT :  INST} + ALgQuaL :  The ,

object quaLifications indicate either the basing ModPascaL
feature  of  an  item or  the  basing ModPascaL t ype .

VaLGua
= (C ]  C = TOI(A)+1 for  A € ALg} :  ALL carr iersets  of  in terest

f o r  aLgebras  in ALg .  VaLOuaL may be seen  as  a factorization
of  ALg .

OQDen
= + (VaLQuaL “  ——> VaLQuaLm) :

Funct ion  between n-ary and
n :meN
m-ary  car tes ian  produc ts  of VaLQuaL .  A generaL iza t ion  of
funct ions of aLgebras  of ALg .

Eat= D_BOOL + D_INT + I d  + ALg + VaLQuaL + OpDen

The foLLow ing  domains are not necessar iLy  f La t .

Sto re
= I Loc  ——> VaL ) :  L inks  Loca t ions  and vaLues

Env .

= ( I d  ——> (Loc  x ObQuaL x VaLQuaL ) ) :  Each identifier i d  € I d
i s  connected to  a t r i pLe .  The second and third components
descr ibe  propert ies of i d .

Sta te
= Env x Store  : Characterization of a sta te  as  t upLe .  See aLso

the  memory modeL in 2 .2 .3 .2 .

Trans
= (S ta te  ——> S ta te ) :  S ta te  t ransformation t ha t  are induced by

programming Language const ructs  wiLL  be descr ibed wi th  T e
Trans  .

ETrang .
= (S ta te  ——> (S ta te  x VaL) ) :  AnaLogousLy  Trans:  but  wi th

vaLues  out  of VaL .
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D_BOOL = ( t rue ,  f aLse}
D_INT = { . . . :  "‘1: 0 : 1 :  . . . }
I d  = { i d l  i d  € (A !  . . . :  2 :  C I  . . . :  9}+  A f iPS t ( i d )  $

_ {O r  . . . :  9} }
ALg = + {ALQEZJI Z i s  signature}
Loc = {unbound  domains of  Locations)
ALgQuaL  = (MA IN :  BOOLEAN;  INTEGER:  REAL:  CHAR:  SCALAR:

SUBRANGE: ARRAY, RECORD, FILE.  SET:  POINTER:
MODULE, ENRICHMENT}

ObQuaL  = ALgQuaL  + (LAB,  PROC:  FUNC:  VAR:  INIT}
VaLQuaL = { c  l c = T01(A)¢1 for  A e ALg}
VaL = D_BOOL + D_INT + I d  + ALg  + VaLQuaL + OpDen
Sto re  = Loc -—->  VaL
Env = I d  ——> (Loc  x ObQuaL  x VaLQuaL )
S ta te  = Env  x S to re
Trans  = Sta te  ——> S ta te
ETrans = Sta te  ——> (S ta te  x VaL )
OpDen = VaL"  x VaLm

In  the  foLLow ing  we assume that  t he  syntactic domain ID and
the semantic domain I d  are  i den t i caL .

. . . The memor  modeL

I n  the semantic cLauses  a two-LeveL  memory modeL i s  used .  The
f i r s t  LeveL ;  represented by the  domain Env of  envi ronments,
Links identifier t o  a vec to r  o f  vaLues .  One of them i s  a
Location of a ( v i r t uaL )  memory ,  in which the assoc ia ted  vaLue
is '  s to red .  This represents  the second LeveL of the memory
modeL :  and i t  i s  formed by  the  domain S to re .

Us ing ; e Env ,  6 € Sto re  we have :

i d  __ )  ( Loca t i on !  .. . . ' . . . )

!
s

<vaLue>

For  the different kinds of object  quaLi f icat ions the foLLowing
memory schemes a re  used :

; ( i d )+2  e ALgQuaL:

id ———> ( Lac :  obq,  v e VaLouaL )

A e ALg

‚w i t h  TOI (A )$1  = V
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§(id)¢2 = VAR:

i d  ———> ( Loc :  VAR;  V e VaLQuaL)

v e V

with TOI (A )+1  = V

£( id )+2  € (FROG:  FUNC} :

id  -——> (Loc :  PROC/FUNC: L)

v
D € OpDen

2 .2 .4 .  The Ma in  Program ALqebra

The semantic cLauses  of sec .  3 .  s ta te  the meaning of type“
definitions; procedure and funct ion decLara t ions :  and so on .
Each  cLause  tha t  describes the introduction of a new i t em
incLudes  an  updating of a so -caLLed  main  program aLgebra  (MFA)
tha t  i s  accessabLe  in eve ry ‘  g € Env under the  reserved
standard  ident i f ier  'ma in ' .

MPA serves as  a veh icLe  to  express the effect of a program by
aLgebra ic  means.  The' induced state t ransformat ion is
fo rmuLated  as  an  aLgebra  opera t ion  where the argument se ts  are
determined  by aLgebra  ca r r i e rs .

The construct ion of MPA is  incrementaL:  in i t i aLLy  'ma in '  i s
-bound to  the  aLgebra  PRE € ALg (see  sec .  2 .2 .2 . )  to  modeL the
se t  of  predef ined ob jec ts  of ModPascaL a t  the  beginning of
every  computa t ion .  Skipping LabeL and constant  decLara t ions  of
a program P a t  th is  po in t :  the  ob jec t  definitions of (ob jec tL
P)  - the  type [enr ichment l ins tan t ia t ion -par t  of  EOLt 84 ]  - are
eLabora ted  f i rs tLy .  In  the  ModPascaL  semantics: each  type o r
enr ichment  def in i t ion Leads to  an  aLgebra  A that  i s  s tored
under the def init ion identifier. SimuLtaneousLy ,  the se t  of
v is ibLe  ob jec ts  i s  enLarged  by the  current  def in i t ion ,  and
this  fact  i s  taken into account  by uniting the  ma in  program
aLgebra  of  the current  s ta te  (g ,  6 )  with the new aLgebra :

g (ma in )+1  :=  ; (ma in )+1  v A

The instantiation object definitions are treated not in that
way since they represent  a k ind of meta -ob jec ts :  ins tead  of
mapping car r i e r  eLements  to  ca r r i e r  eLements  they  map  car r i e rs
to  carr iers  and operat ions to  operat ions (see  sec .  3 .6 . ) .
Because this wouLd extend the  MPA concept without giving
profit i n  some of  the  in tended MPA appL ica t ions  (see  beLow) we
disregard the embedding of  instantiation objec ts  in  MFA.

The procedure and funct ion decLara t ions  of (subprogL P )  are
mapped to  aLgebra  funct ions  F by the  ModPascaL  semant ics .  The
carr iers  of the  source  (E  the  parameter  t ypes  of  the
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decLara t ions)  have to  be v is ibLe  a t  the decLarat ion point .  But
this i s  equivaLent to  require each source set  to be contained
in g (ma in )+1 .  Therefore the  addition of F to  the current main
program aLgebra  operat ions i s  weLL—def ined‚  and this action i s
performed for  each  decLara t ion  in (subprogL P ) :

g (ma in )+1  :=  g (ma in ) t1  v ( e .  (F ) )

I n  paraLLeL‚  the meaning of an operation decLaration is aLso
s tored  »under the  opera t ion  identifier ( see  sec .  2 .2 .3 .2 . ) .
This is  t rue  too  fo r  operations introduced in moduLe type or
enrichment definitions. The redundancy offers some convenience
in the formuLat ion of  semantic cLauses ,  but has no theoret icaL
benefit.

The s ta tement  L is t  ( s t t  P )  i s  viewed a t  as  a specific
procedure  body:  where the  va r iabLes  of  ( va rL  P )  represent  the
LocaL var iabLes  and where - fo r  s impLic i ty  - input /output
behaviour  i s  d isregarded.  Then the usuaL treatment of
procedure decLara t ions  i s  performed: the resuLt ing  aLgebra
operat ion  S i s  s to red  under  the  reserved s tandard  identifier
' s tmtproc '  and added  to  the  ma in  program aLgebra :

g(ma in )+1  :=  g (ma in )+1  u (p ,  S )

In  some sence ' s tmtproc '  is  the  onLy operat ion of a ModPascaL
program. I f  every funct ion or  procedure decLarat ion wouLd be
embedded in a moduLe type  or  enrichment definit ion such that
aLL parameter types are used by the  def init ion - that  is  to
associate  every operat ion with an object - ‚  then the main
program wouLd consist  onLy of  object  definit ions and the onLy
opera t ion  ' s tmtproc ' .  This  v iew  aLso incLudes  a h ierarchicaL
structure  Lying on aLL program ob jec ts .  In  the foLLowing a
speciaL st ructure  of 'ma in '  i s  not  assumed.

Before  descr ib ing the benef i ts  of  the  main program aLgebra
concept i t  shouLd be br ie fLy  mentioned that  LabeL and constant
def ini t ions f i t  in to  th is  f ramework .  LabeLs  are  jus t  spec iaL
cons tan t s :  and  cons tan ts  themseLves  can  be modeLLed  as
no-argument  funct ions y ieLd ing  the  constant  vaLue .  Because
constan ts  are  of a speci f ic  t ype ,  there is  an  aLgebra  that  can
be enLarged  by the  assoc ia ted  no-argument  funct ion ,  and by
th is  g (ma in )+1  is  enLarged .

The main  program aLgebra  construct ion is  very heLpfuL  in the
ver i f icat ion o f  ( concre te )  ModPascaL programs against
(abs t rac t )  specifications (see EOLt  85 ] ) .  Espec iaLLy  aLgebra ic
specifications are  a concise and  mathemat icaLLy  sound method
of  descr ib ing what a program shouLd do ,  and the theory of
abst rac t  da ta  types is  based  upon them.  I f  verification tasks
are  performed in  th is .se t t ing ‚  one  prof i ts  f rom the  foLLowing
po in ts :

. The semantics of the concrete  program and the abstract
specif icat ion are both aLgebras.  Instead of checking
ver i f icat ion condi t ions on  program tex ts ,  aLgebra ic
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s t ruc tures  and  methods can  be used  eas iLy  since onLy  one
fo rmat  sys tem is  invoLved .  Fur thermore;  universaL aLgebra
comes wi th  a much broader se t  of  poss ibLe  correctness
cr i te r ia  ( e .g .  homomorphisms‚ isomorphisms, generating se ts )
than  convent ionaL Hoare -s tyLe  Logic (de r ivab iL i ty ) .

. The ob jec t  v iew on  types  has  an  anaLogon in  aLgebra ic
specifications: each  describes a Specific se t  of  da ta  and
opera t ions .  Bu t  without the  main  program aLgebra  i t  wouLd be
imposs ibLe  to  prov ide  an  appropr ia te  meaning to  the
s ta tement  part  of  a p rogram,  and  there fore  program and
specification wouLd become incomparab te .

. Ma in  program aLgebras  aLLow to  t rea t  programs as  ob jec ts .
There i s  no d i f ference be tween  the  semantics of a moduLe and
of a p rog ‚  such  tha t  the  fea tu res  as  'h ie ra rch iza t ion  of
programs '  o r  ' separa te  compiLa t ion '  couLd  be  prov ided  with a
cLear  fo rmat  semantics.

. For  appL ica t ions  in  spec iaL  verification contex ts  i t  i s
necessary  to  precompiLe ModPascaL code  to  PascaL code (see
sec .  4 . ) .  To get  a conveniant  not ion o f  semant icaL -
preservation in this process ,  the main program aLgebra  is
used  as  an  important idea. I t  heLps  to  express  condi t ions
for  the s ta tes  resuLt ing  f rom the  eLabora t ion  of the
ModPascaL  as  weLL as  of  the  PascaL  const ruc t .

The expLo i ta t ion  of these fac ts  wouLd go far  beyond the
intention of th is  paper .  In  sec t ion  4 .  onLy  the precompiLat ion
aspec t  i s  examined. For  our  purposes i t  i s  sufficient to  have
an informaL idea of the main program aLgebra and i ts
j us t i f i ca t ion .  In  [OLt  85 ]  th is  concept  i s  appL ied .

2 .2 .5 .  Environment and Data Base

Before giving the semant ic  cLauses  for  ModPascaL we wiLL
shor tLy  sce tch  some pract icaL probLems that  ar ise if the
cur ren tLy  ava iLabLe  impLementa t ion  of ModPascaL is  used .  As
descr ibed in  the  in t roduct ion  ModPascaL is  back-end of  a
ver i f iabLe software deveLopment p rocess  supported by the ISDV.
There i s  a ModPascaL Programming System (MPPS) inside the  ISDV
consiSt ing of  an ed i to r :  a ModPascaL—to—PascaL precompiLer :  a
PascaL compiLer  and an  execution device. ALL components re fer
to  a da ta  base  (DB)  i n  wh ich  MOdPascaL .ob jec ts  (moduLes :
enrichments‚ instantiat ionsl  standard. types,  . . . )  are
administrated.  Thus ,  modeLLing the  behaviour  of ModPascaL by
us ing  the  two LeveL memory modeL descr ibed „above  incLudes
modeLLing the behaviour  of  DB in MPPS. ' ‘

To iLLust ra te  this we give a short exampLe. MPPS distinguishes
different users each of them having a separate  sec t ion  of
objects  in the DB.  I f  new ob jec ts  a re  entered,  there  are  two
ways of invoLv ing  other  ob jec ts  in to  the  current  one :  e i ther
they  are  def ined eXpL ic i tLy  in  the  cur rent  input ,  so  that  they
are  d i rec tLy  v is ibLe  (decLara t ion—before -use  paradigm), or
they  are  referred to  v ia  the  DB.  In  the  Las t  case  the  sys tem
checks_ i f  the access  to  the des i red  ob jec ts  is  aLLowed.  The
permission of us ing  ob jec ts  i s  quaL i f i ed  by different
categor ies .  Any user  has unLimited access to  his own objects ,
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but can  aLso  use ;  read  o r  read /wr i te  objects of other  users .
or use system objects ( fo r  detaiLs‚_ see [RL 843) .  So: if the
access  to  the  referenced ob jec t  of  DB is  aLLowed.  i t  i s
incorporated in  the current  compu ta t i on .

The semantic domain Env is  an  abstraction of the DB.  Since
gt id )  e (Loc  x ObouaL  x VaLQuaL) :  the re  are  no ob jec t  spec i f ic
access  r ights in  the  modeL.  and in  fac t ,  the concept  of
muLt i -user  and  separa te  ob jec t  spaces  i s  d isregarded.  Bu t  this
i s  not a ser ious d isadvantage:  because  i t  couLd be easy  taken
in to  our  modeL by adding appropr ia te  domains and modifying the
semantic cLauses  beLow.  In  the spec iaL  case  of semantic
cLauses  fo r  instantiate t ype  def in i t ion .  this  modeL ex tens ion
is  ac tuaLLy  performed (see  sec .  3 .7 . ) .

The decis ion not to  bother wi th  da ta  organization questions in
the  ModPascaL semantics r emoves  a degree of  compLex i ty  and
enabLes a more succint  descr ipt ion of  how things are intended
t 0  work .

z . } .  Semant ic  Func t i ons

2 .3 .1 .  Main  Funct ions

The syntactic and semant ic_domains  are Linked by the foLLowing
funct ions:

( a )  M:  Const r  ——> Sta te  ——> Sta te

where Constr = Program + Prog_head + BLock + Lab + . . .  is  the
sum of  aLL syntac t ic  domains. . -

Nota t ign :  ELements o f  Constr wiLL be encLosed in doubLe
brackets  E and 3 .  ELements (g .  6 )  of S ta te  wiLL be
suppL ied  to  M with j ux taposed  components .
ExampLe: MEclga

M Links an  in i t i aL  s ta te  pr ior  execution of a programming-
Language const ruc t  to  a f inaL  s ta te  a f te r  execution of this
cons t ruc t .  M i s  def ined by the semantic cLauses  of sec .  3 .
which are eLabora ted  to  an  apprOpr ia te  LeveL of  de ta iL .

M i s  appL icabLe  to  every c e Constr  except  the cases  L is ted
'beLow:

C e Exgr :

(b )  E :  Expr  ——> State  ——> (S ta te  -—> VaL)
and MEca  me EEclgs

; € (S tand„tvpe  v and 9 ce  :

( c )  Mt :  (Stand_type v Stand_type_gen) ——> State ——> (ObouaL x
VaLQuaL x ALg )  _ '
and MEcfigs zb MtEcfigs
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c e ModuLe tvgg:

( d )  Mm: ModuLe_type ——> State
——> ((ObouaL x VaLQuaL x ALg) x State)

and MEclge =9 MmECI§6

C e Enrigh def :

( e )  Me: Enrich_def ——> State ——> State
and MECIge => MeEcfigs

g € ngtantiate type:

(f) Mi: Instantiate_type ——> State ——> ((ObQuaL x VaLouaL x
ALg)  x State) '
and "Ecflgs =9 MiEcfigs

2 .3 .2 ,  AuxiLiar! Egnctions

The foLLowing funct ions are used as auxiLiary functions in
sec .  3.

newLoc -
newLoc gets a currentLy unused Location of an environment.

newLoc: Env ——> Loc
newLoctg) : =  n Loc . V id e Id . g(id)+1 * Loc

W '-
searchdef Looks for the aLgebra to which an operation is
associated; it returns the aLgebra identifier.

searchdef: Id ——> State ——> I d
searchdef(0pid)gs : =

33; id : =  l id1 € I d  . g(id1)+2 e ALgQuaL gag
333 ( c ,  F )  : =  s(g(idl)+1) in

opid e opnames(F) in
id

(L returns LM if no unique id; exists with the required
property) '

stangard
indicates whether an identifier denotes a Standard object, and
provides its initiaLization vaLue in the positive case.

standard: Id ——> (D_BooL x VaL)
standard(id) : =

ii id = BOOL ——> (true, faLse) ne
33 id = INT ——> (true; 0) 9559

3333 (faLso: L)
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mw
The semant i c  cLauses  of th is  sec t i on  are s ta ted  in a way that
avoids t oo  much compLex i ty  induced by a treatment of aLL
important aspects  of a Language description. There are the
foLLow ing  res t r ic t ions  and modifications:
. Not  every  syn tac t i ca t  cons t ruc t  of  2 .1 .2 .  i s  suppLied  with a

semant icaL  cLause .  Very o f ten there are  onLy minor changes
i n  the  ModPascaL semantics f o r  S tandard  PascaL  cons t ruc t s ,
such  t ha t  descriptions as  [Ten  76 ]  may' suf f ice fo r  an
understanding.  ALSO: i t  i s  not  the topic of this paper to
describe for  exampLe the ' r epea t '  cons t ruc t .
Ne w iLL  concentrate  the def in i t ion of  cLauses  on those
constructs  t ha t  make ModPascaL di f fer  f rom PascaL  and those
PascaL const ruc ts  with major  deviations f rom the i r  usuaL
semantics. .

. Noth ing w iLL  sa id  about  scoping, type checking o r  coerc ions .

. S ince  we omi t  j umps  and  expression error  handL ing :  the need
of  con t inua t ions  and  exp ress ion  con t inua t ions  does no t
a r i se .  We re fe r  t o  [Ten  76 ]  o r  [S to  77 ]  f o r  an  appropr iate
t rea tmen t  of the  respec t i ve  ModPascaL const ruc ts .

. The dynamic behav iour  induced by envi ronment changes i s  not
modeLLed  he re .  One e f fec t  o f  such  an  ac t ion  i s  a changed
seman t i cs  of identifiers because  another  scope i s  enforced
by the new env i ronment .  Th is  shouLd  take  over  t o  t he
aLgebra ic  semant ics  and i t  wouLd mean to  i ns taLL  a new
program aLgebra  w i th  poss ibLy  new interpretations of  i t s
function ‘ symboLs .  More  gene raL :  env i ronment  changes
correspond t o  aLgeb ra  changes :  and bes ide  the  boring
techn icaL  i ssues  we do  no t  want t o  deveLop a theory ef  i t
he re .

P e re - d n ' o

3 ,1 , J ‚ 'Qca ra t i gns

In ModPascaL‚ procedures as  weLL as  functions may have
s ide—ef fec ts  on  the  embedding env i ronment .  The s ide-ef fect  can
be fo rmaL ized  in the s ta te  change of gLobaL va r iabLes ‚  under
respect ion of domain s t ruc tu re  of  vaLue  se t s  of va r i abLes .  The
semant ics of procedure and func t ion  decLara t ions  then is  based
upon the s ide -e f fec t  f o rmaL i za t i on  assoc ia ted  t o  the  opera t ion
body .

The provision of a cLea r  fo rmaL ism is  the f i rst  task of  this
sec t i on .
Types w iLL  be assoc ia ted  w i th  aLgeb ras ‚  and va r iabLes  of a
type w iLL  take  vaLues  i n  a spec i f i c  car r ie r  se t  assoc ia ted  t o
the  aLgeb ra  of the type ( t he  TOI ) .  Then:  i f  the e f fec t  o f  an
operat ion caLL i s  descr ibed in the s ta te  change of  i t s  gLobaL
va r i abLes :  t h i s  can  be modeLLed as  an  ass ignment  of new TOI
vaLues  t o  t he  va r i abLes .  Mo re  p rec i se :  Le t  op  deno te  an
operator  wi th  gLobaL va r i abLes  g t i :  . . . :  gLn of types T l :  . . . ,
Tn .  Let  A i  denote the semant icaL  aLgebra behind T i :  and V i  : =
TOI (A ; ) ‚  i e ( n ) .  Then the  vaLues  of  g t ;  in a g iven s ta te  ( g ,
e )  ( i . e .  a (g (gL i )+1 ) )  a re  eLements of  V i :  i e ( n ) .  Under the
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assumption that  the gLobaL  var iabLe  se t  of op  remains constant
during operation execution, the pa i rs  ( vec1 ‚  vec ‚ )  descr ibe
the operat ions behaviour, where vec1 denotes the vector  o f
gLobaL  va r i abLe  vaLues  before execution: and vaca g f t g r .  S ince
vec ; ‚  i e { 1 ,  2 }  are n—tupLes  o f  V1 x . . .  x V " ;  t hey  describe
the semantic reLa t ion  associated to  op ;  and in the case  of
deterministic Languages :  this r eLa t i on  i s  a f unc t i on .

With th is  in mind there i s  a technique to  Link the ModPascaL
opera t ion  decLa ra t i on  t o  a semantic func t ion  of an  appropr iate
order aLgebra  ( t ha t  a t  Leas t  contains V; :  i e ( n )  among i t s
car r ie r  sets):
1 )  Generate pairs ( vea l :  vecz )  that are intended to  descr ibe

the Operat ions behaviour .  Let Semop denote the se t  of aLL
gene ra ted  pa i r s .

2)  I f  Semop denotes not a strict function: make i t  s t r i c t - by
exchang ing s t r i c t ness—v ioLa t i ng  pa i rs  through
st r ic tness—preserv ing ones .

3 )  Take an  aLgebra  i n  which Semop i s  def ined:  i . e .  fo r  i e (n)
V- i s  a car r ie r  se t .  -

ad1 )  In ou r  se t t i ng :  the pa i r -generat ing mechanism is  the
semant ic  funct ion N .  we cons ider  i t s  vaLues  f o r  a source
and target  s t a te ,  and f rom there  we derive vaLues  of
gLobaL  va r i abLes .  of the cons t ruc t  tha t  caused  the s ta te
change .  This process i s  done f o r  gg; poss ibLe  vaLues  o f
gLobaL  va r i abLes  i n  t he  sou rce  s ta te .  I n  o the r  words ,
th is  means tha t  t he  eLabo ra t i on  of  M on  ope ra t i on
dec ta ra t i ons  i s  re fo rmu ta ted  i n  terms of aLgebra
f unc t i ons .  Th i s ‚  re fo rmuLa t ion  invoLves  a recursive
process s ince ModPascaL opera t ion  decLara t ions  may be
recursive such that  f i xpo in t s  have t o  be taken  as  the
soLu t i on  o f  the re fo rmu ta t i on  t ask  ( see  e .g .  Sem_1 ‚
Sem_2‚  Sem_15 and Sem_16 beLow) .
P i c to r i aLLy :  we have

' ( vec l )  - - - - - - - >  ( veca )

, M
(g r  8 )  ‘ > ( 91 :  61 )

where - — —> denotes Semop .
ad2 )  To ach ieve s t r i c t hessp  two  ways  are poSs ibLe :  the f au t t y

const ruct  i s  redefined by  the programmer, or  the
semant ics  i s  au toma t i caLLy  man ipuLa ted  in order t o  regain
s t r i c t ness .  Even i f  t he  second  cho ice i s  uaeasan t  f o r
i t s  unv is ibLe redefining: the processes defined beLow
take i t .  '

ad3) The semantic aLgebra w iLL not  be constructed for  a singLe
operat ion decLa ra t i on .  I ns tead  o f :  MPA w iLL  serve as
st ructure fo r  the embedding of  Semop. Since ModPascaL
foLLows the 'decLara t ion—before-use '  ‚paradigma the-
definedness requirement f o r  V ;  w iLL  be satisfied f o r
syntactic correct  programs.

I t  shouLd  be emphasized that  th is  v iew of the semant ic:  of
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Operations (as  aLgebra func t ions)  has not been much deveLoped
in the denotat ionaL semantics L i te ra tu re .  One of the reasons
probabLy  was the Lack  of a satisfactory concept of types in
semantic domains ( e .g .  [Don  77 ] .  [Rey 743) unt iL  abstract  data
t ype  theory come up  in the  second haLf  of  the  1970s .  The modeL
deveLoped here t r ies to  union both concepts .

The foLLowing definitions wiLL in the first instance
distinguish between procedures  and funct ions .  In  the case  of
procedures onLy  state changes are considered.  in the case_of
funct ions s ta te  changes and the  computation of a resuLt  vaLue
(despite the fac t  tha t  La te r  function caLLs wiLL have to  obey
the s ide—effect—freeness condi t ion  3 .2 .1 . -2 ‚  here the generaL
approach is  t aken .  that  i s  aLso  more cLose  to  the (Mod)PascaL
reaL i ty ) .  The definitions of the  techn icaL  Operators  R. .  e . .
e ‚ * ‚  R ‚ * :  ‚ [ _1 ‚  rE_ ] ‚  PrE__J :  R are intended to  achieve steps
1 )  and 2 )  above in the  ModPascaL envi ronment .  Their
differences L ie  in the  syntactic domains they are defined
upon:

&, : Procedure decLara t ions
&. : Funct ion  decLara t ions
R‚ *  - Str ic tness generat ing  vers ion of @.
R ‚ *  : Str ictness generat ing version of @,
F[_ ]  : Se ts  of (mutuaLLy recurs ive )  procedure decLarat ions
r _J . Sets  of (mutuaLLy recurs ive )  funct ion  decLarat ions
„FE_ ]  : Se ts  of (mutuaLLy recurs ive )  procedure and function

decLara t ions  '
R : A switch operator  which branches for  arbitrary se ts

of operat ion decLara t ions  to  the appropriate
opera to r

These operators are  appL ied  in  the semant ic  cLauses  Sem_1‚
Sem_2.  Sem_15 and Sem_16 beLow.

Q§fL3g1 I1 I -1 I  [ 929 :  my]  -

Let  GL;  ==  'C id l l  . . . !  i d " )  ; I d !  GL:  :=  ( i d l ' I  nun- I  idm' }  C

I d .
For  id  e (GL1  u SL , )  and § e Env,  a vaLue  se t  Vu i s  associated
to  id  if

1) g t id )+2  VAR \
2 )  g ( id )%3  Vu '

Let V (GL1:  GL2) :=  Via; X . . .  X Vun X Vw;  X . . .  )( Vwmr
where §( id ; )  # L:  £ ( id5 ' )  # L.  1 € ( n ) .  j e (m) .  „ ,
Let v :=  {V(GL1‚ GL ‚ ) |  el,1 ; Id. GL2 ; Id} (Set of n-ary
car tes ian  p roduc ts ) .  Let  V,  denote  a vaLue set.

1)  RP: Trans x Env x 2Id x 2Id ——> V with
RPCT ’  g .  GL1 ,  GL. )  :=  the  Leas t  reLat ion  on' V(GL1 .GL ‚ )
defined by
(1 )  V id  e (GL ;  v GL2) . € ( id )$3  = Vm
(2 )  V 6 e Store  .

1,31; (E :  E )  :=  T (§ r  6 )  ,1;t
Let  x ;  :=  g (g ( id ; )+1 ) .  i e (n )  in
Le ;  y ;  :=  s (g ( id ' i )+1 ) ‚  i e (m) in

(X1 :  . . . 1  X" :  Y1 :  . . . :  ym)  € R, . (T :  ; .  GL1 ,  SL , )
is  caLLed store transformation (w . r . t .  GL1: GL2 and T ) .
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2)  m , :  ETrans x Env x 2Id x 2Id x VaL ——> V x VaL
RF(E ‚  g ,  GL1 :  SL , .  V , )  : =  t he  Leas t  r eLa t i on  on  (V (GL1 ‚GL ‚ )
x V , )  def ined by
(1 )  v id  e (GL1 „ 6L . )  . g(id) * LEnV

( 2 )  v e e S tore  .
ge rev „ *
$$$ ( ( € :  € ) !  P )  : =  E (§ r  3 )  in
gg; x i  : “  e (g ( i d i )+1 ) ‚  i € ( n )  in
$$$ y ;  5 (g ( i d ' i ) ¢1 ) l  i € (M)  in
(X1 !  . . . - 1  ) ( „ r  Y1 !  l u l l  Ym’ I") € Gar-(E: g r  GL1 :  GL3 :  V...)

i s  caLLed  s to re  t ransformat ion wi th  reguL t  (w . r . t .  GL1 ;
GL2 ,  E) .  I

Notation: I f  no ambiguities are  poss ibLe  RP denotes the s to re
t ransformat ion and  &. the  s to re  t ransformation with
r esuL t .

Fact ; . 1 . 1 .—2 . :  R , :  &, are  f unc t i ons .  :

The quant i t ies of the definition couLd be interpreted as
f oLLows :

- GL1 ,  GL2 : se t  of program va r i abLes  on  which t he  ef fects
of the execution of  the  operat ion body  a re

- i nves t i ga ted
— Vu : vaLue se t  f o r  program var iabLe  id
- Vr ' : vaLue  se t  f o r  a f unc t i on  resuL t  '
- T e Trans : t he  s ta te  t ransformat ion induced by the

p rocedu re  body
E e ETrans : the s ta te  t ransformation induced by the

funct ion body and  an  evaLua ted  resuL t

I n  some sense :  Rp lfi r  a re  restrictions of  T IE :  since f o r  GL1 =
GL2 = I d ,  R, and T as  weLL as  &. and E are  iden t i caL  f o r  f i xed
environments g i f  onLy  va r i abLe  vaLues  a re  rega rded .

From mp/mr i t  i s  easy  to  generate a reLa t ion  on  carr iers of
aLgeb ras .  Fo r  exampLe :  f o r  mp i t  hoLds  t ha t

[R , - (T :  g i  GL1 I  G l . - g )  c V1d1  X nun-X  V ida  )( V ld ' l  X . . .  V i d 'm

and each Vm d i rec tLy  corresponds t o  some aLgebra A e ALgEZJ
with TOI (A )¢1  = V” .  I n  o the r  wo rds ,  i f  Rp lmp tu rn  ou t  t o  be
s t r i c t  f unc t ions :  an  order aLgebra  A = (C :  F )  may be
cons t ruc ted  w i th  RF 6 F / R, 6 F .  -

DQ'F :  z i l ' 1fl_ : '  [ 939*4 '  RF*J  .

Le t  (P....(T: g :  GL1 :  GL2 )  and  [P.,-(E: g ;  SL I :  GL3 :  V , . )  be defined
as  in def ini t ion 3 .1 .1 . - 1 .  —
1) m,* (T ,  g .  GL1: GL2) i s  defined by:  .

v ( x l l  nun - I  X" :  V I ,  . . . !  Ym)  € 039 (1 -1  g l  GL1 !  GL3)  I

1 )  V 1 € (F ! )  . X :  * J-Vldi. _ '
=? (X1 :  . . . - 1  X “ :  Y1 :  . . . . )  Y,“) € GE. . * (T ‚  g :  GL1 :  Slug)

2)  3 i e ( n )  . x ;  = J—Vwa

=? (X1 ;  n . . )  X " :  Lvm 'g ;  . . . :  LVM'n )  € R, * (T ;  : :  GL1 I
GL. ) -  '
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2 )  m.*(E‚  ; .  GL1: SL , .  v , )  is defined by:
VÖ“:  . . . I  ) ( „1  V I ,  . . . I  V.“ !  | ” )  € RF(E I  ! !  GL1 ]  GL} !  V, ) .

1 )  v i € (n )  . x ;  # Lvmi
=> (X1 :  . . . :  X" :  Y1 :  . . . :  l |") € Rr* (E r  g:  GL1 :
GL3!  V, . )  '

2 )  3 1 € (n )  . x i  = LVMi  '
=> (X1 ;  . . . :  X,. r J—d' i '  . . . :  l -Vm'ml  LVY‘)  € 02 , - * (E :  g r
Gl . -1 ,  61 .3 ]  V,. ) .  '

Definition 3 .1 .1 . -3 .  shows how to  augment R‚ IR ‚  to  make them
st r ic t .  But  frequentLy &. = R‚ *  l er . :  m.*  , i - e .  the store
transformations are aLready  s t r i c t .

A very important extension of m.* /m .*  is the case of sets of
s ta te  transitions. This modeLs the situation that the s ta te
change is caused  by more than  one function, and it covers aLso
mutuaL  dependencies  between the  eLements  of the s ta te
transition se t .

De f=  3 .1 . ] .—5  [ ex tended  s ta te  transition]
1 )  Let {T1 ,  . . . ,  Tn} C Trans,  n € N.  Then

‚E_ J :  P (T rans )  ——> Trans
denotes the extended P—sta te  transition defined by
pECT1: . . . .  T } ]g .  :=

"" (g ' :  6 '  ) ii S k € N:  (g i :  € ; )  € Sta te .  i € “(> .
39,11%.” 60 )  :=  (g ;  6 ) :  .

( € , ”  SK)  :=  (3 .1  6 ' )  m
- v i € ( k -1 )  . a j € ( n )  .

( g i - + 1 "  e in . )  = T i ( g i '  6 i . )

—- J. otherwise

2 )  Let {E l .  . . . .  En}  ; ETrans‚  n € N.  Then
‚E_ ] :  P (ETrans )  ——> ETrans

denotes the extended F—statg_transit ion defined by
PECEI ’  . . . :  En } ]gö  :=
7%(g ' .  e '  ) .  e ' )  i„ S k € N.  (g t !  6 -  ) € Sta te .

e -  € VaL:  i € ( k )  .
- ‚9.9.1.3. (go ;  60 )  :=  ( € :  6 ) :  (Ex :  6K)  :=

- (g ' ‚  s ' ) ;  e .  :=  e '  in
' v i € ( k -1 )  ä j e (n) .

( § i+1 '  5 i+1 )  = Es  (g i '  5E ) *1  fing
9 '  = Es(§x—1 '  6 r—1) *2

__ .L  e w '  e

3 )  Let {ET„ . . . .  ET" )  ; (Trans + ETrans ) ‚  n € N.  Then
Pr [_ ] :  P(Trans  + ETrans)  ——> (Trans  + ETrans)

denotes the extended PF-s ta te  transition defined by
pr [ {ET1 :  . . . :  ET„} ]g6  :=
" ( g ' l  6 ' )  at 3 !( € N:  (g i ;  6 ;  ) € Sta te :  1 € ( k . )  .

‚2,33 (go :  6 ° )  :=  ( £ :  6 ) :  (Kg :  GK)  :=  (g ‘ :  6 ' )  an
V 1 € ( k -1 )  . 3 5 € ( n )  . ' '
case  ET;  € Trans:  ( § ;+1 ,  s i+1 )  = ET5(§ { I  s i )  «
‚935,9. ET ;  € ETrans :  (g i+1 l  614 .1 )  = ET;  (g i :  8 ; )W1

fing ETK _1 € Trans
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«( (KW 6 ' ) :  9 ' )  ii 3 |< € NI  (§ ; :  6 ; )  € Sta te :  e i  e VBL I
i e ( k )  .

‚1.393 ( go :  6 .9 )  : =  ( g :  6 ) :  ( gg :  _Gg) : =  (g ' :  6 ' ) :
e„  : ?  e '  in

v i e (k-1) . ä j e (n) .
9.9%. ET;  € Trans :  ( § ;+1 I  634 .1 )  = ET;  ( g i :  6 ; )
gggg ET ;  € ETrans :  (ga .1 :  6 l+1 )  = ET31g i :  61 )+1

fing ETK.1 € ETrans
- L otherwise .

Notation: The cu rLed  brackets  i n  ‚ [ . . . ]  and ‚ [ . . . ]  are
omitted.

pET1r  . . . :  T„ ] / ‚ [E ‚ :  . . . :  En ]  describe a composition of a
finite sequence of  sta te  t r ans i t i ons :  i f  de f ined.  Each
intermediate state i s  appL i ca t i on  argument  t o  exac tLy  one
s ta te  transition. The appropriate seLec t i on  can  be  thought  as
determined by t he  predecess ing  s ta te .  I n  the  case  of [E1 :  . . . :
En]  the intermediate s ta tes  can  be thought  as  providing
Loca t i ons  t o  s to re  evaLua ted  resuL t s  i f  necessary .

With  this definition (Rp * (  ‚. [ T1  ' . . . r T„ ] I C I GL;  I GL3)  OI"
Rr* ( r [E1 :  . . . :  En ] ,  g :  GL1:  GL2, V, )  evaLuate  to  the
assoc ia ted  s to re  t ransformat ion  (with r esuL t ) .

These technicaL Operat ions are  now combined into a singLe
f unc t ion .

De f .  3 . ] . 1 . - §  [extended s to re  transition]
Let  V be def ined as  i n  3 .1 .1 . -1
Le t  TR :=  P (ETrans  +Trans )

IV := (23 x 2_“) + (2M x 2Id x VaL)
RES :=  (V  + (V  x VaL ) )  :

Then the extended s to re  t ransformat ion a :  TR x Env x IV  -—>
RES is  def ined by

R( t r :  g :  i v )  : =
3333 iv = (GL1, GL.) € (2Id x 2 I d ) :

saga t r  = {T }  6 Trans:  R . * (T :  @: GL1:  GL. )
gggg t r  = {T . :  . . . :  Tn}  ; T rans :
- Rp* (pET11  . . . :  T . , ] :  g :  GL1 I  GLg )
‚995.9. tl“ {ET } :  . . . :  ET" ) !  p rEET l l  . . . :  ET„ ]  € Trans :

RP* ( „ [ET1 :  . . . :  ET„J: ; :  GL1: GL2)
otnecwige L

gggg iv  = (GL l :  SL , :  v , )  e (2M x 2Id x VaL ) :
cgse t r  = {E }  e ETrans:  R‚ * (E :  ; :  GL1:  SL, :  V, )
gage t r  = {E l y  . . . :  E" )  c ETrans:

UEF* (F [E1 :  . . . !  En ] ,  g l  GL1 !  G tg l  V. . . )

m3 tl" = {ET I I  . . . I  ET" ) ,  P rEET l l  . . . ,  ET" :  € ETr ‘anS:

Rr* (p f [ET1 I  can ,  ETnJ I  g l  GL1 ,  GL2 ,  V . . )

mm L
einsnmies L

we are now ready to  s ta te  the  semantics of procedure
decLarat ions and funct ion decLara t ions .  Both are :  dependant of
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gLobaL  variabLes and formaL parameters:  that  are v is ibLe in
the operation body: and resuLts  are deLivered via  gLobaL
var iabLes;  In  the case of funct ions,  aLso a vaLue is  computed.
We distinguish the f oLLow ing  sets:

GLtop) : se t  of aLL (d i rec t  and indirect )  gLobaL variabLes
of Op .  .

FPtop)  : se t  of  aLL format  parameters of op .
D (0p )  : GL(op)  v FP(0p )

These sets  wiLL  be suppL ied  to  the store transformations R ‚ * ‚
m,* .  In  a given state, aLL var iabLes are associated to  a f ixed
aLgebra  and therefore to  a fixed vaLue  se t .  The store
transformations then generate functions from the cartesian
product of  Dtop )  to  the car tes ian  product of GL<op) .

Sem_1: Procedure decLara t ion

MEp: Proc_cI§6 :=
333 id  :=  (proc_id p ) ,  bdy :=  (body p ) :

Loc :=  newLoc(g) in
59$. ST  :=  f i x  T . A g l a l  . .

MEbdy] g1 E id  +4 (Lac ;  PROC‚
Rp* (T I  E l :  D ‘p ) l  GL(p ) ) ) ] 61

unere (g l ,  e l )  contains parameters
6 (paramL p )  a f ter  caLL ing  and
passing to  the body‘gn

‚9.93 R :=  03p* (ST I  g r  D ( i ) r  GL( i ) )  m
m g ,  :=  :[id (“ (LOCI  PROCI ' ¢ ) ] I

e ,  = sELoc +4 R ,
g(aLg)+1 +4 etg(aLg)+1)

u (fi r  R ) ] )  in
(ge l  63 )

The s tore  transformation of the  procedure body i s  computed and
assigned to  the procedure identifier. ALso the main program
aLgebra  i s  upda ted .

Sem_2: Funct ion deCLara t ion

MEf: Func_c]§s := '
3g; id  :=  (func_id f ) ,  bdy :=  (body f ) :

Loc :=  newLoc(g) in
g3; V.. : =  ; ( resuLt  f ) #3  in
m 81 -2 :  f i x  E a A§161  .

MEbdy] 5 ;  [ id  ** (Loc :  FUNC:
03r * (E I  : 1 ,  D ( f ) l  GL ( 'F ) I  V, . ) ) ] ‘1

ungpg (g1 ,  s l )  contains parameters e
(paramL f )  a f ter  caLLing and
passing to  the  body in

m R :=  (R , - * (ST I  ? :  V ( f ) l  GLÜF) :  V , . )  “
gg; :2 := §Eid «a (Lac, FUNC: g ) ] ,

62  :=  GELOC H R!
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g(aLg)+1  +4 s (g (aLg)+1 )
„ (p ,  R)] )  in

( ca !  6 . )

The resuLt  set  of the func t ion  i s  computed and passed to  the
store  t ransformat ion generation. The outcome is  assigned to
the funct ion identi f ier ,  and the  main program aLgebra is
updated .

I I I - a .  cL§

To descr ibe the  meaning of a procedure o r  a funct ion
invocation the s tore  t ransformat ions e . * i a . *  are appL ied .  This
re fLec ts  the f ac t  tha t  the  meaning of  a procedure o r  f unc t i on
caLL  can  be  expressed  in  vaLue  changes  of  some gLobaL
var iabLes .  '

ge f .  3 . ] . z . - ] .  [ appL ica t ion  s tore  transformation]
Let  a ‚ * (T ‚  ; ,  e t . ,  SL , )  and m. * (E ‚  g .  e t . ,  e t . ,  v , )  be defined
as  in  3 .1 .1 . - 1 . / 3 .
Then the gppt ica t ion  of the s tore  t ransformat ion  to  s ta tes ,
1 .e .

( 2“  x 2“) ——> State ——> State (e ‚ * )
(2Id x 2„ x VaL) ——> State ——> (State  x VaL) (m.*)

i s  defined by:
1 )  m , * (T ,  g ,  e t . .  GL. )  (g ,  s )  :=

gg; a :=  l v e m. * (T ‚  g ,  GL1‚  GL.)  . ( v  i e (n )  .
' 6(g(idi)+1) = vei) in ‘

333 e '  : =  sEg( id ; ' )+1  <—— V¢ (n+ j )J :  j e (m) in
(g :  6 ' )

2 )  [P . ; - * (E I  ! :  GL1 ,  GL3 :  V,. ) (g :  6 )  :=
Let a :=  L v e m. * (E ‚  g ,  e t . .  SL , :  v ) . ( v  i e (n)  .

e (g ( id -  >+1> = V+1J
gg; 6 ’  :=  6[§(id- ' ) +1  <—— V+(n+ j ) ] :  j e (m) in
g3; r : =  V&(n+m+1) in .
( ( € :  6 ' ) :  |") . I

Definition 3 .1 .2 .91 .  states the dynamicäbehaviour of store
transformations. At f i rst  the appropriate eLement of e* is
chosen by Looking a t  the argument positions: and then the
resuLt is instaLLed in the store component of thets ta te  as a
copy of  the  resuLt  pos i t ions  of  the  choosen  eLements .

AnaLogousLy the appLicat ions are def ined:  if sets  of  state
transitions are suppt ied  to  m, * lmp* .  The cases  of extended
P-s ta te  transition (c ‚ * ( ‚ [T1 ‚  . . . ,  Tn] :  g ‚ '  GL1; eL ‚ )ge ) ‚
eXtend  F -S ta te  tra nS it j-o n m;: i ’  ( "  [E l .  I a . n l  E,. ‚ J !  € !  GL1  I GL!  l

V )gs )  and extended PF-s ta te  t ransi t ion (R („EET1:  . . . :  ETn I ) )
can  aLso be t reated _as  a seLec t ion  of  appropriate vector
components and their  ins taLLa t ion  in a specific s ta te :  and
th is  techn icaL  ac t ions  are  per fo rmed  by  appropr ia te  switching
to  a ‚ * / a . *  inside R :
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Def .  3-1 -2 - ‘2  [ appL i ca t i on  R]
Let  m be de f ined  as  i n  definition 3 .1 .1 . -5 .
Then the appL i ca t i on  o f  the  ex tended  s to re  t ransformation @ tO '
states i s  def ined by :
& :  (TR  x Env x I d )  ——> S ta te  ——> (S ta te  + (S ta te  x VaL ) )  w i th
& ( t r :  g ,  i v )ge  :=

cgse iv  = (GL1: SL,)  e (2Id x 2 1d)-.-

gase t r  = {T}  € Trans :  RF* (T ‚  g .  GL l :  GL ‚ )gs
gggg t r  {T1 ,  . . . ,  Tn }  ; Trans:

Rp* (pET1 l  nu l l  Tn] ,  g l  GL1 ,  GL2 )§6

ggse  t r  {ET I I  . . . :  ET“ ) !  p rEET I I  . . . :  ET„ ]  € Trans :
R‚ * ( ‚ . [ET1 ‚  . . . ,  ET „J .  g .  GL1: GL , )§3

otherwise  L
ggse  i v  = (SL I :  SL , .  v , )  e ( z “  x 2Id x VaL) :

cgse t r  = {E}  € ETrans :  m , * (E .  g .  GL1; SL , .  V , )gs
cgse  t r  = {E1 :  . . . :  En }  ; ET rans :

mr* ( rEE l l  . . . ,  En ] !  g l  GL1 ]  GL2 !  V,)ES

case  t r  = {ET1 ‚  . . . ;  ET " ) ,  PrEET l ,  . . . ;  ET „J  € ETrans :
RF* (pFEET l l  . . . :  ET „ ] I  @,  GL l l  GLz I  V, )§6

otnepwise  L
othecwise  L

This makes  the meaning of operation decLa ra t i ons  usabLe  when
the meaning of operation caLLs  a re  computed .

I n  this semantic description o f  ModPascaL we do  no t  s t a te
semantic cLauses  t ha t  t r ea t  paramete r  evaLua t i on  and passing
mechanisms (see  t he  i n t r oduc t i on  f o r  reasons  o f  this
conf inement ) .  I ns tead  o f  we make assump t i ons .  t ha t  aLLow a
convenient description o f  those e f fec ts  t ha t  are  o f  interest
i n  ou r  con tex t .  Speaking r oughLy :  t he  assumpt ions  concern the
eLabo ra t i on  c f  exp ress ions  and consist mainLy  of the
non-occur rence  of  s ide -e f fec ts  i n  express ion  evaLua t i ons .  For
the non -Pascapa r t i on  o f  ModPascaL t h i s  is. qu i t e  r eaL i s t i c
because  func t ions  of moduLes are  de f ined  in a way t ha t  aLLows
eas iLy  t o  capsuLa te  t he  occu r r i ng  s i de  e f f ec t s  on  gLobaL
va r i abLes  ( see .  sec .  4 and  [O t t  84 ] ) .  Bu t  S tandard  PascaL
func t i ons  make more  t r oubLe  i n  gene raL  s ince no  res t r i c t i ons
are  imposed on  them concern ing  s i de  ef fects  (somet imes PascaL
f unc t i ons  a re  caLLed  "p rocedu res  w i th  vaLue " ) .  I n  t he
f oLLow ing  seman t i c  cLauses  we abs t rac t  f rom s i de  e f f ec t s  and
assume express ions  of  ac tuaL  pa rame te r  L i s t s  o f  ope ra t i on
caLLs  o f  benign cha rac te r .

Assumgt ion  3 .1 .2 . - 2 . :
Let  s :S  denote  a s t r uc tu re  w i t h  (ac t_paramL s )  de f ined .
Let  ( e l ,  . . . ‚ e „ )  : =  (ac t_pa ramL s ) .
Le t  ( ( g ; ‚  s i ) :  r ; )  : =  EEe i l äsp  i € ( n )  for  g iven (g ,  6 )  €

Sta te .
Then we assume g ;  = 5 ;  and  6 :  = 6 ;  fo r  1,5 € ( n ) .  n
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Sem_3 :  Procedure  caLL

Proc_stmt = Term
Term = S impLe_ te rm v Op_designator

MES: SimpLe_termIge :=
335 i d  :=(op_id s ) ,  ( e , :  . . . p  9" )  : =  (act_paramL s )  in

333 ob  :=  sea rchde f< id>£e  in
;; ng; ( ob  # LENV gag §(id)¢2 = PROG) gngn error 2333
eLse kg; ( s l :  61 )  : =  the  s ta te  a f ter  eLabora t ion  of

caLL ing  and  passing mechanisms f o r
( 91 :  . . . - I  e" )  „i,-a

Lg; R :=  61 (§1 ( i d )¢1 ) ‘ gn
m(§3162 )  :=R(§1 I61 )m

( ge l  62 )

MEop: 0p_designator lgs :=
gg; V„ : =  (va r_ id  Op) ;  op id  :=  ( f i r s t  (op_idL op ) ) ‚

( e l :  . . . ,  en )  : =  ( f i r s t  (ac t_paramL op ) )
3g; ( Loc :  obq :  vq )  : =  ; ( vm)

33 ng; ( obq  e ALgQuaL) gngn er ror  gggg
333 ( c ,  F) : =  ecgcvm)w1) in

33 ngg ( op id  e opnames(F)) then  error 9333
Le t  ( g1 :  61 )  : =  t he  s ta te  a f t e r  eLabo ra t i on  of

caLL ing  and passing mechanisms for
( e l l  I I I - I  en )  ‚J:-\n

case  g (op id )+2  = PROC :
333 R :=  61 (g l ( op id )+1 )  in
333 ( € : :  62 )  :=  Rtg1 ‚  61 ) ;  where

re fe rences  t o  i d ;  6 GL(op id )  are
substituted by references t o
61(§1(Vm)+1)+i an

31 ( r es t (op_ idL  op )  = ¢ ;ngn
( gg  ’ 6 '2 )

eLge  kg; op '  : =  u (op ;
- op_ idL : ( r es t (op_ idL  op ) ) ‚
ac t_pa ramL : ( res t (ac t_pa ramL  op ) ) )

MEop ' I gaez
cagg  gCop id )+2  = FUNC :

gg; R :=  61(§1(opid)W1) in
333 ( ( §2 ,  62 ) :  r )  : =  R(g1 :  61 ) :  where

re ferences  t o  i d :  € GLtop id )
are  substituted by references
t o  61(51(Vm)+1)+i an

;; ( r es t (op_ idL  op ) )  = ¢ then error
am
gg; Op '  : =  u(op;  van_id: r ,

op_idL: ( res t (op_ idL  ep ) ) ‚
_ act_paramL:  ( r es t (ac t_pa ramL  0p ) ) )

an
MEop '35 ,6 ‚

I n  the case of s impLe  te rms (=  no do t  notation occu rs )  the
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s to re  t ransformat ion i s  appL ied  d i r ec tLy .  I f .  opdes ignators
constitute a procedure caLL the sequence i s  eLabora ted
s tep -by -s tep :  and  t he  resuL t  i s  onLy  non -e r roneous  i f  t he
sequence  ends w i th  p rocedure  invocation. Intermediate
s t ruc tures  a re  composed v ia  t he  u—opera to r  ( see  sec .  2 .1 . ) .

The cor rec tness  checks  f o r  ope ra t i on  caLL  sequences  ( i . e .  obq
e ALgQuaL and  op id  e cpnames (F ) )  have t o  be  seen  i n  connec t i on
wi th  the s ta t i c  semantics f o r  sequences as  g iven in [OL t  84 ] .

Sem_4: Func t ion  caLL

(Function caLL  E exp ress ion )
Exp r  = I d  v Te rm  v S_Term
Term = SimpLe_Term v Op_designator

EE id :  I d l ge  :=  it g ( i d )+2  = VAR then s (g ( i d )+1  eLse  error

EEt :  SimpLe_Termfi€s :=
Le t  op id  : =  (0p_  i d  t ) ;  ( e l :  . . . :  en ) : =  ( ac t _paramL t)_ in

Le t  ( 51 :  61 )  : =  the  s ta te  a f te r  EEe . ] §6  and pass ing
the  resuL t  t o  the  f unc t i on  body  in

33 net ( € (op id )+2  = FUNC) Lhfifl e r ror  eLse
„33 R :=  61 (g1 (op id )&1 )  in

Le t ( (§2162 ) l  | " )  :=R(§1 I61 )  in
( (ga l  62 ) !  P )

EEOp: Op_designator3£e :=
Le ;  VN :=  ( va r_ id  op ) ,  op id  : =  ( f i r s t  (op_idL op ) ) ‚

( e l :  . . . :  en)  : =  ( f i r s t  (act_paramL op ) )  in
kg; ( LOC:  ObQ:  vq )  : =  f (Vm)

ij ng; ( obq  € ALgQuaL) then  error  eLse
333 (C :  F )  : =  s (g ( v „ )+1 )  in

g; DEE (opid € opnames(F)) then  er ror  eLse
33; ( € ; :  61 )  : =  t he  s ta te  a f t e r  eLabo ra t i on  of

caLL ing  and passing mechanisms f o r
( 91  . . . :  en  ) AD

gggg ; ( op id )+2  = PROC :
gg; R :=  e l ( g1 (op id )+1 )  in
gg; ( ga ,  62 )  : =  R(§1 :  61 ) :  where

re fe rences  t o  id  6 GL (op id )  are
subs t i t u t ed  by re ferences toin
61 (§1 (V1d )¢1 )§ i
gg ( r es t (0p_ idL op ) )  = ¢ ;ngn

e r ro r
etae „ua:. op '  : =

u (op ;  opu idL : ( r es t (op_ idL  op ) ) ‚
‚ a c t_pa ramL : ( res t (ac t_pa ramL  op ) ) )

EEop ' IE ‚ s ‚
case  g (op id )&2  = FUNC

5g; R :=  e l ( g l ( op id )+1 )  in
393 ( (§2 !  62 ) !  | “ )  : =  R(§1 I  61 ”  Where

re ferences t o  i d :  6 GL (op id )
a re  substituted by re ferences
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t o  51  (51 (V ld )+1 )v i  an
ii ( r es t (op_ idL  op )  = ¢ then

( ( n  62 ) ,  I“)

Le t  op ‘  :=  p (op ;  var_id:  r ,
op_ idL : ' ( r es t (op_ idL  op ) ) ‚

ac t_paramL:  ( r es t (ac t_pa ramL  op ) ) )

E l I op ' I l gze2

Ems: S_Term3§s :=
335 signum :=  (S ignum s ) .  t :=

33; ( t g l .  61 ) :  r )  :=  EEt Ige  in
gg; r1  :=  “S ignum r "  im

( (g l '  61 ) !  P1 )

( t e rm  s )  in

The signum ope ra to r  assigns a ' + '  o r  ' - '  t o  a t e rm .

The function caLL  cLause  i s  equivaLent t o  the express ion
cLause .  Aga in .  t he  s to re  t ransformat ion  i s  appLied d i rec tLy  i f
s impLe  te rms  occu r .  Otherwise a sequence  of ope ra t i on  caLLs  i s
evaLua ted  s tep  by  s tep :  and  t he  resuL t  i s  a s t a te - vaLue  pa i r
i f  t he  sequence ends  wi th  a f unc t i on  invocation. Intermediate
s t ruc tu res  a re  composed  v ia  t he  u Ope ra to r  ( see  sec .  2 .1 . ) .

The correctness  checks  fo r  opera t ion  caLL  sequences  ( i . e .  obq
e ALgQuaL and op id  € opnames(F))  have t o  be seen  in connec t ion
wi th  t he  s ta t i c  seman t i cs  as  g iven  i n  EOLt  843 .

3 .2 .  Var iabLe  DecLara t i ons  and Assignments

3 .3 . ] .  Va r i abLe  DecLa ra t i ons

Var iabLes  a re  aLways decLared  having vaLues in speci f ic  vaLue
se t s  o f  aLgeb ras  (TO I ) .  The i n i t i aL i za t i on  is  done impL i c i t Ly
( s t anda rd  ob jec t s )  o r  expL i c i t Ly  (moduLes ) .

Sem_S: Va r i abLe  DecLa ra t i on

MEv: Va r lgs  :=
333 ( i d1 ‚  . . . :  id") :=  ( i dL  v ) .  t :=  ( t ype  v ) :

in t  : =  ( i n t  v )  in
39,5 v : =  § ( t ) »b2  ‚in

kg; Loc i  : =  newLoc (g i_1 )p  i € ( n ) :  go = € in
33 s tandard(V)%1
t han  kg; € „ “  : =  g „ [ i d i  (" (Loc ; ;  '1'.) §n ( t ) { ! 3 ) ] )  '

e „ .1  = SnELOC; ** s t anda rd (V )+2 ] ‚  i € ( n ) i n
‘ ( §n+1 ’  6114 -1 )

eLge  Le t  §n+1  : =  gu l l -LOG;  H (Loc ; :  1:: §n( t )+3 j l
6n+1 = an tLoc ;  ** VaL ( i ) ] ‚  i € ( n )

m V a L ( i )  : =  „% {LV} :  . . . - I  LV “ )  : =
LocaL  va r i abLes
of  t in

L9  ($ " :  6 ' )  : =m
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MEin t I ( g „ ‚  a" )  in
( 6 ' (g . (LV1 )+1 I  . . . ,  6 ' (g ' (Lvn )+1 i . )n

(ga -#1 ,  6n+1 )

This semantic cLause  aLso  covers impLic i t  type definitions i n
var iabLe ‘decLara t ions .  In  that case standard type identifiers
are 'genera ted .

3 .2 ,2 .  Ass ignments

ModPascaL ex tends  PascaL  the  assignment sta tement  in t ha t
arbi t rary moduLe func t ion  caLLs  may occu r  as  Lef t -hahd-s ide
s t ruc tures .  ALso extended dot  notation may be used .

Sem_6: Assignments

MEa: Assg_stmt3§6 :=
gg; v :=  (assg_var  a ) ,  e :=  ( expr  a )  in
cage  v e Id  : '

„kg;. ( ( 51 :  61 ) !  |“) : =  Emefigö  m
333 s ,  :=  61 [g1 (v )+1  ** r ] .  gm

( : 1 !  62 )

gggg v e Comp_var = (a r ray_var :  Id :  exprL:  ExprL)  v
_ FieLd_designator :

gggg v e (a r ray_var :  Id ;  exprL :  Exp rL )  :
gg; a id :=  (ar ray_var  v ) :  ( e l ,  . . . ,  en) :=  (exprL v)  in

gg; ( e1 ' ‚  . . . ,  e„ ' )  : =  the  evaLuated index expressions
in

gg; ( ( 51 ‚  61 ) :  r )  : =  EE9]§6 in
Leg s ,  :=  s l tg1 (a id )& (e l ' ‚  . . . :  e„ ' )  ** r] in

(g1 l  61 )

cgse v € FieLd_designator  :
gggg v e (comp_var :  Assg_var ‚  f ieLdJQd:  Id )  :

kg; vw denote  the  record  var iabLe  ex t rac tabLe  from
(comp_var v )  gm

gg; f id  :=  (fieLd_id v )  in
gg; (ccm, 61 ) :  r )  : =  EEe lgs  in

$31.}, 63  :=  61 [21 (Vm) l r f id  H V]
( 51 !  62 )

gggg v e ( re f_var :  Ref_var‚  f ieLd_id:  Id )  :
gg; rid :=  ( ref_var  v ) ,  f id  :=  (fieLd_id v )  ;n

333 Loc :=  6 (g ( r id )+1 )  $3
kg; “g l :  61 ) :  Y‘) :=  Elle-313:3 an

‚|_-M93 62  :=  61ELOC (—3 P ]  m

( : 1 !  61 )

3933 v e Op_designator :
m((§11  61 ) }  P1 )  :=  EEVJKG in

‚LES-_ ( ( c a ,  62 ) !  P2 )  :=  Ememgls1  an

Lg; Loc := Um)“  „i,.„r;
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333 s ,  : =  6 ,ELoc  ** r ]  in
( ge l  63 )

Remark :  I n  Sem_7 assumption 3 .1 .2 . -2  on  the side effects on
expressions i s  aLso i nvoLved .

5 .3 .  Type Definitions

we distinguish between the various kinds of type definitions
according t o  t he i r  deg ree  of  f r eedom o f  use r  suppL ied  pa r t s :

- S tandard  t ypes  are  predef ined .  The i r  semantics i s  fixed.
- Standa rd  t ype  gene ra to r s  gene ra te  pa r t i aLLy  predef ined

aLgeb ras .  The pa r t i aL i t y  o f  t he  de f i n i t i on  concerns  e i t he r
ca r r i e rs  o r / and  ope ra t i ons .  The m iss i ng  par ts  a re  suppL ied
by  the  use rs  t ype  de f i n i t i on .

— Nonstandard  type gene ra to rs  genera te  aLgeb ras  f o r  which
compLe te  def in i t ion  has  t o  be  suppL ied  by the  use r .

The semant ic  concept  of aLgebra  i s  empLoyed  fo r  each  type
de f i n i t i on .

Sem_7: Type De f in i t i on

MEt: Typedeffigs :=
Lg; t i d  : =  ( type_ id  t ) ,  tpe :=  ( t ype  t )  in

33 tpe e I d  then
gg; Loc :=  newLoc(g) in
333 51  :=  § E t i d  ** ( LOCI  § ( tpe )¢2r  ! ( t pe ) i 3 ) ]  in
gg; 61 :=  6[LOC ** 6 (g ( t pe )+1 ) ‚

§ (ma in )¢1  ** s (g (ma in )+1 )  v s (g ( t pe ) i 1 ) ] i n
( g l ,  61 )

eLge
(gage  t pe  e ModuLe_type :

gg; ( ( obq :  v :  a ) ,  ( g1 :  61 ) )  : =  MmEtpeIQs in
gg; ( € :  6 )  : =  (51, 61)  in

egg; t pe  e I ns tan t i a te_ type :
333 ( (ObQI  VI  a ) ,  (E l :  61) )  : =  M iE tpe Ige  in

_ 15%(g ’  6 )  : =  ( 91 ' 51 )  in

otheryise gg; ( obq :  v :  a )  : =  MEtpe]56_ in)
333 Loc  :=  newLoc (g )  AD

£33 € ;  : =  EE t i d  9H (LOCI  Oe V ) ]  in
£33 61 :=  6ELoc ** a :

; (ma in )+1  ** 6 (g (ma in )&1  v a] in
( g l ,  61 )

To evaLua te  non—standard  type  def in i t ions the semantic
funct ions Mm and Mi a re  used .  The reason i s  t ha t  the
opera t i ons  o f  t he  new s t ruc tu re  a re  i ns taLLed  not  onLy  i n  the
aLgeb ra  bu t  aLso  i n  the  env i ronment  ( i . e .  g ( i d )  i s  def ined fo r
moduLe opera t ions  i d ) .  To enabLe  th is  the defining environment
has  t o  be  passed  t o  the t ype  de f in i t i on  cLause .
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3 .3 ‚ ] .  Standacd Types

The standard types of ModPascaL are BOOLEAN: INTEGER: REAL:
and CHAR. The semantics of  each  i s  impLementation dependant .
We define the i r  meaning v ia  the  s tandard  aLgebras  of  2 .2 .2 .

Sem_8: S tandard  Types

MtEBOOLEANI§6 (BOOLEAN: TOI (BOOL-ALg)r  BOOL-ALQ)
MtEINTEGERIEG ( INTEGER:  TOI ( INT -ALg) r  INT -ALg)
MtEREALI§6 :=  (REAL TOI (REAL-ALg ) ‚  REAL-ALg)
MtECHARIQS :== (CHAR: TOI(CHAR-ALg)z  CHAR-ALg)

Since they  are  predef ined and Language- inher i tant :  the
semantics of s tandard  types is  state independent .

3 .3 .2 .  Standard Type Generators

The s tandard  type  genera to rs  of  ModPascaL  are  pat terns:  which

expose  a semantic f ragment  tha t  has  to  be  compLeted  by user
suppL ied  in format ion .  The kind of information i s  generator
dependant .  S tandard  type  gene ra to r s  are  the  foLLowing:  scaLar ‚
subrange: a r ray :  record ,  se t ;  f iLe :  po in ter .

( a )  ScaLar  Types
The semant ic  aLgebra  fo r  scaLars  incLudes  standard operat ions
as ' succ ' ‚  ' p red '  or  ' <= '  and INT—ALg. The missing informat ion '
i s  a vaLue  se t ,  and i t  i s  suppL ied  in the  type def in i t ion .  The
aLgebra  pat tern  i s :

Sc-ALg

Signature z -Sc  :=  (OB-Sc .  OP-Sc )  with
OB-Sc :=  {scaLar ‚  in teger ;  booLoan)
OP-Sc  :=  {p red ‚  succ :  o rd ;  ehr ,  < ;  > ;  <= ;  >= :

<> ,  =}  u OP ' I  _
ari ty-Sc : OP-Sc \ OP-I -—> (OB-Sc* x OB-Sc)
( e .g .  a r i t y -Sc (<= )  :=  (scaLar  scaLar ‚  booLean) )

Then Sc-ALg :=  (C-Sc‚ F-Sc )  € ALgtz-SCJ wi th
c-Sc = {Sc-VaL,  I -VaL ,  B-VaL},  Sc-VaL :=  {<user>}
F-Sc  :=  {p red ‚  succ :  ord ‚  chr :  ( .  > .  <= ,  >= ;  = ;  <>)

u F - I

where o rd (x )  :=  <user>

e tc .
TOItSc—ALg) = Sc-VaL

Remark:  The func t ions  of  F-Sc  \ F~I  are ambiguousLy denoted by
the  func t ion  names of  OP-Sc \ OP- I .

This semant ic  aLgebra  pat tern  i s  updated in the eLaborat ion of
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the  scaLar  type definition. The ind icat ion  <user>  in the
Sc-ALg pa t te rn  def ines  the  points a t  which the  information
ex t rac ted  f rom the  user  suppL ied  type def in i t ion  i s  bu iL t  in .

Sem_9: ScaLar  type

MtEsc:  ScaLar_ type I£s  :
gg; ( id1‚  . . . .  id") (idL sc) in

g: 3 1 € (n )  . g ( id i )  = L gngn error eLse
gg; Sc-VaL :=  { id1 ‚  . . . ;  id", L} in

333 ord:  Sc—VaL ——> I—VaL w i th  o rd ( id1 )  = i in
(SCALAR: Sc -VaL:  Sc—ALg)

Remgrg: ALL id :  are ins taLLed in (g ,  e )  with vaLue "id;" ( the
s t r ing ) :
gg; Loc; :=  newLoc(g) ‚  Loc ;  * Loc i :  i p j  € (n )  in
“[53“; g l  = §E id ;  (“" ( Loc i :  CONSTI  J—JI i € (n )  3.0.
‚L,-„&& 61  : e 'ELoc i  H " id i_" ] z  i € (n )  m

(g l ,  51 )  .

(b )  Subrange Tyges '
Subrange  types  can  be decLared  upon INTEGER or  scaLar  types .
Semant icaLLy :  the  carr iers of  INT—ALg/Sc—ALg are modif ied ( the
T01 i s  res t r i c ted ) :  and the  Opera t ions  have to  respec t  the  new
boundaries of  the i r  a rgumen ts .

Sub-ALg

case  Subrange of INTEGER :
Then SUB-ALg :=  (C -SUB:  F-SUB)  e ALgEz - I ]  wi th

C-SUB :== {SUB-VaL ‚  B -VaL} :  SUB-VaL  :=  {<user>}

F-SUB :=  F - I  but  functions evaLuate to  L i f  arguments
or  resuLt  a re  ou t  of  range '

gggg Subrange of scaLar  type :
Then SUB-ALg :=  (C -SUB:  F -SUB)  e ALgEE-Sc] with

C-SUB :=  {SUB-VaL :  B -VaL } ,  SUB-VaL :=  {<user>}
F-SUB :=  F—Sc but funct ions evaLuate to  L if arguments

or  resuLt  are  ou t  of  range

äflXQäää ,
TOI(SUB-ALg) :=  SUB-VaL

Remark: Both variante of  SUB-ALg are  based on the associated
signatures 2 -1  and z -Sc  resp .  and therefore are
contained in ALgEz - IJ  and ALgEE-Sc ]  resp .

Sem_1d: Subrange Type

MtEst:  Subrange_typefl!s :=
533 L :=  (Lower s t ) .  u = (upper s t )  in
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case  L :  u e I -VaL  :
g: ng; ( L  < u )  theen  error eLge

Le t  SUB-VaL :=  { L .  L+1 ‚  . . . ,  u -1 ‚  u} in
Mg“ F-  SUB :=  { f l  f e F- I ,  but  f evaLuates to  L, if

arguments or  resuL t  ¢ SUB-VaL} in
(SUBRANGE:  SUB-VaL :  SUB-ALg)  -

m L I  U € Sc-VaL  :
13 ng; ( L  < u )  ”nan error  953g

‚|_-‚33 {V l r  . . . :  V. , }  = {V I  V € SC 'VQL I  V; = L ;  V„ = U}
gggn o rd (v ; )  = o rd (v i _1 )+1 ‚  i e ( 2 :  . . . ,  n} in

gg„ SUB-VaL : =  {V1 }  . . . »  vn } in
323 F-sua :=  { f l  f e F—Sc. but f evaLuates to  L .

i f  arguments or  r esuL t  € SUB-VaL} in
(SUBRANGE:  SUB~VaLr  SUB-ALg )

Remack:  AL though  subranges  copy  most of the structure  of t he i r  '
basing t ype ;  t hey  are  viewed as  constituting an own
aLgeb ra .  As a consequence» subrange type var iabLes are
type  inconsistent with the i r  basing type Opera t ions .
This i s  con t ra ry  t o  the coerc ions  performed in PascaL
a t  th is  po in t .

( c )  Array  Types
The array  aLgeb ra  pa t te rn  Lacks  two in fo rmat ions :  the index
t ype (s )  and the  component  t ype .  The index t ype (s )  ( scaLe rs  or
sub ranges )  constitute seLec to r  ope ra t i ons  o f  the  aLgeb ra .
Since components  occu r ,  assignment operat ions are  needed .

Ar-ALg

Signa tu re  z -Ar  :=  (OB-Ar :  OP—Ar)  with
OB-Ar  : =  (a r ray ,  component ,  i ndex l l  . . . ,  index„ }
OP-Ar  :=  ( r ead ,  assign} v OP-  Co v OP—11 v . . .

u OP- In
ar i t y -Ar :  { r eadp  ass ign}  ——> (OB—Ar* x OB-Ar )
( e .g .  a r i t y -A r t r ead )  : =  (a r ray  i ndex ;  . . .  index“:

compomen t ) )
Then Ar-ALg  : =  ( c -A r ,  F -  Ar)  e ALgE I -A r ]  w i th

C-Ar  ={Ar—VaL ‚  Co-VaL :  I n l -VaL ‚  . . . :  I n „  -VaL}
Ar-VaL : =  { ( x l p  . . . ,  x„ ) I  x ;  e Co-VaL}
Co—VaL :=  {<use r> } ‚  I n l -VaL  :=  {<use r> } ‚

. . . ;  I n „ -VaL  :=  {<use r> }
F-Ar  :=  ( r ead ,  assign} u F-Co u F-In1 v . . .

uF- In „
where read (a ‚ i 1 ‚  . . . :  i „ )  :=  <component

seLec ted  by i l :  . . . ,  i „  i n  a>

e tc .
TOI (A r -ALg )  :=  Ar-VaL

Remarka:  a )  The func t ions  read /ass ign  are ambiguousLy denoted
by  the f unc t i on  names read /ass ign  o f  OP-Ar .
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b )  Co -ALg :  I n l -ALgp  . . . ;  I n „ -ALg  are the  aLgeb ras  fo r
the  component and  index t ypes  resp .

c )  C -A r  contains add i t i onaL  vaLue  se t s :  i f  C -Co :
c - I n1 ‚  . . . ,  C- In „  do  so .  Then Z -A r  i s  ex tended :
t oo .

Sem„11 :  A r ray  t ype

MtEa :  Ar ray_typefi£s :=
Leg  ( i t 1 ‚  . . . ;  it“) : =  ( i ndexL  a ) ,  c t  : =  ( comp  a )  in

Le t  I n i -ALg  :=  (ME i t : I £6 )+3 :  i € ( n )  in
Le ;  Co-ALg :=  (MEct IEs)+3  in

(ARRAY:  AP ’VBL I  A r -ALg )

Remark :  I f  i t ; :  i € ( n )  a re  type identifier of aL ready  def ined
types ;  t hen  M i s  appL ied .

(d )  Record Types
The reco rd  aLgeb ra  has  t o  be  compLe ted  w i th  the indication of
t he  componen t  seLec to r s  and  t ypes .  I f  va r i an t  pa r t s  occu r  t he
access  t o  componen ts  i s  dependan t  of  vaLues  of  access  con t roL
seLec to r s .

Re -ALg

S igna tu re :  z -Re  :=  (OB—Re, OP-Re) w i th
OB-Re :=  ( r eco rd :  f i eLd1 ‚  . . . ,  f i eLd „ )
OP-Re :=  { ass ign1 ‚  . . . ,  ass ign " ,  r ead1 ‚  . . . :

r ead “ )  u OP 'F1  u . . .  u OP 'Fn
a r i t y -Re :  OP—Re \ (OP-F1  v . . .  u OP-Fn)  __>

(oe—Re* x os-Re)
( e .g .  a r i t y—Ret read „ )  : =  ( r eco rd :  f i eLd „ ) )

Then Re-ALg :=  (C -Re :  F-Re) € ALgEZ-Re] w i th
C-Re :=  {Re -VaL ‚  Co l -VaL :  . . . ,  Con-VaL }

Re-VaL :=  { ( x1 ‚  . . . ,  x „ ) |  x i  6 Co:—VaL. i e ( n ) }
Co l -VaL :=  {<use r> } ‚  . . . ,  Co„-VaL :=  { (user>}

F-Re :=  {ass ign l y  . . . ,  assign", r ead1 ‚  . . . ;  r ead " )
u F -C01  u . . .  u F 'COn
where read ; ( r )  : =  < i f  t he  rw i  component  i s  a

f i xed  type  o r  i f  the var iant
seLec to r  has  appropr ia te

. vaLue ‚  t hen  r i i :  o the rw ise  L>

e tc .
TOICRe-ALg )  : =  Re -VaL

Remarkg: a )  The func t ions  read i l ass i gn l  are  ambiguousLy
denoted  by the  f unc t i on  names read i l ass i gn l  o f
OP—Re.

b )  Goa—ALg a re  the  aLgeb ras  o f  the  f i eLd  t ypes .
c )  C -Re  con ta ins  add i t i onaL  vaLue  se t s :  i f  c—Co; does
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so .  Then z -Re  i s  ex tended .  t oo .
d )  Variants are  t r ea ted  as  ord inary f i eLd  t ypes .  OnLy

the  access  f unc t i ons  re fLec t  the i r  ac t iveness
resp .  i nac t i veness .

Sem_12: Record types_

MtEr:  Record_type]gs :=
Le t  ( f p l .  . . . .  fp„ )  ( f ixed_par tL  r ) .

( vp l .  . . . .  vpm) (var ian t_par tL  r )  ;n
‚Lg; ( f i dg l r  . . . :  fid-HHb) : =  ( i d L  “ ( ' - p i ) :

f t i  : =  ( t ype  f p i ) .  i € ( h )  Än
Lg; t g i  : =  ( t ag  vp ; ) : ( v i 1 ,  . . .  Vamm)  : = ( va r i an tL  vp i )

i e (m) in
333 cL i j  : =  ( cons tL ‘ v i j ) .

Vt i j  : =  uo ( f i xedL :  ( f i xedL  V i3 ) l
( va r i an t_pa r tL :  ( va r i an t_pa r tL_v i ; ) ) .

i € ( n ) .  j € (m; )  an
33; (RECORD:  Re -VaL ; ; ,  Re 'An j )  : =  M tEv t13156 .

{R9“V8L[ ; l  CO;51 ‘VBL I  . . . :  Co; ; „m-VaL }  : =  (Re -ALg i ; )&1
{ ass ign ; ; 1 .  . . . .  ass ign i i xm .  r ead i j l .  . . . .  r ead i j xm}

: =  (Re—ALQ{ ; ) *2  \ (F -Co ; „  U . . .  v F-Coumh) :
i € (M) :  j € (m i )  in

m m;
gg; 21 : =  h i :  z ,  : =  I z E ( i .  j ) .  2 : =  21+z ,

j -  i =1  j =1  '
ungng E( i .  j )  = a: <==> Re-VaLH =C(x1, . . . .  x . ) |

xx 6 Co-VaLi5K; k e ( a ) }  an

IP
1

3

u -1
333 C1  5 ( 1$ t$21  Qflg t :  I n ;+w .  W € ( n „ ) )

i =1
i—1  nu ' 5 -1

c2  5 (zlstsz gag t = z I C(x . y )  + E E ( i . y )+k
x=1v=1  v=1 in

(ME f tu l gs )+2  i f  C1 hoLds

Coi5K—VaL if CZ hoLds

Lg; F-Re :=  { ass ign i ; „ .  r ead i3 „ |  i 6 (m) .  j e (m ; ) .
K € C( i r  3 ) }

m ;  C ( i l j )

u u F-Coi”. ' ‚in=1 k=1

:

u
t :

3

i 1 j

gggg t g ;  e ( t ag id :  I d .  t ype id :  I d )  .
Lg; t g i d i  : =  ( t ag id  t g i ) .  t g t p ;  : =  ( t ype id  t g t )

333 Co ‚+ ; -VaL  :=  (MEtg tp imgs)+2  in
g: ng; ( cL i ;  £ Coz+i—VaL) 393g error en

F-Re  :=  F -Re  v Cass ign „ i .  r ead „ . ; }  39353
<ass igna l reada .  21 < a < 2 are modi f ied :
kg; a satisfy C2 in

;i r ead ‚+ ; ( r )  € cL ; ;  ghgn
<normaL evaLua t i on>

eLge er ro r  > in
(RECORD. Re-VaL .  Re -ALg )
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gggg t g i  e ( t ype id :  I d )  :
(RECORD:  Re-VaL;  RG*ALQ)

Remarks :  a )  Sem_12 generates a s t ruc tu re  for  Re-VaL tha t
encLoses  a component position for  aLL  f i eLd  types
( i n  appropriate number and independent of
definition inside a variant) as  we tL  as  fo r  aLL
tag  f i eLd  types (Co , . i -VaL ) .  This emphasizes  t he
semantic importance of t ag  types which i s
generaLLy t rea ted  supe r f i c i aLLy  ([ISO 7185 ] .  [SIEM
83]).

b )  The semantics of  records  makes  nes ted  st ructures
' f La t '  by  providing separa te  access  Operations f o r
every  occurring f i eLd .

c )  Occur r ing var ian ts  a re  t rea ted  different depending
on  the i r  t ag_ f i eLd :  checks  o f  ac t i veness  are  onLy
per formed.  i f  a t ag  f i eLd  seLec to r  i s  de f i ned .
Some ImpLemen ta t i ons  c rea te  t he  ac t i ve  instance of
f ree var ian ts  ( no  t ag  f i eLd  seLec to r )  a f te r  the
f i rs t  occu r rence  o f  a seLec to r  evaLua t i on
beLong ing  to  the  va r i an t .  La te ron ‚  no  o the r
va r ian ts  a re  ac t i va tabLe .

(9 )  Set  Types
The se t  aLgebra has to  be compte ted  onLy by indicat ion of a
base  scaLa r  o r  subrange t ype .

Se t -ALg

Signature z -Se t  : =  (OB-Se t ,  OP-Set )  wi th
OB-Se t  : =  ( se t ,  component .  booLean}
OP_SQt  :=  (+ ,  " * r  = :  <> :  <= :  >= )  IN)

v OP-CO u OP-B
ar i ty-Set :  OP-Set \ (OP-Co „ OP-B) ——>‚(OB-Set* x

OB—Set )
( e .g .  a r i t y -Se t ( IN )  = ( componen t  se t ,  booLean ) )

Then Sg t -5L9  :=  (C -Se t r  F - S e t )  € ALgEZ-Se t ]  W i th
C-Se t  : =  {Se t -VaL ‚  Co -VaL ‚  B -VaL }
Set—VaL :=  P (Co -VaL ) ‚  Co-VAL :=  { (user>}
F-Se t  : =  {+1  ' :  * :  = :  (> :  <= :  >= :  IN} v_F 'CO v F ‘B

where + ( s ‚  t )  : =  { x l  x € s or  x € t}

e tc .
TOI (SOt—ALQ)  :=  Se t -VaL

Remgrkg: a )  The funct ions in F—Set \ (F -Co  u F-B )  are
amb iguousLy  denoted by the funct ion names of
OP-Se t  \ (OP—Co u OP-B) .

b )  The r es t r i c t i on  on  the  component  type t o  be scaLa r
or  subrange type i s  due t o  the fac t  that  se ts  a re
represented  as  bi t  vec to rs  of  a t  mos t  machine word
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\
size in many impLementa t ions . .Th is  again imposes a
maximaL card inaL i ty  on the component type .

Sem_13:  Se t  types

MtEs: Set_type]56 :=  —
3333 5 € ScaLar_ type  : _

333 (SCALAR: Sc-VaL: Sc-ALg) :=  tsmgs in
333 Co-VaL :=  Sc-VaL‚  F-Co :=  F-Sc in

(SET ,  Set—VaL‚  Se t -ALg)
3333 s € Subrange_type :

333 (SUBRANGE: Sub-VaL: Sub-ALg) :=-Mt[sfl§s in
333 Co-VaL :=  Sub-VaL:  F-Co :=  F-Sub in

(SET:  Se t -VaL:  Se t -ALg)
3333 s € I d  : _

' 333 (T I  T 'VBL:  T -ALg)  :=  (€ (S ) *21  ; (S )+3 I  6 (g (8 )+1 ) )
g: T = SCALAR 3333

333 Co—VaL :=  Sc -VaL:  F -Co  :=  F -Sc
in (SET,  Se t -VaL ,  Set-ALg)

333333 T = SUBRANGE 3933 kg; Co-VaL :=  Sub-VaLI I
F-Co  :=  F -SUB

(SET:  Se t -VaL:  Se t -ALg)
3333 error

Rgmgcks: a )  The f i rst  two cases re fLect  impLici t  types as
component t ypes .

b)  The impLementat ion dependant cardineLity of Co—VaL
is  d isregarded .

( f )  F iLe  TxQes
The f iLe  aLgebra  is  f ixed up to  the indication of the f iLe
components .

F i -ALg

Signature:  z -F i  :=  (OB-F i ,  OP-Fi )  with
OB-Fi  :=  { f iLe ‚  component:  booLeen}
OP-Fi :=  (pu t ,  ge t ,  reset ,  rewrite:  eof}

v OP-Co  v OP-B
ar i ty -F i :  OP-F i  \ (OP-Co v OP-B) -—>

(OB-Fi* x OB-Fi)
( e .g .  a r i tyüF i<reset )  :=  ( f iLe ‚  f iLe ) )

Then Fi -ALQ :=  (C -F i :  F -F i )  € ALgEZ-F i ]  with
c—Fi :=  {F i—VaL ‚  Co-VaL ‚  B—VaL}

Fi-VaL :=  { ( x1 ‚  . . . ,  x“ ) ,  c ,  b ,  3 ) !  x ;  e Co-VaLp
i r j  € (D ) :  n € NI  C ‘e  CO 'VSL I  D € B'VQL}

Co-VaL :=  {<user>}

F-Fi : =  (put :  ge t :  reset;  rewrite: eof}
v F 'CO u F 'B
where pu t ( f ‚ c )  :=  (if f is  in generation mode:

then c i s  appended:
otherwise L >
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e tc  .

TOI(Fi-ALg) : =  Fi-VaL

Remarks :  a )  F i Le  incarnations are viewed as  quad rupLes :  the
sequence of  eLemen ts .  a spec iaL  f i Le  communication
componen t ,  an  indicator f o r  the  cur rent  mode ,  and
a po in ter  to  the ac tuaL  pos i t ion  during inspection
mode .

b )  The speciaL f i Le  commun ica t i on  component  pLay  the
r oLe  of the f i Le  va r i abLe .  I t  i s  modified o r
examined by the f i Le  Opera t ions .  The eXpL ic i t
mod i f i ca t i on  by  assignment has  t o  be  modeLLed by
add i t i on  o f  an  assignment operation and a new
car r ie r  ' s t a te '  t ha t  keeps t rack  of s ide-e f fec ts
of  operations ( see  (d )  and  remark  b )  of Sem_14).

Sem_14: F i Le  t ypes

MtE f t :  F iLe_ type]€e  :=
gg; t : =  ( t ype  f t )  gn

gg; Co-VaL :=  (Mmtmgs)+2 in
(F ILE :  F i -VaL :  F i -ALg )

Remarks:  a )  S ince onLy  type ident i f ier  are aLLowed  fo r
component  t ypes ;  g ( t )&2  aLso  seLec t s  Co -VaL .  '

b )  Assignment t o  the f i Le  va r iabLe  can  be descr ibed
as  f oLLows :
Le t  f denote  a f i Le :  and f ü  the  f i Le  va r i abLe .
MEfé :=  expfige :=

333 (3 ’  C r  b l  j )  : =  ; ( f ) +1  in
Le t  c '  : =  EEepgs  in
Le t  61  :=  6Eg ( f )@1  ** (S I  C ' I  b l  j ) ]  Än

( g l  61 )

( q )  Pointer  Tvges

Pointer  types pLay  a spec iaL  roLe  in ModPascaL (and  PascaL ) .
They a re  the  onLy  s t r uc tu res  whose  incarnations re fe r  by
def in i t ion  t o  hardware p roper t ies  (memory  addresses and
con ten t s ) .  ALso  they aLLow di f ferent  incarnat ions  point  to  the
same memory ceLL  such  that  an  impL i c i t  vaLue  change of a
po in te r  t ype  va r i abLe  i s  poss ibLe  even  i f  no assignment t o  i t
occu rs .
This behaviour couLd be modeLLed in aLgebra ic  te rms.  but onLy
wi th  great  s t r uggLes .  S ince  aLL  s ide -e f fec ts  of the  above k ind
can  be administrated in 'states', onLy  a new (abs t rac t )  so r t
' s t a te '  has  t o  be added t o  aLL  s i gna tu res .  ope ra t i on  a r i t i es
and aLgeb ras .  Then the  aLgeb ra i c  descr ip t ion  wouLd  show s ta te
t rans format ion  proper t ies  s im iLa r  t o  a deno ta t i ona t  seman t i cs .
Th is  in t roduces compLex i t y  i n  the  po in te r  type desc r ip t ion ,
and  f o r  cons i s tenCy  reasons ,  i n  t he  whoLe t reatment  up  t o  now :
s ince  aLL  s t r uc tu res  have  t o  be  re fo rmu ta ted .
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This task  i s  skipped i n  this pape r :  pa r t Ly  because onLy
tedious work i s  associated t o  i t  tha t  does not  provide new
insights into. ModPascaL characteristic f ea tu res :  pa r t Ly
because  aLgeb ra i c  descriptions invoLving ' s t a te '  so r t s  a re  not
o f  g rea t  interest o f  cu r ren t  abs t rac t  da ta  t ype  t heo ry
research ( t hey  are  t oo  ' conc re te ' ) .  Never theLess :  th is  shouLd
be unders tood onLy  as  pos tponemen t :  and a comprehens ive and
compLe te  semantics o f  ModPascaL  w iLL  i ncLude  po in te r  t ype
semantics. '

3 .3 .3=  Non-S tandard  Type Genera tors

There are two  non—standard  type  generators i n  ModPascaL:
moduLe types ( sec .  3 .4 . )  and  instantiate types ( sec .  3 .7 . ) .
They di f fer  f r om s tanda rd  t ypes  i n  tha t  aLL  in format ion
necessary  t o  bu iLd  the i r  semantic aLgeb ra  i s  ex t rac ted  f rom
the type de f in i t i on :  i . e .  t he re  i s  no  semant ic  f rame wi th
hoLes  t o  be f i LLed .

. ModuLe  es

_A moduLe type def in i t ion introduces types as  weLL as
Opera t ions  in arb i t rary  number .  Th is  f ac t  forbids an anaLogous
f o rmaL iza t ion  of the semantics as  for  standard object
definitions.
ModuLe opera t ion  decLa ra t i ons  di f fer  f rom ordinary operat ion
decLa ra t i ons  i n

. opera t ion  header  and  body a re  d ispar t

. occur rences of  gLobaL va r i abLes  are res t r ic ted to  the
LocaL  va r i abLe  se t  o f  t he  moduLe

-e occu r rences  of moduLe ope ra t i on  caLLs  a re  res t i c ted  t o
v i s i bLe  ob jec t s :  where v i s i b i L i t y  i s  induced by the
use - reLa t i on  of  the  moduLe type def in i t ion ( see  aLso EOLt
841)

\
A moduLe  type  ob jec t  possesses  a moduLe  s ta te .  I t  cons i s t s  of
the vaLues of LocaL Va r i abLes :  and i s  onLy accessabLe by the
opera t ions  de f ined  in t he  assoc ia ted  de f i n i t i on .  Procedures
modi fy  the  s ta te :  f unc t i ons  ex t rac t '  i n fo rmat ion  f rom i t
w i t hou t  changes :  and  i n i t i aLs  suppLy  f i r s t  vaLues .  .

Sem_15: ModuLe t ype

MtEm: ModuLe_typemgs :=
52; ( u l n . . . . :  u , )  ( useL  m) :

(p l :  . . . :  pn )  : ( pubL i cL  m) :
(L t l :  . . . :  L t . )  : =  ( LocaL_ typeL  (LocaL  m) ) :
( Lv l :  . . . :  Lvd )  = ( LocaL_va rL  (LocaL  m) ) :
( Lo l :  . . . :  Lo . )  : =  ( LocaL_ope ra t i onL  (LocaL  m) ) :
( 01 :  . . . :  Of )  : =  (ope ra t i onL  m)

in
gg; U :=  U 6 (§ (u ; )+1 )  an

i e (a )
Le t  ( go :  60 )  : =  ( g :  6 )  - in
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Let  Loc;  :=  newLoc(g ;  )
m

Ebene  ( 6ces  9 p;  6 Proc _head :
Let  op id ;  :=  (proc_id p i ) ,  obq;  :=  PROC in

gase  p;  e Func _head : _ °
333 op id ;  :=  ( f unc _id pa ) :  obq;  := ‘FUNC:

res ;  :=  (resuLt p; )_  in
5333 p ;  e In i t  _head : ‘

g3; op id ;  :=  ( ini t_ id p i ) :  obq;  :=  INIT in
I 1 € (b ) )  .

§ l+1  : :  Qa fop id ;  ‘“ ( LOCI :  obqt ,  it Obqt  : FUNC
Ehen res i

eq  L ) ] ,
3 i+1  == stLoca +4 LJ ,  i e (b) _ - 3°

323 (go :  6 . )  : =  ( €» :  6b )  ' in

gg; Loc;  :=  newLoc(g ; ) ‚  i e (c )
gngng €; ; ;  :=  £ ; [ ( t ype id  L t i )  ** (LOCi I

. ( t t t ype  Lt;  ) ]g ;  s ; )+1 ‚
(MtE( type  Lt;  ) ]g ;  6 ;  )&2 ) ] ‚

6 ‘11  :=  6 ;  [Loc ;  @" (MtE( type  Lt;  ) ]g ;  6 ;  )+33 ‚
i e (c )

( so !  60 )  :=  (gg ,  Sc )

M
:?

(g i *1 '  6 i+1)  ==  MELVimgis i l  i € (d )

LV :=  u ( idL  Lv;)
i e (d )

(go )  61 )  :=  (gd l  6d )P’ 0 ‘..
-

E5 Loc;  :=  newLoc(g ; )
unene (ggse  Lo ;  6 Proc“ head :

Le t  op id ;  :=  (proc_ id Lo ; ) ;  obq;  :=  PROC
gggg Lo t  € Func_ head :

gg; op id ;  :=  ( func _id Lo t ) :  obq;  := .FUNC‚
res ;  :=  ( resuLt  Lo t ) ‘

!:

::
:;

:;
-

g
:

: :

I i € ( 0 ) )
§ i+1  == g;Eob id ;  ** ( Loc i :  obq; ‚  it obq;  = FUNC

than res :

' sudaa-L)J‚
e in .  == 6; [Loc ;  H 1 - ] :  1 € (9 )  „ -

Lg; (go ,  6 ° )  :=  (g . ,  6 . )  '

L2$_LV :=  u ( idL  Lv;) _ in
i e (d )

(9333 0 ;  6 Free _spec :
Le t  op id ;  :=  (proc_ id  0 ;  ) ,  (pL; ‚  . . . ,  pLg) := (paramL o ;  ) :

D ;  :=  (LV  u U ( idL  pL ;  ) )  x LV in
_ j e (g )  . -

gag; o ;  e Func _spec : * '
gg; op id ;  :=  ( func, id 0 ;  ) ,  (pL; ‚  . . . :  pLg ) := (paramL o; ) ‚

D; :=  (LV v u ( idL  pL ‚ ) )  x LV x s top id ;>+3  in
j e (g )  ‘

gggg o ;  e Init _spec :
M23 op id ;  :=  ( - in i t _id O I ) :  (pL1 I  . . . :  pLg ) := (paramL O i ) :

D;  :=  (LV  u U (idL pt ;  ) )  X LV
je (g )

L
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: i 3 ( f ) )
(ST1 :  . . . :  STf )  : =  f ix  T1 :  . . . :  Tf . Ay la ;  .

(HE(body 0131g1Eopid1 ** ( g (op id , ) $1 :  ; ( op id ‚ )+2 :  L ) ]

61 [§ (Op id1 )w1  *" R ( {T1 l  . . . :  T f } l  g l :  D1, ] !

HE(body  0 f ) ] g1 [0p id f  ** ( ; ( op id f )+1 ‚  g (op id f )+2 :  L ) ]

61£§ (Op id f ) *1  "" R ( {T ; :  una - I  T f ) !  91 :  04 ) : . )

EEha; opdef ;  : =  R (ST1 I  § ; :  D i ) :  1 € ( f )

eo teo (go (op id ; )+1 )  94 opdef iJ ) :
i e ( f ) an

gg; M-VaL :=  x {g1(1d)+3| id e LV} in
hat M-F :=  { 61 (51 (op id i )+1 ) |  i e ( f ) }  in
Lg; M-ALg  : =  ( {M“VBL} I  M‘F )  u U u { 31 ( t ype id  L t i ) +1 l

i e ( c ) }  in
( (MODULEI  M 'VBL I  M'ALQ) :  ( g , :  61 ) )

ßgmgcgg: a )  The expL i c i t  binding of  moduLe operations in
env i ronments  has  onLy  techn i caL  reasons
(appL i ce t i on  o f  t he  f i xpo in t  ope ra to r ) .  I t  wouLd
su f f i ce  t o  i ns taLL .  them d i r ec tLy  as  aLgebra
functions; see  aLso  Sem_3 and Sem_4.

b )  The resuL t i ng  aLgebra  i s  bu iL t  on  the union of the
. used  ones  and  equipped with the carr ier  generated
f r om the  ca r t es i an  p roduc t  of  the  LocaL  va r i abLe
TOI ' s  and  w i th  aLL  pubL i c  end LocaL  operations.

c )  The semantics of  the  operations are computed by
» pa raLLeL  f i xpo in t  abstraction. By  using t he

Opera to r  @ t he  f i xpo in t  i s  an  aLgeb ra  funct ion
defined on  TOI ' s  o f  LocaL  va r i abLe  and  “pa rame te r
t ypes .  The s ta te  ( 91 .  61 )  i s  assumed t o  con ta in
the  app rOpr i a teLy  caLLed  and  passed  fo rmaL
pa rame te r  vaLues .

d )  Beside the moduLe aLgebra .  a resuL t ing  s ta te  i s
passed  t o  save aLL  par ts  of the  de f in i t i on .  This
makes  conven ian t  access  i n  semantic cLauses
poss ibLe  t ha t  a re  based on  moduLes (e .g .
enr ichments ‚  i ns tan t i a t i ons ) .

e )  TOI (m)  :=  H—VaL

3 .5 ,  Enr ichments

Enr ichments a re  very  s im iL ia r  t o  moduLe types i n  that  they
in t roduce  opera t ions  t ha t  a re  onLy  i nvokabLe  on  speci f ic
instances of s t r uc tu res .  Therefore operat ions in t roduced in an
enr ichment  de f i n i t i on  a re  caLLed  under the  same ruLes .  The
ma in  d i f fe rences t o  moduLe t ype  definitions a re :

. enr ichments do  no t  i n t roduce  a new type (aLgeb ra ) ;  as  a
consequence  no va r i abLes  may  be decLa red  of  enrichment
s t ruc tures

' opera t ions  in t roduced  by an  enrichment are  un iqueLy
connec ted  t o  one o r  more  moduLes .
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Enrichments may be seen  as  an  enLargement  of sets of
operat ions  of aL ready  defined eLgeb ras .  Thus the  programmer is
enabLed  t o  modi fy  an  existing st ruc ture  according t d  his needs
without redefining and renaming. The enLa rged  s t ruc tu re  is
made v i s i bLe  through its occurrence in the  use  cLause  of  a
moduLe  o r  an  en r i chmen t :  and  the  enrichment operations can  be
caLLed inside the scope of the using s t ruc tu re .

I n  Sem_16 t he  syn tac t i caL  opera to r
A0: PubL ic  x Enrich_def ——> Id

is used. A0 maps a pubL i c  ope ra t i on  header  p e (pubL i cL  a ) .  a
€ ( addL  e ) ,  e € Enr ich_def  t o  t ha t  ob jec t  identifier t ha t  is
enLarged  by  the occu r rence  o f  p i n  i t s  assoc ia ted  addpart  o f
e :

AOCp:  O )  : =  l i d  € I d  .
gg; { a l .  . . . .  an }  :=  (addL  e )  in

3 i € ( n )  . i d  = (add_ id  a i )  fing
p e ( pubL i cL  a i )

Sem_16: Enrichment def in i t ion

Meme: Enrich_def]§6 : =
£33 e i d  : =  ( en r_ id  G ) :  (U1 :  . . . :  U. )  : =  (USOL 9 ) :

( 81 :  . . . :  ab )  :=  ( addL  9 ) !
( 01 ;  . . . :  oc )  :=  (operat ionL e )  in

£33 aidi :=  (add_ id  a i ) ,  i € ( b )  in
gg; ( p i l r  . . . :  p ibm)  :=  ( p U b L i C L  a i ) ,  i € ( b )  in

$3.33. (goo!  600)  : =  ( € !  5 )  22D
53; Loc i ;  :=  newLoc (g i5 )

where
( case  p i ;  € Proc_head :

gg; op id i ;  : =  (proc_id Pas ) !  obq is  : =  PROC:
AO(0p id ; ; r  9 )  :=  a id ;  in

case p i ;  e Func_head :
ggä op id i ;  :=  ( func_ id  p i ; ) ‚  obq i i  : =  FUNC:

AO(op id i ; ‚  e )  :=  a id i ‚  r es i ‚ : =  ( r esuL t  pa ‚ ) i n
gggg p33 e Ini t_head :

gg; op id ; ;  : =  ( in i t_ id  p ig ) !  obqi ;  : =  INIT:
A0(Op id ;31  9 )  :=  a id ;

. i e (b ) ,  5 e ( b ; ) )
§ : . : +1  == g i JCOP id i i  ** ( LOC ix r  ODQiz '

it Obqi j  = FUNC
. t hen  res t ;  eLge L ) ]

6 i ‚ 3+1  : :  6ELOC;3  ** L ] :  i € ( b ) :  j € ( b : )  Än

L3; ( 5 . :  6 ° )  : =  ( gbb ‘b , l  Sbbcbx )  ;D

£2; (fie :  so )  == ( € . :  e . )  in
(933g 0 ;  e Proc_spec :

Lg; op id i  :=  (proc_id oa ) ,
(pL1 ‚  . . . .  pLg)  : =  (pa ramL  o t ) .
LV ;  : =  LocaL  va r iabLes  of ADtop id t ) :
D;  :=  (LV :  u U ( i dL  pL; ) )  X LV :  in

j€(g)
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_:

gags o ;  e Func_spec :
m opid; :=  (‘Func___id 0 ; ) :

( pL ; :  . . . :  pLg)  :=  (pa ramL 0 ; ) :
LV;  :=  LocaL var iabLes  of AD(op id ; ) ‚
Di :=  (LV: v u ( idL  pL; ) )  x LV: x g. (opid i )+3  in

j e (g )
gage o ;  e Init_spec :

333 op id ;  :=  ( in i t_ id  oa ) :
( pL1 ‚  . . . ,  pLg )  :=  (paramL 0 ; ) :
LV ;  :=  LocaL var iabLes  of AD(op id i ) ‚
D;  :=  (LV :  u U ( idL  pL ; ) )  X LV:  in

j€(g)
I 1 € (C ) )

( 8T1 !  . . . )  STc )  :=  f i x  T1 !  . . . ,  Tc . A g l s l  .

(MEbody o , ) lg1 top id1  94 (g top id1 )+1 ‚  : (Op id1 )+2 ‚ 'L )J
51 [g (0p id1 )+1  ("" R({T1 I  u l . - I  T . ; } !  g1 !  01 ) ] !

MEbody cc)]gIEOpidc +4 (§ (op id¢ )¢1 :  ; (op idc )+2 ‚  L) ]

61 [g (0p idc )+1  H R({T1 I  . . . ,  TC} ,  g l ,  °C)? )

an
in; opdef :  ':=  R(ST{ I  g: :  D : ) :  i € (C )
„l.-‚9.3. (g i '  61 )  == (go top id ;  ** ( § (op id ; )¢1 :  § (op id ; )¢2 r  L]

6° [6 ° (§ ° (op id ; )¢1 )  64 opden ) :
i € ( c )  in

gg; u := u 61(gl(u1)+1) in
i e (a )

gg; E-F :=  {s ‚ (g1 (op id ; )+1 ) |  i € ( c ) }  in

5315. Loc :=  newLoc(g1‚) . ;Ln

333 A :=  u . (p ,  E-F) in
323 g ,  :=  g lfie id  «4 (Loc ,  ENRICHMENT: L ) ]  in

6 ,  :=  s l tLoc  ** A ,
g(ma in )+1  ** s (g (ma in )+1 )  v A] in

(ga l  63 )

Bgmgcgg: a )  The semantics excLude the case  of  enrichments of
standard t ypes with initiaL operations ( see  aLso
[OLt  843) .  .

b)  The ins taLLa t ion  of  the  new object in the
resuLting s ta te  and the updating of the main
program aLgebra  i s  done by Me expL ic i tLy .

c )  Enr ichments  do no t  possess  a type-of - in terest ;
s ince  they  are  enLargements  of  severaL  objects
with  severaL types-o f—interes t .  Therefore the
g (e id )+3  component is  assigned to  L .

zggg ;nstantiat ions

The instantiation construct  of  ModPascaL is  empLoyed by a
powerfuLL parameter izat ion mechanism for  types and
enriChments. Together with the instantiate type definition
(see sec .  3 .7 . )  which is  used to  generate the structure
described by instantiation objects i t  i s  poss ibLe  to
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parameter ize each  type i n  a very  f Lex ibLe  way .  I t  i s  not
necessary  t o  decLa re  subst ruc tures  o f  a t ype  as  f o rmaL
parameters tha t  have  t o  be  ac tuaL i zed  (gene r i cs  o f  ADA requ i re
this [ADA 80]); every  subs t ruc tu re  i s  a LegaL  f o rmaL
paramete r ,  and  no t  ea rL ie r  t han  i n  the  instantiate t ype
def in i t ion i t seL f  i t  i s  r ea t i zed  which substructures are
parameters  t ha t  have  t o  be  ac tuaL i zed ;  and  wh i ch  a re  no t .

To avo id  misunderstandings t he  ModPascaL parameter iza t ion
concept  f o r  t ypes  does  no t  enabLe  dynamic  pa ramete r i za t ion .
i . e .  run- t ime pa rame te r i za t i on .  Th is  Lacks  suppor t  o f  nea rLy
every  ex i s t i ng  PascaL  comp iLe r  ( see  aLso  sec .  4 . ) ‚  and  ‚ a
comfo r tabLe  s ta t i c  pa ramete r i za t i on  f ea tu re  covers  aL ready
many p rac t i caL  appL i ca t i ons .

3 .6 .1 .  Hie ra rch i caL  St ruc tures  and  Morgh isms

Up t o  now we had  no  necessity to  take h ie ra rch icaL  s t ruc tu res
on  se ts  o f  ModPascaL ob jec ts  in to  consideration. For  exampLe
the  use  L i s t  o f  a moduLe def in i t ion i nduces  a h ierarchy on
moduLe and enr ichment ob jec t s .  The contex t -sens i t i ve
conditions at tached t o  the  co r rec tness  of such a h ierarchy are
g iven  i n  EOLt  84 ] .  we d id  no t  i ncLude  t hem here  s i nce

. t hey  were  mos tLy  of  pure  syn tac t i caL  na tu re  and  possessed  no
s ta te  dependant  cha rac te r

. t he  semantics of  the  h ie ra rch icaL  s t ruc tu re  was  computabLe
neve r theLess .

The second point  i s  due t o  the fac t  tha t  the meaning of the
use  L i s t  o f  a moduLe i s  the (aLgebra )  un ion  of  the meaning of
the L i s t  eLemen ts  (aLgeb ras ) :  and  aLgeb ra  union i s  j us t  a
t echn i caL  p rocess  ( see  sec .  2 .2 .1 . ) .

Ins tan t ia t ions  may aLso  be composed in'-1 h i e ra r ch ies .  The
h ierarchy  cond i t ions  are  the same as  f o r  moduLes  o r
enr ichments  (as  descr ibed  i n  EOLt  84 ] ) .  The semantics of an

„ i ns tan t i a t i on  object  - a signature morphism & has t o  incLude
t he  seman t i cs  o f  i t s  used  ob jec t s .  To  compu te  t h i s '  seman t i cs
we need a more spec i f i c  de f i n i t i on  o f  s igna ture  morph ism tha t
r e fLec t s  t he  h i e ra r ch i caL  s t r uc tu re  o f  sou rce  and  t a rge t  se t s
(moduLes .  en r i chmen ts ) :  and an  opera to r  t o  un i te  the  s i ngLe
eLemen ts  of  t he  use  cLause  of  an  instantiation ob jec t .
Therefore h ie ra rch i caL  s t ruc tu res  w iLL  be cons idered  i n
sec t ions  3 .6 .  and 3 .7 .

Based  on the remarks on  the reLa t i on  between g e Env and the
ModPascaL data base ( sec .  2 .2 .5 . )  we wiLL f i rs t  modify our
memory modeL so  tha t  representa t ions  o f  an  ob jec t  w iLL  incLude
in format ion about  those  ob jec t s  tha t  use  i t  ( sec .  3 .6 .1 .1 . ) ‚
t hen  def ine h ie ra rch icaL  s t ruc tu res  ( sec .  3 .6 .1 .2 . ) ‚  s ignature
morphisms respec t ing  h ie ra rch icaL  s t ruc tu res  ( sec .  3 .6 .1 .3 . )
and  f i naLLy  the  semant i cs  o f  an  instantiation object
definition ( sec .  3 .6 .1 .4 . ) .  ‘

3 .9 .1 .1 .  Ex tended  Domains
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To be abLe to modeL hierarchies appropriateLy‚ we modify our
set of domains;

Env = ( I d  ——> ( L o c  x ObQuaL  x VaLQuaL  x 2 ” ) )
Map = mcld x Id)
Ar = Id* x I d
VaLGuaL = {cl c-T01(A)+1 for A e ALg} + Ar
VaL = D_BOOL + D_INT + I d  + A L g  + VaLQuaL + OpDen + Map

Environments now incLude a fourth compOnent tha t  is designed
to keep  a set of objects which are used  by the cur ren t  one .
This component  is aLso  defined for s tandard  objects.

The, domain Map provides the semantics for instantiation
ob jec t :  mappings between  objects and ope ra t i ons .

The domain Ar (arities) serves  as a technicaL domain to
express the functionaLity of an operation. I t  is encLosed in
VaLQuaL‚ since this component is currentLy undefined for
Operation r ep resen ta t i ons  i n  env i ronments  (i.e. if €(id)+2 €
{FUNC‚  PROC, INIT} t hen  §(id)¢3 = L ) .  From now on it is
assumed tha t  g(id)+3 of Operation identifier id contains a
tupLe (id; ... id", id„+1)‚ where id1‚ ..., idn represent the
names of the operations parameter objects and idn+1 the name
of its target object. This information is thought to be
instaLLed during the eLaboration of the operation definition.

VaL is extended to express the meaning of instantiation
objects in 6 € S t o r e . ‘

3.5.1.2. Object Hierarchies

In this section we introduce the notion of an object hierarchy
tha t  is adjoined t o  the hierarchy notion of [RL 84 ] .  We start
with technicaL prerequisites, where Obj denotes the syntactic
domain of 2 .1 .2 .  We give the definitions without reference to
any state o n  a pure syntacticaL L e v e L .  The obvious extentions

to dynamic behaviour is ske t ched  at the end of the section.

Def. ; .g .1 . z .—1  [object reLations]
( a )  Let ob 6 Obj. Then '

U ( o b )  : =  ( u s e L  o b )
denotes the set of used objects.
Remark:  For standard objects the seLector useL is

impLicitLy defined.
( b )  Let OB ; Obj. Then

U(OB)  : =  U U ( o b )
ob€OB

( c )  Let ob € O b j .  Then
R„(ob) := ((ob, ob1)| ob1 e U(ob)}
denotes the use reLation induced by ob.

( d )  Let ob 6 Obj. Then
fi„(ob) denotes the Least reLation with

1) (Dbl, ob.) 6 R„(ob) =» (ab;. 0b , )  6 fiutob)
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_ 2)  ( ob ‚ .  ob . )  e ä„ (ob)  =: R„(ob2) e ä„(ob)
Ru is  caLLed  the  cLosure  of R

( e )  Le t  ob  € Ob j .  Then
U(ob) :=  {obl 3(ob1: obz) € ä„(ob) . (ob = ob; gg ob =
ob ‚ ) }

( f )  Le t  OB ; Obj. Then
R. , (OB)  :=  U R . , ( ob )

ob€OB
(g )  Le t  Ob ; Ob j .  Then

ä„(os)  :=  u ä„(ob)
ob€OB

(h )  Le t  OB ; Obj. Then
U(OB) :=  U U(ob )

ob€OB
( i )  Le t  ob  € Ob j .  Then

( pubL i cL  ob) ii ob € Type
OPS(ob) :=  f U (pubL i cL  a )  ij ob  6 Enrich_def

a€ (addL  ob )
L o therwise

denotes the set  of newLy introduced operations (with
func t ionaL i t i es ) .
Remark :  For  s tandard objects  the  seLec tor  pubL icL  i s

impL ic i tLy  de f ined .
( j )  Le t  CB c Obj. Then

0PS(OB)  :=  U OPS(ob )
ob€OB

:

Def .  5 -é -1 -2 - ‘ 2  [PR:  SR:  FR I  ga]

Let  DB 9 Ob j .
1 )  A func t ion  P. :  OB ——> P(OB)  defined by

"@ 33 v (obi: oh , )  e ä„ (oe)  .
' P„ (ob )  :=  { obz # ob

{ob1 ‚  . . . .  ob " )  ;: { (ob1 ,  ob ) :  . . . ;  (ob„ ‚  ob ) }
; ä„ (os )

. i s  caLLed gredecessor  func t ion .
2 )  A funct ion  S. :  OB ——> @(OB) defined by

$ 31 v ( ab . .  ob . )  6 fi„ (08 )  .
S„(ob )  :=  { . ob= # ob

{Ob l l  . . . :  Ob “ )  ‚ii { (Ob l  D b l ) ,  . . . :  (Ob i  Ob„ ) }
g ä„ (08)

i s  caLLed guccggsor func t ion .
3 )  A func t ion  fin:  DB ——> @(OB) def ined by

¢ ii P„ (ob)_= ¢
59 (ob )  :=  {

V. (ob1 )  . . . .  . V. (ob „ )  „ vfi tob) ii
VR(ob) = (oh„  . . . :  ab.}

is  caLLed cLosure gredecessor funct ion .
4 )  A funct ion 5R:  OB ——> 9(08) def ined by

. ¢ ii S„ (ob )  = ß
€„ (ob l  :=  {

ä„ (ob1 )  u . . .  u ä„ (ob„ )  u S„ (ob )  ii
s . (ob )  = {ob1 ‚  . . . .  ob" )

i s  caLLed cLosure  successo r  function.
:
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gef .  3 .fi . ] , z . - 3  EcycLe. cycLefreeJ
Let oe : Obj, c ; R„(OB)‚ c = { (oh1:  ob l ' ) :  . . . .  (ab;. ob„')}.
c is caLLed cyc of ä „ (OB) ‚  if

1) v i e ( 1 .  ..., n—1} . (0b;+1  e S„(obi') eng ob, 6
S „ ( o b „ ' ) )

2) is minimaL with 1)
CY(OB) := {Cl C is cycLe of §u(OB)}.
§u(os) is caLLed cycLef ree ‚  if cvcos )  = #.

Def= ; . g . 1 .3 . - 5  [chain]
L e t  O B  C O b j ,  C c Ru (OB) I  c = { ( a b l l  Obz ' ) l  I I I ,  (Obn l  Obn ' ) }o

c is caLLed chain of fi „ (OB) if
1) V i e ( 1 ,  . . . ,  n-1 }  . obi+1 = ob;'
2 )  V i l j  € ( n )  . ( i  * J : ?  Obi * Ob; M o b ;  * Ob} .  flag

o b ; '  * ob,- 9.0.9! obt '  # ob j ' J -
CH(OB) := {cl 0 is chain of R„(oe>}.

n

Bemgrkg: a )  Chains are prestructures of cycLes. i.e. to every
cycLe there  is assoc ia ted  a set of chains.

b) Condition 2) is equivaLent to: "no cycLes occu r " .
c )  For ob € Obj . CH(ob) : =  CH({ob})

Def .  ; . g . 1 .g . - 5  [h ie rarchy ]
Let OB c Ob j .
§u(OB) is caLLed hierarchy; if

1) §U(OB) is cycLefree
2) V ob‚_‚ob2 € Ü(fi „ ( 08 ) )  .

(P„(ob1) = P„(ob‚) = ¢ =? ob1 = ab,)
n

Remgrks: a )  TOP(OB) : =  l ob e OB . P„(ob) = ¢ denotes the
unique tap eLement of the hierarchy §u(OB).  For ob
e Obj . T O P ( o b )  : =  ob

b) Hierarchies can be represented by acycLic directed
graphs.

The definitions of this section can be extended to incLude
state dependancy. In this case we assume a unique association
between the syntactic object ob e Obj and its equaLLy named
semantic counterpart  contained in a given state ( g ,  s ) .  ALso
seLectors and? environment components are  assumed to be
uniqueLy associated.

Extens ion  }.g‚j.}.-g
Let  ob € Obj, and ( g .  6 )  6 State.
Then gtob) is def ined with appropriate proper t ies .
(a) U(ob)§6  : =  § (ob )¢4
(b) U(OB)§6 = U U(ob)§6

ob€OB
(c) R„(ob>ge := ((ob. ab,)l ob2 e U(ob)gs}

AnaLogousLy the Operations ä„(ob)gs‚ U(ob)ge; R„(OB)g6‚
ä„(OB)gs‚ OPS(ob)gs‚ and 0PS(OB)g6 are  defined by exchanging
the state-invariant operators by their state depending
version. P„(ob)gs‚ 5„(ob)ge‚ S n t o n e .  äR(ob)ge are the  state
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dependant predecessor  and  successo r  func t ions :  CY(OB)§6  the
s ta te  dependant se t  of cycLes  of OB,  and the hierarchy
definition takes  over  in  the  same fash ion  to  the dynamic case .

u

3 .9 .1 .5 .  Hierarchv respect ing  s ignature  morphisms

In  the def in i t ion  of  signature morphism above  (definition
2 .2 .1 . -2 )  no ca re  i s  t aken  to  ensure  preservat ion of
s t ruc tures  Ly ing  on the  source  o r  t a rge t  of  the object
mapping .  Bu t  this i s  h ighLy  unwan ted  i f  signature morphisms
are  appL ied  to  h ierarchies  of  ModPaecaL ob jec ts .  Then
morphisms introducing cycLes  o r  unconnec ted  graphs a re  useLess
s ince  the i r  invoLvement  in  an  instantiate type  def in i t ion
Leads  to  incorrect programs.

A second  ef fect  of  cLashed  h ierarchies  is  that  the upwards
interface of  ob jec ts  ( the  se t  o f  aLL  ob jec ts  and  Opera t ions
provided by an  object  to  another  one that  uses  i t )  may become
inconsistent, i . e .  i t  conta ins  Operat ions  of  ob jects  tha t  miss
compLeteLy o r  are  incompat ibLe  in the resuLt ing  h ie ra rchy .
S ince  each  ob ject  may incorporate aLL items of the  upwards
interface of  i t s  used  ob jec ts  th is  means tha t  non-h ierarchy
respect ing  morphisms - when appL ied  in  an  ins tant ia te  type
def in i t ion  - can  vioLate i n te r face  cond i t ions  and there fore
genera te  e r roneous  ModPascaL  code .

To recognize these  e f fects  as  ea rLy  as  poss ibLe :  we .  use  the
concept  of  h ie rarchy  respecting signature morph i sms .

Nota t ion :  Let  SM = ( f ,  g )  denote  a s ignature  morphism.
Let  R f !  Rg denote  the  reLa t ions  assoc ia ted  to  f :  g .
SourceCR; )  {a  ( a .  b )  € Ri } ,
Targe t (R i )  : {b  (a ,  b )  € R1} ,  i € { f ,  g}
Source (SM)  (Source (RfJ ‚  Source (Rg) )
Targe t (SM)  : (Ta rge t (R f ) ‚  Ta rge t (Rg) )

u

‘De f .  z , § , ] . § . - 1  Ehr ]
Let  SM = ( f ,  9 )  denote  a signature morphism.  -
Let OB1 :=  Source(SM)+1‚ OB2 :=  Targe t tSM)w1 ,  R;  :=  ä„ (oe i ) .  1
€ {1 ,2 } :  where U i s  a unique reLa t ion  on  OBI and DB, .
Let  V ob  € U(R1)  \ 081  . f (ob )  = ob
Let  R1 denote  a h ie ra rchy .
SM is  caLLed hierarchv respec t ing  (h r ;  i f

V C € CH(OBl)‚ C = ( tob i ;  ob , ) ‚  (0b , :  ab , ) :  . . . :  (ob„_11
ob„ ) } .
1 )  V ob € €„(ob1) . ( f (ob )  = ob 95 f (ob )  € €„ ( f (ob1 ) ) )
2 )  V i € ( n -1 )  . V ob € §R(ob;+1 )  .

( f (ob )  = ob  95 f (ob )  € §R( f (ob i ) )
II

Re r s :  a )  The f i rst  cond i t ion  guarantees that  the successor
s t ruc tu re  -o f  an  ob jec t  i s  maintained and that  the
upwards  i n te r face  remains  cons is ten t .  The second
condi t ion  ensures  th is  fo r  the  hierarchy spanned
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by the ob jec t .
b)  The hr property  depends onLy  on the object mapping

f .

F c t  . . 1 .  . -  Let SM be hr ,  OB :=  Source (SM)+1 ‚  and F(OB)  :=
{ f (ob )  ob  e 08 } .  Then R„ (F (OB) )  i s  a h ierarchy.

The next  t echn icaL  def in i t ion  i s  used  fo r  abbrevat ion in  sec .
3 .6 .2 .

Def .  § .g . ] . § . - §  CSM?)
I f  A = ( f :  g )  denotes  a tupLe  of mappings anaLogous to  those
of the  s ignature morphism def in i t ion,  then the  predicate SM?
i s  def ined by

t rue  i f  A deno tes  a hr signature morphism
.SM?(A)  :=  {

f aLse  o therw ise
n

Signature morphisms can be uni ted if their object and
operation mappings are compat ibte .

I n  the next  def in i t ion we assume the s i tua t ion:

f :  f a

081  1 “"—> 081  3 082  1 “"—"") OB:  &

0P1  1 “"-_) 0P1  2 Opa  1 __ )  OP2  2

91 92

'SM1 3M2

SM; is  based on the signatures 2 ; ;  = ( 031 ; :  OP i j ) :  i p j  e
{ 1 I 2}  .

Def .  } IQOI IEU—L [SM1  + 8 M 2 ]  ‘ .  \ :

Let  S” ;  : ( f i :  OBI ] .  _ )  OBi -g l  g i :  OP i l  “"-> OP{2 ) I  1 € { 1 I2 }

denote s ignature morphisms.
Then the combination of SMJ and St]z (denoted  by SM, + SM2 =
( f :  OBs ——> OBT,  g:  OPS ——> OPT)  i s  def ined i f

a )  v ob  € (OB11 n 0812) . f 1 (ob )  = f 2 (ob )
b)  V op  e (OP11  n O P l z )  . 91 (op )  = gz (op )  hoLds .

Thon
OBS :=  0311  U 0331 ’  081- 3 :  081 ;  U 033 . !  °P .  :=  0P11  V opag l
0P1-  :=  DP I ;  U 01331 :  f ( °b )  :=  . F t (0b )  i f  Ob  e 081 ; !  i e {1 ’

2} :  g (op )  :=  g ; (0p )  i f  op  e 0P1 ; ,  i e {1 :  2 }
u

Remgrk: SMI + SM2 :=  L if the requirements of the definition
are not met .

I f  two signature morphisms are h r ,  their combination may Loose
th is  property  because  source  and  target  are  s impLy uni ted by

'December  84 ModPascaL-Semantics



ModPascaL  3 .6 .2 .  I ns tan t i a t i on  Definition Page 56

se t  un ion .  This process  can  des t roy  un iqueness  o f  the
TOP-ob jec t  of  t he  sou rce  ob jec t  h ie rarchy  o r  i n t roduce  cycLes
i f  t he  Eu ope ra to r  i s  based  on  d i f f e ren t  use - reLa t i ons  f o r  an
ob jec t .  I n  th i s  cases  t he  preconditions f o r  hr a re  no t  me t .

The nex t  co r roLLa ry  s ta tes  cond i t i ons  unde r  wh ich  t he  hr
proper ty  i s  p rese rved .

Cor roLLa r  . . 1 .  . -
Le t  SM; = ( f i ,  g i ) ,  i 6 C1 :  2 }  denote  a hr s ignature  morph ism.
Le t  S ;  : =  Sou rce (SM; )¢1x  T ;  :=  Targe t (SM i )+1 ‚  i € { 1 :  2 }
deno te  sou rces  and  ta rge ts  of t he  ob jec t  mapp ings .
Le t  SM1 + SM2 = ( f ,  g )  deno te  t he  comb ina t i on  of f1  and f g -
I f  ( 1 )  v ob  € ( 81  u 32 u T1 v T2)  . U(ob )  i s  unique

( 2 )  fiu(81 u 82) i s  a h ierarchy
Then S1 + 82 is  h r .
Proo f :  S ince  every  eLemen t  o f  S1 n S ;  i s  mapped i den t i caLLy  by

f1  and f a :  t he  hr p roper ty  o f  SM1 + SM2 foLLows  f r om
the  hr proper ty  o f  SM1 and  SM2 and (1 ) :  ( 2 )  d i r ec tLy .

n

3 .§ .2 .  Instantiation Definition

An instantiation definition in t roduces a hr s ignature
morph i sm.  This morph ism can  be  used  i n  an  instantiate t ype
definition t o  gene ra te  a new ob jec t  h ie rarchy  o r  i n  o the r
i ns tan t i a t i on  definitions.

An instantiation definition cons i s t s  of a t  mos t  fou r  pa r t s :
- a use  cLause
- an  ob jec t  ac tuaL i za t i on  cLause
- a type ac tuaL i za t i on  cLause
- an  opera t ion  ac tuaL i za t i on  cLause _
The use  cLause  aLLows  t he  i ncLus ion  of aL ready  def ined
s igna tu re  morph i sms .  The ob jec t  and  t ype  ac tuaL i za t i on  pa r t s
a re  distinguished because  moduLes as  weLL as  enr i chments  may
be ac tuaL i zed ‚  and  i n  t he  La t t e r  case  t he  add  ob jec t s  o f  t he
enr ichments  a re  expL i c i t Ly  men t ioned  i n  t he  type

_ac tuaL i za t i on .  Ob jec t  and  t ype  ac tuaL i za t i on  a re  combined t o
the s ignature  morphism ob ject  mapping: wh i t e  the operat ion
ac tuaL i za t i on  cons t i t u t es  t he  opera t ion  mapp ing .

Sem_17: I ns tan t i a t i on  Def in i t ion

ME i :  Ins t_de f ]€6  :=
gg; in_id : =  ( ins t_ id  i ) :  ( 11 :  . . . ,  I , )  :=  ( useL  i ) :

t ob i :  . . . ,  obb )  :=  (ob_ac tL  i ) :
( t 1 ,  . . . :  t c )  :=  ( t ype_ac tL  i ) :
(cpl, . . . ,  opd )  :=  ( op_ac tL  i )  an

333 ( f :  g )  : =  s (§ (1 , )¢1 )  + . . .  + e<g (1 .>+ )1 )  in
g; ng; (SM?((f‚ g ) ) )  than L
sage

gag F : =  { ( (OLG 01 ) :  ( new  0 ; ) )  1 € ( b ) }  u
{ ( ( oLd  t i ) :  (new t ; ) )  i € ( d ) }  in

33; e : =  { ( ( oLd  op ; ) ‚  (neu op ; ) ) |  i e ( c ) }  in
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;; ot  ( SM?((F: G))) then L ne
„ £%M: “ ( f : g )+ (F rG)3_n

;“ ng; (SM?(SM)) t hen  L 335%
ggg t  oc  :=  newLoc (g )  in
£93. £1 == §Ein_id H (Lee ,  INST: L..- J . ) ]

61 -=  sELoc ** SM] in
gem 62 = 61E61(g1(main)+1)  +4 61 (51 (ma in )+1 )  u

( { sou rce (SM) ‚  t a rge t (8M) } ‚  {SM} ) ]  in
(g l . ,  62 )  '

Remarks:  a )  SM? i s  the  predicate t o  indicate signature
morph ism p roper ty  of i t s  argument  _ ( see  sec .
3 .6 .1 .3 . ) .

b )  The a r i t y  ope ra to r  f o r  a signature morphism i s
def ined i n  ( g :  6 )  € Sta te  as  f oLLows :

g ( i d )+4  ii g ( i d )+2  € {PROCI
a r i t y t i dJQG :=  { FUNC: IN IT}

L 0 e r  ' e
wi th  this definition of  a r i t y  t he  predicate SM? i s
computabLe f o r  i den t i f i e rs  bound  i n  env i ronments  g
€ Env .  Fo r  the  gene raL  soLu t i on  t o  the  p robLem o f
appL i ca t i on  o f  syn tac t i caL  ope ra to rs  t o  eLemen ts
o f  semantic domains see definition 3 .7 .4 . -1 .

c )  Fo r  consistency and  f o r  ve r i f i ca t ion  contex ts  ( see
EOLt  851 ) :  an  aLgeb ra  of t he  fo rm above  i s  added
t o  'main'. '
I ns tan t ia t ion  definitions enLarge the main program
aLgeb ra ‚  aL though  t hey  a re  no t  i nvoLved  i n  one
ver i f i ca t ion  context tha t  represents  one"  pr imary
appL i ca t i on  a rea  o f  t he  ma in  p rog ram aLgeb ra  (MPA)
concept :  t he  t r ans i t i on  f r om ModPascaL t o  PascaL
( see  sec .  3 .7 . ) .  I n  t h i s  con tex t  t he  enLa rgemen t
of  MPA i s  d i s rega rded  since i n s tan t i a t i ons  a re
pure  ModPascaL ob jec t s :  i . e .  t hey  have  no
counte rpar t  i n  PascaL  v i a  t he  p recomp iL ing
p rocess .  The i r  semantics can  be described as  some
kind of  'me ta - f unc t i ons '  o f  aLgeb ras  since t he i r
ob jec t  mapp ing  maps car r ie r  se t s  t o  ca r r i e r  se t s
(and  no t  eLemen ts  o f  car r ie r  se t s  t o  eLemen ts  of
ca r r i e r  se t s ) .

3 .2 .  I ns tan t i a te  Types

The i ns tan t i a te  t ype  de f in i t ion  prov ides the  ModPascaL
parameter i za t ion  mechanism. Parameters  are  aLL  ob jec t s
occur r ing  i n  t he  sou rce  h ie ra rchy  o f  t he  instantiation except
of  t he  t op  ob jec t  and  t he  s tanda rd  ob jec t  BOOLEAN.
Ins tan t i a t i ons  a re  appL ied  t o  an  ob jec t  h i e ra rchy  t o  y i eLd  a
new h ie ra rchy  w i th  poss ibLy  impL i c i t Ly  gene ra ted  ob jec t s .  Th is
w iLL  be  aLways  t he  case  i f  t he  i ns tan t i a t i on  does  no t  e f fec t
h ie ra rchy  LeveLs  t ha t  Lay  one  upon  t he  o the r  and  t he re fo re  t he
in te rmed ia te  s t r uc tu res  a re  based  on  ob jec t s  t ha t  a re  aL ready
ac tuaL i zed .  The necess i t y  o f  impL i c i t  ob jec t  gene ra t i on  may be
v i suaL i zed  bes t  by an  exampLe.

December  84  ModPascaL -Seman t i cs



ModPascaL  3 .7 .1 .  Extended Data  S t ruc tures  Page 58

Exam e -1
Cons ider  the  moduLe h ierarchy

and the instantiation

instantiation I ig M4 9x Ms ;
ope ra t i on ;  op .  = op .  ; i ns tgng  ;

and the instantiate t ype  definition tha t  empLoys  I :

type H; = instantiate M1 gy I ;

The primary ef fec t  of  this definition i s  the substitution of
M4 by M5 in the M1 hierarchy. Bu t  then  M,  i s  no Longer
appropr iate  since i t  uses  M ‘  in i t s  ob jec t  def in i t ion and has
poss ibLy  occu r rences  o f  M4 operations. 80  fig  i s  gene ra ted  as  a
copy  o f  M3 w i th  exchanged  use  L i s t  and  subs t i t u t ed  ope ra t i on
caLLs .  Now the  same argument  i s  appL i cabLe  t o  M2 ,  r esuL t i ng  in
fie ;  and f i naLLy  t o  M1 to  y i eLd  t o  fi; a s  outcome of the
instantiate t ype  de f i n i t i on .  «

The resuL t i ng  h ierarchy
M:

U

E
IG

—
3

lé
-

3
1

6
-—

VI

incLudes the two impL ic i tLy  generated objects E, and H , .  =

I n  the  f oLLow ing  we w iLL  f i r s t Ly  extend the da ta  structures on
which  the semantic cLauses  fo r  i ns tan t i a te  type definitions
wiLL be based ( sec .  3 .7 .1 . ) .  Then aux iL i a r y  funct ions wiLL be
introduced t o  manipuLa te  syntactic objects ( sec .  3 .7 .2 . ) .
Thereaf te r  a syntactic process  f o r  marking an  object hierarchy
with substitution f Lags  i s  de f ined ,  and  a genera t ion  aLgo r i t hm
work ing on  marked h ierarch ies  i s  p resented  ( sec .  3 .7 .3 . ) .
F inaLLy :  the embedding of  th i s  de f in i t ions  in the  semant ic
cLauses  fo r  t he  i ns tan t i a te  type de f in i t ion  i s  g iven  in sec .
3 .7 .4 .

. . x te  a ta  Structures

To express  the  semantic of  an  instantiate type def ini t ion more
concise we modi fy  ou r  da ta  s t ruc tu re  fo r  the syn tac t i c  domain
Ob j .
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Obj = Type_def_struct v Enrich_def_struct v Inst_def
Type_def_struct = ( t ype_ id :  Id ,  t ype :  Type‚_map:  Map:

new:  Obj) .
Map = P ( Id  x I d )
Enrich_def_struct = ( enr_ id :  Id :  enr :  Enr :  map: Map ,

new:  Obj)

The domains Type:  Enr‚  Map ,  Id  are  unchanged.

The extension of the  syntactic domains Type_def and Enr_def
aLLows to  define the aLgor i thms tha t  ' a re  empLoyed \ in  the
instantiate type def in i t ion semantics on the syntactic
ent i t i es .  ' — -
The syntactic domain Map represents  mappings between objects
where ob jec t  identifiers are  taken  as  un ique  re ferences  to
them and the  uniqueness i s  vaLid fo r  se ts  OB of ob jec ts .

3 ,1 ,2 .  Agx i t i a rg  Func t iogs

“In. this sect ion  we introduce some funct ions on syntactic
domains that  are  used  in  the subsequent  definitions.

We assume the  opera to r -U  de f ined_ for  aLL  ob jec ts  ob  e Obj such
that  the  derived opera to rs  RV: Ru ,  U are  meaningfuLL (see
def in i t ion 3 .6 .1 .2 . -1 ) .

The f i rs t  def in i t ion character izes  L is ts  of ob jec ts .

ggf.  3 .? .2 . -1  [admissibLe ob jec tL is t ]
Let  obL  € ObjL .  '
obL is  caLLed  admisg ibLe  i f

gggngn ( f i rs t  obL) = L
93 gg; m :=  min{nl ( f i r s t t res t "  obL)) = L} in

Le;  ob; :== ( f i r s t ( res tH  obL) ) :  i € (n )  in
Le;  OB;  :=  {Ob l l  . . . :  Ob1_1} r  i € (n )  an

Vob € U(ob i )  . (ob  € Stand_type 93
Ob € 031 ’  i € ( n ) )

n

Bemarß: AdmissabiLity corresponds to  ?decLaration-before-use'.

To conver t  se ts  of  ob jec ts  in to  L is ts  of  ob jec ts :  a speci f ic
operator  i s  def ined nex t .

Let  OB ; O b j ,  OB : ( O b i ,  . . . ,  Ob“ ) -

Let ( i l ,  ..., i n )  denote an arbitrary permutation of ( 1 :  ...p
n)  such tha t  obL :=  uo ( f i rs t :  {ob i (1 ‚ } ‚  res t :  u„ ( f i rs t
{ob ; ‘ „ } ‚  ...: res t :  u ° ( f i rs t :  (ob ;„„ ‚ } ‚  res t :  L)  ...) with
obL € ObL.  -
Then the  opera to r  SEO: P (0b j )  ——> ObL is  defined by

obL if  obL i s  admissabLe
SEQ(OB)  :=  {

L otherwise
I
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Remark: SEO is defined if and onLy if a permutation ( i l :  ...:
in) exists t ha t  genera tes  an admissabLe object sequence .

The effeCt of mappings defined by instantiations is captured
on the syntacticaL LeveL by substitutions of source objects
through target  objects and by substitution of source object
Operations through target object Operations.

The next definition gives the syntacticaL Operator for this
process.

Def. ä -Z -Z - "3  [Sub] _
Let OB C Obj, D : =  Ü(R„ (OB) ) .
Let f: D ——> Obj denote a mapping.
Let 081 := { f ( o b ) !  ob e D}.
Let g: OPS(D) ——> OPS(Oßl) denote a mapping.
Then the substitution Sub<OB) according to f and 9 in OB is
defined by

1) Vob e OB .
SF(ob) := { s l  AD(ob) eng (5 ob) e Id eng

sn ... 51 gag sn e {type_id: enr_id}
AD(ob) 339 (5 ob) 6 Id eng
S n  " "  s l  mg.

e {proc_id‚ func_id‚ init_id}

l l
m

l l
m

S
S

SG(ob) := { s l  s
S
S n

2) Vob e OB .
£9“; { 8 1 :  ...-I S.;} : =  SF ‘Ob)  «1.2.0.

gg; ob1 := u( ...(u(ob; sl: { f ( s 1  ob)});
‘ sa: {f(sz ob)}); ...);

. st: {f(st ob)}) in
33; {51 .1  ..., s,‘) : =  SG(ob) in
g3; ob: := u( ...(u(ob1; 81': {9 (81 '  ob)}); ...;

ss': {gtss' ob)}) an
Sl(ob) : =  ob

3) Sub(OB) := {Sl(ob)1 ob e OB}
Notation: OB<f‚ g> := Sub(OB) according to f and 9.

n

Remarks: a )  The substitution is defined on a pureLv
syntacticaL LeveL‚ i.e. onLy identifier (ob j ec t
and operation names) are substituted.

b) AppLication of the (state dependant) substitution
operation see ....

c) If f = L or 9 = L then OB<f‚ g) := OB.

The next definition introduces measures for hierarchies and
objects occurring there.

ggf. 3.7.2.-4 [depth‚ height] _
Let ob 3 (ModuLe_type v Enrich_def)‚ such -that R„(ob) is
hierarchicaL. _
Let OB(ob) := Ü(R„(ob)).
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1 )  The funct ion depth:  OB(ob) ——> N i s  def ined by :
1 ii ob  = ob°

dep th (0b° )  : =  {

m it m = min{n |  3 C e CHtob) ‚
C = { (Ob l l  Chg) !  u l . - I

( 0b „  „ 1  IObn ) } I

ob1  = ob :  obn = ob . )

2)  The funct ion he igh t :  (ModuLe_type v Enrich_def) ——> N i s
def ined by :

1 ‚ig IOB(ob)| ==_1
he igh t (ob )  : =  {

n ii n = max{depth(ob1)| ob1 e OB(ob)}
:

Remarks :  a )  Depth denotes  the  Leng th  of the ' sho r t es t '  way
f rom the  TOP to  an  eLemen t  ob°  o f  the  h ie ra rchy .
Dep th (ob° )  = 1 i s  equ i vaLen t  t o  ob° = TOP(OB(ob ) ) .

b )  H ight  deno tes  the  Lengh t  o f  the  ' Longes t '  way f rom
t he  TOP to  an  eLemen t  o f  t he  h ie ra rchy  spanned  by
ob .

The next  Opera to r  checks i f  an  ob jec t  se t  and a mapping are
compa t i bLe :  i . e .  i f  t he  mapp ing  i s  appL i cabLe  t o  t he  ob jec t
se t .

Def , 5 ,1 ,2 .  - 5  [Comp?]
Let  OBJECT : =  (Type_ def_ s t ruc t  u Enr_ def _s t ruc t )
Then  t he  ope ra to r

Comp?: P(OBJECT) x Map ——> D_BOOL
is  defined by :

Comp?(OB ‚  M)  = t r ue
¢==> 1 )  SM?(M) = t rue

2 )  sou rce (M)  g DB
3 )  fi „ (OB) i s  h ierarch icaL
4 )  M(TOP(Ru(OB) ) )  = L

“

Remgcks :  a )  Cond i t ions  1 )  - 3 )  requ i re  tha t  the suppL ied
mapping i s -  a s igna tu re  morphism whose source
ob jec t s  a re  contained i n  a h ie ra rch i caL  ob jec t
se t .  Th is  f ac t  w iLL  be  used  i n  Sem_17.

b )  Cond i t i on  4 )  excLudes  the  case  tha t  the  t op
eLemen t  of an  ob jec t  h ie ra rchy  i s  modi f ied by a
s ignature  morph ism.  By  t h i s :  the  parameter i za t ion
o f  ob jec t s  i s  r es t r i c t ed  t o  t he  non - top  eLemen ts
of  h i e ra r ch ies .

3 .1 .3 .  mark ing and  Gene ra t i on

- I n  th i s  sec t i on  the  appL i ca t i on  o f  a s igna tu re  morphism to  a
spec i f i c  ob jec t  se t  i s  de f ined  as  a syn tac t i caL  t ree
t rans fo rma t i on  p rocess .  Two s teps  a re  d i s t i ngu i shed :

. mark ing the  ob jec t  h ie ra rchy  w i th  those  substitutions t ha t
have  t o  be per formed a t  each  node
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. performing the  substitutions and generating of ob jec ts .

The next  definitions introduce a hierarchy t r ave rsaL  and
mark ing aLgor i t hm and  an  ob jec t  genera t ion  aLgo r i t hm.

He i n te rp re te  t he  s t r uc tu res  i n  Type_def_st ruct  and
Enrich_def_struct  as  foLLows:  -

t € Type_def_struct :  ( t ype_ id  t ) :  ( t ype  t )  as  usuaL
(map t ) :  a se t  o f  identifier pairs

' ( oLd ,  new)  indicating t he
substitution oLd  ** new i n
( t ype  t )

( new  t ) :  indicates t ha t  ( type_ id  t )
and  ( t ype  t )  a re
substituted by ( t ype_ id
(new  t ) )  and  ( t ype  (new
t ) ) .  I f  (map t )  = L ‚_  t he
cor respond ing  subs t i t u t i on
i s  per fo rmed on  ( t ype  (new
t ) ) .

e e Enrich_def_struct:  (enr_id e ) :  ( en r  e )  as  usuaL .
(map  9 ) :  a se t  o f  identifier pai rs

( oLd ,  new) indicating t he
substitution oLd  ** new i n
( en r  e ) .

( new  e ) :  indicates t ha t  (enr_ id  9 )
and (en r  9 )  a re  substituted
by  (en r_ id  ( new  e ) )  and
(en r  ( new  e ) ) .  I f  (map  9 )  3

L ,  t he  co r respond ing
subs t i t u t i on  i s  per formed
on  (en r  ( new  e ) ) .

Def, 3.7,3. -1  [MARK]
Le t  OBJECT : =  (Type_def_st ruc t  u Enr_def_struct)
Let  031 ,  oa2 c OBJECT: fia tos l )  h ie ra rch icaL  and

f :  OB1 ——> OB2 a mapp ing .  _
Let v ob  € (OB1 u OBa) . ( (map ob)  = (new ob)  = L ) .

1 )  The ope ra to r
MARK: P(OBJECT) x_Map ——> P(OBJECT)

i s  def ined by .
MARK(OBI‚ f )  : =  33; n : =  he igh t (TOP(OB ‚ ) )  in

MARK1(081 I  f r  n )

2 )  The ope ra to r  .
MARK1: P(OBJECT)  x Map  x N ——> ? (OBJECT

i s  de f ined by
MAPK1(081: f :  n)  : =

33 n = 1 then OB; 3353
Le t  { on1 ‚  . . . :  on , }  : =  { ab !  ob 6 GB; eng

dep th (ob )  = n} in

i

Le t  20  : 0 1

Le t  Z i+1  : =  ( case  f ( ob i )  # ob ;
Le t  {Ob l l  . . . :  Obb}  : ;  FR(Ob i )  in
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£33 2 : =  Z :  \ { O b l r  . . . :  ObObi }  in
333 Z '  : =  Z

u {ob j ' l  ob; e Type_def_struct
eng
ob3 '  = u „ ( t ype_ id :  ( type_id ab ; ) :

t ype :  ( t ype  ob j ) :
map:  (map  ob j )  v

{ (Obgr  f ( 0b i ) } r
new:  ( new  ob ; ) )

aeg
j € (b )}  _

u { obJ I  ob; € Enr_def_struct
mg.
ob3 '  = u° (en r_ id :  (enr_ id  ab ; ) :

"en r :  ( en r  obs ) :
map: (map obj )  u

{ (Üb i l  f ( °b i ) } l
new:  ( new  ob ; ) )

sang
j € ( b ) }

u p ° ( seL1 :  ( se t , 1  ob i ) ,
seLz :  (se t .2  ob i ) ,
map:  (map  ob i )  v

_ { (Ob i l  f (Ob i ) } l
new:  { f ( ob ; ) ) )

wnepe (gage  ob ;  € Type_def_st ruc t :
seL1  :=  type_ id ‚  seL ,  :== type

cage  ob ;  e Enr_def_s t ruc t
seL1  :=  enr_ id ‚  seL2 :=  en r )

an
Z l

gase  f ( ob ; )  = ob i  : Z i :

i € ( a ) )  in

MARK1(Za r  f l  N'1 )

ßgmgpgg: a )  Each eLement in the hierarchy i s  marked wi th the
substitutions t ha t  have  t o  be  per formed on i t .  The
marking i s  pe r fo rmed bottom—up and by exchanging
objects th rough appropr ia te  const ruc ted  new ones .

b )  The ca rd inaL i t y  o f  081  i s  no t  changed .
c )  The case  f (TOPt081J )  # TOP(OB;)  i s  disregarded

since this does  no t  cor respond t o  pa rame te r i za t i on
of t ypes .  I n  tha t  the  opera to r  i s  assumed t o
evaLua te  e r ro rneous .

To remove marks f rom the map component  of an  object: the
operator  DEMARK can  be  appL ied .
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Def. z . z . : . - z  EDEMARKJ
Let  OBJECT :=  (Type_def_struct  u Enr_def_s t ruct ) .
Let 031, 032 g OBJECT.
Then operator

DEMARK: OBJECT x OBJECT ——> OBJECT
i s  defined by

DEMARK(OB;: es , )  :=
{ D b l }  . . . :  Obn}  = OB;  in

„MM f :  :=  (map ab: ) ,  i € (n )  in
F: :=  { (ob ' :  f : (ob ' ) ) |  ob' € OB2 A f ; (ob ' )  # L} ,

i € (n )  in

( "
f '

f '
(‘D

fD
CD

d
‘d

‘d
‘

gg; ob i '  : =  uo (seL1 :  ( seL1  ob i ) ,  seLz :  (seL2  ob i ) ,
map: (map  ab; )  \ F: :
new:  (new ob : ) )

finece  ( cgse  ob ;  € Type„def_struct :
seL1 :=  type_id‚  seL2 :=  type ,

case  ob:  € Enr_def_struct
seL1 :=  enr_id‚  seL2 :=  enr ) :

i € (n )  in
£3520  == 031  Han
323 Z ;  :=  21 -1  \ {Ob i }  u {Ob i ' } :  i € (n )  in

Z

Remark :  DEMARK removes aLL  occur rences  o f  ob jec ts  o f  i t s
second  argument  se t  f rom the  map  component  of  the  ob jec ts  o f
i t s  f i rst  argument se t .

The next  Opera tor  i s  heLpfuLL  to  express the  substitution
induced by the  map-component of  an  ob jec t .

Def .  : I i  . : . - ;  [S I -MAP]

Let  OBJECT :=  (Type_def_struct  u Enr_def_s t ruct ) .
Le t  ob  € OBJECT.
Then the  ope ra to r

S -MAP:  OBJECT x Map ——> (Map  x Map )
i s  defined by ’

S-MAP(ob‚  g )  =
it (map ob) : L then L eLse

ggg.F = { (ob iz  ob i ' ) |  i € (n ) }  :=  (map ob ) ,  n € N in
333 = { (op : ‚  g (op : ) ) |  1 € (M) :  Op;  € OPS(Ob ; ) I

ob:  € source (F ) ‚
g(op: )  € OPS( ta rge t (F ) ) } z  m € N

an
(F :  G )

Remark: G g (opstsourcetF ) )  x OPS ( ta rge tCF) ) )  together with F
does no t  necessar iLy  describe a s ignature  morphism by
th is  def in i t ion .  This property  has  to  be assured
separateLy.
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Def .  3 ,2 .3 . - 5  [GENERATE]
Lot OBJECT be def ined as  above .

. Le t  OB c OBJECT: §u(OB) hierarch icaL ‚  g e Map such that
Source (g )  c OPS(OB) .
1 )  The operator  .

GENERATE:  @(OBJECT)  x Map  —— P(OBJECT)
i s  defined by '

GENERATE(OB‚ g )  : =  333 n : =  he igh t<TOP(OB) )  in
GENERATE1 ( 03 ,  g ,  n )

2 )  The opera to r
GENERATE1:  PCOBJECT)  x Map  x N ——> P(OBJECT)

is  def ined by
GENERATE1(OB: g .  n )  : =  33 n = 1 snag OB eLse

333 {on1 ‚  . . . ,  one} : =  { ob l  ob € OB 339 depth(ob) = n}
_ in

323 Zo == 03 an
333 Z ;+1  :=  ( case  (map on : )  = (new on i )  = L : Z ;

ggse (map on : )  # L :  (new on : )  = L :
333 on ; '  : =  uo (seL1 :  ( seL1  on : ) ,

seLz :  (se t .2  on i )<S -MAP(on ; ‚  g)>‚
map: {L} ,  new: (L ) )  33

333 z : =  DEMARK(Zi, {on ; ) )  33
333 Z '  : =  MARK(Z‚ { ( on i ‚  on i ' ) }  \ fi „ ( on i )

u fi „ ( on ; ' ) )  in
Z I

ggse (map ch i )  = L ,  (new ch i )  # L :
333 Z '  : =  Z ;  \ { on t }  0 { ( new  ona ) }  in

Z !

\\

gase (map on t )  # L ,  (new an ; )  # L :
333 on i '  : =  uo (seL1 :  ( seL ;  ( new  on ; ) ) p

seLz :  ( seLa  (new  on ; ) )
(S 'MAP(OH; I  g) ) ,

map: {L} ,  new: (L ) )  33
333 z : =  DEMARK(Z;; {on; } )  in
333 Z '  : =  MARK<Z I  { ( on ; ‚  Oh i ' ) }  \ fi „ ( on i )

v fi „ ( on ; ' ) )  $3
2 .

33ere  (3359  on ;  e Type_def_st ruct :
seL1  :=  type_id ‚  se t z  : =  type

3333 on ;  e Enr_def_struct :
seL ;  : =  enr_id‚  set.2 : =  en r ) :

i e (a ) )  in

GENERATE1(Z,, g ,  n-1)

Remackg: a )  New ob jec ts  a re  constructed whenever (map on ; )  t
L .  This means tha t  identifiers are substituted
according t o  S-MAP(onip 9 ) .  The incorpora t ion  of
t he  new cons t ruc t  requi res a re -mark ing  of  the
hierarchy .  The case  (new  on i )  * L i s  aL ready
cove red  by  t he  MARK ope ra to r ‚  and  t he
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incorporat ion of  ( new  an ; )  does not  require a
re -mark ing .

b )  AppL i ca t i on  of GENERATE extends  the  object se t  i n
gene raL .  The h ie rarch icaL  s t ruc tu re  i s  preserved
since sub t rees  are  exchanged against subt rees  and
the  TOP-eLement  i s  Lef t  unchanged :  i . e .  ( new
TOP(OB) )  = L .

c )  The ef fect  of  GENERATE on ob  e (OB \ U(fi „ ( ob ) ) )
need  no t  t o  be  made expL i c i t  s ince  the depth  and
height Operator  are  based on  5 „ (ob )  such  that  the
' i n t e rmed ia te '  ob jec t s  a re  i ncLuded  in { on l z  . . . :
one } .

322 .5 .  I ns tan t i a te  Tyge De f i n i t i on

Befo re  we s ta te  the semantic cLauses  for  ins tan t ia te  type
definitions we w iLL  soLve  a techn icaL  p robLem.  Many operators
introduced up  t o  now  we re  based  on  t he  syn tac t i c  domains o f
t he  ModPascaL semantics, and t h i s  was sufficient since no
interactions t o  eLements of  semantic domains had to  be
exp ressed .  The onLy  and  undangerous  i n te rsec t i ons  o f
syn tac t i caL  and  seman t i caL  domains  happend in the  cases  o f  I d :
BOOL and  INT .

The impor tan t  po in t  now  i s  t ha t  syn tac t i caL  opera to rs  as  e .g .
U (=  t he  use  reLa t i on  ope ra to r )  a re  no t  appL i cabLe ‚  i f  t he i r
syntactic argument i s  exchanged by i t s  seman t i cs :  in a s t a te
( g ;  e )  t ha t  i nvoLves  t he  mean ing  MmEmod] o f  a moduLe t ype
ob jec t  mod i t  i s  not  poss ibLe  t o  ex t rac t  the se t  o f  used
ob jec ts  of  mod in the  cur rent  semantic domain s t ruc ture .  ALL
in fo rmat ion  abou t  them.  has  been  merged  toge the r  by Mm, and
cu r ren tLy  t he  onLy  way  t o  ge t  t hem _ i s  by  Look ing  a t  t he
syn tac t i c  ob jec t  mod (whe re  U tmod )  i s  de f i ned ) .  '

I n  the case  of  ins tan t ia te  type def in i t ion  seman t i cs :  much of
the  in fo rmat ion  ga thered  by  syntacticaL opera tors  shouLd  be
accessab te  t o  t he  semantic operations ( e .g .  ob jec t  h ierarchy
in fo rmat ion ,  s igna tu re  morph ism p repe r t i es ‚  compa t i b i L i t y .
substitution). The f i r s t  s tep  towards  a connection of
syn tac t i caL  and seman t i caL  opera to rs  were done in 3 .6 .1 .1 .
where add i t ionaL components of  semant ic  domains were
i n t roduced such  that  f o r  exampLe use  reLa t i ons  couLd  be
modeLLed on  the  seman t i caL  LeveL .  Bu t  p rocess ing  i n  th i s  way
wouLd i nev i t abLy  i nc rease  the compLex i t y  of  t he  semant ic
doma in  s t r uc tu re ,  and  f i naLLy  each  syn tac t i c  domain  wouLd  have
a semant ic  coun te rpa r t .  A modeLL ing  of  th is  kind i s
cha rac te r i zed  by  a ve ry  high degree o f  ( unwan ted )  redundancy.

I n  the nex t  def in i t ion  a genera t  mechanism is  prov ided to
ove rcome  the  de f i c i enc ies  o f  LeveL -sepa ra ted  ope ra to r s .  I t
Links semant ic  ob jec t s  t o  the i r  s yn tac t i caL  def in i t ion
un iqueLy  and there fore  represents an  inverse meaning funct ion .
As a r esuL t ‚  syn tac t i c  opera to rs  can  be invoked on semant icaL
ob jec t s  by  exchang ing  the a rgumen ts .
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Däiä—l‘läiäZl [RetPiOVGJ
Let  ( g ,  e )  e S ta te  and i d  e I d  wi th  e tg< id>+1 )  * L and g t i d )+2
@ ALgQuaL .
Let  OBJECT :=  (Type_def_st ruct  u Enr_def_s t ruc t ) .
Then the opera tor  -

Ret r i eve :  I d  ——> S ta te  ——> (OBJECT x S ta te )
i s  defined by :

Retrieve(id)§6 : =
L (ob , ' ( §1 :  61 ) )  e (OBJECT x S ta te )  .

£33 ( ga '  3 : )  == MEob1€161 in .
g ,  = g gag 62 = e eng  (ob_ id  ob)  = id

u

Bgmgcßg: a )  The seLec to r  ob_id represents type_id o r  enr_id
depending on  ob .

b )  The  i n j ec t i v i t y  o f  Mm/Me /Mt  needs  not t o  be
assumed  s i nce  t he  de f in i t i on  o f  re t r i eve  i s  no t
constructive ( t - ope ra to r ) .  ALSO: every  ModPascaL
program i s  Listed sequen t i aL :  and the  syntactic
ob jec t  t ha t  causes  t he  nex t  s t a te  t rans i t i on  i s
d i r ec tLy  de r i vabLe .

c )  F rom the  de f i n i t i on ,  i t  f oLLows :
v i d  6 I d ,  ob 6 OBJECT: ( g ,  e)  e State .
gi i d  = (ob_ id  ob)  t hen

ii Retrieve(id)§6 # L then
Let  (51, 61) : =  Re t r i eve t i d )gs )+2  in
Le t  ( ga ,  52 )  : =  MEobI§161 in

ob  = (Re t r i eveC id )gzs ‚ )+1
This  cons t i t u t es  a L i nk  between semantic and
syntactic domains s ince  identifiers are assumed
unique f o r  syntactic and  semantic domains ( see
sec .  2 .2 .3 .1 . ) .

Notgg ion :  Fo r  I ; I d :  ( g :  s )  e Sta te  .
Ret0b(1)gs :=  {(Retr ievet id)§a)+1l  id  e I}

For  the syn tac t i ca t  opera to rs  now i t  i s  poss ibLe  to  use  them
in semantic cLauses .  Fo r  exampLe :  i f  I C'Id

MARK(Re t r i eve ( I ) gs ‚  f )
i s  mean ing fuLL  and evaLuates  t o  an  ob jec t  se t  OB c OBJECT.
That  couLd  be  sub jec t  t o  a t ransformat ion  into the seman t i caL
LeveL  by

HESEo(oa)m§s.
(SEQ i s  appL ied  t o  gua ran tee  syn tac t i caL  cor rec tness ) .

P ic to r i aLLy ‚  we have

Ret r ieve
I :  ( g ,  6 )  > OB

MARK/SEQ

I ' :  ( g ' ,  s ' )  < . OB'

semantics ' M syn tax
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Af te r  provision of this techn icaL  prerequisite: we turn back
t o  the theme of this section.

The semantics of an  instantiate type definition i s  computed by
performance of  the  f oLLow ing  s teps .

a )  Check ;  i f  t he  se t  o f  instantiation objects constitutes a hr
s ignature  morphism SM.

b )  Check ,  i f  t he  ob jec t  h ierarchy spanned by the  base  ob ject
and  t he  h ie ra rchy  spanned  by  the  sou rce  ob jec t s  o f  SM a re
compa t i bLe .

c )  Mark  i n  t he  base  ob jec t  h ie ra rchy  t hose  ob jec t s  tha t  a re
sub jec t  t o  changes  by  t he  s i gna tu re  morphism.

d )  Genera te  t he  new ob jec t s  and  incorporate them in the
cu r ren t  env i ronmen t  except  t he  new  base  ob jec t .

e )  Re tu rn  the  modi f ied  base  ob jec t  as  vaLue  fo r  the
ins tan t i a te  type  def in i t ion  i den t i f i e r .

Sem_17: Ins tan t ia te  Type Def in i t ion

MmEi: I ns tan t i a te_ typemge  :=
gg; b id  : =  (base_ type  i ) ,

{ i l l  . . . :  i n }  : =  ( ob jec tL  i )  in
gg; B id  : =  (Re t r i eve (b id )ge )+1  En
‚t,-„9.3 { I l l  . . . - I  I “ )  : =  Re t0b ( { i ‚ „ r  . . . :  i „ ns  in
333 I : =  I l  + . . .  + I n ,  I = ( f ,  g )  in

gg gg; (SM?(I)) = t rue then L eLse
g: (Comp?(B id ‚  I ) )  gngn L gggg

Bid1 : =  MARK(U(ä „ (B id ) ) ‚  f )  “ i n
Bid2 :=  GENERATE(Bid1‚ g ) ,
{ O b l l  . . . :  Obm}  : B id ;  ;D.

ob jL  :=  SEQ({ob1 ‚  . . . ,  obm3) in
(£1 ,  61 )  : =  MEob l§6  in
(A ,  ( 52 ,  aa) )  : =  METOP(Bid2)]§161 in
(A I  ( ge l  62 ) )

r- (0
( f

o
d-

i ‘
é

l ä
‘..

. (D {1
' !

(.. ® (+ 3
f. (D d- %

Remarks :  e )  The semantics of  t he  base  type and the used
instantiation objects ( bo th  a re  eLemen ts  of I d )
a re  compu ted  f rom the  appL i ca t i on  s ta te .  By  means
of  t he  Re t r ieve  ope ra to r  t he  assoc ia ted  syntac t ic
ob jec ts  a re  taken t o  per form the  ins tan t ia t i on
process  (marking, object generation). The
resuL t i ng  ob jec t  se t  i s  sequen t i aL i zed  and  mapped
to  the appropr ia te  semant i c  doma in .  The resuL t i ng
s ta te  and the  aLgeb ra  o f  the  TOP-eLement  a re
passed .

b )  ALL impL i c i t Ly  generated ob jec ts  are i ns taLLed .  An
apprOpr ia te  naming p rocedure  i s  assumed .
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5 ,  PrggompiLat ion

5 , ] .  Tag Ver i f icat ion Environment

As pointed out  in  the  in t roduct ion ,  ModPascaL was deveLoped as
part of the ISDV-System t ha t  supports ver i f iabiL i ty  of
so f tware .  This i s  reaL ized  by providing methods and tooLs  for
stepwise ref inement f rom requirements  specifications over
appLica t ive  ASPIK  s t ruc tu res  to  imperative ModPascaL  code  and
by methods and (semiautomatic) tooLs  for  verification of the
ref inement s teps .

The f inaL refinement s tep in this setting is  the transit ion
from aLgor i thmic  ASPIK specifications to  ModPascaL moduLe type
and enrichment definitions. One has  to  assure  tha t ,  fo r
exampLe:  a moduLe 'does  the  same'  as  a specification. Since
bo th  ob jec ts  a re  independent ty  speci f ied/programmed this t ask
is  nont r i v iaL :  and w i thout  fu r ther  conf inements  even
unsoLvabLe:  because  i t  i s  equ ivaLent  to  the (undec idabLe )
probLem of  showing tha t  two arbi trary Turing machines behave
i den t icaLLy .  In  f i t t ing  the  prosaic  term 'does the same' with
a fo rmat  content  one  has  to  soLve  the foLLowing  t asks :

. Def init ion of semant icaL  cr i ter ium that  assures  the_
correctness of  the  t ransi t ion in a mathemat icaL fo rmaL ism.

. Specify ing a method to  (hope fuLLy  au tomat ic )  check in a
concrete  case  i f  the  correctness cr i ter ium is  vaL id .

The ISDV—System provides a sa t is fac tory  soLut ion  f i t t ing  to
the ModPascaL/ASPIK envi ronment .  A deta iLed  descr ipt ion can  be
found in  [OLt  85 ] :  here we give a brief overv iew.

The appL ied  correctness cr i ter ium is  essent iaLLy  based on the
ex is tence  of  semantic aLgebra  domains tha t  provide the moaning
for  moduLes and specifications, and on the  not ion  of aLgebra
homomorphism. I f  the  semantic aLgebra  of the  spec i f i ca t ion  i s
found  to  be a homomorphic  image  of  the  semant ic  aLgebra  of  the
moduLe  then  the  t rans i t ion  i s  caLLed  cor rec t ;  bo th  ob jec ts  do
the  same.  This seems to  be a week condi t ion ,  but  in the
ModPascaL /ASPIK  envi ronment  the  ex is tence  of  a homomorphism
impL ies  an  isomorphism: and  so  the  des i red  ' s t rong '  cr i ter ium
is  achieved. I somorphisms as  cor rec tness  cr i te r ion  i s  o f ten
used  in abs t rac t  da ta  type  theory  (e .g .  cor rec tness  o f
extens ions  o r  impLementa t ions ;  see  [EKP  78 ] ) .

The main  probLem is  tha t  the  check  of the  vaL id i ty  is  based  on
a se t  of  equations tha t  a re  most unL ikeLy  to  be processed even
by semi-automatic proof  sys tems:  they  encLose  ModPascaL
const ruc ts  as  weLL as  ASPIK t e rms  and  be tween ,  there  a re
semant ic  funct ions  as  def ined in  sec t ion  3 .  S ince  th is  fac t
makes  the cor rec tness  check  o f  the  ASPIK /ModPascaL  t rans i t ion
a human—bound t ask  e f fo r ts  were  made  to  recogn ize  and t rea t
spec iaL  s i tua t ions  in  wh ich  mechanicaL support  i s  poss ibLe .
These si tuat ions are  charac ter i zed  by the  s t ructures  occurr ing
in the ModPascaL objeCt  invoLved  in the t rans i t ion .  I f  they  do
not Leave  an  ' eLementa ry '  LeveL ‚  they  can  be t ransformed v ia
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symboLic evaLuat ion in expression vectors that  di rectLy
correspond to  ASPIK  t e rms .  In  that case  the  se t  of  equat ions
couLd be (semant icaLLy  equ i vaLen t )  expressed as  pure
ASPIK-equa t ions ‚  and  t hen  the check  of vaL id i ty  wouLd onLy
have  to  deaL w i th  ASPIK s t ruc tures .  This does not  impLy  the
(semi -au tomat ic )  soLvab iL i ty  of  the  equations, but  i t  removes
a degree  of  compLex i ty  f rom them.

In  the ISDV-System there i s  a semi-automatic tooL  that
generates  fo r  a given specification and a given moduLe a se t
of  equations tha t  are poss ibLy  s impL i f i ed  to  pure ASPIK
equations. I n  the La t te r  case the check of  vaL id i ty  i s
initiated by passing them to  one of  the proof  systems
connec ted  to  the  ISDV—System (e .g .  MKRF [BES 81 ] ;  RRLAB [Tho
84] ) .

The precompiLat ion probLem ar ises  a t  the  point  when the
or ig inaL se t  of  equations i s  checked for  ' eLementa ry '
s t ruc ture  and the  symboLic evaLua t ion  i s  per formed.  For  both
t asks  software tooLs  were ava iLabLe  a t  the  beginning of the
ModPascaL  deveLopment ;  bu t  they  recogn ized_  onLy  Standard
PascaL. The soLut ion to  th is  probLem was to  precompiLe the
ModPascaL code in to  Standard PascaL code  and  then  appLy the
des i red  tooLs .  The necessary  precondition was tha t  the
precompiLa t ion  wiLL no t  d is turbe  the  spec iaL  semantic
s t ruc tures  associated with  ModPascaL cons t ruc ts .  This i s
non- t r iv iaL  s ince  semant icaL  preserva t ion  i s  in  generaL  not a
property of precompiLat ion;  onLy together  wi th subsequent
compiLation with  a ' ve r i f i ed '  compiLer  th is  wiLL hoLd .

In  another  v iew,  the  precompiLer  soLut ion  was preferabLe since
the  quant i ty  of  conformi ty  of ModPascaL and Standard  PascaL
grea tLy  exceeds the  quant i ty  of  d i f ferences,  and Standard
PascaL compiLers  are  w ideLy  ava iLabLe .  Bu t  aga in :  . because  of
the  appL ica t ion  of ModPascaL in  a sys tem fo r  ver i f i abLe
sof tware ,  one has to  formaLLy assure t ha t  precompiLation i s
semantics preserving.

These issues justify the current sec t ion .  He wiLL  specify the
t ransformat ions performed fo r  s ingLe  cons t ruc ts  and show:  that
under  the  definitions of sections 2 .  and 3 .  isomorphic code is
genera ted .  A description of  the  more  techn icaL  aspec ts  may  be
found  in  [Eck  84 ]  and  [Sch  85 ] .  The appL ica t ion  in  the
genera t ion  of  equat ion  se ts  is  documen ted  in [Wei 85 ] .

5 .3 ,  The Transformation

4 .2 .1 .  The Operator PRE

In  th is  sec t ion  we define an  operator PRE that  i s  appLied  to
precompiLe  ModPascaL to  PascaL .  we refer to  the  abstract
syn tax  of  ModPascaL  of  sec .  2 .1 .2 .

Notat ions: Constr ‚  denotes the domain of aLL correct -S tandard
PascaL programs
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Const rn  denotes the domain of aLL  cor rec t  ModPascaL
programs (=  domain Program o f  2 .1 .2 . )

Since ModPascaL extends Standard PascaL: i t  hoLds:
Cons t rfl  c Cons t r ,

'w i th  SeL„ ‚  SéLP  we denote  t he  se t  of poss ibLe  seLec to r s  f o r
ob jec ts  of Cons t rM and  Cons t r ‚  r esp .  Again  SeL .  ; SeLH hoLds .
Then Constr.  = { 0  € Cons t r „ !  1 (3  s € (Sal.H \ Se t . )  . ( s  o) t
L ) }

The expL ic i t  definitions of  89L" ,  SeL ,  are  omitted here .  They
can  be  der ived d i r ec tLy  f r om 2 .1 .2 .  and an  anaLogous  abst ract
syn tax  f o r  S tanda rd  PascaL .

I n  the f oLLow ing  we v iew a t  Cons t rH and Const r ‚  as  the
coaLesced sum of aLL syntactic domains they are bu iLd  upon
( i . e .  Cons t rH  = Program + Prog_head '+  ID  + BLock  + Lab + . . . ) .
This  aLLows  t o  def ine the  Opera to r  PRE with  a s i ngLe  ar i t y ‚
but  makes i t  appL i cabLe  t o  every  subs t ruc tu re  of  the  above
doma ins .

Def .  4 .2 .1 . - 1  [PRE]
Let  Cons t r „ ‚  Cons t rP  be  as  above .
Then the syn tac t i caL  Opera to r

PRE:  Cons t rM  ——> Cons t r ,
i s  defined by :  _
1 )  v 0 € Cons t r ‚  . PRE(o )  : =  o

2 )  V t € Type_def .
it t € ConstrP then E——> 1 ) ]  3333

gt ( t ype  t )  € ModuLe_type gngn
PRE( t )  : =  u „ ( s1 :  TypeL:  sg :  Func_cL)

ii ( t ype  t )  € Ins tant ia te_type gngn
gg; {U11  . . . :  u „ }  : =  Ü (fi „ ( base_ type  ( t ype  t ) ) )  in

PRE( t )  :== u ° ( s ° :  {PRE(base_ type  ( t ype  t ) ) } ‚
51 :  {PRE(U1) } I  . . .  I '

s " :  {PRE(U„ ) } )

3) v i e Inst_def . PRE(i) : =  L

4 )  V p € Proc_stmt .
;; p € Const r ‚  gngn E——> 1 )J

333g PRE(p )  : =  u ‚ ( s l :  Assg_st t )

5 )  V v € Var .
it v € Constrp than [——> 1 )J

eLge  PRE(v )  : =  uo (s1 :  Va r ,  s , :  Assg_st t )

6 )  V 0 € 0p_designator .
g: 0 € Proc_stmt gngn [——> A) ]

eLse PRE(o) : =  “0 (51 :  SimpLe_term)

? )  V e € Enrich_def .
PRE(e )  : =  u „ ( s1 :  Func_cL)
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8 )  i )  PRE possesses a homomorphism proper ty  fo r  Ob jL :
V oL  € ObjL  .
PRE(p „ ( s l :  ( f i r s t  oL ) :  s , :  ( r es t  oL ) ) )  =

uo ts l :  PRE( ( f i r s t  oL ) ) ‚  s , :  PRE( ( res t  oL ) ) )
i i )  PRE possesses  a homomorphism proper ty  for  Va rL :

V VL € VarL  .
PRE(u° ( s l :  ( f i r s t  VL ) :  s , :  ( r es t  vL ) ) )  =

uo (s l :  PRE( ( f i r s t  vL ) ) ‚  sa :  PRE( ( res t  vL ) ) )

Remarks :  a )  This definitions of PRE does  not  r e fLec t  any
context-sensitive conditions. I t  i s  j us t  the
r eLa t i on  between the abs t rac t  domains associated
t o  programming Language  cons t ruc t s .  An  aLgo r i t hm ic
def in i t ion  i s  g iven  beLow ( see  sec .  4 .2 .2 ) .

b )  S tanda rd  PascaL  s t r uc tu res  a re  mapped i den t i caLLy .
c )  By  PRE:  moduLes  a re  t r ans fo rmed  i n  a sequence  of

t ype  de f in i t i ons  and f unc t i on  decLa ra t i ons .  For
sequences of  moduLe de f i n i t i ons ,  the  PRE image
wouLd v i oLa te  t he  Pasca t “ syn tac t i c  Law tha t  type
def in i t ion  par t  and “  subprogram decLa ra t i on  par t
have  t o  be  d i s j unc t .  There fo re  requ i rement  8 )  i )
i s  necessa ry .  ALSO: PRE d i spa r t s  va r i abLe
decLa ra t i ons  f o r  moduLe va r i abLes  consisting of
the  va r i abLe  ind i ca t i on  and  an i n i t i aL  assignment
of vaLue  ( see  exampLe 4 .2 .2 . -3 ) .  S ince  va r iabLe
decLa ra t i on  par t  and  s ta temen t  pa r t  a re  d i spa r t  i n
PascaL :  PRE has  t o  f uLL f i LL  requ i rement  8 )  i i ) .

d )  ModPascaL  p rocedu re  s ta temen ts  as  weLL  as
ope ra t i on  des igna to rs  may cons i s t  o f  seve raL
(subsequen t )  p rocedure  and  func t i on  caLLs
( ' ex tended  do t  no ta t i on ' :  see  sec .  3 .2 .4 .  of  EOLt
841 ) .  This f ac t  i s  r e fLec ted  by  requi rement  4 that
conver ts  p rocedu re  s ta temen ts  i n  s t a temen t  L i s t s .
For  f unc t i on  caLLs  ( r equ i remen t  6 )  s impLe  te rms
are  su f f i c i en t  where  t he  sequen t i aL i t y  i s
t rans fo rmabLe  to  nes t ing  dep th .

e )  I ns tan t i a t i on  de f in i t i ons  couLd  be modeLLed  in
PascaL ‚  bu t  onLy  w i t h  g rea t  s t r uggLes .  S ince  there
a re  no ex is t ing  PascaL comp iLe rs  tha t  are  capabLe
of  handL ing  t hem i ns ide  a (p recomp iLed )
ins tan t i a te  type  de f i n i t i on :  they  a re  d is regarded
he re .

f )  The t rea tmen t  o f  i ns tan t i a te  t ype  def in i t ions
invoLves  impL i c i t Ly  t he  ob jec t  genera t i on
aLgor i t hm desc r ibed  i n  sec .  3 .7 .3 .  S ince  t he
genera ted  sequence  of ob jec t  de f in i t i ons  i s
stepwise t r ans fo rmabLe  (acco rd ing  t o  requ i rement
B) ) :  PRE( t )  f o r  t e Ins tan t ia te_ type  i s  der ivabLe
f rom the  PRE vaLues_ fo r  each  sequence  eLemen t .

Def ini t ions 4 .2 .1 . - 1  shows t ha t  the  p recomp iLa t i on  task
consists mainLy  of syn tac t i caL  man ipuLa t i ons .  OnLy i n  the case
of  i ns tan t i a te  type  def in i t ions  con tex t  sens i t i ve  cond i t ions
a re  requ i red .  The aLgo r i t hms  t ha t  r eaL i ze  PRE and t he
impLemen ta t i on  are  documented  i n  [Eck  84 ] .  we w iLL  i LLus t ra te
PRE by  exampLes .
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5 .2 .2 ,  ggncre te  De f in i t ion

In  the  foLLowing  we appLy  PRE to  concre te  syntactic const ructs
since ambiguities are  not  poss ibLe .  The exampLes iLLus t ra te
the process ing  of the  cur ren tLy  impLemented ModPascaL
precompiLer .

ExamgLe 4 .3 .g . -J :  ModuLe procedure caLL (4 .2 .1 . - 1 ‚  case  4 )
Let  “pubL ic  p rocedure  P (x1 :  x1 ,  . . . .  xp :  Xn) “  denote  a pubL ic
procedure of a moduLe M: and  V a Var iabLe  of  type M .
Then:  i f

V.P (y1 ‚  . . . :  Y“ )
denotes  a caLL of P .  PRE(“V .P (y1 ‚  . . . .  y „ ) " )  i s  def ined as

V :=  M&P(V :y1 :  . . . ;  y " )

In  other  words ,  moduLe procedures become funct ions with
extended func t ionaL i ty  and new operat ion ident i f ier  ( see
exampLe  4 .2 .2 . -4 ) ‚  and  p rocedure  s ta temen ts  are  t ransformend
in to  assignments to  the  moduLe var iabLe .

In  the  case  of  ex tended  dot  no ta t ion  (see  sec .  3 .2 .4 .  of [OLt
843 )  an  appropr ia te  sequence  o f  assignment s ta tements
(poss ibLe  wi th  au tomat icaLLy  genera ted  in termedia te  va r iabLes
for  funct ion  occur rences  in  the  operat ion  des ignator )  i s
produced .  ALL assignment var iabLes  a re  s impLe  (moduLe)
var iabLes .  For  exampLe‚  “V .OP1(a ‚  b ) .OP2(c ‚  d ) "  i s  equ ivaLent
to  “V .OP1(a ‚  b ) ;  V .OP2(c ‚  d ) " .  The PRE- image is  I 'V  :=  M&OP1(V‚
a ,  b ) ;  V :=  M&OP‚ (V ‚  c ,  d ) "  ( i f  OP1 ‚  OP2 are p rocedures ) .  He
skip  the de ta iLs  of  the  t ransformat ion  aLgor i thm (see  [Eck
843 ) .  n

ExamQLe 5 .3 .g . -g :  ModuLe funct ion caLL (4 .2 .1 . - 1 :  case  6 )
Let  “pubL ic  func t ion  F (x1 :  X1 ;  . . . :  x " :  X" ) :  Z“  denote a
pubL ic  func t ion  of a moduLe M.  and V a Var iabLe  of type M .
Then;  i f

V.F (y1 ‚  . . . ,  y " )
denotes  a caLL of  F ,  PRE(“V .F (y1 ‚  . . . .  y „ ) “ )  i s  def ined as

M&FCVyy l l  . . . ;  Y“ )

I n  o ther  words,  moduLe funct ions  become funct ions wi th
extended func t ionaL i ty  and new operat ion identif ier  (see  aLso
exampLe 4 .2 .2 . -4 ) .  u

ExampLe 4 .3 .3 ‚ -3 :  In i t i aL  operat ion  caLL (4 .2 .1 . - 1 ‚  cases  5 .
8 )

Let  “pubL ic  in i t iaL  I t x l :  x1 ,  . . . .  x " :  Xn )"  denote an in i t i aL
opera t ion  of  a moduLe M.
Then :  i f

V:M# I (Y1 I  nu t - I  y " )

denotes  a caLL  o f  I inside a va r iabLe  decLara t ion ‚
PRE("V.M#I (y1 ‚  . . . ;  y „ ) " )  i s  defined as

V:  M;  . . . ;  V :=  M & I ( Y 1 I  . . . ) l  y“ )

That means.  tha t  va r iabLe  decLara t ion  and in i t iaL  vaLue suppLy
are disconnected and assembLed according to  PascaL syn tax .  The
generated assignment  const ruc ts  are  inser ted  as  the  s tar t ing
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statements of the next  nes ted  s ta tement  par t .  The in i t i aL
operation is  renamed and conver ted  in to  a func t ion .  :

ExampLe 4 .2 .2 . -4 :  ModuLe type definitions ( 4 .2 .1 . - 1 ‚  cases  1 :
Bi )

Since the concept  fo r  transforming moduLes i s  very cent raL  and
impor tan t :  we g ive  a more  de ta iLed  exampLe  o f  a moduLe  type
def in i t ion  fo r  OUEUE‚ where TASK deno tes  the  kind of  'queued '
ob jec ts :  and PRIO i s  an opera t ion  of TASK:

t ype  QUEUE = moduLe
Egg TASK;  ( 1 )
pubLic procedure  ENTER(T :TASK) ;  ( 2 )

procedure  LEAVE;
func t ion  NEXT : TASK;
func t ion  ISEMPTY : BOOLEAN;
in i t i aL  EMPTYQUEUE;

LocaL type  T = ar ray  E1 . . 100 ]  Q: TASK; (3 )
procedure  SHIFT(AR:T ‚  I:INTEGER);
ya; A:T ‚  PTR:INTEGER;

LocaLend;

procedure  ENTER;  ( 4 )
ygg i:INTEGER;
begin i : =PTR;

if i =100  then  QUEUEEERRORPROCEDURE
eLse
whiLe  i>1  gg

if T.PR10>AEiJ.PRIo._ . 1

(+ 3' (D 3 |_
;

||
|_

: I

PTR:=PTR+1;
end;

procedure  LEAVE;  ( *  omitted * )

procedure SHIFT; ( *  omitted * )

func t ion  NEXT; ( *  omi t ted  * )

func t ion  ISEMPTY; ( *  omi t ted  * )

i n i t i aL  EMPTYQUEUE; ( *  omitted * )

modgnd;

Then PRE(" type  QUEUE = . . .  modend") i s  def ined as  foLLows:
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type QUEUEßT = array [ 1 . . 100 ]  gi TASK;
tyge QUEUE = record A: QUEUEgT;  PTR:  INTEGER end;
fggction
function
fgnction
function
functiqg
iuastien

f unc t i on

QUEUE&ENTER(M1: QUEUE: T: TASK): QUEUE; FORWARD;
QUEUEßLEAVE(M1: QUEUE): QUEUE; FORWARD;
QUEUE&NEXT(M1: QUEUE): TASK; FORWARD;
QUEUE8ISEMPTY(M1: QUEUE): BOOLEAN; FORWARD;
QUEUEßEMPTYQUEUE: QUEUE; FORWARD; _
QUEUE&SHIFT(M1: QUEUE; AR: T; I: INTEGER):  QUEUE;
FORWARD; ‘
QUEUE8ERRORPROCEDURE(M1: QUEUE): QUEUE;

begin ... Eexception handLing] ... eng;
fgngtign QUEUE&ERRORFUNCTION(M1:  QUEUE) :  OUEUE;

begin ... Eexception handLing] ... eng;
fgngtign QUEUE&ENTER;

M
W
f unc t i on
W
function

Bgmarkg: a )

b)

c )

December 84

ver 1: INTEGER;
begin i : =  M1.PTR;

if i = 100 then M1 :==
QUEUE&ERRORPROCEDURE(M1) .

eLge white i > 1 gg if T .PRIO  < M1.A[i]
then i : =  i—1

QUEQEQSHIFT(MJ I  M1.Az  i ) ;

M1.A[i] : =  T;
M 1 . P T R  :== M 1 . P T R  + 1 ;

end;
QUEUEßLEAVE;  ( *  omitted * )
QUEUE&NEXT; ( *  omitted * )
QUEUE&ISEMPTY;  ( *  omitted * )

QUEUEEEMPTYQUEUE; ( *  o m i t t e d ' * )
QUEUE&SHIFT; ( *  omitted * )

The ' moduLe definition is transLated into a
sequence of (standard) type definitions and a
sequence  of function decLarations. It is obvious,
tha t  in the case of severaL moduLe type
definitions: their PRE-image has to be rearranged,
according to the PascaL syntax (requirement 8 of
definition 4 .2 .1 . -1 ) .
I n  the sequence of type definitions there occurs
every LocaL type of the moduLe: with a unique type
identifier. AdditionaL‚ the set of LocaL variabLes
is cont rac ted  in a record definition: named by the
moduLe identifier. This record represents the data
on which the moduLe operations are performed; it
is caLLed the moduLe record.
OnLy functions occur. This is due to the fact,
that there are Limitations for the use of gLobaL
variabLes in ModPascaL m o d u L e  operations. The set
of aLLowed gLobaL variabLes is restricted to the
set of LocaL variabLes of the moduLe. Since these
are now structured together in one record type,
every operation of a moduLe (procedure, function,
initiaL) is convertabLe to show functionaL
behaviour as foLLows:

ModPascaL-Semantics
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d )

e )

f )

g )

h )
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. add the moduLe record  t o  the func t ionaL i t y  of
every operation

. substitute i n  the  operations body every
occurrence  of  a LocaL  va r i abLe  by  the  assoc ia ted
record  f i eLd  va r i abLe .

. substitute in the  operations body every
occurrence of a moduLe operat ion caLL by ,  the
assoc ia ted  PRE- image .

Then the  opera t ions  w iLL  ge t  a moduLe record
argument  as  ac tuaL  pa rame te r :  mod i f y  i t  and  re tu rn
e i ther  th i s  new ob jec t  o r  a seLec ted  component :
i . e .  t hey  can  be  v iewed  as  (ma thema t i caL )
func t i ons .  By  t h i s ,  one  i s  abLe  t o  s imuLa te  t he
behav iou r  o f  moduLe operations very  cLoseLy .
Fo r  i n i t i aL  ope ra t i ons ,  t he  t r ea tmen t  i s  sL igh tLy
d i f f e ren t .  The i r  f unc t i ona t i t y  remains unchanged:
s ince  t hey  a re  in tended  t o  ' i n i t i aL i ze '  a new
moduLe incarnation, and there fore  t hey  shouLd  no t
be  suppL ied  w i th  an  ac tuaL  parameter  tha t  i s  of
j us t  t ha t  s t r uc tu re .  (O the rw i se  i n i t i aL  wouLd no t
mean ' r eaLLy '  i n i t i aL ) .
No d i f ference i s  made be tween  pubL ic  and LocaL
opera t ions  s ince  these  distinctions make no sense
in  non -ob jec t -o r i en ted  env i r onmen ts .
Func t i ons  a re  f i r s t Ly  in t roduced by
' f o rwa rd ' - decLa ra t i ons .  Th is  modeLs the  mutuaL
r ecu rs i on  o f  ope ra t i ons  poss ibLe  in a moduLe  t ype
de f i n i t i on .  _
The f unc t i on  iden t i f ie rs  a re  made unique by
pre f i x ing  w i t h  the  assoc ia ted  moduLe i den t i f i e r .
There are  spec iaL  er ro r  Opera t i ons  (desp i t e
bew iLde r ing  names ,  bo th  a re  f unc t i ons ) .  They are
assoc ia ted  t o  eve ry  moduLe ,  and  the i r  PRE—image i s
a p iece  of  PascaL  code ,  tha t  a t  caLL  t ime pr in ts
vaLues  o f  the  moduLe record  f i eLds  and  branches t o
the  program end .  I f  more  sophisticated er ro r
handL ing is  needed,  i t  has  t o  be programmed by the
use r .

I

.ExamQLe  &,z , z . - 5 :  Enr i chment  de f in i t i on  (4 .2 .1 . - 1 ‚  case  7 )
He use  the ob jec ts  QUEUE and TASK introduced in the  exampLe
before as bas is  o f  an  expLana to ry  enr ichment  de f in i t ion .

enr ichment  E-QUEUE use  QUEUE ig
addvTASK

procedure  MERGE(T :TASK) ;
QUEUE

func t ion  LENGTH( I : INT ) : INT ;
g rocedu re  SWAP;

gddeng;
g rocegure  MERGE;

begin ( *  omitted * )  end;
f unc t i on  LENGTH;
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procedure  SNAP;
begin ( *  omitted * )  end;

encend;

Then PRE(“enr ichment  E-QUEUE . . .  en rend ' ) .  i s  def ined as
foLLows:  '

func t ion  TASKßMERGE(M1 :  TASK;  T :  TASK) :  TASK;  FORWARD;
function TASK&LENGTH(M1 :  QUEUE; I :  INT ) :  INT ;  FORWARD;
func t ion  TASK&SHAP(M1 :  QUEUE) :  QUEUE; FORWARD;
func t ion  TASKaMERGE; ( *  omitted * )
func t ion  TASKSLENGTH ( *  omi t ted  * )  ;
func t ion  TASK&SWAP; ( *  omitted * )

Bemgckg: a )  The enrichment def int ion is  t ransLated  into a
sequence of  f unc t i on  definitions. I t  i s  obvious
t ha t  i n  the  case  of a sequence  of severaL
dif ferent  ob jec t  definitions their  PRE-images have
to  be  rea r ranged  according to  the PascaL syn tax
( see  requi rement  8 :  def ini t ion 4 .2 .1 -—1) .

b)  Remarks  c )  - h)  of  exampLe-  4 .2 .2 . - 4  appLy
anaLogousLy.

:

Exampte 5 .2 . z . -g :  Instant ia te  type definit ion ( 4 .2 .1 . - 1 ‚  case
2 )

As pointed out  in  remark 9 )  of  4 .2 .2 . - 1 ‚  instantiate types
ef for t  a spec iaL  t rea tment  tha t  invoLves  some semant icaL
aLgori thms.  -
Let  11 :  . . . ,  I n  denoto  instantiation definitions and B a
(base )  ob jec t .
Then:  i f

t ype  B'  = instantiate B by 11 ,  . . . ,  1" ;
denotes an instantiate type def ini t ion,  PRE(“type B I  = ___;„)
i s  def ined es :

333 03 (3 )  :=  U(ä „ (ß ) ) ‚  and OB' (B)  denote the  set  of
(poss ibLy )  modif ied ob jec ts ,  i f  the s ignature morphism
induced by I ;  + . . .  + 1" is  appLied (=  the  resuLt  of
GENERATE) in

PRE(OB ' (B ) )
(where  B '  i s  associa ted  proper ty  to  the modif ied B)

In  other  words ,  the  PRE- image of an ins tant ia te  type
def in i t ion i s  the PRE—image of the  modi f ied h ierarchy behind
the  base  type .

Remgck : We do not  go in to  further  de ta iLs ‚  s ince th is  kind of
ob jec ts  does not  L ie  in the  scope of appLicat ions that  need
precompiLation as  precondit ion (see  sec .  4 .1 . ) .

n
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The Las t  remark appL ies  in f uLL  extend t o  instantiation
definitions t oo .  As  a consequence,  the  cu r ren tLy  impLemented
p recomp iLe r  disregards t hem.

4 .3 .  Seman t i caL  P rese rva t i on

The goaL of this section i s  t o  show,  tha t  the appL ica t ion  of
t he  semantic function M to  a ModPascaL cons t ruc t  and t o  i t s
PRE- image  y i eLds  isomorphic r esuL t s .  More ,  the  isomorphism
wiLL  consist just of  t hose  renamings described in t he  previous
section. The consequence  o f  this seman t i caL  equ i vaLence  i s
t ha t  whenever  PascaL  instead of  ModPascaL  i s  needed  i t  may  be
exchanged  by  i t s  PRE-image, and insights gained f rom
p recomp iLed  code  t ake  d i r ec tLy  ove r  t o  t he  assoc ia ted
ModPascaL  cons t ruc t s .

I n  the  f oLLow ing  we refer  t o  the  concre te  definition of PRE as
given in the exampLes  of  sec .  4 .2 .2 .  The renaming process  tha t
pre f ixes  aLL  items of  a s t ruc tu re  (moduLe ,  enr ichment )  with
t he  s t ruc ture identifier i s  disregarded because this
contributes onLy  t o  t he  t r i v i aL  i somorph i sm.

( a )  ModuLe  procedure  caLL
Let  p € Proc_s tm t ‚  p $ Cons t rp .  Let  p1 : =  PRE(p ) .  Let  ( g ,  s )  6
S t a t e .

D € SimpLe_te rm:
i )  MEplgs i s  the appL ica t ion  of  the s tore transformation of

(op_id p )  t o  ( € ,  6 )  ( a f t e r  evaLua t i on  of  pa rame te rs ) .
The s ta te  change (g „  6 )  ——> MEpflge is  v i s i bLe  onLy  in
the vaLue  change of  va r iabLes  o f  GL (sea rchde f ( (op_ id
p ) )Qe ) :  the LocaL var iabLes  of the assoc ia ted  moduLe
( see  Sem_3) .  .

i i )  MEpgmge = MEuo(ass_va r :  ( ass_va r  p , ) ,  exp r :  ( exp r
p1) )3§6 .  The conve r ted  procedure  caLL  now i s  t he  s i ngLe
te rm  (exp r  p l ) ,  a f unc t i on  invocation. According t o
4 .2 .2 . ;  t he  resuL t  t ype  i s  the  associate moduLe record
type fo r  sea rchde f (ob_ id )gs ‚  i . e .  t he  func t ion  caLL
y ieLds  an  incarnation of  a record over  the  LocaL
va r i abLes  ( see  Sem_4) .  Now;  the  assignment t o  (ass_va r
p , )  descr ibes  the  s ta te  change on  va r iabLes  of  the
moduLe  reco rd  t ype .

Then we have

MEpI
i :  ( g ,  6 )  > ( 51 ;  61 )  ( changes  of  LocaL

va r iabLe  vaLues )
MEpII

i i :  ( g :  6 )  > ( 22 ,  6 , )  ( changes  of record
var iabLe  vaLues)

The s ta tes  ( : 1 ;  61 )  and (g , .  6 , )  are isomorphic: s ince from
i )  and i i )  i t  f oLLows :

323 ob  :=  sea rchde f (op_ id )gs  in
gg; { Lv1 ‚  . . . ,  Lv „ }  : =  LocaL var iabLes of ob  in
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533 MT denote the moduLe record type with fieLds LV1I
...: LV“ ‚in '

g3; m := (ass_var pl). type(m) = MT in
61 (§1 (Lv i )&1 )  = s‚(g‚(m))+i‚ 1 € (n)

and _ .
V id € Id . g: id € { m ,  Lv1 ‚  . . . ,  Lv„} gngn

§1(id) = §z(id) = §(id)

g € gg designator:
i) MEpmgs is the appLication of severaL store

t ransformations ( poss ibLy  with resuLt). They are
concatenated in Sem_3 to yieLd a resuLt state on (var_id
p). Since intermediate funct ion  caLLs  do not contribute
to the state change  ( n o  side—effects, see assumption
3 .1 .2 . -2 ) ‚  we get a state transition from ( g ,  6 )  to
MEpflgs which is visibLe onLy on the vaLue of those
object variabLes that are re fe renced  by the operation
designator. Let V1 denote  the set of this variabLes.
(Note that V1 is onLy dynamicaLLy determinabLe.)

ii) P1 denotes  a sequence of assignment statements: where
the assignment variabLes are either (var_id p) or
(autOmaticaLLy generated) intermediate variabLes. Every
sequence member invoLves a function caLL that returns a
v a L u e  of the moduLe record type or a component the reo f .
Therefore each assignment can be treated in anaLogy to
the case p € SimpLe_term. The state change is then
refLected by the change of vaLues of aLL Left-hand—side
variabLes of the sequence. The set of this variabLes is
V: := { ( a s s g _ v a r  st)! % i € [Length(p1)] . st =
(first(rest‘ p1))}.

Then we have
MEp]

i: ( g .  e )  ————————> ( g 1 ,  s l )  ( changes  of LocaL
variabLes of aLL v € vl)

“EF->13
'ii:(g‚ e) ————————o (g,; 62) (changes of (record)

variabLe vaLues of
a L L  v € V 2 )

The states (g1: 61) and ( g „  62) are isomorphic since from
i) and ii) it foLLows:
1)lv1l=lvzl„ -
2) V v1 € V1 . a v, € Va . 61 (§1 (v1 )+1 )  = 6‚(g‚(v,)+1)
3) v id e Id . id etv1 „ v2) == gtid) = g1(id) = gz(id)

( b )  MgdgLe function g a L L

Let f € Expr. f $ ConstrP . Let f1 : =  PRE( f )
Let ( g .  6 )  € State.

f € gimgLe term
i) EEflge is the appLication of the store transformation

with resuLt of (ob_id %) to ( 5 .  s). Assumpt ion 3 .1 .2 . -2
aLLows to disregard side—effects. Therefore no state
changes occur. The resuLt i s  a structure component of a
moduLe: and is deLivered by (EEfIQs)+2. The computation
is based on accesses to the LocaL variabLes Lv1 ‚  ... Lvn
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of ob  :=  sea rchde f t f ) gs .
i i )  f 1  d i f fers  f rom f i n  the  ex tended  f unc t i onaL i t y  and the

substituted occur rences  o f  LocaL  va r i abLe  accesses .  Le t
n denote  t he  new fo rmaL  pa rame te r  o f  t he  moduLe  reco rd
t ype  on  wh ich  the  substitutions a re  de f i ned .  Aga in ,  no
s ide -e f f ec t s  occu r ,  and  t he  s ta te  r ema ins  unchanged .

Since s ta tes  are  not  a f fec ted ,  i t  remains  to  commpare the
seLec ted  componen ts .  Because  Lv ;  co r responds  t o  v¢ i t  we have

6 (§ (Lv ; )+1 )  = 6 (§ (v )¢1 )& i :  i € ( n ) .
From the  f ac t  t ha t  E i s  deterministic i t  f oLLows  t ha t

(EE f ICe )+2  = (EEf1 ]§6 )&2

f e 09 des igna tg r
i )  Emf l ge  co r responds  t o  t he  appL i ca t i on  of seve raL  s to re

t rans format ions  with resuLt :  where  intermediate pure
s to re  t rans fo rmat ions  may aLso occu r  ( see  Sem_4) .  The
s ta te  change  caused  by  the  Lat te r  makes  (g ;  6 )  and
(EEf I§6 )¢1  uncomparabLe .  The r esuL t i ng  component
s t ruc tu re  i s  dependen t  of  t he  access  t o  LocaL  va r i abLes
o f  occu r r i ng  moduLes and  o f  t he  i nduced  s ta te  change .

i i )  The PRE- image of  f i s  an  exp ress ion .  S ince  every
opera t ion  was t ransformed into a func t ion  (except i t  was
aL ready ) ‚  no  s ta te  change  occu rs ,  and  the  dependance  on
moduLe  reco rd  vaLues  i s  cons t ruc tabLe  f r om the  f i r s t

' a rgumen t  of  every func t i on .

Then we have  _
\

EEfI
i :  ( g ,  6 )  > ( ( §1 I  61 ) ,  r ; )  (LocaL var iabLe

accesses
determine P i )

EE f l l
i i : ( g ‚  & )  ————————> ( ( g „  e , ) ;  r , )  (moduLe  record

va r i abLe  accesses
determine ra )

The s ta te  modi f ica t ion (€ :  6 )  ——> (g1 ,  61 )  can  be skipped
since the ModPascaL semant ics assumes s ide—effect  f reeness
in the  case  o f  exp ress ion  evaLua t i on  ( see  sec .  3 .1 .2 . - 2 ) .
Every  change i n  the  LocaL  va r i abLe  vaLues  caused  by f
cor responds  t o  change of a moduLe  reco rd  componen t  caused  by
f l  such  t ha t

61 (51 (Lv ; )&1 )  = 6 , (§ , (m)+1 )¢ i ) z  i € ( n )  -
where m denotes the  assoc ia ted  moduLe record var iabLe fo r
Lv i  and n the number of  componen ts .
But  then r1 and r2 a re  seLec ted  i n  an  isomorphic s ta te :
there fore  r1  = r a .

f € S Term
This case  can be reduced to  one of the above by substitution
of  the signum by an  appropr iate func t ion  caLL .
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( g )  InitiaL Opera t ion  caLL

Let v : Var :  v € Cons t rp .
Let  V; : =  PRE(v ) ‚  ( € ,  6 )  6 S ta te .

i )  MEvfigs i ns taLLs  ( i dL  v )  in the  environment and assigns an
in i t i aL  vaLue  tha t  i s  a vec to r  of t he  LocaL va r iabLes
a f te r  t he  i nvoca t i on  of ( i n i t  v ) ,  which corresponds t o  a
moduLe p rocedure  caLL  ( see  Sem_5) .

i i )  v ;  onLy  sepa ra tes  the  t asks :  f i rs t  aLL  va r iabLe
decLara t ions  are per fo rmed.  Then the in i t i aL iza t ions  are
eLabo ra ted  as  t he  pr imary  ass ignment  s ta temen ts  of  the
foLLow ing  s ta temen t  pa r t .

Then we have

MEv]
i :  ( g ,  e )  ————————> ( g1 ,  61 )  (simuLtaneous instaLLation of

var iabLes and vaLues)
MEv l l

i i : ( g ‚  6 )  ————————> ( 52 ,  s , )  ( separa te  i ns taLLa t ion  of
var iabLes and vaLues)

Since th is  i n i t i aL i za t i on  o f  different var iabLes  i s
s ide-ef fec t  f r ee ,  i t  f oLLows  that

(g l - '  61 )  =(gg l  62 )

( d )  M e ModuLe  type

As  described in sec .  4 .2 . :  moduLe type definitions are
t ransformed into a sequence of function decLa ra t i ons  and type
definitions. This design i s  justified by the  f oLLow ing  f ac t s :
. Types and  opera t ions  are  aLso  d isce rn ibLe  in moduLe type

definitions. The syn tac t i c  s t ruc tu re  works as  a bracke t .
0 The p roL i f e ra t i on  o f  LocaL  t ypes  does  no harm s ince  the

restrictive use  imposed by the  con tex t - sens i t i ve  ModPascaL
semant ics  i s  no t  L i be ra ted  by  t he  t ransformat ion  p rocess .

. The i n t roduc t i on  of moduLe reco rds  i s  j us t  a r e fo rmuLa t i on
of  t he  vec to r  of  LocaL  va r i abLes .

. ModuLe opera t ions  show func t i on -L i ke  behav iour  even  i f  they
are  p rocedures .  This i s  due  t o  the confinement f o r  every
moduLe opera t ion  de f in i t i on  tha t  the  se t  of  gLobaL  va r i abLes
has an  upper  bound i n  the  se t  of  LocaL  va r i abLes .  Wi th  t he
in t roduct ion  of  moduLe records  tha t  encLose  a sLo t  fo r  every
LocaL  va r i abLe  and the  synchronous ex tens ion  of opera t ion
func t i onaL i t i es  by such  a f o rma t  pa ramete r  t ype ,  aLL
poss ibLe  s i de -e f f ec t s  can  be captured;  and  the  p recomp iLed
opera t ions  y i eLd  vaLues  e i t he r  of the
- moduLe reco rd  t ype ,  i f  t hey  were procedures  or  i n i t i aLs ‚

o r  of a
- component  t ype ;  i f  t hey  were f unc t i ons .  I n  that  case :  the

component  type  i s  i den t i caL  t o  the  resuL t  type of  the
ModPascaL de f in i t i on .

Espec iaLLy  the  Las t  point  g ives the semant i caL  justification
t o  p recompiLe  aLL  moduLe opera t ions  in to  s ide-ef fec t  f ree
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f unc t i ons .  Even i f  efficiency considerations wiLL  not  coincide
with this renunciation o f  p rocedures  i t  i s  a p re fe rabLe
soLu t i on  when Looking a t  t he  appL i ca t i on  a reas  of ModPascaL .
I t s  use  i ns i de  t he  ISDv -Sys tem ( see  sec .  1 )  in verification
t asks  with appL i ca t i ve  Languages  ( see  sec .  4 .1 . )  p ro f i ts  f rom
func t ionaL modeLLing.  ALSO: the eLements of the domain ALg (=
aLgeb ras )  empLoy func t i ons ;  a f ac t  which aLLows  the d i rect
representat ion of  ModPascaL  func t i on  decLa ra t i ons .

Let t € Type_def‚ m :=  ( t ype  t ) ,  m e ModuLe_ type .
Le t  t; : =  PRE( t ) ‚  ( g .  6 )  € Sta te .

i )  MEt Igs  i s  a s ta te  modi f icat ion in which three main tasks
a re  pe r fo rmed  ( see  Sem_15 ) :
- new in t roduced  i t ems  (pubL i c  and LocaL  operations, t ypes

or  va r i abLes )  a re  i ns taLLed  in the  envi ronment
- t he  semantic aLgeb ra  assoc ia ted  t o  t he  moduLe  type

def in i t ion  i s  bu iLd  up  and i ns taLLed .
- the main  program aLgeb ra  i s  upda ted
Since the second t ask  ‚ i s  su f f ic ien t  t o  describe the
semantics o f  moduLes :  i t  shouLd  be po in ted  ou t  that  the
ins taLLa t i on  of aLL  in t roduced i t ems  i s  onLy  done f o r
t echn i caL  reasons  because  seman t i caL  cLauses  are  eas ie r  t o
s ta te .  (MmEmIgs)v2 i s  passed to M tha t  i ns taLLs  the
aLgeb ra  as  vaLue  of ( type_ id  t )  and upda tes  MPA (ma in
program aLgeb ra ;  see  sec .  2 .2 .4 . ) .  The induced state
change i s  v i s i bLe  in the en ta rged  env i ronment  (MEt IEs)+1
compared to  g ( i . e .  { i d l  id  € I d ;  € ( i d )  = L :

(ME t l gs )+1 ) ( i d )  # L } )  and in the MPA extension (M-VaL:
M-F) ( see  Sem_15). The intermediate state in which t he
eLabora t i on  of the LocaL  type def in i t ions i s  in i t ia ted i s
(gb ,  sb ) ,  wh iLe  i t  i s  te rm ina ted  i n  ( ge ,  sc )  ( see  Sem_15 ) .

i i )  ME t l l gs  i s  a sequence c l ;  c , ;  . . . ;  cn of Standard PascaL
cons t ruc t s .  There fo re  the  eLabo ra t i on  o f  eve ry  cons t ruc t
i n voLves  '
- i n s taLLa t i on  of the new i tem ( t ype ;  funct ion)  in the

envi ronment
- upda t ing  o f  MPA.
The resuL t i ng  s ta te  d i f fers f r om (g :  s )  i n  the enLarged
environment and in the MPA ex tens ion  caused  by every
cons t ruc t  o f  t he  sequence .  The sequence  s ta r t s  wi th  LocaL
type def in i t ions c1 ;  . . . ;  c i :  i € [ n ] .  Le t  ( go ,  so )  : =
MEcl ;  . . . ;  c i l gs :  i . e .  the s ta te  a f ter  eLaborat ion of the
LocaL type def in i t ions of t l .

Then we have :

MEt]
i :  ( g ;  e )  ————————> ( g1 :  s l )  (env i ronment  enLargement  and

MPA mod i f i ca t ion)
MEt13

i i : ( g ‚  s)'————————> (g , )  s , )  (env i ronment  enLargement  and
MPA mod i f i ca t ion)
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Since
- f o r  every LocaL  type definition i n  t there  i s  a type

de f in i t i on  i n  t 1
- f o r  every  opera t ion  def in i t ion  o_def in t there i s  a

function decLa ra t i on  t 1  such  that MEo_defI§s =
MEf_de f ] g ' s ' ‚

- the ca r tes ian  product  of the  LocaL va r iabLe  types  i s
t aken  as  t he  TDI o f  t by  M :  which again i s  identicaL t o
the TOI o f  t he  moduLe reco rd  t ha t  i s  genera ted  by PRE i n
t 1  - .

- MPA i s  enLa rged  by  t he  same ob jec t s  ( i n  d i f ferent
sequences )

the s ta tes  (g1 :  61 )  and  (93 :  s , )  a re  i somorph i c :
33; I denote  t he  se t  o f  new in t roduced  i t em  ident i f ie r  i n  t

333 I '  denote the PRE-image of I :  I I ' I  = I I ]  in in
333 mid : =  \ t ype_ id  t ) ,  mid € I in '
333 {Lv1 ‚  . . . .  Lvn } : =  deno te  t he  LocaL va r iabLes  of  m in
33M Opid : =  { i  e I I  § 1 ( i ) + 2  e (FROG: FUNC: INIT} an
a )  V i d  6 I :  i d  # mid  .

a1)  §1(id)¢2 e ObouaL \ {VAR} gg
(§1(id)¢2 = VAR eng i d  ¢ { Lv „  . . . ,  Lv „ } )

=> % i d '  6 I d '  . §1(id) = §2(id')
a2)  g l t i d )+2  = VAR gng i d  € { Lv1 ‚  . . . :  Lv „ }

ze i e ( n )  . TOI (g1 ( i d )+3 )  = ( g ‚ (m id )+2 )+ i

b) §1(mid)+3 = g‚(m1d)+3
c )  Fo r  ( gb ;  sb ) ,  ( g t ,  s c ) ;  ( go :  so )  as  above :

c1 )  sc tgc (ma in )+1 )  \ ab tgb (ma in )+1 ) ‘=
so tgo (ma in )+1 )  \ s (g (ma in )+1 )

c2 )  61(§1(main)¢1) = sz (52 (ma in ) t 1 )

This r esuL t  i s  ma inLy  based  on  the  p rev ious  cons idera t ions  on
moduLe p rocedu re ;  f unc t i on  and  i n i t i aL  caLLs .  I t  s t a tes  t he
seman t i caL  equ i vaLence  o f  t and  t 1  by  compar i son  o f  s i ngLe
i tems tha t  cause s ta te  changes .

) e En  h d

Enr ichments  d i f fe r  f rom moduLes in tha t  they  do not  in t roduce
new da ta  but  onLy  new operations ( f o r  aL ready  g iven  moduLes ) .
This  makes  t he  same  justifications appL i cabLe  as  f o r  moduLes
(see  (d ) )  as  t he  ope ra t i on  t r ansLa t i on  i s  conce rned ;  t he re fo re
aLL  enr ichment  operations a re  t rans fo rmed  t o  f unc t i ons  w i thou t
changing seman t i cs .

Let  e e Enr ich_def ‚  @1 :=  PRE(e ) ‚  ( g ,  s )  6 State.

i )  MEemgs i s  a s t a te  change t ha t  i nvoLves  t he  i ns taLLa t i on  of
aLL  ope ra t i ons  o f  aLL  addpar ts  o f  the enr i chment .  A
seman t i caL  aLgeb ra  i s  compu ted  and  assoc ia ted  t o  the
enr ichment  i den t i f i e r .  ALSO MPA i s  ac tuaL i zed  by th is  da ta
( see  Sem_16 ) .

i i )  MEelmgs rep resen ts  t he  eLabo ra t i on  of a sequence  o f
f unc t i on  de f i n i t i ons .  Each  sequence  eLemen t  i s  i ns taLLed
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in the state and enLarges the MPA (see Sem_2).

Then we have:

Mme]
i: ( g :  6 )  ————————> ( g 1 :  6 ; )  (opera t ion  and enrichment object

instaLLation; MPA enLargement)
MEe11

ii:(g‚ 6 )  —-——————> ( € „  6 , )  ( f unc t i on  instaLLation‚
MPA enLargement)

Since
- for every enrichment operation there exists exactLy one

precompiLed operation definition (which is semanticaL
equivatent)

- the enLargement of MPA is identicaL
the states ( 5 1 !  61) and (ga, s,) are isomorphic up to the fact
that for eid := (enr_id e): it hoLds that §1(eid) # L but
g‚(eid) = L (see remark betow):

Let ( c p l ,  .., op„} : =  (operationL e),
oid; := (op_id Opa): i € (n) in

gg; eid := (enr_id e) in
a) V i € (n) . 61(gl(oid;)+1) = 62(52(oid;)+2)
b) 61(g1(main)+1) \ e(g(main)+1) =

62(Q,(main)+1) \ s(g(main)&1)

Eemarß: The enrichment object of ModPascaL is characterized as
an 'onLy-use' object: it is not possibte to generate
incarnations of it via variabLe decLarations.
Enrichments may o n L y  occur in the use -cLause  of moduLe
type definitions where they ex tend  the operation set
of visibte moduLe objects. This fact makes it
superfLuous to instaLL an enrichment-Like variabLe in
( g : !  62 ) -

(f) i € Instantiate type

The precompiLation of an instantiate type definition can be
reduced to the precompiLation of the generated object sets.
Since the kind of these objects is either moduLe or
enrichment, cases  ( d )  and ( e )  appLy .  But considering the
verification context of sec. 4.1. instantiate type definitions
pLay onLy a minor rote, because the effect and transLation of
generic type gene ra to r s  are not t r e a t e d .  Therefore the det aiL s
of —semantics preservation of instantiate type definitions are
skipped here.

(q) i e Inst_def

Instantiation definition are simiLary characterized as
instantiate type definitions (see (f)). Therefore they are
disregarded here.
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W

I n  this paper the proceduraL programming Language ModPascaL is
suppLied  by a denotat ionaL semantics. To capture the meaning
of the moduLe- ‚  enr ichment-  and instantiation concept :
specific domains were introduced:

o a domain ALg consisting of aLgebras ;  eLements  of  ALg  are
associated to  933, type  definitions and to  enrichment
definitions

a a domain Map;  eLements  of Map  are  associated to
instantiation definitions tha t  are used  to  reaL ize  the
ModPascaL paramete r i za t ion  concept .  «

This approach  embeds main  ideas_of  abst rac t  data  type theory:

Types are incLuded in a more appropriate form than denoting
them by se ts :  since aLgebras encLose data  gag operat ions,  the
moduLe concept  of  ModPascaL is  suppL ied  with a semant ics
derived from abstract  data  type theory .  ALso the important
probLem of  admissab iL i ty  of  opera t ion  caLLs  on  spec i f iC ’  da ta
is  eas iLy  soLved:  i f  the  opera t ion  i s  not  among the operat ions
that  are conta ined in  the aLgebra  assoc ia ted  to  a va r iabLe 's
type ,  then the  caLL is  no t  admissabLe .  Or in other  words:  da ta
may onLy be changed or  accessed  by expLicitLy def ined
operat ions ( the  'moduLe parad igm' ) .

For  the f i rst  t ime enr ichments (o f  moduLes) are introduced in
a proceduraL Language .  The ModPascaL semant ics  aLso suppL ies
them with an  aLgebra ic  meaning by construct ing  an  aLgebra  that
encLoses  the basing s t ruc tu re  as  weLL as  the  augmenting items.

Operat iors  in  ModPascaL  programs a re  mapped to  aLgebra
funct ions - independent of  a procedure,  func t ion  o r  in i t iaL
decLara t ion .  This i s  poss ibLe  since the  ef fect  of  an  operat ion
invocation i s  modeLLed by consider ing the s ta te  change onLy on
the  gLobaL var iabLes_occur r ing  in  the  opera t ions  body .

The parameter i za t ion  concept  invoLves  s ignature  morphisms
( ins tan t ia t ion  definitions) that  represent  an  assoc ia t ion  of
' fo rmaL  and ac tuaL '  type  and  operat ion  names.  In  the  domain
Map eLements  are  mappings tha t  fuL f iLL  the  requirement of  a
s ignature  morphism such  that  d i rec t  appL ica t ion  in the
genera t ion  of  an  instance of  a (pa ramete r i zed )  ob jec t  i s
poss ibLe .  Together  wi th  the semant ics  of ins tan t ia te  type
def ini t ions (a  h ierarchy of  moduLes and enr ichments ) ‚  th is  i s
a fo rmaL iza t ion  of  the  very fLex ibLe  parameter izat ion concept
ModPascaL prov ides .

The main purpose of  the  deveLopment  of ModPascaL  was a
provision of an  adequate  imperat ive  Language inside the ISDV
scenario, that  aLLows the def in i t ion and check of  correctness
cr i ter ia  between appL ica t ive  and proceduraL  specification
LeveLs (see  [OLt  85 ] ) .  With the  semant icaL  framework def ined
here one i s  abLe  »to  overcome the  foLLowing  (s tandard )
probLems:
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. i ncompat ib iL i ty  o f  domains: objects  of  the appL ica t i ve  LeveL
a re  aLgeb ra i c  specifications t ha t  a re  associated t o
( i n i t i aL )  aLgeb ra  semantics ( see  [ADJ  78 ] ;  [BV  833 ) .  Now
objects of the  p roceduraL  LeveL  (moduLes ‚  enr ichments ;  types
in gene raL )  f ind  the i r  seman t i caL  vaLue  aLso  in an  aLgeb ra i c
domain. Therefore  comparison o f  objects can  be  reduced  t o
comparison of  aLgeb ras .  _

. state-or iented semantics vs .  funct ionaL evaLuat ion :  the
ef fec t  of  operation invocations were modeLLed  as  state
changes .  This made them incomparabLe wi th  modeLs usuaLLy
empLoyed fo r  te rms  bu iLd  of  operations of  aLgeb ra i c
specifications (function carriers). Now Opera t ions  a re
assoc ia ted  t o  aLgeb ra  operations o f  app rop r ia te  aLgeb ras ‚
and  i t  i s  poss ibLe  t o  i nvoLve  eas iLy  operations of  different
LeveLs  i n  t he  same con tex t .

. co r rec tness  c r i t e r i on :  up  t o  now mos t  correctness  c r i t e r i a
( e .g .  t o taL /pa r t i a t  cor rec tness )  were  based  on  cons t ruc t s
i n voLv ing  p red ica te  caLcuLus  f o rmuLas  (Hoa re -s t yLe
verification). There,  the asser t ion  Language was the  main
bo t tLeneck  tha t  L imi ted the express ive  power of the  concep t .
Now the  correc tness  criteria can  be based  on  weLL—known
aLgebra ic  proper t ies  and fea tures  as  aLgebra  homomorphisms
or  i somorph isms .  Then the  reLa t i ons  be tween  ob jec t s  a re  of
s im iLa r  k ind than  i t  i s  f requentLy  p roposed  in abs t rac t  da ta
type t heo ry .  -

. Loss of express ive power :  many appL ica t i ve  Languages provide
cons t ruc t s  t ha t  Lack  an  app rop r i a te  coun te rpa r t  i n
proceduraL  Languages .  Therefore a t rans i t i on  might be
p robLema t i c  i f  t hese  cons t ruc t s  occu r .  W i th  the  moduLe :
enrichment, instantiation and instantiation types of
ModPascaL th is  gap i s  nar rowed.
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