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Abstract

A denotational semantics of CLU, an object-oriented
abstractions, is presented. The Btfmmomis based on Scott’s
the theory of computation. Modt:m, the bﬁtm of cempihtlon.
of a set of recursively defined domains called the abstract syntax. As Qrt d‘s:heckmg the
legality of a module, a transformation is ‘made from the abstract synt#x to a modified
syntax; the tra.nsfnr:métion reflects the results of compile-time computations that need not
be repeated at run-time. An execution environmeﬁt is defined to be a set of objects, each
with a pérticular state, together with a mapping from variable names to objects. The
meaning of an expression or statement is a function that takes an environment and.
produces a result consisting of a termination condition, a list of zero or more ob jects, and a
new environment; the termination condition is used to govern control flew. This uniform
- treatment of expressions. and statements. :allows:-.a: simple definition. of - the -run<time
“exception handling mechanism provided in CLU. The meaning of a ﬁrucedﬁre gcﬁerimi'
or iterator generator is a function that takes a list of actual parameters, a list lof arguments,
and an environment, and produces a result as for statement and expression evaluation.
The meaning of pérameters is given in terms of textual substitution. A non-parameterized
routine is viewed as béing a generator with an empty parameter lit. The meaning of a
cluster is a function that takes a list of actual cluster parameters and an operation name,
and produces the meaning of that optr,atipn._ o
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1. Introduction

With the design of the programming language CLU [Liskov77a, Liskov77b, Liskov78]
essentially complete, it is important to have a precise semantic definition of the language.
Such a definition can be useful to: .

1) the designers, in verifying that CLU is weli-defined,
2) implementors, in proving the correctness of system implementations,
3) programmers, in writing programs and proving them correct, and

4) other language designers, in gaining a precise understanding of CLU.

There are four basic styles of semantic definition. Grammar-oriented methods, such as
attribute grammars [Knuth68], W-grammars [vanWijngaarden76], and production systems
[Ledgard77], consist of a set of rules for generating legal programs together with a set of
rules for defining the meaning of a program; the meaning is 'defined either by generating
all possible execution sequences or by translating the program into a predefined
programming or assertion language. Operational schemes, such as the Vienna Definition
Language [Wegner72] and SEMANOL [Blum73], specify meaning by defining a
metaprogram, executable on an abstract machine, to serve as an interpreter; the meaning of
a program for particular inputs is given by a trace of the computation performed by the
interpreter. Denotational m.ethods, such as the Oxford definition method [Scott7la,
Miine76, Stoy77], define the meaning of a program as a mathematical function from initial
to final states, with intermediate state changes ignored. Axiomatic techniques, such as that
proposed by Hoare [Hoare69], specify meaﬁing with axiom schemas and rules of inference;
the meaning of a program is a mathematical relation between predicates true of alil states

before and after execution.

Unfortunately, no single style of definition is well-suited to the needs of all four classes
of people listed above [Hoare74). Grammar-oriented and operational definitions are the
most appropriate for implementors, whereas designers often need a denotational semantics,
with “irrelevant” implementation details abstracted away. On the other hand, an axiomatic

‘definition is the most useful for programmers. Thus several definitions may be needed.

However, there should be one “standard” definition, against which all others must



- ultimately (if indirectly) be compared.

This thesis presents a denotauonal semantlcs of CLU based on the latuce-theoretic

approach to the theory of computanon as inmateq by Scott tsm?o Scott'llb Scott72] We

D

_have chosen a denotanonal semantics for the foliwing msons. ,

Compule—tnme type—checkmg. a very impomnt aspect of CLU does not f it within an
axiomatic framework but is easily described vmh denotational techniques Hence a
denotauonal semantics can be used to venfy a compner’s implementmon of

‘ type—checking

2)

1)

Specif mally, the treatment of snde—ef fetts on oblecn ls not well developed We believt a
denotational semantics will be a usefui tool in extending axiomatic techniques to
encompass ob ject-oriented semantics. In particular, proving axiomatic and denotational
def initions equivalent is generally much simpler than proving axiomatic and. operation_al
definitions equivalent. o :

Although a denotational semantics is  not particuhtly suiteﬂ to the task of verifying a
code generator or a run-time system, a denotational semantics is generally simpler and
more concise than an operational semantics, and thus is a better candidate for the
standard definition.

A new formahsm. based on a new model of computation has been developed by

Schaffert [Schaffert78b] and used to define CLU [s«:heffert‘ma] Deslgned expucitly‘

for ob ject-oriented Ianguages supporting data abstractions, Sduf fert's method comblnes
various elements of operational, denotational, and axiomatic techniques. We wish to
present an alternative definition of CLU using an established method, so that the
usef ulness of Schaffert’s work can be evaluated for a non—trivial}language.

We do not provide an informal description of the symtax and semantics of CLU.

Rather, we assume the reader is familiar with [Liskov78). We do describe the most basic

elements of lattice theory necessary to understand the definition, but we assume familiarity
with the A-calculus [Church5l). We do not deal with the question of whether the
definition is well-founded; readers interested in the details of fixed points and reflexive
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domain canstructions are-referred to [Scott7ib, Scott76] for proof |

Chapten 2 provides an overwew - of the def mman describmg the most |mportant and
novel aspects. Chapter 3 presents the theory and notation uscd thrwghout the remainder
~ of the thesis. An abmact syntax for CLU is gwen in Chapter 1, a8 wetl asa mod:fned

: synta‘c used f or defmmg meaning Chapter 5 deﬁim legal progrtms and the
transformation fmm the abstract to the moaiﬁed synmx, ‘and Chtpter 6 defines the
meaning of legal programs. Indexes to the numerous domains ind fum:tions defmed in
these chaptens are prOVided at the end of the thesis. and should pmve tweful aids to the
readex Chapter 7 conciudes with some general comments tboutt%‘e &efmmm and gWes a
comparison of our defm:tton to the one done’ by Sthtffert o B




2. Overview

The basic unit of cdmpilation in CLU s a ‘module, an implemeﬁtation of an
abstraction. Our definition consists of two mapr parts The flrst part, defining what
constitutes a legal module, captures the notion of compumon while the second part
defining the meanmg of legal modules, captures the notion of exccution (or evaluation).

This chapter gives an overview of these two parts. .
2.1 Legality.

For a module to be legai; it must satisfy -certain syntactic and semantic. constraints.

~ Checking the context-free syntactic constraints is part of parsing, and will not lbe dealt

with. Instead we define an abstract syntax, in terms of a set of recursively defined domains,
to represent all possible parse trees. The abstract syntax retains the basic syntactic structure
of the program text but various details, stich as fdi'ihétting" ind the presence of comtheﬁts.
are not represented. The precise relationship between the abitract syntax and actual text is
defined in an appendix. We group the»theg:l»ging, of context-sensitive syntactic constraints

along with type-checking under the term legality-checking.
2.1.1 Syntactic Transfor_mutioné ;

Among other things, legality-checking involves the evaluation of; constants, the
substitution of actual values for equated identifiers, the expansion of abbreviated forms of
invocation, and the resolution of external references. These same computations are
necessary to define the meaning of a module. If we are to separate the legality of a module
from its meaning, we must retain the relevant information from the chetking phase and not
recompute it when defining the meaning. This implies that, as part of legality-checking,

we must transform the original parse tree into a new and simpler) form.

Some of the declarative information in a module is not needed when defining the
meaning of the module. For example, much of the module heading exists solely for the
purpose. of typechecking. Further, the declarative information that is riecessary for
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defining the meaning is wsyally scattered throughout the medule, and must be cilected and
ons da Ret cause any immediate
Vunit (mgst be removed When
that unit is exited. Thus at some polnt |t is necessary to ggm gﬂ af the vangbm dedaml

put in a more useful form. For example, variable dcchgé

action durmg eyaluaglon, but vambles local to 3 gg\wn "

| m each scapmg umt

Since all of the declarative informatio# ‘is sratic and need only ?be”‘prmm once, we
prefer to include all of the processing a8 part of m!uy-—cgnmipg Hence
“legality-checking” involves not only checking the legality of a mndqls. but atso removmg

nfarmation irrelevant so evaluakion, ard PUHRE INfREAWtoN REGRISIFY ia eXAluatinn in its
fmest usable form. . However, not all of the wramsfouomtipns. we iph o perigrm. age
mappings inio 2 subses of the AbsrAsH Syois. TROCERRE. W deflns . new 561 of domains,
called the transformed synfex, for representing she mdtﬂg PARIS L1883 fgr each ngain
of the absiract syniax. we dfine 3 funchon that MMQQWM he demain and
_ganstructs a new element.in the, 1@:{9{5@@ SYRIAK.

2.1.2 Compilation Bavivons ments

The legahty of a program fragment ggperaﬂy dcps;db M ﬂg;g W bﬁ lesxt ln whu:b
the fragment appears. Therefore, Iegali!y—;hsding &; alum dms m&h rsspact ;D 3
particular compilgtion enmirenment, m&ﬁr Part of the GF is & vser-mpplied sapping from
Adentifiers. o ahuractions ARg consant, used 1o reolye exjeral refprences alkhoygh this
~mapping is calied the CE in Uiiskovigl we Wil wie the jmm GF far. the . complere
,gnvnonmen; lr,J agddition,. ﬂ;s CE contains the gw,m;t dechoations of lgcal lﬁm&&ﬁ&ﬁ-
_interface jnf pxmaqu degived from the medule heading. 3 IM W; Jf the bady of .2
Joop statement is. heing checked (Lo dgg;;mmg the leglity of . hrapk. ,@gd Sonsinys
statements), and informatign about. all .excephiae mbwmm Surrent

statement.

‘The CE also contains part of the CLU Jibtary, the regosiiory of al Jnformation aboyt
.abstractians. For each absiraction there. is 3 desgription upit (DU) containing all

system-maintained information about that abstraction. For our purposes there are only two
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pieces of information a DU contains: an tnterface .tpccgﬂcauon representing all informatlon
needed to type-check uses of the abstraction, and a list of implemntatton: Since this
“infor mauon can expand over time (DUs are inittally empty) and we have only static
mathematical ob jects to work with a DU is represented simpiy by a umque id. The I:brary

is then represented by a pair of mappmgs, one from DUs to interface specnf icatiom, and

one from DUs to |mplementattons The CE contains only the f irst mapping
2.1.3 Interface Speci:fiontions , 7

In general, before a module can be compned the Iibrary must contain an’interface
spectf |cat|on f or every abstractlon the module uses. For our deﬂmtton to be complete then,
we need to define what legal interface specificatiom are and how interfaces are entered into
the hbrary Although a specific textual form for mterfaees is not given m [Llskov78] the
interface for an abstractton can be derived from any Iegal module implementing that
abstraction. Therefore, rather than mtroducmg a textual form for interfaces. we will view
a request-to compile a module as if it were a request to first derive the interface and G
necessary) enter the interface into the library, and thmmaﬂy eomptte the module.

Thus we allow a module to be comptled even though the ltbrary does not contam the
interface of the parttcular abstractlon bemg impiemehted the interface is installed asa
side-effect of compnation More generally, a group of modules can be comptled
simultaneously even though mterfaces do not exist for any of the corresponding

“abstractions.

With this view of compildtion, Iegality-cheekiné takes on the following form. First.
interfaces are dertved from the headings ot‘ the modules to be oompiled These mterfaces
must be identical (up to renaming of formal parameters) to the interfaces already in the
library, if any. The derived interfaces are ‘then installed temponrﬂy in the library and the
modules are checked in their entirety. The denved interfaces remain in the library if all of

the modules are legal; otherwise they are removed RN - 1 .
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Although' it is fairly easy to derive and check the interface of almost any reasonable
module, it is possible to construct nonsensical yet legal modules for which the process is not
so easy. Unfortunately, it is extremely difficult to devise simple rules that make nonsensical
modules illegal without also making some sensible modules illegal, and no such rules exist

in CLU. Hence we must deal with a few problems.

In particular, certain kinds of cyclic and self references complicate the way interfaces
must be derived. For example, to derive the interface of F in

P = proc () returns (Alfalsel); ... end P;
F = proc O returns (A[F = P)); ... endF;

one must evaluate the expression “F = P". This expression is an abbreviation for the
invocation "T$equal(F, P)", where T is the type of F. If we take the stand that illegal
expressions should never be evaluated, then to type-check "F = B" we must know the exact
'type of F. However, the type of F depends on the value of the very expression we are

attempting to evaluate.

Although this is a bizarre example and would never occur in a real program, it is in
fact legal. We can reason as follows. P and F are distinct procedures, and distinct
procedures are never considered equal. Therefore the invocation evaluates to false if it is
legal. But then P and F are of the same type so the invocation is actually legal. (The

invocation would be illegal if P were written with "Altruel”)

As a slightly more reasonable example, consider a two-person game where players
operate by different rules. One might try to represent alternating moves in the game as
follows:

offense = cluster [t: type] is best_replies, ... wheret has ... ;

best_replies = iter (x: cvt) yields (defenselt]); ... end best_replies;
~ end of fense;

defense = cluster [u: type] is best_replies, ... ~whereu has ...;

best_replies = iter (x: cvt) ylelds (offenseful); ... end best_replies;
end defense; '

The interface of defense is needed to check the interface of offense (specifically to check
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“defenselt]), and vice versa (to check "offenselul”). Initially we can assume that
“defenselt]” and offense[u]" are legal type specifications; then after the derived interfaces
are installed we can actually check the legality of these constructs.

As these examples suggest we can derive an mterface and check its legality, but two
passes are required to guarantee that no errors are missed “Inthe first pass certain
constr ucts are simply assumed to be legal and mist be evaluated with incomplete type
information. Then these constructs are rechecked when checking the entire moduie this

time with complete information, to ensure there are no inconsistencles '

in more detail, we begin legality-checking by inuallmg one of: two special interfaces for
each abstraction being implemented. The special intarface type. is used when the
implementmg module is a cluster; every, use of theabttraﬁion 48 mﬂdered a legal type
specif ication, regardless of the number and types of acttial pmmem:s supplicd
addition. every. operation name quallfied by. such L qype specifmmn As considered legal
The .'i‘pecml interface routine is used when the impiemting module is a proee;lure or
|terator. every use of the abstraction is considered a legal routine name. regardless of the

number and types of actual parameters supplied

We also define a special type, routine, to be used as the syntactic type of e'yery routine
name (and every operation name) that is assumed legal. ('l"his does not mean that routine
is a reserved word; a use of routine in a program will not refer to thls special type) The
type noutlne is a wild card in that it is considered equal to (and hence includes and is
mcluded in) all piocedure and iterator types Routlne is defined to have the same
.opeiations that procedure and 1terator types have Returning to the invocation "F « P" in
the fnst example above, both F and P would be assumed to be legal names of syntactic type
routlne, 5o the iinvocation would expand to meqmi(i; Py and “then evaluate to

false.

The specral interfaces and the type routine are used only when derivmg interfaces
The type routine is used oniy when an abstraction has a special interface, and the special

interfaces disappear when the derived interfaces are installed
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2.2 Meaning

Our definition ¢f the méaning of a legal prog¥am can B¥ stiifiitvarited ds folfows. 'THe
CLU universe is defmed to be the set of all potentlally exnsting objects A particular set of
ob jects, each ob Ject havmg a parttcular mdtvidual mm, is termed a unlvcrsal state. An
executzon enmronment is def lned to be a umversal State together with a set of variable
bmdmgs represented as a mappmg from identifters to. obiects.v The meaning of an'
expression or statement is a functnon that takes an. environment and produces a result
consisting of a termination conduion a list of zero or more ob jects, and a new environment.
The meaning of-a procedare gerierator or iterator-gérieritonis #ifumiction’ that takes & list of
actual parameters; a ‘st of ergumenu;m an mvmmmpmwa ‘restit. The
meaning of parameters s given ity terms of “textusi® sebitithtion: A’ rion-parameterized
routine s viewed ‘as being a generater: with an ‘-‘WTW lidt: ' The meaning of a
cluster is a function that takes a list of actual clustér ‘parameters and &n- operation name,
and produces the:meanthg of that operation. ' &

We now divscus's these points in more detail.
2.2.1 Objects

Every ob Ject has a an identtty. distinct from the ldentlty of all other ob jects and a set of
o EERE
propertws ob Jects wnth only time-mvartant properties are called constant the properties
£3 by £ oEaomrEE pay

assomated wnth a constant ob ject comprwe that ob, jects ualue. Objects with tlme-varymg
M borg waiblaeain Bose b BTy

propeltles are called mutabte, the current vzlues of the properttes of a mutable ob  ject are
collectlvely ter med the state of that ob ject.

One time—invar«iant ‘property associated with -every object is 'memheniﬁp' in-a. type.
Were it not for the necessity of defining the parameterized procedure force, which

requires testmg the type of an object there would be no need to mclude any type

Y Sy N ,rt? ‘e‘;

information in our |epresentatton of ob Jects However. smce this mformation must be kept

»»»»»

for at |ea§t some ob jects, we choose to keep it for all objects One component of eévery

ob ject is thus a type descriptor a canonical name for the type of which the object is a
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member.

The presence of a type descriptor in every ob ject s:mphf les the task of making ob jects
dlstmgmshable In parucular since every constam object hu a unique value, the value can
serve to represent the ob ject without introducing expllclt identmes. For example. the
constant ob jects obtained from the invocations

oneofla, b: mt]smake,_a(?»)
oneofla, c lnﬂsmake_a(:l) -

can (only) be dlstmguuhed by their types

(tag: "a", val (val: 3, type: int®), type: oneofia: int, b: lnt])
Atag: "a", vak (val; 3, type: in¥), type: oneaf{a: int, c: inth

’ However. it is not suffi icient to represent a mmble obg;t by its. Sstate, as dif ferent mutable
ob jects can have identical state. Rather, the identity of a Whle object is explicitly
‘represented by a unique ldl. ' | |

cpoan

Although we would like to represent a mutable object directly by its identity and state,
this cannot be done. The problem is that we want to be able to chahige the state of an
ob ject without having to alter the representation of any other ob Jest.. 'l:o lllusmte. wppose

we have two arrays, represented (approximately) as

(id: A, low:.], elts: (), type: arraytintl)
(id: B, low: 1, elts: { (id: A, low: |, elts: O, gm a:ny[lnﬂ))
type arny[arny[lnt)]) B
The array B contains the array A as an element Now suppose we change the low bound
of A: ‘ ' T
(id: A, low: 2, .‘eli:s: 0, lype:' arrey(lhtl) i S
(id: B, low: 1, elts: ( (id: A, low: 1, elts: O, type: arraylint]) ),
type: -ruy[aruy[lnt]ll 4 , .
Since we are dealing with static mathematical value: there ls no sharlng, and the change to

VR

‘A is not ref lected in the copy ol‘ A contamed in B

OQur solution to this pr‘oblem is 'm'represent a:mumble'd’jea with. just a unique id and
a type descriptor. The above exampie would then look something like - ‘
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(id: A, type: arraylint))

(id: B, type: arrny[array{lnt]])

"The assocxataon between mutabie ob jects and the rest of tbar mte ;s gnven by a mappmg
(or mappmgs) as part of the umversal mee For example. '

state(A) = (low: 2, elts: 0)
state(B) = (low: 1, eits:  (id: A, type: arraylintl) »

In fact, by considering constant objects as always in existerice, m universal state can be
represented simply as a list of mutable ob jects (i €., unique id-tpe dmfipaor pairs) together

with one or more state mappmgs

In dealing with parameters, it will be convenient tO trewt actual parameters uniformly as
objects. The only actual parainieters ot hoﬂmlt}v thaught of al a‘b]acfs are types but there
is no difficulty in tredting them as ‘such., A type object i repmmd by a panr of type
descriptors, one for the type itself and one for the type of the ohject as'a whole. For
example,

‘Ya'é.vﬁtr!x&‘f!!ﬂ- t.xw' type)
2.2.2 Variables

We would like to model variables with 2 mppm( Trom - identifiers to ob jects. (In
particular, we wish to avoid" using ehe standard *store”" serfatitics IStrachey‘m where
“variables name memory locatlons that contam pombm to locauom comatmng obpcts.
Because of the representatlon we have chosen for ob jecu theu lre no difficulties with this
model; having several variables denote the same object is essentially the same as huing
several ob jects contain the same ob ject, R R J

Uninitialized variables are treated in ‘the followmg manner. lnmally all variables
denote a unique "bad” ob ject which otherwnse annot be predm m a legal ;pmputanon
Whenever a variable is referenced, the denoted ob jea is checked to emure that it is not the

"bad” object. At:the end of exch seoping unit, ath vatisbies decirad tocal to that unit are
again made uninitialized by mapping thcmbackwth?bd’dbm
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.2.2.3 Termination and Exception Handling

A continuation is a function fhat defiﬁes. the h/wa'nihg‘ of the "rest” of the program,
starting from a particular point in the text. Continuations are normaily used when
non-sequential control flow is possible [Wadsworth73). For example. continuations can be
defined at every labelled ‘point in & program; the mﬁningof “go to L* is then defined as
the application of the contihuation for L to'the cuiTent erfvironment. However, since only
well-structured, forward transfers ofcontrorobéarmCLU.we ﬁavé’éﬁoséh 'not to*"u:‘se
continuations. Instead, we "tag" the cuiteome ‘of ‘every evalustion with a termination

condition. -

v The basic ndea is that one condluon, normpl. lmplm tbat control should proceed
sequennally. whnle all other condmons imgly 2 &magfq of pmrol The equations of the
def mmon are written s0 that results with nqa-mml termination oandmom propagp,te
repriate paint of . comrol is reached. For
example, the result of a return statement propngates to the procedure or iterator boundary
and then changes to a result with a normal téfminiation condition. Stmllarly, the result of a
‘signal statement propagates to the: procedure or iterator bound:ry and then changes to look
like the result of an exit statement; the resuit 'ﬂi&h prbpxgateﬁo the approprlate handler in

through all mtermedxate evaluations until the 3

the caller.

For this technique to work well, it is neceisary that exprmlom and statements evaluate
to elements of the same domain, so that results can proplgatc freely The result of such an
evaluation the:‘ef“ore is defined to be a ‘triple’ Gdriﬁmhg of a termlnation condation, a list of
zero or more ob jects, "and an environment. N’ommﬂy. expremon "evaluation produces a
result with just one obrject and staternent evahation proﬂuaf a ‘result with no ob jects.

Since expression evaluation cannot alter any variable bindingsv (but statement
evaluation can), one milght wish to make the resykt of ‘expression évaluation include’ just a
universal state instead of a complete envifonment. 'Although this Would obviate the fact
that expression evaluation does ot alter the variable bindings for subsequent evaluations,
it 'would not obviate the fact that variable bindings for subexpression evaluations are not
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affected. Since the proafs of these facts are trivisl, but having two result forms would

complicate the definition, we prefer to use a single form of resul.
2.2.4 Iterators

There are basicauj two ways to view an iterator. The first way is that an iterator
actually yields values to a for statement. In order to define iterators.in this way, an iterator
must éctually 'yieidv an extra value, namely a continuation, 0 that the iterator can be
resumed. In the second view a closure, consisting, of the logp -body and . the variable
bindings active for that body, is passed to the iterator. At each yield statement the loop
body is evaluated with its active variable bindings to produce a new universal state and
new variable bindings. The fiew bindings replacé the previous Bmdmgs in the closure, and
the iterator continues with its own active variable biidings and the new universal state.
When the iterator terminates it Feturiié the variable Bindings produced by the fast loop
cycle, and the caller continues with these bindings. - - o

We are not using continuations to define any other constructs of CLU, so it seems best
to take the secqnd view of iterators. Further, defmm; iterators. in this fashion involves
much less interaction with other clauses of the definition than would be the case with. the

first view, and works out much simpler overati.

The ciosure for a for statement is kgpt as a component of ;h,e:epyi:onmem. However,
iterators can invoke other iterators, so the environment actually contains a smkof closures.
The caller pushes on a closure before invoking the iterator.. At.,_f'&h yleld statement the
iterator pops off the top closure, evaluates the loop. body, and then pushes akm-.v'v closure
back on the stack. Wheri the it,erator terminates, the caller paps off the top closure. '

Since the iterator controls evaluaiion of the loop body, the for s;atemnt,automa.!ically
terminates when the iterator terminates. On the other hand, if the loop body executes a
return or signal statement or 't'erminates in an ,exceptioml,:r,qngmdy this information must
be propagated through the iterator and back to the caller. The information must be
treatéd specially; for example, the result of a return statement executed in the loop body
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should not be changed at the iterator boundary to look like a normal result, as would
happen for a return statement executed in the iterator. Thus, special termination

conditions are used in these cases.
2.2.5 Modules

Rather than distmguishing between parametemed and non—parameterued modules. we
prefer to view every module as having a parameter list, though the list can be empty. The
meaning of a procedure is then a function that takes a list of actual parameter ob jects
(treating types as objects as vpreviously discussed), a list of argument objects, and an
execution environment, and produces a result (a termimation condition, a list of ob jects, and

~a:-new environment).. The meaning of parameters is-given by a rewriting rule: the actual
- parameters are substituted for the formal-parameters in the parse tree before the procedure
body is evaluated. Hence there is no need for: paramter bindings in the execution

environment.

Because of the way we have defined iterators, they have the same functionality as
procedures. The iterator and its caller- modﬁr the environment rather than explicitly
passing extra values back and forth. ) R

The meaning of a cluster is a function that takes a list of actual cluster parameters and
an operation name, and produces the meamng of that operation The actuai parameters
are substituted for the formal cluster parameters before the meaning of the operation is

derived; the meaning of the operation is then defmed as for any other procedure or
iterator. The function produces the meanings of all routines in the cluster. including
“hidden" operations; legahty—checking ensures that only the cluster can directly name the

hidden operations.



8. Theory and Notation

This chapter describes the most basic elements of the-lntticetheoretic approach to the
theory of computation, and introduces the notation used in the remamder of the thesis.
Our goal here is to say just enough about the underlying thwry for "the hnguagc
definition to make sense; many aspects, will be gbssed over or iguond' _Motivation for and

detailed duscussnon of the Iattice—theoretlc appmch can be found in Seott72).

8.1 Domainsg

A domain is a non-empty set of elements. (A domain must-alio kave a partial ordering
defined on its elements, but the ordering will-not congern us hered Every domain D has a
:_.tsl;stmgu‘ish;ed.;_ehment; iy Calied. botfom. .. Bottom .is- used : bosipepresent the - value of
-smeaningless, - illegak . . nonerminsting; or - otherwise: wnitidfined. . computations.
‘ Legality-checking never involves such a computat'ton. and legﬂity-cbeckmg guarantees that
bottom is produced on!y by nomerminating cmpuum duﬁhg pfogrtm ckecmon |

Demains are msuwm &e £d40wmg ways.
D Given a countable set of elements, a primitive domain.is formed by adjoining to the set
a dnmngulshed element to serve as bottom.

2 Given domamsD D D the producl domam
x D, = D x D,x..xD,

. e} .
is defined to be the set of all n-tuplu of the form
<d d i d n> 4 : .
where each d1 is an element of D A product domam is essemially a form of constam

S A S S ERL T R S R T
reco:d The element '

<Ly ;.L ;...;.1. >r
is dnstmgunhed as bottom for the product domain. When all of the D, are the same
domain D, we write x D; as D" the set of ali lists of length n of elements of D. We
treat D and D! as :l:: same domain. We define D to be the set {Lp <>} for all

domains D. The O-tuple <> is written as "nil".
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3 Given domains D v D, ... D, the sum domain

+ Dy = D;+D,+..+D, ,
is defme:i.tlo be the set of all pairs.of the form
<i;d > _
- where d; is a proper element (ie not bottom) of D, In’addiﬁoﬁ.‘the sum domain
contains a dlstmgulshed element as bottom.. A sum. domu is simjlar toa onnf type.
4 Given a domain D the domain D‘ of all listsof elemenuof D ls defined by

'D* -« ¥D" DY+ D!+ e L
ST B
Slmllarly. the domain D* of all non-eipty lists is dcﬁned by
o r>".--~~[)"..1)1»,1:)2 . +D"s
o B
5) Gwen domains D and D 2 the function domain
D,-» D, | » |
is defined to be the set of all continuous fumctions from D, to D,. We will oot define
continuity here (see [Scott72]), but nmply note that all of the funalem used in this
thesis are contifiuous. The function - B a ’
Ad,. Lo, '
is distinguished as bottom for the function domain.

We define "X’ to have precedehce over '+’ and '+’ and ' to hlveprecedence over "',
For example, we write |
.Expression x CE - Expr x CE
instead of ‘ ‘ 4
[Expressionv x CE] - (Expr x CE)

3.2 thgtioh

In general each domam is given a name, conmung of m«s md underscores As an
exception, the domains + D" and + D" are named D* uid D‘ réspectively. for any

nap n=1
domam D. Domam names are written with at Iust the f mt Iettcr aplulized



An arbitrary element of a domain is written as thedm name all in lower case, with
a digit added if necessary to di'stinguish it from other hames. Thut, '
d, d1, d2 © are names fomwmmmay :
d* d1*,d2*  are names for arbitrary elements of D*
d*,dl*,d2* - are names for arbitrary elements of D*

Names for specmc functions appear in mm

For any name D, the boldface name D stands for a mm mm whose (only)
proper element is written as the bo&dfaee name d. For exsmpk. me mm True consists
True AN trm In additm, a bomawop«m h, - eec.) or punctumon
symbol ({, [, etc.) names, according to- eomzxt. elther a mekmnt mm or the proper

element of that domain.

of two elements, L

A typicalemmef & product domain xE, umﬁym“

<didgi.cd,>
However, when alit of the components come from syniactic. mm. boldface elements and
spaces serve to separate the various componma, and elements m written as |

Cd,d,..d I
For example, a typ:cal element of the domain

Begin x Body x End
is written as -

Cbegin body endl
The syntactic domains are those used in the abstract syntax, the trmsformcd syntax, and
interface specifications. They are defined in the riext chapter.

We wili often want to extract specific componéms from elements of produtt domains.
Therefore, each- component is given a name. Ocusimaﬂy we wﬂl higt thcu names expucitly
in the domam defmition as in '

vars: ldn* x body: Unit x env: Env
When names are not éxplicitly given, they are taken to be the componem domain names in
~ lower case, except that * and * are changed to 's’, and a digit is added if necessary to
distinguish components of the same domain. For example, the component names of




Obj* x Obj* x Env
are -

objsl objs2 env

Given an expression representing an e!emem of a domain. a component is selected by

appending a period, followed by the component name For example ’

d.ob js2 '
To "replace” a component named name of an element elt with a new value val, we use the
notation o -

elt [val @ namel
Note that this does not change elt, it merely stands for some other element:

<dj.;dp>lvaled] = <. d‘.l; vak d i d,>

We define
let name = val in exp
to be
()mame éxp) val
That is, substitute val for every free occurrence of -name in exp. Often only nlmcs for the
components of val are needed, so we define both
let «d;..;d >=val in exp
and
let Td,..d 3 =val in exp
to be | .
let d)=vald, in .. let d =vald, in exp' ‘
We build the naming of components into A-expressions by defining
A@y . d).exp o
to be
At. (let <dj; .sd > =tin exp)
and when applying a function to-an element of a producs domain we write g(x,, ..., X

instead of gl<x; ...; X >).
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The form
gX X)) = exp
means that g is defined to be
A, o X ). €Xp
When defining functions recursively, we use the form
gXyp X)) & rec g Xy, .., X))
This means that ohe should compute g as the least fixed point of
AF ARy o X)L ASE, X, ey x )] |
Least fixed points are defined in [Scott72].

3.3 Functions

Some of the functions defined below return boolean values. The domain Bool is

defined to be the sum domain True + False.

A domain D is said to be function-free if no element of D is, or contains, a function.

For every function-free domain D we define the function

Equal: D x D - Bool written  dl = d2

as follows:
dl=d2 & true if dl and d2 are the same proper element
dl =d2 = false if dl and d2 are distinct proper elements
dl=d2 = L, if dlord2is L,

n
For every sum domain D = + A, we define the functions

i=l

A -injection: A= D . written a_ in D

A-projection: D - A, written d o A,

A ~inspection: D - Bool written, dis A,
as follows: |

a,inD = <ijap when a_ is a proper element

_LA1 inD 1,

<bap>toA; = a,

<jjaptoA; = 'L“i- when i#*j

Ly to A, = -LAi

<j;aj>is A, = i=j



25

'LD is Ai . 'Llool

These functions are roughly the same as the oneof make_; value., and is_ operations in
CLU. - ‘ :

We leave off the explicit injection when an element is in boldche._ since the in jection is
obvious. In addition, we write true and false Imtud of (truy tn_BooI) and

(false in Bool.

For every domain D, we define the function
Cond: *  BoolxDxD-=D  written if bool then dl else d2
as follows: o

if true then dl else d2 = dl
if false then dl else d2 =  d2
if Lpooy then dl else d2 = L,

For every domain D* we define the functions

Head: : D*-»D . get first element

Tail: D*-+D* 7 getallbut first element .
Cons: D x D* » D* add element at front
Append: D*x D » D* add element at end

Concat: D* x D* » D* concatenate

Empty: D* - Bool test for empty list
Same_size: D* x D* -+ Bool test for equal length

Delist: (D*}* -» D* * remove one level of nesting

The definitions of all but the {ast of these should be obvious. If we let X = D*, then Delist
is defined as
Delist(x*) m rec if Empty(x*)

then nil in D¥
else Conca:(Hcad(x‘) Dclm(Tatl(x‘)))

Thus, for example (leaving out a number of in jectiom)
Delisti< <<l; 25; <3; 4>>; <<5; 6; T>; <8 ®H>>) = < <l 2>, <%; 4>. <5; 6; 7>. <8; 9> >
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Occasionaly it will be useful to treat elements of a domain D* as if they represent
. unordered sets. For every function-f ree domsin D*; we deéfine the functions

Element: .D x D* - Bool written d ¢ d*
Subset: D* x D* - Bool written d1* c d2*
“‘asfollows: SRR

de d* = rec if Emptyid®
then false
else d = Head(d®) v deTal!(d‘)

di* c d2* = 1 if Empzy(dl") -

then true
else Head(dl*) €d2* A Tamdl*)cdz‘

Note that d1* c d2* simply checks that every element of dr* is 3 au clemem ef d2%; duplicate
elements are allowed in both lists.

Often when deahng with lists of elements from a preduct domain D = 1X1A' we will

want to collect into a list the ith component of each elem '!or every domain D*, where
D= x A, , we define the functions

i=] ) ' _
Ai-collection: D‘ “+A* ‘written - d*la,
as follows: '
d*la, = pg if Empiyd®)
then nilin A*

¢lse Cons(Hmd{d*) ay Tﬂ&d')ﬂaﬁ

Sometimes we will want to "change® the value praduced by a function for some
from. identifiers to objects to
represent variable bmdmgs. and asslgnment to a varhbie will correspond to changing the

particular argument. For example, we will use a funct

ob ject produced by the function for that vamtgle Homnr, singe we cannot change
functions, we-construct new ones m;tead For every functm Mﬂ F = A - B, where A
is a function- f ree domam. we def ine the function

Rebind: FXAXB-F written  fla « b)

as follows:




fla « bl = 2al. if al=a
then b
else f(al)
Occasmnaly we will want to take an element of one sum domain and treat it as an
element of some other sum domain. For example, we might want to tmt an element of a
domain D* as an element of D*. For any two sum domains

—(+B]+[+A]+[+CJ T[+EJ+[+A]+[+F]

T i i=] R L} j=)
we defijne.the function
Coercion: D-T written dto_in T
as follows:

dtoinT = if dis A, ‘
then dto A inT
elseif dis A,
then dtoA,inT

elseif dis A
then d to A,in T
else .l.T

We leave off expllClt coercions from D* to D‘ for every domain D.
3.4 Further Notation

We define .
res <term; obj*; env> =t in e
to be an abbreviation for
Cif tterm is Normal )
then let <term; qu*; eny>=t in e
else t ; . v A :
when ¢ and e are (or produce) elements of the domain Result (defined in Chapter 6). It is
this form that allowsaresults with non-normal termination andmom to propagate through
intermediate evaluations Use of this form also has the desirable effect of allowing the

result of a nonterminating computanon (ie, Lpgsurt t0 propagate through.
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We abbreviate

let a, =t, in ' s let a, =t
let ay =ty in e T N TIRATT
res am b fn o ;v”’:’m 'm"‘m
resa; =t; in o ey {;-'tj
et ag -mt:'."’1 in “ o et ij‘ﬂ- toi
e
let a =t in e : : v a, =t,
o _

To decompose elements of a sum domain D = . Ay wedgﬁfn

R D
case d
clem ajof A, L Y dISAY
then e then let a;=(dtoA) in e
- to be L
elem a,of A, " dsedf WisA)
then e, then let ak-(d toA) in ek
else e ‘ T dsee '
and
case d
elem a;of A, @AY :
then e  then ld ajaq-%(d,;ggaﬂ), in ey
to be
elem a, of A, e(sc tf (d 1 A )
then e, - " then lét a*-(dtoA) in e,
end ' else L

" There need not be an elem arm for every domam A “Rifor tat expressions. the a,, can be
R and llfc1 . € ] forms as we!l as simpfe‘idmtﬂ‘iers ’

o cwimie
<C,;
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Many of the functions. we will define take an element of a sum domain as. their first
argument, and perform different computations based on the partlcular form of that
angument In defmmg~ a function whose first argument :belongs. to a sum . domain

D= : A, we usually abbreviate
1=1

gld, ..) # case d o
dem a of A, '

then e, = S & ¥ (O By N
et
elem a, of A gla J3C) = e
then e, . :
end

Similarly, we will someumes treat a product domaln D = x A as if it were a unary sum
domain” +D, and abbrevnate '-
gd,..) = let [al a"]‘ =-d

in
e

o ga.a ) me
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4. Sjnit_actic | Dmins ‘

This chapter defifies all of the syntactic domains used ‘in' the thesis, domains whose
elements either dnrectiy represent pieces of program text, of have d hatural textual
representation. First we present eur abstract symn for CLU, and. then the. xmnsformcd
syntax. The relationship between these two sets of domains shewki be fairly obvious and
will not be elaborated o Were; the precise relationship ﬁm in the next chapter.
Finally, we give the f orms of interface specif ications M m che Mfy

To nmprove the readability of these domain defininbns, wa introduce a BNF-like
notation. All domain names appear in lower case, "x" symboh an ommé When formmg
>product domains, and T symbms are used in phce of “+* sm whm fotming sum
domains. This allows us to write

when_arm u=  when name* (dect‘ ) :body ’
B © -1 when name* ( x ) : body
instead of ' '

When_arm: When x Name* x ( x Deci* x ) x : x Body
_ + When x Name® x ( x » x ) X 1 x Body
- This notation will be used only in this chapter.

- 4.1 Abstract Sfyntax'

Two of the domains below merit special comment: Cemtmi and Equate. These two
domains contain extra akernatives that would not be found in & normal syntax. The extra
alternatives represent the overlap that exists between the normal akternatives. In particular,
the forms “idn" and "idnLconstant” 1" occur as both expressions and type_specs, and an idn
can additionally occur as a type_set. For example, in the equate x = y it is possible for y to
name a type, a type_set, or an ob ject of some built-in type. Deciding which domain such a
form actlially belongs in requires semantic information; therefore the decision is made as
part of legality-checking, not parsing. '



_full_module ::

module

procedure

iterator

cluster

decl .
cond_spec

restriction
type_set

oper_dec|

oper_name

]
[}
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equate* module

procedure
iterator
cluster

idn = proc [ decl* ] ( decl* ) returns ( type_spec* )
signals ( cond_spec® ) where restriction®
equate* 3 S «
statement®
end idn

idn = iter [ decl‘ 1 ( decl® ) yieids ( type_apee’ )

sicnm ( cond_spec® -) where restriction®
equate*

statement®
end idn

idn = cluster [ decl" 1 is idn* where restriction®
‘équate*
routine*
end idn

idn* : type_spec -
name ( type_spec® )

idn has oper_decl*

» idn in type,_set

{idn 1idn huoper decl*equate‘ )
idn

oper_name* : type_spec‘

name [ constant* ]
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routine n= procedure
| iterator

constant n= expression
I idn
I idn [ constant* ]
| type_spec

body n= equate* statement®

equate = idn = constant
I idn = idn
I idn = type_set
| rep = type_spec

type_spec null

W

bool

int

real

char

string

any

rep

cvt

type

array [ type_spec ]

record [ field_spec* ]

oneof [ field_spec* ]

proctype ( type_spec* ) returns ( type_spec* ) signals ( cond_spec* )
itertype ( type_spec* ) yields ( type_spec* ) signals ( cond_spec* )
idn [ constant* ]

idn

field_spec = name® : type_spec



statement

decl
idn 2 type_spec'u expres;loh
decl* :m invocation
idn* := invocation
idn* := expression*
invocation
expression , name = exprmlon
expression [ expression ] := expmsion
it expresston then body

elseif_arm*

end .
if expression then body

elseif _arm*

else body

end
while expression do body end
return ( expression® )
yield ( expression® )
signal name ( expression* )
exit name ( expression® )
break
continue
bégin body end
tagcase expression

tag_arm*

end
tagcase expression

tag_arm*

_others : body

end
for dect* in invocation do body ‘end
for idn® in invocation do bﬁ?w K
statement except when_arm*m‘
statement except when_arm® -

others_arm
end ‘

+
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elseif _arm

tag_arm
when_arm
others_arm

expression

invocation

field

— o m ame e wmtm wmee e e e e, e e e s mmwe ewew e e i

elseif expression then body

tag rgame+ : body
tag name* (idn : type_spec ) : body

when name* ( deci* ) : body
when name* ( x ) : body

others : body

others € idn : type_spec ) : body
nil

bool

int

real

‘char

string

type_spec $ name [ constant® 3
idn [ constant* 1

idn

invocation

type_spec § { fieki* )
type_spec $ [ expression® ] _
type_spec $ [ expression : expression® ] .
force [ type_spec ]
up ( expression )

~down ( expression )

expression . name
expression [ expression ]
~ expression

- expression ,

expression bin_op expression
expression cand expression

expression cor expression .

expression ( expression® )

name” : expression



bool u=  true
| faise

real we int e int
char x= char int
string == char®

bin_op U= XK

1

|
l
I
|
I
|
|
|
|
|
|
I
I
|
|
|
|
|

The domain Int is the primitiw}e"domain obtained from the mathematical integers; "An
element Lintl e int2] of Real represents the real nuﬂ"iﬁuwﬂﬂo‘;’!‘?- “The parser produces
exact values for literals and, in the case of reals, normalizes the values according to some
scheme. For simplicity, the domains Name and Idn are both considered isomorphic to the
domain String, although the parser guarantees that the attual elements used comiu of

lowercase Ietters dngus, and underscores (no leading djglt)
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4.2 Tran_qforme& Syntax

A domain name of the form "d_xxx" should be read "xxx desgriptor”.

== du = mod_form

mod -
mod_form := op_form

| type_form
op_form = routine [ idn® 1 (idn* ) unit end
unit = stmt* local idn*
type;forr:; = cluster [ idn* 1 oper® end '
oper = ‘idn = op_form
d_type i any.

| type

I d_record

| d_oneof

| d_proc

| d_iter

| routine

I d_mod

1 idn

| bad
d.record: . = rﬁmd?ﬁdm**} B LT
d(;_Oneof e oneof (d_.COﬂ'Ip *3 o )
dcomp. = u= namesduype o s
d_proc ;= proctype ( d_type* Yreturns ( d_type® } signate ( d_cond® )
d_iter = itertype ( d_type* ) yields ( d_type* ) signals ( d_cond* )



d_cond

d_mod

stmt

elseif

tag

catch

name ( d_type* )
du [ obj* 1

none -
idn* := expr*
idn* := invoke
invoke
if expr then unit
-~ elseif*

else unit

end
while expr do unit end
return ( expr* )
yield ( expr* )
signal name ( expr* )
exit name ( expr* )
break
continue
begin u'nit_ end
tagcase expr

tag*

end L
for idn* in invoke do unit end
stmt except catch* end

eiseif expr then unit

tag name* (idn ) : unit
tag name® : unit
others : unit

when name* ( idn* ) : unit
when name* ( x ) : unit
others : unit

others ( idn ) : unit

37
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expr = obj
idn
invoke
d_t.ype $ { comp* )

[
I
I
| d_type $ [ expr : expr* ]
| up[ d_type J Cexpr)

| down (expr)

| expr cand expr

l

expr cor expr
invoke z= expr (expr* )
comp = npame : expr
obj == val : d_type

val z=  nil
bool
int
real
char
string
array
record
oneof
d_mod
d_oper
d_type
idn
obj
bad

oneof name : obj
d_oper z= d_type $ name [ obj* ]

tset z= idn has op_decl*
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op_decl . name[ obj* 1: d_type

The domams Bool Int Real, Char, and Strmg are deﬁned in the prevnous section.

Array and Record are unique id domains, and are isomofphic to the natunl numbers The

1Yy

domain DU is isomorphlc to the domain ldn, a partlcuhr el«nem of DU is written snmply
as d“wn . wnthout an explic:t in jection into DU.

4.3 Interface Specifications

* The domaifi DU _spec, representing inferfece .s'peemcaﬂons‘,’ls defined as follows:

du_spec r_spec
routine
 tspec
type '
none

.e
—_.___"‘

rspec.  u= [d_parm® J:d.type
t_spec == [ d_parm* 1t op_spec*

op__spec’ := name [ d_parm* 1:d_type

d_parm z= idn : constraint
constraint == d_type |
! | op_dect*

The domains D_type and Op_decl are defined in the previous section.

The domain R_spec is used for procedural and control abstractions; the d_type in an

r._spec names a procedure or iterator type. T_,spec is used for data abstractions; the
‘op_cpecs represent the primitive operatlons. Type and Routlno are used only when
deriving interface specifications, as descrlbed in Chapter 2.
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Formal parameters are descnbed by an idn and a comtraint The idn is needed
because it can appear. elsewhere in the imerf ace specxﬁcanoa. and mch mstances have to be
nreplaced by an actual parameter to type-check imtinuaﬁom of the abstraction The
constraint associated with a type parameter is a iist of op_decls rep;mmng the aperanom}’
any actual parameter must have; the constraint for any other parameter is samp!y the

declared type of that parameter.

To simplify our definition, the d_parm list in an op_spec contains both the cluster
panarhete:s and the operation parameters, in that order; the constraint associated with a
cluster type parameter in this hst contains the union of the restnctions lmposed by the

cluster and the operanon

Not all t_specs and r_specs represent legal imerface specifications;’ aﬁly those. produced
by legality-checking are considered legal. Even the interface speclﬂcations of the built-in
types and the array type generator can be produced this way. However, interface
specifications for the record, oneof, proctype, and Wertype tﬂb!germtﬁﬂ cannot be
represented as elements of T_s-pee because of the unusual fgrm;?&metz parameters. These
generators are handled specially, as described in section 5.3; |
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6. Lega-lity

_ To minimize the number of forward refgrenm. we deﬁne legality-checking from the
bottom up. We begm by defining the domam CE. of mpihtlm gnvironments Then, in
order, we define -the legality of type specifications, .constants, ,gxpr,‘eglqns, equates,
statements, interface specifications, and modules. In general, {or each domain Xxx of the
,abst_rgct,syhtax, we def ine.«a'f unction: :

C_xxx: XxxxCE - Xxx'x CE
where Xxx' is the corresponding domain in the transformed symax.

5.1 Environments
Compilation environments are defined as follows: -
CE: : 'info: Info_map X specs: Spec_map x up: D_type X parms: Obj* x
down: D_type x locals: 1dn® & used: 1dn* x results: D_type* x

cvts: Bool* X sigs: Sig* x: kerzwxdumnoolx loop: Bool x
handles: Handle* x err: Bool

Info_map: Idn > Info
| Info: | ‘ D type + Constraint + Op_decl‘ + DU »+ RJpec + Routlno + Ob j +
Tset + None
‘Spec_map: DU - DU_spec
Sig: ‘ d_cond: D_cond x cvts: Bool*
Handle: ~ Name* + D_ha.mgi.é ,Oth.ri_ |

D_hand: . names: Name* x d_types: D_type*
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info

The meanings of the various components of a CE are:
a mapping that holds information about the current Mndmgs of all idns. The
initial mappmg is provided by the user; dny idns »Bm& V- the nitial mapping

‘can (but néed io® be used as externat re?m The: Mngs of the various

alternatives of the dom:m Itoare

d_type -

the declired *iy’;:‘n of a variable.

constraint - the constraint associated with tpar&m -~ A non-type parameter

op_dect* -

du -

r_spec -

always has this form of mfo; a twe patainerer en!y tas this form

of irfo after intérface  specifications ‘At derived.

a list for accumulating the restrictions an a type parameter, used
only when deriving interface specifmtiu;x Atype ;Alynrameter with -
this form of info is allowed: 1o have any and all. sparations.

the DU bound to an extemil reference.

the interface specifiution of a dusw routine. When a cluster

routine is refesred 40 wi:hu tda mhu ,th;a a name qualified by
“the ‘abstract type; the use of the idn .is thecked with respect to this

r_spec, not with réspect to the Hbrary. ~Afthough both forms of
reference transform to the same value when Jegal, they are checked
differently to allow unqaalifkd ufemaw to hidden operations.

. (Hidden operation! are not ipeéneﬂ iﬁ the interface of the

routine -

tset -

abstraction.)

used for cluster routines when deriving inteiface specifications. An
idn with this form of info B congidered a legal routine name,
regardiess of the number and types of parameters supplied.

~ the evaluated constafit bound 16 ah eqiikied identifier or ‘exvernal

reference. Note that types are included here as ob jects.
the evaluated type_set bound to an equmd identifier or extemai

reference.
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none ~ the info for all undefined idas. , _

the part.of. the library mapping DUs 10 their interface specifications.

the abstract type when checking a clusier, atherwise the bad type. -

the abstract type has the form "dulob*1"; WSW contgins the list obj*.
the representation-type when cheching a-clisier, akbarwise the bad type.

a list of all currently defined local idas A% the end of sach scoping unit, all idns
local to that unit are made undefined-(i.e.. their.-dufo is set-to none), and thus
cannot be used subsequently as external references. V

a list of all ldns seen SO far in the full_module Every nme an idn is
encountered ‘the idn is added to this Im 'An idn cannot be defined locally it it
has been used as an-external reference or “if it is airady defined. In both of

these cases (buit no others) ‘the idn will hxve info ofher than none and already

will be in the list of used idns.

the return or yield types of the routine being checked. If cvt was used as the
type specif idtim for a result, thé ‘representation type is used: in:this list.

a list of flags indicating which pasitions in the résiitts Hit' were declared with
cvt. ' | B S |

for each exceptional condition listed in the iignnlo clause of the routine being
checked, this list contains an element describing ‘the exception-name,; the types of
results (with cvt replaced by the representation type), andt flags indicating the .
positions declared with cvt. The tmauom&ms an' element for the failure

exception.

iter -
cluster -
loop -

handles =

a list"describihg all exception ‘hidirs sufre

‘true:when checking-an iterator.

true when checking a cluster. .
true when checking the body of a loop statement. -
g the current statement, in

order from innermost to outtermost handler. The meamngs of the three kinds

of handles are:
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name* - a list of exception- names, uud for when arms that discard results.
d_hand - a Jist of exception names anit s (possibly emptyk-list-of Variabie types,
" used for all'other when arms. e :
others — used for both forms of others arms.  For any given except
: beforethe others handls. .
err - trueif any errors have been detected.

Only cer tain mfo maps can be provndad Iegauy by the uscr for use in the CE. The
legal info maps are those which can be gen,emed mtb the fuactiqn Nm_.tnfo_map using
(legal info_maps and Iegal spec_maps, but arbitrary equam. as argumems As a basis, any
sidered Ie;pl . Legal spec_maps are

info_map mapping idns solely to DU (and ngne) Is cor

discussed in Section 5.8.

N ew_info_maptinfa_map, spec_map, equate®) =
let cel = Createcelinfomap, specmap)
ce2 = C_equatesiequate®, cel)
in
if ce2err
- then info_map
else ceinfo

- C_equates is def med in sectiop 55.

Crcatc celinfo_map, spec__map)
<info_map; spec_map; bad in D_type; Lo, . badsn-Diype; ‘nilin ida*
nilin ldn*; 1, _typest Looois “stt' Lyggori £aism;-Tninm
nil in Handle*; false>

The battoms.indicate Wmat will bg;mgd in kﬁqm heioz used.



6.2 Type Specifications

. The ma jor functions defined in this section are:

C.type_spec:  Type_spéc X CE -ﬂ)_type x CE
C_type_specs:  Type_spec* x CE -+ D_type* x CE

Ba.d_t'ype(ce) = <badin D type; ce[true -em‘s’ -

- Has_badtd type*) =i rec tf Emptytd_type
then false '
else Head(d_type*) is Bad v Has_bad(Tailld type »

C_type_specsitype_spec*, ce) = rec

let <d_type; cel> ., Gg_{typupa(lim#ymm"), ce) 3
<d_type*; ce2> - C_typc_sp«:(Tathype_;pec‘) cel)
in
if Empty(type_spec®)
then <nil in D_type*; ce> :
else <Cons(d_type, d_type®*); ce2>

CJWC_SP“IM"I(“) = <Ldu,, [in DJYP%“’
We abbreviate "[nil in @b* T 0TI . - = -

C_type_specll boolB(ce) -«Edub",mtnD,tm > -
C_type_speclintlice) = <[dum (13 in D_type; ce»

Citype_speclreailice) » fdu__ . [T3 in D type ce>

reaI

C_type_specichardice) = <Ldu_, __[I1in D_type; ce>

char

(13 in D_type; ce>

C_type_speclstringl(ce) = <Ldu, .,

C_type_specl anylBice) = <any in D_type; ce>

45



46
C__ty['we_spec[rep](ce) » if cedown is Bad

then Bad_ typelce)
else <cedown; ce>

Rep cannot be used unless it WMMMUI%W

C_type_ spccl[cvt](ce) . Bad tgfn(ce)

C_type_ specltypelice) = Bad_ typelce)
Cvt and type can appear only as wp-lanl typo Mmuom in module

“headings, so we will check specially for Mﬂm mmm them
illegal.

C_type_speck arrayltype_specll(ce) »
let «<d_type; cel> = c.,type_sf«(type_spec, ce)
obj* - [(d_,type in Vﬂi: fm- in ﬁ.mn)] zn Oh f
in
if d_typeis Bad
then Bad_typelcel)
else <ddu,.., [obj*11in D_type; cel>

array

C_type.. spcc[record(f uld_spec*]](ce)
let <d_comp®; cel> = C_field_speesifield_spec*, ce)
d_compl* = Oider(d_comp®iname, dmﬂ
in
if Duplicates(d_comp*iname v Has_bad(dm‘&d_type)
then Bad_type(cel)
else <Lrecordld_compl*]} in D_xype; ceb ‘

The order and grouping af selectors in the text does not masser, but the selectors

must be distinct.
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C_type_ s,‘:ed[oneof[neld _spec*1I(ce) =
let <d_comp?*; cel> = C_field_specsifield_spec*, ee)
d_compt* . Order(d_;comp‘lname, d_comp®)
in
if Duplicates(d_comp*iname) v Has bad(d_comp*id_;ype)
then. Bad.typelcel)
else <Loneofld_compl*Id in D_type- ce1>
The order and grouping of tags in thewet does not matter, but the tags must be

distinct.

Order: Name* x D* - D*
Order is defined for all domains D. The names are permuted to be in increasing‘
lexicographic order, the D-list is permuted in the’ ﬁme way, and the permuted
. D-list is returned. The two argument 1ists must be the same length

- C_field_specs(field_spec*, ce) s rec

let Lname*: type_specl Head(field_spet‘)
- <d_type; cel> C_type_specitype_spec, ce)
d_compl* Get_d_compsiname*, d_type)
<d_comp2¥*; ce2> C;_ﬁeld_specs(Tau(f ield_specs®), cel)

in :
if Empry(field_spec*)
then <nil in D_comp*; ce>
else <Append(d_compl*, d comp?*) ce2>

Get_d_comps(iname®, d_type) = rec |
let d_comp = LHead(name*); d_type] |
d_comp* = Get_d_comps(Tail(name®), d_type)
. | | T o
if Empty(name*)
then nil in D_comp*
. else  Cons(d_comp, d_comp*)
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Duphcale.f(d*) = rec if Emptyd®)
then teise - '
else > HhoadW*).-¢ !‘Mdk‘i N Mkﬂcﬂ'f‘aﬂ(ﬁ’»

Duplicates is dcfmed for an ?unmmdfﬁ% %ﬁtﬁm D.

seirey. Bl Fro

C_type_speclproctype. ’@WFCJM"@MWWWQ SIghmiv et apec™
let <d_typel*;cel> = C_type_speesitypespedl®, & .~ ..o b
<d_iype2®; ce2> = L.typr.specsiypespect’, cell
<d_cond*; ce3> = C_cond_specsicond _spec®, 2
in .
C_proc_type(d_typel®, d_typez*. d_cond*, ced)

Cu.proc.type(d, tqpei‘ dutype2®, d.comd®, c&d & - -
: let name* = d.copd®iname '
d condl* - Ordcr(mme d cond*)
in. '
if Has_bad(d_typel®) v Has_bad(d type?) v Dupltcatesimare®) v
("failure” in Name) ¢ name* v MWM‘MW
then Bad_type(ce)
else. <Lproctype (ds.!wel“‘) nﬂm id_t;pez‘) signats (d_w:dl"):l tn D_type;
The order in which signals are listed in the text is unimpertam. A given name
can only be used once as a sigﬂal name, twd 'flw m e :pedﬁed

explicitly.

C_type.. specLitertype (type_,specl*) ytelda (type_spec2*) ﬂm(emd_;pec')](ce) LI
let <d_typel*; cel> = C type..:pm(typg_:ped‘. ,ﬂ) L
<d_type2*; ce2> = C_type_specsitype_bpuc , D
<d _cond*; ce3> = C_cond_3pécsicond_spec®,
in
C_iter_type(d_typel*, d_type2*, d_cond®, ced)




C_t(cr_typc(d_typ‘el*{v ditype2®; d.cond®, ce) =-
let name* = = d_cond*lname
_d_condl* = Order(name d cond*i
in o '
if Has_bad(d typel*) v Has bcd(d,typdz'%) v Dupﬂmn(name‘) v
- Cfailure’ in.Name) ¢ name* v, &W(MM‘WYP“”
then Bad_typelce)
else <Litertype (d_typel*) ylelds (d_type2*) signais (d _cond1*)1 in D -type;
ce>

The order in which signals are Iisted in the text is unimportant. A gaven name
can only be used once as a signai ‘name, and “failure” cannot be specified

explicitly.

C_cond_specsicond _spec*, ce). m rec

let Lname(type_spec*)] = Head(cond_spec*)
<d__type*; cel> C,type._sﬁccx(typem*. ce)
d_cond Cname(d_type*)3 = :
<d_cond*; ce2> C..cond_specs(Tailicond_spec®), cel) -

in -

if Emptylcond_spec*)
then <nilin D_cond¥; ce>
else <Cons(d_cond, d_cond*); ce2>

C_type_specLidnLconstant* JHce) =
let <obj; cel> = C constant([sdn[consmnt’]] tn Constant, ce)
in ‘
if obj.'d_type is Type
then <obj.val to D_type; cel>
else Bad_type(cel)

Since this construct can denote various things, including types, when used as a
constant, we simply check the construct as an arbitrary constant and then make
sure the resulting object is a type. In this way the basic checking is centralized in

one place.
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C_type_speclidnI(ce) = let <obj; cel> = C_constant(idn in Constant, ce)
in
if objd_typeis Type
then <obj.val to D_type; cel>
else  Bad_typelcel)

Again, we check the construct as a constant and then make sure the resulting

ob ject is a type.
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5.8 Constants

The ma jor functions defined in this section are:
C_constant; Constant X. CE -+ Objx CE

C_constants:  Constant* x CE - Obj* x CE
Get_op_type:  D_oper x CE - D_type
Subst: Obj* x Idn* x D » D

Get_op_type is used to check if an operation name is Iegal and retums the type of the
operation. Subst is used to substitute actual parameters for formal parameters, and is

defined for every domain D.

Bad_objice) = <[(badin Val: (badin D_type)3; celtrus e errl>

Cconstants(constant®, ce) = rec let <obj cel> = C_constansHead(constant*), ce).
<obj*; ce2> = C_mutamﬁfau(comt;nt‘_). cel)
i L ' '
if Empty(constant®)
then <nilin Ob*; ce>
else <Conslobj, obj*); ce2>

C_ constant[expnessnon](ce) . :
let <expr;cel> = C_ exprc:ston(expression, ce)
in '
if Const_ expr(expr) ;
then let <term; obj*; env> = E_expriexpr, Primmvc_mv())
in
if term is Normal
then <obj* to Obj; cel>
else Bad_obf(cel
else Bad_objcel)

For an expression to be legal as a constant, it must be a legal expression and a
’Iegal form of constant expression, and it must evaluate normally Note that a
Iegal expression only produces one object in the normal case, SO ob j* to Obj"
cannot fail. Primitive_env returns an execution envtroﬁment in which (only) the

built-in types and type generators, the type routine, and the procedure generator
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force have implementations. Prtﬁ;tiw_cnv. Term, and Env are defined in
Chapter 6.

C_constantLtype_speclice) u let <d_type, cel> - = G__tymfne&!ype}pec. ¢
in

<L(d type A ﬂ#t n Baxype)‘.l cel>

C constantl[ndn](ce) E
let cel = celConstidn, ce. used) e used)
in
case ce.infolidn)
elem constraint of Constraint
then case constraint
elem. d_type of D type
then dL(idn in Vab: d_typel; cel>
else <Llidn in D_typé in VaDs twpdm b_typok: cel>
elem  op_dect® of Op_dect*
then <L(idn in D_type in Vab: (type in D_type)}; cel>
¢lem du of DU ’ -
then C_du_parms(du, nil in 05} , cel
elem LLd_parm* i &_type¥ of R spec
then let name = Make_namelidn)
tn . . . .
C_op_parms(Lnameld_parm*I: d_typed, nil in ObJ*, cel)
elem routine of Routine ' |
then let name = Make _namelidn)
d_oper = Lce. quname[]]
in
<[ (d_oper in Val: (routine in D, typeﬂ cel>
elem objof Obj '
then <obj; cel>
else Bad_ obj(cel)

To be a legal constant, an idn must either be a formi parameter. or else name a

non—parametenzed abstracnon. a cluster routlne. or an evahuted constant




Make_name: Idn - Name »

Make_name returns the name corresponding to thtgivm ldn (Idn and Name are

lsomorphlc domains.)

C consmntl[|dn[constant*]]i(ce) .
let cel = celConslidn, ce.used). @ used].
<obj*; ce2> = C.constanis(consant®, ced)
in ‘
case ce.infolidn)
elem du of DU ‘
then C_du_parms(du, obj*, ce2
elem LLd_parm*1: d_typel.of R spec SR S
then let name = Make_naﬁé(idn)f,«_~ SRV R SRR
in
_of_.parm(ﬂ'.namdd.pnm‘]: d.;ypd. gbj’ o&)
elem routine of Routine
then le¢t name = Make_namelidn)
d_oper = LceupSnamelobi*l
im , o
- <Lld_oper in Vab: (routine 'm,DJYPSUE cel>
elem objof Obj
" then C_ con:lant([ldn‘tconsthnt"ﬂ in Expmsion in Camtaht ce)
else. Bad_obfice2) : S :

The idn must name a paramueﬁudf‘&bﬂﬁm» a‘claster routine, or an evaluated
constant. If the idn names an ob jec; (eva}uated mtlnt) then thna construct can

be legal only if it is an abbreviauan for.an invacation of a “feich” operation.

Rather than checking the invocation expucmy here. we simply check the construct

as a constant ex pression.
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C_du_parmsidu, obj*, ce) =
© et dimod = [dulobtI1R
in
" case ce.specsidu)
elem LLd_parm®*J: d_typel of R_spec
then if C_parmsiobj*, d_pasw®; te)
then let d_typel = Substiob?* dipa
in
<I(d_mod in Val: d_typeld; ce>
else Bad_objice)
elem routine of Routine
then <I(d_mod in Val: (routine in D_type)d;-te>
elem [Ld_parm*J): op_spec*] of T_spec
then if C_parmsiob®, d_parm*, ce)
then SE0d eod lethﬁsWhﬂMﬂ‘ ce>
else Bad_obfice)
elem type of Type
then <I{d_mod in D type in %»szu D_type)d; o>
else Bad_objice)

If the DU is for a proceduul or control dbstractio md the p&rmmrs are legal

(or assumed M}D a_routine object ds ed. I the W i for a data

abstraction and the parameters are iegﬂ (or awmut M & type.object is
- returned. . Otherwise, the reference is illagal.

Fitdm, d_typd)

C op_parmsﬂfname[d_parm*]:d typc](obj' ce) .
“let objt* = Concﬂ‘(ce.pirm obj") R
T
if C_ pmms(obji‘ d_parm oe)
then let d_typel = Substlobjl*, d_parm‘udn. d_type)
d_oper = Lceup$namelobj*1d
in : :
<L(d_oper in Val: d_typell; ce>
else Bad_obfce)

The cluster parameters are added in for type-:hacimg ‘but they are not induded
in the d oper s actual parameter list.
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C_parms(ob j*, d_parm*, ce) =.
if obj*ld_type = Parm_typesid_parm*) :
then let constraint* = Substlobj*, d_parm*lidn, d_parm*iconstraint)
in
C_constraints(ob J*, constraint*, ce)
else false

The types of the actual parameters must match exactly the types of the formal

paramefers, and all restrictions on type parameters must be satisfied.

Parm_types(d_parm*) = rec if Emptytd_parm*)
then nil in D_type*
else let d_type* = Parm_types(Tailld_parm*))
in .
case Head(d_parm?*).constraint
elem d_type of D_type
then Cons(d_type, d_type*)
else Cons(type in D_type, d_type*)

C_constraints(obj*, constraint*, ce) = rec
if Emptytobj*)
then true
else if C_constraints(Taillobj*), Taillconstraint*), ce)
then case Head(constraint*)
elem op_decl* of Op_decl* .
then let [val: d_typel = Head(obj*)
in
C_op._decls(val to D_type, op_decl®, ce)

else true
else false
C_parms checks that the actual par'ameters are of the correct type, so if the

constraint is an op_decl list then the corresponding actual parameter is guaranteed

to be a type ob ject.
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C_op_decls(d_type, op_decl*, ce) s rec
if Emptylop_decl®)

then true
else let Lnamelobj*1: d_typell = Head(op_decl*)
d_type2 = Get_op_type(Ld_type$namelobj*11, ce)
in

Includesd_type2, d_typel) A C_op_declstd_type, Tail(op_y decl®), ce)
We use Includes instead of strict equality because Get_op_type can return the type

routine (if interface specifications are being derived).
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Get_op_typelld_typeSnamelobj*ITtce). =
case d_type
elem Lrecordld comp*]] of D_record :
© then et op_spect. - Record.op.specsio_type:to D ipecord).
objl* - Makc_objs(d_comp‘ld_type)
in
C op_zypc(name. Concatlob j1*, qu'). W o
elem Coneof[d_comp*1D of D_oneof - A
. then let op_spéct- = ;Omg&op_sm.l(d_twe te:D_oneof)
o ooohfl* = Make_objsid_comp®id_type) '
in ' , e
C_op:typeiname, Caoncatlobji®, obj%), op_spec®, ce)
elem d_proc of D_proc
then C_op_typelname, ob 1*, Proctyp_op...rfn:(ém ce)
elem d_iter of D_iter ;
then C_op_typeiname, obj¥, ltcrtypc..op_:pm(d_jter) ce)
“elem routine of Routine e
then C_op_typelname, obj*, Routine_op._specs(), ce) .
- elem [dulobjli*1T of D_mod
'~ then -case cespecs(du)

elem LLd_parm*3: op__spec‘l of TJpec

then C_op_typelname, Concat(obﬁ” obf); Oy.;;pec' ce)
else routine in D_type -

elem idn of Idn
‘then case ceinfolidn)
elem constraint of Constraint
then C_. )aar#L.op(name obj‘ constraint to Op_decl‘)
else routine'in D type
else bad in'D_type

Rec‘or‘d;ap_,;:p‘tcié D_recﬁréq Qp;_-spec# Co
Oneof_op_specs:  D_oneof - Op_spec*

Proctype_op_specs: D_proc - Op_spec*
ltertype op_specs D_iter -» Op spec

‘ | Although mterface spec:fncauons for the reeord oneof, proctype, and itertype
type generators cannot be represented as elements of T_spec, interface
specificatibns for the operations of any particular instantiation can be represented



as elements of Qp_spec, as defined in Chapter 6.

Routine_op_specs: - Op_;pec

Routine_op_specs-returns the apm for: mw type routine, as defined in
Chapter 6.

Make_objs(d_type*) = rec if - Emptyd_type®)
then nil in Obj*
o else tes dtype = HMd_type”

obj = L(d_typein Vabs ﬂypo in D_type)
in

Conslobj, Meke_objs(Tailid type*)

C_op_typetname, obj*, op.spec*, ce) w rg¢ :
let I[namel[d_parm‘] d.type] - Hcad(op_;pec‘)

in

if Empty(op_spec*)
then badin D_type :

else if name = namel

then if C_parmsiob®, d_parm*, ce)

then Substiobj®, .d_parm*lidn, d.type)
- else badin D _type

else C_op_typelname, obj*, Taillop spec*), cel.

__parm opiname, ob i op_decl") = yec let [namcl[obﬁ*l. d.,;yp!] - H‘“(op-ded‘)
in . :
y Empryiop_dect)
then hadin D type
else if name = namel A obj* « obj1*
then d_type
else ..feru#nm 051' T““"P—"“"»

Const_ exprs(expr*) = rec if Emptylexpr®)
then true
elu Const cxpr(Hcad(expr’)) n Con:t mpv:(‘rau(expr*))



Const_exprilobjll = —(obj.val is Idn) s
Parameters are allowed only as top—level conmms. they cannot be used as

arguments in mvocatlons of constant expressions.

. L E &
PR A

Const_exprllidn] = faise

Const_e&pi{'d_typesﬁaﬁmp‘)]**-" "'Couﬂ;&pi!d;tfpe‘[dﬁii expr*ll u faise
Const_ exprl[up[d type](expr)] = Canst expr[aowﬁiexprﬂ s faise
>Const expr[eXprl cand expr2] " Cam&..txpr[e«prl ccrexpﬂ] » false

' Const_expr]fex priexpr*)3 =
- if- Constiexprsiexpr®)
| then case expr
elem [val: d type] of Obj
then case val
elem [d typelSname[ob *13 q D_oper

then Const_typeld_typel) A Faur o
Conﬂ-fwﬂ‘kaurn.typn(d_;ype»
else talse
else false

“else talse

Return_types(d_type) =
case d_type
elem Lproctype (d_typel*) returns (d_type2*) signals (d_ cond*)J of D_prog
then d type?*
end

Con:t__types(d_tyﬁe*) . rec if Empty(d_type*)
' then true

else Const_typel Head(d type*) n
Const_types(Tail(d_type*))

Const_typel anyj s Const_typeltypel = Const_typelbadl = false

Const_typelidnl = Const_typelld_recordl = faise
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Const_typelld_oneof] = true

Const_typeld_procd = Const_typeld_iterd = Const_typdlroutined s true

Const_typeld_modd = let LdulobfTd = d_mod

Subst:

in

AU € <ty ; Sy i By s O gy s S

g Wyrerng > -
ijxldn xD-D L

Subst is used to mbmtute actual parametm for fmml punmeters, and is deﬁned

for evety domaih . Subsobif*: 1AN*, dF uitdinie x siiiitividins subsitution on

its third argument as follows. Let obj be an m*ﬂ; md ot jdn be the

 corresponding element of idn® (the two lists must be dMML Then Subst

replaces all occurrences of
idn in D_type in Val
and o o
“idn in Val
with "
obj.val :
We need to substitute for two different forms m fml ype parameters

appear differently than other formal pam Hmm ho idn \vm occur in
both forms. it '
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5.4 Expressions

‘The ma jor functions defined in this section are:
C_expression:  Expression X CE -» Expr X CE
C_expressions:  Expression® x CE - Expr® x CE
C_invocation: Invocation X CE - Expr x CE

Type_of: . Expr x CE - D_type
Types_of: Expr* x CE - D_type*
Includes: B D_type x D_type - Bool
Include: - D_type* x D_type* - Bool

Type_of and Types_of are used to obtain the iyh‘tac;jg: types of expressions. Includes and

Include define the type inclusion rule.

Bad_exprice) = <[(badin Val: (bad in D_type)}.in Expr; celtrue e errl>

C_expressions(expression*, ce) s rec -
let <expr;cel> = C_expression(Head(expression*), ce)
<expr*; ce2> = C_expressions(Tatllexpression®), cel
tn ’ ‘ o
if Emprylexpression®)
then <nil in Expr®; ce>
else <Cons(ekpr, expr*); ce2>

C_expressionLnillice) = ler d_type = Edu,,

(33 in D_type
in .

<L(nil in Vab: d_typé] in Expr; ce>

C_expressionlbooll(ce) = let d_type = Ldu,, , [TV i D_type
: in
<[(bool in Vall: d_typel in Expr; ce>

C_expressionllintl(ce) = if L_int(int) ‘ :
then let d_type = Ldu,,, [J3 in D_type
in S
<(int in Vall: d_typed in Expr; ce>
! _ else Bad_exprice)
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C_expressioniireall(ce) = if L_real(real
then let d_type = Ldu ... [13in D_type
resll - & awm
in -
<(real} in Vah.. d_tmu E*pr. o>
else Bad_axprice) :

C_expressionllcharB(ce) w if L_char(char) ,
then let d_type - ["“cmr [12 in D_type
in
<(char in Val) d type] tn Expr, ce>
elfe Bad c:tpr(ce) A

C_ expresswn[string](ce) w if L_string(string)
then let d type - [du
. in
<E(strmg in Val): type] in Expr. ce>
eise Bad. ¢xpr(ce) -

C13 in D_type

striny

The parser produces e!ements of the &omaim lnt, Retl, Char, and String that
correspond exactly to the litetals used in the text. Hmer. an implementation
can impose certain restrictions as to which elements At¥ actually il and, in the

case of reals, need only provide approximations tb the tHéque

d valués. These

restrictions are embodied in the functions L_int, L_.nél L_cher, L_ string, and

Approx, as defined in Chapter 6.

C. expresston[type_spec‘mmc{comtqm‘.]](ce) s

let <d typc- cel> = C_type_ spcc(type_spec. ce)
<ob)| % ce2s G.,;m:tmtmonmm* cel)
in ' a

C_d_oper(Ld_type$namelobj*13, ve2)

C_d_ oper(d _oper, ce) = let d_type = Gt op_typc(d,pper o
i
tf d type is Bad
then Bad_gxpr(cc)
else  <L(d_oper.in VaDi d_typed in Expr; ce>



C_expressionLidnLeonstant*THce) =
let info = ce.infolidn) -
in
if —tinfo is D_type v infois Ob)’
then let <obj; cel> = C_constanttlidnlconstant* 1§ in Constant, ce)
if objd_typeis Type
then Bad_expricel)
else -<objin Expr; cel>
else if constant* is Constant
then let expression] = idn in Expression =
case constant* to Constant
elem expression2 of Expression
then C_ cxprenton(ﬂiexpressmnl[expresﬂonm in Expreuim ce)
elem type_spec of Type_spec e :
then Bad_exprice)
else let expressxon2 = constant® to Comttht ro_in Expression
in
C_ cxprcssion([expresuonl[expmﬁoﬂ?]] n Expression co)
else Bad_exprices '

If the idn isnota variable and does notmme an ob Jq:t. thq construct is checked
as a constant expression. Otherwtse the . mmmn omy Iegal if it is an
abbreviation for an invocation of a "fetcﬁ' operation, in'wivich case there can be
~orily one-constant and that constant: cannot be a»eypu.spw |

Cc_ expresswnllﬁndn](ce) L] ;f ce. mfo(ldn) t: D type
then <idn in Expr; ce> :
else let <obj; ce1> - C constht(idn in Constant, ce) :
in :
if_db}d_qu is Type
then Bad_expr(cel)
else <objin Expr; cel> |
The idn must be either a variable, a non-type parameter, or a constant expression

to be legal.
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C_expressioninvocationlce) = let <expr; cel> = C_inmpostion(invocation, ce).
in ,
case expr
elem invoke of Invake. -

| else Bad_expricel) ..
An invocation can return only one ob ject.when used asen txpuuion

C_invocation[expresslon(expresslon* )3 (I
let <expr; cel> = C_expression(expression, ce)
<expr®; ce2> = C_expressionsiexpression®, cel)
in : ' ' :
- C_calllexpr, expr®, ce2

C_calltexpr, expr*, ce) =
let d_type* = Types_ofiexpr®, ce)
in
case Type_aofiexpr, ce)
elem Lproctype (d_typel*) returns (d_type2‘) sienm {d_gond® )3 ¢f D_proc
then if Includeld typel®, d _type®) A C.d.cmd:(d_mnd‘ a.handla)
' then Lexpriexpr*)d in Expr; o>
" else Bad_exprieed -
else Bad_exprice)

For an invocation to be legal &heam must be of. the correct t)tpes and all
exceptional conditions that can be raised must be legal with respect to the

surrounding handlers.

C_d_conds(d_cond®, handle*) = rec if Emptyld_cond®)
then true
else C_d_cond(Head(d_cond®), handie®) A
| C_d_conds(Taild_cond®), handie®)



C_d_cond(d_cond, handle*) = rec
if Empty(handle*)
then true ~
else ~case Head(handie®)
| elem name* of Name* X '
then d_cond.name ¢ name‘ v C_d._coud(d cond, Tatl(handle‘))
elem. <name*; d_type*s of D_hand
then if d_cond.name ¢ name*
then d_cond.d_types=d_type*
else C_d cond(d_cmd Tau(handle"))
elem others of Others
then tuw
end

A handler need- not exist for every exoeﬁioml condition raised by an invocation.
If a handler does not throw results away tben the types of the resuits must equal
the'types of the receiving variables.

C. expresscon[type.specﬁﬂfwld*)llm) .. :
let <d type, cel> = C_ type_spec(type_spec, ce -
<comp®; ce2> = C_fields(field*, oobd -~ -
compl* Order(comp*inaime; mp*) :
name* = compl*iname .
d_type* Tﬁm_q(compi*lexpu uﬂ)

in

case d_type
elem Lrecordld_comp*1l of D_record
then if d_comp*iname = name* A Inctudddm‘dd_&ypc, d_type‘)
then <Ld_type${comp®)] in Expr- ce2>
else Bad._exprice2) ’ »
else Bad_exprice2)

The order and gfouping of compmenu i the: um does not matter but every
component must be initializéd with’ an objsa of the pmper type. The componenu

are reordered only for type-checkiug, they Appeat m the tnmformed expression

in the order in which they were written.
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C_fields(field®, ce) » rec
let Tname*: expressionl
- <expr; cel>
compl*
<comp2*; ce2>

Head(field®)
C_expression(expression, =)
Get_compsiname®, expt}
C_fields(Tailifieid®y, ‘ve)

in ~ :
if Empty(fieid*)
then <nil in Comp®*; ce>
else <Concaticompl®, comp2?); ce2>

Get_compsiname®, expr) = rec let comp = LHeadioame®*hs exprd
| comp® = Get_comps(Tailiname®); expr)
in '
if Emptyiname*)

then nil in Comp*
else Cons(mmp, comp‘)

C_expressiontype_spec$Lexpression®Jce) =
C_expressionLtype_spec$l(1 in Int in Exprmim)* um‘m)

C_expressionLtype. _spec$Lexpression: exprcssiun‘M »
let <d_type; cel> = C_type_specitype_spec, col
<expr; ce2> ’,C_cxprmton(expression. o) -
<expr®; ce3> « C_expressionsiexpression®, of®) .
~ d_type* Types_oftexpr®, ced)
in '
case d_type
elem Tdulobj*13 of D_mod
then if du=du, .
then let obj = obj* toObj
in

then <Ld_type$lexpr: expr*Il in Eapr' oS>
else Bad cxpf(ceS) '
“else Bad_expriced)
else Bad_expriced)

if Integeriexpr,ced A Includes.gliiobjval 10.D type, d_type®)
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C_expressionl forceltype_specIlice) = .
let <d_type; cel> = C__zyfc.sp«(tym ce)

obj* = [(d_type in Val: (type in DJYP"] in Ob j’
~ d_mod = Ldu,,,., [obj*33.
d_typel* = any in D_type in D_type*
d_type2* = d_type in D_type*
d_cond* = E("wrong_type” in Nasmenil in D_type" )] in D cond*
d_proc = Lproctype (d_typel*) returns (d_type2*) signals (d_cond*)]
tn :

if d_type is Bad
then Bad_expricel) ’
else <(d_mod in VaD: (d_proc in D_type)J; cel>

C_expressionLup(expression)lice) = let <expr; cel> = C_expréssion(expression, ce)
| d_type = = Type_ofiexpr, ceD
in - ' '
if cecluster A Includes(cedown, d_type)
then ZLuplece.updlexpr)d in Expr; cel>
else Bad..cxpr(czl) '
We explicitly include the abstract type in the tramformed expremon because it is

needed to define evaluation. .

C_expressionl[dpwn(exprassion)](ce) s let <expr;cel> = C_expression(expression, ce)
| «dtype = Typeoflexpr, ceD
in , '
if cecluster A d_type = ce.up
then. <Ldownlexpr)d in Expr; cel>
. ¢lse Bad_expricel) -

- C_expressionllexpression.namelice) =
C_op_calliAdd_get_(name), expressmn in Expression* ce)

Add_get_: ' Name - Name _
Add_get sunply adds "get_ to the beginning of the name.
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C- eapression[expressaonl[expressmﬂ](ce) n R
let expression® = <expmsionl !Kmm m’ e
C_op_call("fetch” in Name, em:pressim+ ed

S 2 5;,,_’\; LERES - I

C_expressionLa ex presslon](ce)

c_mw(m mm mpmum tn Expmm; ¢>

C_expressionll~ expressionl(ce) . -
C op_call( minus” in Name, ‘expression in Exprwhn o .

T3t

C_expressionLexpressionl bin_op. expressionﬂ(ce)
if bin_op = Base_optbin_op) - S
then let. e&pgmim - <expremon1. expression2> in Ex lqn
;iu- '
C_ op_call(Op_uam(bln_op) e)q:n'essi(m+ ce)
else let ‘binopl = Ban..oﬁbin_op)
- express% ; Q ?tn_opl expmuonﬂ én Expression

"onsl tn Expmm ce)

cxpre:mn([- exp‘_ n33, o _
Op_namelxx] = “"power” in Name Bau..omm? m#cﬁiw
Op_nameL//1 = "mod”in Name Base_opl//3 s L//3 tn Bin_op
Op..namel B - "iv" fn Name'> ., >Bov_oplsP"  w DIt Blmmp: . -~
Op_namel*x3  w “mui"ém'Name 2 “Basespls] = Lx3in Bin_op
Op_namelll] = "concat” in Name - Baseopk}3 . » EHi}in Bin_op
Op_namel+1 ~ =-"add" ' Name ' Baip.spked . = Le}in Bin_op
Op_name€=1 = "Sub” - Matne 'Base_opl-] = L-3in Bin_op
Op_namel <3 = "U" in Kather - ‘Baseopk«d - w: L¢F(n Bin_op
‘ | Base_opl~<1 = K<3 in Bin_op
Op_namel <=l = "le” in Name Base_opl ¥ W XN MBI op
S BB MY w - R I Bin p
Op_namel=] = “equal” in Name .Ba:r_op(ll - fi‘!thlin_cp |
. ‘ ) Jﬁﬁyw & ;:',@',‘ m_@ -
Op_namel>=] = "ge*in Name = MM w’ E5ND - Binop
' Base_opl~»ald « [>ul in Bin_op
Op_namel>] = "gt" in Name Base.op>3 = K>3 n Bin_op
_ Baseopl~>3 = [>3in Bin_op
Op.namel &I = "and” in Name

Base_oplL &3

s [&3 in Bin_op



Op_namel1l = "or” in Name Baseopli} = EiJinBin_op

C_op_calltname, expression®, ce) = let <expr; cel> = C.op_inviname, expression®, ce):
. case expr
elem invoke of Invoke
then if Result_typestinvoke, cel) is D_type
. then <expr; cel>"
-#lse - Bad. gxpricel)
else Bad_expricel) '

C_op_invname, expression*, ce) = let " <expr®;cel> = C_expressionsiexpression®, ce)
d_type ‘= Type.ofi Headlexpr*),. ceb
sexpr;~'ce2> - C.d_&pcr([d_type‘tnamet 13, ced

.in ' | a
C. —calllexpr, Tatt(expr‘) ce2)

For abbrevnated forms of invocation. the exact opention to invoke is determined
by the type of the firstargument.’ ' |

'C_.expressionl[expressionl cand expression23(ce). = = '
let <exprl; cel> = C_expressionlexpression], ce)
- <expr2; ce2> = C_expression(expression?, cebd
in S
if Boolean(exprl, ce2) A Booleanlexpr2, CE2)
then <Lexprl cand expr2] in Expr- ce2>
else Bad_ expr(ce?) - o

Cc_ expremonl[expressmnl cor expresswn?](ce) .
let <exprl; cel> = ( _exﬁressm{exprmlml ce)
<expr2; ce2> = C exprcssion(expmswghnz.\, ced
in .
zf Boolean(exprl, cc2) N Boolean(expr2 cc2)
then <l[exprl cor expr2] ln Expr, ce2>
else Bad_expriced

Boolean(expr, ce) = Type_ofiexpr, ce) = (Lduy,,, [1Fin D_type)
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Boolcans(.expr‘; ce) = réc if Emptylexpt®)

then true

else Mcau(ﬂud(cxpr‘) e A Mha:(Tctl(expr’) ce)
Integeriexpr, ce) = Type_ofiexpr, ce) = (Ldu, [Il in D_type)
Type_offobjM(ce) = objd_type
Type_oflidnDice) = ce.ir;fw&m'to D_type
Type;qud_typesfcomp*)](ce) - d_tipe
' fffe_‘oy@d _._tyée‘ﬁ#pn exér’ﬂ(ae) . | d)ype
TV'ykpe_oj‘ﬂ.Tbup[.d_type](expr)](ce) = d*fype
z:"l'y[w..cyﬂi dqﬁn(expr)](ce) " cedown
Typc_oﬁ[e#prl cand expr2l(ce) = Ldu, , (IXinD sype
Typ?.qﬂ[éxprl cor expr2B(ce) = [du.“,‘ﬂl’uf%ampc'
Type_oflinvokeB(ce) = Result_ t”u(imqkn. w»n.mn

Types_ oj(expr ' ce) s rec if Empty(e&pr
then nilin D_ type
else Cons(Typc_.oﬁHnd(expr‘l. m)
Types_ofiTaillexpr®), ce))

Result_typesLexpr(expr*)Iice) = Rcmm..typc;(_rwggm: ce))

Includes_allid_type, d_type*) = if Emptyd_type®)
" then frue
else lndude:(d__typg, Hnd(d_type*)) A
lnamm_uﬁa_:ype. faﬁd_,type*)) |



n

Include(d_typel®, d_type2*) = rec if Emptyid_typel*) v Emﬂy(d_typgﬁf)-
then d_typel* = d_type2*
else . IngludesiHeadid typel®), . Head(d 1ype2*) A
lnduddrctl(d_;ypel‘) Tatl(d_;ypez‘))
The two lists must be the same length and each type in the first list must include

the corresponding type in the second list..

Includes(d_typel, d_type2) = if d_typel is Bad v d_type? is Bad
then false
else if d typel d type2 v d typel s Any
then true =+
else if d_typel is Routine
then d_type2is D_proc v dw_t‘ypeztsxmjte_r o
else if d_type2 is Routine ‘
then d_typel ts D_proc v d_typel is D_jter
elseé talse o

The type bad does not include and is not mcluded in any type The type routlnc
includes and is mcluded in every promdute and iterator type '
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5.6 Equates

In this section we definé the legality and meaning of equates with the function
| C_equates: Eqmte* x CE - CE |
v"We also define the function
Add_info: Idn x Info x CE -» CE
which is used to define local identifiers.

Equates are checked as follows. We define ‘a tymnon domaianerm. consisting of
permutation functions for the domain Equau . That-is, elements of this domain have
functionality

Equatée* - Equate®
and each element of the domain satlsf les

perm(equate‘) C equate* A equute‘ c pem(aqm*) L
Same_sizeequate®, perm(equate’))

éfor ail elements of Equate‘ To check a list of equates. we co!lect all permutauons of the
list that are legal when checked in Iinear order If at least one such permutation exists,
| then the equates are legal. The meaning of the equates is then obtained by evaluating one
such permuted list; since all legal permutations will have the same meaning, the particular

one we choose does not matter.

C_equates(equate®, ce) =
let cel = celfalse @ errl
ce* = {ce2| Ipermice2 = E_equatesipermiequate®), cel) A —ce2.errl}
in
if Emptyice®)
then celtrue e err]
else  Head(ce*)ceerr @ err)

The use of set notation is informal here, as is the use of existential quantification.
However, it shoukl be clear that one could define a eumnb& function to do the

same thing.



E_equatesiequate*, ce) a rec if Emptylequate®)
then ce
celse let cel = E_equatel Head(equate®), ce)
in
E_equates(T aillequate®), cel)

E_equatellidn = constantl(ce) = let <obj; cel> = C.constant(constant, ce)
in | o
Add_infolidn, obj in Info, cel)

E_equatellidnl = idn2B(ce) = case ceinfo(idn2)
elem tset of Tset
then let cel = celCons(idn2, ce.used) @ used]
. n S : . ' :

 Add_infotidnl, tset in Info, cel)

else let <obj; cel> = C_constent(idn2 in Constant, ce)
in o
Add_infolidnl, objin Info, cel)

E_equatelidn = type_setT(ce) w let <tset; cel> o C_type_set(type_set, ce)
Add_infolidn, tset in Info, cel

The def:nmon of C_type_set is deferred to.section 5.7.

E_equatellrep = type_specl(ce) = let <d_type; cel> = C_type_spec(type_spec, ce)
in
if cedown is Bad A cecluster
~ then celld_type @ down]
else celltrueeerr]
The representation type can be defined only within a cluster, and only once

. within a cluster.
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Add_infolidn, info, ce) = let cel = celConstidi, cenised) @ used] -
’ ' in v o ' ' _
if ceinfolidn) ts Nons v —(idn ¢ ce.used)
then let infe_r‘aﬁp’ = ceinfolidn ¢ infol

B | ]
cellinf o_map ¢ mfaxcmcm eé mw ¢ licals]
dle ceftrudR ¥l - L ﬁ

An idn cannot be defined focally if it has bé’e“h dsed as an exterfial reference or if
it is already defined Ibc:“y

5.6 Statem’en‘ts

The ma jor functions defined in this sectior are:
C_statement:  Stareitint x-€E - $fite x CE

C_body: =~ Bbdy /% CE S Ukitk CE
C_xbody: ~ Decl* x Body x CE - D_type* x Uit x CE
Restore: - PERCE Mt REE

C_xbody is used to check those ug, wmm. ind oﬂwn arm m which vgmbp declarations
appear priot to the bodyj. Restoré is uséd to reset the GE st the end of & scoping unit, and
to generate a list of all viriabiés aefitied i et mwm arguiments aré thée CEs before
and after checking the unit, résjséttively. T |

C_bodyLequate* statement*J(ce) s

let cel - Civgidtestequate®, c&)
<stmt*; ce2> = C_ifiitemeRttitarbivient®, am v
<idn*; ce3> = Rutore(tl! t‘éff B
in -
: <![stmt* locai idn*] ce3>

Restorelcel, ce2) = m_mjo(cez.mts. ce.info, cellce2.used & usedNce2.err @ err))
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Fix_infotidn®*, info_map, ce) = rec
if 'Emptytidn®)
then <nil in Idn®; ce»
else let idn = Headlidn®)
<idnl*; cel> = Fix_infoTail(idn®*), info_map, ce)
in
if idn € ce.locals
then <idnl*; cel>
else let infomapl = ceunfdldn + none in Infol
ce2 = cellinfo.mapl e info)
in 4
if info_map(idn) is D_type
then <Conslidn; idnl*); ce2>
else  <idnl®; ce2>

Only those idns defined local to the given scoping unit are made undef ined, not

those defined in a surrounding unit.
Bad_stmt(ce) = <none in Stmt; celtrue e errl>

C_statements(statement®, ce) = rec :
let <stmt; cel> = C_statement(Head(statement®), ce) '
<stmt*; ce2> = C_statements(Tail(statement®), cel)
in - R
if Empty(statement®)
then <nil in Stmt*; ce>
else <Cons(stmt, stmt*); ce2>

C_statementideciHce) = <none in Stmt: C_decis(decl in Decl®, ce)>

Declarations will not cause any immediate action during execution.

C_decls(decl®, ce) w rec let Cidn*: type_spec3 = Head(deci®)
<d_type; cel> = C_type_specitype_spec, ce)
ce? = Add_infostidn*, d_type in Info, cel)
in '
if Emptydect®)
then ce 3
else C_decls(Tail(dect*), ce?)
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Add_infos(idn®, info, ce) m rec if Emptylidn®)

ther ce
else let cel = Add_WﬂMMn") info, ce) .
in ‘ .

Add_tMWJ info, cel)

C_statementLidn: type_spec := expressiond(ce) =

let <d_type; cel> = C_type_specitype_spec, ce) .
ce2 = Add_infolidn, -d_typein infe, ted
<expr; ce$> = C_expressiomlexpression, ce?)

in '

if Includes(d -type, Type_oftexpr, ced)) S
then <L(idn in 1dn*) := (exprin Expr‘)]ﬁ!m o
else Bad_stmt{ced)

C_sta.tement[decl" = invocationBce) .
let cel = C_declsidect*, ce)
idn* = Delist(dect*lidns) to_in Idn*
in '
C_statement(Tidn* := invocation] in Statement, cel)

C_statementLidn* := invocadogj{c_e) -
let <d_type*; cel> = Get_declstidn®, ce)
<expr; ce2> = C_inuvocationlinvocation, cel)
in
case expr
elem invoke of Invoke
then if —Duplicatestidn®) A Includeld type®, Result_typesiinvoke, ce2))
then <Lidn* :x invokel in Stmt; a&:»
" else Bad_stmtice?
else Bad_stmt(ce?) -



C_statementLidn* 1= expression*I(te) =
let <d typel* cel> = Get_declstidn®, ce) :
<expr¥;ce2> = C cxpmstom(expression’ cel)
d_type2* - Tym.oﬁemr .62 . ,
in BRI
if ~Dupucaumdn*) A lnduddd.&xpd‘ wz‘a :
then <Lidn* := expr*d in Stmt; ce2>
else Bad_stmt(ce2)

Each expression must evaluate to a single ob ject.

Get_decls(idn®, ce) = rec
if Emptylidn®)
then <nil in D_type*; ce>
else let <d_type * cel> = Gct_.dcelﬁﬂ' ail(ldn" o0
in
case eé.%ﬁfo(‘wﬁﬁ‘))f :
elem d_type of D_type »
then <Cénstd_type; d_type®); cel>
else <Cons(bad in D_type, ’d_type') cal[tmctrrb

The xdns must be’ declared variables.

C_statementLinvocationT(ce) = let <expr; cel> = C_invocationlinvocation, ce)
in -
case expr
“elem inveke oflnvoke
then <invoke in Stmt; cel>
else Bad_stmt(cel)

C.. smtementﬂ:expresnonl.name = expresslonﬂ(ce)
let expression® = <expressionl;’ expm’b in Exprwion
<expr; cel> = C_op_inv(d’&d.ﬂt m expression®, ce)
in
case expr -
elem invoke of Invoke
then <invoke in Stmt; ce1>
else Bad_stmt(cel)
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Add_set_: Name - Name
Add_set_ simply adds "set_" to the beﬁmﬁhg of thé‘mme :

Cc_ sratement[expresstonl(expfemoni’] 1= exp e

let expression® = <expressioni; expression2;. expmueab in Ex;msion
- <expr; cel> = C_op_ink mﬁ'ﬁm w

in
case expr
elem invoke of Invoke
then <invoke in Stmt; cel>
else Bad_stmi(cel) '

C_statementLif expression then body elseif_arm* endlce) =
let bodyl = L(nilin Equm‘) {nil in Satement®)3
in
C_statementLif expression then body ekeif_;m* M Waﬂ

C_statementLit expresslon then bodyl etmf,ﬁﬂn dt W .

let <expr;cel> = ,q;mmn(ugtwm u) At
<unitl; ce2> = C_bady(bodyl, cel)

<elseif*; ce3> = C ¢lmfx(ekeif_1rm" ced

<unit; ce4> = C_bodybody2, ce3)

“in . , . |
if Boolean(expr, cet) A - Booleansielseif*iexpr, ce)
then <Lif expr then unitl elseif* ejag unit2 endd in Stmt; ced>
else Bad_stmi(ced)

C_elseifstelseif_arm®*, ce) w rec
let Lelseif expression then bodyl
<expr; cel>
<unit; ce2>
elseif
<elseif *; ce3>

H M‘&kﬂf.&l‘m‘)
C—-ﬁ?‘ﬁmﬂm‘?’! reation
Calsaif expr then unit]
C_elseif T atl(elseif _arm®), ce2)

in
if Emprytelseif _arm*)
then <nil in Elseif*; ce>
else <Conselseif, elseif*); ce3>



C_statementLwhile expression do body endl(ce) =

let <expr; cel> = C_expression(expression,”ce)
<unit; ce2> = C_body(body, celltrue o loopd

ce3 = ce2celoopeioopl

in
if Boolean{expr, ce3)

then <Cwhile expr do unit end] in Stmt, ce3>
else Bad_stmt(ce3) e

Break and continue statements are ;llgw‘ed,jn the body

C- statementﬂ.’return(expresslon* )B(ce) =
let <expr®;cel> = C_ expmston:(expreslon‘ ce)
d_type* = Types_ofiexpr®, cel)
in o . L ,
if (ce.iter A Emptylexpression®)) v (~ce.iter A Includeice.results, d_type*))
then let exprl* = C_cutslexpr®, celevts, cel)
in

<Creturn(expri*)J in Stmt; cel>
else Bad_stmt(cel) '

An iterator cannot return any ob jects G.,ppuh used. to make Q)gpuclt alt implicit
ups. .

C_statementLyield(expression*)I(ce) = o
let <expr®; cel> = C_expressionsiexpression®, oz, -

d_type* = Types_ofiexpr®, cel)

in

if ceiter A Includeice.results, d_type*)

then let exprl* = C_cutstexpr®, cel.cvts, cel)
in :

<Lyield(expri*)J in Stmt; cel>
else Bad_stmr(cel)

. Only iterators can yield ob jects.
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C_statementl signal name{expression* YR{ce) =

let <expr*;cel> = C exprassw:xgrmﬂ D N L

d_type*- = Types_ofiexpr®, cell -
<bool' bool*> - C sdg(name. d_type*, ce. sigs)
if bool '
then let exprl* = C_cv!s(exprs‘ boet’ eei)
in

L signal name(expri*)l in St cét>
else  Bad_stmticel)

C_siginame, d_type*, sig®) = rec
let <d_cond; boot*> = Head(sig"
Cramel(d_typel*)3 = dcond
in
if Emptysig*)
then <false; nil in Boof'>
else if name = namel
then <Includeld_typel®, d_type*); bool*>
“else’ Clsigtnime, ‘A_type®, Tatlsg®

C_cutstexpr®, bool*, ce) = rec
let expr = Head(expr®)
expri* = C_cuts(Taillexpt®), Tailtbeni®), oo
in
if Emptylexpr®)
then nil in Expr*
else if Head(bool*)

then Cons(Luplce. up](expr)] in Expr, exprl')
else Constexpr, expri®) :

Pop e dhgugudr L
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C_statementl exit name(gnpxessien')](ce) "
let <expr*;cel> = C expremans(expression ce)
-d_type* = Types_ofiexpr®, cel)
in ' B '
if C_exitiname, d_type®*, cel.handles)
then <Cexit name(expr’)d:in Stmt;. cel>
else Bad_stmticel) -

C_exittname, d_type*, handle*) = rec
if Emptythandle®)
then ftalse
else case Head(handle®)
elem name* of Name* )
then ~(name € name®) A C..exmm d.typq’ Tul(handle‘))
elem <name*; d typel‘> of D_hand :
then if name ¢ name*
" then d_ype* -d,,typel‘
else C_exittname,’ d.:ype‘ Tailﬁuhdle‘))
elem others bf Others - v
then false
end

Local exits must have correspondlng handlers. the result ob jects cannot be thrown
away, and the types of the resuits must equal the types of the receiving variables.

C_statementl breakl(ce) = if ce.loop _
‘then <break in Stmt; ce>
else Bad_stmt(ce)

A break statement is legal only in the body of a loop statement.

C_statementL continuel(ce) = if ce.loop
then <continue in Stmt; ce>
else Bad_stmi(ce)

A continue statement is legal only in the body of a loop statement.
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C_statementLbegin body endB(ce) = let <unit; cél> = C-

in o '
,. <L begin unit whdd tn Senit; cel>
C_statementT tagcase expression tag_arm® endde® = ‘
let <expr; cel> = Coexpression@xpression, o0
<tag*; name*; d_compl*; ce2> = C_tag_arms(tag arm®, e
namel* = Orderiname*, name*)
in’ S

case Type_oflexpr, ce2)
elem Loneofld_comp2* 13 of D_oneof
then if namel* =d —comp2*iname A d__compl* ¢ 4_comp2*
then <Ltagcase expr tag* Md]tu‘ﬁtﬁt; ea?s a
else B&&JMM '
else Bad_stmt(cel)

The name list returned by C_ mg._arms conmm every name appearing on an arm;
the d_comp list contains a mmﬁypeparfprgvgq name appearing on an arm
with a variable. Each tag name must appear-sxattiy-ence ®n some arm, and only
tag names can appear. If an arm has a variable to reeive the value part of the
ob ject, the type of the variabk must equal the uiue twe wmpmding to every

"‘tag on the arm.’




C_statementT tagcase expression tag_arm* others; body andlice) =

let <expr; cel> = C_expression{expression, ce)
<tagl*; namel*; d_compl®; ce2> .= C_tag.arms(tag arm®, cel)
<unit; ce3> _ = C.bodylbady, ce2)
tag2* ' , | - Appmd(tagl‘ [othou' umt] in Tag)
in :

case Type_ofiexpr, ce3)
elem [oneofld_comp2*1] of D_oneof v
then if namel* c d_comp2*iname A aDuﬂtcam(namel*) A
~Same_sizelnamel®, d_comp2*iname) A d_compl* c d_comp2*
then <Itagcase expr tag2® endd in Stmt; ceS> .
“else Bad_stmt(ced
else Bad_stmt(cel)

Each tag name can appear at most-once, but at least one tag mustbe missing.

C_tag_armsitag_arm®, ce) = rec

let <tag; namel*; d_compl®; cel> = C_tag arm(Hesd(tag_arm*), ce)
<tagl®; name2*; d_comp2*; ce2> = C_tag_arms(Tailltag_arm®), cel)
in
if Empty(tag_arm®)
then <nil in Tag*; nil in Name*; il in D -comp®; ce> -

else <Con:(tag, tagl*); Concat(namel®, name2*); Concar(d, campl‘ d_comp?2*);
ce2>

C_tag_armi tag name*: bodylice) =
let  <unit; cel> = C_bodylbody, ce)
in

<Ltag name*: unitd in Tag; name*; nil in D_comp®; cel>

C_tag_armltag name* (idn: type_spec): bodyd(ce) =

let decl* : = L(idn in Idn*): type_spec] in Decl*
<d_type*; unit; cel> = C_xbody(dect®, body, ce)
d_comp* = Get_d comps(name d_type* to D type)
in ‘

<Ltag name* (idn): unitd mvTag; name*; d_comp®; cel>

83
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C_xbody(dect*)Lequate* statement*I(ce) =

let cel - C_equates(equate®, ce)
ce? C_decls(decl*, cel)
<d_type*; ce3> = Get_decls(Deltst(dect*Lidns), ce2)
<stmt*; ce4> C_statements(statement®, ce3)
<idn*; ceb> = Restore(ce, ced) '

in
<d_type*; Lstmt* local idn*T; ceb>

The declarations can make use of the equates in the body.

C_statement[ for decl* in invocation do body endD(ce) =
let statement* = Make_statements(decl®)

idn* = Delist(decl* Lidns)
statement = [[for idn* in invocation do body endJ in Statement
bodyl = [(nil in Equate®) Append(statement®, statement)

in :

C_statement(L begin bodyl endl in Statement, ce)

Make_statements(decl*) = rec
if Empty(dect®)
then nil in Statement*
else Cons(Head(decl*) in Statement, Make_statements(Tail(dect*))

C_statementLfor idn* in invocation do body endI(ce) =
let <d_type*; cel> = Get_decistidn®, ce)
<expr; ce2> = C_iter_invlinvocation, cel)
<unit; ce3> = C_body(body, ce2true @ loopl)
ced. = ce3lce2.loop @ loop]
in
case expr
elem invoke of Invoke
then let Texpri(expr*)] = invoke
in
if Includetd_type*, Yield_types(Type_oftexprl, ce4)))
then <Ltor idn* In invoke do unit endl in Stmt; ce4>
else Bad_stmt(ceq)
else Bad_stmt(ced)



C_iter_invLexpression(expression® )I(ce) =
let <expr. cel> = C_expressiontexpression, ce)
<expr ce2> = C_exprassionsiexpression®, cel)
d_type* - Typ:s.o_ﬂexp:,, o2

in .
case Type oﬂexpr. ce2)
elen Litertype (d_typel®) yjeids (d_;ype?) signals (d_cond*)J of D_jter
then if Includ:(d_tygel‘ dtype®) A C_d_condsid_cond®, ce2. hmdles)
“then Jexpr(expr*)] in E.xpr. ce2> '
else Bad cxpﬁ(cgi’)
else Bad exprice2)

© For an iterator invocation to be legal the lrgumams must: be of the correct types
and all exceptional conditions that can be raised must be legal with: respect to the
surrounding handlers. o

Yield_types(d_type) = | o ‘
case d_type -
 elem Litertype (d _typel®) yields (d_m'n?‘) signals (d_cond*)3 of DJter
 then d. type2‘
end

C_statement[[statement except when__arm endli(ce) =
let <catch*; name®; handle’ cel> = C ~when_arms(when_arm*, ce)

2 - ceucmmdk* cehandles) @ handles]
<stmt; ce3> T a C_.smmnt(mmc, 2
ced = ceSice.pandles @ handles]

in

if —~Duplicatestname®) A C.#..;ond{F ail() hmdle‘) |

then <Lstmt except catch® cndltn Stent; . cet>

else Bad_stmt(ced)
The name list returned by C_whex_arms contains every aame appearing on an
arm; the handle list contains an element fOf every arm. A g!ven exception name

PR 7.

can only be listed once in an except smemgnt, An qxnpption c;n be llsted even
if the exception cannot occur during evaluation. The Sfailure exception can be

raised at-any time, and must-e legil with: retpect to-every except statément.
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C_statement[statement except when_nrm others_atin hndl’ﬂte)
let <catchl®*; name*; handlel‘ oeb - C wﬁéﬁ.ﬁﬁlﬂ%)rm" ee)

<catch; ce2> 8

catch2* - A

handie2* - Appmd(handlel‘ othars (n Handle) -
ced | - ceacmmu? uwm ¢ handies)

i cet> T W w, BT

if ~Duplicatestname*) n C_d_cond(Fail0), handWf® "~
then <Lstmt except cau:hz' endl ln&mt; m&»

“else Bad. simtlzedd ’ R
Fail() = let name faﬂure tn Name o
d_type* - [d".m... (13 in D_type in D.trpc‘
in

l[name(d__type*-)]
C_when._ arm}(whéﬁ “Erme, ce) _4__ T
let <catch; namel®; handle; cel> = C_when_arm(Head(when iti®), co
<catch®; name2*; handie®; ce2> = C_when.arms(Taiwhen_arm®), cel)

in
if Empty(when_ar ) ) L ,
then <nil in Catch : n N ; nii n Hmdie‘ e
else <Con:(catch‘ utch 3 Gonocumm"i‘ ‘name2*); Cau(handig, handle') ce2>

C_when_armiwhen namt"‘(ded‘)' body:&(w *
let <d_type*; unit; cel> = C_xbodydect®, body, ce)
handle . - nie®; d_tfpﬁ"smle
idn* = Dallirdehidng "
in

<G wiven mm‘(&dﬂ’*ﬂ unitdiin th, narwet; pridde: oel> o

C wlzcn arml{whcn name‘(-)' body](ce)

T et <umt. cel> & C_Eoélftbody. ce) SR

L ARE ;. SE . - . . .
<Lwhen nam*(a-hmt}m Gatchi- name*; name’: mam cel>



C_others_armLothers: bodyl(ce) = let <unit; cel> = C_body(body, ce)
in
<[ others: unitd in Catch; cel>

C_others_armlothers (idn: type_spec): bodyl(ce) =
let decl* L(idn in Idn*): type_spec] in Decl*
<d_type*; unit; cel> = C_xbody(decl*, body, ce)
Lothers (idn): unitl in Catch

f

catch
in
if {(d_type* to D_type) = (Cduy,ing [10 in D_type)
then <catch; cel>
else <catch; celltrue e errl>
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The ma jor functions defined in this section are:
Derive_specs:  Full_module® %ﬂnW%ﬁE R
. Same_spec: rﬂl’}ﬁ@ mﬁ M

AAAAA

Interface speciflcanom e m ﬁ m-sm o Fm‘- il‘ﬁ existing
interfaces for the abstractions being implemented are coliected, and the tpecm imterfaces

type and routine are instatied. THew ih' MWWW e ﬂ‘é derived
from each module. The external and internal iriter e ll‘:ﬂlgﬂm: the

internal interface for a ‘cluster contains the W ﬂ ol m m while the
external interface contains only the interfaces of the primitive ope . The externai
interface of each module is checked agm the interface for the corfesponding u’ﬁmuim.
if that abstraction has an interface. After all interfaces are derived, the external interfaces
are installed; the internal interfaces are returtied for use wiveh checking the modules in
their entirety, as defined in the hext section. ' | |

Dertve :pecs(f ull_module®, ce) = | , |
let du_spec* = Get du.spec:(fW1mm ) o .
cel = Init_specsifull_motute*imodule, ce) ~ :

in ' N

Get_specstfull_module®, du_spec®, cel) -



Get_du_specsimodule®, ce) ‘= rec
if Emptyimodule®)
then nilin DU_spec* .
else let du_spec* = Gct_d ‘,,T{qtl(module‘) ce) .
idn = Get md..tdn(ﬂmd(medule‘)) |
in_
case ce, lnfo(»dn)
elem du o DU .
then Conslce.specsidu), du_}pcc') |
else Consinone in DU _spec, du_spec®)

Get_du_specs collects the. existmg interface ofuch Maaion

Init_specstmodule®, ce) = rec
if Emptyimodule®)
then ce
else let “cel = Init specs(TatI(module‘) o

“idn = Get_mod. tdiﬁ?hﬁd(moéu‘le’))
in

if Heqd(moduk*) is Cluster
‘then New_spectidn, type in DU_spee, cel) -
else  New_spectidn, routine in DU_spec. oel)
Init_specs installs the special interftoes. o

Get_mod_idn([procedure]' . procadure.‘idnl

Get_mod_idn[Literator] s iterator.idnl

Get_mod_idnlLcluster] = cluster.idnl

New. spec(ndn du_spec, ce) = case ce, info(idn)
: elem du of DU

then let spec_map - ce.spea[du + du_spec]
in

cetspec.mp-wl |

else celtrue e err)



Get_specsifuli_module*, du_spec*, ce) = rec

let Lequate® moduled - Hcad(full_module')
cel - C..cquata(equlw' ce) -
<du_specl; du_spec®: ce2> 3 mi_ww &‘l’)
ce3 L gl teier e - :
<du_specl®; cet> - Gwp«ﬁ?ﬂuﬂmit Z‘dl@u_;pec‘) ced)
ceb « Nou.speciGet mod. icitiiobiaNey; du
du_spec2* - Cuﬁdu_wk w}

in J
if Empty(full_module®)
then <nil in Dhiapec*; ceo - . -
else if Same_:pec(Hmd(du_spec‘) du_spec?)
then <du_spec2®; ce5>
else <du spec?*, ceS true @ errl>

The first du_spec returned by Geupec is thc internal imerface; the second

L% v

-~ du spec is the external iww Qgg.,m mm tke %qgrnil imerfaces .and

returns the internal interfaces.

Get_speclprocedurel(ce) m- let. <r_apec; calx v 4 ’ 3 ¥ % Rbutine, ce)

Get.specliteratorMce) u let <r_spec; cel> = Get.r_spoctitarat

n

- <r_spec in DU_spe; ruspecin DU spec gel> -
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Get_specLidnl = cluster [deci*] is idn* where restriction®

end idn21(ce) =

equate*
routine*
let cel
ce2
cel
"idn*

d_parm*

ced

<op_specl*; ceb>

op_spec2*

op_specs*

in

Set_op_names(routme , celtrus o cluster))
C—defsidect®, equate®, cel)

C_ re:trutton:(restrlcﬂon‘ ce2)
'Dclm(decl‘lidns) o
- Get_d_parms(idn®, ce3)

Add_up_typelidnl, idn‘, ced)
Get_op_specsiroutine®, idn®, ced)

Get_ext_specsiopspecl®, idn*)

‘Orderlop_spec2*iname,. op_spec2*) |

<[ld_parm*J; op_specl* in DU_spec; LLd_parm*]: op_spec3*J in DU _spec; ce5>

Set_op_names(routine®*, ce) = rec

if Empty(routine®)
then ce

else let idn = Get.;éden(Hcad(rouﬁng:‘))

in

cel = Add_infolidn, routine in Info, ce

Set_op_namesiTail(routine®), cel} .

Get_op_idn[proceduréj = procedure.idnl ;

Get_op_idnLiterator] = iterator.idnl
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Add_up_type(idn, idn®, ce) =
if Emprytidn®)
then let <d_type; cel> = C_type_speclidn in Type,.:pg,
in

celld_type & uplnil in ob f . parqu]
“else let constant® o ﬂdmmstqnf:ﬁda"’ to...lu Cmm"

<d_type; cel> = C_iype_specthifnkoonepine*
<obj*; ce2> = C_constqnisicanétant”, cil)

11-» 2\;

in IR
ce2[d_type ° upl{dqf e pgrmd] o
Make._ constant:(idn‘) = _g g‘ Wdh") .
© thin nilt i Constant®
elsc Ccm(Hmd(idn') in anstam.
L RiAT &N
Get_op_specs(routine®, idn*, ce) = rec w
let <r_spec; cel> = Get r.;fcdﬂnd(mm‘) ce)
CLd_parmi*]: d_typed = r_spec
. name . - R e > ol 1T
d_parm2* - Oet ’LW w R
d_parm3* = Concat(d_parm2*, d_purml*)
op_spec = Enameldparn®* It d ivpéd -
<op_spec*; ce2> = Get_op_specs(Tathroutine®), m\ cduim . err])
in . TRom ey o 1 ¥

if Emptylroutine®)
© then <nil in Op_spec*; ce>
else <Cons(op_spec, op_spec®); ce2>
The interface of each cluster routine is first derived essentially as if the routine
were a module, and then the d_parms for the cluster parameters are added to the

interface.



Get_ext_specsiop _spec*, idn*) = rec
if Emptylop_spec*)
then nil in Op_spec*
else let [name[d_parm*l'd typed = Hcad(dp.spea’)
in
if Make_idniname) ¢ idn*.
then Cons(Head(op_spec*) Get_ext._specs(Taillop_spec®), idn*»
else Gct_ext..sptc:(ratl(op_:pec'l idn‘) |

The check that each idn names an- cpomton and that no idn is listed twice, is
made later as part of the check of the ‘entire module.

Make_idn: Name - Idn
Make_idn returns the idn corresponding to the glven name.

Get_r spec[ndnl = proc [decil*] (deci2*) returns (type_spec‘) signials (cond_.spec‘)

whaers restriction®
equate®
statement®
' end idn2D(ce) =
let cel = C_defstdecl®, equate®, ce)

ce2 =C rcsttlcttom(restricuon‘. cel)
d_parm* = = Get d_parmmcmudecn‘udm) ce?)
ce3 = C_head..decls(dect2®, ce2)

" <d_typel*; ced> = Get_decls(Delistdeci2*Lidns), ced)
<d_type2*; ceb> = C_head._typesitype_spec®, ced)
<d_cond*; ce6> = C_head_condscond_spec®, ce5)
<d_type; ce7> C..proc_typeld typel‘ d_type?‘ d cond‘ ce6)
name - = Make_nametidnl)
Cin o :
LLnameld_parm*J: d_type] cel>

Get_r_spec is used for all procedurts and uentors, including cluster routines
The use of evt is comroued by a flag in’ the TE. The envtronment is not
restored at the end so that any restrictions on cluster panmeten imposed by the
routine can be collcdec! by Get_ep_specs.
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Get_r_specLidnl = iter [decil®] (deci2®) ylelds (type ipec®) m (m_sp!t') |
where restriction® ‘

equate*
~ statement® _
end idn2B(ce) =
let cel = C_defsidecil®, equau* ‘o
2 = C_réstrictionstréitriction”, cel)
d_parm* - Get a_km:(ﬁmxxw‘tm G
ey e Collad delsgec, wd ’

<d_typel*; cet> = Gerudadstelistigect2®bidpsl, 0¥
<d_type2*; ce5> = C_head_typesitype_spec*, ced)
<d_cond®; ce6> « C_head_conds(cond_spec®, ceb). .
<d_type; cel> C._mr..t;fc(d_;'ypcl' d_:]pci' d_mnd‘
name MahLMMTdnU -

A . » .

<Cnameld_parm*J: d_typgj; ce7> o

C_defs(decl®, equate®, ce) =
let cel = celfaise @ err]
ce* = {ce2 | I(equatel®, equate?" perm) o

sy . ‘ ‘ I A )’
' -—-ce2err1§ e

in
if Emptyce®)
then celtrue e errl
else H ead(ce‘)[ce.err . errl
Since parameter declarations can immlvg qpm mnmm we tmt the list of
declarations essentially as a single equate. and Iook for a iqal reerdering of all

equates

ﬂC_def:I(_egga:gl*,,,dgd’f, equate2®, ce) & let cel = C_cquacg(egu;ul‘ ce)
| ce2 - .pm.m:tdea* ul)
in

| c.qumtqmﬂ' ool -




- C_parm_decls(decl*, ce) = rec
let I[:dn*'type_;pec] = Headded® = \
cel _parndecl:(Tatl(decl') ce)
in
if Emptyldect*)
then ce
_else if type_spec is Type
then . Add._infostidn®, nil in Op.ded"‘ in Info, ce) -
else let  <d_type; ced> = C-‘WM*YP'M cel)
in » : L
case d_type
elem Ldulobj*13 of D_mod ke
then if due <dungm ;d“bool i d"int ; du Urear } d“clur ’ d"string.
then Add_infostidn®; d_;ype ai«m in'Info, ce2)
else ce2[‘mlocen'3 ST s ~
else ce2(truc e errl ’

Get_d_parms(idn®, ce) = rec
let idn = Heed(idn®)
vd_parm - Gct_d_parm(Tcd(idn’h ce .
in o
if Empty(ndn*)
then nil in D_parm*
else case ce.infolidn)
elem op_dect* of Op_dect*
then Cons(Tidn: (op_decl® in Constraint)3, d_parm‘)
elem constraint of Constraint o
- then. Con.s(mdm mnsmtnt] Wm‘)

C_restrictionsirestriction®, ce)' 'm ‘rg¢ -
if Empty(restriction®)
then ce
else let cel = C_restriction(H ead(restriction®), oe)
in
C_restrtcttons(Tad(restriction*). cel)
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C_restrictionLidn has oper_decl*J(ce) =
let <op_decl®; cel> = C_oper_decls(oper_dect*, c&)
Add_op_decis(idn, op_deci®, cel)

C_restrictionLidn In type_setB(ce) =

let <tset; cel> -C typc..uﬂtype;et, ee)
Tidnl has op_decl*3 = tset = - ‘
obj - ﬂidn mﬁ.zypun m: (typttna_type)]
op_decil* = Substlobjin Qbj*, idnl in Idn®, op_decl*)
in CRPREE

Add_ op_decls(idn, op_decil*, cel)

C_type._. s;tl[ﬁdnl lidﬂ? ;um.d@cl* WW’)M .-

let cel = Add_infolidnl, nil én Qp.meg tnm. ce)
ce2 , = C_equatesiequate®, cel) . . . .
<op_decl*; ce3> = C_oper_declsioper_decl*, ce2)
info = op_deci* in Constraint in Info
ce4 . = Add_infolidn], infa, celceSers miarrl):
ceb = C_equatesioguate®; eadd .~ -~ . .
<op_decil*; ce6> = C_oper_decistoper_decl®, ce5)
tset , = Lidnl has op_decil*3

<idn¥; ce?> Restore(ce, ceb)

in
if idnl = idn2
then <«tset; cel»
else <tset; celltrue e errl>
A type_set is treated misch like a module hnding Fiﬂt the oper_decls are

evaluated assuming the dummy piramaer“hu any and aﬁ operations, and then
the oper_decls are rechecked with complete ipformatign sheut the operations.



C_type_setlidnBce) = let cel = celConslidn, ce.used) @ used]
| in ’
case ce.infolidn)
elem tset of Tset
then <tset; cels
else <Lidn has (nil in Op_deci*)J; celltrue @ errl>

C_oper_declstoper_dect*, ce) = rec
let Toper_name*: type_spec] = Head(oper_deci*)

<op_decil*; ce2> = C_oper_namssioper_name*, d_type, cel)

<op_deci2®; ce3> = C_oper_decls(Tailloper_deci®), ce2)
m | | - e e
if Emptyloper_dect®)

then <nil in Op_decl®; ce>
else if d_typeis D_proc v d_type is D_jter

then <Concatlop_decll*, 6p,decl2f); | ceS>
‘else <op_deci2*; cedtrue @ errl> '

C_oper_names(oper_name®, d_type, c&) = rec
tet Lnamelconstant*1D ‘= Headloper_name®)
<ob j*; cel> = C_constantsiconstant®, ce)
op_decl = Enamelobj*]: d_typed . R
<op_decl*; ce2> = C_oper_namesiTailloper_name®), d_type, cel)
if Emptyloper_name*)
then <nilin Op_;ded‘; ce>
else if L_parmsiobj®, ce?) .
then <Conslop_decl, op_decl®); ce2>
else <op_decl*; ce2Atrue e errl>

References to type parameters and to the abstractions being implemented are not
allowed in the evaluated constants of restriction oper_niames. L_parms performs
~ this check.
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Add_op_declstidn, op_dect*, ce) =
case ce.infolidn)
elem op_decll* of Op_dec!*
then let info_map = ceinfolidn « MM‘“ op.decil®)
tnh -
ce[mf o_map . mfo]
else celtrue e errl

C_head_declstdect®, ce) = rgc
if Emptydect*)
then ce L ‘
else let Lidn*:type_specd = Head(decl*)
<d_type; cel> = C_head_typeitype_spec, cob
ce2 = Add_infostidn®, d_type in Info, cel)
in .
C_head_decls(T ail(dect®), ce).

C_head_typesitype_spec®, ce) = rec
let <d_type;cel> = C_ lzcad..t”c(}{wd(tyge_;pec’) ce)
<d type* ce2> = C h«d_tymrailﬂypo,m‘t e
in
if Emptytype_spec*)
then . <nil in D_Jype ;. ce>
Celse  <Cons(d _type, d_type®); ce2>

C_head_type(type_spec, ce) = if type_specis Cvt A’ a(oeupu M
then <ceup; ce>

. else C_typc_:fm(type_apec. ce}

Cvt is permitted as a top-level type speclfmm i Mlarmg lrguments and

results. {including yield and signal resuks) of cluger roytines. When deriving
- interfaces, cvt is replaced by the abstract type. _‘




C_head_conds{cond spec , ce) = rec
let [name(type spec*)] = Head(cmd_;pec"‘) ,
<d_type*; cel> = C_ Iwad..t#cs(typa.;pgc*... ce
* d_cond ) = Tname(d_type*)3 5
<d_cond*; ce2> = C_ Iuaeums(mc(md_;pec') cel)
- in ' :
if Emptyicond_spec®)
then <nil in.D_cond®; ce» =
else <Con's(d_cond, d_cond*); ce2>

- Same_spectdu_specl, du_spec? »
if du_specl is R_spec A du_spec2 is R.,spec

then Same_r_spec(du_spect to R _spec, &u;ﬁéc? to R_.spec)
else if du_specl is T spec A du_spec2 is T_spec

then Same_1_specldu_specl o TJPR. du.;:pu?to T_:ped
else du_.specl is None

The first argument is the mterface from the libnry, the second. argumem is the

derived interface,

Same_r_spec(r_specl, r_spec?) =

let Tld_parml*]: d_typeld = r_specl
Cfd_parm2*1: d type2] = raspec2 . .
idn1* = d_parmi*lidn
constraintl* = d_parmi*kconstraint
idn2* = d_parm2*idn
' constraint2* -

Replacelidnt®, idn2*, d__parm2‘l constraint)
in : ‘
if Same_sizelidnl*, idn2%) :
then Same_constraints(constrainti®, mmmt?’? A
- d_typel = Replacelidnl®, idn2*, d_type2
else false '

Replace: "~ ldn*xIldn*xD-D- ‘
Replace is defined for all domains D. Replace does a simple substitution in the
third argument, replacing each occurrence of an idn from the second list with the

corresponding idn from the first (the two lists must be of equal length).



Same_constraintsiconstraintl®, constraint2®) = rec
if Empt%constramtl*) v Empty(constmnt?*) ‘
then constraintl® = constraint?* :
else if Same_ constmlnts(Tail(constniml*) T‘atl(constnim?))
then case Head(constraintl®)
elem op_decil* of Op_decl'
then cdase Head(constraint2*)
elem op_deci2® of Op_dect*
then op_decl* c op_deci2® A op_dec!i* c ap__decu‘ A
Same_sizelop_decil®, ap_dnlz')
else false ,
else Head(con.gtramn’) - Hmd(comnln&‘)

else false

Corresponding type pam‘hﬁm must :htvé idehtk:pl ep_dnls, mmlgh the order in
which the op_decls are Iisted in ummpomnt. Other’ Wmnﬁ' pararneters
st be of the samé type. - e

Same_t_spec(t_specl, t_spec2) =

let LLd_parml*1: op_specl*] = t_specl
CCd_parm2*]: op_spec2*] = t spec2. .. -
idn1* = d_parmi*iidn:
constraintl* = d.parmi® Leoristraint
idn2* = d.parfm®®lidn
constraint2* = Replaatidal®; 1dn2*, d_parm2*iconitraint)

if Same_size(idnl*, idn2*)
then Same_constraints(constraintl®*, constraint2®) A
Same, op_:pecs(op_,speul‘ op_;pscz‘)

else false
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Same_op_specsiop_specl*, op_spec2*) = rec
let Lnamelld_parmi*]: d_typell = Head(op_specl®)
Cname2ld_parm2*1: d_type2d = HMOPW)
in
if Emptylop_spect*) v Emptylop_spec2*)
then op_specl* = op_spec2*
else namel = name2. A .
Same_r_ :pec(E[d..paml*J dJ)speﬂ [Cd_parmz' J' dJm?]) n
Same op_spec:(Tatl(op_spm‘), Tcmop_spec‘z‘)& :

_parms(ob J g o = rec if Empty(obf)
then true :
else if L_parm:(Tal(obj*) ;e)
then let Lvak d.typel =. Hnd(obj‘)
in
if d_typeis Type
then L_typelval to D_type, ce)
else true’
else false

lllegal references can occur only in types.
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L_type(d_type, ce) =
case d_type
elem Crecordld_comp®I¥ of Dmré
then L_types(d_comp*ld_type, ce)
elem Loneofld_comp* 11 of D_oneof
then L_typestd_comp*id_type, ce)
elem Lproctype (d_typel*) returns (d_type2*) stgadt ﬁ_:m’)lof D.proc .
. then L.typestd typet® e A WMW a ‘
- L_types(Delisttd _cond*yd_typesy, cox = - L ‘
elem Litertype (d_typel®) returns (d_type2*) signale Gd_,cond' )Zl of D.Jter
then L_typesid_typel®, ce} A L..ty]m(dJW ) A
. L_types( Delist(d_cond*id typel) cé A
elem [dulobj*10 of D_mod = ‘
then —(ce.spetstdu) &5 Typed A L..perm(obj’ co)
elem idn of Idn
then false
else true

Formal type parimeters and instanuauom of the (data) abstractions being

implemented are illegal.

L_typestd_type*, ce) = rec if Emptyld_type*)

' ' then true

else L_typelHead(d_type®), ce) A
L_types(Tailld _type*), ce)
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5.8 Modules

The ma jor function defined in this section is: A
Compile: ~ Full_module* x MWFX doibrary - Ubﬂf’
The domain Spec_map was defined in. section 5.1 The domain Library is defined as:

Library: specs: Spec_map X imps: Imps_map
Imps_map: DU - Imp*
The domain Imp is defined in the next cbapter N ‘

To check a set of fu!l_modu!es we first aerlve lmeﬂ‘aces as defined in the previous
section. Then each module is checked in lts cnm QS Mlows For procedure ; and iterator
modules, the formal parameters are bound to:their. constraints as listed in the internal
interface, and the header is reevaluated té‘éﬁiéfe"ﬁmi‘tﬁi interface is consistent. ‘The body
of the lqutme is the.n cbecked For clu;ter moduhs the formal ctuster parameters are
bound to their constraints and thc idns naming cluster routlnu are bound to the interfaces
for those routines; then each routine is checked, as for procedure and iterator modules.

Compile(full_module*, info_map, library) s

~ let cel = Create_celinfo_map, libraryapecs)
<du_spec*; ce2> = Derive_ specs(full_mduk‘ cel).

<mod®; ced> = C_full_mbdulestfull inodule®, du spec®, ce)

in
if cel.err
then library -
else <ceS. specs; Add_mp:(mod' ﬁbﬂry.imp:b o
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Add_impstmod*®, imps_map) = rec
if Emptyimod*)
then imps_map
else let [du = mod_formd = Head(mod®)
Cimp . = Meaningimod_form :
imp* = Cons(imp, imps_map(du))
in :
Add_imps(Taillmod®), imps_maplde « imp*H
Meaning is defined in the next chapter.

C_full_modules(full_module*, du_spec®, ce) - rec

let [equate* moduled = Head(full_modale®
cel = C_equatesiequate®, ce}
ce2 = Install_speciHead(du_spec®), cel)
<mod_form; ce3> ‘= C_moduldmodute, ce®
du - = Gel_dwtGet.mod sdnimodule), ced)
med = [du = mod_form3
ce4 = ce[cederr @ err

<mod*; ceb> ~ C_full_modules(Tatl(full_module®), Tatldu_spec*), ced)
if Emptyifull_module®)

then <nilin Mod*; ce>

else <Constmod, mod®); ce5>

Install__specl[[d_parm*‘]: d_tyée].éce);- Add_parmsid_parm®, ce)

Install_speclld_parm*J: op_spec?l(n)_ -'_m eel - A@Lfcmﬂd_p@rmﬂ e
‘ in
Add_opsiop_spec*, cel)

Instali_speclroutinel(ce) = In:tql‘l_;[)‘ec[typp](cq) s Lee

The special interfaces exist only when deriving interfaces.

Install_speci nonel(ce) = ce




Get_dulidn, ce) = case ce.info(du)
elem du of DU
then du
~ else du,

It is an ervor |f the idn does not name a DU, but the error is caught elsewhere.

Add_parms(d_parm?*, ce) = rec
if Empty(d_parm®)

then ce :
else let [idn: constralnt] = Head(d_parm®) :
cel . Add_tnfo(idn‘ conmjm in Info, ce)
in

Add__parms(Tail(d_parm‘), cel)

Add_.éps(bp;spec*:,*ce) . rec
if Empty(op_spec®)

then ce .
else let [nametd_pafm‘l' d_type] « Head(op_spec®)
idn ‘ « Maheidninares)
r_spec = [ld_parm®); d_typel,
cel = Add_infolidn, rpec in Info, ce)
in

Add ops(Tail(op_,spec*) el

C- module([procedure](ce) . let <op_form; cel> = C_rouuac(procedure in Routine. ce)
in

<op_form in Mod_form; cel>
C_moc(ulel[itera’tor](ce) s let <op_form;cel> = C_routineliterator in Routine, ce)
‘ in '
<op_form in Mod_form; cel>
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C_modulelidnl = cluster [decl*] Is idn* where rasmctlon

equate*
routine*
end idn2X{(ce) =
let idn* = - Délist(dect*Lidns)
cel = Add_up_type(idnl, idn*, celtrue @ cluster])
ce? = C_equates(equate®, cel) |
ce3 = L_parm_decls(dect*, ce2)
ced = L_restrictions(restriction®, ce3)
ceb = Eraselidn®, ¢ed)”

C_routines(routine®, ces)
Ccluster [idn*] oper* endl in Mod_form

<oper*; ce6>
mod _form
in
if idnl = idn2 A -(ce2.down is Bad) A =Duplicatestidn*) A idn* c oper*lidn
then <mod_form; ce6> ' ' '
else <mod_form; celtrue a errl>

A rep equate must occur in the list of _equates. Tbe cluster parameter bindings
are removed before checking the routines; new bindings for these paratheters are
obtained from the interface of each routine.
Eraselidn®, ce) = rec if Emptylidn*)
then ce
else let mfo_map - ce. mfo{Hmd(idn') + none in Info)

in
Erase(Taillidn®), celinf o:map e infol)



C_routinestroutine®, ce) = vec let routine = Head(routine®)
idn = Get_op_idn(routine)
cel = Install_op_spectidn, ce
- <op_form; ce2> = C_routine(routine, cel)
oper = Lidn = op.formd
<idn*; ce3> = Restoreice, ce2) .
<oper*; cet> = C_routinestTail(routine®), ce3)

in :
if Emptylroutine®)
then <nil {n Qper®; ce>
~ else <Consloper, opetr®); cet>

lnstall_;op_spec(idn; ce) = case ceinfolidn)

. elem Kld_parm®1: d_typel of R_spec
then Add_permsid_parm®, ce)

else celtrue e-err)

L_parm_decls(decl*, ce) = rec
if Empty(dect®)
then ce
else let Lidn*: type_specd = Head(decl®)
| in ‘ o
if type_spec is Type
then L_parm_decls(Tailidect®), ce)
else let <d_type;cel> = C_type specitype_spec, ce)
in :
L_parm_decls(Tailldect*), cel)

The type specifications used to declare paumetcn are mhccked solcly to gather

uses of external references.
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C_routinelidnl = proe td«u") (deci2®) returns (type_spec*) signals (cond_spec*)
where reuﬂction‘

equate*

statement®

ond ndnﬁ]%ce)

let  cel . = celfalse @ iterl[Cons(idnl, ce.used) @ used)
ce2 = C_equatesiequate®; - cel
ce? , = L_parm_decls(decll®, ¢ce2)
<expr*; ced> = C_cut_declsidect2®, ced)
«d type* bool*; ceS> = C_cot_typesitype_spee*, ced)
<sig*; ce6> = C_cut_comdsteand_spec®, ceb)
sigl* ‘= Append(sig®, <Fail); faise in Bool*>)
ce? R restricttonsfresmction‘ w8
ce8 - ce‘Kd_type « resultsi{bool® @ cveslisigl® e sigs]
idn1* = Delistdeci®*lidng ’
idn2* , = Delist(deciZ*Lidns) -
<stmtl®; ce9> = C_statements(statement®, ce8) |
stmt2* = Cons(Tidn2* := expr*3 in Stmt, stmq") |
strt3* = if Emptyltype_spec®)
then stmt2*
else  Appendistmt?®,
Creturn(nil in Expr*)3 in Stmt)

<idn3*; cel0> = Restareice, ce9) A
unit = Estt3* local idn3*3
op_form - '[routmi{ldn!"] ﬂd‘n!‘? unit tndi

in
if idnl = idn2
then -<op_form; cel0>
else <op_form; celO{true @ errl>

C_routine is used for all procedures and iterators, including cluster routines. The
use of cvt is controlled by a flag in the CE. In checking the argument
declarations. a multiple assignment is constructed to make explicit ali implicit
downs. During execution a formal argument declared with cvt initially will be
assigned an object of the abstract type, and then is reassigned an object of the
representation type when the multiple assignment is performed.
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C_routinelidnl = iter [decil*] (dectz‘) ylelds (type_spec‘) signals (cond.spec*)
whoro restricuon ’

equate*
statement®
end idn23(ce) =
let cel : "= celtrue e iter)d{Cons(idni, ce.used) @ used]
ce2 = C._equatesiequate®, cel)
ces - L_parm_declsidech®, ce2)

<expr*; cet>

<d_type*; bool*; ce5>

C_cvi_declsideci2?®, ces)
C_cut_typesitype_spect, ced)

<sig*; ce6> « C_cot_conds(cond_spec*, ced)

sigl* . Append(sig®, <Fail); faise in Bool*>)

ce’ L. restrtction:(restriction‘ ceB) R

ce8 cefd_type* @ resuitsi{bool® e cvislisigl® e sigs]
idnl* Delist(deci*31dny) - C o
idn2* ‘Delistideci2*$idns) _

<stmtl*; ce9> C;stdmﬁfﬁw;: ce8) »

stmt2* = Constidn2* iz expr*Y tn Stmt, stmtl®)
stme3*

<idn3*; cel0>
unit -
op_form

Append(stmt2®, Creturn(nii in Expr® )] in Stmt)
Restore(ce, ce9) ~
Lstmt3* local idn3*3

Croutine [idn1*1 (idn2*) unit endl

in
if idnl = idn2
~ then <op_form, ce10> '
else <op_form; celOltrue e errl>

L_restrictions(restriction®, ce) = rec
if Emptyrestriction®)
then ce -
else let cel = L.restrimon(Head(restncuon‘) ce)
in 3
L_restrictions(T ail(restriction®), cel)
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L_restrictionTidn has oper_decl*J(te) =
let <op_dect®; cel> = C_oper_ decl:(oper deci*, ce)
in
cel

The check that the idn is a type puumer was p!rfavmed when deriving

interfaces.

L_restrictionLidn in type_setB(ce) = let <tset; oel> - C_type_setitype.set, ce)
cel

C_cvt_decistdect®, ce) = ¢

let Lidn*: type_specl, = Hmd(ded‘)
<d_type; bool; cel> = C_cut_typeitype.spec, ce)
ce2 ' . Add_infos(idn®, d_typein Jnfo, cel)
exprl* = Getexprstidn®, bood
<expr2*; ce3> ‘= C_eot_declsiTailldect®), CCZ)

in.__ .

if Empty(dect*)
then <nil in Expr ; ce>
else <Concat(ea¢pri* expr2®); ced>

Get_exprs(idn®, bool) = rec if Emptylidn®)
| then nilin Expr ’ ‘
else let expr* = Ga,qﬁ:framdn‘) bool)
expr = Hcadﬂdn‘) in Expr
in
if bool
then Cou:((dwm(expf)] in Expr, upr‘)
- else  Comstexpr, .expr®)
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C_cvt_typesitype_spec*, ce) = rec _
let . <d_type; bool; cel> ™ = C_cvt_typc(Hcad(type_;pec‘),_ ce)
<d_type*; boal®; ce2> = C_cut_typesiTailitype_spec*), ceD),
in o
if Empty(type_spec®)
then <nil in D_type®; nilin Bool®; ce>
else <Cons(d_type, d_type‘); Cons(bool. bool®); ce2>

C_cut_type(type_spec, ce) = if type_specis Cvt A ~(cedown s Bad)
then <cedown; true; ce> -

else let <d_type; cel> = C_type_specitype_spec, ce)
n .. . gt
. «d type faise; cel>

Cvt is permntted as a top-level type specifkation in declaring arguments and
results (including yield and sngnal resuits) of cluster routines When checking the
entire module, cvt is replaced by the representation type. '

C_cvt_conds(cond_spec*, ce) = rec
let [Tname(type_spec*)] = Head(cond_spec®). .
<d_type*; bool*; cel> = C_cut_typesitype_spec*, ce)

~ d_cond = [name(d_type*)3 -
sig = <d_cond; bool*> 7
<sig*; ce2> = C_cut_conds(Tailicond_spec*), cel)
in ' '

if Empty(cond_spec*)
then <nil in Sig*; ce>
else <Cons(sig, sig*); ce2>
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6. Meaning

In this chapter wé definé thé fekhing of tgal niodutd. Agiin, 0 minimize the
number of forward references, we proceed from the bottom ug We begin by defining
g of anpress “"f»smemems, and’

execution environments, and then we define mg RAnie

finally modules.
6.1 Environménts

The domain Env of execuition enviroiients i defifiéd as follows:

Env: imps: Imb map X vars: V_map x loaps. Loop* x array Array X
o ‘ arrays A map x teéord l(enora % fect ﬁ.'ﬂ!lp o

lr:np;n;ap:- DU - lmp L ‘ , | ’; :

Imp: Op + Type

Op: | Obj* x Ob j* x Edv 4Rt

Type: Obj* x Name - Op
. V_map: ‘ ’ Idn - Obj

Loop: vars: ldn* x body: Unit x env: Env

A_map: | Array - Int x Obj*

R _map: Record - Obj*

Result: | term: Term x objs: Obj* x env: Env

Term: Normal + Return + Break + Continué + Signal + Exit + Loop_term
Signal: signal: Signal x name: Name

Exit: exit: Exit x name: Nime

Loop_term: Return + Signal + Exit
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The meaning of the various components of an execution environment are:

imps - a mapping from DUs to mplementatlons. This is not the mappmg that is part

of the lrbrary. rather, it is genented from the hbrary hy selectlng a specif ic.

1mplementation for each abstractnon used in the program.
vars - a mapping that defines the current ob ject denoted by each variable.
Uninitialized variables denote the bad object. - : s
loops . - a stack of closures for. for statements. - Each -closre-consists .of the-list of loop
variables, the loop body, and the-uuhbletindlquﬁlvefowmm bady.
array - a seed for generating new- umque td&fﬂmmrm Every id. less than this
© seed is the.id of ‘an existing asray object.. (The domain Amy Msomorphic to
the natural numbers)
arrays - a mapping that defines the current state (low bound ancl’ elements) of each
existing array ob ject. | e

record - .a seed for generating new unique ids for record objects. Every id less than this
seed is the id of an existing record olzgect (Thg domaln Record is isomorphic to

‘the natural numbers.) T IS :
records - a mapping that defines the current smof&diexisting record object. The
components are in increasing lexicographic order according to their selector

names.

We note that in a more “standard"»,semgoggccleﬁmgioneme would no.t.co‘alesce all of
this information into a single domain. Rather, the domaif¥; Env. ‘would consist solely of
variable bindings (i.e, Env = V_map) and a ‘ﬁepmwamf»sﬂte;fwouu be defined to
consist of the other information. The princlpal advamage of such a scheme is that,
alrhough all of the mformauon is needed to def ine the meamng of most constructs. certain
evaluations (e.g expresslon evaluauon) cannot cha{nge(and therefore need not return) any

variable bindings. However, as discussed in section 2.2, using a single domam greatly
simplifies the task of propagating excegtions.. -~ " ° o R
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Prtmzrive env() = <Primitive_imps(); L

J‘Loopﬁ' 'LArny' i ‘thcord' 'LR mnp

v map’ )
Primitive_env is used in the evaluation of constant expréssions Constant

A ma'

expressions do not contain variables ahd do not cruté Or mnipuhte mutable

ob jects.

Primitive_imps: - Imp_map
Primitive_imps returns an imp_map with- implementations for the built-in types,
the array type generator, snd the precedure gtnergwr: 16Fod. Implementations
of the record; oneof; proctyps; and itertype type generutors, and the type
routine will be handled Speciaily, simiiar to:the way their imerfaces were handled

in section 5.3.
6.2 Expressions

The ma jor functions defined in this section are:

E_expr: Expt X Env - Résult
E_exprs: © Expr* x Env - Result

E_invoke: . Inveke x Env ~ Result

E_exprsiexpr®, env) = rec
if Emptylexpr®)
 then <normat in Term; nilin Obj‘ env>
else res <terml; objl*; envl> « E_expr(Hsadiexpr®); env)
<term2; obR2*; env2> = E_gxpn(??g{l(gxprf), envl)
in
* <normal in Terim; Concat(objl" obj?‘) env2>
The res notation, defined in section 3.4, is used to propagate exoeptiom (and

bottom. in the event of nomermlnatlon)

E._expr[ob j](env) = <normal in Term; obj in Obj*; env>
Actual parameters are substituted for formal parameters throughout a module
before evaluation takes place, as def ined in section 6.4.
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,E_expﬂ[idn](env) m let obj = env.vars(idn)
in
if obj=L(badin Val), (had in D,;ype)l
then Fathm("umm& lmd variable” in String, env)
else <normal tnTcrm, obj in Obj’ env>

Failure(string, env) = let term = «ndt; "fulure in Name> in Term .
d_type = [d"mug [13 in D_sype
obj = [(strlng in Va,jh d_typel
in ;
~ <term; objin Obj*; env>

E_exprLinvokel(env) = E_invoke(invoke, env)

E_invokelLexpr(expr*)Menv) = :
res <terml; objl*; envl> = E_expriexpr, env)
<term2; obj2%; env2> = E_exprsienpr®; envl)

let <op; obB*s e Get_opiobjl* to OB} envd
v_map = Aidn. [(badin Vab: (bad in D_type)l

¢ <term3; obj4*; env8> .= oplobfS*, Ob2*, env2v_map e vars)
in '
Pass(term3, obj4*, env3{env2.vars e vars))
Get_op returns the implementation and the actual, paramaers for the routine.
Pass is used to propagate bottom in case the routine dees not terminate AThe res

notation cannot be used because the variable Wam ‘be restored.)

Passtterm, obj*, env) = _if term is Normal v ttuq B .
tlzen <term; obj" env>
d‘" "Lkuult

If the termination condition is bottom, then bowom is preduced otherwise the

usual result is formed.
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Get_oplobj, env) = case objval
elem (du{ab j‘ 31 of D.de

f'fczm d.méaf Jﬁw .
R zm <Onef_optd mﬁ‘ name); obj*>

~ elem d..iw CAX. . |
then dmmu.op(d_;m mm!t obf-,-
elem: mofm .
- then, cRouine.opirame); m‘»
 dlen Kdvkohd*t T of Bmod:.
UL thew, zg mﬁ_mww mrm

W‘N’g W: o>

v md
end

Record_op:  Dl_recotd X Name - Op

‘Onedfidp:> =

DO % MEme b O - v L

PTOCI?PC_QF&',{??W; )Q.ﬂ“ﬁm *’*9' L R T ST LR ST _'-:-K‘;*.x‘: S
Itertype_op: D_iter X Name <+ Op

, ;the operattons of :n; gmtcahr mmmm

Implementations of the record, énm ‘Brobtypi, and iteiiype Q‘type‘ fpe: generators
cannot be repreumd as clements of thc émﬁ ‘rm but implementations for
ntiath ks elements of

WUITERE CaLIBEfOTIST v

Op, as defined in section 6.5,

Routine_op: Name - Op

Routine_op represents the implementation of the type rowtine, as defined in

section 6.5.
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E_exprlld_type${comp*IT(env). =
res <term; obj*; envl> = E_exprs(comp® Lexpr, env)

let objl* = Order(comp*iname, obj*)
~ record = envlrecord
r_map = envlrecordsrecord ¢ objI*]
env2 = envilNew_recordirecord) @ rcebrdl[f_map @ records)
in

<normal in Term. (record in Val) d_tyye] tn Obj env2>

New_ record ’ Record - Record
N ew_. record returns the- successor to the given element.: (The dormain Record is

isomorphic to the natural numbers)

E_exprild_type$lexpr: expr*IBenv) =
res <terml; obji*; envl> = E_expriexpr, env)
<term2; obj2*; env2> = E_exprsiexpr®, envl)

let obj ' = obji* to Obj -
int .. = obj.val to Int
array = env2.array
a_map = env2arrayslarray « <int; 0bj2*>]
env3 " = envANew_ amzy(arny) @ arrayla_map @ arrays)
in

if L_state(int, obj2*) ,
~ then <normal in Term; [(array in Val)' d_type] in Obj*; envs>
else Failure(? in String, env2)

The string argument to Failure is arbltrary.' L_state is defined in section 6.5.

New_array: ‘Array - Array
New_array returns the successor to the given element. (The domain Array is

isomorphic to the natural numbers) *

E_expriLupld type](expr)](env) n res <term; obj‘ envi> w - E_ expr(expr. env) -

e val " wiobj® 1o Objin Val

in ' « ‘
<normal in Term; Lval: d_type] in Ob j‘; env1>
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~ E_expridown(expr)¥(env) = res <term; obj*; envl> = E_ex
laobj | H{-obj'loO&j

in

i the type aaymuaugbomduamum type, then upmld simply
replace the d -type component of the object with the sbatract type instead of
adding a new’ hyér dowin Wolil “then répliod thé’ ﬁ:_t# chripondht with the
representation -type instead of removing a dager. Lomguge, if the representation
type. were any,. then. information would-by jogt: by.such an. “optimization”, and
torrect invocations of for’cc on down'ed objects would £all. .

E_exprilexprl cand expr2](env) u res <term; obj‘ omviy = E_«Mexprl. env)

let, Obi I ¥ W*"Qbi
tf obj,valtnm 2
then. E..qg;ﬂm env))

Celse  <notn in Term; obj*; mvb

Sw g

E_expriexprl corexpr2](env) res. <term, obji' envb « E_expriexprl, mv)
T T ey - obf 0 Ob]
in : .
tj obj.val o Buol
T then dlﬂrlﬁgi in “rerm. dli': mvi>
else E_expvﬁxpr!, emT) |

£ TR

6.3 Statements

. Thema jor. functions defined i this.section. are: .,

E_stmt: Stmt X Env - Result .

E_unit: Unit X Env - Result

Assnl; . Idn xObj%x Bnww Eny. . IO
ASs .Idn* x Obj* x Env.-+ Eav

. Assnl and Assn are used for assigning ob jects to Variables.
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E_unitstmt* local idn*Jenv) = let <term; obj*; envl> = E_,stmts(stmt*, env)
' env2 = = Ummn(idn , envl)
in L
Pass(term, obj*, env2

Pass is used’ to propagate bottom -in case evaluation of the body does not

terminate.

E_stmtsstmt*, env) = yec if Emptystmt*)
then <normmtnTerm' altt'Obj*; env>
ese res: etum:snhj?;fa\zs:o = Eestmi(H ead(stmt®), -env)
in |
E..:mtsﬁ‘wem‘» envh)

Unassnlidn®, env) = rec if Empty(idn‘)
then env :
else let obj = L(badin Val: (badin D type)l
envl = AssnﬂHM&dn‘) ob;. env)
in
Unassn(Tatl(idn‘) envl)

Variable bindings are removed by rebinding the variables to the bld ob Ject.

Assnl(idn, obj, env) = let v_map = env.varslidn « objJ
enviv_map e vars]

E_stmtTnonel(env) = <normal in Term; nil in Obj*; env>

E_stmtLidn* := expr*Ienv) = res <term; obj*; envl> = E_exprsiexpr®, env)
let env2 - - . = Assplidn®, obj*, envl
in
. <normal in Term; nil in Obj*; env2>

E_stmtidn* := invokel(env) = res <term; obj envl> = E_invoke(invoke, env)

let env2 = Assnlidn®, obj*, envl)
in ‘ '

<normal in Term; nil in Obj*; eny2>



Assnlidn¥, obJ , env) @ rec if Emﬂyﬁdn‘)
' then env - .
Celse let envl }-'?!;mﬂﬁﬁmn‘), Headlob*), env) -
”i ‘\“ s ] : )
L AssritTasin®y, Rasitobal); ewih .

E_stmtLinvokel(env) = res <termy; obf*; envi> = K A Eﬁ ‘ ‘.“;’\u «
" in _ Syl e
cnarmal in. Termy pik (8. Q0 envi>
- The:ob jocss raturned WNMW

E_stmtLif expr then unitl alesi* Wﬂm’
res <termy; obj*; envl> = E_expriexpr, env)
let obj = obj* 10 Obj
in
if objuai s Book S
then ‘Bimnittenitl, ewvi)
else E clsetfs(eimf‘, utm? aﬂvt)

E elwijs(elsegf*. unit, env) = ’g
if Emprytelseif®)
then E_unitlunit, env) - G e L
else let Lelseif expr thcuumtll - Hadfem‘)

res <term; obj*; envl> = Eoxprignps,  omv)

let obj - obj‘ nehjs
in o _::: RS TN N FOC TN SRS IR TP o

if obj.val to Bool
thew - KL upksbunttl, evl)
“#lse. B_Wmmﬂ) unit; shvh
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E_stmtTwhile expr do unit endlenv) = rec
res <terml; objl*; envl> = :E._ea‘:ff(expr, env)
let obj g - obji* o Obj
in M ' . ’ .
if obj.val to Bool
then let <term2; obj2*; env2> = E_ unu(umt envl)
in
if term2 is Normal v term2's Continue
then E_stmtif while expr ddumt endl in Stmt, env2)
else if term2 f5° beak S
then <normalin Term; nilin Ob}*' envd>
_else <term2; obj2%; env2>
else <normal in Term; nil in Obj*; envi>-

Executing a break statement in the body terminates the whlla statement.
- Executing a continue statement in the body causes the rest of the body to be

skipped for that cycle, but execution ‘of the whilé statement continues. Other

non-normal terminations of the body terminate the. while statement.

- E_stmtCreturn(expr*)Ienv) = res <term; obj*; envl> = E_exprsiexpr®, env)
in '
<return in Term; obj*; envi>

E_stmtlL signal name(expr*)Menv) = res <term; obj*; envl> = E_exprstexpr®, env)
let' terml - <signal, name> in Term
in S ’

<terml; obj%; envl>

E_stmtT exit name(expr*)J(env) = res «erm.ohj‘, envl> = E_exprsiexpr®, env)
let terml = <exit; name> in Term

<terml; obj*; envl>

E_stmtLbreakT{env) = <break in Terny ﬁﬂin--Obg’_f; . SRS

E_stmtL continuedlenv) = <continue in Terrﬁ; Jnil ';n Obj‘;' env>

E_stmtCbegin unit endli(env) = E_unit(unit, env)
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A

hIo®

E_stmtltagcase expr tag® endMenv). u. res. sioroy.ohf® i;‘&!kw'r:*mr.;mv)

o Kvairddgped = obf 0 Qb)

Ename: objd = val to Oneof,. .
in Paal o foe ke O

E-rog:(ng’, name, cb, en). » %mﬁ,mm .

Legality-checking hsmumm«n ﬁmmun uimed
yirm fCdo e

Match_tagLtag name* (idn): unu](nmﬁ-‘.m M}% . .
d"féﬁ-?aﬁm nime" ummmw . i%m p W g1 e

R L TS S 1T

e P S Y
REFT S RN I 5 A S SIS N IS S

m«h.md;mm..,wwma R | TR

S 2. g "’X’s‘—!

Yo E ‘m ’s’fmvis, ...... SR R Y S
.E_tagltag name*: unit](ﬁf"eﬁi)f‘i e..wm AUt v

E mgﬂ?othi% ’umc)(obj. env)'u EJWmu. enﬁ ol g ersa e e B
AN cewenn laegaas = o
E_stmtl for idn* In invoke do unit ond](aw) » _
let loop* ~lanConiiutdntyuntit; env.vars>, env.loops)
<term; obj*; envl> = E_inookelinvoke, mvthq‘cmpu) V
A n¥®y tmiﬂ v.ﬂn’b S HW‘ v femnilOquradanan frs
3?& A AR Y TR
Passiterm, obj*, envl(vmpuvcrsﬁ?’ﬂl(mw.hepﬂ)

’3“5*1

The .invoked iterator ‘handles ‘termination , including execution of break and
continue statementa: Pitgs s ramed &W i casibthe tirator for
some cycle of the loop | body) does not aemimn.

AVRe ol p L gl nd susianor = iy;'ae};;.fswmu;:: v
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E_stmtLyield(expr* )](env)- .
res <terml; objl*; envl> = E_exprsiexpr®, env) |
let <idn*; unit; v_map> = Head(envl. loops)

env2 = envilv_map e varsiTaiflenvl. loops) e loops]
env3 = Assn(idn®, obji*, env2
<term?2; obj2*; env4> = E_unitlunit, envd) ‘
loop* - Com(%‘. unit; env4. vars», env1 loops)
envh . en%fim’f.ﬁrs . varsl(loag‘ . loops) ‘

in

if term2 is Normal v ‘term?i:m |
then <normalin Term; nilin Obj' envd>

else if term2 is Break
then <return in Term; nit in Obj*; envh>

“else <term?2 to_in Loop_term in Term; obj2*; envs>

Execuung a break statement in the body terminates the iterator (and the
invoking for statement). Executing a continue siatement in-the botly causes the
rest of the body to be skipped for that cyde. but execution of the iterator
continues. Other non-normal terminations of the body terminate the lteramr. but
the result must be propagated. spaeidlyed\mﬁh the mtur and back to the caller.

E_ stmri[stmt except catch* endl(env) = let <term. obj‘ envl> - E..:tm:(stmt env)
in
case term
dlem  <onit; mame>iof Exit
then E_catchs(catch®, name, ob i* envd
else <ermi obffs evl>
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E_catchs(catch*, name, obj*, env) = rec

if Empty(catch®) ‘

then let term = <exit; name> in Term

in |
<term; obj*; env>

else if Match_catch{H ead(catch*), name) |

then E_catch(Head(catch®), name, obj*, env)
else E_catchs(Taillcatch®), name, obj*, env)

Exits not caught by any handler of the except staterent are propagated through

unchanged.
Match_catchl when name* (idn*): unitdtname) = nam‘ee-mﬂ"'r
Match_catchTwhen nat‘_‘r{er* :(x): unit](rpatﬁe)’ = name ¢ name*
‘Match_catchl others: urfit}(:nzme) s true
:Match_catch([othéf; (id~n): unitiB(nafne) = fruqﬁ '

E_catchL when name* {idn*): unitI(name, ohf, env) =
let envl = Assntidn®, obj*, env)
in :
E_unit(unit, envl)

E_catchLwhen name* (=): unitBiname, obj*, env) = E_unit(unit, env)
E_catchLothers: unitMname, obj*, env) = E_unifunit, env)

E_catchLothers (idn): unitB(name, obj*, env) =
let d_type = Ldug ., (13 in D_type
obj = [(Make_string(hrame} in Vab: d_typed
envl = Atsnlidn, obj, env)
in
E_unit(unit, envl)

The idn is bound to a string representing the exception name.
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Make_string: Name - Strmg
Make_string returns the strmg cormpquding to the given name. (Name and
String are isomorphic domains.)

8.4 Modules

The major function defined in this section is:
Meaning: Mod_form = Imp

Meanmgl[op _fonm] = (A(objl‘ oij‘ env) E_op(op_fom. objl‘ objz' ‘env) fn Imp
’Meantngﬂitype form3 = (A(obj name). M_typc(type__form, obj‘ name)) in Imp

M_typel cluster Lidn*] oper* endIobj*,. name =
let op_forml « Find_op(name, oper®)
op_form2 = Subst(obj®, idn*, op_forml)
in '

Alobj1*, obj2*, env). E_oplop.Sorm2, obji*, obj2*, env).

.Find_op(name, oper*) = rec let Eidn lopJQim]. = - Head(oper®)
' ' in .

if Make_idn(name) = idn

then op_form

else Find_opiname, Tailloper*))

~ Legality~checking has ensured that theopennon exists.
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E_opLroutine [ldnl*] (ldn2") unit endl(objl*, obj2*, env)

tet umitt” miﬂj!" ™ un
envl = Assntidn2®, obffiened o
<term; obj3*; env2> = E_unittunitl, envl)
in '
case term

elem normal of Normal
then Failure("no return values” in Strin& pﬂyz)
elem return of Return
then <normalin Term; obj3*; env2>
. elem. spignek-names.of Signal .
then let 'iexitv = <exit; name>
<exit in Term; obj3*; env2>
elem <exit; name> of Exit v ¢ e
then if name = (“failure” in Name) et '
then <term; objs*; ewds o
else let string = Cmmﬁ'unﬁmdhd txaptiou: tn Smng,

in
| Fétturdstring, envd)
‘elem loop_term of Loop_term .
then <loop_eerm to_in Térm objﬁ". emﬂ>
end V

As part of Iegaltty-checkmg, ntum smam are M to thc euds of routines
that do not return any objecu, ‘thus a routine body wm eukmes 10 a normal
result is in error. Signals are changed to exm at the routine boundary. Failure
exits propagate through; any other exit is changed to a_ failure exit with the
original exit name as the result object. A non-normel termination of a for loop
body is passed back to the caller. '
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6.5 Built-in Absfractions

| In this section we define the built-in procedure:generator force and the operations of
the built-in types and type generators. Each routine is defined either by giving a routine
heading and an element of the domain Op, or by giving a ﬁiutlne written in CLU. The
nmplementations are not necessarily the most efﬁciem pou;bh. We do not define any
ope:auons related to mput/output, since 1/0 is not.partof the Janguage proper.

‘Several routines can signal faiture, but the ex"a(:t strlng returned can vary from one
system implemen’tation to another. We indicate these strings with a question mark, as in
Failure(? in String, énv)

When computing with integers, the opeu;ors s, ', "¢, '<', etc. have their ‘usual
mathematical meaning. We also use the operators '/’ md '/ /', defined by
x/y=q A x//y'- r iff (Osr <|yl$ A .(x -yt‘qf& n

When compuung with reals, we will treat Lintl oint?! as the real number intls10'"t2,
For example, '
Cintl e int2] < Cint$ e int4d  iff  intle10"%2 < jnt3s107"t4
An expression such as
. Cintle int2] + Cint3 e int41
means that one should choose the normalized element of Real that represelm
intl« 10772 4 int3e10'"4 o
and similarly for other operators. The exact normalization I’gbrithm is not important here
(though it must be the same as that used by the pauer) normaﬁution simply ensures that
our use of strict element equality: - '
Cintl e int2] = Cint3 @ int43  iff  intl = Int3 A ‘int2 = int4

corresponds to the usual meaning of, equality.
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8.5.1 iAuxilh.:-y Functions

For every tommin D* wedefme thefunorens -1 5

- Lasty -

Front;
~ Size:

F ctc"h:

Store:

.D¥»D*.

D* -~ Int

D* x Int = D
PR e X DS D

The definitions of all but the last two shoukd be vam Fm'h tbd Store :m deﬂned as

f ollows

Fetch(d®, int) w rec if int =1

Store(d*, int, d)

Min_int:
Max_int:
Max_char:
Min_real:
M ax_real:

~ then Heqd(d*) .
*else meram%*) int—_

re¢ tf int =1 o
"then Constd, Tailid*» |
el ConstHradid®), SdonelT atléd*h imt - 1, dD)

- int
- it
- Int
- Real
-» Real"

The vatues of thcse constant f unctions an var; fm m sym impiemem:tim
to another; the only restrictions are; .

Mm_tnt() < 0 ] . |

127 s Max_char0) < 511

Max_charl) s Max_intQ)

0.0 < Min_real) <10 < Max_reall)

L_inttint) = Min_intQ) < int £ Max_intQ)

L_realireal) m real =00 v Min_real0 s |real] s Max_reat0
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L_charchar intl] = 0 s int s Max_char()

L_charsichar®) = rec if Emptyichar®)
then true
else L_char(Head(char*) A L.cloar:(Tcll(char‘_))

L_string(string) = L chars(strmg) A L_tnl(Size(smng)) _
The size of the strmg must be a represenuble lnteger

' L__:tate(int, obj*) = L_int(ind A L_int(Stze(obj‘» n L_lnt(int+ Stzelobj*) - 1)
The index of each amysm and the size of the array must be representable

integers.

Approx: Real -+ Real v )
Approx defines the imprecision of‘ using finite ippmximatiom to real numbers,
and can vary from one system implementation to andther, The 6nly restrictions
placed on Approx are as follows. Given that ‘
L_real(real A L_realireald) A L_realireal2)
~is true, then
Approx(real) is normallzed
Approx(Approx(real)) - Apﬁrox(ml)
reall < real2 implies  Approxtreall s Wmm
Approx(-real) = -Approx(real
real 0.0  implies lugpm(mn - read / rull < lO"
Approx(0.0) = 0.0
Approx(1.0) = 1.0

- Bad_add: - Real X Real - Real .
' Bad_add is used for real additions when the argumems differ ln sign The only
restriction placed on Bgd..add is as follows. "
Bad_add(reall, real?) = real A L_real(real)
then

real = Approx(real A [(reall + real2 - real/(reail + reai2| < 10-%
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R2i: Real - Int “ |
R2i rounds to the nearest integer, aﬁd towa[dszero in case of a tie:
[LR2i(rea) @ 03 - reaf 505 A [LR2U(real s O3 « freaf + 05

Trunc: * Real = Int

Trunc truncates its argum‘em towards zero:

Return_boolibool, env) = let d_-;type Idu;m EHJ: s&mn
in o
<normal in Term; L(bobl in Vip: d_typed in Ob*; env>

Return_int(int, env) = let d type - [tm‘m [D n B_ﬂﬁ
. . m EEN
m.uu z:um; &um mWa dmuw; sav>

Int_result(int, env) = if L_int(lnt) »
' then Retirhomelint, eird)
else Error("onfﬁow" in Name, env)

Return_real(real, env) = let d_type = [du"“ [ﬂ ln ﬁ_type
in
<mmﬂm‘rem~ Etreal in Vtﬁzd_typuin Obj*; env>

Real_result(real, env) = tf L_real(real)
“then Return_resKAPproriread; #iv)
else if |real > Max_real) 2
then Error"overflow” tn Name, . ony)
else Error("underfiow” in Ntme, env)

. Return_char(char, env) = let d_type - [d"clm H] tn D_type
T im
<normai in Term; Edchir in Wﬁ"d_&”ﬂiﬂ% ; env>
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Return_string(string, env) = let d_type = Ldu
‘ in ,
<normal in Term; L(string in Val): d_typed in Ob*; env>

string (13 in D_type

© Eq-objlobjl*, obj2*, env) = let <objl;0bj2> = obj2* to Obj?
o in ' o
Return_bool(ob jl = obj2, env) -
Eq_obj will be used in defining various "equal” operations.

Error(name, env) = let term = <exit; name> in Term
in '
<term; nilin Obj*; env>

6.5.2 Force

force_ = proc [t: type] (x: any) returns (t) signals (wrong type)
AlobjI*, obj2*, env). let objl = obji* to Obj '
' obj2 = obj2* toObj
in
if Includestob jlval to D _type, ob ﬁ.d_typ!)‘ |
then <normalin Term; obj2*; env>
else Error(" wrong_type in Name, env)

Includes is used mstead of strict equality because the type lny is a legal

parameter to force.
6.5.3 Null

equal = proc (nl, n2: null) returns (boold
return(true)
end equal

similar = proe (nl; n2: nuid returns(bood - -
retu'rn(true), ,
end similar

copy = proc (n: nul) returns (null)
return(nid)
end copy
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8.56.4 DBool

and = proé (bl 52 booh returns. (bool
returnibl cand bZl
end and

or = proc (bl, b2: bool returss‘boni:-
returnibl cor b2) I :
end o o

not = proc (b: boo) returns (boof)
ithb
then returnifalse)
else returnitrue)
end
end not

equal = proc (bl, b2: booﬁ‘amﬂm AT
Eq_obj S

similar = proc (bl, b2: hool). returna (hool) :
returnibli = b2 «
end similar .

copy = proc (b booﬁ retirns (M

ratupekb)-
end copy

6.6.6 Int

add = proc (i, i2: in® returns (in® signals (overfiow)
Alobji*, obj2*, env). et <objl; obj2> = omptiteOgh . - o
' in :
Int_resultt(objl.val fo Int) + (obj2.vakto InD, env)
Note that add is not a parameterized mmm Us«qbal‘ i» wet
used. This will be true of all of the definitions that follow,
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sub = proe (il, i2: iat) returns (int) signals (overfiow) :
Alobjl*, obj2*, env). let <objl;objds: & 0bj2* to ObJ?
| in . . P o
Int_result((objl.val fo Int) - (obj2.val to Int), env)

mul = proc (il, i2: int) returns (in® iionais (Gverf low)
AlobjI*, obj2*, env). let <objl; obj2> = obj2* to Obj?
in _ ' : _
Int_result({ob jl.‘val to lnt) + (obj2.val to Int), env)

minus = proc (i: int) returns (Int) atgnals (overf‘bw) -
return(0 - i) »
except when overf Iow' signal overf low cnd
end minus :

‘div = proe (il, i2: int) returns (int) signals (wo,ﬁivide. overflow)
AlobjI*, obj2*, env). let <obji; obj2> = _qbj2® fo obj’
int "= obj2.val to Int
in
if int =
then Error( zero_divide” in Name, env)
elsc nt mul:((objl.val tolnt / int. env)

mod = proc (il, i2: int) returns (int signals (zero_divide, overfiow)
AlobjI*, obj2*, env). let <objl; obf2> = 0bj2* to ObjE
int = obj2.val f0 Int
in o
if int=0
then Error{"tero_divide” in Name, env)
else Int_result((obfl.vht to Ind) // int, env) -
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power = proc (i, e: int) returns (int) signals (negative_ expomm, overflow)

if e < 0 then signal negative_exponent end : :
pow: int = ;
for j: int in intsfrom_to(l, e do

powW := pow % i

except when overflow: signal overflow end

end
return(pow)
end power

from_to_by = iter (from, to, by: int) yields (int
while by >0 & from <=to | by <=0 & from >= to do
yield(from)
from := from + by
end
end from_to_by

from_to = iter (from, to: int) yields (int) ‘
for i: int in int$from_to_by{from, to, 1) do
yield(i)
end
end from_to

It = proc (il, i2: int) returns (bool)
Aobjl*, obj2*, env). let <objl; obj2> = obj2* to Obj?
in :
Return_bool((ob jl.val to Int) < (obj2.val to InD), env)

le = proc (il, i2: int) returns (bool
returnfil < i2 | il =i2
end le

ge = proc (il, i2: int returns (bool
return(i2 <= il)
end ge

gt = proc (il, i2: int) returns (bool |
return(i2 < il)
end gt

equal'; proc (il, i2: int) returns (bool
Eq_obj
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similar = proe {il, i2: mo-rgtum(ébml) D
return(il = i2)
end similar

copy = proc (i int) returns (int
return(i)
end copy

6.5.6 Real

add = proc (rl, r2: real returns (real sigasls (overfiow, imderflow)
J\(objl*. objz*. env). ra “<objl; obR> = ‘obi2% s ObY -
: o reall e 0bjlvaﬁo Real
real2 = obj2. val to Real
. if (reall- < 00 A .real2 >0.00. v (reall > 00 A real2 < 0.0
- then' Real_resulsl Bod.addireall, real2), env)
: drt Raai.rnﬁl«t&ﬂ’lmﬁ, env)‘ '

sub = proc (rl, 12: read returns (nal) slgnall toverfbw underfbw)
return(rl + -r2) :
except when overfiow: signal:overfiow:
when underflow: signal underfiow v
end
end‘sub

 mul = proc (1], r2: real) returns (reall slonals (oVefﬂw undeffloW)
“Alobjl*, objz‘ env). let <objl; obj2> - ab;?bbbj’ |
in
Real..rcsult((ob jl val to Real) + (cb J2.val to Rnl) env)

minus = proc (r: real) returns (roal)
_ AlobjI*, obj2*, env). let obj = obj2* to Obj
in . S
Return_reali~(ob _mt to ReaD, env)
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div = proc (1], r2: real returns (resd signals (MWMMLIM)
AlobjI*, obj2*, env). ler <objl; obj2> = obj?' to Obj? o
real = obj2.val £ Real
in
if real =00 S
then Error("tero_divide” in Name, env) - - ...
else Real_resultl(objl.val to Real) /. real, env)

power = proc (r, e: real) returns (real
- signeisdzero.divide; complox.rewit: averflow, undesf| hw)*:
Alobjl*, ob12* env) let. «ambobgﬂa «-oli2h Obgt .. o -
reall = objl.valfe Real
reai2 = obj2.yal to Real
e S
if reall =00 A real2 <00
- thew Error"tero_divide! im Name, env)
else if reall:< 80~ msm«zmmm e 0
then Brror(complex, pesulil. in Name, env)
else % the rest is symdmmdem -

i2r = proc (i: int) returns (roal) aigna&s (overﬂow) I
Alobjl*, obj2*, env). let obj = Objz*ﬁuwg
Real_result(L(ob j.val to Int). @ 03, env)

r2i = proc (r: real) rcturm (int) signlu (overﬂow) .
Aobji*, obj2®, env). let obj = qbj2* toOhj N

tn
~ Int_result(R2iob jgyal;tgikgl), eav)

trunc = proc (r: real returns (int) signais (overflow)
Alobji*, obj2*, env). let obj = obje* to Obj o
h;;.resﬁl;(Twz;c(gty jval to Rul), env)

It = proc (1, r2: read returns (bool
Alobji*, obj2*, env). let <objl; obj2> = 0bj2* to Obj2
in ' o
Return_bool((objl.val to Real) < (obj2.val to Real), env)
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le = proc (rl, r2: real) returns {bool
returnirl <r2 | rl = r2)
end le

ge = proc (rl, r2: real) returns (bool
return(r2 <= rl)
end ge

gt = proc (rl, r2: real) returns (boob
- return(r2 <rl).
‘end gt

v'equal, = proc (rl, r2: read returns (bood
Eq_obj

similar = proe (r], r2: real) returns (bool
return(rl = r2) o
end similar

copy - éroc (r: ri;l) returns (real
©return(r)
end copy

6.6.7 Char

i2¢ = proc (i: int) returns (char) signais (illegal_char)
Alobjl*, obj2%, env). let obj = obj2* to Obj
‘ char = Lchar (obj.val to In0]
in '
if L_charichar)
then Rctyruhaﬂchar,- env)
else  ErrorCiliegal char” in Name, env)

- c2i = proc (c: char) returns (int) s a e
Alobjl*, obj2*, env). let obj - obj2* to Oby. .

Cchar inth = objval to Char -
Return_int(int, eﬁv_)
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It = proc (cl, c2: char) returns (bool ' R RN S
return(chartc?;(cl) < char$c2i(c2) e
end it

le = proc (cl, c2: char) returns (bool : o TR LTI DN T
returnicl <c2 | ¢l =¢2
end le

ge = proc (cl, c2: chan returns (bool IS TR STRSE R T
return(c2 <= cl) ‘ ‘ :
~end ge , ' .

gt = proc (cl, c2: char roturns(boel) PRI ST S DR R SRS R T T
returni{c2 <cl)
end gt

equal = proc (cl, c2: char) returns (bool) -
Eq_obj

- similar = proe (cl, c2: char) returns (bool : ﬂ, et ey Una
return(cl = ¢2)
end similar
copy = proc (c: char) returns (char)
‘returnic)
6.5.8 String S SRR S -

size = proc (s: string) returns (int
Alobjl*, obj2%, env). let obj = objz‘ :ookj
in
s ﬁémiuﬁaszwobw:msamg) env)

indexs = proc (pat, str: string) returns (lm) , R R
z: Int := stringSsize(pety’ - : BEEEC T
for i: int In int3fromaoll. «musueau» iﬂf

if pat = string$substristr, i, 2)

then return(i) end _
end ‘ T
return(0)

end indexs

v e
3



indexc = proc (ci char, 5: string). returns (ind)
return(string$indexs(string$c2sic), s))
end indexc -

¢2s = proc (c: char) returns (string)
A(objl*, obj2*, env). let obj = obj2* to Obj
in
Retum_smng(ob jval to Char in Char , env)

concat = proc (sl, s2: strlng) returns (strlng) v .
Alobjl*, obj2*, env). let <objl; obj2> = obﬁ' t0 ou;‘
string - = Concatlob jl.val to String,

obj2.val te String) -

in
if L_stringistring)
 then Return_string(string, env)
else Failure? in String,. env) .

append = proc (s: string, c: char) returns (string)
return(s Il string$c2s(c)
-end append

fetch = proc (s: string, i: int returns (char) signals (boarids)
Alobjl*, obj2*, env). let <objl; obj2> = obj2* to Obj?
' string = obji.val to String.
int = obj.valtoInt
in
if 1<int < Size(string)
_ then Return_char(Fetck(string, int), env)
else Error("bounds” in Nameg. env)

rest = proc (s: string, i: int) returns (string) signals (bounds)
returni(stringssubstr(s, i, string$size(s)))
except when bounds signal bounds end
end rest :

139



“140

substr = proc (s: string, nlow: int, nsize: int)- slghﬂﬁboﬁﬂd!, Mgaﬁve_;ue) :

if nsize < 0 then signal negative_site &d i i=/e " 730
z: int := string$size(s)
—ifnlow<]l cor nlow-1512
then signal bounds end EL L
ss: string := ™" S o
last; int := 2z
if nsize <.z - ndow.» 1 .
then last := nlow + nsize - 1 end
for i: int in int$from_to(nlow, last) do

ss := stringSappend(ss, slih) 77 77 ¢ 7
end e 7
returni(ss}.. ... .
end substr. ... . ;
s2ac = proc (s: string) returns (ac) '
ac = arraylchar]
a: ac := actnew() S LA
for c: char in strlngsehars{:) do
“ac$addh(a, @
end T S S T
return(a)
end s2ac
"ac2s = proc (a: ac) returns&‘%rim) R P
ac = arraylchar] - B O S P
s: string = ™ / / “’ S T
for c: char in aciélen‘iénts(a) do ‘ S
s = stringSappendfts,d
end
returnis)
end ac2s ;
chars = proc (s: string) ytcufs (char)
for i: int in int$f rom_to(l stﬂngSstze(s)) do
yield(s[n]) T Ao Tw - » SRCEE RS i BA

end
end chars . : EEESE LSS ShatE



It = proc (sl, s2: string) returns (bool
zl: int := string$size(sl)
22: int := stringssize(s2)
min: int := 2l
if z1 > z2 then min := 22 end
for i: int in int$from_to(l, min) do
if slli] < s2[i] then return(true) end
end o
return(zl < z2)
end It

le = proc (sl, s2: string) returns (bool)
returni(sl <s2 | sl = s2)
end le

‘ge = proc (sl, s2: string) returns (bool -
return(s2 <= sl
end ge

~ gt = proc (s, s2: string) returns (boo)
return(s2 < sl
end gt

equal = proc (s, 52: string) returns (bool
Eq_obj

similar « proc (si. s2: string) returns (booD
return(sl = s2)
end similar

copy = proc (s: string) returns (string)
return(s) ‘
end copy

6.56.9 Array Types
The heading of the ullray type genérafor begiﬁ;

. array_ = cluster [t: type] is ...
at = array(t} :

We will make use of "at” and "t" in the definitions that follow.

‘141
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create = proc (plow: int) returns (at)
' return(at$iniow: 1)
end create -

new = proc () returns (at)
' return{atScreate(l))
end new

predict = proc (nlow, nsize: int) returns (at)
return(atScreate(niow))
end predict

low = proc (a: at) returns (int)
Alobjl*, obj2*, env). let obj = 0bj2* to Obj
' <int; 0bj3*> = enyarraysiphjval fo Asray)
in ‘) .
Return_int(int, env)

high = proc (a: at) returns (int) N R L
return(at$low(a) + (at$size(a) - 1) :
end high

;2 SELR

size = proc (a: at) returns (int RN
Aobjl*, obj2*, env). let obj - = obj2* to Obj
. <int;obj8*> = envarraysiobjval to Array)
in Cdd gaendigs pednto oo 10
Relum_int_(Siu(objS*). env)

set_low = proc (a: at, nlow: int)

Alobjl*, obj2*, env). let <objl; obj2>
array '
intl
<int2; obj3*>
a_map

in '
if L_statelintl, ob 3%) SR '
then <normal in Term; nil mmﬁ mvh_map ™ arrays]>
_else. - Fallured in String,..etw) = :

: ob jzt 0 Ob ’2
objl.val to Array
obevaltoint -
env.nrnyl(ﬂ‘ny’

envarraysiarray + <intl; obj3*>)
Ce e e e Eylp e B R



143

trim = proc (a: at, nlow: int, nsize: int sighals (bowivds; negative_size) -
if nlow < at$low(a) | nlow > atshlgh(a) cnnd nlow > IWM) + l ‘
then signal bounds end e : T
if nsize < 0 then signal negative_size ond
while at$low(a) < niow do
atsremi(a) ‘
end A ,
while at$size(a) >= nsize do
at$remh(a)
end
end trim

fill = proc (nlow: int, nsize: ing, elt: t) rotum @v M (mgauve_;ue)
If nsize < 0 then signal negative size end ‘
a: at := at$createlnlow) o
for i: int In intSfrom_toll, nsize) do
~ at$addhia, ey :
. end
return(a)
end fill

fin mpy proc (nlow: tnt. nsize: int, eit O returhs (at) ‘signals (negative_nze)
wiere' Nuaeipr proctwo (t) returns (t)

if nsize <0 then slgnal negative_me end
a: at := atScreate(nlow) ‘
for i: int in intsfrom_to(l, nsize) do. .

at$addh(a, tScopy(eit))

end
return(a)
end fill_copy -

fetch = proc (a: at i lnt) returns (t) slgnals (bounds) ‘
Alobjl*, obj2*, env). let <objl;0bf2> = obj2* fo Qb§*
<intl; obj8*> = eav.arraysiobjl.val to Array)
e = (ghR.valie InD) - intl + ]
obj3 = Fetchobj8®, int2)
in '
if 15int2 s Sizelobj3*)

then <normel in Term; obj3 in Obj*; env>
else . Error("bounds” in Name, env)
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bottom = proc (a: at), rctwmm slm (bwﬂdlé

returnlaslomiadd) ..coi vons
except when bounds. signal bounds md

end bottom S wnag wunE

top = proc (a: at) returns (t) signals (bounds)
return(alat$highfa)d)
except when bounds: signal bounds end .. .
end top

store = proc (a: at, i: int, elt: t) signals (bounds)
Alobjl*, obj2¥, env) let <ob jI; 0bj2; objS> = obj2* to Obj?
R SR ) .ﬁﬁuﬁ(i TE R &ﬁ‘ﬂwﬁﬁay

<intl; objs‘;“ T ERVRRR ,&j) o

int2 = {ohy2al fJne;ndntl 0 1

ob j4* = Storelob8®, AR, -obij®):

amap | = envarmaysarray « 4"“?‘*1‘*3 |
in IS

Pt oaed’

gf 1sim2s Sizc(objs*)

then snaemal in Tauw pilds Ohi’;. gamimmnn amrsb
dse zzr%wds in Name. env)
addh = proc (a: at, elt: t) o E fa sty b ‘x-{-s RTINS ’
Afobjl*, obj2*, env). let <objl; obj2> "=’ S

- array = ;
<int; obj8*> = envammmy)

ob j#* Appendiobp®, obﬂx“ o

a_map - env.aruya[arny - <int; ob j«t“:-]
in i . o T Fmtiaa Unto <
tf ‘L_statelifnt, Obﬁ‘*)‘ s aw T

“then <ht¥mal tu"!’«m; il in Obj*; env(a_.map e arraysl>
vm Fcﬂurc(? in Strmt. env)
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addl = proc (a: at, elt: ©)

Alobji*, obj2*, env). let <obji; obj2> =
array = objlival to Array
<intl; obj3*> « ‘env.arra‘ys(amy) ’
int2 = intl~-1 -
objt* = Conslobf2;: ay&) :
L amap T -Mmmyimy* dhtt:obj‘l‘ﬂ
in

if L_state(int2, obi®) : :
 then <normalin Term; nitin Obj‘ mv{a_mapcamysb
else  Failure(? in &Mnﬂ ~

- remh = proc (a: at) returns () signals (bounds) R
| A(objl" obﬂ' env). let obj. . e&p!mw

e e eped my
Ceng os]s‘s w envarrafii
ob4*. , ot i
amap . = env.amy:[amyc— dm. obﬁh]
" in
if Empryiobps®) T
" then Emr(‘bound; thqmeg mv) A

¢ls,¢ Wmdu Tm ohp,s., mv[a_mapo arnysb .

rem! = proc (a at) returm (t) slgnals (bounds) S

Alobjl*, obj2*, env). let obj - obg? wobf
RNV ) ami T &jfﬁfb Afrlf
<int; obp‘> = envarrays(array)
- obje* = Taiobp®
ob j5* = Headlobp®) in Obj‘
a_map - mv.tmy&fii‘b am; ebji‘ﬂ
in e
if Emptylobjs*)

~ then Error("bounds” in Name, env) :
¢dise <normal in Term; ob5*; envia_mip.e:arrapml>
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elements = proc (a: at) yields (0
for i: int in atSindexesia) 49
yield(alil) :
end
end elements

indexes = proc (a: at) yields (ind S
tfor.i: mtin MMW atshsgw 4
yield(i)
end
end indexes

eqﬁal = proc (al, al: at) romﬁ(w" :
Eq_obf

similar = proc (al, a2: at) returns {boal . -
‘wiere § has ssiar: PW% (N rcm (hooi)

it atslow(al) ~= aglow(ad | ;@uwﬁmw
then return(ftkcl nd

for i: int in attindexes alf do

it ~t$snmlw“§ﬁi¥ am«m mumumm
return(trua)
end similar

s:mnlazl = proc (al 32 at) returns (boc»
L et s equak practyp# {t, O returns (boob

if atﬂow(al) ~= atblow(a2) | atsme(al) ~e mumza

then returnifaise) end ERTTEN S TIP EF IESTCTNE B
tor i: Int in atsindexesial) do -

It alli) ~= a20j]. irm\ sg;um!fgm) onq
~ end
return{true)
end snmilar

a4

copyl = pragh sat)- :g;u;m(;,g) .
aa: at := at$create(at$low(a)) -
for elt: t in at$elements(a) do

 at$addh(aa, eu)
end
retusniaal
end copyl
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copy = proc (a: at) returns (at) where t hu copy:pmtyp-(t) returns (t)
‘aa: at = at$eopyl(a) ’
for i: int in at$indexes(aa) do
- aali) s tScopv/(aaUh
. end
returnaa)
~ end copy

G.5.10 Record Types

The definitions given in this section a“refsche’mu. ~ Each definition is given in terms of
the record type ' o
RT = recordIN;: T}, ... N: T ]

where the N are in increasing lexicographic order.

get_ N, = proc (r: RT) returns (T )
A(objl* obj2*, env). let objl = 0bj2% to Obj -
" obj* = env.recordsiobjl.val f0 Record)
obj2 = Fetchlobj3®, i)
in
<normal in Term; obj2 in Ob j’ envs>

There is a get_N ; operation for every N..

set_N. = proc (r: RT, elt: Ti) . ;
_obj2* to Obj?

Alobjl*, obj2*, env). let <objl; 0bj2> =
record = obji.val ta Record
obj3* = env.records(record)
obj* - Storelob8*, i, obJ2)
r_map = eny remrdituobrd « objt*]

in v
<normal in Term; nil in Ob j‘; env[r,.map e recordsl>

There is a set_N, operation for every N .

equal = proc (rl, r2: RT) returns (bool -
Eq_obj '
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similar = proc (k. r; RTNM&M >
whers T, has similar: proetypp (‘F ’Eil smmdhml)

A A

T has similar: pmswﬂﬁ;,, :E;gwum; Lbool)
return(T $similar(rLN,, r2.N ) cand .. cand Tnsmﬂ.hl’ FIN DN
end similar , ' fgpieig ¢

“similarl = proe (r], r2: RT) returns (bool

where T, has equal: proctywﬁ’,,f km(baoﬁ 5L

T T 'mcswal proctyRe (T, T, returns (hood
retur‘n(rl.N -r2N cand .. cand rl.N -r2N)
end si'milarl

copyl = proc (r: RT) returns (RT)
’ return(RT${N;: rN,, .., N:rN}
end copyl

copy = proc (r: RT) returns (RT) where T, has copy: prestyne (ﬂ",) returns (T ),

. e

L T, i;nmg nmtyn('r)ntwm(‘r) _
rr: RT := RT$copyl(r)
rrN, =T 1$¢:,_f.opy(r,N )

N, =T $c0py<m>
returntrr) '
end copy

6.5.11- Oneof Types

The definitions glvm LR this scdiw are uhm Etch definition ls gwen in terms of
the oneof type R ‘
OT = opepf[N T” - N T 1 .

where the N are in increasing lexu:ographic order.
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make_N, = proc (T ) returnsOT) . .. =
Mob,}* obj?* env). At obj - oY t.Qbj -~
- [N :objl]
v'i'n-' o
snormal.in Term. Lloneof in Vab; OT3 ln Ob I env>
" We have informally used OT as a d_,type. Thm is a mke_N‘ operation for

every N..

(is_N, = proc (x: OT) returns (bool
tagcase x
tag N;: returnitrus)
others: returnifalse)
.end ’
end is_N1

value_N, = proc (x: OT) returns (T 9 aionlh (wrong_ug)
tagcase x. SR
tag N, (v: T) return(v) ‘
othar: slgﬂ,al wrong_tag
end
end value__Ni

' equal proc (x1, x2 OT) returns (bool
. B whm'r mquﬂz Mu&Ti.T ) utmu(bod)

S Tn has equal: proctype (T, T,) returns (bool)
tagcase x1 _ '
tag N, (v: T)): returnlv - 0T$vame;N*(x2)) ,

tag N_ (v: T)): return(v = 0T3V3N§;N {x2))

end

except when wreng_fag: uwm(fm and
end equal
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similar = proc (x1, x2: OT) returns (bwl)
where Fy-has similas: pr”tyn (T,, Ty returns (boed),

T hu sumlar: pmtxpt (T, T o nturm (bool)

tagcase x1
i‘au N (v:T,: rotdrn('f‘lfumiht(v. OTSWI&_N (x2)))

RS

tag N (v T RE roturn(T snmﬂar(v, OTSvalue_N (x2)))
end
except when wrong_tag: rcturn(fnl”) cnd

end similar

copy = proc (x: OT) returns (OT) where T, has copy: prodtyps IT ) returns (T ),

T, has copy: proctype (T ) réturns (T )
tagcase xl AR
tag N, (v: T ): returMOTsmake,_Nx(Tltcopy(v)))

tag N, (v: T ): return(OTSmake N (Tnuopy(v)))
‘end
end copy

8.5.12 Proocedure Types

The definitions. given in this section: anschoms. mﬁqum is given in terms of
a procedure type T. | |

equal = proc (rl, r2: T) returns (boob
Alobjl*, obj2*, env). let <objl; obj2> = obj2* mﬁ%f
in

eturLW:ﬁzﬁt “obpval env)
We ignore the type descriptors because one or both descriptors can be routine.’

similar = proc (rl, r2: T) returns (bool
returnirl = r2)
end similar

copy = proc (r: T) returns (T)
returnir)

end copy
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6.56.13 Procedure Types

The definitions given In this section are schemas. Each definition is given in terms of

a procedur'e type T.

_equal = proc (rl, r2: T) returns (bool)
Alobjl*, obj2*, env). let' <objl; obj2> = obj2* to Obj?
in
Return_bool(ob jl.val = obj2.val, env)

We ignore the type descriptors because one or both descriptors can be routine.

similar = proc (r], r2: T) returns (bool
return(rl = r2)
end similar

copy = proc (r: T) returns (T)
return(r)
end copy -

6.5.14 Routine |

We will infdrmally use routine in CLU text below, even though one cannot reference

the special type routine in this way.

equal = proe (rl, r2: routine) returns (bool
Alobjl*, obj2*, env). let <objl; 0bj2> = obj2* to Obj?
: in v
Return_bool(ob jl.val = obj2.val, env) . _
We ignore the type descriptors because one or both descriptors can be a procedure

or iterator type.

similar = proc (rl, r2: routine) returns (boal
return(rl = r2)
- end similar
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copy = proc (1: routine) returns (routine)
return(r)
end copy
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7. Conclusions

The goal of this thesis was to develop a precise, forma!def inition of CLU, with the
hope that such a definition would'be.avi‘.lsefqlﬂtool in'o,the}r work. This hope has aiready
been met in‘three ways. First, this res_earcﬁ ‘haﬂs providedus with_the opportunity to
evaluate various features of CLU from a new vie\{)pbint. M;t,h:o,ughbo_ur understanding of
the meaning of CLU programs has not really cﬁm‘ged. we did discover several places
where our understanding of legality-checking wu{fauit‘y‘cr incomplete, and changes were
made to CLU as a resuit. Second, our deéfinition is now being used to verify (informally)
the correctness of the legalityschecking phase of the CLU compiler. Third, our definition
provides a basis for -evaluating: the usefuiness of ﬂve'de'finmdn;‘method proposed by
Schaffert{Schaffert’8a). We discuss each of these points bmﬂy below, and then finish

with some directions for future research.
7.1 Méaning

Our definition is divided into two major parts, one defining what constitutes a legal
‘module and one defining the meaning of legal modules. If we. ignore the déﬁniﬁon of thé
built-in abstractions then the meaning .part is quite short,: Im than 12 pages of actual '
equations. This indicates that the. model of eomputmen CLU pruems to the user is simple
uniform, and hence easily understood. It alse indicates that the definition method we have
choSen is an apt one. Most of .the mechanisms used in the meaning part are direct
"implementations” of the informal descriptions given in [Liskov78], particularly those for
variables, parameteﬁ, and excepﬁon handling. For example, we have used explicit
~termination conditions to propagate exceptions through intermediate corhputatiom, rather

‘than introducing continuations to effect transfers of control. .

However, our treatment of iterators is not completely satisfying. Although the way we
have defined iterators is snmpie, and appears to be the simplest possible glveri_ the
underlying theory, it is somewhat backwards from the usual view that an iterator actually
yields items to the caller. Having the iterator return a continuation to the caller, as

discussed in section 2.2.4, is perhaps a truer representation of this view, but defining
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iterators in this way would involve changing the definitions of all e othiér statements to
create and use continuations. If some other conuruct d GLU forced us to use
i Contmuatlcms we, might feal less mong& about avoiding thur uu »for iwuon. we might

‘even useé ‘continuations for exception handung in tt;e :bu»a vf Illt'.'h a uomtruct. the use

]

of contmuations ieerm oveﬂy compﬂated

In defumng meaning we ha\se cmimdxm ;maf m}m Thefmt omission is
mput/oug;ut primitives. We have et definer amy L/Q primitive becanse: implementors
‘are free tp choose 'thgggwqwq,,al,&hwgb a standard: hes-besm proposed Lliskov78). : However,
/O s essentially, 4ivial to. incorparate inte- g dalinilony idgide: from simply adding
Qefinitions of the pximﬂiﬁtms and routines, the only changs te-our definition would be
the addition .of one or .more iRique t&dm and - mm o Mpmm new
primitive mutable ob jects (such as streams).

The other omission is more subtle, and concerns fallures in rétl systeres, Jn . an agtusi
implemenéation it is permissible for the system to generate a fallure cx&ptlaﬂ at any time.
For example, when attempting to multiply-two resl nuvhiie, MW Such ds

failuret"flonting point hardware:broken™
coyld be generated. We could sepressnt. this by, rrm B inveke Mammmmmuy ‘
choase between executing notmally-snd failiog with-s: Tamionly SHEWR Wpifg, bt In résl

systems the cheice is deterministic.  Since the exsct! mwm ek fuihibes can bdtuf_ '

and the exact reasons for such failures are. corkplurely! Wm& ‘we hiVé
chosen somply to omst siich hﬂwu from wrm T |

7.2 Legality

In contrast to the concise definition” 6 meaning, ‘our definition of legality lsrather
. of the nage-Ameunt: of errorschesking. being
performed; for, the mos part the definision is very sraighifarwand. However, two aspees
of CLU merit comment. here: intesface specifications snds parmosmess..

long. This is primarily just an indigatio
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Our legality~checking algorithm bastca!ly performs a single jpass over the syntax tree.
The only exception is that two passes are’ necessary to check module headings. Although
clever schemes could be used to mrmmue the work performed on the second pass, there
does not appear to be any good way to avoid the second pass. In particuhr, we know of no
simple, sensible rule that avoids. the problem without unduly restricting ¢ the class of Iegal
modules. Of course, an algorrthm is not bad merely because it requires two passes, but it
took a substantial effort to determme and undermm the minimum assumptions necessary
to derive and check interface specif u:ations, and this leuves us wtth the feeling that perhaps

somethmg better could (and should) be done.

On the sub ject of parameters we wish to point out by way of two examples that in

some respects there is a very thin line between having a well—def ined mechanism and an

ill- def ined one. The first exampte deals with the permrssib’le types of parameters. CLU is-
now defined so that parameters can only be declared with the types type, null, bool, int,

real, char, and string. However at one potnt procedure and iterator types and certain
oneof ‘types, were also allowed. These types were removed when we discovered .that one
could write "legal” generators that could never be instantiated, as in .

- X = cluster [1l: oneof[a t2], t2: oneof[a tl]] is ..

(Finite oneof type specifi ications cannot be wntten for any actual parameters)

~ This problem could be "solved” by altuwing such- g‘ene‘nte‘_‘ts‘ (eVen though they could
never be used), or by imposing rules to forbid cyclic dependencies in parameter
declarations; but it appears that no computauonal power is lost by ellminating structured
type specrf |canons Indeed, given the dynamic behavior of CLU ob Jjects, it is difficult to
think of m_any uses for non-type parameters tn;,‘genera_‘!. much less procedures, iterators, and
oneofs. Fur example, the type of an array does not include any information about the size

of the array because an array can vary dynamically in size.

Our second example deals with parameterized operatrons of clusters. Having decided
that parameterized procedures and iterators were useful as individual modules, the
designers felt that parameterized operations should - also be aliowed for comple_teness.

though no real use for such operations is yet known. It then made sense to aliow specific
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instantiations of parametenzed operatmns to be hsted in whoro clause restncuons
Unfortunately, we discovered that this last stap ‘led o an mnmu récursion in our
“legality-checking algorithm when apphed to cemin pathohgm Mu%es TScheif ler’m For

“ example, the type X(Xta] in
X = cmdcr tt typel is f whon § ha ?I'X[X[dﬂ mtwc o

£ .= proc&u typel O; end f;
en;d X :

is legal oniy if X[t] isa Iegal parameter to x  Which, is cryepaiy if X(t] has an opera;wn
fIXIXIX(t13], which is true only if X[X[X[tm isa legai type. wh%ch leads to an infinite

recursion.

This pnoblem could be solved by ghmx full. mmm for each paumetenud
operation. (Thns i the agproach faken in Mgh;rd [Wai(T8), though, apparently for

syntacuc unifor maty rather than in.response to thu p{gb&@.? Eox Wlf, one could state
where t has op = proc Cu: typn] (u) rcgwgs W xehere u has ...

mstead of

where t has op[lnt] proctypc (Lnt) ratum(lnt) .
op{ nal] proctypc (rul) uturm (nd)

Since this solution’ requares additional syntax,'for’ an e’::tr&;;c'iﬁyi’rare case, an addntional
legality rule was: fo;muimtcd mmd AThe wmlﬁ w m%hﬁ cheekin our

definition)

7.3 Compiler Veriﬂcation

With respect to legality-checking, no-distinction éin be mate between "denotanonal"
definiitions and "operatiorral® definitions; there are orily diffettieds in' ;Fnh precisé algorithm
used. Our definition of legality:checking was doné with ¢orapilet 'vérification in mind,
~which is why a (basically) one pass algeriibm_ wap, chupgn,.. Although the actual
implementation of legatity-éheck&ng i;'n the GLU W&; di{fgsggqm pur dgfmtcion‘iﬁ a .
number of respects. (primarily, for efficiency reasons), the. %WM‘M is. identical and
equnvalence is fair ly easy to establish.
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Second, Schaf fert uses a producer-consumer palr of processes to defi me the execution
of an iterator and its mvolung for statemem ‘A special object is used to represcnt the
queue between the producer and the consumer- this object is mitabty ‘defined s0 that the
‘two protesses are constrained to execute alternateTy father than:"‘wmkaneously Although
fatoss, we feel it is more

this definition is closer than ours to the mformafdescﬂpimuof teri
complex and harder to understand However, waghoglg pote tl:;t wblk our methad of

definition can also be done in Schaffert’s formalism, the opposite is not really true. This
indicates that «Schaffert’s farmalisss: should: be: npemr o denonational methods for

defining paraliel programming languages.

Thnd the concept of mutable ob jects is bm!t mto Schnfferts formahsm. an exphcu
repw<entanon of the umversal state is not prescm in the equatiom. but rather is nmphcnt
thloughout Although thls could tend t0 s:mp%ify the eqé):uons. :ﬂother factor of fsets thls
benef it. Specnf ica lly. a list of actwe vanables (th; argu;ﬁcm: !o the cnmputa ”on) is passed :

A s
exphcntly f rom computauon to computanon In our opm‘ pamu around the kmd of
B DY

‘e:\ecuuon en vnronment we have def med is no more cemphcated aud no hardcf to deal mth

k™

kthan passmg around a list of vambles

~In summary, the CLU definition. givomm;.appdﬂfkwuvé;m;b&wf‘rthm ‘the.
definition- given by Seiaffert. Except i tie treatnient of varinisies awd dverators, however,
the differences between the two definitions are not ufmf icant, and reaily ha've nothing to
do with the underlymg theories. FurtMrme. Schaffms method appears to be much

SO TANEY O2fEMf D gwl

better than current denotatmnal techntques for defimng pmgnu\mmg languages that deat* :

Fa ’-{ nf!’

>w1th paxallehsm

T ETL B b:.,; P (T

7.5 Directions for Future Reésearéh =

. One of the most important tasks left .in: defining. object-qriented hnguage's'isvxt»‘hc
develapment of a clean, usable, axiomatic defmmm An axipmatic method . mould
ot be extremely . dlfﬁcuu to devise, but no such.. mﬁhﬁ waMms, to-exiat. Hmur,

proposed method will be given in [Schaffert78b] with which a stmghtforward axiproatic

definition of CLU should be posslble
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Our def tmtton of ‘meaning, on the other hand, was designed to be as simple as
» posstble wnth the result that it is not particularlg well—suued asan tmplementatton standard.
- ‘Ow view here is that our defi inition is. well-suited to be the standard definition of CLU,

LR

couect other f ormal def tmttons should be constructed
7. 4 Comparison to Soha.ffert Work

There are m:jox,wdeff.erenoes-hetween our definitien and the one done by Schaffert
[Schaffert78al, but for the most part they are differences in.szigorithm design, and have
nothing to do with Whlch underlymg theory was used SChafferts legaltty-checking'
algorithm is multt-pass and simply assumes the existence of iegal tnterface spectt‘ tcattons in
"the hbtary rather than mcorporatmg an mittal pass to derive and tnstall them
| . Ttansformattons of the _parse tree are separated out as much as possible r rom the actual
" legahty checks Further, CLU has changedws‘omewhat stnce the time hts def tmtton was
‘made:. the exit and continue statements were added as \:IIS‘ the type real, the rule
'menttoned above concermng infinite recursion was adopted and a mechamsm for
renaming excepttons was removed. These and other differences result in Schaft‘erts
def tmtion being- a-litte shorter than ours, but in; practice his. dsfinition .of - legality: seems
slightly harder to understand, primarily due to the separation of. :the-ttmnsformatms from

_ «the l'egahty;check& : sha

_ The two defmltlons of meantng are the same in many respects, parttcularly in the
treatment of parameters and exceptton handling. but there are three important dif ferences
First, Schaffert is constrained by his formalism to treat variables as ob jects of an abstract
type, whereas we are free to treat themstmpjyasnamgsfotgmects, Although treating
variables as objects gives a uniformity and simplicity to the underlying semantics, it is
counter to wayCLU‘Va’riab!tsarettor‘rﬂiﬂriexplﬂned*{bmmt It may be that treating
variables as"’objee'tsf yields a shhﬁk#'akiontttic‘«demlpﬂén. but proving equ‘ivaiettoef'to' an
axiomatic defmttton would not appear to be any harder with our definition than with
Schaffert’s.. ’ " '
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In addition, a better understanding of how to define general control structures is
needed. Neither Schaffert’s definition of iterators nor ours is wholly satisfactory. Perhaps
future work in defining parallel programming language constructs will lead to some

answeyrs.
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 Appendix - Pareing

We use an exiended BNF grasmar: teudmni m M between ﬂw ‘abstract
syntax and: text strins.: The general-form of a pra ‘

noaterminal = alternative
< i} atiernative

s

s alternative

The f ollowmg gxtw are u%

’ mﬁdsﬁo: (a}a a}a wy zl*}
{a} standsfor (el Iaalaaal )
[a] stands for (g h) o

Al semisplons aze optioRal id LU, bk for sicaplicity shep ppesr below without
enclosing meta-brackets. - Nomterntinat symbol appest in norsiil face. Reserved words

Aappear. in.bald. facex Al other mmt m;:gmmm appear in nesmal

face.

In defimn‘g“ the syniax, of. zwm:wg MM mm precedence of the
various operators with comments rather than &M Mm pnm into the
perucnons Hggher 93‘ lenge Wm& &N. ‘ ﬁl& ﬁs‘ binary Wmts are
left assoctauve excep: n, whkh ts ngh& moeiums

fgg!_modg§g ne { equate } madule

module  m pxoudm;g . R . o
| iterator
-} chaster

ndn = proc [ parms]atgs mgmal[ WIE \ym}
 bedy
end idn ;

procedure
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iterator

= idn = iter [ parms ] args [ yieids] [ signals ].[_L,where ] P
body
end idn ;
cluster n= idn = cluster [ parms ] isidn, ... [ where ] ;
cluster_body
end idn ;
parms’ i= ['décl yoos J
args = [ decl , ... ].)
decl uz idn, ... type_spéc
returns u= returns ( type_spec, ... )
yields nz .yields ( type_;i)ec s oo )
signals u= signals ( cond_spec, ... )
e cohd_spec = name [ ( type_spec, ... )-] |
~ where = where restriction ,
‘restriction =z idn-has opef,decl yaoe
| idn intype_set
type_set’ := {idn|idn has opel;_ded, ;'{ eﬁhate'} }.

| idn
oper_decl  := oper_name, ... :type_spec

name-[ { constant , .. ] ]

oper_name ::

constant 1= expression
| type_spec
= { equate }{ statement }

body
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cluster_body ::

equate { equate }

routine { routine }

routine 1= procedure

iterator

equate idn = constant ;

idn = type_set ;

rep = type_spec ;

type_spec nuil

bool

int

real

char

string

any

rep

cvt

type

array [ type_spec ]
record [ field_spec, ... ]

oneof [ field_spec, ... ]

proctype ( [ type_spec , ... ] ) [ returns ] [ signals ]
| itertype ¢ [ type_spec, ... ] ) [ yields ] [ signals ]
| idn C constant , ... ]

| idn

field_spec u= name, ... : type_spec



statement

e G— — C— — —— p— c—

—— — — —— a— — — — wtamu

B

decl ;

idn : type_spec := expression ;
decl , ... := invocation ;

idn , ... := invocation ;

idn , ... := expression , ... ;
invocation ; ‘

primary . naime := expression ;
_ primary [ expression ) := expression ; .
it expression then body

{ eiseif expression then body } '

[ else body‘::] |

end ; 7
while expression do body end ;
return [ ( expression , ... ) ] .
yi'old-_[ ( expression , ... } ];

signal name [ ( expression , ... ')'];‘

exit name [ ( expression , ... ) ];
break ;
cqntlnue :
begin body end ;
tagcase expression
tag_arm { tag_arm }
[- others : body ]
end;

for [ deci, ... ] in invocation do body end ;

for [ idn, ... ] in invocation: do body end ;
statement except { when_arm }

[ others_arm ]
end ;
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tag_arm

when_arm

others_arm

expression

tag name . [ (idn: type_spéc ) ] : body

when name, ... [ ( decl , ... )] : body

when name, ... { # ) : body

others [ { idn : type_spec ) ] : body

primary

( expression )

~ expression

- expression

expression
expression

expression

. expression

expression
expression
expression
expression
expression
expression
expression
expression
expression
expression
expression
expression
expression
expression
expression
expression
expression

*x expression
// éxpression
/ expression

* expression

Il expression

+ expression

- expression

< expression
<= expression
= expression
>= expression
> expression
~< expression
~<= expression
~= expression
~>= expression .
~> expression
& expression
cand expression
| expression
cor expression

%6 . (precedence)
%6

¥ 5

% 4

E
N N NN NN NN NN
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nil’
true

1
n

- primary

faise

int_literal

real_literal
~char _literal

string_literal

type_spec $ name [ [ constant , ... ] ]

idn [ constant , ... ]

idn '

invocation

type_spec $ { field ,... } .

type_spec 8 [ [ expression : ] [ expression , ... ] ]
force [ type_spec ] |
up ( expression )

down ( expression )

primary . pame

primary [ expression ]

invocaﬁon = primary ( [ expre';s‘im_.....]‘) '
field " u= name, ... :‘e:ipressbn‘“

Reserved word: one of the ldentiflers appearlng in bold face in the syntax Upper and

Iowen case letters are not dustmguished in reserved words

Name idn: a sequence of Ietters, dngm, and underscores that begins with a letter or
underscore, and that is not a reserved word. Upper and lower case letters are not

distmgu-nshed in names and idns.
- Int_literal: a _sef;iuérice’ of one or more dacrimal'drigiu.

Real_literal: a mantissa with an (optional) exponent. A mantissa is either a sequence of
one or more decimal digits, or two sequences (one of which may be empty) joined by a

. period. The mantissa must contain at least one digit. An exponent is 'E’ or '¢’, optionally

o



)

followed by '+’ or ', followed by one or more decimal digits. An exponent is reguired, if

the mantissa does not contain a period. Real literals are parsed to thgm(nQrmalued) exact

values gt

BB 5% LIEEPINS P2

Char_literal: either a primmg ASCH character (octal 10 theu :ostal 5176) other than
single quote or backslash, enclosed in single quotes, or one of MM mpe sequences‘

Bl ST (9
enclosed iri single quotes: *

escape sequence charm’; g o] e 2 AT

' ' (single quote)

\" " (double quote)

W\ \ (backslash) o rekave

\n ' NL (newline) B T

\t ; HT (horizmtgg-t;t:) s

\P o { B % N ﬁ'i L j * (

\b BS (backspaCe) ’ IR

\r . CR (carriage return)

\v VT (vertical tab) B P 3

\xxx specified by octal vatue (s umm! digiy :
The escape sequences may be written using uppefW leviérs. ¥he Aschi characters in
their usual order correspond to octal values Oihron'bf;ﬂ.,m T AT ST PR

String literal: a sequence of zero or more charager, Wmmdmed in dﬁ,ﬂhk |

quotes A character representanon is either a printing ASCII character othel; than double
E Vet gapseggs ashinashi v o eno 3 IR U RS TR ¥
quote or backslash or one of the e:cape sequences lmed above. '

ERVE AT § s B BT {}‘Bc*h.'u'“‘ [ESETS “ MY BRI Cerho e S YR

Comment a sequence of charactm that begins with a t sign, ends mth a newhne
iU DB 2N zth PRX L I O ST S
cha racter and comaﬂns only printmg ASCH characters and horizontal tabs in between

----- “oh Bs mgal iow bavis A AR TR L I R A

Separator a "blank" character: (space, vertical tab, MM&M; arriage’ mum.» .

r betwuq any two

sl famissh srem *zo 8o 13 S LR A

tokens, except that at Ieau one separator is requmd m any two adjacent
non-self~tarminating 4mmmm WW Wriad feal htm

ARG TR AT DWW 33&“:* TS ST

newline, form feed) or a comment. Zero or more Z tgm

MESTErE s RERETL LaTy ey o



Env
Imp_map
Imp
Op

Type

- Vomap

Loop

A_map

R_map

~ Result

Term

Signal

Exit

Loop_term

Library

- Imps_map

Perm

CE

Info_map

Info

Spec_map

Sig

-Handle
D_band

“Full_module

‘Module
Procedure -
Iterator

- Cluster

Decl
- Cond_spec

112

112 .

112
112
112
112
112
112

12
12

112
112
112
112
103

103

Field -
Bool -
Real
Char
String
Bin_op
Int :
Name

Idn

Mod
Mod_form
Op_form -
Unit
Type_form

Invocktith

Domain Index
Restriction 81
Type_set 31
‘Oper_deci 31
Oper_mame 31
Routine =~ 32
Constant 32
Body

Equate
Type_spec

. Field_spec
Statement’
Elseif_AfiY

BE8EE AR EBRLELLLLLLBERES

Oper -
D_type
D_record
D_oneof
D_éomp
D_proc.
D_iter
D_cond
D_mod
Stmt
Elseif
Tag
Catch
Expr
Invoke
Comp
Obj

Val
Oneof
D_oper
Tset
Op_deci
Array
Record
DU

DU _spec
R_spec
T _spec
Op_spec

- D_parm

Constraint

R R R YT YY
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170
Funétion Tirdex
- Add_get_ _ 67 Name -.Nams - :
Add_imps 104 Mod* x Imps,map - Imps_map
Add_info 74 Idn-x Info X Glcv CE
Add_infos . 76 Idn* x Infe xG&» CE
_Add_ops o 105 Op.spec* x GE -+ CE
Add_op_decls 98 ldn x Op,ded® x:CE -+ CE
Add_parms . 105 D_parm* x CE.~CE
L Add_set.. | 78~ Name - Name .
Add_up_type 92 Idn x Ido*.x CE~ CE
Append 25 ' D*xD-D* .
Approx o 120 Real-» Real
. Assn | 120 Idn* % Qbj* x Eav - Env
. Assnl . 119 Idn.x Obj x Env-~ Env
-Bad_add - 129 Real X Real » Real
Bad_expr. 6l CE ~ Expr %-GE .
Bad_obj 51 CE - Objx CE -
Bad_stmt : : 75 'CE - Statt X G ..
Bad_type 45 "CE = D_type x.CE
.Base_op : - 68 Bingop - Binqp::
Boolean 69 Expr x CE - Bogl
&B'oolmns 70 ©  Expr* x CE < .Ropl :
Gompile 103 Full_module* x Library x lnfo_map - ubnry
Concat . 25 D*x D* - D* -
Gons o 25 D)u(D"‘-oD'E
;Const_cxpr » 59 Expr - Bool
Const_exprs 58 Expr* - Bool . ..
Const_type 59 D_type -+ Bool. ;.
Const_types. 5  D.type* = Bool -
Create_ce 14 Infa,map X Spes.map + CE
C_body 74 Body x CE - Umit x CE
C..call , 64  Expr x Expr* x.@E - Expr x CE
C_cond_specs 19 Cond_spec* x CE - D_cond* x CE"
C_constant 51 Constant x CE » Obj x CE
C_constants 51 Constant* x CE » Obj* x CE
C_constraints 55 Obj* x Constraint® x CE -+ Bool

C—cuts 80 Expr* x Bool* x CE -+ Expr®




C_cut_conds
C_cvt_decls

- C_cut_type

C_cot_types
C_decls
C_defs
C_defsl
C_du_parms
.C_d_cond
C_d._conds
C_d_oper

- C_elseifs :
C_equates
C_exit

. Cexpression.
C_expressions.
C_fields
C_field_specs
C_full_modules
C_head_conds
C_head_decls
- C_head_type
C_head_types
C_invocation
C_iter_inv
C_iter_type
C_module -
C_oper_decls

C_oper_names

C_op_call
C_op_decls
C_op_inv
C_op_parms |
C_op_type
C_others_arm
C_parms
C_parm_decls
C_parm_op

-
110
m

m
%

94

65 .
64
62
8 .

s22888852 Q2

105

aa‘%s%ss

87

95

_ Equate®.x Decl* x

D.cond ; xH g
. D._cond® x- Hmdh‘«-' Bool..

. D_operxcl‘:‘.-;zmx CE...

. Elseif arm* x. CE = Elseif* x CE
.,Equau‘ X CJ-; - CE

. Elﬂ'.xpress;nmas CE »+.Expr x. GE
‘Expression® x CE.~+ Expr* x CE

 Cond_spec* x.CE + Sig® x CE

Deci* x GE -+ Expr® x CE -

-Type_spec: X CE - D_type x-Bool x CE

Type.spec’ x GE - D_type* x Bool* x CE
Decl‘xCEaCE s
Ded‘xEqum‘xGE-oCE
Equate‘xCE-bCE .
DUxObJ‘ :;C.E—oObijE

Name x D type* x Handie* =+ Bool

Field* x GE -» Gomp* x CE

 ,_‘ Field, spec’ x CE m D_comp® x CE

FuIIJnoduk‘ ¥ DU‘ﬁpe:' x-CE -+ Mod* x CE

~ Cond_spec® x CE =, D_cond® x CE

Degt* X CE~ CE . ;
TYP%’PQC XCE =, g_type X CE
Typespes® x CE +,D_type* x CE

‘Invocation x CE -» Expr X.GE

Invacation x CE - Expr x.CE

Medyle % GE -+ Mod X CE -
Oper_deg® x CE r, Op_dect x CE e
Qper-name®-x D, type X CE» Op_deci* x CE
Name x Expression® x CE r+ Expr x CE

D.type x Op.dect® x: CE -»-Bool

Name x Expression; % CE - Expr x CE
Qp.spec x.Qb}? x.GE -» Obj x CE

Name x Obj* x Qpspec* %.CE - D_type
Others,arm 3-CE =+ Catch 3 CE

Obj* x D.para*-x.CE - Bool

Decl* x CE -+ GE .

Name x Obj*. x. Op_decl' - D_type

1m

D _type* xD__typqﬁchohd'xCE-o D_typexCE ~.
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C_proc_type
C_restriction

C_restrictions

C_routine
C_.routines
C_sig
C_statement
C_statements
C_tag_arm
‘C_tag_arms
C_type_set
C_type_spec
C_type_specs
C_when_arm
C_when_arms
C_xbody
Delist :
Derive_specs
Duplicates
Empty
Eq_obj
Erase
Error
E_catch
E_catchs
E_elseifs -
E_equate
E_equates
E_expr ~ -
E_exprs
E_invohe
E_op
E_stmt
E_stmts
E_tag
E_tags
E_unit
Fail

48"

£
108

107

zsgaaags&as

25

25
131

108
LR
124
124
120

114

114

ns-

126

1

119
122
122

119

 D_ype* xD_xypé’chomf‘xCE-’D_tyPexCE

Rcstnction X CE = CE

" Restrictioh* X €E < CE
“Routine X CE= éﬁp_form X CE

Routine* x CE - Gém‘ x CE .

Name x’ B*_type‘“x Sig* - Mx Bool*

Statement X 'CE'> Stmt x CE

Statement*'x CE - Stmt* x CE

Tag_zrm x CES Tig x Niine* x D__comp x CE
Tag atm* x CE 5 “l‘ag x ﬁame‘ x D_comp* x CE

‘ Type_;erx CE-»’Fsetx CE

Type_spec X t’:E -4 B__type x CE

.....

When it 'x CE = Catch X’Name* x Handle x CE

‘When_arm* 3¢ GE 5 Catch* x Name® x Hand‘le'_‘_ £ CE
'ned*xnodyxct-on_typé‘xumxcz |

[D‘a‘ - D* Tladegy

' 'Fuﬂ.module‘x(:ﬁ-o DUJPEC x CE
D*4Bodk

D* - Bool
Obf*x Oﬁj' X an - Result

“1dn* x CE - CE

*Namex Env - Result

" Catch x Name x Obj* x Env - Result
© Catch* x Name'% Obj* x Efv -+ Result

Elseif* » Uniit X‘Ehv‘ - Rnuft
Equate x ‘CE-~CE’ -

" Equate* X CE-CE
Expr x Env o Rékult

Expr* x Env - Result
Invoke x Env -+ Result

'Op_form X Obj* % Obj* x Env - Result

Stmt X Env = Result’

- Stmt* x Env - Remit _
© Tag xObj % Edv 4 Result
. Tag® x Name x ijx E.nv - Result

Unitx Env - Reinit

& D_cond



Failure
Fetch
Find_op

- Fix_info

- Front |
. Get_comps

= Get_decls.
Get_du
Gct_du;.specs
Get_d_comps
Get_.d_parms
Get_exprs

Get_ext_specs

Get_mod_idn
Get_op

Get_op_idn .
Get_op_specs
~ Get_op_type

- Get_r_spec. .

- Get_spec
Get_specs
~Has_bad

Head

~Include

" Inctudes
Includes_all
Init_specs
Install_op_spec
“Install_s pec
Integer
Int_result
Itertype_ op

- tertype_ ap_spec:

“Last
L_char
L._chars
L_int
L_parms

R
128

115

128

125

m

105

89

. 47

95

- 110

93
89

116

gl
92
57

&8 8‘[8

25
n
!
70
89
107
104
70
120

16

128

129
129

128

101
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String X Env - Result

D*x Int-» D - ‘

Name X Oper - Op_form

Idn* x Info.,map X CE - ldn x CE

"D -+ D* .

Name* x EXpr - Comp*
Idn* x CE-» D,type b CE

_ldn X CE-» DU ‘

Module* x CE ~» DU...spec

Name* x D-J),’P%,.f', D_comp .

Idn* x CE = D_parm*'

Idn* x Bool - Expr‘

Op.spec X ldn - Op_spec*

Module -» Idn _

Obj x Env -» Op x Obj*

Routine -» Idn - :

Routine* x Idn* x CE -+ Op.spec* x CE

" D_oper x CE - D_type
" Routine x CE -» R_spec x CE

Module x CE - DU_spec x DU_spec x CE
Full_module* x DU_spec* % CE - DU_spec* x CE
D_type* -+ Bool =

D*- D _ :

D_type* x D_type* - Bool

D_type x D_type - Bool

D_type x D_type* - Bool

Module* x CE » CE

Op_spec x.CE - CE

DU_spec x CE » CE

~ Expr x CE - Bool

Int X Env = Ruu,lt‘ ‘
D_jter x Name -+ Op
D_jter » Op,spec*

. thi,_, D

Char - Bool ‘
Char* - Bool
Int -» Bool
Obj* x CE - Bool
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L_parm_decls
L_real
L_restriction
L_restrictions
L_state
L_string
L_type

L_types
Make_constants
Make_idn
Make_name
Make_objs

Make_statements

Make_string
Match_catch
Match_tag
Meaning
Max_int
Max_char
Max_real
Min_int
Min_real
M_type
New_array

N ew_info_map |

N ew_record

N ew_s pec
Oneof_op
Oneof_op_specs
Op_name
Order
Parm_types
Pass
Primitive_env
Primitive_imps
Proctype_op

Proctype_op_specs

R2i

107
128
110

109

129
129
102
102
92

93
53

84

125

124
122

126
128

128 -

128

128

128
125

17
- 44

117
89
116

57 -

68
47
55
115
114
114
116
57
130

Dect* x CE-» CE
Real -» Bool

’ Réstriction x CE -~ CE

Restriction* x CE » CE
Int x Obj* -+ Bool '
String - Bool

" D_type x CE - Bt}ol -

D_type* x CE - Bool
Idn* - Constant*
Name - Idn

1dn - Name

D_type* - Obj*
Decl* - Statement*
Name ~ String

" Catch x Name - Bool

Tag x Name - Bool
Mod_form = Imp "~

- Int

-+ int
-» Real

T Int

- Real - ‘ .
Type_form x Obj* x Name - Op
Array - Array

" Info_map x Spec_map x Equate* + Info_map

Record -+ Record -
Idn x DU_spec x CE -+ CE

“D_oneof x Name - Op
‘D_oneof » Op_spec*

Bin_op -+ Name
Name* x D* -» D*
D_parm®* - D_type*
Resuit - Result

- Env

- Imp_map

D_proc x Name - Op
D_proc - Op_spec*
Real - Int




" Real_result
Record_op
Record_op_specs
Replace

Restore
Result_types
Return_bool
Return_char
Return_int
Return_real
Return_string
Return_types
Routine_op

" Routine_op_s pecs
Same_constraints
Same_op_specs
Same_r_spec
Same_size
Same_spec
Same_t_spec

S et_o_p_namé:
Size

Store

Subst

Tail

Trunc

Types—of
Type_of

Unassn .
Yield_types

130
116
57

74
70
130
130
130

130

131
59
116

100
101
99

.25

99
100
9l
128
128

25

130
-0

70
119

Real x Env - Result
D_record x Name » Op
D_record - Op_spec*
Idn* x Idn* x D+ D
CExCE~-CE

Invoke x CE - D_type*
Bool X Env - Result
Char x Env = Result
Int X Env = Result

Real x Env - Result
String X Env - Result

D_type -» D_type*
Name -» Op

- Op_spec*

Constraint* x Constraint* - Bool *

Op_spec* x Op_spec* » Bool
R_spec x R_spec + Bool
D* x D* + Bool

* DU_spec X DU_spec -+ Bool

T_spec x T_spec » Bool

'Routine* x CE -+ CE

D* - Int

D*x Intx D-» D* .
Obj* x Idn* x D+ D

D* » D* : '
Real = Int 3
Expr® x CE - D_type*
Expr x CE - D_type

Idn* x Env - Env

'D_type - D_type*
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