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Abstract 

A denotational semantics of CLU, e supporting data 

abstractions, is presented. T~, ~initioo ·~ based on Scott's ·.~;·' ic approach to 

the theory of computation. Moduii,the b ... Vltil·Of compilation, a~ .. ~ted in terms 
, • ~v · h 

of a set of recursively defined· d~ains catted-die alfttract syntax. As ~rt ~~hecking the 

legality of a module, a transformation is ·made from the abltract syntllc to.·a modified 

syntax; the transformation reflects the results of compile-time computations that need not 

be repeated at run-time. An execution environment is defined to be a set of objects, each 

with a particular 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 

prnduces a result consisting of a termination condition, a list of zero or more objects, and a 

new environment; the termination condition is used te govern control flow. This unifortn 

tJ"eatn1'.nt of expr~Jtnci $ale..,.tlc'.1llows·1li::stmp1e ~IJitieD,.·of tbe:run""liine 

·exception handling mechanism provided in CLU. The meaning of a t.h*fdUre generatot 
or iterator generator is a function that takes a list of actual parameters, a list of arguments, 

and an environment, and produces a result as for statement and expression evaluation. 

The meaning of parameters is given in terms of textual substitution. A non-parameterized 

routme is viewed as being a generator with an empty patamftet list." The meaning of a 

cluster is a function that takes a list of actual cluster parameters and an operation namf, 

and produces the meaning of t~at ~.atipn., , 
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1. Introduction 

With the design of the programming language CLU [Liskov77a, Liskov77b, Liskov78l 

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 well-defined, 

2> implementors, in proving the correctness of system implementations, 

3> programmers, in writing programs and proving them correct, and 

4) otl~er 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 [vanWijngaarden76J, and production systems 

[ Ledga rd77J, 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 executi~n sequences or by translating the program into a predefined 

programming or assertion language. Operational schemes, such as the Vienna Definition 

Language (Wegner72J and SEMANOL CBlum73l, 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 methods, such as the Oxford definition method CScott7la, 

M ilne76, Stoy77J, define the meaning of a program as a mathematical function from initial 

to f ina I states, with intermediate state changes ignored. Axiomatic techniques, such as that 

proposed by Hoare (Hoare69], specify meaning with axiom schemas and rules of inference; 

the meaning of a program is a mathematical relation between predicates true of all 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 CHoare74l 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 denotational semantia of CLU, based 0n the lattice-th~retie 
~ .. - ~ " ' .. 

approach to the theory of computation as initiatecJ by .Scott [~70, Scott'71b. Scott'12l.. We 
l - • ;: • • . 4". _c.· ~ cf~ ;; .: '. ' '• , .. 

have chosen a denOtational ~ntics for, the f~~~ reasons: 

1> Compile-time type-checking,' a very 'tmponant aspect of CLU, does not ftt within an 

axiomatic framework bu~ is easily d~ibed w'ith·,~~I techniques. Hence a 
. . , ... ~ " -~~-~ .: : .. ~::t . .t·r~ ~ ... ; t , . - ,; ,-

denotati~:mal semantics can be used to verify a complier's implementation of 
, : • , . , - • " • /.. , i «' r·; ·.. . :' ;, 

type-checking. · 

2> Cun·ent axiomatic methods do .not handle the object..ortented ~ntics of' CLU. 
i ~ , . - ' - , ·' . ,- ; , -, ·-5 . .. -. ', '. .• ' ; ~ ; ' . < • -

SpecificaUy, the treatment of si~~f~Qf1,~~·~·~.~· .. ~4'~eloped~ Webeliev.e.a 

denotational smlantics wi·ll be a useful tool in extending a:xiomatk technlqun to 

encompass object-oriented semantics. In partiadar, proving axiomatic and denotational 

def irlitions equivalent is generally much simpler tbJn proving ax~tic and operational 

definitions equivalent. 

3> Although a denotational semantics is not particularly suit~ to the task of verifying a 

code generator or a run-time system, a denotational semanties is generally simpler and 

more concise than an operational semanties, and thus ii a better candidate. for the 

standard definition. 

i> A new formalism, based on a new rriodel ot computation, has been developed by 

Schaffert CSchaffert78bl and used to define CLU CSchaffert'18al. Designed explicitly 

for object-oriented languages supporting data abstractions. Schaffert'• method combines 

various elements of operational, denotationa~ and axiomatic cechntques. We wtsh to 

present an alternative definition of CLU using an established method, so that the 

usefulness of Schaffert's work can be evaluated for a non-trivial language. 

We do not provide an informal description of the s~x and aemantics of CLU • 
. · 

Rather, we assume the reader is familiar with [Lilkov'11l. We do describe the most basic 

elC'ments of lattice theory necessary to understand the definition, but we assume familiarity 

with the :>.-calculus CChurch51J. 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 constructions are-referred to [Scott7lb, Scott76l for~· 

Chapter 2 provides an overview of the definitiOn~'describing the .niost import~nt and 
,. .; " ~; ~ ' ~ , ~. ; - . ; 

novel aspects. Chapter 3 presents the theory and n0tati0n 1uSl!d throufhOUt the remainder 
"' ,· - l _,. -~''. !;.r:;;<'·\· ... ~,.~ .i '~ ··' ~' '' '. 

of the thesis. An abstract syntax for CLU is given tn Chapter.•. as weH as a modified 

. syntax used for·· defining mea:nfr1g. Chapter ; s defrna · ·.e,.1 programs and the 

transformation from the abstract to the modified syntax, atffl tt.•.,ter 6; ;defines the 
' 

meaning of legal programs. Indexes to the nu..fterous domalfis and ·foottians defined ih 

these chapters are provided at the end of the thesis, and lhould :prove ti~'ut. aids to the 
'. . . ' '·>·: _i ~_-; :..: ;;. -~ ·. " - ' ·.'~ •, ,J t ;: .. . . 1 ~ 'i 

reader. Chapter 7 concludes with some general -comments atJout the·-tnttiOft and gives a 

comparison of our definition to the one ~~by:sdtaftert. 
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2. Overview 

The basic unit of compilation in CLU is a moduli, an implementation of an 

abstraction. Our definition consists of two major parts. The fi~st part, defining what 

constitutes a legal module, captures the notion of compuatton, while the second , part, 

defining the meaning of legal modules, captures the notion of n1eutton <or 1valua.tlon). 

This chapter gives an overview of theMUwo paw~ 

2.1 Le~ality 

Fol' a module to be legal, it must satisfy ,certain syntactic and semantic constraints. 

Checking the context-free syntactic constraints iS part of parsir\g, ancf wi'.11 not be dtalt 

with. Instead we define an abstract s1ntax, in terms ot a set Or returslvely defined domains, 

to represent all possible parse trees. The abstract"srntax retains the basic 'syntactic structure 

of the program text but various details, such as formatting and 'the presence of comments, 

are not represented. !he precise relationship between the abftract syntax and actual text ls 

defined in an appendix. We group the· checking of contexJ-sensitive syntactic constrainu 

along with type-checking under the term legalit•,-clatcMnf. 

2.1.1 Syntactic Transformations 

Among other things, legality-checking involves the evaluation of constants, the 

substitution of actual values for equated identifiers, the expanston or abbreviated forms of 

inv-ocation, and the resolution of external references. These same computations are 

necessary to define the meaning of a module. lf we are to separate the legaUty of a module 

from its meaning, we must retain the relevant information from the cheeking phase and not 

recompute it when defining the meaning. This implies that, as part of legatity-~hec:klng, 

we musnransform the original parse tree into a new·tancl ·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 type-checking. Further, the declarative informatian that ts necessary for 
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defining the meaning is ~Uy SCJttered through'"°'t the'*• aod Mt,a$t°' COnected atid 

put ,in a ~1ore u~fu,1 form. F~~ e~amp~. ~-·r~:-~,'*.'1r.,f9 1~:•~•~".:!~,r i'!'~i•lf.l 
,~~U,on du~in~ eva,~~a~~Oll· ~~.variables lpcal l9 ~,ll'(,'A,,~~,~~ ~~ ~~:r~~~ Y'~Cll 
that unit is exited. ,Thus at Sllme,eoi~t i~}~ ~r' .~ ~ ''-~ ~~J:ti~b~ d~"r~ 
if1_ each SCC>ping Ullit. . 

Since a II of toe declara.tive informaUCMt is ..,,~,-•SJ it.re :pr•Sld ••· w., 
prefer to include all qf tfle pr~iflJ J• 1311 ft( "'-•ijlf~t1.~ffll-, ·Ji~ 

. - : . ,,i. __ " .• ~ : ,. _: "• : _;_, 

"legality-checking" involvJJ not QAly ~htcking the "Ptlif f1f' " ....... ~ '™' •lSo rema,v4ng 

.#)f'?lnnitti<>n irr,1,;y1"~.·~ ti~W~~tlM>P~ 'Bf.,..,~,,•M~~li~ in it• 

.JP~st ~sable .f~r'l\~_.HP.Wf!}'~· ·~~.f.~1 l/t~hf:H'.l.~\-;W.,JiMt. JQ,,r~/.U, 1'f' 
c, .. . 

.m11ppi~g~ ~WP.~ ,M!~~J ~ ,tq, J.t/W''H .~f: . I.~W:~ft,'1ff'Wf, •~-.~ sm.fl{. ff~ff!~· 
~~u~~t ,th~ trri'JW~'!WI ~~,·~~J.er r~r.~ffll,Jl]l pplif•.rN'f. lfMJ!~;fW: ~~~~.· R~iR 
qf ,the .at>~ra~~ um~~. w, h(i'l,f ~ ... f.N~ tMt~.'"'~·~lff,Fh•.ffRmfJ.@ ~ ., 

Jqll~trm:t~ .~. 11~~ ~~t.if} ,\!W,,r~•f~fflff',_.sy@~~' 

2.1.2 CompU•t(o"' IP.wl•·~'"Hs · 
.:,_.' 

The leg·a lity of a program fr~t g~11•r•Hr d~t f'1 ~ ~~ ~f#,IJ ~'t ~~e~l1 
}'}t.,i;,~.'i;~.~;~;:.,l'_:''\<~"J;,,.';;,t,:-': ''{"" .}. 0:1..;itP,~,'" _,:_·i.~· < ~ .;,,. -~ 

the fragment appear~. Tll•rtfore, iegf.MlJ~ilJI fl •lwfff ~ w;~ -,,~~ ~ f 

. pi!lrticular fR'11pilf'tl.p~ fflW<TPJlm,at, Qf fff.r .fa,n,pf)MQ~l "Jfi~·~HtJ frorp 

;>d~•~t;fi.er~.t.p.JIPHf\Jf~ i4M ~.Yl" •. "JR fRll:tl:.·~lff~.~" ~ 
-mapping _;s ~ ~9' &i tn l~y'1,f~. '-"Wt# 'W TM,.IMIJ Gl f9f; .tf.w,,;~­
~oYironmen~. ht,~g~tj&m .. }bl PE:~$ ,~~,~I•.~ .ff{,~· 'HnWlfFtS• 

jnt~rface ;1,}fpt:m~-fA~ ~~~iv#P ffW11 ·~·"~- ... f4ig. fJJJI ~~)f}}J# ,~y pf;' 
.JQOp s.tatelll~Qt if,, Qe~ F~~ <tp.fi~iJ¥,. fAe ·~; fff,ilM'•·,'-id. Ii~ 

statements>. and .iP,.f.qr~~ ~,-.fH )~I~,,._ .MW#m.,,,flrm~ .. ~ .. qfffl/Pt. 

statement. 

The CE ~\H> .. con1'~Qs pa,t of t,he CLlJ JJ./~,r(H'"J .. ~ f~Y Hf .'.'fH}tlf,Wltlf4~ ~t 
,abstrac.t}QQ~. For eaQ1 .~~~Joq ,t~u~re. ~ >, df~f(~ ~ <p•.n, ~~ , , pJI 
system-maintained information about that abstraction; For our purposes there J,re only two 
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pieces of information a DU contains: an tntnfau s~catlon representinJ all information 

needed to type-(:heck uses of the abstraction, and a list of. tmJ1l1JM11l4llo1u. Since this 
·- "';: ~. ~ t • -

·information can expand over time <DUs. ar, initially em~y>. and we have. only static 

mathematical objects to work with·, a DU is represented simply by a uniclue id. The 1i~nary 
- . -·· . ._ ' .- .. . -.· :' : , ' 

• ' • ~I 

is then represented by a pair of mappings, one from DUs to interface specifications, and 
• • ~' r· ' . . - _.,. .. ,, 

one from DUs to implementations. The CE contains only the first mapping. 

2.1.3 Interface Speolfl.oations 

In general, before a module can be (Gmpiled, the library must contain an· interface 
'. . ' ; . ' ' l- _,. ':\.-~ .;:- ~ ' 

specification for every abstraction the module q~. for our definitiqn to be complete then, 

we need to define what legal interface specifications are an~ how .. interfaces ar' entered into 
"' ;. ·- . . . 

the library. Alth~ugh a specific textual form for, interfa~ is not given in (Liskov78l, the 
,·, • .- ; ' - < • 

interface for an a.bstraction can be derived from any legal module implementing that 
i • 1 ·'.!, .. ·. ·'. i ·. . 

abstraction. Therefore, rather than introducing ·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 (if 

necessary> eflter the interface imo the library; lftcl tMn,iterUally'EOmpile the module. · 
., ___ . 

T~us we allow a module to be compiled ev~ though the library does not contain the 

interface of the particular abstraction being implemented; the interface is installed as a 
. ' . .. ~ . . .'- - ~ ,, 

~ide-effect of compilation. More generan,, a group of modules can be compiled 

simultaneously even though interfaces do not exist for any of the corresponding 

abstractions. 

With this view of compilation, legality-checking takes on the following forin. First, 

interfaces are derived from the headings of th!,rnodules to ~ compiled. These interfaces 
' - • - ~ ,• ' ;. •• • _, • : • ' .- > 

must be identical <up ·to renaming of formal parameters> to the interfaces alread'y in the 

libraty, if any. The derived interfaces are thera'fnstalkd t~ti1y in the library .and the . 
.. ,. -. , ';;; 

modules are checked in their entirety. The derived interfaces remain in the library if all of 

the modules are legal; otherwise they are removed. 
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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 ~xist 

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 0 returns <A[falsel>; ... end P; 

F = proc 0 returns <ACF • Pl>; ... end F; 

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 a re 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 "ACtrueJ".) 

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 Ct: type] Is bestJeplies, ... where t has ... ; 

best_replies = lter <x: cvt> yields <defenseCtJ>; ... end bestJeplies; 
end offense; 

defense .. cluster Cu: type] Is best_replies, ... where u has ... ; 

best_replies = lter <x: cvt) yields (offenseCuJ); ... end best_replies; 
end defense; · 

The interface of defense is needed to check the interface of offense <specifically to check 
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"defense(tJ">, and vice versa (to check "offenseCul">. Initially we can assu~e tha,t 

"def ~nseCtJ" and "offenseCul" are legal type specifications; then after the derived interfaces 

are inst~lled we can acwally check. the leg,,i,,UtJ qt: ·Chest~~ 
. . ·,· 

; . ' . . I ,,· ·. ., + ,. ' • 

As these examples suggest, we can derive an interface arid check its legality, but two 

passes
1 

are required to guarantee that no errors are ·mineCl. ~ In the fi~st pass certain 

constr~Jcts are simply ass~m~ to ~e legal, and must be eva.Uated with incomplete type 
. . 

inf orrhation. Then these constructs are rechecked. when checking 'the entire module, this 

time with complete information, to ensure there are' no inconsistencies. 

In more detail,. we b~io legality-chtcki,ag. by instal~ ~ of•.tl'IQ JpK4al in~erf aces for 

each ; abstractic;m . ~ing implemented. The s~ial mt.,.Jace ty, .. '·is wed when the 

impleajnenting module is a, c:lu•; every; we of ~;a'*.._~ .J,I ~red • legal type 

specifj~ation, regardless of the. nu..- an4• .tJI* ... pf a~qai .pa.a-, ~pplied. , In 
' . 

adqiUoo. every. operation name qualified by .. auc;h a ~Jpe,~k.4UonJs considerfd ••· 
I . . . . . 

The special interface routine is used . when tha Unplelnentint •• Ja a ,pf~.re. or 
I • 

iteratQr: every use of the abslracUon is considered a legal routine name. regardless of the 

numbh and types of actual parameters supplied. 

We also define a special type, routine, to be used as the syntactic type or every routine 
I 

name <and every operation name> that is assumed "'al , <T~is does not mean that "r~Une" 

is a r~served word; a use of "routine" in a progr~m will not ~er to. this special 'type.> The 
I ' - ·t , • . . . .• ' , 

type ~outine is a "wild card" in that it is considered equal to <and hence includes and is 
·I ! . .:, .. , , : -. . . • 

inclu~ed in> all procedure and iterator types. Routine is defined to have the same 
,I ;· ', ·• - I " ' ~ ; , .. ' - • I 

operaOons that procedure and iterator types have. R.eturn.ini t.o the invocation "F • P" in 
: :..:. . ' . ~ - ' ' 

.the fit·st example above, both F and P would be assumed to be legal names of syntactic type 
' 

routl,.e, so the ·invocation would- expand to ·~s-;Pt", and ·then evaluate to 

false. 

The special interfaces and the type ro~tine are used only when deriving interfaces. 
' . . 

The type routine is used only when an abstraction has a special interface, and the special 
' - ; :~ -. ( 

interfaces disappear when the derived interfaces are installed. 



2.2 Meaning 

Our detinition 6f the m~Wnthg'of'a tept pfdgflrit·~ri·.,siMHtatti•ras·rbtfows!;'Ttt~ 

CLU universe is defined to be the set of ~II potentially existin~-~j«t_s~ A particular set of 
- • • ', . ~ , l >--. , 

objects, each object having a p~rticular indtvtclu.al_ ~tat1,_ ~s. termed a unlf11rsal stat1. An 
• . .;. ~ -~ : ,,.,. : ; .. ;.- ~·1 • ,,;--... ;!.~).:,: . :,L , ·--. ' .. " 

exrcu.tion enviro~ment is defined to )b~ a univ~rs,at :;~!~ ~et~~~- y.t~th,. ~ ~.t of. vari!%"!' 
;;> . ' . -~ 

bindinis represented as a . mapping from )def1tl~i~rs to __ ol?~?· . 'T~~ meaning of •n 
' ,· ~,i; .'· r.,~.~~- ·:.~ !:,:' • .:·~··•·,.r.~~.,~,·'·'''~~ '~';··.;. ''• .. · 

expression or statement is a function that takes an environment _and produces a rtsult, 
-. ; • .,, : .' . ·, - l . . ' 

consisting of a termination condition, a list of zero or more objects, and a new environment. 

The meaning·of·a protedere-~nerateror f..Wpneta•t1a~--.,~ttntt·t1kes a list.of 

attualparameters; a -~·of arpmenttrftd l'rf envi,.-iWetM,*'14.f'MM'ucte'•··restrk. The 

meaning of par~e?s "fs give.a· m: tetms of ~ruttM~ ~: ·~-'··rtln-p•r•rftett!ri&C!d 
' . 

routine> is ;viewed:;as being ·a i-enerater'Wlth aft eMptr:~ lilt!; The Me*Mng Of' ·a 

cluster ts a function that·take a list Of aaual cltJster·pttameters and m Of1eraUon na.me, 
and prod\J.:es the-·~g Qf tht:~ 10f*atidn. 

We now discuss these points in more detail. 

2.2.1 Objects 

' :- i:·'-.ji.~"'l:',";'~f.:~ ...• ~';,, '' 

Every object has an identtt1. distinct from the id~ntity of all other objects, and a set of 
, : - · .' , ;• . ,· .·: ·~ ~·-1 ... ; !~ ··.:rt.i·:1 ;-;~; ~f:~. ·f ,, · ;·(~f',<J.~· U': . .- : 1.t~ r 

proJ1erties. Objects with only time-invariant properties are called eonstant; the properties 
i.~·; . ! ' ~ -;~-· ·~ ';·' 1 :· .· · .« :','··1-:. . : :~ ?f l,~;;f~; !f ""'~}"r:~J ·.'.-~k~f;~~- f:: t1 ·S .. bf.•~\ · ~~.:;,o'--

aSSOCiated with a _con~ta~.~ object _co~~rise ,tha,t,. o~~~~' ~"'· ,,,~~f,;~.1with ~!!'1'~.v~~r~~f 
properties are called mutable; the current "values" of the properties of a mutable .object are 

- • - - " " ~ • '' f ' 

collectively termed the state or' that object. · 

One time-invar-iant property &l$0Ciated with 'evetY oltject n membership in ·•,type. 

Were it not for the necessity of defining the parameterized pre>eedure. force, which 

requires testing the type of an object, there would be no need to include any type 
~ ry-·: '.' .-~.-.:,.·· .;.,.1'·:~1-~'.:··r:'V:) ... ~.:·'<\·~.1.---...... ~.~-~.;.;:.) ;f-::1' 1· 

information in. our representation or objects. However, since ttais.iflrormati~n must be kept 

for at least some obJects, ~e choose to keep" i~ fo;·au'~~~ 
1

0ne ~omponent of every 
~ r ' 

object 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 object simplifies the task of making objeets 
,:_.. : ~ _.:t:~ '~·,. . ,\ ~- •. ~ · ... ~ ' ,': 

distinguishable. In· particular, since every consta!'t-ob.Ject has a tJn.ique value, the value can 
I ' ~ ' ' • • • ' • ' 

serve to represent the object without introducing explicit id~titi~ For .example, the 

constant objects obtained from th~ U,voca~s. 

oneof(a, b: in~mak.e,..a<~> 

oneof(a, c: lntl$make~(3) 

can {only> be distinguished by their types:. 

<tag: "a", val: <val: 3, type: Int>, type: oneofCa: int, b: Intl> 

<tag: "a", val.: <va,1.: 3~ type: Int>,., tY~ ~~f(a:.,J'1r c ~~) 

However, it is not suffic;ient to.r,present a lli~~~le.!fb~h~J*~;~~ ~s ~Ufferen,t mutable 

objects can have ident,i~al st-te. Rath~.-. th,e "1eJ1.tlty ot. •: ~bk ®~ .ii exp1~l,ly 
.represented by a unique id. i:. 

Although we would like to represent a mutable objeet directly by its Jdentity and state, 

this cannot be done. The problem is that we want to"'bt ltlte tb; claang~' the state of an 

object without having to alter the representation of any other ob~- .. l-e> tllus&r:ate, JUppose 
. .. •.. ' \ ~. !' ,, " "' c ' • ·~ 

we have two arrays, represented <approximately> as 

<id: A, Jow:.1, •Its~(), type: _,,.ayCJntJ) 

<id: B, low: 1,, elts: <.<id: A, low:.1.,lts: o .. \lP'ti,'1rarC~ntl> ), 
type: array[array[i1ttll> 

The array B contains the array A as an e~t Now-.suppose we change the low bound 

of A: 

<id: A, low: 2,. elts: o, type: arrayClntl> 
<id: B, low: J, elts: < Cid: A, low: l, elts: 0, type:· *"•Jnntl> >. 

type: array[array[intll> 
, . - ·.:: ,:::- tr)ri; . .- : -

Since we are dealing with static mathematical values there: is .no s~aring, and the change to 

A is not reflected. in the •copy" or A contained in B. . . . 

Our $Olution tv ~his problem is to represent a mvtaeleobject with. just a unique id and 

a type descriptor. The above example would then·Joo~ somedtiltf like 



(id: A, type: arr•y[lntJ) 
Cid: B, type: array[array[,ntll> 

The association between mutable objects and the rest of their ... is given by a mapping 
. "':"; '.?:-'>'... • " '~'· . 

<or mappings> as part of the universal state. Fer exa~ 

stnte<A> • <low: 2,· etts: ()) ' 

statt<B> •<low: 1, eks: ((id: A, typr.liff8)4('-tlf)} ·'' 

In fact, by consi~ering consta.nt objects as always in a~~·- Universal state can be 

represented simply as a list of .mutable objects (i.e., '"1~·kt-t)'Pl·4~ipCOr pairi> t0$'~her 
. • . ' ', .i . ' ' . ; . ' ~ ' ' ' , 

with one or more state mappings. 

In dealing with parameters, it Witt be ConVenientth tr• .... p.r ... r.a uniformly as 

objects. The orlty actoat pararnetefs nor ~ortnauy t~M ._, •'' fl>)da' •r• types; but'there 

is no difficutty iii ttrithtg them as suth. AtJfie •.;a if tepti.T•~~ by a pafr of hpe 
descriptors, one for the type itself and one f()f the type of tlie ··jeet as a whole. for 

example,. 

< va I: arr•>'f ,\~tl. t¥pe: 1YP•> 

·2'.'2.2 ·var'lablea 

We would like to model variables with a .MIPPillJ· frOm -identifierl JO -jects. <In 

particular, we wi~h to aVotd uilng the standard' ••"''"'*~etc) tst,.chey1SJ, where 

·variables name memory locations that contai~ pointer~ to loca~ contahung CJbjectsJ 
: - . - , - .• - ~ - . : . - .:': ,;, ,_ '·' .. ·, -. .. _· r ~ : -~ . . ~ t• . -

Because of the representation we have chosen for objecU, thfre are no cUffieulties with tbl_s 

model; having several variables denote the sarne ~~- i~ ~HJ tbe, ·ll.fflll as having 
: \· "' ' .. ' ·"~ '', - -. -. , 

severa I objects contain the ..,,,,. ~~C~ 

Uninitialized variables are treated in the followitlJ manner. Jn~•Hy all variabJes 

denote a unique "bad" object, whi~h oth,rwise cannot De pr..~;;,~ .. ,1.~putation. 
'·--· {' .:··:. ,.·. --~ ~ ·_,_.~ .,: ~-~ - ' . 

Whenever a variable is referenced, the denoted objeet is check.Id so ert•r• that lt is not the 

"bad" object. At the a of eu:h..,..., umt. ...... ._._,.:1ddal'tO'tMt tittft are 

again made uninitialii.ed b,,.-..inl therll'batfl w.·d•d'fMd''allJttt. 
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A continu.ation is a function that def tnes the meaning of the "rest" of the program, 

starting from a particular point in the text. Continu~tions ar~ :normally used when 

non-sequentia I control flow is possible CWadsworth'7SJ. For example, continuations can be 

defined at every labened point in • ptogtam; tM.· indntnt'Ot •go tot:• is th.1 Clefined· as 

the application of the Cbntlrtuattoit for L tt>'tl\~ current emirtinment~ . However, since ori1y 

wen-structured, forward transfers o( controt'actur Bi"CLlJ,·Yie have thosen not to' use 
continuations. Instead, we "tag" the oUtcorne at every evaluation' with a t1r'mlnatlon 

conditiDn. 

. . . 

The basic idea is that one condition. •m-L .i~ tMt con.trc>I should Proceed 
·,··) t',i. 1 -~,~'. ::'·.·~ -,-,, •. ~. ) ... -. · .. 3, ·,.'' 

sequentially, while all other conqiti()fls J"'~Jy a,t~o~w-.~.~~l. .. 'J'"he ~"ati°"s of the 

definition are written so th~~ result•. wi~h nqQ~l\9f.Nl _....,._t~ ~ilk.M'ls.J>ropap!e 
! . ' - ·, , ~· " ; • .. t • I o • 'l -. •. • • • · , • ' • 

through all intermediate evaluations· until ~.,.,~~ ~~: 9f,~ is ~h,cl. For 

example, the result of a return statement propaptea to ~he procedure or iterator boundary 

and then changes to a resu1fwith a norm•ttetihma~ ~- Similarly, t~tesult of a 

s·tonat statement propagates to the.~pi'otedure' or 'Itel-aw ;bo.tridilty aBcl then changes to IOok 

like the result of an ex1t·'•t1tetnent;tl1e resutt1Hit'·pfDpap~to·'the af>Pro)>riate handler in 

the caller. 

For this technique to work wen, it is neceilary tttat exprasiona and statemenu evaluate 

to elements or the same d'om•tn,:so tKat res11ks·ta-f\ propap~ rt.ei,. Tfle result of such an 
' . ' ' - . _, ' ~ ,· ., i .: ' • ,. ' • ' -l '\ l J:: . • • ' ' '-. " : .; - , • ). . ~ . • 

evaluation therefore ts defined to t>e· a tripW'«ilUl$tihg ·<Jr a termlnation conditioo, a list of 

zero or more objeets,''aitd an environmtnl: tt~1Jy~ exp~' e~aluatlon produces a 

resu It With jUst ori-e ob'ject 'amf statement: ~ValUatlOW ·prOi:t~ a I ~k with no objects. 

Since· e~presSion e'Vatuation' cannot · a1ter •111 varlabae·' bindings <but statement 

evaluation can), one mtght wish to make the res.,1r of exptaliOri' ~aiUatiOn include' just a 

universal ~tare instead Uf ir c0mptete en'firon-rnent. Althotlgh ift'if~ld obviate the fact 

that expression evatuatiOh does not alter the Vatia'flle'l11Mli"c* 'ror ~ajsequent evaluations, 

it would not obviate th'e tad thit variable bfndlh~'fhr Sub8pressi0n evaluations are 'not 
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affected. Since the pr<>Of• of these fam ant triYftt1, but havift&' two muk forms would 

complicate the definition, we prefer to use a single form of result. 

There are basica11y two ways to view an iterat«~ Ta.. fjrst :-., it that an iterator 

actually yields values to a for statement. In Drder. to d·~.it.._s.,;,,. this. way., an iterator 

must actually yield an extra vaJue, namely, a contmua.Uen, • ~ the iterator can be 

resumed. In the second view a closu.rt, consistin& of the _, -bQ4..y. and the q,,r.iabJe 

bindings active for that body, is passed to the iterator. At ndt yteld statement the loc:>p 

body is evaluated with its active variable bindings to produce a new universal state and 

new variable bindings. 'the n~w· bindings replllte tt\e ·prniOuS !Hftdings in the closure, and 

the iterator continues witft' its dw'n aCtive va1'1*:&1e:blhalng5 aWa· the new universal state. 

When the itercrfor termtnltes: it ~Ornj' the variabi &~iftgs produCfd by the last· 1oop 

(ycle, and rhe·ca.Her cdntintm Witlfthosetllndin'gs. · 

We are not using continuations to define any .~tun'~~· of CLU, so it Sftl.ftS best 

to take the second vi~w of iterators. Further:. defining. iteratoQ in1 this fashion invol~-es 

much less interaction with other clau~ of Jbe d.ef~iqA t~ ~kl .b,it tlJe ~se with. the 

first view, and work.s out much simpler overaH. 

The closure for a for statement is kept as a c~t of. the:environment. HOV1ever~ 

iterators can invoke other iterators, so th.e eovironrnetit ,ct .. Uy cenlaios a ataU Qf clo$vreJ. 

The caller pushes on a closure before •nvQking tbe iterator. >,.t.ea~h rJeld state,.,eot the 

iterator pops off the top closure, evalu.atts th~Jqop.b.Qqy. ~ ib~ pqs~s a new c:losur:e 

back on the stack. When the iterator terminates, •he ~let PQP$ .off tbe t~ ~.Josui:e. 

Since the iterator controls evaluation of the loopboQ.y~ Oie for statement automarically 

terminates when the iterator terminates. On· the ~~er ~1114.ti if the 1oQf> body exec-..tes a 

return or sign•I statement or terminates in an exceptioflal,~toJt~ ~~is iflffH'mation must 

be propagated through the iterator an.d back to the caller. T:lte- informati90 rm.ast be 

treated specially; for example, the resuk of a return statement •X«!Cllte4 in the loo.p body 
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should not be changed at the iterator boundary to loo~ UJ~e a normal r.esult, as would 
;, ' ~ '· ' . ,- ' 

happen for a return statement executed in the iterator. Thus, special termination 

cond ltion.s a re used ·in these cases. 

2.2.5 Modules 

Rather than distinguishhig between parameterized and non~parameterized modules, we 
. . ·. .. ' . :·: ~ i: . . . :· '"' ... ' ' 

prefer to view every mOdule as having a parameter list, though the Ust can be empty. The 

meaning of a procedure is then a function that takes a list of actual par~l'Mffl' Gt,~ts 

<treating types as objects as previously discussed), a list of argument objects. and an . 

executjon.environmet1t, and produces a reiult t&'Wl'l'ftiRdenJ~IOft; a list Of objects, and 

a new. environment>. The meaning :of paruaetm•P• b1·a MW:rtttrig 1'Ule: the actual 

parameters are substituted f • d" forn&t·parltMMI' iri:-the pa,• tlWtref'ore- the ,procedure 

body is evaluated. Hence there is- no need ,_.,, ,.,.._ .. bincHngs' in the ex«Ut'fttn 

environment. 

Because of the way we have defined iterators, they have the same functionality as 
' 

procedures. The iterator and its caller •ifr"the •vtM"'811t 'Neher thart ftplkitly 

paJSing extra values back-.and forth. 

The meaning of a cluster is a function that takes a list of actual cluster parameters aod · 
.;; ' . 

an operation name, and prOduces the meaning of that operation. The actual parameters 
··, r ~ . 

are substituted for the formal duster parameters before the meaning of the operation ia 
.'· . ., .- •.· 

derived; the meaning of the operation is then defined 11 for any other procedure or 

iterator. The function produces the meanings of an routines'. in the cluster, including 
. " 

"hidden" operations; legality-checking ens~res- that 'only the cluster ~n directly name the 
. ' ' 

hidden operations. 
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· a. Th'&Ory and Notation 
··7;' 

This chapter describes the most basic elements of t~ie appntac-h to the 

theory of computation, and introduces the notatiOR wed m dte remainder of the thesis. 
~"": ~ r .. . ! t· _ ,, .: .,- 0 {.. __ ,. ~ ·~--~-

our goa 1 here is to say just enough about the urrdeHylng tMii:iry for tM language 

.definition to ':"~,k~ ~ense; lll~ny ~i~U,,~~~t~,f~S~.~fg~r~"·, Motj!'•AAan for and 

detailed discussion of the_ la~ice-theoretic ~ppr-,ch_~ ·"" fra,~,~J~t?,21,. 

s~t Domai-ns 

A <lomabn is a non-empty seNi.etements. ·ti\ domain ~allo-Bff a..partia4 ordertng 

defined on its eJenlmts. Vu.tth8'«4etting \fiatl\Ol C:*'4JlllU•,......., EVayldtomliJf D 'has a 

· ~inguished e*9eAtt .L.r ca.ffec:t ltollrmL. .,._, AiS ._.' .., i...,,._t the ••hleo ·('» 

};ooaAingle.ss, illeplv ,;~Mt_,. ··w 1~•· r_.,if1t!d,, computations. 

Legality-checking never involves such a computation, and. legali9-ch«king guueMM1.11hat 

bottom is produced only by nonterminattng·computatiOM d~ pregram etc«:otion. 
. . - ,·.· . ~ "" . . . - "":k . .;; i' ;-: f;H -:,.c'::. ~ ·:-: ·- - ... ~ ._ 

' •. {" , 

~mains are '*lS~ttUihe f~•wa,.s1 

l> Given a countable set of elements, a prtmlttw domatn:il foermecUty &Ojctiftiftg to the tet 

a distinguished element to serve as bottom. 
! ~ ' . • ,l ,~ 

2> Given 'domains b 1.·02 .... ,·on' th~ prfxluet domain 
'J\ 

_x 0 1 • 0 1 x D2 x ... x On 
i•l . ' . .,,, ' ... 

is defined to be the set of all_n-tup1es of the ror.n . 
~ ., 

<d1; dz; .,.; dn> 
l ,·.; ' • 1 < .. ; ':_ ,• ~ ; :::~ > 

where each d 1 iS an element of D 1• A product domain ts esse'ltially a form of constant 
• '~ , ~ \ ··, 't,,,~ ;. .·' 'I?..,,,·, -::!· ''; ~-:::.. ~~ .. Ll~, .. ~.,.~'b'H~ :.·-.~:~r r·+ .... -~4·... ~~ ~ ,,.~_,.:_-'~: 

record. The element 
' !;. ~ " < - • ' t 

<.Lo ; .Lo ; ... ; .Lo > 
1 Z n 

is distinguished as bottom for the product ~omain. When all of the Di are the same 
n 

domain D, we write x 0 1 as on, the set of an lists of length n of elements of D. We 
i•l 

treat D and 0 1 as the same domain. We define o0 to be the set <J..,. <>l (or all 

domains D. The 0-tuple <> is written as "nil". 

/ 
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3> Given domains D1, Dzs ... ,Ont the sum domain 
n • 
+ 0 1 • 0 1 + 0 2 + ... + D" 
i•l . 

is defined to be the set of alt pair1.ot the form 

.<i; d;> 

where d; is a proper element (te., not bOttoln> Ot D1• In ·addition, the sum domain 

contains a distinguished element as bottom. A •;~--.~litr ~a~ type. 

i> Given a domain D, the domain D* of all lists of elements of D 11 defined by 
· · * 00 n t 1 .·. n · · · ' ·. · 

D •+D •D+D+ ... +D+ .•. 
. n•O. ' 

Similarly, the domain o+ of all non-elnpty lists i1 defined by 
. ' . . 00 ' . . . 

o+ • + D" • D 1 + 0 2 + ... + D" + ... 
ft•l 

5> Given domains 0 1 and Dz, the/unction domain 

D1-+ Dz 

is defined to be the set of all continuous fu...,,frorn·l>1 to Dr We Wift·nac define 

continuity here <see CScott72l>, but 1imply note that an of the fuACtion1 Uled in thl1 

thesis· att contUWout. The functlOn 

>.dr lo z 
is distinguished as bottom for the function domain. 

We define 'x' to have precedence over'+' and•.,.•, and·~· to have prteed~ over •,...•. 

for example, we write 

. Expression x CE -+ Expr x CE 

instead of 

[Expression x CEl -+ CExpr x CD 

3.2 N~tatlon 

. . . . . . 

In general each domain is given a name, c:onsistlng of let.ten and underscores. As an 
00 00 ; .. ' . . . 

exception, the domains + D" and + D" are named o• ~. o+, respectively, for any 
n•t n•l .·. . ·:. --. '· ·· ·'. · ·· -'·· . · · 

domain D. Domain na.mes are written with at. least the first letter capttaU&ed. 
< ,. • • .; • • ' ,' 



An arbitrary element af a domain is wtitten as thf 'clomail't "**' afl'. itt tower case, witn 

a digit added if necessary to disHnguiSh it from ot:W ,...,... ·. Tftutt 

d, dl, d2 are munes for atl1tti¥, eitilMltaGf Bt · 
d*, dl*, d2* are names for arbitrary etementsof D* 
d+, dl+, d2+ /ar.e Mfltel for ~Jtrit,t;al~ ~fl. Jil+ 

For any name D, the boldface name D 5'1nds ror a~ domain. whose <only) 

proper element is wrilren as the boldface name ct. For aamptt. die 'dlmain True consiSts 
' ~ ~ '· .. ~: ' 

of two elements, .l True and true.: In addition, a htdfa• op..-r t40, "i eccJ or punctuation 

symbol < (, [, etc.> names, according to ·COMftt, etcher a twa-.._. ........ er the proper 

element of that domain. 

n 
A typanl element of• pradve.dom•in x -91. aumaa, ..,.... •• 

i•l 
«ll; d,; ... ; dfl> 

However, when alt of the components come trom .,...._._..,..,._ . ...,.tland 

spaces serve to separate rhe v•rlou1 components, and .......... are' written as 

[d 1 d 2 ••• d,,~ 

For example. a typical element of the domain 

Begrn x Boaf x !na 
is written as 

[begin body end] 

The syntactic domains ar• those used in the abstract syntax, the transformed syntax, and 

interface specifications. They are defined in the next cMaSter. 

We will often want to extract specific .components from elerneftta ttt ptOdU'tt doMilrts. 

Therefore, each ·component is given a name. Occa~ally we w~l,liit t~ names expUcttly 

in the domain definition, as in 

vars: ldn• x body: Unit x env: Env 

When names are not explicitly given, they are taken to be the "component domain names in 

lower case,· except that * and + are changed to 's', and a digit ls added if necessary to 

distinguish components or the same domain. For example, the component names of 



Obj* x Obj* x Env 

are 

objsl objs2 env 

Given a.n expression representing an element of a domain, a ~ponent is selected by 

appending a period, followed by the component~.;.,. 'For example, 

d.objs2 

To "replace" a component na~ namt of an element 1lt with a new value HI, we use the 

notation 

elt [val • name] 

Note that this does not change tit, it merely stands for some other etemmt:. 

<d 1; ... ;dn>[valed 1J • <d 1; ... ;dt_1;val;c;l1+1; •• .;dn> 

We define 

lt.t name • val in exp 

to be 

().name. exp> val 

That is, substitute val for every free occurrence of,..., iii.,. Often only names for the 

components of val are needed, so we define both 

let <d 1; ... ; dn> • val tn exp 

and 

let l[d 1 •.. dnJI • val in exp 

to be 

let d 1 - val.d 1 in ... ltt dn • val.dn tn exp 

We build the naming of c0t1lponents into >.~xpressions by defining 

>.<d 1, •.. , dn). exp 

to be 

).t. (let <d 1; •.• ; dn>.• t tn exp) 

and when applying a function to an element of a produq domain we _write ,<x 1, ••• , xn> 

instead of g«x 1; .•• ; xn». 
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The form 

g<x 1, ... , xn) s exp 

means that g is defined to be 

:>.<x 1, .. ., xn>. exp 

When defining functions recursively, we use the form 

g<x 1, ... , xn> e rec h<g, x 1, •.. , xn) 

This means that o'ne should compute gas the least fixed point of 

:>.f. [:>.(x 1, ... , xn). h<f, x 1, ... , xn)] 

Least fixed points are defined in [Scott72l. 

3.3 Functions 

Sorne of the functions defined below return boolean values. The domain :Sool is 

defined to be the sum domain True + False. 

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

For every function-free domain D we define the function 

Equal: 

as follows: 

D x D-+ Bool 

dl = d2 E true 

dl = d2 e false 

dl = d2 e .l Bool 

n 

written dl • d2 

if dl and d2 are the same proper element 

if dl and d2 are distinct proper elements 

if dl or d2 is .L0 

For every sum domain D • + A. we define the functions 
isl 

1 

A ;-injection: 
A ;-projection: 
A ;-inspection: 

as follows: 

a; in D a 

.LA in D a , 
<i; a;> to A; a 

<j: a j> to A; = 
.1 0 to A; a 

<j; aj> is A; = 

A;-+ D 

D-+ A; 

D-+ Bool 

<i; a;> 

.lo 

a1 

.l 
A; 

.LA. , 
i .. j 

written 

written 

written. 

a; in D 

d to A 1 
dis A 1 

when a 1 is a proper element 

when i "91- j 
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These functions are roughly the 11me as the Gneef' lllMLt .~·and u_ operations in 

CLU. 

We leave off the explicit injection when an element isjn boldface, since the tn_;eµion is 

obvious. In addition, we write true and falt• instead of <t"'' tn Boot> and 

<false tn Boon. 

For every domain D, we define the function 

Conti: Bool x D x D -+ D written if bOol tlam di 1ls1 d2 

as follows: 

if true thin dl tls1 d2 • dl 

if false thin dl tlst d2 • d2 

if l_ 8001 tlttn dl tlst d2 • j_ 0 

Fo1· evei'y domain D* we define the functions 

H tad: D* -+ D ' "Pf f.irat element 
Tail: 

Cons: 
ApJiend: 
Concat: 
Empt"j: 
Same_sizt: 
Dtlist: 

D*-+ D* 
D x D*-+ D* 
D* x D-+ D* 
D* x D*-+ D* 
D*-+ Bool 
D* x D*-+ Bool 
CD*J*-+ D* 

get aJI · ~ f:iFIC element , 
._dd element at front 

add elemeini at end 

concatenate 

test for empty list 

test tor.I length 
.remove one lev~I of nesting 

The definitions of all but the iast of these should be Obvious. If we let X • D*, then D#llst 

is defined as 

Dtlist<x*> • ?:!S. if Empt,<x*> 
tlatn nil ln D* 
tlst Cone4l(Hl4d<x*>. D1ltst<T.U<x*»> 

Thus, for example <leaving out a number of injecti0nil, 

Delist« «l; 2>; <g; 4»; <<5; 6; '>; <Ji 9>> » • < <1; 2>; cS; ·f>; <5; 6; 7>; ·<8; 9> > 



Occasionaly it will be useful to treat elemems of a -domain D* as if they represent 

unorde.led sets. for. eury func:tieA .. fre domain O*, • ---~ 
Element: . D x D* -+ Bool written d t d* 
Subset: D* x D* -+ Bool written dl* c::: d!* 

·as 'folfows: 

d e d* a fil · if Emflti.d*) 

tlaen false 

else d • Hud<d*) v c:i £ T.U<d~) · 

dl* c d2* • ~ if Empty(dl*> 
· tlatn true 

. ! 

else Ht<Ut<dt*> E d2* I\ T.U<dl*> c d2* 

Note that dl* c d2* simply checks that every element or ell* ii an elieinent of d2*; duplicate 

elements are allowed in both lists. 

. n . 
Often when dealing with lists of e'etnents frpm .~ p~~ ~ {) ~ .~/'t we will 

want to collect into a ..... if,\ COtrtponent Qf each eleelat. 'for every domain D*, where 
n . 

D • x A; , we def OM the funttiOns 
; .. 1 

A ;-collecttoa: 

as follows: 

d* .ta 1 • w. i/ i,,.;iJ(d~> 
t/aln nil bi A 1 * 
elSI ~O'AS(Hldd(a*>.att T••·~-~ 

Sometimes we will want to "change" the valut produc«l ay a functien for some 

particular argument. For example, we will use a f~ ftOll'. identlf'tm to objects to 

represent variable bi~din$'s, and assignment t~ a varia~· will corr.,anO to changing the 

object produced by the function for that var~qle ... H.o~~~,1 f~J.~~:}~e ~~ change 

functions, we construct n~w ones inltead., For every functiOD, ~. F • A -t B, where A 

is a function-free domain, we define the function 

Rebind: 

as follows: 

FxAxB-+F written f[a ~ bl 
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f(a +- bl • ).al. if al • a 

·t1a1n b 

tlst f<al> 

(.'.-., 

Occasionaly 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 treat an element of a 

domain o+ as an element of D*. For any two sum domains 
m n 1 · r 

D • C + B1l + C + A1l + C + C1l T • C + E1l i•l 1•1 1•1 1•1 
we define the function 

Coercion: 

as follows: 

d to_in T • if d is A 1 
tlrtft d to A 1 tn T 

else if d is A 2 
tlten d to A2 in T 

else if d ~s An 

tlten d to An in T 

else l.T 

written d to.Jn T 

We leave off explicit coercions from·D+ to D* for every domain D~ 

3.4 Further Notation 

We define 

res <term;obj*;env>~t ln e 

to be an abbrevlaMon for 

if t.term is Normal 

then let <term: ·~j*; ~v> • t in e 

else t 

when t and e are <or produce> e~nts of the d~in .~1~_<9;efin4!d in CJ1apter. 6). Jt is 

this form that allows results wi.th non-nor.mat ~~-~s to ~apte .throush 
' "' - " ,' • - • - • d, - (<, ' ' .••. ,,_ . • _; 

intermediate evaluations. Use of this form also has the dalrable effect of allowing the 

result of a nonterminating computation <i.e .• l.RHult> to propagate through. 
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and 

We abbreviate 

ltt a 1 • t 1 in 

It~ a t· .. t1 in 

res a i+l • ti+l; l,n, 

res a j • t j tn 

·tet aj+l'" tj+J in 

n 

..... .. t; 

res ~1+1111 t1+1 
.·Li. ... 

• j • •lj 

lft •j+f· tj+l 

To decompose elements of a sum domain D "!·:+.A, we~ 
i•l 

case d 

elem aj of Aj 

then ej 

elem ak· of Ak 

then ek 

else e 

case d 

elem aj of Aj 

then ej 

elem ak of Ak 

thtn ek . 

end · 

to be 

to be 

tf · td'tt' Aj) 

tiln In aj • <d 10 Ai .tn ej 

""' tJ td ts "-11> 
tltm Rt- a11·ii Cd to A11> tn e11 ,,,_ .... ' 

f/CtluA> ' l 
tltn lit aj.,.~fJ.,.,4,j In •.:i 

elu tf .~d. ti A~> 
tld 't" a11 ,;,, (d to A~> .. tn ek 

elu J. 

There ne~ not be an elem arm for every.domain A1• Affcir'i1texptessions, the a 1 can 'be 

· <c
1
; ... ; c~> and [c

1 
... <l forms as ~ell as 'silbp~~ldfnUlaets~ :. ''<· · ·\,\; :•'' 
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Many of the functions we will define take an element of .a sum domain as .their f~rst 
: :, , : ,, ._ l. ' -~ . > 

arg·ument, and perform different computations based on the particular form. of that 

argument .. In deUnillJ, a fLlllFtion. whose nfll .arc~t ;beJQQgJ. to. a .sum .. domain 
n 

D • + A; we usually abbreviate 
i•l 

g<d, ... > 111 case d 
lint a1 of A1 

IMa e1 

elem a~ of An 

tlaen en 
end 

to 

. . . . ... 
Similarly, we will sometimes treat a product domain D • x A1 as if it were a "unary sum· 

. ffl··· 
domain" +D, and abbreviate 

g<d, ... > • let Ca1 ... a,,J. "'. d 
in to 

e 



4. Syntaotlo D...,ins 

This chapter det'lrt'! an or· th• ~tu: dbntami USiiHi 'in' tlit ·tM1b. domains WlfOse. 

elements either d irectty represent pieces of program tdt; or' f.a¥e II Ritw'a.t tntuat 

representation. Fi.rst w,e· .. pment eur abstract s.yMa• for CLU,·:·~~ '"" ~ ltansfw.med 

syntax. The relationship between these two secs of dona .. lh•M M fairly obvious and 

will not be elcfbotated oft ·hre; the precise r:elation1hip Ji iiftMd in the next· chapter. 

Finally, we give the foi'1nS of interface spectficMiens ulld .in ···lllllUy. 
" '"'"· '\ . ' :: 

To improve the readability of these dom&iR delin ... /'\W inh'ociUce a &Nf;..llke 

notation. All domain names afpear in lower case, "><• symboll ale omitted when forming 
. '; · . .:.- ' .~. '.··' .. ~~"::-:-~·;.:; ';'.5-.".;;:. ~·,~ .•. : .. '• • ·-. . . 

product domains, and 1" tyn:Mlo15 are used in ptace of •+ • .,...... when forming sum 

domains. This allows us to write 
. ' . 

when_arm ::• whett name• ( decl* ) : body 
··;e.. · I when namt ( • ) : body 

instead of 

When_arm: When x Name• x ( x Deel* x ) x : x Wy 
+ Whenx Name•. x ( x • x) >< t x.a.ty 

This notation will be used only in this chapter. 

4.1 Abstract S;yntax 

Two of the doma:irts below merit special conunent: Constant and Equate. These two 

domains contain extra alternatives that woukl not be found in a normal s,ntax. The extr• 

alternatives represent the ovtrlap that exists between the normal alternatives. la parttcuta~. 

the forms "idn" and "idnCconstant•r occur as both expressions and type-specs. and an idn 

can additionally occur as a type_set. For example, in the equate••' tt is possible for 'J to 

name a type, a typeJ~. or an object of some built-in type. Deciding which domain such a 

form actually belongs in requires semantic information; therefore the decision ls made as 

part of legality-checking, not parsing. 
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full_modu1e ::• equate* module 

module 

procedure 

iterator 

cluster 

dec1 

cond_spec 

restriction 

type...:.set · · 

oper_dec1 

oper_name 

::• procedure 
iterator 
cluster 

::• idn = proc C dec1* ] ( decl* ) returns ( type_apec*' ) 
algn• ( cond...apeC* ) where restriction* 

equate* 
statement* 
end idn 

::• idn = iter C dec1* l ( decl* ) yielda ( type..JpllC• ) 

•ton• ( ~ .) Wlt•r• restriction* 
equate* 
statement* 
end idn 

::• idn = cluster [ decl* l la idn+· where restriction* 
equate• 
routine• 
endidn 

::• idn+ : type_spec 

::• name ( typeJpec* ) 

::• idn has oper _decl+ 

idn In type~t 
.. . . 

::• < kin 1 idn hu oper.:.dtc1* equat.- > 
idn 

::• oper _name+ : typeJpec 

::• name C constant+ l 
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routine ::== 

constant .. -

body .. -

equate .. -

type_spec .. -

procedure 

iterator 

expression 

idn 

idn [ constant+ ] 

type_spec 

equate* statement* 

idn = constant 

idn = idn 

icln = type_set 

rep = type_spec 

null 

boo I 

int 

real 

char 

string 

any 

rep 

cvt 

type 

array [ type_spec ] 

record [ f ield_spec+ ] 

oneof [ f ield_spec+ ] 

proctype ( type_spec* ) returns ( type_spec* ) signals ( cond_spec* ) 

itertype ( type_spec* ) yields ( type_spec* ) signals ( cond_spec* ) 

idn [ constant+ ] 

idn 

f 1eld_spec ::= name+ : type_spec 
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statement ::• decl 
idn : typeJpec :•expression . 
decl+ :• invocation 
idn+ :: invocation 
idn+ :•expression+ 
invocation 
expression • name :• expreuloq 
expression C expression l :• expreuien 
if expression then body 

elseif _arm* 
end 

If expression then body 
elseif _arm~ 
else body 
end 

while expression do body end 

I return < expression* ) 
yield ( expression* ) 
signal name (expression* ) 
exJt name ( expression* ) 
break 

continue 

begin body end 

tagcase e.xpresSion 
tag_arm+ 
end 

tagcaa• expression 
tag_arm+ 
others : body 

end 

for decl* In invocation do body ·end 

for idn*·1n invocation do btldf ... , 
statement except when_armi'i41iii.· ·; 
statement except when_arm* · 

others_arm 
end 

- _.' -------- --
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elseif _arm ::• etself t!«presston then body 

tag_arm ::• tag name• : body 
tag name+ ( kin : type_spec ) : body 

when_arm ::• when name• ( decl* ) : body 
when name• ( • > : body 

others_arm ::• other• : body 
othets ( idn : typeJpec ) : bedy 

expression ::• nH 
I. boo I 

I int 
real 
char 
string 
typeJpec $ name C constant* l 
idn C constant•· l 
idn 
invocation 
type_spec 8 ( field+ > 
type_spec $ C ·expression* l 
typeJpec IC expression : expressaon*.J 
force [ type_spec ] 
up ( expression ) 
down {expression ) 
expression • name 
expression c expression ] 
,., expression 
- expression . 
expression bin_op expressiiOR 
expression ca~d exprt$1408 
ex press ion cor expression . 

invocation ::• expression ( expression* ) 

field ::• name• : expression 
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boo I ::• true 
false 

real ::• int e int 

char ::• char int 

string ::• char* 

bin_op ::• 111111 

II 
I 
Ill 

II 
+ 

& 

I 

< 
<= 
=· 
>= 
) 

... ( 
-<= 
-= 
->= 
... ) 

The domain Int is the primitive domain obtained from the math9natical integers. ·An 

element [inti e int2] of Real represents·the real nu.hb.:intl•101~'Z. ·The parser ptod~s 

exact values for literals and, in the case of reals, norrnt11zea.the v,alues acxordtng to.some 

scheme. For simplicity, the domains Name and.Jdn ar~ both con~d~ isomorphic to the 

domain String, although the parser guarantees that the ..... elet'Mnts used consist of 

lowercase letters, digits~ an~ un9erscores (no lea~ing djgit). 
. "' .. ~ .· ~ ' :-. :- /~ ? . '::(, 



4 .. 2 · Tran.afoFmed-· Syntax 

A .domain name of the form "d...xx.x" should be rad 
11
XKft ~·· 

mod ::• du • mocaJorm 

mod_form ::• opJorm 
typeJorm 

op_form ::• routine [ kin* l ( idn* ) unit .. 
unit ::• stmt* locel idn* 

type_form ::• cluster [ kin* l oper* elHI 

op er ::• kin •opJorm 

d_type ::• any 

type 

d_record 

d_oneof 

d_proc 

d_iter 

routine 

d_mod 

idn 

bad .. ... 
d..:.r«ord: .. :>i r~ocJrd' ta~• 1; ... !·:-··: .. 

-: 5 : ~ ~ ·! .·' ·' . 
d_oneof ::• oneof C d_comp* l 

;j 

d_comp l 

d_proc 

d_iter ::• ttertype ( d_type* ) ytefda C dJype* ) 11..-. ( d_cond* ) 
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d_cond ::= name ( d_type* ) 

d_mod ::- du C obj* l 

st mt ::- none 

idn* := expr* 
idn* : = invoke 
invoke 
if expr then unit 

elseif* 
else unit 
end 

while expr do unit end 

return ( expr* ) 
yield ( ex pr* ) 

signal name ( expr* ) 
exit name ( expr* ) 

break 

continue 

begin unit end 

tagcase expr 
tag* 
end 

for idn* in invoke do unit end 

stmt except catch* end 

else if ::• elseif expr then unit 

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

catch ::• when name* ( idn* ) : unit 

when name* ( * ) : unit 
others : unit 
others ( idn ) : unit 
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ex pr .. - Obj 

idn 

invoke 
• 

d_type $ { comp* } 

d_type $ [ expr : expr* ] 

up [ d_type J ( expr ) 

down ( expr ) 

expr cand expr 

expr cor expr 

invoke ::= expr ( expr* ) 

comp .. - name : expr 

obj ::~ val : d_type 

val ::= nil 

boo I 

int 

real 

char 

string 

array 

record 

oneof 

d_mod 

d_oper 

d_type 

idn 

obj 

bad 

oneof ::= name : obj 

d_oper ::= d_type $name [ obj* J 

ts et ::= idn has op_decl* 
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op_decl ::• name [ obj* ]: d_type 

The d0mains Boot. Int, Real, Char, and String are defined Jn the previous section. 

Array and Record are unique id domains, and are ilOmorphtc tc;'the ·natural numbers. The 

do~ain t>U is i~~hk'to the damain''ldn; a partkukr ~Of DU is written simply 
' - ' . ., ·• ,- .., " . '" ~ ,. .~ 

as duidn , without an explicit injection Jnto DO. 

4.3 ·Interface Speolfloatlons 

The domain DU _spec, ·representing i~terface spetif'ication~ ·is defined as to11ows: 

du_spec ::• r_spec 

1. routine 

tJp,ec 
type 

none 

r_spec ::• ~ d..parm* l :_ ~.Jype 
·-t.A 

t_spec ::• c d_patm* l Top_sp«* 

op_spec ::• name C d..parm* j : d_type 

d_parm ::• idn : constraint 

constraint ::• d_type 
op_decl* 

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

The domain R.)pec is used for procedural and control abstractions; the d_type in an 

r _spec names a procedure or iterator type. T Jpec is used ror data abstractions; the 

op_specs represent the primitive operations.' Type and Routine are used only when 

deriving interface specifications, as described in Chapter 2 . 
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Forma,l parameters are de~ribed by an idn and, a con.traint. The idn is needed 

because it can appear elsewhere in the interface specificatioR, •nd such instances have to be 
<' '. '; ' ,.- ' ' '., :: ~ ":". ~·:( f ,_, . ''· ! ' ': . ':-" , 

replaced by an actual parameter to type-check instantiit._. ·of the abstraction,. The 
. ' • · • ' • • - 1 "' ' , '£ ,. '> ~ ; '_ I;' ~( j : ' ' ~ 

constraint associated with a type parameter is a Ust of op...decls representing the operations 

any actual parameter mu&t have; the conltfai~t f~~ ,a~y Othe~ '·pa~~e~ is s~mply the 
declared type of that parameter. , 

To simplify our definition, the d..parm. list ii) an op~ ,((K,:ltaina, ~,h the cluster 
. ' . •· ' . . ~ " 1 •'.. " "" ' • 

parameters and the operation parameters, in that order; the constraint associated with a 

cluster type parameter in this list contains the union of the restrictions imposed by the 

cluster and the operation. 

Not all t_specs and r_specs represent legal interface specifications;''~ those produced 

by legality-checking are considered legal. Even the interface speciflca~iqraJ of the built•in 
'i':·,. 

types and the array type generator can be produced thil way. Howe~er, interface 

specifications for the record, oneof, proctype, and Mttvll• ttfN Jelma*• cannot··•· 

represented as elements of T _spec b~uteof tM UR~ (•'Pe'M\!F. ea-f1Mtert. Th~s' 

generators are handl~ specially, as described in section 5.S. 
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5. Legality 

To minimize the number of forward ref~re~~ we defi"e legality-checking from the 
1 

bottQm up. We begin t>y defitWll the d~ifl CJ ~ .~~~qn .. ~ll,Ylrt'°fntn~s. Then, Jn 

order, we define ·the legality of type apec4f~~. ~~n,ts"" '~~ons, equates, 

statements, interface specifications, and modules.. In, lfll~,(qr .each domain Xxx of the 

abstr~ct $yntax~ we definl.a f,unction: 

c ... xxx: Xxx x CE -+ Xxx' x CE 

where Xxx' is the correspond4ng.d()fllain in the 4r-nsf~ syntax. 

5.1 Environments 

Compilation environments are defined as follon 

CE: 

Info_map: 

Info: 

Spec_map:. 

Sig:. 

Handle: 

D_hand: 

·info: Info_map x specs: SpecJnap x up: D_type x parms: Obj* x 
down: D_type x locals:'lcfft•;S< ustd: ldft# x·mults: DJype* x 
cvtts Bool*.x sip: S.g*:xcltert-lioot:.X•dltitel: Bool x loop: Bool x 

handles: Handle* x err: Bool 

ldn ~Info 

D _type + Constraint + Op_d~I* + DU + RJptC + Routine + Obj + 

Tset +None 

DU -+ DU...spec 

d_cond: D~cona x cvts: &ool* 

Name*+ D_~and.-t: Other• 

names: Name* x d_types: ·o_type* 
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The meanings of the various components of a CE are: 

info a mapping that holds information about the current bindings of all idns. The 

initial mapptng is provided l>j •ttte o•(•n'J'idN 'JJMd ift.·tl*iriitlal mapping 

·can <but heed 'ncm be 'used as external tel ....... ''1'ht'bltamftg'S ef the ftrtws 

a.Jtern•t·iVes 'Olf ·ttte domllft lnf•il't: 

. d_type - thf dettatt'd type of a nrlabte. 

constraint - the constraint associated with • J*a~. A non-type: parameter 

always has this form or itlfo;. type~ only ftat'this form 

of irlfo after interface sped~ 'tf~lWrltetl. ·· · 

op_decJ* - a list for accumulating the testrktions .qn a type ~rameter, JJsed 
1:-'.-i ,_ . ,, ,· .. -

only when deriving interface spedf tcatieRJ. A type paramet« with · 

this form of info ii alOWd:tlrhnetnfi ..... ,.,......... .. 

du the DU bound to an external refer.ence. 

r _spec the Jnterface spedficatiOn ,-!: .• duster ,_tine. When a cluster 

rqwtne. ,41 nd:eFrf.d ~ wtm. ~ • ~tDer ~.,.,a a name qualified by 

UM 'lestr&«lftM~•the·ufe ef d.lle Mlri •it 4IDe:l with respect to this 
~ ,• f 

r_spec. not with r~ to tltfD&Jiry; : Although both forms of 

reference transform to the· wne .... , .~~ · .J!IPI, they •re ~~ked 

differently to allow umivalifJed references to hidden operations. 

' <liidden operattoni are not ;ipedf ~ . 'Wt the interface of the 
-._ ... ;:.-'it~ •),•. , 

abstraction.> 

routine - used for cluster routines when -.vift( ~ ~if icatkms. An 

idn with this form of inf4! ~:. -~ a tega1 routine name, 
- . ' ·-· ;. /· : ~ . : ' 

regardless of the number and types of' parameters supplied. 

obj the evaluated conitlftt b'olllia'to an ·~·identifier or 'eiitfemal 

reference. Note_ihat types a...-.,i~.Mre u objects .. 
. . . . - ' ' ·' - . 

tset .the evaluated type_set eound to· an ..- identifier or external 

reference. 
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.. , 
none the iofo for a,U,vndefin•HckJt. 

specs .., the ·pa.rt ,of. U,. kbrarJ Q\&pplftg ·OU..- **1violeriate Jp«lf i"Uons. 

up the abstract type when checkjng a,~i:;~jlfh~ -.c1 type . 

. pa mu ... the abstra« type haJ tile fQfftl •ctuta&lJ'Y; tihlt:~ ~the list ob J*. 
~own - the rep~tiofl·type waenc:h,.iOI•--· ~,the bad type. 

locals - a list of a II currently defined locM Jdn1. ,AUhl w :41(1 wh scoping unit, all idns 

local to that unit are made un4tfM._,(....,tltfirA,itfq ... 141t.t0: apqe), and thu1 

cannot be used subsequently aa external referencei. 

used a list of ail id'ns ~ so far --.~ t~ <; fuh_mOdute. ' ·£very time an idn is 
~ · , •· ~ , · - • ' -. . . ; • r. _. ' I"':: ~ :· ;- - ·. , ' -· . : ': i· • • ' ' _, • ~ '. : : , ; ' • : . • 

encountered, the idn is added to this' list. An idn·:cannot be defined locally if it 

has been used a·s an· extern~f refer.rice' of'1t lt ia•~lrftdy. defined. In both of 

rhese·cases ~but n~ ~hers), thria~ ~ill ha~~. inrlottter tl\an non• and already 

will be in the list of used idns. 

results - the return or yield types of the routine being checked. If cvt was used as the 

type specification for a result, &he"..,...., ... typl, it;u-1·ln~thi•U.. 

CVts a list of flags indicating Which;~ ftr~~~·'.lflfwere declared With 

cvt. 

sigs for each exceptional condition listed in the algnala clause of t"' routine being 

checked, this list contains an element dacribing·the excepcton:·:t1anw1 the types of 

results <with cvt replaced by the representation type>, arid flags indltating the 

positions declared with cvt The i1it abcftotttilri~ aW eternent for the /ailur­
exception. 

iter · true~wa.n chec:kitlg;an-Mel'ator. 

cluster - true when cftedltng a clulter. ' 

loop true when checking the body of a loop statement · 

handles ""' a lisf'descrlblttg aR exceJ>eaon '"IMWft1;~'fhe' torrent statement, in 

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

of handles are: 
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name* - a li$t of exceptiO:ft· names, wed f<oF·WIJW vms t~t discard results. 

d_hand - a Ust of ftceptieA MMG GKl1•.tpo1.-,..,.y)' .• :Qf¥•riable types. 

used for an• C>fMr -.n •rms~· 
others -· used M · ~ f«lfii of ... ,.. ~ For: ant 'lven e-xc•pt 

·stat .... u..:~ ,.,,cht)p.-.:;.,..,,, ...... l)dtp list 

· before ·the ..,..,. M.*1• .. ·· · 

err true if any errer1:bave been ~ed. 

Only certain infq_maps can ~e. pr~vid~ tecal&y •l th.e, ~r for ~se .'~ the CE. The 
'°" ' . ' : , . ~ v ,., • • ' ( ·~ - .: ' •' • ,· • • 

, legal infQ..,~aps ~re ,those W,h~h c~n t?e g~~ ~;~~~ .~ (U~ ~''!!-:-~"/,L'llJ«fl usi'lg 

legal info_m~p~ an~ ~.~~.~~P~~ byt .. ~.r,tl~rvy ~~-~~•·f.·~~'. A~ a basis, any 

info_map m,arp~n~;.~~.n~ ~·ix to~~~ <fJ;l.4 "'~ ~s ~~ '1'M~·. 1..~~~ wec_maps are 
discussed in Section 5.8. 

N ew_inf<Lm4flhnf O..JNp, specJUp, .~ .. • • 

let eel • Crf:Clft~f~i9f o~ap. ~~p) 
ce2 • C_equates<eq"ate*, ~1> 

in ; 

if ce2.err · 
then inf<>:..map 
else ~~~info 

c_,qua1es ~ ciefin«l in~ ~.5. 

Crcate_cc<info_map, SpetJlllp) • 

<info_map; specJnap; l>a- tn D_type; ,J.4*J~; _. • .,,.~ ;lli\l in Wn*; 

nil in ldn*; l.o_t11t••; l.1001•; .ls11•; J.,,.Jl ,,..._ ,,_. 
nil in Handle*; f •I••> 
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5 .2 Type Speoifloatlons 

. The major functions defined in this section are: . · 

C_type_spec: · Type..:Spi!i\( CE ~ b~ x CE 
C_t1pe_specs: Type_spec* x CE..,. DJJpe* x CE 

Bad_type<ce> • <bad in D_type; ceCtrue • errl> 

Has_ilflfl(d.._type*l · •' r1§..·tf. ~•1't7fd_type*>. 
then fals• 

else HttUl<dJype*> Is Bad v HasJad<Tal.l(d_type*» 

C_type_specs<type_spec*, ce> • rec 

let <d_type; eel~ 'C:"'.'.; ~1/l+.S~(fl"4fl"'1~>t ~>, 
<d_type*: ce2> • C-'*J/uJpecs<Tail<type.JiPflC*), eel> 

in 

if Empty<type_spec*> 
then <nil in D_type*; ce> 

else <Cons(d_type, d_type*>; .. ce2> 

C_type_specU:nulll<ce> • <[dunliu CllJn, O_tJP.f;.U>;. 

We abbreviate "Cnil la et>J*l" to'~r~ ;. ·· 

. ' 

C_ty pe_s pee[ boolJ<ce> " .. ~ d\lt.;,.1 t,ll, 11', J),.,.tlf'I; ce> > 

C_type_spec[intJ<ce> • <[du;nt Cll.!f!;P7'YJJei·~ .. · 

c...:.r1pe .... Jpecl[reei~tt> • <f'crur.~1 ell ttt D~type: Ce> 

C_type_spec[charJ<ce> • <ll:ducher CD tn DJype; te> 

C_type_spec[stringl<ce> • <[duatrint CD tn DJJP'; ce> 

C_t1pe_sptc[anyJ<ce> • <any tn DJype; ce> 
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C_t., pt_s pee[ typeJ<ce> ii Jad_t"jfr'(ce) 
• • • ,_', < •• 

Cvt and type can ~ppear only aJ -.-.. ul 'tytM .,.af icationl in module 

headings, so we will ctt«k spec:ially fer: .................. _. .... Chim 

illega 1. 

C_t1 pr_s p(c[ array[typeJp«D<ce) • 

let <d_type; eel> • C-17fH-~typeJpec.. ce> · 
obj* • C<d.:'.,rype t11 v.:tfttyp•·t1''1)_:type>Jtli.O.l»'f 

in ·, 

if d_type is Bad 

then Bad_t1frl(cel> 

else <[d'-'arrai Cobj*ll tn DJype; eel> 

C_t"j pe_s pec'l. record[ f ieldJpec• ll<ce> • 

let <d_comp*; eel> • C-JlllLJ:;,cicn.klJjJ«*, ct) 

d_compl* • o;c1,r<d_comp*ln1uoe~ 'd.~··: 
in 

if l>u.pltcates<d_comp* J.name>·· v HaLkcfCd;;JlaRlp,~d_eype> 

then Bad_t.,Ju<ceU 

else . <[rec~rd[d_compl*JJ ln bjype; tel> 

The order and grouping c( ~:I. ~ ~ ~t M nQt ~,:1¥1t di' ~ors 
must be distinct. 



C_ty pe_s pee[ oneof[ f ield_spec• ]](ce> • 
let <d_comp*; eel> • C_field_specs(fieldJpec+, ··<* 

d_compl* · ~ Ordtr<d;..etomp* J.name, ct.comp*> 
in 

if Du.plicates<d_comp* J.name> v Has_bad(d_comp* J.dJype> 
then Bad....t;Pl(ceU 
else <[oneof[d_compl*D tn DJy~ eel> 

Order: 

The order and grouping-of tags in the tetct dOis not matter, but the tags must be 

distinct. 

Name* x D*-+ D* 

Order is defined for all domains D. The. names are ptrmuMi JO be in increasing 

lexicographic order, the D-list is permuted·m"the ·same way, and the permuted 

D-list is .re.turned. The two argument lists must be the 'ame length . 

. C_fiehLspccs<field_'S'pet*, ce> • rn. . 
let [name•:type_specJ • Htad(fie1dJpet*> 

<d_type; eel> • C_t,pt_sptc<typeJpec, ce> 
d_compl* • Gtt_d_co#api<n•ftle+, d_type) 
<d_comp2*; ce2> .. C_fitld_sptcs<TaU<fiekJ_spec.s*>. eel> 

in 

if Empty<field_spec*> 
tlien <nil in D_comp*; ce> 

else <Append<d_compl*, d_comp2*>; ce2> 

Get_ci_comps<name*, d:._type> • !:!f. . 

let d_comp • [Htad<name*>: dJypej 
d_comp* • Gtt_d_comps<TaU<name*), dJype> 

in 

if Empty<name*> 
.tl1cn nil in D_comp* 
else Cons<~_comp, d_comp*> 



Dufrlicatt'J<d*) • U§. If IE1'1pty(d*) " • · 
tltm tw• 
elst'~•,,.,rdot} v ~i<Ttdl< ... » 

Duplicates i4 defined for all functiOn;.f. ldnlitts D. 

C_type_sptcl[pl"OC'\yfHt·Wypt~t **"' .,,....,.... ••1 .. •••~Jew) • 
let <dJypel*; eel> • C..;.t1Pt.-s~'-.. · Wf;;n ')". 'i •. 

<d...t),ee2~; ~' • """''~~·· ~· ' 
<d_cond*; ceS> • C..;.concLspecl<cond_spec*, ~ 

in 
. * • * ' c_proc_type<d-.typel ' d .. type2 ' d_a>nd ' ceS) 

G1.i.fWOC...;tytw(cl,_typd~, d.Jypet*, d.:..cond*, ce> • · ·. · ·'' 

Id n~nlt* • d"'qd~ . .&.R&aJte 

d_condl* • Ord#r<n1me*, d_cond*> 
•• ' < ., ~ ; \ ' 

in. 

if Has_bad<d_typet*> v Has_bad<d ... type2*> v ~•tll*ut~·~ ,v 
<"failure" ln Name>€ name* v -'i•'..i.tf~~~Atl~ . 
t lien Bad_t,fH(ce> .. . . . • · _ . . .. 

else <Cproctyp• (diJfpel*)~ id~,,.-> ........ (d~~);J m D_type; 
ce> 

The order in which signals are listed in the tat is unur.pmtant. A gi.en name 

can only be used once as a 1ipal name. and •ralW-~S.· tile ~fied 

explicitly. 

C_t.,pc_speci.itertype (type_specl*) yleju (type_spec2*) ...... (conp.J.Pee*)J<ce> • 
ltt <d_typel*; eel> • c_t7pt.JfHts<type~1•,,;i.> '., ···t;-;_i ;, .. '.. . . ; 

<d_type2*; ce2> • C_t,;t..Jf>".l<tJie~~- ~)' . 
<d_cond*; ceS> • c_~L,,;cs<~~,; Cd> 

in 

C_ittr _t.,Ju(d_typel*, d_type2*, d_cond*. cd) 
' . 



C_Utr_type<d_typel*~· dJYP'2"• dJ?end~/ ce> •' 
let name* • d_cond* lname 

. d_condl* • Ordtr(name*. d_c:on<t*) • · ·',r .. ·· 

in 

if Has_bad<d_typel*> v Has_bad<d_t~'··V' Oul'ff*t1s<name*> v 
<"f••lur~·~; i'"N~.t RillQ!• • \l~;Mf,4bfll<&tllll~* ~.ypu>> 
then Bad_t,pe<ee> 
else <[itertype (d_typel*> yleld• (dJype2*> atgnala (d~eondl*>J tn D_~ype; 

ce> 

The order in which signals are listed in the text is unimf>'Jftant. A given name 

can. only be used once as a signal ·name. and ·r~N,re• cannot be specified 

explicitly. 

C_cond_specs<cond_spec*, ce>. • rec 
let [name(type_spec*)l • Htad<cond_apec*> 

<d_type*; eel> • C..,t")/>IJ/lfCJ<type_apec*. ce> 
d_cond • [name(d_type* )] 
<d_cond*; ce2> • C_contLs;«s<T.U<cond_apec*>, eel> 

in 

if Empty<cond_spec*> 
then <nil tn D_cond*; ce> 
else <Cons<d_cond, d_cond*); ce2> 

C_type...;.s pee[ id nCconstant• ll<ce> • 
let <obj; eel> • C_constant<C idnCconstant+ ll In Constant, ce> 

in 

if ob j.d_type is Type 
then <Obj.val to D_type; eel> 
else Bad_t.,pe<cel> 

Since this construct ~n denote various things, including types, when used as a 

constant, we simply check the constru~ as an arbitrary c:omtant 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_spec[idn]<ce> = let <obj; eel> = C_constant<idn in Constant, ce) 

in 

if ob j.d_type is Type 

then <obj.val to D_type; eel> 

else Bad_type<cel> 

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

object is a type. 



5 .3 -Constants 

The major functions defined in this section are: 

C_conslant:­
C_constants: 
Get_op_t,pt: 
Subst: 

Constant ><-CE -. Ob J x CE 
Constant* x CE -t Obj* x CE 

D~oper x ~ -. D.Jype 
Obj* x ldn* x D -t D 
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Get_op_type is used to check if an operation name is legal, and returns· the type of the 
. ,. ' 

operation. Su.bst is used to substitute actual parameters for formal parameters, and is 

defined for every domain D. 

Bad_obj<ce> • <[(bad in Val>: (bad tn D_type>J; ceCtru.-.• ert:l> 

C_constants<constant*, ce> • U{ ut <obj; eel> • C-eonstaat<H-1ad(constant*>, ce> 
<obj*; ce2> • C-"""'tq.nts<Tcill<cc;NUta~t*>. eel> 

in 

if Emflt,<constant*> 
tlitn <nil tn O~j*; ce> 
else <Cons<ob j. ob f >; ce2> 

c_con~tant[expression](ce) • 

let <expr; eel> • C_exprtsslo~<expression, ce> 
in 

if Const_expr<expr> 
then let <term; obj*; env> • E_n;r<expr, Prtrnltl"-mv<.» 

in 

if term is Normal 
thtn <obj* to Obj; eel> 
else Bad_ob}cel> 

else Bad_ob}cel> 

For an expression to be legal as a constant, it must be a legal expression and a 

lega 1 form of constant expression, and it must evaluate normally. Note that a 

legal expression only produces one object in th~ normal case, so_ •obj* to Obt 

cannot fail. Primitive_env returns an execution_ environment in which <only> the 

built-in types and type generators, the type routine, and the procedur:e generator 



52 

force have implementations. Primttlw_1nv, Term. and !WY·· ate d"'ine& in 

Chapter 6. 

C_constant[type_specJ<ce> • ltt <dJJpe; eel> • 0-"l~Jpec; ce> 
in 

<C<d_type iw V~1l:<t#lt ••DJnie>l; ceb · 

C ... consta;ntJ[idn]<ce> • 
let eel • ceCCons<idn, ce.used> • usfd] 

in 

case ce.info(idn) 

elem constraint of Constraint 
then cast constraint 

elem. d~~ of S;;.type 
then <[ <idn tn Va I) : d_typel; eel'> 

tlst <11'.Cidn' hl ti_type tn V:l:1h t'VPe' bl DJYpe>J; ~· 
elem · op_d:ed* <!f Op_d'~i* 

then <[<idn tn D_type tn Val>: <type tn D_t~pe>J; eel> 
elem du of DU • 

then C_du_parms(du, nil m Ot>t. celr 
elem [[d_parm*]:' d:_typel'o/ rt.spec 

then ltt name • Makt_namt<idnl 

tn 

C_op_parms<[nameCd_parm*J: d_typel, nil tn Obf. eel> 
eltm routine of Routine 

then let name • M ake_namt<idn> 
d_oper • Cce.uptnameCD 

tn 

<[<d_oper ln Val>: <toutlne tn D_type>J; ~1> 
elem obj of Obj 

then <obj; eel> 

else Bad_obf.cel> 
' 

To be a 1ega1 constant, an idn must either be a format parameter, or else name a 

non-parameterized abstraction, a duster routine, o;. an e\fa~Md constant. 



Make_name: ldn-+ Name 

Make_na.me returns the name corresponding to the;•v~~cln~ Odn and Name are 

isomorphic domains.> 

C_constant[idn[constant+]]<ce> • 

let eel •. ceCCons<idn, ce.uSed~• .. ] .. · 
<obj*; ce2> •. C...Unstant~cp11stant+ •, ctl> . 

in 

case ce.info<idn> 

elem du of DU 

then c_~u_parms<du, obj*, ce2> 
e~cm [[d_parm* ]: dJypUf/.~..Jpec · 

tlten let name • Mcil1,_namt<idnl -
in 

c_op4'G'ms,(ltn~~·J: d..JffA·. ,Pf. ~> 
elem routine of Routine 

then let name • MalLnci111Udn> 

d_0per .. l:ce.uplriMMbfll 
. tn 

<[(d_,oper in Va.I>: <.r~t,in• ln DJy~J; ceJ> 
elem obj of Obj 

· then c_constanttU:&cfnteonstant•D l~ !XpHISIOn "tw CGnita'nt, ce> 
tlse . Bad_t»jte2) 

The idn must name· a par~rneteridd'.-MdiOn;·a:'Chtllef routine- or an evaluated 

constant. If the idn names a~ ~Jeq,,~!!~tfld-~n~, then. t_hit,c~struct "" 

be legal only if it is. an abbrev~tten·,~~~::in~~ ;,,·a '·r·h~ OJ>'ra~lon. 
Rather than checking the invocatiOn explidtly here, we simply check the-'«»nstruct 

. ' 

as a constant expression. 



c_,1u._11a.nns<du, obj*, ce) • 

let d.:.moa • Clfaf«Jbfa 
in 

case . ce.specs<du) 

elem [[d_parm* l: d_typell of R_spec 
then if C_parm(ob f, d_paW; U) 

tlten let d_typel • $~,·~~lMnt dJJfl} 
in 

<[(d_mod tn Val>: dJypel]; ce> 

else Bad_objce> 
tlcm routine of Routine 

then <l[(d_mod tn Val>: <routiM tn 9~r-a> 

elem [[d_parm*l: op..jp«*l llfT ~ 

t lien if c_.parms<ob f' d..parm*' ce> 
then ~~ l.t:DlJype-bt lV ... _,..e~1; •> 
else BadJJbfce> 

t~em type of Type 

then <B:<d_mod In D_type in V.aDJ~ii D.JJ'IM)1; Iii> 

else Bad_obf.ce> 

lf the DU is for a proceiura1 or coiltrer ~ ·al'ld ~ ,....._..s are legal 

<or astu~~ ~":·•; .~4ne. ~'8'* ;•);"1'~~ ,V,_'. •. DQ ·jS for a data 

abstraction and the parameter• atf! legM <or ~su111eit· _., ;a .l,tae' . .a>ject is 

ret~.roec\ .. '°1~R, t•lltfer.-il: ~-

. c_op_parms[name[d_parrn*l: d_tjpel<obf,. Ce) • 

·let objt* •'Cotl~te~rms; ottf> 
in ··. 

if c_pa,·ms(objl*,_ d_prm*, ce) 
then frt d_typel • Subst<ob jl*. d..parm* 'idn. dJype) · 

d_oper • Cce.uptnametobfD 
in 

<[(d_oper in Val>: dJypelJ; ce> 

else Bad_obf.ce) 

The cluster parameten are added _in for type-chect.int ·but they are not tnduded 

in the d_oper's actual parameter list. 
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C_J1arms<ob j*, d_parm*, ce) E. 

if obj* J.d_type "' Parm_types(d_parm*> 
then let constraint* • Subst(obj*, d_parm* J.idn, d_parm* .I.constraint) 

in 

else 
C_constraints<ob J*, constraint*, ce> 
false 
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The types of the actual parameters must match exactly the types of the formal 

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

PamLtypes<d_parm*> = fil if Empty<d_parm*> 
then nil in D_type* 
else let. d_type* • Parm_t,pes<Tail(d_parm*» 

in 
case H tad(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) • fil 

if Empty< obj*> 
tlzen true 

else if C_constraints<Tail<obj*), Tall<constraint*), ce> 
then case H ead<constraint*> 

dse false 

elem op_decl* of Op_decl* 
then let [val: d_type] • Htad<obj*> 

in 
C_op_decls<val to D_type, op_decl*, ce> 

else true 

C_parms checks that the actual parameters 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 object. 
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C_oJ1_decls(cl_type, op_decl*, ce> = rec 

if EmJ1ty(op_decl*> 

thrn true 

else let [name[obj*]: d_typel] = Head(op_decl*> 

d_type2 = Get_op_type<[d_type$name[ob j* ]], ce> 

in 

lncludes(d_type2, d_typel> f\ C_op_decls(d_type, Tail<op_decl*), ce> 

We use Includes instead of strict equality because Get_op_type can return the type 

routine (if interface specifications are being derived). 



Get_op_t,pe[d_type$name[ob j* Jll{ce). • 
case d_type 

tltm [record[d_comp*ll of DJecord 

·• t/rln. ff11,~;Jp11C~,,,w,;.jl.f1J1ffd.Jl;Jflf/I~"" D~> . 
. objl* • Mal1_objs<d_comp*+d_type> 

tn 

C_op_t.,pt<name, Concat<ob p•:.,.f>.,,~~. -.> 
elem [oneof[d_comp*]] ef D_oneof · _ · :< w1 . ', 

then let op_s,.~~ ·"'· :~oJLsfllfs(OJJfle te,D_oneof) 
.. pt,~* - ~aAl-*Js<d_qep* .&.d_type> 

in 

C-()(/1.::41'/!f'-llame-~ Concat<Gbj1*,,obj"1.:~opJpec*, ce>. 
elem d_proc of D_proc 

then C_op_tyfH<name, obj*, Proct7f1LOf1-if*sC4~ ce> '. 
elem d_iter ef D_iter :1:- " • '· t 

then c_op_t,pe<name, obj*, ''"''/Jl-0/J.Jf*s<dJter), ce> 
elem routine of Routine * 

then C_op_t.,pe<name, obf, Routi111...o;_s11«sO, ce). ·, 
elem [du[ob jl*]] of D_mod · · · 

then case ce.specs<du) 
tlem U::Cd_parm~I: op~il of T .;;jp«. : · · · 

then C_op_t1pt<name, Concat<objtf •. otif>r· "P.!Jpec*,· ce> 
else routine in D_type 

elem idn of ldn 
tlren case ce.ittf o<tdn) . 

elem constr~int of Constraint 

"'~ ' . 
- •i' 

then c_j,4rlt.o;<name, obf, constraint to Op_decl*> 
else ·roUttne'tn 'DJYJ>e '· · 

else bad t?ri:>_type·· · 

Record:.:.op..:.sfHts~ · p_:rea;n!.., Op;..lp«* · · 
Oneof _op_specs: D_oneof -+ Op_spec* 
Proctype_op_specs: D_proc -+. Op_spec* 
ltertype_op_specs: D_iter -+ Op_spec* ' 

' ' '--· _,_ ·1·: 
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Although interface specifications for the recOrd, oneof, proctype, and itertype 

type generators cannot be represented as elements of T _spec, interface 

specifications for the operations of any partkular instantiation can be represented 



as elem.ents of OpJpec, as defined in Cha,._&. 

Routi11e_oJ1_specs: -+ Op.>pec* 

Rou.tin1_of'-s'*'·:F.ChAms Che Glp;,.JfllU fot·.t1ae·.-ial c,pe :..,UH, •s defined in 

Chapter 6. 

Make_objs<d_type*> • tf£ if lm1Jlf7{dJ)'Pe'*> 
thin nil tn Obf 
lls1 Id .d,..lype • llHl<d.JypttM 

obj • CklJYiw·t• Vall:'Ctype tn DJype>J 
ln 

Con.Mb j. .M._..Jl('r.UN~»> 

C_op_type<name, obj*, Gp..JPet*, ~ • U£ 

let [namel[d-Parm*l: dJypeJ • HMd<op..Jpet*> 
in 

if Empty<opJpec*> 

then bad in DJype · 
else if name • namel 

then if c_parms<obj*, d_parm•, ce> 
thin Subst<obj*, .. fl~m•+idA, ciJype> 
1ls1 11~- t11 s;>_type 

tlse C_op_typt<name, obj*, Tcill<opJf**>, ~ 

c_parm_op<name, obj*, op_decl*> • U£ lit Cnamel[obj*l: d~y~J • H14'<op_decl*> 
tn ; 

if Em;t,Cf1»P-cit4*) 
t,\1n .... ,. Q,.,.,,.. 

1IS1 if name• namel !) obj* "'•Jl* 
tA1n dJype 

.1ls1 G~#f~ or.f, Tdop..d•I*» 

Const_exprs<expr*> • ?:££ if Emptyl.expr*> 
thin true 
1IS1 Const_1xpr<H1t1Cl<expr*» I\ Const-~ps<Tall<expr*». 



Const_expr[ob j] • -.(obj. val is Idn> , , , , 

Parameters are allowed only as tOf):-level constants; they cannot be used as 
• ' j ··".:. • '1:i>'i j'.· "'" rt"'\ 

arguments in invoca;tions of constant •P,esatonl. 

Const_expr[idn] • false 

Const_exJni[d:...typetitanp*)J' • Consr_nf>rld:...tJpeSC.X~h expt*ll • falae 

ConsLexpr[up[d_typel(expr)J • Const_nfn'[~eicpr):f ii falle 

Const_txprlrexpr(e~,pr*)l '• 

if Const~~:iepr1<expt*> 

then cast expr 
tlem [val: d_typeJ of Obj 

tit.en cast val 

~ ~ ~ '· ·-

elem [d:._type1$nameCobj*D of D_oper 
then Const_t7/H(d_typeU I\ ~ ' 

Const..11rJ< RftK"'-"J/lfJ<dJype>> 
tlst false 

else false 

else false 

Return_t1fres(d_type> • 
case d_type 

elem [proctype (d_typel*) returns (d_type2*> algnata (d_cond*)J of D_proc: 
tlatn d_type2* 

end 

ConsLt1pes<d_type*> • fil if Empt"f.d_type*> 
tlatn true 

elSd Const_t7/14<H"'4<d_type*» I\ 

Const-17/lfJ<T.U<dJype*>> 

Const_typeU::any] • Const_t7ptl:typel • ConstJ7JM[bacll • falae 

Const_t1pe[idn] • Const_t7ptCdJecordl • false 



Const_t1pt[d_oneofl • tr&M 

' . fl: . ". ' 

ConsLt1pell:d_procl • Ccmst_t1tu(dJt~J • .. ~~.~~~~•]. • true 

ConsLt,ptCd_modl • ltt CduCobfD • d...mod 

Subst: 

ln 

AlJ ~ <.~~~; ., __ ,,_.._,..~"""·~.~~; • .... ., > 

Su.bst is used to substitute actual parameters for f..,... parameters, and is defined 

for every domai\i;1>.··~·~:.-;1itf1Wt .... ,. -~·~otf'oh 
its third argument 11 follows. Let obj • aft ellmlllt "~.,Md Jlf, '4n. ~·.the 
corresponding element of iGR* <the two Ulca Mlllt be fl. ..... 1.._.L. '.Tha $ub1t 

replaces a H occurrences of 

idn tn DJype ln Val 

and 

idn tn Val 

with 

obj.val 

We need to su9atitute for two different forMS becatllt fOhRLtfpe. ,_,.rametets 

appear dtfrereadJ tha'n ot~ termat ,.........,. H ... nr .. ·no idn wtH occur in 

both fOrms. 
""": [:, 

,. 
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5 .4 Expressions 

Tht; major functions defined in this section ar-e: 

C_expression: Expression x CE-+ Expr x CE 

C_expresstons: Expreffion* x ·CE :. Expr* x CE 
C_invocation: Invocation x CE-+ ·Expr x CE 
T"jpt_of: Expr x CE-+ D_type 
Types_of: Expr* x CE -+ DJype* 
lnclu.des: D_type x DJype-+ Bool 
Include: DJype* x D_type~ -+ Boo1 

Type_of and Fypes_of are used to obtain the syntactic types of expressions. lnclrul1s and 

Include define the type inclusion rule. 

Bad_expr<ce> a <[<bad in Val): (bad in D_type>Jtn Expr; ceCtrue •err]> 

C_expressions<expression*, ce> 11 ~ 

let <ex pr; eel> • C_expression<H ead<expression*>, . ce> 
<expr*; ce2> • c_expr1ssions<TaU<expression*>, eel> 

tn 

if Empt1<expression*> 
then <nil in .Expr*; ce> 
else <Cons<expr, expr*>; ce2> 

C_expression[nil]<ce> • let d_type .• [dunull Cll In D_type 
in 

<[<nil in Van: d_typel tn Expr; ce> 

C_expression[bool](ce) • let d_type • [dubool CD tn D:...type 
in 

<[<bool in Val>: d_typel it& Expr; ce> 

C_expression[int]<ce> • if l_tnt<int) . 
th.en let d_type • [duint []] In D_type 

in 
«int in Van: dJype-J tn Expr; ce> 

elst Bad_nprl.ce) 
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C_expression[realJ(ce) ii 'f L_rea/(real> 
tlttn ltt d_type • [durtal []] tn D_type 

1911 ··. • A,,,.~. 

tn 

«Mll tn Vatt.: 4.J~1"' llpr; .Ot> 

tlst 3tMl~cel. 

C_txpression[charJ<ce> • if L_cltar<char) 

tlltn let dJJpe • cc1,Clta .. tn '" DJype 
tn 

«c.har in Val>: d~typel.ttt Expr; ce> 
1111 BacL1t1"ke> · 

C_exprtssion[stringJ(ce> • if l_strtng<string> 

tlttn ltt d_type • [dust~int tll tn D_type 

"' ' 
<l<string tn Valh d_typel ''* £xpt; te> 

tlst BtuL1xf>r<ce> . 

The parser produces eletpents ~f the ci0malfts int, Ritt. Chit, •tad String that 
t .· . _,· ' . . 

correspond euctly to the litetals used in the teJtL H9*tv&, in implementation 

can impose certain restrictions as to whk:h etements ,.,...._.,._.l attd; ·ih the 

~ase of reals, need only provide approximtttons tb thi tequMt:N vat.IM. These 

restrictions are embodted lri the (unct&ons · 1._tni, tJ',;U~i L.-Clir, L_#tlttf, and 

Approx, as defined-in Chapter 6. 

C_txprtssion[type_spec$nam~t~~*J,J<ce> •. 
let <d_type; eel> •. c_t,pt_sf>tc<tfpe_spec, ce} 

<obj*; ce2> • ~.Jt•tU~stant~.- eel> 
in 

C_d_o ptr<Cd_type$name[eb j*lJ. tt2> 

C_cLoper<d_oper, ce> • ltt d_type • G1t_op_t1;t(4Jif*, ·.m> 
lf,1 

if d_type is f;)ad 

tA111- a.L~pr(ce} 

1lse <[(d_oper#a V•l>1 d.Jypci tn Expr; ct> 



C_expresston[idnCconstant•·lJ<ce> • 
let info • ce.inf o<idn> 

in 

if -.(info is D_type v infots-Obf 
tlitn ltt <obj; eel>';., .. C..con1tftt<CidnCeonstant•D tn Constant, ce> 

in 

if ob j.d_type' is Type 
tlien Bad_txpr<cel> 
tis. . <Obj In: Ex.pr; ceb 

else if constant+ is Constant 

then ltt expressionl • idn tn Expression 
in 

case constant• to Constant 

elem expression2 of Expression 
tlitn C_txprtsston([expressionl[expression!D tn Etcpreuion. ce) 

elem type_spec of Type_spec 
tlien Bad_expr<ce> 

else let expression2 • constant+ tO Corl~*' to.JR Expression 
in 

C_exprtsston<Cexpression1Cexpreuion2D tn Ex.pression. ce> 
tlSt tJa"Ltxpr<ce> ' · · · ·. 

If the idn is not a variable 11;nd ~~ ".',Ol .. ~ an~~ tJ1«1 construct is checked 
' • ' ' - • '~. ,.- • > ''.. '., ' ••• < , ' 

as a constant expression. Otherwise the;~,,• onJ,1 legal if it is an 

abbreviatioo for an invocation of a "fetch" operation, in«Wffjchate tltere can be 

· or\ly on~Honitant •nd that CO'ftstafll;GaftMt'W:a;crplt..$plt• ·· 

c_expressionCidnJ<ce> • if ce.info<idn> is D_type 
tlttn · <idn in Expr; ce> 
tlst ltt <obj;_ ~1> .. c_cons~~d.n tn Constant, ce) 

' - - . " ' ; ' ; ~ . ' ,. ' 

in 

if ob j.dJfpe ts Type 
tlitn .. Bad.:.npncel> 
tlie <Obj·t~ Expr; eel> 

The idn must be either a variable, a non-type parameter, or a constant expression 

to be legal. 
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C_expresslon[invocation)(ce> • let <expr; eel> • C..Jn~~~~, ~) 
tn 

case expr 

'''"' invoke of myqk,~' ... 

'~"'. If Rf~¥4~mv-. ·'*~ u l)Jp 
tin <apt; eel> 
elst ·~ 

1ls1 Bad..1xt>r<ceU 

An invocation can return only oneobjed•when"*'UM·txpr9Sion. 

C_in vocation[ ex pression(expression* )](~ • 

ltt <ex pr; eel> • C_1xpressio11(expreaion, ce> 
<expr*; ce2> - c_expresstons(expression*, •1> 

in 

c_caJl<e~pr. e.xpr*. ce2> 

c_call<expr, expr*, ce) • 

let d-type* • T7p,s-;0J<u..pr*, ce> 
in 

cast T'jpt_oj<expr, ce) 

elem [proctype (d_typel*) return• (dJype2*> aienala (d~~)~ f(,'f)~ 
thtn if /nclud.t<dJypel*, d_type*> I\ C..d~s<d.J»Ad•, ce.huldtea> 

tfitn <l'e~pr<expr*)l tn' ~pr,··c:~>?· '· ; · · · · · · 
tlst llad..:.txfwt~> 

6111 Bad:..Axl>"<ce> 

For an invocatien to be legal Ute .a~ .lnllSC·N of, the)JOllf«t,tJPft, and all 

exceptional conditions that can be railed muat be legal wida respect to the 

surrounding handlers. 

C_cl_conds<d_cond*, handle*> • !1f. tf Empr,<d_cond*> 

tltm t"" 
1lS1 C_"-'oful(fffN(d.PJAd*>, handle*> I\ 

C..tl..Mtds<T all(d.,J:Ond*>, handle*> 



C_d_cond<d_cond, handle*> • !'.!£. 
if Empty<handle*> · 

then true 
tlse case Head<handle•} 

elem name* of ,,.aroe* 
th.en d_cond.name E name* v C_cLtnd<d_cond, Tcdl<handle*)) 

elem <name*; d_type*> of D_hand 
t II.en if d_cond.name E name* 

then d_cond.d ... ty.,...• d~~ 
elsi C_d_corul(d_cond, Tdll<handle*)) 

elem o#tera tf Othe,. · 
11i1n··t,a• 

end 
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A handler need· not exist for everfexcepdonalcondkion raised by an invocation. 
- r" 

If a handler does not t~r9w ~~ks- away t~ the types of the results must equal 

the types of the receiving variables. 

c_expression[type....spet$(f,~ld+)J(ce) ' •. '''• 
let <d_type; eel> · • C_t'jfH-spie<typeJP«, ee> · 

<comp*; ce2> • C_fltldil<fteld~~ ··Qd\. 

compl* • Ord1r<comp*iname~ .-np•> 
name* • compl* J.name. 
d_type* • T1P.ts~pl*-hxpc.; cd> 

in 

case d_type 

elem [record[d_comp*ll tif DJecord 

then· if d_comp*J.name •name* A /nthuUCd;.\.Gllllp*io.._type; dJype*> 
then <Cd_type$(comp*)J tn Expr; ce2> 
else B<ULexpr<ce2> 

else Bad_expr<ce2> 

The order aftd grouping or tompenents ·in 'the'; tat does not matter but every 

componeni must' be inid~1~t~.itl with ;~n ~jett\J( tile~~ type •. The components 
',:,··:'·:;?·. ~>~I{:~ ·~""' ~ 

are reordered only for type-checking; they'·~ }'l l .• ~sf ormed expression 

in the order in which they were writt~. 
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C-Jitl<ls<fieki*, ce> • !:!£. 
let [name+: expression] • H14d<fiekl*> 

<ttxpr; eel> 
compl* 
<comp2*; ce2> 

• c_a,,11.Jlml(expralioR, ce) 

• G1t_cOW1~s<name+, e11ptJ 
• C..Jl1lds<T.u<fteld*)~ ·ad) 

in·· , 

if Empty<field*> 
tlzm <nil in Comp*; ce> 
tlse <Concat<compl*, com~); ce2> 

Gtt_comps<name*, expr> • U! lit comp • CH•~k·aptl 
comp* • au..-.,liT•ll~t.· expr> 

in 

if .eni~na~*> 
tA1n nil In Comp* 
1ts1 · Cons<comp, ·eo.np•1 

c_expression[type_spec$Cexpressi!'"*lJ(ce) • 
C_expresslonltypeJpec•C< 1 tn Int in ExJ*essiofth·n~•nc.> 

c_expressio11[type_spec$texpression: expreutan*Dft9 • 
let <d_typ~; eel> • c_,.,,,,_,,,,c<typeJptC~ uJ 

in 

<expr; ce2> 
<expr*; ceS> 
d_type* 

• c_1x;r11slon(expression, ·Cltl> 
• C_txfJrtsslatu(expteaiW ••. ~ ·. 
• T7p1s_oj(expr*, ceS> 

case d_type 
elem ll:~u[obj*]J cf DJRC>d 

tlien if du • ~u•rre.v . 
tlitn · 11t obj • obj* to Obj 

in 

if lrutg~r<e"f)r, ce3l I\ l~J.ffl lt·D.JJP't 4Jype*> 
tlien <ld .. ty,e1SC.expr: ~er*:P.~ ~pr;· ~> 
''" BcuLa;r<C:es> · ·· · · · · · ·· 

etst Bad;,.:.1x11r<m> 
el st Bad_expr<ce'J) 



C_expresston[ force[type_speclJ<ce> • 
let <d_type; eel> 

obj* 
. d_mod 

• C..J'J11'-s/J«(t~ · ce> 
• l[(dJype tn Vall: <1ype m DJype)J ln Obf 

• [durorce Cobj*ll: 
• any tn D_type tn DJype* 
• d~type tn DJype* . 
• [("wrong~t}'Pe· tn M8teKni1 iJt D:.type*)J ln ri_cond* 
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d_typel* 
d_type2* 
d_cond* 
d_proc • [proctype (d_typel*) returns (dJype2*> •lgnala (d._cond*)J 

in 

if d_type is Bad 
tlitn Bad_expr<ceU 
else <[(d_mod in Val>: (d_proc in D.,type>J; eel> 

c_expressionU::up(expression)J(c;e) • lit <expr; eel> • c_n,,lnfon(expression, ce) 

dJype • T1/Jl-0Jf.expr, eel> 
ln · 

if ce.cluster " lnelud1s<ce.down, · d_type> 
tlam du,;fce.upl<expr)J tn Expr; eel> 

1ls1 BaLnpr<cet> 

We explicitly include the abstract type in the tranalormed expression because it is 

needed .to <lef tne evaluation. 

c_expression[d~n(expression)J(ce) • let <expr; eel> • c_nF"uston<expression, ce> 

c_expression[expression.name](c:e> • 

:dJype • r,/Jf-Oilexpr, eel> 
in 

if ~.cluster A . dJype • ce.up 
t/aen ddown(expr)J lrt Expr; eel> 

ll11 Bad.A/lricel> 

c_op_call(~d"--11L<na~), expressiOil tn Expression+, ce> 

Add_get_: Name -+ Name 

Aclcl_,get.,.. simply adds "get_" to the begi~ing of the oame. 



,- 1& .:-. ;i-~).o.;•;;< ,,~·> 

l 

c_expressioni.ex pression1Cexpressi0n2ll<ce> • 
let expression+ • <expressiOnl; ·~~in,~t 

in ' , :, . . ,\·:·< " · . ;;. 

C_op_call<"fetch" tn Name, expression+, Omt' · 

C_txpresston[1v expresslonl<ce> • ... 

C:.i-o.~<i'"'1.•,~ ·~~a~~-~·· .4'!1> ·· 

c_expression[- expressionJ<ce> • 
C_op_call<"ininus" in Name, ·expression tn Expraskln+, ce> .·. 

• - .. ..r-. 

C_txpresston[expressionl bin_op expreaslon2_l.<ce> • 
if bin...:op • ku_o,com_op) · · · · 

tlftn let CNJieui~~- •. <ex~~l;, e~~ '~:~~'.~+ .:; . 
''~·' .,,.,. 

C_op_call<OJ>_ncmt<bin_op>, exp~+, c:e> 
else . (et · bin.J>p1 , ~· ... sl..o~~~. 

L,. 

, ,, "~~~~~,;: .. ~'M~I .!f~l expreuionU In Exprmion 
tn · · · 

:. - :C;!?':''T,~'S.~"~:,e~p~O::,~~i~'-· ~~: ~~' '·n;; . 

Op_nameU::_uJ • "pow,.-" ~n.Name . B~fr.J'~;.;;,•e~~~i""-'P, , 
Op_namt[//l • "mod" in Name BasuJl[llJ • C//J la '6in_op 

/ . 

op .... namtif.f) i, • "div" 4tt-NameJ;;. ',;.i ;;)»i4f~~~d9l;t.,..~,, I. ' 

Op_namrUrl • "muf°Jft.·Name >-1 i~*l • [•J In Bin_op 
Op_name[ll] • "concat" In Name ...,,_..IO • tllJln Bin:-°f> 
Op_nomc[+J · · • ··add.tttNioni · ·"<•:~+J • · C+4• Bin_op 
Op_namt£ .. ]I • "Sub" htif'fmlrr · ~l..Ol'(•l • [•JI• Bin_op 
op_namell:<l • "tt• ln'~ . h><: ~J · •' Cd'1i11 Bin_op 

op_namtlr<•J • "te" tft Name 

Op_nomtC=J • •equar tn Name 

Op_namcU:: > :] 

Op_namtrr.>] • "gt" ln Name . 

op_namtU:: &] . • "and" in Name 

k11_,,c•<l • C<J lt1 BJn_op 
ksU/lf.<UJ :w·ilfWIW18M_1.p ,. 

, ., ';\.j~~~itiJ."Ctc•W\911t,;jip, ·· 

.BtUf..:.t,C11J .. , ,* l•'»·•h_op 
~--1\YY~•:1•..ra lttt:..op 

, · i~;Q"nar;IJ111U.,111fl.:.O, 
&u1....1fll.•>lil • [>ilJ la Bin ... op 
Bu'-"fll. >l • [ >J ln l\tn_op 
BtUl..O/tf.•>l • [>J t11 Bin_op 
Basufll.lil • Cltl 111 Bin_op 
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Op_name[I] • "or" in Name • [ ll tn Bln_op 

C_op_,cal/(name, expression+, ce) • lft <eXpri tel> • C ..... _tno(na""' expressi~+, ce) 
tn 

ca.s1 expr 
,,,.,,.- invoke of Invoke 

ti\m . if RtSult_,,~vo.:e, eel> ts D_type ....... , . 

t4m <expr; eel> · 
-1lu. -~IR'(cel> 

1ls1 BatLnpr<cel> 

C_op_inv<name, expr~ssion+, ce> • let" <expr*; eel> • c_a#'r1sslons<expression+, ce> 
dJype • n,,,._..a,..apr*> •. c:tU 
;cexpr; ·ce2> 

in 

• C_d..orr'Cd_type•nameC D, eel> 

C_call<expr •. T(lll(expr*>, ce2> 

For abbreviated forms of invocation, the exact operation to invoke is determined. 

by the type of the first-aTgulMRt. 

C_expression[expressionl cand expression2J<ce>. • 
let <exprl; eel> • c_nf1rtsston<expressionl, ce) 

· <expr2; ee2> • C_n,,.IH40ft<n~t, ceD 
in 

if Boolean<exprl, ee2> " Boolean<expr2,_ c~ 
tlztn <[exprl cand expr21 in Expr, ce2> 
else Bad_expr<ie2> 

C_expressionU::expressionl c9r expression2J<ce> . • 
let <exprl; eel> • c_tXf)t;s$to11(expreS*ton1.· ce> 

<ex pr2; ce2> • c_npr1ssion<expressUJn2. eel> 
in 

if Boolean<exprl, ee~> . I\ Booltan<expr2, ce2> 
then <[exprl. cor exp~2i ln ~xpr; ce2> 
else Bad_npr<ce2> 

Boolean<expr, ce> • T'Jf!t-of<expr, ee> • ([duboel CD tn DJype> 
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Booleans<expr*; ce> • ili. if Em/l('j(expt*> 
t!J,n tr"• 
111' BoolHft<HddCexp,.>. ce> I\ ...... s<fdil<expr'>, ce> 

lnteger<expr, ce> • T7pt_oj(expr, ce> • <CCka1~t tll 111 DJype> 

T7pe_oj[idnJ<ce> • ce.infdOcln) to D.;..type 

Type_oj[d_type$(comp*>J<ce) • dJype 

T7pe_<?f[up[d_type](expr)J<ce> • d_type 

, T7pe_oj[down(expt)J<ce> • ce.down 

Type_oj[exprl cand expr2l<ce) • [du.,001 CD1laD.JJ1t 

Typ1_oj[.exprl cor expr21Cce> • (du .. 001 iDtwlJiJJpe 

Typts_oj(expt*, ce) •· !1£ if Empt'}(apr*> 
tlt1n nil ,,. J)~type* 
list Cons<T1fJl-oJf.H Hd<expr*>,.. .~>. 

T1f>ts:...Of(Ttlll(apr*>, ce)) 

Rtsu.lt_t7pesU::expr(expr*)J<ce> • Rttur'll_IJ/Hl<T:~~Q{; ~>~ 

lnclzufts_a/l(d_type, d_type*> • if Em;t1(d_type*> 
tlaen true 

tlse lndUllr,s<4i-typt. .H ~cl.Jype•». " 
lndwUl«a_tjpe.·· f~dJfl'e•>> 

, ·r ., 



lnc/ude<d_typel*, d_type2*> • fil if Em,,,,CdJypel*> v E•/lt,Cd_tYP'2*> 
tltn d_typel* • dJype2* 
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flSI ·, ~~#-~*~. '.· HfCl(l<dJype2*» I\ 

. lfl#tuU,<Tcil<ci..J.J~*>, Tall<d.J,ype2*» 
. ,' -., ·:i .;- • ~ . ' ·' < 

The. two lists must be the same length and each type in t ... f.i~~ .list must include 
~ ~ ' , 

the corresponding type in the second 11-t. 

lncludes<d_typel, d_type2> • if d_typel ts Bad v dJypd ii Bad 
tlitn false 

el st lf d_typet' ~ ci_type2 v d_typet U Any 
tfmt tru• ::> 

else if d_typel ts Routlne 

tlten d_type2 ts D_proc v d;:.type2 ts D...,iter 
elst if d_type2 is Routine 

tlttn d_type~ ts 6;rot· v d_typei ts ·DJter 
tlsl false 

The type bad does not include and is .not inCluded in an:~ tYr· The type routine 

includes and is included in every procedure and iterator type. 
·. ' ' 



5.5 Equates 

In this sectton we def'~eiltie Ngalfty ane meiri8tg or 'fl'•• with the function 

C_eqtJ.atls: · tquate• ><CE'~ Cl. 
We ~lso define the fundion · · 

Add_lnfo: ldn >< Info x CE -t Cl 

which is used to define.Joal identifiers. 
~ - ' . .' . 

Equates are. chec;~eR •s folJows. We ~i"', a ·~~ daQain Perm, consisting of 

permutation functions for the domain Equate,*., That· is. ,..._... or this domain have 

functiona1ity 

Equate* ~ Equate*' 

and each element of .the domain satisfies 
! '•;',. -. J .,.. .. l ···1.• ·. ; 

perm<equate*>. c equate* /\ equate* c pe,nn<eq~*> /\ 
'" . . . ,I 

Samt_s/zt<equ,ate*. perm<equate*» . , .. 
for a 11 elements of Equate*. To check a list of equ~tes. ~ a;;llect ail permutations of the 

- .. . 

list that a.re legal wh~n check~ in linear ord~.' If at' liast"~e such. P,..mutation exists, 

then the equates are legal. The meaning of the equate& ii then Wtaintd 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• t. ce) • 

let eel • ceCfalae •err] 
ce* • {ce2 I 3permCce2 • E.,..1f1'4t1s<perm<equate*>. ceU I\ -.ce2.ef'rl> 

ln 

if Emptyke*> 
tlien ceCtrue •.err] 
el st H tod(ce*>Cce.err • err] 

The use of set notation is informa1 here, u is the u,e of existential quantification. 

However, it should be clear that one c:oukl define a mmputabte function to do the 

same thing. 



E_equates<equate*, ce> • !l£· if. Em;t,<equate*) 
tlam ce 

. 1ls1 ln eel • E_'fUl'(HHC'l<equate*>, ce) 
tn 

E_1quat1.s<TaU<equate*>, eel> 

E_equate[idn = constantJ(ce> • lit <Obj; eel> • C...c~tant<constant, ce> 
tn 

Add_info<idn, obj tn Info,· eel> 

E_equate[idnl = idn2l<ce> • ca.st ce.info<idn2) 
1lem tset of Tset 

tlam lit eel • ceCConsUdn2, ce.usecU • used] 
In 

.4dcLJnf~idpJ.. .~ tn Info, eel> 
1ls1 let <obj; eel> • C-C0&11,fnt(idn2 tn Constant, ce> 

tn 
AdLJ'ifoCidnl, obj Jn Info, eel> 

E_equate[idn = type_setl<ce> • ltt <tset; eel> •· C_t1fH_s1t<typeJet, ce> 
tn 

AddJnfo<idn, tset 111 Info. eel> 

The definition of C_t1f>t-stt is def erred tQ.aect. &.7. 

E_equate[rep = type_specl<ce> • ltt <dJype; eel> • C_t7;._s/*<type..>p«, ce> 
in 

if ce.down ts Bad I\ ce.ch,1ster 
tli1n ceUd~ype .e qownl 
tlSI eel[ tru. • errl 

The representation type can be defined only within a cluster, and only once 

within a cluster. 



Ad<Linfo<idn, info, ce> • ltt eel • celCmuUc.trr,t&i'sei!l •uMlll Y 

ln 

if· ce.illfoUdlt> ti NOIMt v ~<kin t et.used> 
tltm lit tnfo...map • te.tftfotldn t- tnfol 

th 

ce1Cinf o.m&p ti infdJECliflktlti te.MalSJ • tdcalsl 
tilt ·te1ttrdi:• iR1 ' ' .. :: ;,;,, i. x. ' 

An idn cannot be defined IOctlty If it hH wtii tiled as ate extetnal reference or if 

it is already deOn~ kxtlty. . 

5.6 Statements 

The major functions defined in this sectkli are: 

c_statemmt: Sd:t~f >t···t'! -t Sltftt x CE 
c_&o'd1= · itbdt ix et _.. UHit 1< ct 
C_xbod1: 0ec1• x Body x CE _. lJJtpe* x Unk 1C CE 
Rtstore: 6!· >t itt ... ;fW • M·· · . 

c_xbod'J is used. t<>., cbeck t.h0$e. tat. .. wben, ~~ .. ••ttjtl ilrrill ill. "'"~h.~~iftl~"' ~~~·~i~s 
. . ' . . . .·· ''.' . ········ .... ~ .... "" ·" •' ... 

appear prior to the body. Rlstore ii used fo reset the 6! It tht Md ot a aceplng untt, and 
to generate a list of all fftft1'B··ttittM tit Mt·Uiffl;rt~ at9aal!flff iff the tis before 
and after checking the unit, rfljtktlfilJ . 

. 
C_body[equate* statement*l<ce> • 

ltt eel • 'rl.::.lfait1s(equtte*, te> 

in 

<stmt*; ce2> • C~Ji~lt~flitt*':.·· ftl) 
<idn*; ce3> • Rt1tor.ttt,· Mt' 

<[stmt* local tdn*J; ce3> 

Rtstore<cet, ce2> • Ftx_tnjo<ce2.locals, te2.info, celCcd.tned 9 Uedlcd.err • errl> 



Fix_infoCidn*, info_map, ce> • ?:!£ 
if ;Empt1<idn*) 

then <nil t,i ldn*.; ce> 
else let idn • H ead<idn*} 

<i<:lnl*; eel> •· F.t~ryo<7"CIU<idn*>, info_map, ce> 
in 

if idn E ce.locals 
then <idnl*; eel> 

else let inf fUftapl • ce.l.inf aCidn ... noae la Info~ 

ce2 • celUnf O;;.fnlfll • info] 
in 

if info_map<idn) ts D_type 
· thtn <Cina$(~ idrtl*)t "2> 

else <idnl*; ce2> 
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Only those idns defined local to the given ~Ing unit •re made undefined, not 

those defined in a surrounding unit. 

Bad_stmt<ce> • <none in Stmt; ceCtrue • errl> 

c_statements<statement*, ce) ~ fil 
let <stmt; eel> . • c_:_statement<Htad<statement*>,. ce> 

<stmt*; ce2> • C_statemtnts<TtUL<statem.ent*>, eel> 
in 

if Empt1<statement*> 
then <nil in Stmt*; ce> 
else <Cons<stmt, stmt*>; ce2> 

C_statement[dedl<ce> • <none In ·Stmt; C_dttls(d«I tn Dea•, ce» 

Declarations will not cause any immediate a~tlon during execution. 

C_declsCdecl*, ce> • ?:!£ let 

in 

[idn+: type...Specl 
<d_type; eel>: 
ce2 

if Empt,Cdecl*> 
tlaen ce 

• H tad(decl*> 
• C_t,fJf-Sflle<typeJpec, ce> 
• Add.Jft/tl<idn•, dJype tn Info, eel> 

elst C_dtcls<TallCdecl*>, ce2> 
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Add_infos<idn*, info, ee> ,. !!£ if Empty(idn*) 
tl&a ce 

... 'f 

else ltt eel ~ ~Nad<Wri•>. info, ce> · 
itl 

· MtlJ~ili«W.it*J, UitO. · arl) 

c_stattment[idn: type_.spec :• expressionJ(ce) • 
let <d_type; eel> • C_t'1fH-sfHC<type.>p«. ce) . 

ee2 • ..UtL:t•foOdn, ''OJypt":a ~ cd 
<expr; ce3> • c .... ,,. .... ,HUiob. 'ce2> 

in 

if lncludts<d_type, T1fH-oJf.expr, cea>> 
then d<idn in ldn*> :• <expr ta EJt~)Jia.aa. ~ 
else Bad_stmt<ceS> 

C_statementll:decJ+ : = invocation)(ce) • 
ltt eel • C_decls<<ied+. ce> 

idn+ • Delist<dec1+ J.idns} to.JR 14"+ 

in 

c_statem1nt([idn+ =· invocation] ,,. Statement, ~~l 

C_statementU::idn+ := invoca~l<ce) • 
let <d_type*; eel> • G1t_d1cls<idn+, ce) 

<expr; ce2> • C_tRWC41l01l~yoq.tiOQ, eel) 
in 

case expr 
elem invoke of lnvok.e 

t!ten if ..,D~;J#atu,~n+> l\ fac,llsdf.4:..fll!(t'; ~jft~, -)) 
tlaen <Cicln+ :c il!voke] ln Stmc; ~> 
else BtuLstmt(ce2) 

elst Bad_stmt<ce2> · 



C_stattmtntU:idn+ ·: • expression+J<te> • 
ltt <d_typel*; eel> ,· • (11t_dl~s(i~;n+, .ce> 

<expr*; ce2> .. c_1xpr1sslons<express1on•, ceD 

d_type2* • T'1JHIJ.>.ff'J.W,~-.. ~ 
in .~: 

if -.Duplicates<idn+> A. ·'~-trw•~ ~l 
thtn <Cidn+ :• expr*J In Stmt; ce2> 
tlst Ba.d_stmt<ce2> . 

Each expression must evaluate to a aingte object. 

Get_dtcls<idn*, ce> • !1£ 
if Empt,<idn*> 

then <nil tn D_type*; ct> 

tls1 ltt <d_type*; eel> • GILJH«dToU<kfri*>, ce>: 
tn 

cast ~.ffd'o(ffHdC'i4ft*)) : , 

elem d_type of DJype 
tltnr <C6bs<d_type;d:;yPe*>; tel> 

1ls1 <Cons<bad tn D_type;1ljype*); ceUtrft"eertl> 

The kins must be declared variab1-. 

c_statementCinvocationl<ce> • let <expr; eel>' • C.Jn~(invocatiOn, ce> 
in . 

cast expr 
··. 1l1m intto'k~;o/ Jnve>b 

tltln <invoke tn Stmt; eel> 
tlse BatLstmt<cel> 

c_statement[expressionl.name :• e~prmlon2J<ce> • 
let expression,.. • · ~prels10nt; ':etpr.lon2> ln Expresfian+ 

<ex pr; ceb • C_ofl_tiiu<·A!"L.sn.:W-, expression+, c:e> 
in 

case expr 
elem invoke of Invoke 

then <invoke in Stmt; eel> 
else Bad...;stmt<cel> 

•,; ' 

T1 
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Aclcl_set_: Name ... Name 

Acld_set_ simply adds "set_" to the b'egtnftiftg d' die )_lame. 

c_slatement[expressionl(expression2] :• ~ '•~ ' ' 
let expression+ • <eJCprasionl; expmstont;, ex,,_....S> ltt bpression+ 

<ex pr; eel> • c....o,.J'ft'IA.•~" ~.·. •Mc.n*'• W · 
in 

case expr 

rltm invoke of Invoke 
then <invoke i?t Stmt; eel> 

tlse Bad_stmt<ceU 

.. ', ·~; 

c_stattmtnt[if expression then body elseif ..-rm* eftd)(- ~ 
let bOdyl • a:<nil tn ~·t-<mU• S.~tl 

in 

C_statement[ If expression then body ebeif ~rm'c '.I.Ill~ . ...a<ce> 

c_.Statementll:if expression then bodyl e•if~m~ _ .. ~. ~ ~ • 
let <ex pr; eel> ... c .... ~''nn<..,...., ·~ 

<unitl; ee2> • CJM,Cbodyl, c:et> 
<e1seif*; ee3> • C_tl11ifs<etSeif ~rm*, cit>. 
<unit2;,~ei>. • C-~,Ct>Qdy2, ceS) 

· in 

if Boolean<expr, eei> " Booltans<elseif*.&.ex.pr, ~) 
tlren <[if expr then un.itl ellei'* et~• '-l~tl..•~cO tn Stmt; cff> 
rise Bad_stmt<eei> 

C_elseifs<elseif _arm*, ce> • !1f. 

let I[ elself expression then body] 
<expr; eel> 

<unit; ce2> 
elseif 

<elseif*; ce3> 
in 

if Empt1<elseif _clrm*> 
then <nil in Elseif*; ce> 
else <Cons<elseif, elsdf*>; ce3> 

• H.ICl(l~~lte,4'.a[m*> .. 
• . ~~'1:f''-~~~· ce> 
~. g../N.rd,<"'7., ~1) 
• · i: eiaett expr ttt•n unttl 
• C_tlsnj'l<Ttdl(etseif_.rm•>, c:e21 



c_sratement[whlle expression do body end](ce) • 
ltt <ex pr: eel> - c_ex.presston<expression, ,. ce> 

<Unit; ce2> • CJodJ(bo<fY. cel!tnMi 'tfldap})' 

ee3 • ce2Cee.loop e loopl 
in < · 

if Booltan(expr, ce3) 
then <[While expr do unit end] tn Stmt; ce3> 

else Bad_stmt<ce3> " · 

Break and continue statements are alJc>wedJn the body. 
\ 

c_stattment[ return(expression* )](ee) • 
let <expr*; eel> • c_ix;rtsslons<expresston•. ee) 

d_type* • T7pts_oj(expr*, eel> 
in . 

if <ee.iter " Empt,<expression*» v <-.ce.iter l\~lncl~ce.results. d_type*» 
thtn let exprl* • c_cvts<expr*. eel.cvts, eel> 

tn 
<[ return(exprl* )] tn Stmt; eel> 

else Bad_stmt<eel> 
' . 

79 

An iterator cannot return any objects. , .G~~ .&. ulJWl _to ~ke 'xplklt all implicit 
. ' ;~ , ·.. ' ., ' ~ 

ups. 

c_sratement[ yield(expression* )](ce) • 

let <ex pr*: eel> • c_ixpesstons<ex.,,....•, .eek• 
d_type* • T'jpts_oj(expr*. eel> 

in 

if ee.iter " /nclude<ce.results, d_type*> 
then let exprl* • c_cvts(expr*. eel.cvts, eel> 

tn 
<O::yield(exprl*)J tn Stmt; eel> 

else Bad_stmt<cel> 

. Only iterators can yield objects. 
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C_statement[ signal name<expression* >~> • 
ltt <expr*; eel> • c_1x;r1ss~ •• r-..•., .::: .. 

d_type* • T'/IWs-~-exPr*. eel) . · 

<boo&; bool* :i: • C_stg<name. dJype*. ce.s&gs> 
in 

if bOOI ·., 

tlrtn let exprl* • C_cvts«expn*. ~. eel) 

in 

<[s'9ftat name(eipr1*'>1'i1t &t~''Cei> 
else Bad_stmt<ceU 

c_stg<name, d_type*, sig*> • ?'..!£ 

ltt <d_cond; bool*> • H«s4<sig*> 
[na~l(.d_ryrt*D • d ... ~ 

in 

if Empt-fsig*> 
t lten <f atae; nU tn BJ> 

else if name • nanwl 
then <litcludt<dJypel*, d_type*); bool*> 

• 1tse c..:11,.tta#R; 'li_'ft~. 'I-~> · 

c_cvts<expr*, bool*, ce) • fil 
let expr • Htad<expr*> 

e1Cprl* • C...;.crJt.r<TaU<exp~. t~l. • 
in 

if Empt-fexpr*> 
tlten nil in Expr* 

else if Htad(bool*> 
then Cons<Cup[ce.up](expr)J tn Expr, exprl*> 

else Cons<expr, exprl*> 

;' 
I' 

:.'\. 

( ' ~; .' . ) , 
{"; , 

'" 



C_statement[ exit name~f(pre-'ion* >J,<ce> • 
let <expr*; eel> • C_txprtssiOns<expressiOQ*, ce> 

. d_type* - r.,,,,s..oj(er.pr*,. eel> . 
in 

if c_exit<name, d_type*, eel.hand"-> 
then <[exit narne<.p~a,a &emt; .. · eel> 
else Bad_stml<cel> 

C_exit<name, d_type*, handle*) • !:!£. 

if Empty<handle*> 
tlren false 

else cast H'4dChandle*> 

. ' 

elem name*:"./ Name* . . 
tlttn ~(name E name*) I\ C.Jxlt<...., 4JJJHt'• tcll(handle*)) 

elem <name*;. d_ty~l*> ~D_hand 
tlttn if name E name* 

tAen dJype* .;, dJypfi* · 
1ls1 c_~name. ·· dJJP'. Tlllfl*nClle*l> · · 

elem oth••·lfOthera · · 
tllni faJM 

end 

·.·, 
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Local exits must have corresponding handlers, the rauk CJ!>.Jects cannot be thrown 
. . ~ ;-~, . . . 

away, and. the types of the results must equal th~ types of the receiving variables. 

c_statement[ break](ce) •. if ce.loop 

tlten <break tn Stmt; ce> 

elst BacLstrnt<ce> 

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

C_statement[contlnueJl(ce) • if Ce.loop 

tlitn <continue in Stmt; ce> 

tlst Bad...:stmi<ce> 

A continue statement is legal only in the body of a loop statement. 
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C_statemtnt[begin body eftdl(ce) • let <Unit; Ceb • '(}~, ·ce) 

tn 

I d:Metn umt·..WO·m $Mt; eel> 

c_stc?tement[tagcase·expression tag.arm+ enctilfd> •• 
let <expr; eel> . • c~~j •> 

<tag*; name*; d_compl*; ce2> • C_t4g_arms<tag_.arm+, W) 
namel* • Ordn<name*, name*> 

in · 

case T1pe_oj<expr, ce2) 
elem [oneofCd_comp2*D of D_oneof 

then if namel*. d_cornp2*J.na~ I\ d_comp1• eit_twip~ 
then <Ctagcaae expr tag* ertdJ tit~ ,te2> 
tbe Sdd.J~ · · 

else Bad_stmt<cel> 

The name list returned by C_ta.g_arms CO(ltaifu ever1 _natne appearing on an arm; 
. " ... ' - - ; ' "·. ~ • ' .>. 

the d_comp lff.t~~tn.s-a na.me--dJJfal,..,:~~1Y~.name appeariftt on an arm 

with a variable. Each tag namt must .,,_,~JI'••• .-e •rm, ·and only 

tag na~s can appear. If an arm has a variable .,,,_. ... ~ value part of the 

object, the. type of the variable·must eqva1 the v&iue tJPt mr~tng to every 

t~ g on the arm. 



c_statemtnt[tagcase expression tag_arm+ othera1 bodf .-AO<ce> • 
let <expr; eel> • C...,,xJ111~<.~P.resston, ee> 

<tagl*; namel*; d_eompl*; ce2> .• c_ttJ.f•~"',1'U(~rm+, eel> 
<unit; ce3> .. , C..~ ... y. e~ 
tag2* • AJl/>f1td,(~g1*. J••r•: unitl tn Tag> 

in 

case "Type_oj(expr, ce3> 
elem [oneof[d_eomp2*JJ of D_oneof 

then if namel* c d_comp2* J.name I\ .... Du/Nkat11<namel*> I\ 

.... same_sl%e<namel*. d_comp2*lname) i\ a:...a,mp1• c d_comp2* 
then <[tagcasa expr~g2* •"dl tn S~~ ce~b 

• ,• • .'f . • , •• 

· else Bad_stmt<~e3> 

else Bad_stmt<cel> 

Each tag name "n appear •t most· on~ but at Jealt ... tag muaa be missing. 

C_tag_arms<tag_arm*, ce> • fil 
let <tag; namel*; d_compl*; eel> 

<tagl*; name2*; d_comp2*: ce2> 
in 

if Empty<tag_arm*> 

• c..t~~<H~tag_arm*>. ce> 
• C_ta1-•rm.r<TaU<tag_arm*>, eel> 

then <nil in Tag*; nil in Name*; nil in D_comp*; Ce> 

else <Cons<.tag. tagl*>; C•at<..amel*. 111.~>; Coull(d.,.compl•, d_comp2*>; 
ce2> 

C_tag_arm[tag name+: body]<ce> • 
let <unit; eel> • C_bod,<body, ce> 

in 

<[tag name+: unit] in Tag; name+; ·nil ln. D_cemp*; eel> 

C_tag_arm[tag name+ (idn: type_spec): bodyl<ce> • 
let decl* • U:::<idn in ldn+>: typeJpecl lit p,c1* 

<d_type*; unit; eel> • ·c_xbod,<decl*, body, eel 
d_comp* • Get_d_com;s<name+, d.,.type* to D_type> 

in 

<[tag name+ (idn): unit) in Tag; name+; d_comp*.; cebi. 

'· 

8S 
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c_xbody<decl*)[equ~te* statement*]<ce) • 

let eel • c_equates<equate*: ce) 

ce2 • c_decls(decl* I eel) 

<d_type*; ce3> • Get_decls<Deltst(decl* J.idns>, ce2> 

<stmt*; cei> • C_statements<statement*, ce3) 

<idn*; ce5> .. Restore<ce,. ce4) 

in 
<d_type*; [stmt* local idn*]; ce5> 

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

C_statement[for decl* In invocation do body end](ce) • 

let statement* • Make_statements<decl*> 
idn* • Delist<decl* J.idns> 

statement • [for idn* In invocation do body end] ln Statement 

bodyl • [(nil in Equate*> Append<statement*, statement>] 

in 
C_statement<[begin bodyl end] tn Statement, ce> 

Make_statemcnts<decl*> • ?:!£ 

tf Empty<decl*> 
then nil in Statement* 

else Cons<Head<decl*> in Statement, Ma~e.:..statements<Tall<dect*m 

c_statcmcnt[for idn* in invocation do body end](ce) • 

let <d_type*; eel> • Get_decls<idn*, ce) 

in 

<expr; ce2> 

<unit; ce3> 

cei. 

• C_iter_tnv<lnvocation, eel) 

• C_body(body, ce2[true •loop]) 

• ce3c:ce2.loop • loop) 

case expr 

elem invoke of Invoke 

then let iI:exprlCexpr*)] • invoke 

in 

if lnclude<d_type*, Yield_types<Type_oj(exprl, ce4))) 

then <[for idn* In invoke do unit end] in Stmt; ce4> 

else Bad_stmt<ce4> 
else Bad_stmt<cei) 



C_iter_invCexpression(exprmlqll*)J<ce> • 
let <expr; eel> • C~;T«s~ion<~pr,euion, ce) 

<expr*; ce2> • C.,..tx/lrlSSW,..r<ex~*, eel~ 
d_type* • T1f!'s..oflexpr,*~ ."2) 

in . 

case T1pe_ojtexpr. ce2> 
elem I( itertypt (d_ty~,1~ >. xJeld• <d.J7pe2* > algnala (d_cond* >l,<>/ D.)ter 

tlitn if /ncl~t<dJ,fpel~ •. d~)'p1!.·~, ·" c_uoncb(d_toqd*, ce2.hand~ 
• .. - -" . . •. ·- . ,.~ . , ,. - -~ I " . 

tlten <Cexpr(expr*)J ln Expr; ce2> . 
else Bad_txpr<ce2,> 

else Bad_expr<ce2> ... 
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· For an iterator invoc~tion to be legal, the argU1""9tl llNlt be c( .the c;orrect types 

and a II exceptional conditions that can be raised must .be legal with respect to the · 
>t'·'- .. ; ' ... ~-.;~: h t. 

surrounding handlers. 

Yitld_types<d_type> • • 

case d_type 
elem Utertype (d_typel*) yield• (dJype2*> 1.•1n.aa (d~d*)J cf DJter. 

t Mn d~type2* . . . . . 

end 

C_statement[statement except when_.rm+ endl<ce> • 
let ~catch*; name*; handle,*i eel> • c_.~when_.~+.: ce) . . ' 

ce2 •. ~ilc~•«lland~' ee.haftda.s> • handles] 

in 

<stmt; ce3> 
cei 

· ,, -~ .i: f ~ ,,.;- .,.,., r · 'it ' _J ... -+ ' · "' • c..Jl.tn.mt<itat.men~ .. ce2> . . 

. ce!["'~'··~ 
if -.Duplicates<name*> I\ .C~nd<!cUO~ handle*> 

tlitn <Cstmt except catch* •"4~ 'stmt .c:ri> 
else Bad_stmt<cei) 

The name list returned by c_...._.,., £ORtalal ewtrf :Ul'M appeariog on an 

a rm; the Piandle list contains an element f ~ every_ •"'1· A given exception name 
,:C ~- '~ . .i: :· •• ~:;·;,: : , ., ~·;'t.lt.i: · , 

can only be listed ~ce in an except *~k, ~"~~iot:ai~n ~_listed even 

if the exception cannot occur during evaluation. The /Gllur1 exceptia& can be 

raised ctt any time, and must.ifire 1ep1~withirilp•tt .,._, ........... t. 
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c_statement[statement except when...arm• others..arm end<~> .• 
/tt <Catchl*; name*; hancllel*; ~). ;;, e.:..w~~ ....... rm+, '(e)" 

<catch; ce2> ···· ii ·eJMir'C~Jtnn,· tet>· 
catch2* • if,~;·~iittt.J '·, ': 
hand1e2* . • Af>/llftd<.tJandlel*, ottter. IR Handle) 
ce3 • ce2CCtftdtUtaad~;ar. .... liflf •<Wancltlll 
<ftriit; cei> i · i. c-~~- atf ·;t · 

ce5 ;. 'crit·~~-~l · 
_, :·», 'i . • .. ,., 

'i ~-· 

in 
if -. Duplicatts<name*> " C-d_ctmd<FaUO, haftdit•y.:: ·' · 

then <[stmt except catch!* ltftctJ ltt Stmt; c:ti> 
" ttff lad~s,.,._ · .,. d ., • • •. • • J ;; 

' •; ' l , ~ ~- r 

Fa.i/O • ltt name · • •ranure· tn Name 

-·, .. 

d_type* • [du1 trint CD ln DJype t*t DJypil' ·~ · 
in 

[ na me(d_type* )] 
' . 

c_when_iirm1<wh~.Jfrm*. ~) •. !f£. ~· ' -,. ; 
let <catch; namet•; handle; eel> • C_.,Aft....AJTfll(HMC--~ttis*), cej 

<catch*; name2*; handle*~ ce2> •. c_w~T.utwhlft..-nn*>, eel> 
in 

:-·· { -.~ _: :{'' 

if Empt,<when_a~m*> .. . . / . 
·then. ~nu ln.Catitt';:,'·tinin N.ame•; . .nil't• .. Haftdfei;. ce> 
;1st ' ~consi<:a(<;t: ~t~h'*k '¢o'ti~~~~q1• ,· ~>: c.ua.nc1111. handle*>; ce2> 

. ~!'~~:-p•-,.,'"''.,,!" '. 1~·~""i'I ~t 

C_rvlicn_arm[when na~(d«I*): &Sdy1<ttf .• 
let <d_type*; unit; eel> • c, ... dod,<dtcl*. body. ce> 

handle .•·<;a~;' djf~itttaatcUe · 
idn* • Dilf.iHdfiei"t~nR "~•,,· - · ·· 

in 
, <~WMtft .,.me•.(klta*tc·ulldlJ1111.Catcll; ..... , .-,..;;ab~·: ·· 

'c...,whcn_arm[~hen name+'(•>! bociy)(ce> • 
i''' ~i /et 

1

<Utliti "tkf> ,· ~ '. C:JoH~WdJ, ct) 

. ; t1f· '· . " '•, 

_); -

~wt.I-. 1J~ot4*>n11w(J i1':,~ltc, ... .,... ; iftlfM~, •if...._. ctl> 



C_otlzer.s_ann[others: body](ce) = let <unit; eel> • C_body<body, ce) 

in 

<[others: unit] in Catch; eel> 

C_otlzer.s_arm[others (idn: type_spec): body](ce> s 

let decl* [(idn in ldn+>: type_spec] in Deel* 

<d_type*; unit; eel> C_xbody<decl*, body, ce) 

catch = [others (idn): unit] in Catch 

in 

if <d_type* to D_type) = ([dustring []]in D_type) 

then <catch; eel> 

else <catch; ceHtrue@ errh 
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5.7 Interfa.o• 8JM9allloatlen8 

"'"• : .-· ~~ ;; ~,.; ' • ;· ; ·:s: : j \: 
The major functtons defined in this Sectton· are: 

Dtrivt_specs: Full_module• ~-,~··DE; · ' 
. Sa.me_spec: ,~~·-~A.1111~: 1l • 

Interface specificatiOlll:lC ....,:._'t,.,~ -...... Fl~.·~ existing 
•· ' .. . 

interfaces for the abstractions being ·~ are eeftJMLl; ad the special Mterfaces 

type and routine are installed. ,.,.. ... )~~i'tllifUi 6t1Jii ~;-.W ct.nved 
. . ·<4!JJ .;itJJr:·,..- ,'.~·s:\~ 

from each module. The .nternal and .,_., ~ ~~A1!f!> a ,~ t1'e 

intern a I interface for a duster mfttatns tM llWaf.,. tl d dltllir ........... while the 

external interface contains only the maerr .. ef - prilnitt'ft .......... T'he external 

interface of each module ii checked .,.. t1M iftM• fOr • ........ tng abstraction, 

if that abstraction has an interface. Aftei' al iMtdtKa are tert• the ft:"9ana1 tnterfaces 

are installed; rhe internal interlaces a.n: ntultWd tor ute .._... ch!icktllg the modules in 

their entirety, as defit't«I in the next llUion~ 

Derivt_sptcs<fuH_module*, ce) • 

ltt du__sp«* • G1t.-du.....1#'fC:s<f~t. ..... .ae, ce> 
eel • /nu_s~futl...modvtt*j.ma-. ce> 

in 

Get_specs<fuH_rAodule*, duJpeC*, eel> · 



Get_dicspecs<module*, ce) • rec 
if Empt,<module*> 

then nil tn DU_spec* 
else let du_spec* • 04t-d~f 4'l~~ule*.> •. ce> 

idn • 01t_mod..JdnCH~ule*» 
i'n 

cast ce.iJ)foUdn) 
elem du of DU 

tlitn Cons<ce.specs<du>, duJp«*> 

els1 Cons<none tn J'.>U_spec, duJpec*> 

Get_du_sptcs collects the existing interface of'f!llCh ~-

lniLspecs<module*, ce) • ~ 
if Empt,<module*) 

.then ce 
else let eel • /.ntt_sptcs(Tall(moduk*>, ce) 

idn - Cet_mocLkltitNrU<ndult.,> ·' 
tn 

if H ead<module*) ts Cluster 

tlitn N ta1Jf>tC<idn, type tn DUJple, eel> 
else Ntt11_sptc<idn, routine tn DUJpec,' eel> 

lntt_specs installs the special interfitG.' · 

OeLmocLidnlCprocedureJ · • procedure.idnl 

OtLma<Lidn[iteratorl • tteraror.idnl 

GtLmocLtdnO:clusterl • cluster.idnl •. 

N tt11.;..spec<idn, du_spec, ce) • cast ce.info<idn) 
elnn du of DU 

tliln lit specJMp • ce.speaCdu .- duJP«l 
tn 

ceCapec..map • speal 
else ceCtrue •err] 
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Get_specs<full_moclu1e*, duJp«*, ce> • TIC 

let [equate* module] • Hfad<full_mOdule*> 

eel - c_19auitu<equate*, w 
<du_specl; du_spect, ce2>·1.· Oit~~~-~ 
ce3 ; ':~i ·~·::~ea~wftt;·etfJ.' - ·~-.· 

<du_specl*; cd> • G . .u;.cs<T.u<(~)" 'r.U•...spec*>, ceS> 

ce5 • N--'~••"'4i•i~--t\:' ~. cef) 
du_spec2* • Coukiu....,... 4'tJlf•fit.>.:• ' '.'' · 

in 

if Empt,Cfull_rnodule*> 
then <nil i&-~; _. · , .. · · 

else tj Same_sptcCHl44<diJ_spec~>. du_spec2> 
then <du_spec2*; ce5> 

else <du_spec2*; ce5Ctrue • errl> 

The first du_spec returned by Gt~~ ~.. the incetnal ~terf&.ce;; the second 
':, ~ (' ::.r:·\~>) \ ... \'\~· ' !-.:'· -~ :.?.'J o~ .. ~~ .,, \•, 

du_spec: is the external inl#.f~.,ff.(;.,.~~lf~{,,.-.,Yfe"~fjfnal interfaces .and 

returns the internal interfaces. · 

Get_spec[procedureJ<ce> • l~ . <r~f#~, .,,,~ .... ~~ loutine, ce> 

Get_specU:iteratorJ<ce> • 

.. -~n."! '){.: .. ,,,,..,>.•ffl .t1h·-,·,· ..... ·.,, ·i 

<r_spe( m ~~,,{~~~:, ~H-~, ~l> 

ltt <rJpec; eel> • :~~~-~f;l"i~-.,f'> ,, .. 
tn 

cr_,1pec tn DU_spec; r~:'!LiiJl~ ft~~ 

- ' ~ ' 



Oet_spec[idnl = cluster Cdecl*l I• idn+ where restriction* 
equate+ 

routine+ 

end idn2l<ce> • 
let eel 

ce2 
ce3 

· idn* 
d_parm* 

in 

cei 
<op_specl*; ce5> 

op_spec2* 
op_spec3* 

• Set_op_namts(routi,pe~. ceCtrw1 • clusterl>. 
• C..d.efs<decl*, equate•, eel>· 
• c_restrktton.s<re.trictiofl•. ce2) 

• D1list<d~1•.ltdnsl . . 

• Get..cLpanu<idn*, ceS> 
• Add_up_t,pt(idnl.. kin*, ceS> . 
• Get_op_s/1'C.J(routine+, idn*, cril 
• GtLtXLS/1'Cs<op..Jpfd.*. Jd.n+) 

• · Ord1r<op_.1pec2* +name,,. opJfM!d*> 

<[[d_parm*l: op_specl*l tn DUJpec;· [[d_parm*l: op..Jp«S*l In DUJpec; · ce5> 

Set_op_names<routine*, ce) • !'.!£. 

if Empt,<routine*> 
then ce 

else lit idn • Get..:.op..id.n<H ecul<rouune*» 
eel • Add_tnjo<idn, routine tn Info. ce> 

in 

Set_op_names<TaU<routine*>, eel> 

Oet_op_idn[procedurel • procedure.idnl 

Oet_op_icln[iteratorl • iterator.idnl 
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Add_up_t1pe<idn, idn*, .ce) • 

if Empt.,<idn*> 
then let <d_type; eel> • CJ71H..s;tcCidn In Type~~~):;,~:,. 

else 

ln 

ce2Cd_type • ~pXdtil* • ~]- · . ;",. -, . : '-, •', ;,., ; 

.; . ,~' 

M ake_constants<idn*) • !;!£ tj ~...-)' 
·. dfn·'ntfiw·~·": 

tls1 Coru<HffMl<idn*> ha Constan&, 
)·~~)· 

Get_op_s pees< routine*, idn*, ce> • ?1£ , · ' 
ltt <r _spec; eel> • Gtt_r_sfHd.HltUl<routine*>, ce> 

[[d_parml*l: dJypeJ • rJpec 
name • M~•:lfl .. ft. M::..Jt.:.flh•Wll._ _ _.;,, 

d-parm2* '·"'-\\.' ~ ... --1.i.iUA;. ·.,, ·. ·· • usa_._,.,~..,.--9•-.._r¥· ,, ~ 

d_parmS* • CoJtQll(d..parld*. d...pannl*) 
op_spec • Cnamet'd~i~'"'·' ' c.<. 

<op_spec*; ce2> • Glt...O/l-ll*'!T~>. ~·. ceCClll.err • errl> 
·~tr:;: ··,•H~,.··:J~;o·.,~~ ·v; [-;-·HJ:.:- .. '..~""'~.··· ·. -··· ·'"· 

ln 
if Empt,<routine*> 

t~~n <nil in Op_spec*; ce> 
else <Cons<op_spec. op_spec*>; ce2> 

The interface of each cluster routine is first derived eaMAU&lly u if the. routine 

were a module, and then the d..parma for them. .......... are acWld to the 

interface. 



Ott_ext_specs<opJpec*, idn*> • Uf. 

if Empt,<op_spec*> 
tlren nil in Op_spec* 
tlst ltt CnameCd_parm*l: d_typel • HftUl<c>pJfK!(*> 

tn · 

if MakLtdn<name> E idn* 
tlien Cons<H1ad(op_spec*>. G1t...nt..J/H's(Ttdl<opJpec*>, idn*» 
tlst G1t~ext...s11"sCTqtl(op..Jf"*), .. idn*>. . 

The check that each idn names an opeqdon. and ,that no idn b lilted twice, is 

made later as part of the check of the«trife module. 

Make_idn: Name-. ldn 

Make_ldn returns the kin corresponding to the given name. 

Oet_r_specU::idnl = proc CdecU*l (dec12*> return• (typeJpec*) slgf!ala (condJpee'> 

equate* 
statement* 
end idn2J<ce> • 

Where~- . 

let eel • C_defs<decll*, ,.ate*, eel 
ce2 
d_parm* 
ce3 

, <d_typel*; ce4> 
<d_type2*; ce5> 
<d_cond*; ce6> 

<d_type; ce7> 
name 

in 

• . C_rtsJrict'9ns<'restr1cti0n*. eel> 
• G~i_d.:.;ar..U<Dl~t(decll* J.idns>, ce2> 
• C_Atad..dtds<decl2*, cd> 
• Gtt_dtels<Dtltst<decl2* J.idns>, ce3> 
• C_Aead_t11Hs<typeJpec*, · cri> 
• C_lrtad_concls<cond...spec*, ce5> 
• c_proc_t1/Jf<d_typel*, d_tY~. d_c:ond*, ce6> 
• M alt.:..namf{fdnl> ·. · 

<[name[d_parm* l: dJypeJ; ce7> 

Gtt_r_sptc is used for a11 pr~ures and iterators. incl'fdlng cluster routines. 

The use of cvt is controlled by a flag ln . -~·ct Ttte environment ts not 

restored at the end so that any restriCtions on cluster parameten imposed by the 

routine can be collect~ by G«J;_sfHcs. 



Get_r_sptc[idnl • lter [dedl*l (dec12*) ylelde (type~),_....,~~) 

equate* 

suitement* 
end idn2J<ce> • 

where rtltlietlOn* ' 

let eel • C_dt/s<decU*, equate*. \Cf> 
ce2 
d_parm* 
~; 

<d_typel*; cei> 
<d_type2*; ce5> 
<d_cond*; ce6> 
<d_type; ce7> 
name 

· .;. C.:JiJ(tkrln~ti&trtct..... tel> 
• Gtt_d~~,,,,;(fJibKifd*i'~. _. ... 
• C;;..llr&fl.' ·4'--::11' ,,: ·ct91 _. · 

• 'Ml.Mfl~~,,~i~ 
• c-"""'-'1/¥1Ct1peJf**· ce-t> 
• C_.4Hd_conds<cond..JPIC*, cet). . 

• C~t~r~~~-f1P"l*., d~, -,d~*, ce&> 
• M 111i_714111fnfoU . , ·. . "' . -

en 
<[name[d_parm* :f~. d_ty~J; ce7> 

c_~ef s<decl*. equate*, ce) • 
let eel • ceCfalae e err] 

in 

ce* - {ce2 I 3<equatel*, equat4*. perm> 
Cequte*' ~'f,erm<~atel*. equate2*» " 
ce2 • CJl~s(<~~ · d~I*; ~. celf /\ 
-.ce2.errlt ···' ·: __ . ~ · ,. · · · 

if E mpt.,<ce*) 
tlttn ceCtrue •err] 
else Hea.d<ce*>Cce.err • errl 

' _f ' ' • ' •• \ ~ ' ' 

. - ' ', 

Since parameter declarations can inY'1•«.-~: ~tifiel'I, we ~'°"~ the list of 

declarations essentiaHy as a single equate. and look fer a lepl reorder#lg of all 

equates . 

.. C_de/sl<eqµa1,1* •.. decl*, .. -~~~·. ce> ' ltt eel "· C..lf1Ull•~~tel*, ce> 
ce2 • · c;..,-,,,,_~'fiJ,' eel> 

tn ~·.J· :·~~"! ~,'· .... 

C:Jf*GtMtl!llU..-, cdt• · 



. c_par11L.decls(decl*' ce) • !'.!.£ 
ltt [idn•: type_specl • Htad<decl*> 

eel • c_;arWL..dtds(Tall<decl*>, ce> 
in 

if Empt,<decl*> 
thtn ce 

else if type_spec ls Type 

tlrtn Add_tnjosUdn+, nil tn Op_decl* t~ Info, ~1) 
else let <dJypt:; ce~~ • C.JYf#-S/l«(type.IJl*:i eel> 

in 

cast d_type 

elem [duCobfll ef D_mod ·. ,i, 

tlrln if du E <dunul 1 ; .clubool ; duint ; du,..1 ; duch•r ; du1tr1n~ > 

. tlitn AddJn.ft.t<idh+~ d~·ftf-OltMMM:•n:mro; ce2> 
tlst ce2Ctna• • errl ' ' ; . ; 

else ce2Ctrue e errl 

Gtt_d_parms<idn*, ce> • fil 
let idn • H«id<idn*> 

d_parm* • G1t_L.114rms<TaU<idn*):• ce> 
ln 

if Empt,<idn*> 
then nil ln D_parm* 
el st cast · ce.inf o<idn) 

eltm op_decl* ef Op_decl* 
tlrtn Con~<Cidn: <op_decl* tn Constraint>], d...pamf> 

elem constraint ef Constraint 
tllen ·C~<~i4ru ~tntl,.· .. ~m*> 

"lst C~f<Cid,n: <b~ f~-~~~ t~,-~~,1\ d..,par~~> 

C_rt.ftt'k'tfo1U(1'ftt¥icti811•, ce)' ·• ·rlt 
if Empt,<restriction*> 

th.tn ce 
else let eel • C_11strktton<HHfl<ratriction*>, ce> 

tn 
C_restrictions<T aU<restriction*>, eel> 
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c_rtstriction[idn has oper _decl+J<ce) • 

I tt <op _dccl*; eel> • C-:0P1r-,d1els<oper _dcr. cl> 
in 

Add_op_decls<idn, op_decl*, eel> 

C_rtstrictlon[idn In type-..Jetl<ce> • 
ltt <tset; eel> • c_t7fH..s1t<type..Jet. ce> 

[idnl haa op_decl*J •' tset ·· · 
obj • Diclft IA D.Jr.-ta Wth'Cty,..·Ja DJ,,e>l 
op_deell* • Subst<obj '" Obf, ldnl 111 ldtt•, op..ctecl*> · 

in 

Add_op_decls(jdn, op_decll*, eel> 

c_1,pe_set[~nl • .jp112••t.P«--'+ 'A~tf~~ ';. 
let eel • Add_tnjo<id~l. nitHI Qp~4a IW. ce> 

ee2 ;. c_1quat1s<equate*, eel> . • . , ' 
<op_decl*; ee!b • C_o,,,r_tllds<oper_decl+, ce2> 
info • op_decl* ln Constraint tn Info 
eei • Add_tnjo<idnl, inf ct ceCcd.llw .a.wri>' 
ee5 • c_1quat1s<•t1*'·1 ~G!ltt> '. 
<op.:..decU*; ce6> • C_o/lfr-tlms<oper_ded+, eel> 
tset • Cidnl haa op_d11ell*l 
<idn*; ee7> • Rtstorl<ce, ce&> 

tn 

if idnl • idn2 
then <tset;· 'm''I> 

tlst <tset; ce7Ctrue e errl> 

A type.>et is treated mUtit- Jike a mochite he'&tffng. 'First the oper _decls are 

evaluated assuming tl:;e clurnmj ptraJneter~as;a~y anct"•* operations, and then 

the oper _decls are rechecUd with complete i'1 .......... NJl:.~f. . 



C_t,pe_set[idn]<ce> • let eel • ceCCons<idn, ce.used) e used] 
in 

ca.st ce.info<idn> 
tltm tset of Tset 

t A1n <tset; eel> 
else <Cidn haa <nil tn Op_decl*>l; celCtrue eerrl> 

C_oper_decls<oper_Qecl*, ce> • rtt 
let· [oper _name+: typeJpecl • H tad<oper Jiecl*> 

<d_type; eel> "' c_t1f'l-Sf11t<typeJJ*. ce> 
<op_decll*; ce2> • c_opn_na1Ws<oper...name•. dJype, eel> 
<op_decl2*; ce3> • C_opn_d«Zs<TaJl(oper_decl*), ce2) 

in 

if Empt.,<oper .. ,.d_ecl*> 
tlitn <nil tn Op_dec~; ce> 

else if d_type is D....proc v d_type ts D.Jter 
. I 

then <Concat<op_decll*, op_decl2~); ceS> . 
else <op_decl2*; ce3C true • errl> 

C_o pcr_names<oper _name*, d_type, ee> • rec . 
let [nameCconstant*lJ '• Head<oper_name*> 

<obj*; eel> • C_consta.nts<eonstant*, ce> 
op_decl • [name[obj*l: dJypel 
<op_decl*; ce2> • C_ofHr_namts<T.U<oper)tlme*), dJJpe. eel> 

in 

if Empty<oper _name*> 
then <nil in Op_decl*; ce> 

else if L_parms<ob j*, ce2> 
tlien <Cons<op_decl, op_decl*>; ce2> 

else <op_decl*; .•. te2C true • err]> 
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allowed in the evaluated constants Or rtltlietiOll··ope,jjameS. L-/14rttrs performs 

this check. 



98 

Ad<Lop_decls<idn, op_ded*, ce> • 
case ce.info<idn> 

elem op_decll* f1f Op_decl* 

tlrtn let info_map • · ce.inf oUdn ... ~ ..... , •• ·op....cledl*>l 

ceCinfo_map •info] 
else ceC true• errl 

C_liead_dtcls<ded*, ce) • m, 
if Emptj<d«l*> 

then ce 
elst let [idn•:·typeJp«l 

<d_type; eel> 
• Hleld<dec,,, . ,_,.__,,,.,,.JI*. -

ce2 ;. ~-·. ;.,..,_ ~ ""-., ca•> 
< • I.-. " 

tn 

C_lttad_dfcls<T atl<decl*>, ce2>, 

C_head_types<type_spec*, ce> •. ~ 
let <d_type; eel> • c_M<uLJ1J>#(HM4<type~*~ •. ce> 

<d_type*; ce2> • c_ltH4l-"1~TflU<type~~~ 'ceD 
in 

if Empty<type_spec*> 
tlr.tn ;fllH ln J?.JYP"*i. ce~ 

. else <Cons<'cf_type. d_type-.>; · ce2> 

C_head_type<type_spec, ce> • if type_spec Is Cvt I\· -.(ce.up Is la4> 
tlani <Ce.up; ce> 

.:t 

tlst c_,.,,,~s;«<~rpe..Jp«. ce> 

Cvt is permitted as a top-level type specif~ . . •'1: ~-.... •fJU~t.s and 

rei.ajti')irJcllfcU.l)g y1')d ·~~ ~f.l r~~:-.,~ka# ~.". ~..- deriving 

interfaGes, c;vt .. is rep~~ PJ. ~ abstncc '1r· .-. 



C_head_conds<cond_spec*, ce> • r!f. 

let [name(type_spec* >l • H ead<cond..>pee'"> 
<d_type*; eel> • c_1t1aL.t7/Jls(type...>pee*, ce) 

: d_cond • Cname(d_ty~* )l, 

<d_cond*; ce2> • c_latad...coftc1l<tcaU<COfld..>p«*>, ceu 
in 

if Empty<cond_spec*> 
th.en <nil in D_cond*; ce> 

else <Cons<d_cond, d_cond*>; ce2> 

Same_sptc<du_specl, du..>ptd> • 
if du_specl is R_spec I\ du_spec2 ts 'R..Jpec 

th.en Same_r_spec<du_specfto R_s~ 'ciu_spd;ro It.sped··· 
else if du_specl is T _spec I\ ·du_spec2 is T ..>pee 

tlien ·~4""-..t..J;-t.<duJJpeel to T_spec. ·•~to ·T_spec) . 
tlse duJpecl ts. None · · 
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The first argument is the interface from the lit>rarJ• .the ~.argument is the . . 
derived interface. 

S ame_r _.r pec<r _specl, r Jpec2> • 
let [[d_parml*l: d_typell • r_specl 

[[d_parm2* l: d_type2l • r ...sp«2 · 
idnl* .• d.;pir~~-
constraintl* 
idn2* · 

• c1~r~~•nt 
• d:p&t#-it 

· constraint2* 
in 

• RtflltUtUdnl*. · idn2*, d..parm2* i constraint> 

if Same_stu<idnl*, idn2*> 
then Same_constratnts<consttaintt•, «tASIRint!*t A 

d_typel • Replact<idnl*, idn2*, dJypet> 
else false 

Replace: ldn* x ldn* x D -+ D · 

R1place is defined for all dornaii:is D. IU;lett does a simple substitution in the 

third argument, rtplacing each occurrence of an idn from the second list with the 

corresponding idn from the first <the two lists must be of equal length>. 



too 

Samt_constraints<constraintl* •. constraintr> • r!f. . 
if Empt,<constraintl*> v Empr,<c~sttaint2*> . 

then constralntl* • constraint~ i . : ,. ' • 

else if S ame_constroints<T oil<constralnitt), ·r atl<COrtstratnt2*» 
tlren case Head<con~rtlritlf) · .. · ·. "'i" · · ·· ·" 

elem op_decll* of Op_decl* 

t lien cast H t4d(constraint2*> 
tltm op_dect2* of Op..,decl*. 

tli1n op_dectl* c op_decftt " op_declt* c op_decll* " 
Sam1..slrl<op_decH*, .~ 

else falae 

else Hea4<c:cm-'raint1*> • Hea4<.wnattai..d*> 
• - \ ~· •.; , • :' • ; f e • 

else false 

Correspondin~ &Jpe puatheteltlilUstJltti Mtefltkttl ep~U..lh ltM! order in 

which the op_decls are listed in unimportant Other'~"' parameters 

must be i'Jf the same t~; 

SamcLs/1tc(t_specl, t_spec2> • 
let [[d_parml*l: op_specl*] 

[[d_parm2*]: op-.spec2*l 

idnl* 

constrain ti* 

idn2* 

constra int2* 
in 

if Sa.me_size(idnl*, idn2*> 

• t_specl 
• t.,.spec2 ,., ·· . 

• d_parml* •itlrt 
• <h.f•itttl,~r.int 

•.d~•lfl• 
• R~_*i· t4n2*, d..parm2* J.conStraiftt> 

tlrtn Samt_constralnts<constraintl*, constraint!*> I\ 

S amt_of'_s ptcs<op...sptlll* • opJPtC~> 
else false 



Same_op_specs<op_specl*, op_spec2*> • fil 
.let [namel[d_parml*l: d_typel] • H'4d(opJpecl*> 

[name2Cd_parm2*J: d_type2J • HfflllM.cJpi.Jf*!/!> 
in 

if Empt1<op_specl*> v Empt,<opJpec2*> 
tlien op_specl* • op...spec2* 
elu namel • name2 . A 

Same_r_sptc<t;CdJ.Pal1nl:~l: d'J1Plll• ([cl.pa~]: clJype2J> A 

Same_op_sptcs<Tatl<opJpecl*}.. 1'-'(ep'~» · 

L_parms<obj*, ce> • r!f if Emf>t'J(obj*> 
) 

tlten true 

1lse if L/HJrms<Tal<obj*>, w .. 
t4tn lit ~-k 4,;JpJ .• .. H ... <obJ*> 

in 

if d_type ts Type 

tlse false 

tlttn L-"Jr<val to DJype, ce> 
tlst true· 

Illegal references can occur only in types. 
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L_type<d_type, ce> • 
case d_type 

elem I( recMdCd_comp*D -..f DJeilMJf'Cf · 
then L_t.,pts<d_comp* J.d_type, ce> 

eltm [oneof[d_comp*ll of D_oneot 
then l_t"jpts<d_comp* J.d_type, ce> 

elem [proctype (d_typel*) retvrna (d_type2*> ••-•C..LCeNt•)Ji"OjD.:..proc 

tMn L .... ~ttl_ly .... •~ I\ ~~-· ,~, .· · 

L_t.,pes<DtlislM:_GOWt*tidJYpa>.., Gt · 
elem [itertype (d_typel*) returna (dJype2*> • ....,. (cLcond*)J qf D.Jter 

thtn L_t7pes<d_typel*, ce> " U'J/HJ<'dJf/tilll";m> It. -·• 

L_t7p1s<D1ltst<d_cond* J.d_types>, c:eF''. 
elem [du[obj*~J of DJnf)IJ · ~. 

then -.<-te.speatttu> fi·Typ- -'ltf t_f*'rttl(fJllf, C. 
elem idn of ldn 

then f al:se 
.else true 

Formal type parameters and illstantiatl~'-- of the (data> ab1tractions being 

implemented are illegal. 

l_t,p1s(d_type*, ce> • ·!.ff if Emp"l(d_type*> 
tlatn true 
tlSI .Lt1fH<HMd<dJype*>, ce> I\ 

Lt'J/HJ~Ta.U<dJype*>, ce> 
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5.8 Modules 

The major function defined in this section is: 

Compil1: FuD_module* >< InCcunap,.>< ~ry-:ot Ljbrary 

The domain Spee_map was ·dettned in llCtion t,L' Tfle domain Library.a defined as: 

Library: specs: Spect.map >< imps: lmpl..Jftlp 

lmps_map: DU,.... Imp* 

The domain Imp is defined in the next c'1ap!er. . " 

To check a set of full_modu1es, ~e first deriVi lttterfaces as defined in the previous 
l I , , ,'.;'';- ..... "'< ··~· ;.'\ • (_ "c' 

section. Then each module is checked. in i~.en~~~J~~ For P;t~ure and iterator 

modules. the formal patameten are l.Jew.Ml.iQ~.,._, a.utrainta as llsted in tbe internal 

imerf ace, and the header is reevaluated to ensare'thf'ttiiHnatrface is consistent~ The body 
\ " 'h.,.- • '. -f ;: ·:- . :-·.·: ~ -·~ 

of the 1:outine is Jheo <;beck~. For .chater moch.iJe$1 die formal cluster. parameters are 
: ·:.., ~ - ' .. : "' . '. ·: ; ' ' - ~; ... - :i;·~ '' \: . ' ' •, ·. > • 

bound to their constraints and the kins naming cluster rautines are bound to the iqterfaces 

for those routines; then each routine is checked, as for proc:edureand iterator modules. 

Compilt( fu ll_module*, info_map, library> • 
let eel • CrHtc...MinfOJ*pr ll>l'M"f ... 

<du_spec*; ce2> • D11lw_sf*s<full,,Jn0dule*, eel> 

<mod*; ce3> • C-Jttll_mbdtdll<Ma~fe*~''lhlJpet', ce2> 
in 

if ce3.err 

then library 
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AclcLimps<mod*, imps_map> • rec 
if EmptyCmod*> 

tl1en imps_map 

else let [du • modJo""' 
imp 

• H1ad<mod*l 

'• M•~mod.Jonn): 
imp* • Cons<imp, imps..snap(du)) 

in 
Add_imps<Tail<mod*>, imps.,JnapCdw +- imp']}, 

M eantng is defined in the next chaf)ter. 

C_Ju.ILmoclules<full_module*, du_spec*, ce> '• '!!£_ 

let [equate* module] • Htad<fuH...modn1'> 
eel • C_tJUO,tfS<equate*, ce> 
ce2 • lnstalL:splc<HIOd<duJp«*.>, cei> 
<modJorm; ce3> .• c.:..n«ui~mddufe, c:dl' .. 
du • G.r_dtif&t....:indit.M•IM1lluk!>~ cd 
mod • l[du = mod.J.orml 
cei • ceCce3.err •err] 
<mod*; ce5> .. C-fWL1'&0dtt1es<T.U<futl,JnOdufe•>, f'clll<du_spec*>, cei> 

in 

if E7npt)'Cfttl1_modu1e*> 
tlien <nil tn '1od*; ce> 
else <Cons<mod, mod*); ce5> 

/nstalLspec[[d_parm*l: d~~ • Md-.;.J.*'d_paPIR*, ce> 

/nstalLspec[[d_pai:m*J: op...spec'J{~ • lit eel "'· M,(l._,_rlft;f(d_parm*, ce> 
ln 

Add_ops<op.>p«*, eel> 

lnstalLJpec[routlne]<ce) • lnsta(l_.specCtypeJ<ce) • ..LcE 

The special interfaces exist only when deriving interfaces. 

lnstalL1pec[ none](ce) • ce 
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GeL<lu<idn, ce> • case ce.info<du> 
elem duo/DU 

thin du 
else du1 

It is an error if the idn does not name a DU,~ .. error ls caught ~'"'9here. 

Add_jmnns<d_pa rm*, ce> • ?1£ 
if Empt1<d_parm*> 

th.en ce 
else let [idn: constraint] • Hetul<d..parm*> . 

eel • Add..Jnfo<idn,. con1t1ajnt '" Info, ce> 
in 

Acld_parms<Tail<d..parm*>, eel> 

Add_ops<op_spec*, ce> • ?1£ 
if Empt1<op_spec*> 

th.en ce 
else let ll:name[d_J>arm*l: dJypel • HltAf<ap..JP«"l 

idn ~.v~· 

r _spec • l;t~~J; 4.JJP'l! 
eel • MLJ!ifo(tcln, r.JPIC '"Info, ce> 

in 

Add_ops<Tail<op_spec*>, eel> 

C_module[procedure]<ce> • let <opJorm; ceb • C_rMlu<procedure ,,. Routine, ce> 
in 

<opJorm tn ModJorm; eel> 

c_mo<lulr[iterator]<ee> • let <opJorm; eel> • C_ro1£U71f<lterator ln Routine, ce> 
in 

<opJorm tn MOdJorm; eel> 
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C_modu/e[idnl = cluster [decl*] la idn+ where restriction* 
equate+ 

ltt 

in 

routine+ 

end idn2](ce> • 

idn* 

eel 
ce2 
ce3 
ce4 
ce5 
<oper*; ce6> 

mod_form 

• Dllist<cfecl* .Udnsl 

• Add_up_t.,pe<idnl. idn*. ceCtrue • cluaterl> 
• c_equates<equate+. eel> 
• L_pa.rm....d1cls<decl*, ce2> 

• L_restrlctions<restr.iction*, ceS> 
• Erase<idn*, Ce.fl 
- c_routtnesfroutihe+, ceS> 

- [cluster [idn*l oper* endl in ModJorm 

if idnl • idn2 I\ -.(ce2.down ls Bad> " ~Du;ltcat1sCidn+> I\ idn+ c oper* J.idn 

then <modJorm; ce6> 

else <mod_form; ce6C true • errl> 

A rep equate must occu, in the list of. ~t'9- ."I:tie :~r paramec.r ,bindings 

are removed before cheddng the routines; new bindings for these parameters are 

obtained from the interface df' each routine. 

Erase<idn*, ce> • !.!£ if Empt~idn*> 
then ce 
1ls1 lit info_map • ce.infoCHIGdOdn*> +- none ln Info] 

in 
Erast<Tatl<idn*>, ceUnfoJnap • info]) 



C_routtnes<routine*, ee> • ·!!£ lit routine 
idn 
eel 
·<opJorm; ee2> 
oper 
<idn*; ce!bo 

• H 1od<rcMKtne*> 
• 01t_op_tdn<routlne> 
• lnstalLo/l.Jf*'idn, ce> 
• c_rout~t. eel> 
• [idft ,.;,.u:onJ 
• · R111orl<ee, ce2> 

<0per*; cef> • C..r.or.ctln1s<TaU<routine*), ce3> 
tn 

if Em"'7(rouune*> 
tAln <nil ,,. Oper*; c:e> 

USI <CoaMpel', Of**>; cff> 

/nstalLop_specCidn, ce> • case ce.tnf~idn) 

fl1m [[d...parm•l: dJypel V R...apec 
tltm Ad<l-p.nM~rm*. ee> 

els1 ceCtrue ••rl 

L_parm_declsCdecl*, ce> • ~ 
if Empt,<decl*") 

th.en ce 
else let U::idn•: type_specJI • H1ad<decl*) 

in 

if type_spec is Type 

tlitn L_parm_decls<TGU<decl*>, ce> 
tlu lft <d_type; eel> • C..JtJ~/lf'(typeJpec. ce> 

tn 

Lparm_decls<Ta.ll<decl*>, eel> 
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The type specifications used to declare parametert. ar• rechtcktcl solely to gather 

uses of external references. 



C_rou.tine[idnl = proc CdtcU*l (ded2*) returna (type_apec*} ••al• (CllldJf*•) 

equate* 
ararement* 
.,.. id.ft2J(ce• • 

where rtlCfict~* . 

let eel 
ceZ 
ce3 

• ceC false e iterJCCtftsCidnl. ce.used> • used] 
• C_tquatisCettuate*; ··eel> 
• l_parm...dtcls<decll*, ce2> 

in 

<expr*; cei> 
<d_type*; bool*; ce5> 
<sig*; ce6> 

sigl* 

ce7 
ce8 

idnl* 

idn2* 

<stmtl*; ce9> 
stmt2* 
stmt3* 

<idn3*; celO> 

unit 

opJorm 

• c_cvt_d"ll'4ed2* •. (le3). 

• C_c'llJ'Jl#l<type..JPIC*, cri> 
• C.AJt.:Aftd~Jf**. cd> 

· • Append<slg*, <F•UO; faa.e tn Bool*» 
• L_restrlction.S'f'tftttkttori*, ·Oil&> 
• ce'Cd;...type* • resuttsic~ • c¥tsXsigl* • sigsl 
• Dtltlt(d'edl*lid~ .. 
• Dtllst<d«12*t.id1U) 
• c_stattmtnts<~tement*. ce8) 

• Con1<Cidn2* :• expr*J In •$tmt, stmt~•> 

• if Empt,<typeJpec*> 
t litn stmt2* 
else A pfHnil<st.mtt*, 

Creturn(nll '" Expr*>J In Stint> 
• Rtstort<ce, ce9) 
• Cstmts* ·locat idn,*l 
• c rotittn~ tldnt•1 ·mnr1 unit •ndl' 

if idnl • idn2 

then <opJorm; celO> 

else <opJorm; celOCtrue •err]> 

C_rou.tine 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 all implicit 

downs. During execution a formal argument declared with cvt initially wm be 

assigned an object of the abstract type, and then is reassigned an object of the 

representation type when the multiple assignment is performed. 



c_routineCidnl •· lter Cdecll*l Cdect2*> yield• <type..Jpec*> aignaa. (condJpec*> 
where ratrktion* · · ., . 

equate* 
statement* 
end idn2l<ce> • 

ltt eel 

ce2 
ce3 

in 

<ex pr*; cei> 
<d_type*; bool*; ce5> 
<Sig*; Ce6> 

sigl* 
ce7 
ce8 
idnl* 

idn2* 

<stmtl*; ce9> 
stmt2* 
stmt3* 
<idn3*; celO> 
unit · 

op_form 

if idnl • idn2 

then <opJorm; celO> 

• ceCt,,,. • lttrXCOJU<idnt, ce.UlidJ e usedl 
• c_1quat1s<equate*, al> 
• L_parm...d«lsCdecll*, ce2> 
• C_evt,;..tUttJ<d«l2*, ceS> 
• C-t11t_t7rs<type..Jp«*, cri> 
• C_tvt_tonds<cond:.Jpec*, ce&> . 

• Apptnd<sig*, <Fall<>; fatae 'n Boot*» 
• l_rtstrlttions<restriction*, eel> 
• ce7Cd_type* • ~ • cvOlsigl* • sigsl 
• D1Ust<decti-.ttctnS> '· 
• Dflist(ded2*itctns) 
• C;...statMti< ..... t*, · ce8> 
• 'Cons<Cid'nt'\t• 'txpt*J·tn Stmt, stmtl*> 
• Apptnd<st~; Creturn<nil In Expr*)J In Stmd 
• Rtstort<ce, ce9) 

• [stmtS* local idnS*J 
• [routine [klnt*J (idn~) unit . ena 

else <opJorm; cel<Xtrue • errl> 

L_rr strictions< restriction*, ce>" • ?:!f. 

if Empty<restriction*> 

then c~ 

else let eel • LrestriCtlon<Heacl<restriction*>, ce> 
in 

L_restrlctions<TaU<restriction*>, eel> 
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L_restricttonlridn has~ _ciee1;:l<ce> • 
let <op_decl*; eel> • C_optr_d1els<oper_dec1•, ce> 

in 

eel 

The eheQ. .thU. tbe idn is a type,~,, was petfor'flMd wtten deriving 

interfaces. 

L_restrictionU:idn In typeJet](ee) • lit <tlitl;'tll> '"' C....11/1#.-'tt<t~· ce> 
tn 

eel · 

c_cvt_clecls<decl*. ce) • fl.'.. 
I et ~ji:ln +: type...epecl, - H ~(decJ*> 

<d_type; bool; eel> • c_cot_17;A_t1fl!';;.1ip«, ·,~ 
ce2 • Add_t'ifo~("'"+• d~jn Jnfo, eel> 
exprl* • Gtt~~~+y :..,. , 

<expr2*; ct~?' ·• C..t•Ldtds(~*l. ~) 
in 

if Empty<decl*> 
then <nil i1i Expr*; ce> 

else <Conc4t~prl*. expr2*>; ce3> 

Get_exprs(idn*, bool> • ?:!£ if Em;t,<idn*> 
tlttn nil' tn Expr* . 

els1 let expr* .• .al'ir-~l'!~r~~','*> •.. ~> 
expr • HIC40dn•t ht Expr 

tn 

if bool 
tlttn Cons<[down{expr>l 111 Expl'. Qpr*> 

''" ~.,.-~· 
.. 



c_cvt_t1pes<typeJpec*. ce> • fil 
let. <d_type; bool; eel> · • c_cvt_t7/MHHd<type~>. ee> 

<d_type*: bool*; ee2> • c_cvu,rs.<TGU<tipe~>. ceD. 
- _·- .. , . 

in 
if Empty<type_spec*> 

t lien <nil l'n· O,_type*; niltn Beol*: ce> 

else <Cons<d_type, d_type*>; Cons<bool, bool*>; ce2> 

C_cvt_type<typeJpec, ee) • if typeJpec ls Cvt f\ -.(ce.down '' Bacl>. 
tlam <ee.down; true; ee> 
tlst ltt <dJype; eel> • CJj~/*(type.>pee. ce> 

ln 

. <d_type; f ala•; eel> 
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Cvt is permitted as a top-level ty~ srtlf katkan in declaring arguments and 

results (including yield and signal results> of cluster routines. When checking the 

entire module, cvt is replaced by the representatiol\ type. 

c_cvt_conds<condJpec*-; ce> • fil 

let [name(typeJpec*)) • Head<~..>pec*), .. 
<d_type*; bool*; eel> • C_cvt_t7;ts<typeJpec*, ee> 
d_cond • [name(d_type*)] · 
sig •. <d_cond; bool*> 
<sig*; ee2> • C..wLJonds(TaU<condJp«•), eel> 

in 
if Empty<eondJpec*> 

then <nil in Sig*; ce> 
else <Cons<sig, sig*>; ce2> 
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6. Meaning 

In this chapter w~ deti,.. thf Mdfittig at· ·lpt · nfbdutit. ~jliil, ti minimize the 

number of forward references, we proceed from the battorri Dfi>, We. ~~!'· l:JJ def inlng 

execution environments, and then we defi-.e tftl_,~ of:~ ~ti, and · 

finill lly modules. 

8.1 EnvlronrKii\ta 

Eiw: 

lmp_map: 

Imp: 

Op: 

v _map: 

Loop: 

A_map: 

R_map: 

Result: 

Term: 

Signal: 

Exit: 

Loop_term: 

imps: lmp_map x vars:'V..map_x· lo!:Jps: ~~1 )( arra1~ A~ray x 
. arrays: A_map x t~rcii' it.a x ~i: l.Jltip . . . 

;;•'' . ·.·; 

DU-+ Imp 

Op+ Type 

Obj* x Obj* x Eriv ~::itfttil · · · 

ob J* x Name ... 0p 

Idn-+ O.b} 

vars: ldn* x body: Unit x ti"IV: Inv 

Array-+ Int x Obf 

Record-+ Obj* 

·. 

term: Term x objs: Obf x et1v: Inv 

' s 

'.r;, 

Normal + Return + Break + Contlftue + S*tl1ll + £>tit + Loop_tt!rm 

signal: Signal x name: Name 

exit: Exit x name: Nime 

Return + Signal + Exit 



113 

The meaning of the various components of an execution environment are: 

imps - a mapping from DUs to implementations. Thi• is not the mappillg that is part 
~ ' . ' ' . . ' . )' 

of the library; rather, it is g~ted f~ th~. library by. aelecting ·a specific. 

implementation for each abstraction used in the program. 

vars - a mapping that defines the current object denoted by each variable. 

Uninitialized variables denote the bad object~ 

loops - a staGk of clotures forAor stattmllltli. '.,Each ·CIDMlre:con,..,of the'list of loop 

v.ariablu;tbe kJop a.odf, and 1he .,u..,.itiodmptaQ,iff:fOF/theiloep bOdy. 

array - a seed.forLgener~ting new:uni~ Ukf•~--r.·~, £vwy id, less than this 

seed is ~e, id of an existing attray .U.jllr.t. »(Ttfe ._..., i\ttay·., ,;somorphic to 

the natural numbers.> · .. 

arrays - a mapping that defines the current state <low bound and elements> of each 

existing array object. 

record - . a seed for generating new unique)(b for .r~~ ~~~' ~very id "'' 0,1an this 
, • < • ~ • , • ' ~ - ••• ' '· , • - • .• 

seed is the id of an existing recor,4.~·.rfhf ~in Record J• i'°"'°rphic to 

the natural numbers.> 

records - a mapping that defines the currett state-of·eliaCh existing record object. The 

components are in increasing lexicographic order according to their aelector 

names. 

We note that in a more "standard" se~~9efi~on~~ ~lei .n~ ~1-sce all of 

this information into a si11g1e domain. Ra~. the,domai;\;;lnv;;wookl consist solely of 

variable bindings (i.e.; Env • V ,Jnaf>) and a R.,lrate'domaat; State, :Woukl be defined to 

consist of the other informati,on. The pril)~f>a.l. advt,n~e of ~c~ a scheme is that, 
, - -· - . . ' . , ; ~ ' ~. , ' 

although all of the information is needed to define the me,al)ing of most constructs, certain 
~ -, ' ~ - • <, ·" ,, 1:'.'. "·",'"·:~"'.;_. __ \ :w~';'i".- ·:· · \; • 

evaluations <e.g., expression evaluation> cannot change <and thereto~ need not i:eturn> any 
• _.,·J-1•--.. ;~,..:n~;-:.,,:·: :,: ·-(.= ;q·\\ -~.! ~ . " ,~ -~· 

..-:ariable bindings. However, as discussed in aectiOn 2.2.S, using a single domain greatly 

simplifies the task of propagating ex(eptiOfd ... _, · ·.· '' 
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Primitive_envO • <Primilivt_imfrsO; .lv_tn•P; .ll~op•; .lArr•~ .LA .. ,; .lRecord; .LR_lll•P> 

Prtmittvt_env is us~ in the evaluatidn Of ·cOnb~· elpreuions. Constant 

. expressions do not contain variables afu:I do nOt era~ '<ii ma~fpulate mutable 

objects. 

Primitive_tmps: -+ Imp_map 

Prim1tt11e_l111ps r«urm an knpJMP wtm. iMp1fMelttatMMS f ei' the bmlt•in types, 

the •my.type ·flher&tor, aml tftt ft19*1utt 1•-; fdt .. ~ · impfementations 

of the recorct. .,..f•·lff'OotfP*t and::ltre._, •. ,,,..~·aad the type 

routine Will iit handled ipectdJ~•knitar -.-..., tftelr tnt*fues were handled 

in section 5.3. 

8 .2 Expressions 

The major runcUons def'illed in this Sec:tion are: 

ILtxffr:· · !jpt x ·. tnv 4 Rtsd1t 
E_txprs: Expr*. x Env -+ Result 
E..JnVDM: liJv ... ~ £Av ~ Result 

E_txprs<expr*, env) • rec 
if Empt,<expr*> 

rlr'nt <11ormat tn i~m; nfl tn Otif; env> 
els• res <terml; objl'*;.mTl> • E...:n/W(HlfUl(apr*~~ eM) 

<term2; obji2*; env2> . • E.JXfn's.(7;4'1lexpr*>, mvU 
in 

<norm~l tn ieri'h; ContatCobjl*; objt*>; env!> 

The res riotatiort, defined in section S.-i, is· used to propagate exceptions <and 

bottom, in the event of nontermination>. 

E_txpr[obj]<env> • <normalln Term; obj'• Obf; ·en¥> 

Actual parameters are substituted for formal parameters throughout a module 

before evaluation takes place, as defined in section 6:f. 



E_exprO:idn]<env> • lit obj • env.vars<idn> 
tn 

if obj• C<btd tn"V,~,t>~,5~,~ ~~ ~.J,JP'>l 
tlaen Fallurl<"unjf\4~~ .~ ... ~ ~'1 .String, env) 
els1 <notmal in TtrrN: oiij"·,~- Pb t;, ,~Y> 

Fai/ure(string, env) • lft term • <*x•t; •tailure" tn Name> tn Term . 

d_type • '[d~.,!~~ CD:t~.DJype . 
obj • C<string#n Va,n: d_typel .. ··. , 

tn 

<term; obj tn Obf;_ env> 

E_txprO:invoke](env) • E_~nvoll<invoke, env) 

E_int10ke[ex pr(expr* )]<env> • 
res <terml; ob jl*; envl> • E~n;r<expr, env) 

<term2; ob j2*; env2> · • E_a~s< .. ; envn · 
let <op; otJjl*> · • OWJ/Jf.*Jl* # ~ env2> 

v _map • >.idn. [(bactm VaD: (bad la DJype>J 
<terms; ob ji*; env!> ·. • e>p<~; <Mfti, en¥2C v ..inap • vars)) 

in 

Pass<term3, obj4*, env&env2.vars •vars]) 
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Get_op returns the implementation .~. the .. ~l!J»a!•m:eters for tt•.e ~outi~. 

Pass is used to propagate bottom in_., &he.,.._ ._,not terminate.· f"ffle·NJ 

notation cannot be used because the va-table Mfl...,.:fMtlt'M restored.> 

Pa.ss<te.rm, obj*, en.v> • if term~.J4or8'1•.·.v .tr.-• 
then <term; tltJf; env> 

'.. ,; 

else .lRHult . 

If the termination condition . is bottOm, then 'boaOm is produced; otherwise the 

usual result is formed. 



"'" 
't?.ec~rd_op: . >t))et;d1cfJ( mm. ... o~ . . ' 
On~ti/LdfJ:'+ D~dtlil'"llt>Nitnf'~ °'' '.. . ... , :· ., ·'• 
Proctypt~flt·,r'? '"* ~-~-~'*'- -!t~p: ' . 
/ttrt"jpt_op: DJter x Name .... Op 

lmple~tations of the recJote, lnM.1~~···.wtf.NitfPe·&•--*'s 
cannot be repr .... as eiMtl ~' tt~;;-~)·ype. but unp ........ ttons for 

. :r~.J~~~\.l ·~·: , , .. 

, ~.h~ o~~~t~~~~ ·~ -~~1A"~r;J~~L~,~ 1"! ,/1~~~ ~· :•nenu Of 
Op, RS def'ined. in tection 6.5. 

····"' ;•·;" 

Routlnt_op: Name ... Op 

Routint_o; repraents the implementation of the type ,....._ as defined in 

section 6.5. 



E_expr[d_type${comp* )J<env>. • 
res <term; obj*; envb • E_txprs<comp*J.expr, env> 
let objl* • Ordtr(comp*J.name, Obl> 

in 

record 

r_map 
ellv2 

• envl.record 

- envtrecordsCrecord .._ ob Jl*l 
• envlf'.N:fw.;..r«or'~;• rdrdXf J111P • rec:Ol'dsl 

.<normal in Term; U:<.rec~rd i.n Val>; d_ty~~jn Obj*; .~v2> 

N ew_record: Record -+ Record 
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N erb_ttcord returns the successor to ttie given element. <The domain Record is 

isomorphic to the natural numbers) 

E_expr[d_type$[expr: expr*]J(env> • 
res <terml; ob .)l*; envl> • E_expr<expr; env> 

<term2; obj2*; env2> • E_exprs<expr*, envl) 
let obj • objt* io- obj ·· 

in 

int • Obj.vat to.Int 
array 
a_map 
env3 

• env2.array 
• env2.arraysCarray .- <int; obj2*>l 
• env2[Nft,,..:.4rr4'<array> • arrayla..tnap • arrays] 

if L_state<int, obj2*> 

then <normal tn Term; [(array tn Valh d_typel tn Obf; envS> 
else Failure<? tn String, env2> 

The string argument to Fallurt is arbitrary.· L._stat1 is defined in section 6.5. 

N et11_array: Array -+ Array 

N ew_arra' returns the successor to the ·giwrt element. (The domatn Array is 

isomorphic to the natural numbers.> · 

E_expr[up[d_typelCexpr)Jl<env> • r1s <term;obf; en:fl> ····E_expr<expr, env> 
let val ,,. .. ,obj* to Obj tn Val 

in 

<normal tn Term; [val: dJypel tn Obj*; envl> 
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... 

E_exprCdown(expr)J<env> • rts <term; obJ*;,.~!~?" • .~n~~~r ... ~v> 
l" o/JJ • Obf to Obj ' 

'" . tc:nor111~• •n Term; ~~!a.tt• Ol>J •• Obf; · ~vl> 
- ' I • - ' 

Ii the.type aaY~~ ••.tt·••t•~~""'"...,_.,,,.. tltfn up,-.1d atmply 
replace the d_type component of the GlbJKt Wttb tht t..U.ct typf t&!htead or 
adding a new"-:ltylr; -n ~'1Mt;HptiW'dl'f'f...ttfi1 ~t'·f4.1th the 

representation' lfpe instead or remcwtng a ~-'' ff..,.,g~ If the f9~tion 

type. we~ ~ny,,~l-.An£•~• lY•·•~t.~Jl#bbJ11~ •(, 7~tion•, and 

correct invocations of' forc•on ~~~1,..l'-t. ,, .. , 
E_expr[exprl cand .expr2J<env> • rts <term; obf; ,.,,Y)f', • ~>lprl •. env> 

"'· .. obi. . .,~w~~'- . 
. . t.n . ..• \ 
if ob .. ,,, ••. ~ "'°' ' 

t"1a. :~~~. tnvll 
tlst <,~£,ft ferm; obf; envb. 

E_expr~~xpr! ~or.e.xp_rU~en•>. •. rts. d~Obf.;.·~;b· • L•,..Cexprt .• .nv) 
lit bl)j '\ · .. '" • obf to Obj . . 

6.a Statements 

E_stmt: 

E'_u.nit: 

Assn/~ 

~Abn:. 

ln 

if obi•~' tt Bool : ·. . . ·.· . . 
. . ·iAift . c......,Jt" ~~ T~ltl;, ~f: ·et.vi> 

1ls1 E_n,Knprt,'~ ••l) 
~ J! ,-;~-,~:.. ~- ~n.5'!:"1.-

Stmt x Env-+ R~ :. 
.·'' 

Unit x Env ... Resuk 
ldn )( Oii J x :&nl': ... £n.J. 

"Jdn* x Obf x Ent .. "." Etlv 

Assn I and Assn are used for assigning objects to 9artabla. 
1'. i 1 ... "' 
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E_unit[stmt* local idn*J<env) • ltt <term; ob/; ~'4>. • ,i;J,tmt1<stmt*. env> 
env2 • UnaJsn(idn*, envl> 

in 

Pass< term; ob f, env2> 

Pa JS is used· to propagate .battolb :in case evaluation of the body does not 

terminate. 

E_stmts<stmt*, env> • ~ if Empt,<stmt*> 
t.Wn <normal m Term; 1dH11,:obj*; env> 
«s1 '" <term;~ft•u> .... ~ald<H-«stmt*>, ·env> 

tn 
E.Jfmts<T•a1mt*'>, .flWt> 

U nassn<idn*, env> • r.!£. if EmptJ(idn*> 
tla1n env 

1lst ltt obj • C<badtn VaD: <badtn,DJWJe>l 

envl • Assnt<H,...n-.,. ob-j. env> 
in 

Unassn<TClllUdn*>, envl> 

Variable bindings are removed by rebinding the vartai>'tb to the bad CJbject. 

Assnl<idn, obj, env> • let VJnaP • env.varsCldn ~ ob,P 
in 

envC v _map • vars] 

E_stmt[none]<env> • <normal in Term; nil tn Obf; env> 

E_stmt[idn* :• expr*J<env> • rts <term; obf; .awl>,• ~Jlr~tq1r*, env> 
ltt .env2 • ,.,,f!Udn*, obj*, envl> 

in 

<normal in Term; nil tn Ob f i env2> 

E_stmtU:idn* := irwokel<env> • rt~ <term; obf; envl> • £.Jnvolf<invoke, env> 
ltt env2 • Ass11<idn*, obj*, envl> 

in 

<normal. tn Term; nil tn Obj*; en,2> 



Asmhdn*':. obj*, env> • !!£ if. Em/H7ftdr.*), . 
tMn env .. 
1ls. ,lit envl • '.AunlCH.-Cidn*), H.al.doj*>~ env> · '" . . \ ~ 

M.m~;;~i.91¥» 

E_stmtl£invokel<env> • r1s <term; obf: ••I> • L11tJJ•.Cil'tMke, av> 
ln . . ·< ~.~ .. •\ , ~·l ,. 

~iftttl ~;tenm ·ifft•~Qt»f,;ravi; 
'TMf4e&J8Ctf" ...... 9'*,...t•llft~ 

E_stmt([ If ex pr then unitl ......,. • ..,_.111tlt7~9t¥> • 

res <term; obj*: envb • E_atn<,expr, mv> 
ltt obj • obf ie Obf 

in 

if oj.j ..... !U:.Bbof 

tlttn 'B.Oan~ _.... 

else E_1lsdfs<ftleif*, unit2, envl>' 

E_elu{/~(else\(* .,. µnil;, ,!'l!\!~ _ ~. {$ 
if ·£m,t~~lseif*> . . -, ... 

then E_unit<unit, env) · _ ._. 

else let [elaeW l!JCP' tMw unitll • HMftei.mf., 
res <term; obj*; -en~b ., ,~~ 1 •> 
let obj • •f ,.-OIJj 

tn • · ·; , ;p_;. i;_ n· 

if obj.val to Bool 
·' 'tltflf 5! ..... Mtl; .... , . 

Ille - IJ.;!,.~'hll(tlleif*>, 1mii, •v» 
·.-'.,'I t 

>. 

... 



E_stmt[ while expr do unit endJ(env> • ?:!£ 
rts <terml; objl*: envl> • E_nf#(expr, env) 

let obj • objl* to Obj 
in 

if obj.val to Bool 

then let <term2: obj2*; env2> • B_imtt<unit, envl> 
in 

if term2 ts Normal v teri'n2 'u Contittue 
tlien E_stWwhil• expr ciO unit end]'" Stmt, env2> 

else if ttrm2 H'8t~ak 
tlien <ftC:WMattn Term; niltlt ODJ*; eMI> 

·. else <term2: ob j2*; env2> 
else <normal in Term; nit in Obj*;·' envf> 
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Executing a break statement in the ~,Y,. t'°"*"•tes tl;1'· w.hll• statement. 
. . : ' _; • • ·' c' ' ~.. l ',. ~ ' •, 

Executing a continue statement in the body causes the rest of the body to be 

skipped for that cycle, but execution 'Of the Whlle statemtttt c:Onunues. Other 

non-norm•I terminations of the bcxiy tef~ate ~'.~lie •tement. 

· E_stmt[return(expr*)](env) • res <term; obf; envl> • E_aprs<expr*, env> 
tn 

<returain Term; obf• eny~> 

E_stmt[ signal name(expr* )J<env) • res <tetm; ~j*; en.vi> • 4-n/rfs.(~~pr*., env> 
le( terml • <algnal; name> tn Term 

in 

<terml; .•f• envl> 

E_stmt[exit name(expr*>J<env) • re~ <term;f!lllt• envl> • ~-"/Jr~expr*, env> 
let terml • <exit; name> tn "[erm 

in 

<terml; ob f; envl> 

E_stmt[breakJ<env> • <br•akln Term; rttHnOt>f; em~ 

E_stmt[ continue](env> • <continua tn Term; nil tn Obj*; env> 

E_stmt[begin unit end](env) • E_untt<unit, env> 



;.-~ " · .. {,._-~!'·:· ·;;~ ~::~J ~J-1 ~~:-h~;~·e'} :.~ ~·l 

E_stmt[tagca•• expr tag* etMIJ<env)'..,,..,~U.:,-~i,tQfRr;.~!':~r. _,..., 

''f··1.l:lfl•~ • •f to~j : 
(Mme: •JJ • val to OMofn 1 

tn 

'''"''''~t'C'...-,~~·-1> , 

E_tags<tag*, name, obj. env) • .f&f.ttifv.3~~#t(b ~~:;.'''1· 
•.'.'•Jf1"' .,.,·:· ... ·~ '•q{~ &#ii.-~··~.·. ~,,.,_ .. ) . .~ .. ,, , - .. "" ~ .... ~~~fiJ. ... , 

Legality-checkinc ~Chat.•-'•--•• ••rtecl. 
<:v11"' '."S· do :·., ... , :·:. ·' ·" 

Matclr_tag[tag name* (i<ln): unUJ<~:;;•;'"f"~'l'f ~1~-1 ,.., ; .. ,,_,., .,, .· 

tn. 
·, l ; ,: '"'; G: c;.,I(~ ·' ertVlt'i 

ni 

.E_tag[tag name*: unitlrulljt')env>·'·-• '.l.!.1'tuMJt!Yth> 

E-!~&'[~th~iiilffi(]{Ob.r env)!~.! 't!~intt.' 'eftf) 1
' 

~-i·~\} ~ ~"i · S:r~r-~:·~ ·.!;gnt:;:t:~~ ~ ·~~ ;) .. ~ ., .... 

E_stmtCfor idn* In invoke do unit enctl<env> 'it 

.. ~ 

ltt loop* · :•re~._ env.van>, ••.loops) 

·'· 

<term; obj*; envb • E-'n.Wtnvoke, • .r...,• e llopal> 
. •/Ji~id~fi'fu~.ltli.-Jnal»'i.J llf~·t $ '''i'~.:[~{ ot1qxsh>~1,;n ;-1;"" ,:·· .'.· 

.:rr·1·1J"" °Jn·~.Ar (::~.-=~~-~, .~:-~~":.~.>.:' ".-.~~~ 

Pass< term, obf, envlCv..map • varaXT.u<.Mi....., • too;sl> 
. : . ,. - '. ""~ >frt .. 1> 

The .invoked itera~ haRdla'~~ ......... eacution of break and 

continue statemetHlkh P,a:,.\JarUM •• ....,.... i~•• • • ..._,......._ 1or 

some cycle of the lopP .~Y> d~ n~ ~~ .... 
"VO'.'! ; '""··' , .. · , f· ;H1$ i ·"' 3U;.i,,luJ.' 1i (iiH!!l~;_'ill•4'1,ff••;:; ;·; ·;; .. ·, 



E_stmt[yield(expr* )J<env> • 
res <terml; objl*; envl> • E_ex;rs<expr*. env> 
let <idn*; unit; v_map> • Hfdd<eJtvl.loops> 

env2 • envlCvJ;,ap. varsXTall{envl.loOps> •loops] 
env3 • AssnUdn*. objl*, env2) 
<term2; ob j2*; env•b • L.utllt<umc, envS> . 
loop* • ~•t ... ii; env-f.v~rs~ •. env'f.loops> 
envS • en~~itft.ifn'~ vanlloaf* e bops~ . 

t~ :'i- • : i • : • ~ . . " ' ' j • : 

in 

if term2 ii Normal v 
then <normal tn Term; nil tn Obf; env&> 

else if term2 is Break 

then <return tn:T.erm; · niHn Obf; .WI> 
· tlse <term2 to_tn Loop_term in Term; obj2*; env5> 
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. . i . ' :-'. ! 1... t '. : i . ' ;. ; ' . • • . . ' ~ 

Executing a break statement in the body terminates the iterator <and the 

invoking for statement>. Executing a"""tlnHr.WMnt je,dlJl·MdJ·cawes the 

rest of the body to be skipped for that cycle. but execution of the iterator 
.. ~, ,,. :_:·-.:~:'.1!· ~·r·· .. , .· . 

continues. Other non-normal terminations of the body terminate the ite~r, but 

the result must be propagallld spllli&fl,.._.h,tbe'lttrater and hdt to the caller. 

E_stmtU:stmt except catch* endl<env> • lit <term; obj*; "1Yl> • E..stmt<stmt, env> 
in 

cas1 term 

18 •..tti1-..>'ll/ Exit 
tlwn E...tatcls<catch*. name, obj*, envl> 

"" ...m; <'tio/"f; W.Wl> ' 
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E_catchs<catch*, name, obj"', env> • !!f 

if Empty<tatch*> 
then let term .. <exit; name> in Term 

in 

<term; obj*; env> 
else if Matcli_catcll<Htad<catch*>, name) 

then E_catch<Htad<catch*>, name, obj*, env> 
tlse E_catclisrtail<catch•>, .name, obf, env> 

Ex its not caught by any handler of the tNCCef>t ~-at• propa1ated through 

unchanged. 

MatcLcatch[when name* (idn*): unitl<narnel • naMe E ·nafllt* 

Match_catcl1[when name* (•): unit](name> • name E narnt* 

Ma.tcli_catcha:otners: unitJ<-name> • true 

Matcli_catch[others (idn): unitJ<name> • true 

E .... catchl[when name* (idn*):. unitl<narne, dof,. env> .• 
/rt envl • Assn<idn*, obj*, env> 

in 

E_ttnit<unit, envl> 

E_cauh[when name* <*>: unitl€name, obj*, env> • E_unlt(unit, env> 

E_catch[others: unitJCname, obj*, env> • E_untt<unit, env> 

E_catclt[others (idn): unitJ<name, obj*, env> • 
let d_type • [dustring [])in D_type 

obj • [<Makt_string<name> tn Val): d_typel 
envl • AJsnl<idn, obj, env> 

in 

E_untt<unit, envl> 

The idn is bound to a string representing the txceptiGft name. 
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M.ake_st1·tng: Name .... String 

M akt_string returns the strmg . corNIPQladifll. 19 the given name. <Name and 

String are isomorphic domainiJ 

8.4 Modules 

Th~ major function defined in this section ls: 

Meaning: ModJorm ._. Imp 

Mtaning[opJorml. • (>.(objl*, obj2*, env>. i_o;t.opJtmn, :ob)I*, obj!*, env»· lft Imp 

.Meantng[type_form] • <>.<obj*, name>. M-"IJllCtypeJorm, obf, name» In Imp 

M_r,pe[cluster [idn*l oper* endJ<obJ*,. name> • 
let opJorml • Find_op<name, oper*> 

opJorm2 • Subst<obj*, idn*, opJorml> 

tn . 
>.<objl*, obj2*, env>. LP;<ot>Jorm2, obJl*, ob¢, env> 

FincLop<name, oper*> • !'.!f. let Cidn • opJ~rml • · Hltl4(oper*> 
tn 

if MaWdn<name> • idn 
tlaen opJorm 

1ls1 Ftnd....o;t.name, T aU<oper*» 

Legality-checking h~s en"'red that the operation exbt$. 
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E_opl[routine Cidnl*~ (idn2*> unit enctJ<Objl*, obj2*, env> • 
ttt 1 l.rnid' • ~titlll*':'~'fckiP;''urflltl , ':·., 

envl , • AssnHdn2*, objl!li~ :· 
<term; obj3*: env2> • E_unltCunid, envl> 

in 

cast term 
elem normal of NOrmal 

t/Jen F atlurt<"no return values" tn Stripg. •Y~ . 
elem return of Return 

then <normal tn Term: obj9*; env2> 
elem> ~ift"l\.Jta..,,'.( $;pl·~ 

" ·, - ~ 

then let exit • <exit; name> 

tn· '· ·· 
<exit in Term; obp•; env2> 

elem <exit; name> of Exit 
t !tin If name • <"failure" in Name> 

tlten <term; ob:J'*; ~ ' · · · · 

else let string • ~unttaftdled; ~ • m· String. 
"~~·.,·,·'' 

in 

faturt'tscrmg, en~· 
elem loop_term of Leop .... term 

tlitn <laoi'Jerm to-'" TetM: or,,_, enftS. · · 
end 

, .; : ~. l· : .. ) .r. , 

As part of legality-checking, return sratemene1 ar• aflcted to the ends of routines 
.-. , ,:;·:- :><;~,if~;-~~!t·,..~(:' :1;;:, ; ; '.t .::~r'f~.;:~~-~: :-.s:J ·~;r.Jlt;~->2: ·~)~ { .:<· -~--"<:· , 

that do not return any objects;' thus a rotJfiM hdy wkh nalUata co a norMal 

result is in error. Signals are changed to aJta at tlM fCIUline. boundary. Failure 

exits propagate through; any other exit ii chaftpd to a_ failure exit with the 

origmal exit name as the result object. A naft;n•r• .. •--don of a tor loop 

body is patse'd back to the caller. 
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6.5 Built-in Abstractions 

In this section we define the built-in ptoc«IUre;g..,ator force. and the operations of 

the built-in types and t~ ienera~ors. Each routine i$ def.fned either by gi•tng. a rout.ine · 
. . 

heading and an element of the domain Op, or by giving 'a routine written in C~U. The 

implementations are not necessarily the ·most effi,Ci,,.t pol$li>,~ We do not define any 

operations related to.input/output,since 1/0 it ~part~ the,Janguage proper. 

Several routines can signal fatlur1, but the exact string returned can vary from one 

system implenlentation to another. We indicate these strings with :a qtiestion mark, as in 

Fallurt<? in String, env) 

When computing with integers, the oper~1 '+' •. ' ... '. '•' .. 's', etc. have their ·usual 
' .. ,_., 

mathematical meaning. We ~1so use 'the c>perators '/'and'/ I', defined by 

x/y - q " x//y • r iff <O s r < M> I\ <x • p'q + r> 

When computing with reals, we will frat Cintl einttl as the real number int1*101nu. 

For example, 

[intl e int2] < U::intS e inti] iff intl•IOin\Z < int3t101nt4 

An expression such as 

[intl e int2l + [int3 e inti] 

means that one should choose the normaliied element or Real that represents 

int1*101ntz + int~•l01"'4 

and similariy for other operators. The exact notnla11Zltion alprlthl'n is not important here 

<though it must be the same as that used by the parser>; normalization simply ensures that 

our use of strict element equality: 

[intl e int2] • CintS e inti] iff intl • tnt3 I\ 'int2 • lnt4 

corresponds to the usual meaning Of equality. 
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8.6.1 
i . 
A. uxlllary Panotlons 

For Htrydomatn'.,..Wt8'Wthlfff1Mt•tt· 3 ' . ;. . '· 

· t.ast: . '~ ~»D , '";. (llf11•1111•• 
Front: , P~ ~ D*. .&*MJl8ff ._1._ •• t 
Siu: D.* -t In.t ·,~"~-,_~1~ti 
Fttclr: 'o' x Int-+ D get llA fletMnt 
Sttir'ti ·f>t )t l~t )fl:J'4 tJ* ' '~fib ; 

The defi~it.ions .9f ,~II bl(t the last t~,fh~ t»f ~!~~f,tlJA,,a,tJd, S1..-~i·~ q ... Jned as 

follows: 

Fetclr<d*, int> • !:!£ if int• 1 
tlitn Htqd<d*> 
1ts1 F1ttA<tciti<af1r tnf.:. 1f 

Store<d*, int, d> • !'.!£ if }nt • ~ 
· tlini Cons<d, Tail<d*» 

· :-fl•· ~N,...~ 1Mo8t-T..ac1•~,fllt · ... ·l.~d» 

The values of these constant functions can 9&1J faca "-~ ,UN>,.mentaUon 
, ,,,,.-r - : . -··. , 

_to an~kle';; tb,!. ~ly testr~~~ . 
Mtn_tn.t<> «O. ,., 

127 s Max_cltar<> s 511 · 
. ; : 

M aXJliarO ' MaLtntO 
- ·'· •l' ···, •.J . 

0.0 < Mtn_rtalO < 1.0 < MtiLrlfllU 

L_int<int> • Mln_lntO s int s /tfmLlrttO 

L_rtal<real> • real • 0.0 v Mtn_rHJ(> s lrea~ s M"-.rHl<> 



', ' ~ . 
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L_char[char int] • 0 s int s Max_c/aarO 

L_char.r<char*> • !'.!f. if Em/Jl,Cchar*> 
tlttn true 
else L_char<Heeld<char*).) I\ L..tAar.s<TGUCchar*)) 

L_string<string> • L_chars<string> " L__tnt<Stzt<string» 

The sile of the string must be a representab,le integer. 

· L_state<int, obj*> • L_int<int> I\ L__int<Stzt<obj*» I\. Wat<int + Stz-'4obj*> - l> 

Approx: 

Bad_add: 

The index of each array·elemellt and the llze of' the·atray must be representable 

integers. 

Real-+ Real 

Approx defines the imprecision of using finite approximations to real numbers, 

and can vary from one tystem impleml!MatiOn to\-atdher. The only restrictions 

placed on Approx are as follows. Given that 

L_real<real> I\ L_r1al<reaU> I\ L..;rfGl<real2) 

is true, then 

Approx<real> is normaliied 

Approx<Approx<real» • Ap/Jrox<rat> 

rea.11 .< real2 implies A'/w-'reaH> s 11;,1.crea12> 

Approx<-real> • -Approx<real> 

rea I .i 0.0 implies l<A;flr•teal> - ... I> /. rea~ < 10·• 

A pprox<O.O> • 0.0 

Approx<l.O> • 1.0 

Real x Reat.-+ Real . 

Bad_add is used for real additions when the &iJUmentl differ in sign. The only 

restriction placed. :on Bqd ... add. JJ. !S f oUows. If 

Bacl_add<reall, real2> •real I\ l_rHl<reaD 

then 

real • Apf'rox<real> I\ l<reall + real2 - ral>/<reall + rea12>f < 10·• 



R2i: 

Trunc: 

Real-+ Int 

R2i rounds to the nearest integer, and towa{do:ero la.~ Of, a ta.: 
le R2t<rnl> • Ol - tea~ s 0.5 " fcR2t<,_. • ~·'1 t-~· • 0.5 

Rea.I -+ Int 

Trunc truncates its argument towards zero: 

lcrrundrftl> •oi - rnl( s 1.0' " f[rraftdraU • oii' :I Ina~ 

Rdurn....boollbooL en"> .. ut d.-ty,,pe • C.k\_,.,,,D.J•d1iJJfMt 
in 

<normal ln Term; C<bodf 171 \'Ith iJWd Ii obf: tnY> 

Return_intOnt, env> • i'1 d_type • (du'lni Cll •• DJp · 
tft., ' ' .. , 

~,.__:r...oi.Eu.t•1¥M>•·l~-tte.,, ••• 
lnt_rtsult<int, env> • If L_tntCint> 

tlttn Afttt1Lf'ttt<tnt, eirtt 
tls1 Erron·overflow• tn Name, era•> 

Rttrtrn_rr.al<real, env> • lit d_type • [dureal cll;iri lSJy,t 
' ~ . tn · · · · 

<llOl'Mal m Ter- E«•l tn ·'YifidJyfldftt Olwf; env> 

RtaLrtsult<rHI, env> • if l_rtal<real> 
'' Uth 'MarLtldl{~(red; Wt+• 

list if lrea~ > Max_rftll<) 
tlten Error<•ovetfloW" ltt Name, ••> 

tlst Error(•underflow• ln Name, enri 

. Rtturn""."cliar<char, env> • ltt d_type • Cdu,~,· qJ 111 ~~ ... 
· in · ·· · · '· ' · ';-· · ·.• · 

<normtlf '" T'frin; (fdtltitt'fttJlti~ fft ~f'; env> 



Rtturn_string<string, env> • let d_type • [duatrint []] tn D_type 
·tn 

lSl 

<normal tn Term• [~atrlng tn Yalh "Jy~ tn Obj*; env> 

· Eq_ol1objl*, obj2*, env> • let <objl; obj2> • obj2* to Obj1 

in 

Rtturn_bool(ob JI • objt.· ·env.> 1. 

Eq_obj will be uSed in defining various •equal• operations. 

Error< name, env> • · let term • <exit; name> tn Term 
in 

<term; nil tn Obj*; env> 

6.5.2 Force 

force_= proc Ct: type] <x: any> returns <t> slg.<wroog.J,p> 
~<objl*, obj2*, env>. ltt objl • objl* to Obj . 

obj2 • obj2* to Obj 
. tn 
if lncludes<obji.val to O_type. obj2.dJype> 

then <norm.al tn Term; obj2*; env> 
tlse Error<•wrongJy~· .In Na~i .env> 

lnclu.cles is used instead of strict equality ~use the type •Y ts a legal 

para meter to force. 

G.5.3 Null 

equal .. proc <nl, n2: null> returns (booD 
return< true> 
end ~qual 

similar• proc <nl; n2: nun> return• <booD 
return<trfile) 
end similar 

copy .. proc <n: null> returns <nuli> 
return( nm 
end copy 



8 .. 5.4 Bool 

) ' .,. . . ' ·, ' . 
and - proc Cbl,~b2:.·booD· r•w•<NoD. 

return<bl oucl 1>2~ _ , ... 
end and · 

or • proc <bl, b2: bool> reu~· 
returntbl cor b2> ..... 
end or 

: . ~ , 

not • proc (b: booJ) returu (bolOI) 
If b 

then returcn<f.aa.> 
., .. r.wm<'.tRlll> 
end 

end not 

equal• pr~c <bl, b2: boot'...._~...,,· · 
Eq_obj 

sirnila r • proc (bl, b2: IMoJ> 1ewma U1ooP 
return<b~ • "2>1. ·. 
end siln1l¥ . 

copy• proc <b: booll 'reti.ITiM.liM.ll' · 
rttt~>·~· · · · ~ 
end copy 

8.5.5 Int 

.•' 

' ' ' . ~ i 

add • proc <il, i2: Int} rewrna Ont> algaale <overflow> 

~<objJ*, obj2*, eov>. t.t _<ot.jl; obj2> • ---~· 
ln 

:·.; 

/nLrdSuJt<<ot>jl.val to Int> + <oltj2.v-1:tl' lJW, •v> 
Note that aAd ii not a parameteril«l tfl......_ .• ,.,,. fllM ¥¥~~•,.a.. Mt 

used. This wilt li>e true-of all of lhe def...._ tbat ~~e-i.,i: .,. '· 



sub - proc <il, i2: $t> .. return• Ont> •tonal•<offl!ffow) 

>.<objl*, obj2*, env>. let <objl:'Cib~' •,•pt' to Obf 
in 

/nt_result«objl.val to Int) - (ci;J2.val to lr:at>, env> 

mul .. proc <il. i2: Int> return• <Int> signal• <overflow> 
>.<objl*, obj2*, env>. let <objl; obj2> • obJ2* to ObJ' 

in 

lnt_result«objl.val to Int)• (obJ2.val to Int>, env> 

minus • proc <i: Int> returns <Int> alon•I• <overflow> 
return<O - i) 

except when overflow: atonal overflow end 
end minus 

'- ·~ 

div • proc <il, i2: int> return• <lnt> signala <zero.Jiivtde, overflow> 

>.<objl*, obj2*, env>. lit <obJl•.obJ2.> "'·-~Ir iP QbJ': 
int • obj2.val to Int 

in 

if int• 0 

tlaen Err~"zero_divide" In. Name, env> 
else !nt_r11Mll<<~JLvai to'lntfl int, env> 

mod • proc <il, i2: Int> return• <Int> aignala (zero_cUvide; overflow) 

>.<objl*, obj2*, env>. lit <Objl; Objt> \•"obj!* toObf 
int • obj2.val to Int 

tn 
if int• 0 

tlam Error<"zero_divide" tn Name, env> 
else lnt_1esult<Cobjl.vilt tc1 Im> II tntt env> 

133 
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power = proc (i, e: int> returns <Int> signals <negative_exponent, overflow> 
if. e < 0 then signal negative_exponent end 
pow: int :• l; 
for j: int In int$from_to<l, e> do 

pow :=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 I by<• 0 le from>• to do 

yield< from) 
from :• from + by 
end 

end f rom_to_by · 

fro11"1_to • iter (from, to: Int> yields (int> 
for i: int In int$from_to_by<rrom, to, 1) do 

yield(i) 
end 

end from_to 

It "" proc <il, i2: Int> returns (booD 

),(objl*, obj2*, env>. let <objl; obj2> • obj2* to Obj2 

in 

ReturnJool«objl.val to Int> < <obj2.val to Int>, env> 

le .. proc <il, i2: Int> returns (booD 
return(il < i2 I il .. i2> 
end le 

ge = proc (it, 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 



similar • proc <H, j2: Int> retlll'M'<ltd 
return<il • i2> 
end similar 

copy • proc <i: int> return• <Int> 
return<i> 
e.nd copy 

G.5.6 Real 

add '"' proc <rl, r2: .... o teturM (l'eall:...,....:~,,allMllerflow> 

>.<ob jl *, ob j2*, env>: ftt' . ·.<ofJ-~'difl:T :._ ''fAffl'~.#Cb~· . ' 
· ran· ·; , • obJl.~uo llfta 

real2 • .ob J2. vaho :Real 
in 

if <rnll· c 0.0· I\ .,.., >,0.G>. v <rail > 0.0 I\ rea12 c O.O> 
· tiVn "'8L..11s.ul~. rea12>,. env> 

1ir1 Rdli.t~ritlf+ ta12, env> 
,, c " ~ -'. : ' • 

sub • proc <rl, r2: r•al> returns (real> •lgnala (ovetfloW, underflow) 
return<rl + -r2> "'' '" r "· 

except when overflow:. slgnatoffrflo'1f 
when underflow: •lgn., underflOw 
end 

end sub 

mul • proc <rl, r2: real> returns <real) •lone.IS <otWnow, Underf'loW> 
:>.<objl*, obJ2*, env>. lit <objl; objz>· :_"':i'jj,, to;bbjf ' 

in 

R1aLresidt<<obJi.v•rto.llai • tabj2.val to Real>, env> 

minus • proc (r: real) returns <reaO 

>.<objl*, obj2*, env). ltt obj • ob¢ to Obj 

'" R1turn_rHl<-Cobj.va( to ReaD, env> 

IS& 



div • proc <rl, r2: real) returns (re.a> sioM&a h~11Milbilllt!l#Qnllf~u..-1ew> 
:>.<objl*, obj2*, env). ltt <Objl; obj2?' • obj2* to Obj1 .; ' '" 

real • obj2.val to R.-
in 

if real• 0.0 
tlim Error<"1ero_divide" in Name. env> 

else Ret&Lrtsult<Cobjl.val tt Real>./ Mal. ~v> . 

powt>r - proc <r, e: reaU returna <real> 
· ........... (.-.:1..cUYM.~<U.-,__, __ ,~._~, 

:>.<objl*, obj2*, env>. t«.~ ~b,~~- .... ~~:.,(>-.~ · 
reall • obJl.vt.Ut Rell 
r~l2 • obj2~yaft~dlal 

itt ~., ~< ' 

if reall • 0.0 I\ real2 < 0.0 
thnf. BY-~JetO.J(iWee'•N.,._ tnv) 

1111~ ·rwaJ!<c-t• .. ~ ~18~-IR.2i<...aa> •;0]) 
t+cti .~~~ .. ~"'• NMte. Inv> 

else " the rest· is system G'l'llu:lertt 

i2r • proc <i: int> return• <real> aignata <overfk>w>. · 

).(objl*, obj2*, env>. ut obj • ob¢"'•"*d1-- · 

in '"' - · · ·' 

RtaLresult<C<ob j. val to Jnt) • Ol, env> 

r2i - proc <r: reaO re~na Ont> .l\ia~at• <~verf:lpw) , , . . " 

).(objl*, obJ"2*, env>. let obj··. ~j2* ioo~i· . 
in 

/nc_re1fdt.<RZt<ob ~val:.~,~~&>,.· ~v> 

trunc .. proc <r: real) return• <tnt> signals (overflow) 

:>.<objl*, obj2*, env>. ltt obj • pt>¢ to Obj .• A· ,. 

• ' . • ' - ! ... ' ' ~. ' 

in 
f·-

/nt_rtsult,<Tru,ncfobj.v~l to Jt~D •. env> 
. ,.. ',,._ .. ·- .,_, ,_ 

It • proc < rl, r2: real> returna ( bool) 

).(objl*, obj2*, env). let <objl; obj2> • obj2* to Obj' 

in 

RtturnJool«objl.val to Real> < (obj2.val to ReaD, env> 



le • proc <rl, r2: re•t> returns (bool> 
return<rl < r2 I rl • r2> 
end le 

ge "'.' proc <rl, r2: re•I> return• (bo01) 
return<r2 <• rU 
end ge 

gt • proc <rl, r2: real> return• (bool> 
return<r2 < rn 
end gt 

equal• proc <rl, r2: real) returns <bool> 
Eq_obj 

similar • proc <rl, r2: real> returns (bool> 
return<rl • r2> · 
end similar 

copy • proc <r: real> returns <real> 
return<r> 
end copy 

6.5.7 Char 

i2c • proc (i: Int> returns <char> signals Ullegal_char> 
>.<objl*, obj2*, env>. ltt obj • obj2* to Obj 

char • [char <obj.val to Int>] 

'" if L_dar<ch&r> 
t4tn R1t1mu:Aor<char,· env) 

' . 

tlSI ~l!m·i~~· {a ,J;i..,_ env> 

c2i • proc <c: ch·•r> returna Ont> 
~:-

>.<ob jl *, obj2*, env>. ltt obj • obj2* to OQJ:, · 
[c ... tmJ.·•;«*J.Ullf·Qar 

In 

Rtturn..tnt<int, env> 

IS? 



It • proc (cl, c2: char> returns (bool) 
return<char$c2iCcl> < charSc2i<c2» 
end It 

le • proc <cl, c2: char> return• (bool) 
return<cl < c2 I cl • c2> 
end le 

ge • proc <cl, c2: char) returns <bool> 
return<c2 <" cl> 

. end ge 

gt • proc ,<cl, c2: char> returns (bool) 

return<c2 < cl> 
end gt 

equal - proc <cl, c2: char) returns (bool) 

Eq_obj 

similar = proc (cl, c2: char) return.a (bool) 
return<cl • c2> 
end similar 

copy .. proc <c: char> returns <char> 
retum<c>· 
end copy 

6.5.8 String 
,or. ··)..'. 

size • proc <s: string> returns Ont> 

;>.(objl*, obj2*. env>. ltt obj • obj2* to obf . 
tn' ' ., ... ··· · ... · '· · ·~· ,., · · 

., :· ,).•~itutUAR$iU.ofiJ.vifWslth'tg>, env> 

indexs • proc <pat, str: string) returns Ont> 
z: Int :• strl.,gSsize<p;ltf' ,. '' -: .. ;.; " v::~, 
for i: int In lnt$fromr.D(l;, tt,._silek» •·-c- :.; 

If pat • strinOSsubstrbtr, i, z> 
then return(i) end 

end 
return<O> 
end indexs 

J ;_ -: , ' ; ~ 

~-' J " -· 



·; ,-, . 

indexc • proc <c: clu,r, I! ~trtng>, reWr~ Ont) " 
return< stringSindexs< atringSc21(c). s)) 

end indexc 

c2s • proc <c: char> returns <string) 
:>.<objl*, obj2*, env>. lit obj • obj2* to Obj 

in 
Return...string(obj.va_l to Ch~r ttt Char•, env> 

, :.•i:' ,. . ' 

concat .. proc <sl, s2: string> returns <at~ing) . · . ,,, , 

:>.<objl*, obj2*, env>. ltt <objl; obj2> • ob¢ to ObJ' 

string • Coneat<ob JI.val ·to String~ 
ob J2. val to String) 

tn 
if L_string<string> 

then Rtturn_strtng<string. env> 
1ls1 Fallurtf.? In SUiftg,,:·•w 

append • proc <s: string, c: char> returns (string) 
return<s II stringSc2s<c» 

·end append 

fetch - proc <s: string, i: Int} returns <char) signals Ctio8ftds). 

:>.<objl*, obj2*, env>. ltt <objl; obj2> • obj2* to Obj2 

string • ob Jl., VJJ to ~inc 
. .. ·, ... · )- )•' . 

int • obj2.val If Int 
in 

if 1 ~ int s Siztf.string> 
tlien R1turn_elaar<F1tcA<atring, lnt>, env> 
elSI Error<"bounds" tn ~a~, ,nvt 

• .: ' \.._:>' •• •. 

rest • proc <s: string, i: int> returns <string) signals "<bounds> 
return< strlng$substr(s, i, strlngSsiie<s>» 

except when bounds: signal bounds end 
end rest 

IS9 



··Ho 

substr • proc <s: string, nlow: Int. nsize: ln•1'•19"*~Mt&UW:.>t&e> 
If nsi1e < O then signal negativeJt1e·•·ir.ni·,_1e '''l~'''i; :n,11: 

z: int :• stringSsi1e<s> 
if nlow < 1 cor nlow -1 > z 

then signal bounds end 
ss: string :• "" 
last: int :• z 
if nsize :<.I - nlow.•. l. 

I ht': , .c , ,. 

then last :• nlow + nsize - 1 end 

'·'<>; 

for i: int in intSfrom_to<nlow, last) do 
... ' '"' t ,p, '\; "\; ~ '· 

SS :• •tringSap~nd<ss, sCi~) . 
end : 

return<ss~ . 
end su~f ... 

s2ac • proc <s: string> returns <ac> 
ac - array(charl 
a: ac :• ac$new0 '' · :: · 
for c: char in stringSGttus(~)do · 

ai;$addh<a, c) 

end 
return< a> 
end s2ac 

ac2s • proc <a: ac> returnaA:Hfffto), 
ac .. array[ char] 
s: string:•"" 
for c: char In aci-ti~mentl<a; cio ., 

s :• strlngSappen<A•.~· · '· 
end 

return<s> 
end ac2s 

chars • proc <s: string> 'yfelds (char> 

i: 

\ ' ~ i 

for i: int in intSf rornJo<l, str.,.gSsize<s» do 
yield<sCil> · : ·.,:.: .. '.' ;· ,~,,, · (.;;;;.,' ,.,,1,1u~. ,,,, 

end 
end chars 

.. · 

f; l. 



It - proc <sl, s2: string> return• (boo0 
zl: Int :• strlngSsiie<sl> . 
z2: int :• string$siie<s2> 
min: int :• zl 
if zl > z2 then min :• z2 end 
for i: Int In lnt$f rom_to<l, min> do 

If sUil < s2Cil t"en return<true> end 
end 

return<zl < z2> 
end It 

le - proc <sl, s2: string) return• (bool) 
return<sl < s2 I, sl • s2> 
end le 

· ge • proc <sl, s~: atring> return• <b0oO · 
retuf'n<s2 <• sl> 
end ge 

gt - proc <sl, s2: atring> returns (booO 
return< s2 < sU 
end gt 

equal - proc <sl, s2: atring> return• (boo0 
.Eq_obj 

similar • proc <sl, s2: string> return• (bool) 
return<sl • s2) 
end similar 

copy - proc <s: string> return• (string> 
return<s> 
end copy 

6.5.9 Array Types 

The httading of the array type generator begins 

array_ • cluster Ct: type] la ... 

at "" array{tl 

We will make use of "at" and "t" in the deflnttk:Mtttlat fol1Dw. 

HI 



create .. proc <nlow: tnti returna (at> 
return<at$Cnlow: )) 
end create 

new • proc 0 returns <at> 
return<atScreate<l>> 
end new 

predict - proc <nlow, nsize: int> return. <at> 
return<at$create<.n~w>) 

end predict 

low .. proc <a: at) returns Ont) 

:>.<ob jl *, ob j2*, env>. lit obj 

<int; obp*> 
tn 

• obj2* to Obj 

• ert~_rltrJ-\W"•M- ~1'.:r>. •. ., ". ,~ ' . ' •.· .. ' ., . . . . 

Rtturn_tnt<int, em> 

high ... proc <a: at> returns Ont) 
r•turn(at$1ow(a) + (at$size(a) ·- m 
end high 

size • pro~ <a: at> return• <Int> 
).fobjl*, obJ2*. env). ltt. obj 

<int; obp*> 
in 

• obj2* to Obj 
• env.arraya(obJ.val to Array> 

; ) (C. ;· • L '. :; ' , , j ;' · , 

Rtturn..tnt~Slu<ob p*>, env) 

set_low • proc <a: at, nlow: mt> 

).(objl*, obj2*, env>. lit <objl;obj2> • obJ2* ioooi 
array • objl.val to Array 
intl . • ob J2. val to Int 
<int2; obP*> • env.arraya<a~f) { 
a_map • env.arraJl[array ... <inti; objS.>l 

tn· 

if l_statt<intl, obj3*> 
tlatn <normal in Term; nll lft etiff ent[a_map • arrays]> 
#Hi ·F'ilil--~itn ... ,,,_,L · :,: .,, .. ···· 



. 
trim • proc <a: at, nlow: Int, nsize: Int> ... nlllf UlifOl•IMIS: neptl••Jtle>' 

If nlow < at$1ow<a> I nlow > at$high(a) caftcl nlow,; ~) + l 
then signal bounds end , '·· · -.• · ··· :' · ·, .:' ' · .i 

If nsize < O then algnal nqative...size end 
while atSlow<a> < nlow do 

atSreml<a> 
end 

while at$size<a> >• nsize do 
at$remh<a> 

end 
end trim 

fill • proc <nlow: l~;lt,nsize: int, elt: i> returM <at> •1•••• <neptive...stze> 
If nsize < 0 th~n 1!~~~1 fMCatiV~Jize encl.· \ · 
a: at :• atScreafe<nlOw) . · 
for i: Int tn 1ntS1rom_toU.·ns1ie> c1o 

at$a'tldh'•r:.t1lt 
. end 

return<a> 
end fill 

fUl_topy- • proc <ntow: Int. nsize: Int, f1t: t> r.tutfta tat) ·•tonea- <negativeJlie> 
·. w1•·t4tu dllpJ: proctype <t> return• <t> 

If nsize < 0 then signal negative..,size end 
a: at :• atScreate<nlow> 
for i: int. In lntSfrom...to<l, ~> do . 

atSaddh<a, tS~y<elt» 
end 

return<a> 
end f ill_copy 

fetch • proc <a: at, i: Int> returns (t) algnala <bounds> 
~<objl*, obj2*, env>. lit <objl; obj2> • C>b,¢ to Qbj2 

.<intl; obf>!>: ..... ea1'.ar.obj1.val to Array> 
int2 • .<•J2.vtllP Int> - inti+ 1 
obp • F1tcMobp*, int2> 

in 

if 1 :s int2 :s Stzt<obp*> 
tla1n <normal ln Term; ob.JS ln Obj*; env> 
1ls1 Error<"bounds• ln Name, env) 

HS 



bottom· proc <a: a~~.r-!'WDf·~),~,,.....<~w -', 
return<1t~l>' ,1 :.c11"" . :.,. ,, 

excep.t when. bounds: signal bounds encl i' :, ., .. 

end bottom · : .,,_ ,,, , , , ·, ···· · 

top • proc <a: at) returns (t) signals (bounds) 
return<aCat$high<a>l> 

except when bounds: signal bounds •Af 
end top 

store .. proc <a: at, i: int, elt: t> aignala (bounds) 

:>.<objl*, obj2*, env>. 

tn 
if ls int2 s Stzt<obJS*> · · "' 

.... s•~n: .. ~«J,.," if:tJP¥,;f'~fW~i ,,glfJ~~ ~ M~'-'"" 
llst .. ,e,r~'llotmds·.1• Name. avt 

addh = proc <a: at, elt: t.> 
:>.<objl*, obj2*, env>. ltt <obj.; obj2)J'• ·~i,~~'}2 : 

array "' objl.J.l'kl~) . . '; ... 
<int; objS*> • env.anafa(lnay> '.'. "'~'· 
objf* • AfJ/llf"Mobpt, ob#>, •. 
a_map • eny~ra,.c.,-,., ~.<tilt; obj4*>l 

in ,, 'l :•;i·E«.1~'.'i uni 

~(i:;:JfafAfht, ob~,_:-• ~>':·L ' '.'/;;·· 

• ·tlttn ~'al bl"t'ernt;-1'U t• Obf; env[a,Jnap • arraysl> 
~Ii· Riillli.rtt.? tn Strlnf:1'iltnv> 

-. • •• , < ·~" 



.;.·.; ; 

add I • proc <a: at, ek: t> · ;; ' - . · 
).(objl*, obj2*, env>. ·lit <objl; obj2> • ·~'~'' 

array • ob jl~val IO Array 
<intl; obf>*> • en:v.arraJIC•fl'IJ) 
int2 • Intl ... 1 
obj-I* • CMs<obJlj~ _,., 

. a_inap .;_..,.,_~.,,._,,, clht!;' ob,,.->l 

in 

if L.Jtatl<lnt2, ob ,;t*> 

MS 

tAn <nonul '" Term; nit la Obf; •vCa_map • arnyal> 
. 1111 FaUurl<?ln ~as> ~' 

remh • proc <a: at> retur.- <t> signals <bounds> ; 
>.<objl*, obj2*, env>. lit. obj • ---to~;·:. ·· 

anaf ~ · .. .ii· •Ji.Wf WiVfiy <Ind.,.>·. -~~~,,, . 
objt* · • · Fr~~~(:,r~. , 

,.,,..,. ·',.,_,~I #lf,O..t 
a...map · • env.arrayaarra7 ... <Ant; olJjff >l 

· in 

if Emflt'J'.ob p*> 
· thin .Error<~~,:~l:''f~~;'!"'y) 
, II~ ..;_,.a~:T""' i..-~,,;ertvCa.JMp • arrapl> 

reml • proc <a: at> return• <t> afgnala <bounds> 
).(ob jl*., ob J2*, env>. lit obj • .obfl' Webf' 

arraf · :: iii:Ql~ttiNi~y: . .; 
<int; obf>*> • env.arrap<array> 
objt* • ToUf.ob,..> 

ob j5* • HM4Cab JS*> '" Ob f 
a...map • env.arrayalfiH'ffi.l '4ftt: ·•Jf*ii>9 · 

'•;.'·t;/·'-~;--i:.1-~: .. ~ - .- . ,'· ' 
In 

.. 
. if Ernflt'1'.obp*> , ,. , 

tliln Error<"tN>unda• ta Name, env> 
1lJ1 <normal In Term; obfl'; envCa..JMp;9!_,.,.J> 

----------- - --------------
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elements - proc <a: at> yield• (t) 
for i: Int In atSi~a> dct:. 

yield<a[ i]) 
end 

end elements 

indexes • proc <a: at) yl...-(1~ 
. -.,.,~ l;tJtrffi baa$~.W,, at$hig~ * 

yield<i) 
end 

end indexes 

equal • proc <al, al: at> retune(~ 

Eq_obj 

similar• proc <al, a2: at> retprM.~, .. 
••A~ _.uar: proo~M h, t> , • ._<Not 

If :~~~~~::,;1~l\~ L ,~ .. ~~·~~~ 
for i: Int In atSindex~'if db : · ' 

If Nt$simi~B\ l~ltff ret•t.ii11l'·~ ····; ... . ... ~ ... ; . .:. . .; 

return< true> 
end similar 

similarl - proc <al, a2: atf'teturna <boo:I> · .. ·· 
·· '· · ; ·~, ·· · · ~c tta tquat; ~pttft, t> '•--""°°' 

If at$1ow<al> N~ atSlow<a2> l at$1Ue(al) .._ .-..-.. 
then returtJ<f•l••> end ,.;::, "~' ·~ ·:t '. ·, ~~nw 1 "' 

for i: Int In atSi~~ ._." · "" · .·", 
If alUl N• a2ij).,~~ ~-3~~fflH) •Nt . ; 
end · · · 

return< true> · · 
; ... 1.. .,,,,• -:;,·· ·i :, 

end simitar 

copyl • pro.,o:"~;jlt) J.'AlU4'~~), 
aa: at :;;;. atScreate<atsJow<a» · 
for elt: t in atSelements(a) do 

a t$add h<aa, ek) 
end 

""•"'• end copyl 



copy • proc <a: at), returns <at> where t has copy:·~ Ct> retume Ct> 
aa: ar :• atteopyt<a> - '" 
for i: Int In at$iridexes<aa) do 

· aaCiJ ~ tScopy(aa(ilt­
end 

return<aa) 
end copy 

G.5.10 Reoord Typea 
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The definitions given in th IS-section are xhetnas. Each def in it~ is given in terms of 

the record type 

RT • record[N 1: T 1 •.•• , Nn: T nl 

where the N; are in increasing lexicographic order. 

get_N; • proc (r: RT> return• CT i) 

:>.(objl*, obj2*, env>. ltt objl .. • .<>9J2* to Obj 
obp* • env;reconts<ob jl. valtp ;l{twrd> 
ob j2 • F ttcMob p*. i) 

tn 
<normal in Term; obj2 in Obf;. eitV> 

There is a get_N 1 operation for every N 1• 

set_N; • proc (r: RT, elt: T 1> 

:>.<objl*, obj2*, env>. lit <0bjl; obj2> 

record 

in 

objS* 
objof* .. 

r_map 

• obj2* to Obj2 

111 •JI.val &a .R-. ... 
• env.recordsCrecord> 
• Siorl<ob,P*. i, .~J2> 
• en• .recoficherec6rd c~ Ob}t*l 

<normal in Term; nil in Obf; envCr_map •records]> 

There is a set_N 1 operation for every Ni" 

equal • proc <rl, r2: RT> returns (bool) · · 

Eq_obj 



similar• proc <-rl.r.r~; llT>1.f'UWM:~' · ·· 
where T 1 h9' simil•r: prff~• <T\i-,lf 1~-J.,..,(~. 

T n ha• sifni1-r: •'4JCt~«f.Jwi'~l4'--•LMol> 
return<T 1Ssimilar<rl.N 1, r2.N 1> cand ... c• T..S~rl.N"'~")) 
end similar · ,;,, '· · .~ ··· 

similarl • proc <rl, r2: RT> returns fbool> 
where T 1 has equal: proctypt::Mf!f 1" 1f . .....,,.,<boOlt, 

T fl.:~~~~tl= ~trff~Jf-JJ.r.~lt~ Oa~ 
return<rl.N 1 • r2.N 1 can~ ... cand rl.Nn • r2.N._) 
end similarl 

copyl - proc <r: RT> returns <RT> 
reiurn<RT${N 1: r.N 1, ... , Nn: r.Nnl> 
end cop.yl 

copy .. proc <r: RT> returns <RT> wh•r• T 1 hu ~-;·,_.,..._ <11!1t rttt\lf'M <T1), 

rr: RT :• R TScopylM 
rr.N 1 :• T 1$CPpy(r.N 1> 

rr.Nn :• T nScopyh~-Nn> 
return<rr> 
end copy 

6.5.11 Oneof Types 

:, ••• '· i " •'. , , ~-:-~ ' - '.. "_• ' i . ' ,.- . . ,: 

T ~ hu '°llf~ .,'°"'" tr~> ';eturns (T "> 

·_.J' 

The definitions givet\"itl''thit sectiGftl*" KhemQ. ·~definition is (iVen in terms of' 

the oneof type 
,;; . 

OT - o~~$)fC~ i=T 1r ·w; Nn: T "l ... 
where the N; are in increasing lexicographic order. 



ma ke_N 1 • proc <T_1> return. <OT> 

-~'(objl*, obj2* .. en~). ltf, obj • et>,-'ff<)IJJ ··· 
oneof • CN1: obJIJ · 

tn · ' , ... 

~nqrmaUn T~ ,C<.~.JJl VtD,; OTJ tn O~j*: env> 
,. . . . ,, ,:. .;, ' ;._: ' 

lf 9 

We have jnformally used OT as a dJype. There Is a make_N,. .. aperation for 

every N1• 

. . . 
is_N 1 .. proc <x: OT> return• (booD 

tagcase x 
.tf18-~1= .-.wmv~ 
othera: return<f alae> 
end 

end is_N 1 

value_N 1 • proc <x: OT> return• (T1> atoula <Wrong.Jal> 
tagcaae x 

tag N 1 <v: T 1>: return<v> 
othera: signal wrong_tag 
end 

end value_N 1 

equal • proc <xl, x2: OT> return• <booD 
· Whve T 1 'tfM·elJUalr ,....,;eicT1, T 1> teturna <MoD. 

T n has equal: proctype <T,,. T n> return• (booO 
tagcase xl · 

tag N1 <v:T1>: return<v • OTSvalUe~~<x2» 

tag Nn <v: T "): return<v • OTSvalue.:.Nn<x2» 
end 
except when wrong.Jag: returMf..._. .-n4' 

end equal 
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similar • proc <xi, x2: OT> return• (bool> 
where."F1·.h:•li.....,: ,.._.,,. <T1, T J!N.Wr1t1·4bo411>, 

T" ha• similar: proo~ <T,.. T ") r•turn• (ltool> 
tagc.-se xl 

ftig N 1 <v:T1>: returnrr 1Ssifhtllt(v, OTIV'illi¥.::N1<x2»> 
_' ' '(1 ~ 

tag Nn <v: T n>: return<T "Ssimilar<v, OTSvalue...Nn<x2'»> 
end · 

except when wrong_tag: retwrn<fal•e> .•ncl 
end similar · : 

copy• proc (x: OT> return• <OT> where T 1 has copy: ~tW*fT' 1> ,.,ns <T 1>, 
~ .... ~ . . ;i, ~ ':U .. ·· ·" - ' 

T n has copy: prootype CT n> "'.eiurna <T n> 
'\ . 

tagcase xl 
tag N1 <v:T1>: return<~TSmake~1cT 1Scpp~v))) 

• ~~· '• ,, • '. J 

tag Nn <v: T n): return<OTSmake...Nn<T.~J<v»> 
end · · · · .... ,~. 

end copy 

8.5.12 Prooedare T7P• 

The·Qfini«i111M;givett .~ t~ ..... are~ .. ~1il4finition is given in terms of 

a procedure type T. 

equal .. proc <rl, r2: T> returns (boot 

:>.<ob jl*, obj2*, env>. let <Objl; obj2> • •¢ 14.o;.jz 

tn 

RtturiL~!liftl • • jl.9". ••> 
We ignore the type ~escriptors because • er both descriptors CM be routine. · 

similar • proc (rl, r2: T> returns (bool> 
return<rl • r2> 
end similar 

copy .. proc <r: T> retuTn• <T> 
return<r> 
end copy 



.. 
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G.5.13 Procedure Types 

The definitions given l.n this section are schemas. Each ~inltlon ls elven in terms of' 

a procedure type T. 

equal • proc <rl, r2: T> returns (bool> 
>.<objl*, obj2*, env>. ltt <objl; obj2> • obj2* to Obj1 

tn 
Rtturn...bool<ob jl. va1 • ob fl. val, env> 

We ignore the· type descriptors because one or both descriptors can be routine. 

similar • proc <rl, r2: T> return• (bool> 
return<rl • r2> 
end similar 

copy • proc <r: T> return• <T> 
return<r> 
end copy 

6.5.14 Routine 

We will informally use routine in CLU text below, even though one cannot reference 

the special type routine in this way . 

equal "' proc <rl, r2: routine> returns (bool) 

>.<objl*, obj2*. env>. let <objl; obj2> • obj2* to Obj2 

in 

Return...bool(objl.val • obfl.val, env> 

We ignore the type <Wcriptors because one or both detcriptors can be a procedure 

or iterator type. 

similar • proc <rl, r2: routine> return• (bool> 
return<rl • r2> 
end similar 
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copy = proc <r: routine> returns (routine) 
rcturn<r> 
end copy 
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7. Conclusions 

The goa I of this thesis was to develop a precise, formal definition of CLU, with the 

hope that such a definition would be a ~seful. tool in oth~r work. This hope has already 

been met in three ways. First, this research has provid~., us .~i.th the opportu9Uy to 

eva.luate various features of CLU from ~ new viewpoint. Akhough our understanding of 

the meaning of CLU programs has not really changed, we did dtSCOYer several places 

where our understanding ·of legality-checking wu ·faulty cw tncqmplete, and chan~es were 

made to CLU as a remlt. · . Second, our de!f inltion ts now ·being· used to verify Unf orrnally> 

the correctness of the tegalitywclttctc.lng phase ef the CLU compiler. Third, our definition 

provides a basis for evaluating the usefufness of the defil'litidn method proposed by 

Schaff ert[Schaff ert78al~ We discuss each or these points briefly below, and then finish 

with some directions for future research. 

7 .1 Meaning 

Our definition is divid~ into two major .parts, one defming .what constitutes a legal 

module and one defining the meaning of lepl modules. If we ignore the definition of the 

built-in abstractions then the meaning part ii..- Jhort,; less than 12 pages of actual · 
I . . . . 

equations. This indicat'5 that the model.of computltton,CLU ~tt to the user ls simple, 

uniform, and hence easily understood. It also JndicMes that the definition method we have 

cho.sen is an apt one. Most of. t'M mechaoilms~used Jn die meaning part are direct 

"implementations" of the informal descriptklns. given· in [Liakov'8l, particularly those for 

variables, parameters, and exception handling. For example, we have used explicit 

. termination conditions to propagate exceptions through intermediate computations, rather 

·than introducing continuations to effect transfers of C91ltroL . 

However, our treatment of iterators is not completely satisfying. Although the way we 

have defined iterators is simpfet and appears to be the simplest possible given the 

underlying theory, it is S<>IMWhat backwards from the usual vtew that an iterator actually 

yields items to the caller. Having the iterator retur~ a continuation to the caller, as 

discussed in section 2.2.4, · is perhaps a truer representation of this view, but defining 



iterators in this way would involve changing the definitlom of au•~ WMIMnts to 

create and use continuations. If some other COAltrtlCt .of OLU forced us to Ute 
' ' ." '. . . ''.. ·'• h~ ·. ! ,,_· ... , .. .ii. " .,, ;. :·. ·'· ! • . 

cOntinuatiot.s: we. m*ht f~. less ltronglf' abOu\ a¥0kltR, thiif "U. fOr 1.er.ton; we. might 

'eV~n t1sj''cohtihuatiotu fer exeeption handtjftg.· in··~ ~ .... ·~,t~·~ • . ~·.the·~~ 
~ . ·t~·~· .· ·~·;·,/ • ·-~f ,,.-·~''!. ·;. · ~!·{ '_:p··- ·{ ~-:, , r' ··~. 

of continuations ~~n\s· overtf tomplitated. 

Jn definjng~..Ung we na~~'*·~~;ef al~ ...... Tiwefirttomiuion ls 

~lnput/ouwµ,t ,primiQ.Y~ W, l'\ave Mt cWif,,..:-.,¥A~•.__.·impJementlJrs 

a~e {1:~e. tp :c~Ae ~iJ;,o.'f'~Q6"1~ a ~N':htf,._,1'JIP•lrl-UJsk••'8J~; Howitwr. 

)IQ is eu~ti~y11¥iv ... .,,jl)QQ(,._ W.''*1 ;tf•Mt•n1 } ...... !f,.. .-..pty· :addiftl 
4efA.n,iti(lµs of tbe.w;i~~"'~s.-nd ~.__, ..... ......,.. ... ._ ...W tte 

the addiUo~.p.f ~e pr;~~ ~MtMe-~6--.;'!IA4)_.,,,.,.•p:;'9,11ep.._t new 
primitive mutable objects <such as atreams>. 

The other omissiC?n is more subtle, and COf')CeJ'nl faikwfs ln real SPffff"' ~~'"' aqt,,_1 
,:;· 

implementation it is permjssible for the system to generate af*1w1 exception at any time. 

For example,.when atwrQptiaf'.tO mmtiplyct,wo rill,._., .... .._WpHoH'•h it 

r .. u .. r-t("fJoating point huciwa*woM!n"> ,, · 
WlJld G~ generated. We .eouki ,,,.,.._.,, thif,,.,,,,...... .. LJtttlll,W...,.irUitttallf 

. ' 

choose between tt"«V~ f'C)tintDy•aMl fatbac wittJ;s;...-a••df 11111aa '*tf ... bid M' ttlt 

Jt)'stem& the ·Cflekf-.tS d.tflliminisaic.. Since M1t ellactl,_. • ..._,.wdf:ffffutrwCim''GCeUf . 

anq the tX~ f~toftl .far JUCh"flihns ·-~-Dlfl...,itA ....... UM'td.fndWfttf·;Wf ... ~. 
~~f.l simply to omit auchfailurnfram.,.,,.,....... '.; ... 'c·. ,.,,,, : .. '.- ' 

': .· 

7.2 Legality 
I-. 

In contrast to the concise deft'n'ilton° Ii ~Alric; 'o&ar 6etinwen °' 'Jegaiity is rath~r 
long. This is _pr~arily ~ an, i~"'~iQOr 'fl t~ ;:.,..FJ1'5M~A!ll -•r•s•htllliftf- tieing 

perforrnec;I; (pr.th~ mQ~~J;l tbf,ddi~Al·¥11"YMJ't'lW..-.. ·lile..,er_.._..,aspallf 

of CLU merit, com~.h«f,;,i~f~c:e.spciftc.• _., ....,,.,{J., 
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Our legality-checking algorithm basically. performs a single pass over the syntax tree. .. . . 

The only exception is that two passes are nec~ry to check. moclu". h~dings. Akhough 

clever schemes could be used to minimize the wo,r~ perr~~ on tJ\e ~d pass, there 

does not appear to be any good way to avoid the second pass .. ln pa~ticular, we know of no ..... ' ' -

simple, sensible rule that avoids the prob~ ~ithout un.4 ... Y. ,r~d~tint th~ class of legal 
• - ' - "; • •• ,-• • ·;.'" ,. > •• 

modules. Of course, an algorithm is not bad merely ~use it requires two passes, but it 

took a substantial effort to determine and understand the tnlirimtim·assumptions necessary 

to derive and check interface specifications, and this leaves us with the feeling that perhaps 

something better could '<and should> be done. 

On the subject of parameters, we wish to point out by. way of two examplf?S that in 

some respects there is a very thin line between having a well-defined mechanism and an 

ill-defined one. The first example deals with the permissible types of parameters. CLU is· 

now defined so that parameters can only be declared ~ith the.types type, nun, bool, Int, 

real, char, and string. H~wever, at ohe point procedure and iterator types, and cert~in 
. . . ~ . . 

oneof types, were also allowed. These types were removed When we discovered that one 

could write "lega I" generators t_hat could never be instantiated, as in 

X .. clu$ter Ctl: oneof[a: t2J, t2: oneofCa; dll Is ... 

<Finite oneof type specifications cannot be written for any actual parameters.> 

This problem cou~d be "solved" by all~wing such· g~rorr <even though they could 

never be used), or by imposing rules to forbid cyclic dependencies in parameter 

declarations; but it appears that no computational power is Jost by_ eliminating structured 
. . . , 

type specifications. Indeed, given the dynamic behavior of CLU objects, it is difficult to 

thin~ of many uses for n~>n-type parameters in g,11era~ m~ 1eu proc"1ures, iterators, and 

oneofs. For example, the ty_pe of an array dqes nopoclude. ""' Jnformat~on about the size 

of the array because an array can ~ary dynamically jn "ie. 

Our second example deats with parameterized operations of clusters. Having decided 

that parameterized procedures and iterators wete useful·. as" individual modules,. the 

designers felt that. parameterized operations should also be allowed for completeness, 

though no rea I use for such operations is yet known. It then made sense to allow speciflc 

------------------------1 ---
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instantiations of parameterized operations to be listed in Wh•r• clause restrictions. 

Unfortunately, we discovered that thi·r·tast step 'led '.1o··an 'it.rim. recurs~ in ~r 
lega lity-die~1'.'ing algorithm when applied to certain p.daeaogtdl:.no..les tSchetftemJ. For 

' t'xarnple, the type xcxtm in 

x .;. ciro9t*'rtt: typel 1a r. ... wn.t• ·r..- rrxtxroo: ..,..*we'<>: 

. f "' proc ~~ ~J O.; ... encH; 
en.d X; 

. ,~'. ;·,'. L ~ ~ '· ' . 

is legal only if XCtl is a legal parameter to X,~.~-~! ~ .. ~ :~•t4f ?'l~ b.•.1 an •r:a.tiOn 
fCXCXCXCtllll, which is true only if XCXCXCtlll is a Jecat type, wltkh leads to an infinite 

This probl;em.co~ld .l?e .. ~ved bJ.-, ,~y•94l~l\.~~~Jo1 f!llch, J>Jr~r;iltd 

operation. <Jhi~ )' th,e. ,•f.f'~f.~ ~•k.pi .. ~" ~'R~rff l~vJf:m 2~Jt,.~~entl.Y ,for 

syntactic ltJliforrryitJ .. ra.t~er t_ha') i~.r,~~~ ,l~ .t~*J>fpt.~~ ~ ~"· PfP' .,..~. s~ 
. ~ ' ' ' . :... 

wher~ ~. _h~• 'op '." ~rQC [~: type] (u) r•:~~ ~) ~ ¥,,tl•t .•. 

instead of 

where t has opCintl: proctype <tnt;> r•tMrnt. ~Int>__, 
op[reall: pro~type <r·e~o r~-n~-<raao 

~ ; . ' 

.. , ... ~ '· ,.-·:•' '· .::· .... "!,.! ,::..;'··:- · .... ' k5 .r1 _;n:-:•it,,J ~.n~:~. \··,::* " . 

Since this solution requires additional syntax for an extremely rare caie, an additional 

_legality r\11'-l w.~~:fwfl'M!Jta$•t-iflMta<l. <·Tl9e ,...,.,. ~~'**·---kfllft our 

~ : ' I ', ) .• ; '.· ' ~ 

> f;: t. ' 

7 .3 Compiler Ve,~flcatlon 

With respect to legality-checking, mvdiltindkN1 tlfi ·lM'· matte between •denotationa:lo. 

definitions and ~operat\orrar dettttitk;nsfthete aH'Orily dit~'~-~t~e'prectse'algorittlm 
used. Our definHion of legality::.ctteic:littg'· \¥rs' tfottt·wi''~1 '\.j~fkation in mind, 

.which is wh.y a <~~sic~l~y> _(){le ~~~ .. ,~!&9fi~"",-· ~,. ~;,;.~~Ji the. :~tual . , 

implementation.;~(. ~a~~ty-cpec~4tli,}n,.,b« C~!J,~\lff qi{f~~ ~ Cf#mi~iqn ma 

number of resp~ts; <pJim,rilJ for eff~ierw;y r•tqm>"Jht C\'f.mJ.~itfll,a; i1:,~t and 
equivalence is f~irly !HY. to ,esttqlisb. 
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Second, Schaffert uses a producer-~onsumer. ~ir of processes to define the execution 

of' 'an iterator and its Invoking for uatement: 'A' .q>eeial! ob~~; ts' ~ied' ~o 'represent ttte 

queue between the prOducer and the cons~mer; this ~~' is;·.u~ly
1 

defined so that the 
two protesse; are c~nstralned"fo e~ec~te ak~nately r'it'fi~f't~ ~tnfi.tlla~eously. Although 

this clef ini.tion is closer than ours to the>inr0rmaf~escr'i1JruMi.1"(;1i~t0t5, 'we' F~ht is more 
complex and harder to understand. However, ~--lJ~:c~ t•t ~ll.ile ~r. tn~hqd ·~f 

,. ~ .... ,' -.• ~. ·.""·"'"' !J ,.., ..l 1' . .':, " . . • 

def in it ion can also be done in Schaffert's formalism, the~ is not really true. This 

i'Rd.icatri t1'at "'Sc:haf:fert's f~, lhouW:: tJe,.,.._, ._iMtlLlll@:a..at methods for 

defirliftg paJJaUttl progn~ng laftpaga:. 

Third, the concept. of mutable objeets is. built iflto sd,arfert's f~rmalism; an explicit 
I ; ~ ''\. -::. ·f, > ;'-;:::.' :).·;, __ , <}, < 

representation of the universal state is not present in the equations. but rather is implicit 
:. . ··, : '. . . )1.': ~~)<, .. :o.-:": fl:·_r, ·"_,~., · - -:' . ....'·::· 

throughout. Although this could tend to simplify''the equatiOns. aftOther factor offsets this 
~,:-. ·;, - "··~II',_:·' ·.2 .. , ·:tr.(,;~. ;,;~~' ,_,·"l-;{:::~~~f-' f;(;:'.'.L·~;'··,:. ;'(.Jl:+.:fi;'·•' ', 

benefit. Specifically, a list of active variables (the a_rgumef!ts '! the computation> is passed 
., • , '' ,_ - ' • ·-, ;<; .-' ':.--;~·:-·,: --'.F • /. '1 i. \~) '<·~ • i ~ ;-: ·,t(·{,_ .I '-,_..~~' , 3H < ·., 

expli,citly fr?.m c~mputation to, con\pu~ati~:.: In,~r !~~~:f!~~fr~~ the, kind of 

execution environment we have defined is no more cornplkated af'ICI no harder to deal with 
--: ;~ J, ... - " ~ ' ' • ~ . ., - • ' - ~: 

than passing around a list of variables. 
.. , .. · 

In su~vnary, ttre OllolJ defiftition> givend.-n,.a,,.ars;.<1'8:'9'.a;ittk Detter rhaa the 

Gtef inttton ginn,by Sdaaf:fert. , :Ix• ift1 the .. ..,_._. ,.,......., ... ~; hOwiever, 

the cliff erences between the two definitions are not significaftt, and reaa,::~; noc:~g :to 

do with the underlying theories. Furthermore, Sdtarfert's method appea.rs to be much 
., :.-,~··~·-! ~~~.~- ;' ·,~,, ' . "'"·,..' ; '3.!\ ;;.:i~_;;,;;_:~f'1 ·1;:-,1q.)f~::t~~-~~H~~ Lf·i/.~ ~· ~ 

better than current denc>rational techniques for definiftg procra....,. languages that deal 
, ';' i_' • ', ' ;:· ~···: . ,_ ·_ ,~«- ,' ,' •i-~5:.J:'•:,~ ·>~ ;"o•;;i; •"·<q~i!~id)i('. i •;·-~ ~,\ ,jt~'i- ; 

with parallelism. 
··}.4. 

'1.6 Dlreetlons for Patur• ;B--Nti : .. 
, -' ' ~ .'. '; '·;; 

One .(>( the me>5t ifAp&r~t taJi,.s Wt -JQ;rdeffMll ,~ :tpJ~ :languages •~ the 

qevelop~ot ,of a ci.~, wsagle,a.~iomatic d"~~-c 6R;~ime\hed:Jl\Ow~ 

.IJpt Q' 4'Xtr~,nely cliff iw14 to ~vu., b\l;t no ,...~.,,.h~ ......, -°"~' :;H~;v.,., a 

proposed method will be given in CSchaffert78bl with which a straightforward a«i~ 

definition of CLU should be possible. 
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Our definition of meaning, on the ot.~er. hand, was desig~ed. to be as si!'lple as 

possible, with the r~sult that it is not ,pafticula~lf w'J'-:~~ted .. ~~ a.n irl,'R~tation s.tandar,d. 
. . ~ 

Our view here is that our definition is well-suited to be the standard definition of CLU, 
' ' '. • c ' • • .. - - .- \ '''. '.' ; ""· . • .;>. ' .·; - - ··':' ~ < ; ,_; . ' -·: i :, , ~ 

but that for verifying the correctn~~ or ir:np~ta,C~()ftS •nd for p~vlng CLU programs 
• . ' : . (· ., ~"! . - - ( .• ,,, " ·'. '.' •• ' • - ·, ' .' {. • · .. ' '• 

correct, other forma 1 definitions should be constructed. 
~ , • " - < • ' '. < , I" • • ,~ : : < • •• ·~ "i • (: ' 

7 .4 · Comparison. to Sohaffert•s 'Work 

There are map. dtfferences between OIH~:defillitilA and the one clone by ~haffert 

(Schaffert78aJ, but for the most part they are differences tniaiplli\hm design~;• ·have 

nothing to do with which underlying theory was u~. Schaffert's leg•lity-checking· 
' , , ·-,,n• .{' _,; ; -~ • \r c".,: ·:;.: ,..,. ', ·•·"~1J~· . . j·: \ ~., •' •', .~ ~ • ' } " ; 

algorithm is multi-pass, and simply assumes the existence of legal interface specifieations in 
• "~ ' '. :,.; •. 'l .~:~':'"·;; ,_~ '.:' ~ '·· _;,. ;-·r 

the library rather than incorporating an initial pass to derive and install · them. 

Transformations ~.th~ parse ,tr~ ar~ s~pa~ted.,out as ~~h ~s ~U~le from .. ,the ~ctual 
,_;,~ ', ', . · .. -·~.·· . •· .-. ' .. ,' -:'.;-;::t L~- i , .'. :''- .. ~-~: ~ ~< ~( :·~ ' ' .;··· ·; ;·1 

legality checks. Further, CLU has· changed somewhat since the Ume his def,initlon was 
- - _ ·· ... _ ... '< . . . ·, _i .·~;:!'.-"··-" .;-:.. :.n<:-.. ,~.~,1··,fi:~ .. :J~·-/ ,: .. . ~·:,. · ~ 

made: the exit and continue statements were added, as wu the type real; the rule 
: . ; . .· -. ,~ ·- • . -- ·--, "'!':;:•'· ·'; ~- .,·~~ ~: -- \,' ·::; ~ .]' :·~ i', :-~. - .' - ".· -

mentioned above concerning infinite recursion was adopted; and a mechanism for 

renaming exceptions was removed. These ind other. ;d~ff~r~ces r~sult in Schaffert•s 

defin"ition being- a tittle shorter than oura. butc·ill! padiCe his MflnitiOn d leff•lity: .seems 

sllghtJy ha:rder to uadentanci, primarily d• DD the _,.,.uon of! idle transf0rmation1 f ran 

. the legality .check&. 

• • I • • • • ' 

The two definitions of meaning are the same in many respects, particularly in the 
• I ' . . , ~ • ' . ' 

treatment of parameters and excepti.On handling, but there are three important differences. 

First, &haffert is constrained by his formalism to treat variables as objecU of an abstract 

rype, wh.ereas we are free to treat tbe";~plf;as,, ll•1'ff·.fot, q&J~ . ~llbough tr~tng 

variables as objects gives a uniformity and simplicity to the underlying semantics, it is 

counter to way CLO 'Variablerare nonttanrapllined·tLtt1loYWJ~ It may be that treating 

variabtes as"objeets ~Ids a simpff'r;'l.Miematic'deserlpdOn,, but provtng equivalence ro an 

axiomatic definition W«fkt not a·ppear tO be lny hardtt With our def'tnltlon than with 

Schaff ert's; 
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ln 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 

answers. 
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.·,, 

.Ap•tl•"·· .. ~--

We. \,lse ,~il ~-~ ~f ••wr. toi1•• dW • tl••l'ft ....... ihf:-ia~t 

syntax and ttxt' sttmfs..· The (eftttll•r_.. Ma ,.,...~,ii: ... _ . · . 
nonterminal ::• alternative 

,;J,.a~ 

'" t 
I alternative 

~.'' .. 

The foUqwi~ ext~we u• 

a•••· · ••IMti•flel (a la·• ta •1 .-al-} ·:· 

{a} stands fw (E I a I a al a a a!-·) 

[a] stands rw : (J J~). 

All ~:n'~~ps -~41 -~-41.l Cl,,\l, -~&.:•--ill'*':~ below wildaoot 

enclosing meta-btatltets.·· -~oibiat'st ... i· ..... t .. ~ ...... '<face. Reserved wwds 

t"P~ar it\.Q.9~.J•ct( A#.~ ........ ~~-- &PP"U ......... , 

face. 

- ' ' . ' ~ 

rn: defillt~ t~ sx~}lf .;e~~ ~~-~ -J---·~ precedeace of the 

various operators with commeots ratb« than ~ ._,......... pi~ ~ tl,\e. 

p~~~tio~:· .:rt~l¥;r ~.~--"~*~--~'• ... :~.- MlwJ .,_.~s att 
left associative except**• whkh il riCIH assoda.Uv. .. 

module 

procedure 

:::a .piac:edw:'1 ... 
l iteratC>r 

t c;lolcer 

... 

' . 

::= kin • pt"OC [, p~mm J ar~s [ r~ J[ ...-1(. ,-. J; 
~,4 . . . .,. . ,· 
end .• ; 



iterator 

cluster 

::: idn • lter [ parms ] args [ yields] [ Signals J.I.wnere] ; 

body 

end idn; 

::= idn • cluster [ parms J 1• kin , ... [ where ] ; 

cluster _body 

end idn; 

panns ::: C- decl , ••• l 

args ::= ( [ decl , ••• ] ) 

decl ::= idn , ••• : type_spec 

returns ::= returns < type_spec , ••• ) 

yields ::: yields ( type_spec , ••• ) 

signals ::= signals < cond_spec , ••• ) 

cond_spec ::= name [ < type_spec , ••• ) ] 

where ::: where restriction , ••• 

restriction ::= idn ·has oper _decl , ••• 

idn in type_set 

type_set ::= { idn I idn has oper_decl, ••• ;. { ~uate}} _ 

idn 

oper_decl ::= oper_name, ••• : type_spec 

oper_name ::: name. [ C constant , ••• l J 
constant ::= expression 

type_spec 

body ::= { equate } { statement } 

l&S 
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clmtr1_body ::= equate { equate} 

rout111e { routine } 

routine ··- procedure 

iterator 

equate ··- idn =constant ; 

idn = type_set ; 

rep = type_spec ; 

type_spec ··- null 

boo I 

int 

real 

char 

string 

any 

rep 

cvt 

type 

array [ type_spec J 

record [ f ield_spec , ..• J 

one of [ f ield_spec , •.. J 

proctype ( [ type_spec , ... ] ) [ returns ] [ signals ] 

itertype < [ type_spec , ... ] ) [ yields ] [ signals ] 

idn [ constant , •.. J 

idn 

fielcl_spec ··- name , ... : type_spec 



\ 

statement ::: decl ; 
idn : type_spec :•expression ; . 

decl , ••• :• invocarion ; 

idn , ••• :• invocation ; 

idn , ••• :• expression , ••• ; 
invocation ; 

primary . name :• expression ; 
primary C expression l :.;. expression ; . 
if expre$sion then body 

{ e.lself expreaslon then body } · 

(else body] 
end; 

while expression do body end; 

return [ < ex.pressi90 , ••• ) ] ; 

yi~ld ( < expression , ••• ) ] ; 

signal name [ < expression , ·~· ) ] ; 

I exit name ( < expression , ••• > ] ; 

I break; 

I continue; 

I begin body end ; 

I tagcese .expression 

tag_arm { tag_arm }-

[ others : body ] 
end; 

for [ dee I , ••• ] in in vocation do body end ; 

for [ idn , ••• ] in invocation' do body· end; 

statement except { when_arm} · 

[ others_arm ] 
end; 

.. ·.14t:,• . '. ' ~ • .; < • ' ' 

165 
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tag_arrn ::= tag name, ••• [ ( idn : type_spec > ] : body 

when_arm ::: when name , ••• [ ( decl , ••• ) ] : body 

when name , ••• ( * ) : body 

others_arm ::= others ( ( idn : type_spec) ) : body 

expression ··- primary ··-
( ex press ion ) 

N expression " 6 
- expression 

" 6 
expression ** expression " expression // expression " expression I expression " . expression * expression " expression II expression " expression + expression " expression - expression " expression < expression " expressi.on <•expression " expression • expression " expression >-=expression " expression >expression " expression N< expression " expression ...,<•expression " expression ...,=expression " expression N>= expression " expression N> expression " expression & expression " expression cand expression " expression I expression " expression cor expression " 

<precedence> 

5 

4 

4 

4 

3 

3 

3 

2 
2 
2 
2 
2 

2 
2 

2 
2 
2 

1 

1 

0 

0 
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primary ··- nH .. -
t true 

I false 

I inUiteral 

I .rea l.:Jilerat · 

I char .:.liter-al 

I string_litera I 

I type_spec S nanie ( C q>nstant , ••• l ] 

I idn C constant , ••• l 

I idn 

I invocation 

I type~spec $ ( field , ••• } 

I type_spec S C ( expression : ] [ expression •••• ] l 

I force C type_spec l 

I up < expression > 

I down< expression) 

I primary .. Jijlme 

I primary C exp.ression l 

invocation ::s primary < ( expreuton , ••• ] ) 

fitrkt ::= name, ••• :expressiOn 

Reserved word: one of the identifiers appearing in bold face in the syntax. Upper and 

lower case letters are not distinguished in reserved words. 

N ~me, idn: a sequence of letters, digits, and underacem that begins with a letter or 
-·· ·, > ~-, ' • • • 

underscore, and that is not a reserved word. Upper and lower case letters are not 

distinguished in na.rnea and idns. 

/nt_litetal: a sequence of one or more decimal digits. 
. . 

Rta!_literal: a mantma with an <option.D exponent. A manttsa· is either Ii 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 'e', optionally 



followed by ;+' or '-', followed by one or more decimal digits. An t!XRPf"ep~ is r~~c~f 

the mantissa does not contain a period. Real literals are parsed to tllOrt<~liud) exact 

valutts. 

Cl1ar_littral: either a .. printing• ASCII character (octal it;fMt!i.-1 ~76> other than 

enclosttd ill single quotes: 

escape sequence 

,. 
\" 

\\ 

\n 

\t 

\p 
\b 

·. i 

character 

• 

\ 

(single quote> 
(double quote> 
<backslash> 

NL <newline) 
HT <horizonc, .. tab> 
Ff'-'r~~Vi1~t : 'l.'.Ji·;t;:>~,,, 
RS (backspac:e> ; ·.• ;,:_ 

\r CR<carriagereturn) ;'"'·'"'"J· ., 

\v VT<verticaltab) ·,,,,1.1,;·L.'.·· r.·.'.J;. 

'*** specified by octal value<• is~ft'*-Hljltfl 
The escape sequences may be written UJing uppef ai21!iW1. ~ YW 1Akf1 characters in 

their usua I order correspond to octal values q ,hr4?J:'W\A71 ... r: y.-, 1. } " , , , .; ·. i .::' :. , '.Ji, Y 
~ :, : 

String_literal: a sequence of zero or mqre cha~itfiPlt'Jlllf~IRC"dRsed ln ~-fie 

. ~~.ot~~;:: '] ~ cha.~~'~·ter~,~e~r~nta~i~~ i~, ~~~~~~!rf:'~~~11~~~!~~~~:r~~~,.!~,~ ,~\ouble 
quote or backslash, or one of the escape sequences lillld above. . . . . 

t.~.i--~ ':,; !~·"51:'? t.: ... ot':~r 1:H. ~r1-4t~.J:]:;H!1,~1 }CH! _;-:~ ;. ·~; ., ., :· .~~".,: · 

Separator: a "blank• character <space. vertical tab. ,..,.•••19alJJ ftrl'iag~ .11ttum. 

newline, form feed> or a c~L.:1~~:~~=•9.:J:= 'f.r?,,=~ ~~~-~~r two 
tokens, except that at least .one separator iS ~ ......... any two adjacent 

RPtrMlfot1rUl&nating1t~m«vea.,........,_11Mif•llU•••~:.,.,.~ 

... ' . .' 
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DC)maln Ii:a.aea 

Env 112 Restriction Sl Oper 36 

hnp_map 112 TfiM_set St D_type 36 

Imp 112 · Oper _tied Sl DJecord S6 

Op 112 Oper_name SI D_oneof S6 

Type 112 Routine ·12 D_comp 36 

V'-map 112 Constant S! D_proc:. 36 

Loop 112 Body S2 D_iter 36 

A_map 112 Equate S2 D_cond 37 
R_map 112 Type_spec ~2 D_rnod 37 
Result 1l2 Field..Jp« 32 Stmt '!7 
Term 112 Stat~· SS Elseif 37 
Signal 112 Elseff . .Jrltf' ,. Tag .,, 
Exit 112 Tft""*1··. ... .,. Catch '!7 
Loop_term 112 widt-- ~ Ex pr S8 

Library 103 ~ ,. Invoke 38 

lmps_map 103 Ex~r- ,.. Comp 38 

Perm 72 Irw..- ... ,. 
Obj '8 

CE 41 Field · 
,,. 

Val 38 

Info_map 41 Bool • Oneof SS 
Info 41 Real • O_oper S8 

Spec_map 41 Char • Tset 38 
Sig 'fl String 85 Op_decl 39 

Handle 41 Bin_op S5 Array 39 

D_hand 41 Int S5 Record 39 

Full_module ~l Name 35 DU 39 

Module 31 ldn 3S OU_spec 39 

Procedure · 31 Mod S6 R_spec 39 
Iterator 31 ModJorm S6 T _spec 39 

Cluster 31 Op.Jorm S6 Op_spec 39 

Deel 31 Unit 36 D_parm 39 

Cond_spec 31 TypeJorm S6 Constraint 39 
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. Add_gtt_ 

A<ltLimps 

. A<l<Linfo 
:Ad<Linfos 
Aclcl_ops. 

· AtlcLop.....de;els 
AdcL/Jamu 

. AclcLset .. 
AdtLup_t"j/JI 

. Append 
Approx 

,Assn 
, Assn/ 

:Bacl_add 

. .iacl_cxpr 
IJad_obj 

,~ad_stmt 

:·IJacLtype 
Base_op 

.. Boolean 

•. Booleans 
Compile 
Con cat 
Cons 
;Const_expr 
<;onst_exprs . 
.Const_tyM . . 
epnst_type;. 
Creatcce. 

C-body 
c_call 
c_cond_s pees 
c_con.stant 
c_co1utants 
c_constraints 
c_wts 

67 
10-t 

M 
. 76 

105 

98 
105 
78 
92 
25 
129 
120 
119 

129 
61 

51 

75 
45 

68 

69 
70 
103 

25 
25 
59 

58 

59 
59 

ft 

74 
a• 
49 
51 
51 

55 
80 

N.-ne-+.~.:·· 

Mod* x I~-+ lmps.JMp 

ld9" >< lnf9 ;~ ~~ CE 
Id1t* x ~)(;Gf.,-+ CE· 

O~,.i.Spec* x . "I;;~ CE 
Id,. t( Op,.Rf'l~·>.(<CE-+ CE 

D_parm* x C~,~ CE 

N-.e-+N-. .. . 
ld11t. >< IM~,~ ~Ir ... CE 

D*· >< D -+ D* , . 
Real ... R-.J 

Id11* )J( ~t JC iaV ... Env 
ldn.·X Obj,¥ .. ~,.-. £ny 

Re,~ x a~ '7t· J#I 
CE -+ i.¥fff' X·QI_ . 

c~ .. o~~·~· 
CE,.. Stmt K, ~, 

CE,.. D_type K" 
Bin~-op -t BinM= • 
Expr ><ct ... ~ 
Expr* >< CE -. .• ..., 

Full..,module* x1WJrar7 x lnfoJR&p-+ Wbrary 
D* >< D* -t D* ·· : ..... . 

D xD* ... D* .·;· 
Expr ... Bool 
.Expr* -+ Bool 

DJJpe-+ Sool: .:ol-'• 

D_tp* ~ .tpot ' 
InfoJnap ~ ~p -+ CE 
Bociy x CE -+ U. x CE 

Ex pr x Ix,pr;* .J<,..GE -+ Expr >< CE 
Cond_spec* x CE -t D_c:ond* x CE 

Constant x CE -+ Obj >< CE 

Constant* x CE -+ Ob f >< CE 

Obj* x Constraint* >< CE -+ Bool 

Expr* x Bool* x CE-+ Expr* 



c_,vt_concls 111 
c_cvt_cltcls 110 

. C_cvt_type 111 
C_cvt_types 111 
C_decls 75 
C_dejs s. 
C_dtjsl 94 

.. 

C_clu_parms 54 
C_d_cond ij5 

C_d_conds 6f 
C_d_opcr 6~ 
C_elseifs 78 
c_equatts 72 
c_exit 81 

.. C_exf>rf:SsiO~, 61 
c....:.expressiom 61 .. 
C-fielcls 66 
C_fidd_specs ~7 
C_fu.lLmodu/es 104 
C_htad..:.conds 99 

C_heacLclecls 98 
C_heacLtype 98 

C_ltead_ty pes 98 
C_i1WO(ation &4 
C_iter_inv 85 
C_iter_type 49 
C .... module 105 
C_oper_decls 97 
c_oper_names 97 
c_op_call 69 
c_op_decls 56 
c_op_inv ~ 
C_op_parms 54 
C_op_type 58 
c_ot lier s_ann 87 
c_parms 55 
C_J1arm_cf ecls 95 
c_parm_op S8 

Con~*}c' CJ;;-. Sig* X ~E 
Deel* X ~i;.7. ~~, X CE 
Type~:~;,<;i~,OJype »:Bool x CE 

Type..>~* . .X .C~,~Jl .... typf~ ,x Bool* x CE 
of.t;t* x. CE· ... CE .. 

-,;;'· • -. ' ' 'j, 

[)~* )( ~te*,.~,CE ... cl 
Equate*:.x .. ~~ ~;ciquate* ~CE -+ CE 
DV x Obft .>$, ~i, .~_,Ob J x :CE . 

~ '. . . ,, 

. .D .... c9fld ~ ti~ ~ Boo1 
O_e,Oftd* X·Hand'-*..,.. Bool, 

• ~ . 0 

tL~er ><1 ~ ;t ~· x CEr .. :.· 
.. ~15'if...arm*.>,tC&:+,Elseif*,),C CE . . .. . -'·;" •·•:; . . .... 

~qu~. x C..t ~-~J:: .- - ,• .. '--.' . . 
• • • N,"t~.x P.,.t.J.per'·*·J:l•nclll ,;-~ Bool 

,~pr~~.p~~~,,_.Jxpr ><.~E 
E>lf>lUl*@q.~,.?< ~,~~Expr* x CE 

Field* x ~ "'.t ~· x CE, 
Fi~~ ,~,~.1'f: ~-mtrtt.*:, x CE 
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