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Abstract 

A denotational semantics of CLU, e supporting data 

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

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

of a set of recursively defined· d~ains caile6tbe alfttract syntax. As ~rt ~~hecking the 

legality of a module, a transformation is ·made from the abltract syntlK 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 objeets. 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 $:ate..,.tlc '.11IOWl·,li:, stmp1e ~Ditiell,.· of the ,run◄iine 

· exception handling mechanism provided in CLU. The meaning of a ~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 (Wegner72] and SEMANOL [Blum73l, 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 [Scott7la, 

M ilne76, Stoy77], 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 [Hoare74l 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 on the lattice-th~retie 
~ .• • ~ " ' .. 

approach to the theory of computation as initiatecJ by .Scott [~70, Scott'nb, Scott'12l.. We 
l . • { • • ' 4·. _C-" ~ "f; ;; .'. '. • ,. , .. 

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'itt.\i~~I techniques. Hence a 
· • , ..• ~ "-~~-

1 
_:: •. i::.:_-1·r~ ~ ... ; t 1 . · ,;•· 

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

type-checking. · 

2> Cur.-ent axiomatic methods do .not handle the object--oritnted ~ntics of' CLU. 
i~ , . . ' . , ., • .-; , -, ·-5 . .. •. ', '. .• ' ; 1 ; ' • < •• 

Specifica Uy, the treatment of si~~f~ °'1, ~~ .~. ~ .~•~ .~4'~eloped~ We believ.e.a 

denotational Sffllantics wi·II be a useful tool in extending a:xiomatk technlqun to 

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

def ir,itions 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 aimpler and 

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

standard definition. 

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

Schaffert [Schaffert78bl and used to define CLU [Schaf'fert'18al. Designed explicitly 

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

various elements of operational, denotationa~ and axiomatic techniques. 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 ,,._x and aemantics of CLU • 
.. 

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

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

with the :>.-calculus [Church51J. 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 prc,or. 

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

novel aspects. Chapter 3 presents the theory and notation 1us:ed throughout the remainder 
"' , . _ l _, • -'.' ' . ) :. ~ (• \ ••::,.~ .i a ~ ,., ~, < \ , • 

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

. syn ta X used for .. defining mea:nfng. Chapter ; !; ddrnes '·h!J•I programs and the 

transformation from the abstract to the modified syntax, affll tts•pter 6' 'defines the 
' 

meaning of legal programs. Indexes to the numerous d0fflll1ns and ·foottitMJ defined ih 

these chapters are provided at the end of the thesis, and lhould :prove fjjer'ul · aids to the 
'. . . ' '·/: _i (; \! ;;, -~ ·. " - ' ·.'~ ', ,.l t t •' • . ,~ '; 

reader. Chapter 7 concludes with some general -commems atJout the·-ttlttiOft and gives a 

comparison of our definition to the one ~~bf 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 ,x,cu.tton (or 1-ualua.tlon). 

This chapter gives an overview of these.two paw~ 

2.1 Leiality 

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

Checking the context-free syntactic constraints is part of parsfrig, ancf wi'.11 not be dtalt 

with. Instead we define an abstract s7ntax, in terms ot a set of recursively defined domains, 

to represent all possible parse trees. The abstract'-syntax retains the basic 'syntactic structure 

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

are not represented. !he precise relationship between the abftrac:t syntax and actual text ls 

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

along with type-checking under the term legalit7-c/a,cMn1. 

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 of' abbreviated forms of 

invocation, and the resolution of external references. These same computations are 

necessary to define the meaning of a module. lf we are to separate the legality 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-~hecklng, 

we musnransform the original parse tree into a new·tand •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 information that ts necessary for 
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defining the meaning is \a4,l1Hy SCJttered through'"-'t the fQQCl• aod Mt,a$tb', COlleeted arid 

put ,in a ~1ore u~fu,1 form. F~~ e~amp~, ~-·r~:-~,'*.'1f.,f91~::~.~•,:!~J i'!'~i-lf.l 

.~~ti,on du~in~ eva_~~a~~°'l• tlµ,~.variables lpcal l4> ~,ll'(,'A,,~~,~~ ~~ ~~:r~~~ y,~ell 

that unit is exited. ,Thus at MJme,P.Oi~t i~_}~ ~r~ .~ ~ )•·-~ ~~J:ti~b~ _d~"r~ 
ill_ each SCClping Ullit. . 

Since all of toe declara.tive informalkNt is --•~1 m,lltNS, it,,e:pr•• ••• we, 

prefer to include all qf tfle pr«.iflJ JI 1311 ft( "'-•lilf~t1.~ffll·, -Ji~ 
. - : . ,,i. __ " .• ~ : ,. _: ", : _:., 

"legality-checking" involvJJ not QAly ~htcking the ltlpliif ,f' J ~'4~ '™' ,tso remo,vtng 

.#)f'i)Hllitti<>n irr,t,;y1"~ .. ~ ,~w~~-Ai>P~ fflf..,..,~,,-M~~liRft, in it • 

. JJl~St ~sable .f~J"ff\~_.HP.Wf!}'~, ·~~·,f.~1 l/f.:~hf:H'.IIJff~\-;W.,WMt. JQ,,,-~/.U. 1'f' 
C, .. 0 

,m11ppi~g~ ~WP.~ ,Ml~~J ~ ,tll, J.t/W',H ,,xntff: . r.~-:~ft,'1ff'Wr, •~,.r,J sm.m., ff~ff!~• 
~, u~~t ,th~ trriiw~'!WI ~ffl'''iJ,Qf r~r.~jll,Jl]l ppU{Jff _rN'f. lfffll:;fw: ~~~~.- ff~"' 
Qf ,tile .at>~ra~~ um~~. w, h(i'l,f ~-.. fN~ tMt~-'"'~·~-,Fh•,flRmlJ@ ~ 

·; 

JqtJ~trm:t~ -~. 11~~ ~~t.if} ,\!W,,r~•f~fflff',.,S,@~~' 

2.1.2 OompU•tJ•ft. IP-wl•-~,J&H' . 

The leg·ality of a program fr~t g~11•r•Hr d~f f'1 ~ ~~ ~f#_IJ ~rt ~~e~JJ 
1.iti: .. ~.'=~-~;~;.:.1';'\<l"J;,,.';;,',:-·: ,,;"" .}. O:.t..;itP,~,'" _,:,':.~· < ~ .;,,. ,i 

the fragment appear~. Tllirtfore, legf.MlJ~UJI· fl •lwfff ~ w;~ ·,•~~ ~ f 
. Piill'ticular fR'1tpilf'tlp~ fflW.,,nm,at, Qf ~i-r .. fm,Rf}MQ~I "If~·~"'· frorp 
;>d~•~t;f i.er~. tp. JW#f;Jf~ i4M ~."1"• _,,fff fRll:t, .. ~ lff~ ·~" ~ 
-mapping }s ~ ~9' &I tR [~y'lf~ •• , W!# 'W IM, .. /MIJ Gl fe,; .tf.w,,;~­
~oYironment. ht,~g~tj&m,.Jb, p~ ~$ ,~,,~1• .~ .fffs~· i..,w:,f.jfJ,,;s. 

jnt~rface ;1,}fpt:m~-fA~ ~~~iV#P ffW11 .~."~• •• f4ig. fJJJI ~~)f}}J# ,~y pf ;' 

.. Jqop s.tate01~Qt if,. QI~ F~~ <tp. fi~iJ¥., fAe ,~tt Rf. ilM°~li\t"-id, Ii~ 
statements), and ,iP,.f.qrll),I,~ ~, . .fH )~,~,,.., .~i{f_,,,fll',fMI~ .. ~ ,,qfffl/Pt. 

statement. 

The CE ~\H> .. con1'~Qs pa,t of t,he CLlJ JJ.k,t(H'"J.-~ l~Y Hf.~}tlf,W"ltlf4~ ~t 

,abstrac.t)QQ~. For eaQl .~~~Joq ,tgere. ~ >, df'f(~ ~ W'•l>, ~~ , , 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. tmJ,l~tattons. 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 unique id. The li~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 (ompiled, 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 
e, ;. ·- • • • 

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 
c • 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> e,lter the interface imo the library; lflcl tMff,itffllafly: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 generallf, 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 form. 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 

libral'y, if any. The derived interfaces are theri'tnstalkd 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. 



12 

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 O returns <Atfalsel>; ... end P; 

F = proc O returns (A[F • 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 

lega 1·. 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 "A[true]".) 

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 teg-,1,,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~1cts a re simply ass~m~ to ~e legal, and must be evaluated with incomplete type 
. . 

inf orrllation. 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,'"'° Jf)IC4al inferf aces for 

each ; abstractic;m . ~ing implemented. The •~ial mt..-lace ty, .. ,. is wed when the 

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

specifj~ation, regardless of the. nu..- ancl• .tJl>G ... pf a~qa• ,pas., ~pplied. , In 
' . 

adgiUoo, every. operation name qualified by .. auc;II a ~Jpe,~k.4uonJs considerfd ••· 
I . . . . . 

The special interface routine is used . when tha un,leNntint •• Ja a ,pl'~_re. or 
I • 

iteratQr: every use of the abstraction 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.inJ t,o the invocation "F • P" in 
: :..:. . ' . ~ - ' ' 

.the fit-st example above, both F and P would be uaumed 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. 
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2.2 Meaning 

Our detinition 6f the m~Wnthg' of' a lep'I pfdgftril•~ri·!WsllMfftaNi•f as•rbtfows!; 0Ttt~ 

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_ ,1a1,,_ ts_ termed a unlf11rsal stat,. An 
• . ,;_ ~ -~ : ,,,. : ;., ;.- :,1 • ,,;, .... ;!.~).:,: · :,L , ··,. , · . " 

exrcu.tion enviro~ment is defined to )b~ a uniV~fs,11 :;~!, ~et~~~- "'!th,_~ ~.t of_ vari!%"!' 
;;:,, . ' . -~ 

bindinis represented as a _ mapping from )det1tif i~rs to __ ol?~?· _ 'T~~ meaning of •n 
' ,· ,,i; .' · r., ~.~~. •:. ~ !:,:' • .:-~-· ••,.-'. }~.,~ ,., .,,,~ ~ •~';•·.;. ,,, ,. -

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

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

The meaning-of-a protedere-~nerateror ,...,~-•~~1ttntt·t1kes a list_of 

attual parameters; a ·ikf ·of arpmenttrffid l'rf envi,.-iWetll,iaM<f'....,a'•· ·restrk. The 

meaning of par~f!!'s •,fs gtveft- iff tetms of ~eexttM~ ~l ·~-'··nln-p•r•metffkc!d 
' . 

routine' ts ;viewed: ;as being ·a i-enerater, wlth a• ~ :~ liiti; The ..W.Mng of' ·• 

cluster ts a function that·tak"es a list of &dual cluster·ptta'.meters and m oi,eration n'a-me, 

and produ.:es the-•llttlm'ffig of tht:t 10ftetalidn. 

We now discuss these points in more detail. 

2.2.1 Objects 

' :· ' ,ji,t'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 .. , · ;·;\r,~·;1.~· U': . .- /.-::.~ r 

proJ,erties. Objects with only time-invariant properties are called ,onstant; the properties 
i.~-; . ! ' ~ -;~-· ·~ '/•' 1 :· .- · :" ;,'"•1-:, . : :~ ?f l,~t;:;':; ff ... ~}.er:~) ·.'.-~k~t~,- f:: t1 ·! .. bf.•~\ · ~;.::,":._ 

associated with a .con~ta~.~ object _co~~rise ,tha,t,· o~~~~' ~"'· ,-,~~f,;~.Jwith !!!'1't!~!~~f 
properties are called mutable; the current "values" of the properties of a mutable .object are 

c,'•• ,< f' ', f ' 

collectively termed the state or' that object. · 

One time-invar-iant property &l$0Ciated with ,every oltject n membership in -a, type. 

Were it not for the necessity of defining the parameterized prc,c:edure. force, which 

requires testing the type of an object, there would be no need to include any type 
~ ry,·: '.' ,;.,,1'·.\1'J'.'}··f-Hf:),..~.:.,(~.1,.--,,.·~,~-~.;.,:.) i-;:1' (· 

information in_ our representation of objects. However, since thiS
0

informati~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 simpUfies 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: lnt>,.,Jy~~~f(a:..J'1,c~~) 

However, it is not suffic;ient to_r,present a 11i~~~le.,,.,~-')~7•~i~~ ,, ~ifferen,t mutable 

objects can have ident,i~al st-te. Rath~.-. th,e "1eJJ_tlty of,•: ~bk oa>~ .. ii exp1~lJly 

_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 1t,fe tb; cltang~· the state of an 

object without having to alter the representation of any other ob~ .. t,c, \lluslrate, aappose 
• ,,,, •' \ ~, ;, ,, ,, \_ C ' • •~ 

we have two arrays, represented <approximately> as 

(id: A, low:.1, •Its~(), type: ••y[Jntl) 
<id: B, low: 1,, elts: <.<id: A, low:.1.,1ts: O_. \l~,"rar[~ntl> ), 

type: array[array[i11tll) 

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: 0, type: array[intl) 
<id: B, low: J, elts: < (id: A, low: 1, elts: 0, type:· *"•,Ontl> ), 

type: array[array[intll> 
, . - ·.:: ,:::, ):r)r1; ·-' : -

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·Joot somedtiltf like 



(id: A, type: arr•y[lntJ) 

(id: B, type: array[array[,ntll> 

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

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

stntt<A> • <1ow: 2,' etts: ()) ' 
statt<B> • (low: 1, eks: ( (id: A, typr..,,a)4(,-tlf» ,,, 

In fact, by consi~ering consta.nt objects as always in •--; ·- universal state can be 

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

with one or more state mappings. 

In dealing with parameters, it Witt be conveniennh tr• .... ,ar ... r,i uniformly as 

objects. The only lctUil parameters hot ~ortna:Uy tbo'utftl'.t ••'il>]kta' .,. types; but'there 

is no difficutty iii ttrithlg them as suth. At,pe •.;ct if teptif,~~ by a pafr of hpe 
descriptors, one for the type itself and one ffH' the type of tlie ··:,ect as a whole. for 

example,. 

< va I: arr.•Yf,\~tl, tipe: 1YP•> 

We would Uke to model variables with a ,MlppillJ, from .identifierl JO -jects. <In 

particular, we wi~h to aVotd uitng the standarcf •• .,,,_.-'tie) tst.-.chey1S), where 

· variables name memory locations that contai~ pointer~ to loca~ contaiqjng CJbjectsJ 
: _ . _,· •• . ~ .• :·· ,:- 1 ,;, ,, '.' .,-, - ... _-r~: .~. . ~ t••. 

Because of the representation we have chosen for objecU, th,re are no cUfficulties with tbl_s 

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

several objects contain the..,,,,. ~~c, 

Uninitialized variables are treated in the followinJ manner. Jn~•HJ all variabJes 

denote a unique "bad" object, whi~h oth,rwise cannot Dt prtd~ • ~ aw,1 Jl>fflputation. 
'•••' {' .:··:. ,. ·. --~ ~ ·_,_.~ .,: ~-~ - ' . 

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

"bad" object. At the - of tub NOpMlf Unit. ............ ; •• ,.,tttat tittft are 

again made uninitialiied b1,mappm1 thenl'batk ..,_.._"-4,,al,Jttt. 
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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 [Wadsworth'7SJ. For example, continuations can be 

defined at every labened point in • ptogram; tlle.· mdntnfot •go tot:• 1s th•1 clef'ined• as 

the application of the Cbntlrtuattort for L to•tft~ cumnf emirtinment~ . However, since orily 

well-structured, forward transfers o( controt'actur ifi··CUJ,·we have thosen not to' use 
continuations. Instead, we "tag" the outcome at every evaluation' with a t,rmlnatlon 

conditiDn. 

. . . 

The basic idea is that one condition, •m-1. .i~ tliat con.tre>I should proceed 
·,··) t',i · 1 ·;/", ::'',•~ -,-, .•. ~. )_.,•. ·., ,<, ·,.'' 

sequentially, while all other conq_iti()fls J1t1~Jy a,t~DiW,".~.~~l. __ ')'"he ~\latio,IS of the 

definition are written so th~~ resultJ. wi~h ncm~l\9f.Nl _,...,._t~ ~ilk,>ns.J>ropap!e 
! • ' . . , , ~• ,, ; • .. t • / c • 'l -. '• • ' • . ' ' ' ' 

through all intermediate evaluations· until ~t,t~ ~t 9f,~ is ~h,d. For 

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

and then changes to a resulfwith a norm•fteti\'J'matktl1i ~- Similarly, t~i'esult of a 

s·t gnal statement propagates to the-ipi'otedure' or 'ttet-aw ;bollnclllty and then changes to look 

like the result of an ex1t··•t1tetnent;ffle resutt'tliil'·pnij)'aga~lo-'the appropriate handler in 

the caller. 

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

to elements or the same domlil1,:S() that resllks'ta'I\ propap~ rteeiy. Tfae result of such an 
' . ' ' - . _, ' '. ,- ·, i .; • • ,. ' ' ' "l "\ l l'. . .., ' '-• " : .; - , • ). . ~ . ' 

evaluation therefore is defined to b'e· a triplf «iUlttn,g ·<,( a termlnatioh condition, a list of 

zero or more obje(ts,'"aita an environmtnt: ftit~lly~ exp~' e~aluatlon produces a 

result with just on-e ob'ject'amf staterhent:~valuatton·proi:f~ a1~k with no objects. 

Since, e~pression evaluation' cannot . a1ter •11y varlabk,' bindings <but statement 

evaluation can>, one mtght wish to make the res.,lr of expteuiori. ~aiuation include' just a 

universal ~tate instead uf Ir complete ffl'fii'on)nent. Although ift'if ~Id obviate the fact 

that ~xpression evaluation does not alter the vana'flle'bJM'ifftg* 'ror .-ljsequent evaluations, 

it would not obviate th'e tad thit variable bfndlh~'thr Sl.lbapre'ssion evaluations are ·not 
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affected. Since the pr<>Of♦ of these fam ant tri\l'i1t1, &ut 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 -0rder. to d•~.it.._s.,;,,, this. way., an iterator 

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

resumed. In the second view a closu.rt, consistin& of the -, -bQ4..J· and the Q,,Jial,Je 

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·btndtngs replate tfijfprevious IHftdings in the closure, and 

the iterator continues wiffi' its 6w'n active va¥jj:&le:bih<ilngs aWi· the new universal state. 

When the iter.rtor ter'mtni'td: it t"NOrni· the varfabi &~ings productld by the last• loop 

cycle, c1nd rhe·ca.Her cdntintm Witlfttlosetllndin'gs. · 

We are not using continuations to define any -~h,!r ~~- of CLU, so it see,,ns 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~iqfl t~ ~Id .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 environrnetit ,ct .. Uy cen&ams a atau Qf clo$vre,. 

The caller pushes on a closure before ,nv<>king tbe iterator. >,.t_eafh JJeld state,nent the 

iterator pops off the top closure, evalu.atts th~:k:Jop.b.Q4y. ~ th~ pqs~s a new c:losur:e 

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

Since the iterator controls evaluation of the loopboq.y~ Oie for statement automatically 

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

return or sign•I statement or terminates in an exceptioflal,~ton~ i~is inffH'mation must 

be propagated through the iterator an_d back to the caller. T:J:te. informati90 rm.ast be 

treated specially; for example, the resuk of a return statement tX«ICUteg in the loo.p bociy 
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should not be changed at the iterator boundary to loo~ l~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,J,cts 

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

executjon. environtnl!flt, and pn,ciuces a reiult (a;,urrrmntaen J~IOft; a list of objects, and 

a new. environment>. The meaning :of parUMtena,pa bJ·a .-.wnttrig Tule: the actual 

parameters are substituted f • d" fornat,parafflllllfl' iri:-the pa,• tswtietore- the ,procmure 

body is evaluated. Hence there is• no need f.w, ,.,....,.•btncHngs' in the ex«uttffl 

environment. 

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

procedures. The iterator and its caller ffl01'ltfr"the •vtMllllllt '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 mttaning of the operation is then defined 11 for any other procedure or 

iterator. The function produces the meanings of all 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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This chapter describes the most basic elements of t~ie appntac-h to the 

theory of computation, and introduces the notatiOR wed m ffte remainder of the thesis. 
~"": ~ r •• ,i t', i, .: ,,- C {' • ••-' ~ •~.•~. 

Our goa 1 here is to say just enough about the Urrderlylng tneory for tM language 

.definition to ':"~,k~ ~ense; lll~ny ~i~U,.~~~t~,i~s~.~f9~r~~~~k 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 ~•l10JaYe a..partia4 ordertng 

defined on its eJenlfflts. t,u,t th8' «4etting \fill,tf'IOl Qln4JIIR .,...._, EWJl'.yl dornliff D 'has a 

· ~inguished ••em. J.r ca.JJec:t ltollrma. . .._,AiS ._,..,ieepnant the •••~•(ri' 
};oo•u~ingle.ss, illeplv ,;~net-,. •··• 1~•- ,_..,ined,, computations. 

Legality-checking never involves such a computation, and. lepli9-ch«king guueMN1.11hat 

bottom is produced only by nonterminating·computatkN d~ ptegraM e,c«Otiion. 
. . . ,·.• ' ~ "', ' ' . . ',,,:k . .;; t, ;-: f;H <,."'::., ~ ,;-: ·. . -~ ,_ 

' •. {" , 

~mains are ~s~ttUihe f~,.wa,-1 

l> Given a countable set of elements, a prtmlttw domatn:il farffllld.t»y a6jctiftiftg to the tet 

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

2) Given 'domains D1,·Dz, ... ,·on, th~ pr(}(l,uct domain 
'J\ 

.x D1 • D1 X D2 X ••• X On 
i•l - , · · ,,, · · --

is defined to be the set of all.n-tup1es of the form _ 
<d1; dz; .,.; dn> 

l •·.; ' "' ; ':_ ,, ~ ; ,~ , 

where each d 1 is an element of D 1• A product domain ts essentially a form of constant 
, '~ , ; 1 ·•, 't.,,: _;, .·' , 

1

1 ..,,,·, -::;· ',; f\. ~~.-L1~;,:1.,i:'f'!l~ :.·-/~f" t·+.,,,-~/.. ~~ ~ ,,.~_,.:_-'f: 

record. The element 

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

is distinguished as bottom for the product ~omain. When all of the D 1 are the same 
n 

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

treat D and D 1 as the same domain. We define o• 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, Dz, ... , On' the sum domain 
n • 
+ D1 • 0 1 + D2 + ... + D" 
i•l . 

is defined to be the set of alt pait1,ot the form 

-<i; d 1> 

where d; is a proper element (te., not bottom) of D1• In ·addition, the sum domain 

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

4> 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+O+ ... +D+ ... 
. n•O. ' 

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

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

5> Given domains D1 and Dz, the/unction domain 

D1 ➔ Dz 

is defined to be the set of all cantinuous ,u__,,frorn·l>1 to Dr We wffl·nac define 

continuity here <see [Scott72l>, but 1imply note that an of the f11ACtion1 IHed in thl1 

thesis· att conttffllout. 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 CE] ➔ [Expr 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. 
< ,. • • .; • • ' , ' 
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An arbitrary element af a domain is wtitten as thf'clomail'I _,.afl'.itt lower case, witn 

a digit added if necessary to disHnguish it from otW ,...,_. ·. Taut. 

d, dl, d2 are munes for cktlMi't,- AMllit:Gf Bt · 
d*, dl*, d~ are names for arbitrary etementsof 0-
d+, dl+, d2+ /uenafltesfor ~rl,rit,f:8l~ ~-a• 

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

proper element is written as the boldface name ct. For aamplt. die ,._in True consiSts 
' s ~ '· •• ~: ' 

of two elements, .L True and true.: In addition, a llOklfa• .... f4', "i eccJ OI' punctuation 

symbol < (, [, etc.> names, according to •COMftt, etcher a two-..... chnam er the proper 

element of that domain. 

n 
A typkal element of • p,advc dofflHI x -91. is:. uaaa, .,.. as 

i•l 
«ll; d,; ... ; d,i'' 

However, when alt of the components come trom .,...._ --• ltol«• -eiementl and 

spaces serve to separate rhe v•rlou1 components, and ellrmiMs .,. 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 W f)toc:httt doMilrts. 

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

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 
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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~ nam, of an element ,It 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 e~t:. 

<d 1; ... ;dn>Cvaled 1J • <d 1; ... ;d1_1;val;c;t1+1; .. .;dn► 

We define 

let name • val in exp 

to be 

().name. exp> val 

That is, substitute val for every free occurrence or,,..., 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 C<Jt1lponents 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 aneef' IIIMLt .~· and u_ operations in 

CLU. 

We leave off the explicit injection when an element i5jn boldface, since the injeµion is 

obvious. In addition, we write true and falt• instead of <tru, tn Boot> and 

(false tn Boon. 

For every domain D, we define the function 

Con,l: Bool x DX D ➔ D written if boot tAm di 1ls1 d2 

as follows: 

if true thtn dl tis, d2 ■ dl 

if t alse thtn dl tlst d2 ■ d2 

if j_Bool thtn dl tlst d2 ■ j_ 0 

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

H tad: D* ➔ D ' "Pf f.irat element 

Tail: 

Cons: 
ApJ,end: 
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*)* ➔ D* 

get aJI · ~JiFIC element , 
._dd element at front 

addeleiTM!IUatend 
concatenate 

test for empty list 
test tor•• 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* 

tis, Concat(HIOd<x*>, D,ltst<T.U<x*m 

Thus, for example (leaving out a number of injectionil, 

Dtlist( < «l; 2>; <g; 4»; <<5; 6; '>; cl; 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. eur, func:tieR--fre domain 0-, • •--~ 
Element: . D x D* ➔ Bool written d t d* 
Subset: D* x D* ➔ Bool written dl* c::: d~ 

· as 'follows: 

d e d* a fil · if Emf,ti,d*> 
then false 
else d • Hud<d*) v c:i £ T.U(d~) · 

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

else Ht<Ut<dl*) E d2* /\ T.U(dl*) c d2* 

Note that dl* c d2* simply checks that every element or ell* ii an element ef d~; duplicate 

elements are allowed in both lists. 

. n . 
Often when dealing with lists of e,e,nents frpm -~ fU:~1~ ~ l) ~ 

1
~/'t we will 

want to collect into a 1-. .. if,\ C011tponent of each eleelat. <for every domain D*, where 
n . 

D • x A; , we def OM the funttion1 
; .. 1 

A ;-collecttoa: 

as follows: 

d* J.a 1 • w_ if £,n;tJ(d~) 

t/aln nil bi A 1 * 

else ~O'AS(H,od(4*>.a,.. r••·~-.~ 
Sometimes we will want to "change" the valut produc«l ay a functien for some 

particular argument. For example, we will use a f~ ft0tif ideAtlf'tffl to objects to 

represent variable bi~din$:s, and assignment t~ a varia~· will corr-,oncJ to changing the 

object produced by the function for that var~qle., .H.on,~~,J~J~~:.,e ~~ change 

functions, we construct n~w ones inltead., For every functiOo, ~. F • A ➔ B, where A 

is a function-free domain, we define the function 

Rebind: 

as follows: 

FxAxB ➔ F written f[a ~ bl 



f(a +-- bl ■ ).al. if al • a 

·t1a1n b 

tlst f(al) 
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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 ari 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 + £ 1] 
i•l 1•1 1•1 1•1 

n V 

+ C + A1l -t C + F 11 
1•1 1•1 

we define the function 

Coercion: 

as follows: 

written d to.Jn T 

d to_in T • if d is A 1 
tlrift d to A1 tn T 

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

else if d ~s An 

tlaen d to An in T 

else l.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*i ~v> • t in e 
else t 

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

this form that allows results wi_th non-nor.mat ~~-~s to ~apte .throuJh 
' "' - ')- ,' • • • - > 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 al - tl in 

1,, a 1. '" t1 in 

res a i+l • ti+l; l,n, 

res a j • t j tn 
·let aj+l • tj+J in 

to 

n 

..... '"t,. 
r,s ~1+1 .. t1♦1 

.•Li. ·,. 

tlj • -lj 

1ft "j+t• t1+i 

e 

To decompose elements of a sum domain 8 "!·:+.A, we~ 
i•l 

case d 

elem aj of Aj 

then ej 

elem ak, o/ 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'ti.1Ai 
,,,,, In aj • <d 10 Ai _tn ej 

dU tJ td ts A. 11> 
tltm nt~ a11·J Cd to A11> tn e11 ,,,_, . ., ' 

ff CtluA-> . l 
tltn lit aj.111~fJ,,-,4,} In •.:1 

els, tJ -~d. ti A~) 
tld 't" •t,;,, (d to A~> .. tn ek 

els, J. 

There ne~ not be an elem arm for every.domain A;. Afrcir'i,texptessions, the ai can 'be 

· <t\; ... ; c~> and tc
1 

... <l forms as ~ell as 's1rbp,;ldfnt1liets~ :. ,,.:, · '\A :,, ' 
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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 '-Ill .arc~t ibe.CJ. to. a .sum .. domain 
n 

D • + A; we usually abbreviate 
i•l 

g<d, ... > 111 case d 

,Int al of A1 
JMa 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 [a1 ... a,,J, "'. d 
in 

e 
to 
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4. Syntaotlo D...,ins 

This chapter defm,i an of· tht' ,.,,m,ttU: dbntami USldd 'in' tlit .tMsb. domains WlfOse. 

elements either d irectty represent pieces of program tdt; or' t.M II ftiaml.t tntuat 

representation. Fi.rst w,e· .. pment ew- abstract s.vn-• for CLU,.JI•~ , ... ~ l,ansfw.med 

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

will not be elaborated Oft ·hre; the precise r:elation1hip Ji iiftlHd in the next· chapter. 

Finally, we give the fot,ns of interface s,eaficMiens 1111d .in •··lltlllnwy. 
" '"'°. '\ 

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

notation. All domain names afpear in lower case, ")(• symboll a,e omitted when forming 
. ,; ·.,:.- ' .~. , .··' .. ~~,::-:.~·;; ";'.5-."_;;:. ,:·,~- ,_: .. •, •. ,_ . . 

product domains, and 1" tyn:tll015 are used in place of •+ • J,..._.._ when forming sum 

domains. This allows us to write 

when_arm 

instead of 

When_arm: 

::• whefl name• ( decf ) : body 
·,;a.. 

· I when namt ( • ) : body 

When x Name• x ( x Deel* x ) x : x Wy 
+ When x 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,ncax. The extr• 

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

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 dtdsion ls made as 

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

module 

procedure 

iterator 

cluster 

decl 

cond_spec 

restriction 

type..:.set --

oper_decl 

oper_name 

::• procedure 
iterator 
cluster 

::• idn = proc C dec1* ] ( decl* ) returna ( type_apec•· ) 
algn• ( cond...apec* ) where restriction* 

equate* 
statement* 
end idn 

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

•ton• ( ~-> Where 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* equa~ > 
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 

bool 

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 



statement ::• decl 
idn : typeJpec :• expression . 
decl+ : ■ invocation 

idn+ := invocation 

idn+ :• expression+ 
invocation 
expression • name:■ expreuloq 
expression C expression l :• expraaien 
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* ) 
exit name ( expression* ) 
break 

continue 
begin body end 

tagcase e.xpreSSion 
tag_arm+ 
end 

tagcaae expression 
tag_arm+ 
others : body 
end 

for decl* In invocation do body ·end 
for idn* In invocation do btWli/W'' 
statement except when_armi'i4liil,· ·; 
statement except when_arm* · 

others_arm 
end 



~ .. 
elseif _arm ::• etself t!«presston then body 

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

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

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

expression ::• nH 
I. bool 

I int 
real 
char 
string 
typeJpec $ name C constant* l 
idn C constant•· l 
idn 
invocation 
type_spec 8 ( field+ > 
typeJpet • C ·expression* l 
typeJpec I C expression , expression* .J 
force [ type_spec ] 
up ( expression ) 
down { expression ) 
expression • name 
expression C expression l 
,., expression 
- expression . 
expression bin_op expressiiOR 
expression ca~d exprt$140ft 
ex press ion cor expression . 

invocation ::• expression ( expression* ) 

field ::• name• : expression 
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bool ::• true 
false 

real ::• int e int 

char ::• char int 

string ::• char* 

bin_op ::• 111111 

II 
I 
Ill 

I II 
I + 
I -
I & 

I 

< 
<= 

I =· 
>= 
> 
... ( 
-<= 
-= 
->= 
... ) 

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

element [inti e int2] of Real represents·the real nulhbef,intl•101~tt_ ,The parser ptod~s 

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

scheme. For simplicity, the domains Name an<t'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). 
• H •• ~ ,• ~ > : •• :• /~ ? • , ::(, 
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4 .. 2 · Tran.afor-med-• Syntax 

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

mod 

mod_form 

op_form 

unit 

type_form 

oper 

d_type 

d..:.r«ord, 

d_oneof 

d_comp l 

d_proc 

d_iter 

::• du• modJorm 

::• opJorm 
typeJom, 

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

::• cluster [ kin* l oper* elHI 

::• kin •opJorm 

::• any 

type 

d_r«ord 

d_oneof 

d_proc 

d_iter 

routine 

d_mod 

idn 

bad 

. . :>i r~oord' t d.;..mmp• 1; ,;i·:-··: .. 

·: 5 : ; ~ ., ., ., . 
oneof C d_comp* l ::• 

•\ ;j 

:;- . l'IMMJ ·J ~pe 

::• proctype < d_ty,r )'return•' c d_t~' 1' ~-~, i ... cond• > 

::• ttertype ( d_type* ) ylefda ( dJype* ) 11..-. { d_cond* ) 
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d_cond ::= name ( d_type* ) 

d_mod ::- du C obj* l 

stmt ::- 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 

elseif ::• 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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expr .. - 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 

bool 

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 

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

The domains Boot. Int, Real, Char, and String are defined in the previous section. 

Array and Record are unique id domains, and are iSOMOl'phtc tc{the 'natural numbers. The 

do~ain DU is .~~hk:to the domain''Jdn; a partkukr ~of DU is written simply 
' - ' . ., ', ,- .., " . '" ~ 

as duidn 'without an expUCit injection Jnto DO. 

4.3 -Interface Speolfloatlons 

The domain DU_spec, ·representing i~terface spetif'ication~-11 def'tnedas follows: 

du_spec 

r ...spec 

t_spec 

op_spec 

d_parm 

::• 

1. 

::• 

::• 

::• 

::• 

r_spec 

routine 

tJP,et 

type 

none 

~ d..parm* l :_ ~Jype 

[ d_patm* l Top_sp«* 

name C d..parm* j : d_type 

idn : constraint 

constraint ::• d_type 
op_decl* 

•-t.,: 

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 ls used r or data abstractions; the 

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

deriving interface specifications, as described in Chapter 2. 



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 ' ,.- ' ''., :: ~ ":". f:(f,_,, ,i'. ! ' ': -':-" , 

replaced by an actual parameter to type-check instantiat._. ·of the abstraction,. The 
. ' • · • ' • e -1' •,' c" •·,, i r, 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;~ ·•~Y othe/'pa~~e~ is s~mply the 
declared type of that parameter. 

To simplify our definition, the d_parm, list ii) an op~ ,C<K,:1tain1.~.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 spedficationsf'~ those produced 

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

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

specifications for the record, oneof, proctype, and MNYII• t)1N P'llefa*I cannot··•· 

represented as elements of T _spec b«.ute of tM UR~ (•,pe'M\!Fs pa,.anMtert. Th~s, 

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



5. Legality 

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

bottQm up. We begin t>y defifWll the d~ifi CJ ~ .~~~qn .. ,1'.1,ylrt'°fl'ltn~s. Then, in 

order, we define· the legality of type ape'4f'~~. ~~n,ts"" ,~~or,s, equates, 

statements, interface specifications, and moduleL 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 c:orrespon<Hng.dOfll&in in the tr-nsf~ syntax. 

5.1 Environments 

Compilation •nvironments are defined as follon 

CE: 

Info_map: 

Info: 

Spec_map:. 

Sig:_ 

Handle: 

D_hand: 

· info: Info_map x specs: Sp«Jnap x up: D_type x parms: Obj* x 
down: D_type X loca.lS:'lcfn.;S( used: ldn# x·mults: DJype* X 

cvtts Bool*,x sip: S.g*:X,lttrt-iliool:-X,dltatel: Bool X loop: Bool X 

handles: Handle* x err: Bool 

ldn ➔ Info 

D _type + Constraint + Op_d~1• + 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: 'D_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 

initia1 mapptng is provided l>j ·ttte o•(•n'J'idN 'lJMd ift.,,,.1nma1 mapping 

· can (but heed 'ntffl be 'used as extemaltef ....... ''Alt'hl..,_,. ef the ffrtws 

a.Jternatives •_,,ttte domahl lnf♦ itt: 

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

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

always has this form or ittfo; a type~ only ftai·this form 

of info after interface sped~'•t-lWrltetl. ··. 
op_decJ* - a list for accumulating the testrktions .qn a type ~fameter, JJsed 

1:"'. _., ,_ • ' , '. ..-

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

this form of info ii aloWd:llrhne _,._. alt,.,......,.1,; 

du the DU bound to an external refer-ence. 

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

rquune. ,u nd:eFrf.d ~ wtm, ~ jdf) ~taer ~t,-,a a name qualified by 

UM 'leslra«lftN~•the•ufe .r - Nltf ,i:J .~ With respect to this 
~ ,• f 

r_spec, not with r~ to dlftl&Jiry; : Atdtough both forms of 

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

differently to allow UffllV•lifJed referencea to hidden operations. 

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

abstraction.> 

routine - used for cluster routines when -.viri( ~ ~ificatkms. An 

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

regardless of the number and types of parameters supplied. 

obj the evaluated conttlftt b'ollni'to an·~· identifier or 'eKl'emal 

reference. Note_ihat types a,t1,i~.llere u objects . . 
. . . . - ' ' ., - . 

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

reference. 
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none - the iofo for a,U,vndefine.d,ick,t. 

specs .., the 'Pa.rt ,of. U,. kbrarJ Q\&pplf)J · OU..- _.,violeriate Jp«lf i"'tk,ns. 

up the abstract type when checkjng a,~i::.,_ill,~ "cl type . 

. pamu ... the abstra« typehaJ tile .f,Qfftl •ctutallJ,Y; tihlt:~ ~ the list obj*. 

~own - the rep~tiofl-ty,- WMRCJ, ......... ~,the bad type. 

locals - a list of a II currently defined local jdn1- ,AUhl w ~ 1 wh scoping unit, all idns 

local to that unit are made un4tfM._,(....,tlt$,1ilfq . ._ Ntto IIPfllt), and thu1 

cannot be used subsequently aa external refereneei. 

used - a list of ail id'ns ~ so far --.~ th4! \ full_moduie. ' "Every time an idn is 
~ • , ,- ~ , , • • ' •• - • ; • r_ •• ' I":: ~ :· ;· - ·. , ' -· . : ': i , _, ' _, . ~ , . : : , , , · : . • 

encountered, the idn is added to this'list. An idn"tannot be defined locally if it 

has been used a's an· extern~f refererice' or "1t lt ia•~lrftdy, defined. In both of 

rhese·cases ~but n~ ~hers), th?la~ .;_ill ha~~. inf'lottter tllan 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"..,...n .... typ1.it:u-1'ln~thi•• 

cvts a list of flags indicating which;~ nrt~~·'.ltafwere 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:·:t1ame, the types of 

results <with cvt replaced by the representation type), arid flags iridltating the 

positions declared with cvt The ilit abcftotttilri~ aW elernent for the failu.,_ 

exception. 

iter · true~wa.n chedr.itig,an-:Merator. 

cluster - true when cftedling a clutter. , 

loop - true when checking the body of a loop statement · 

handles "' a lisf'descrlbltlg aR exception '"-'"'Wft';~'fhe' tufl'fflt 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 exceptiop• names, wed foF·wtJw vms t~t discard results. 

d_hand - a Ust of ftuptieA MMG Gid1
• tpoq..,..,_,►·-:•· v•riable types. 

used for a11• 0fMr -.n •rms~· 
others -· used M · bett, f«lf)i of ••,.. ~ For: ant Jlven e-xc•pt 

·stat .... ~:~ ,.,,-··:p·--:;.,..,,, ... ... ~ list 

· before ·the ..,..,. M.11d• .. ·· · 

err true if any ern,r,:bave been ~ed. 

Only certain infg_maps can ~e. pr~vid~ tecally •l th.e, ~r for ~se ,a, the CE. The 
,C.. ' • ' : I • ~ V ,•- • •' (.~ - .: > ,, • ,• • • 

. legal infQ..,~aps ~re ,those w,h~h c~n t?e g~~ ,;~~~ -~ (U~ ~''!!-:-!"/,LWJ«fl usirJg 

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

info_map m,arp~n~;-~~.n~ ~•ix to~~~ <f,1;1,4 "'~ ~s ~~ ,M~·- 1..~~~ wec_maps are 

discussed in Section 5.8. 

N ew_inj<Lm4f,hnf O..JNp, specJUp, equ~t;► • 
let eel • Crf:Cltt~f!i9f o~a,p, ~~p) 

ce2 • C_equates<eq"ate, ~1> 
in ; 

if ce2.err · 

then inf<>:..map 
else ~~~•nfo 

c_,qua1es ~ ciefiMCI in~ ~.5. 

Crcate_cc<info_map, Spet.J'lllp) • 

<info_map; specJnap; ••- tn D_type; ,J.C)l;J~; _. • .,,.~ ;fl1\l in Wn*; 

nil in ldn*; J.D_t11:t••; J.lool•; J.Sil*; J.a,oJl , ... ,I.,... 
nil in Handle*; f ••••> 



5 .2 Type Speoifloatlons 

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

C_type_spec: , Type_j~\c CE ~ b~ )( CE 
C_t-,pe_specs: Type_spec* x CE ➔ DJJ,.- X CE 

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

Has_i,:a,l(d._type*) · ., f1§..,tj. "GW1't7fd_type*), 
then fal•• 
else H,tUl<dJype*) Is Bad v HasJad(Tal.l(d_type*» 

C_type_specs<type_spec*, ce) ■ ~ 

let <d_type; cel~,c:"'.:; ~,AA-s~(fl~'1,y~), .~>. 
<d_type*: ce2> • C_i,p,_sp,cs<Toil<type..1,pflC*>, eel> 

in 

if Empt,<type_spec*> 

then <nil in D_type*; ce> 

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

C_type_spec[nulll<ce> • <[dunliu tll tn, OJJP.f; . .ce>;, 

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

' , 

C_ty pe_s pee[ boolJ(ce> ",. ~ ~ 001 tu, 11', P,.,.tJ#; ce> , 

C_type_spec[int](ce) • <[du;nt [ll.!rtP7'YJJei·~ , ' ' 

c...:.r1pe ... Jpecl[reei~tt> • <f'dure~l ell ttt Ditype: m­

C_type_s pec[ charJ<ce> • <ltducher CD tn DJype; te> 

C_type_spec[stringl<ce) ■ <[du,trint CD tn DJJP'; ce> 

C_r-,pe_sptc[anyJ<ce> ■ <any tn DJype; ce> 
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C_typt_spec[rep](ce> ■ iJ ce.down is Bad 

t h,n Bad_t7p4'ce> 
,ls, . <ce.down,; ce> 

,._ ~ t' ··: ~ .! ''--~-. 

Rep cannot be used ,U&l~}tlW.~;./",Ml ~ . ...-. 

C_typt_sptcl[cvtJ<ce> • BtuLt.1;,.<ce>: 

C_t., pt_s pee[ typeJ<ce> ■ Jad_t,;,<ce) 
' • • ,_', < •• 

Cvt and type can appear only aJ -.-.. ul · tytM -,«if icatiORI in module 

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

illegal. 

C_ty pr_s p,,lt array[typeJp«D<ce) ■ 

let <d_type; eel> • C-17fH-~typeJpec.. ce) · 

obj* • C<d.:'.,rype t11 Vi1httv,•·ta·l)_:type>Jt1t'O.l»'f 
in 

if d_type is Bad 

then Bad_r,;,<cel) 

else <[d-,a,rai Cobj*ll tn DJype; eel> 

C_t, pe_s ptc'l. record[ f ieldJpec• ll<ce> • 
let <d_comp*; eel> • C-JlllLJ:;,cicn.klJjJec♦ , ct) 

d_compl* • o,a,r<d_comp*lnauoe~ ·4~••, 
in 

if l>u.pltcates<d_comp* J.name)·· v HaLkcfCd;;Jlaillp!ld..e,pe> 
then Bad_t,Ju<ceU 
else . <[rec~rd[d_compl*]J ln bjype; tel> 

The order and grouping c( ... :I. ~ tie'- ~t M ngt ~,:1¥,tt u.,, ~ors 

must be distinct. 



C_ty pe_s pee[ oneof[ f ield_spec• ]](ce) ■ 

let <d_comp*; eel> • C_field_specs(fieldJpec+, ce> 
d_compl* . ·~ Ordtr<d;.,etomp* UlllH, ct.comp*) 

in 

if Du.plicates<d_comp* .!.name> v Has_bad(d_comp* J.dJype> 
then BadJ;p,(ceU 

Order: 

else <[oneof[d_compl*D tn DJy~ eel> 

The order and grouping- of tags in the met does· not matter, but the. tags must be 

distinct. 

Name* x D* ➔ D* 

Order is defined for all domains D. The names ant ptrmuMI fO be in increasing 

lexicographic order, the D-list is permuted'ffl"the ·tame way, and the permuted 

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

. C_JiehLspccs<field.:Jpet*, ce) ■ ill. . 

let [name•nype_spec] • Htad(fieldJ~) 

<d_type; eel> • C_t-,p,_sp,c<typeJpec, ce> 
d_compl* • Gtt_d_co#api<nfme+, d_type) 
<d_comp2*; ce2> • C_fi,ld_sp,cs<TaU<field_spec.s*>, ceU 

in 

if Empty<fiekLspec*> 
then <nil in D_comp*; ce> 

else <Append(d_compl*, d_comp~>; 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*) 
.then n i I in D _comp* 

else Cons<~_comp, d_comp*) 



Du1>1icate-s<d*) • M If !EtNpt'}(d*) :. •' 

t1t11t tw• 
tlst '~•,,.,r.-,i V ~J(TIIII(.,.}> 

Duplicates i4 defined for all function;.fftle letMitts D. 

C_type_s ptcltproctyeHt•W,pt~•t \'Mlflltda ..,..,..., illtlJaa -•~Jew) • 
let <dJrpel*; eel> • C..;t1f>Ls~•._, eif,; n < .'. )". •; -. 

<dJ.)'pe2~; ~' • ~*'~~.-~. a . 

<d _cond *; ceS> • C..;concLsp«l<cond..JPee*, eel) 
in 

C . * • * . _proc_type<d .. typel , d .. type2 , d_a>nd , ceS) 

G1.i.f'NC...itYfW(cl,_typd~, d.Jypee-, d.:.cond*, ce> • · 'c · 

Id nan1t* • d..,'Pld!.&.name 
' ' . ' ... _.,· .. · . 

d_condl* • Ord#r<name*, d_cond*) 
' '. ·, \;\ ' 

in. 

if Has_bad<d_typet*> v Has_bad(d ... type~) V ~•~ut~•~ ,V 

<"failure" ln Nat"M) € name* v JJL41:-,-~~~~Atl ... 
then Bad_t,fH<ce> . .. . . . . • · . '. . . . 
else <Cproctyp• (diJfpel*).....,_ (d~,,.,., ..... .,. (d~~), bl D_type; 

ce> 

The order in which signals are listed in the tat is unimpenant. A gh~ffl name 

can only be used once as a 1ipal name. and ,•ra~ Mawt· tile IJM!dried 
explicitly. 

C_typc_speci.itertype (type_specl*) ylejdt (type..speat) ...... ~conpJ.Pfe*)J<ce> ■ 
let <d_typel*; eel> • C_t7P,.Jp,ts<type~1•,.f.> i, ,··r:;_, ,, · · ' ..... ' 

<d_type2*; ce2> • C_t,;t..Ji>",l<type~ ~- ~j ' · 
<d_cond*; ceS> • c_~d.J,,:,:s<~~';cd> 

in 

C_ittr_t7p,(d_typel*, d_type2*, d_cond*, cd) 



c_u,r_type<d_typel*~. dJyP'2", dJ?CN'ld~/ ce> ■, 

let name* • d_cond* lname 

. d_condl* • Ordtr(name*. d_~ • 
in 

if Has_bad<d_typel*) v Has_bad(d_t~'··V' Ou,a,.,,s<name*> v 
<"f••lur~-~; t,"N~.• RillQ!• • v~J4f,s..bf#(ifl.lll~• ~.Jpu)> 
then Bad_t,pe<ee> 
else <[itertype (d_typel*) yields (dJype~) atgnala (d:condl*)J tn D_~ype; 

ce> 

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

can. only be used once as a signal ·name. and •tJjhi,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,p,_sp,cs<type_ap«*. ce> 
d_cond • 11:name(d_type* )l 

<d_cond*; ce2> • C_con,Ls;«s<Ta.ll<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• ]J<ce> ■ 

let <obj; eel> • C_constant<[ idnCconstant• ll In Constant, ce> 
in 

if ob j.d_type is Type 

then <Obj.val to D_type; eel> 

else Bad_t-,pt<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 ➔ Obj* x CE 
D~oper x ~ ➔ D...type 
Obj* x ldn* x D ➔ 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; ceCtr•.• ert:l> 

C_constants<constant*, ce> ■ !:!{ ut <obj; eel> • C-eonstaat<H-1ad(constant*>, ce> 
<obj*; ce2> • C~tq,nts<Tcill(cc;,,uta~t•>, eel> 

in 

if Emf,t,<constant*) 
tlien <nil tn O~j*; ce> 

tlst <Cons(ob J. ob f >; ce2> 

C_con~tant[expression]<ce> ■ 

let <expr; eel> • C_expr,ssto~<expression, ce) 

in 

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

in 

if term is Normal 

thtn <obj* to Obj; eel> 
else Bad_obJ.cel> 

else Bad_obJ.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 
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force have implementations. Primltlf1t_1nv, Term, and !WY·· ate d'efine& in 

Chapter 6. 

c_,onstant[type_specJ<ce> ■ ltt <dJJpe; eel> • o_,,~Jpec; ce> 
in 

<lt<d_type iw V~1l:<typlt M,DJYpe)l; ceb · 

C ... const0:nt[idn]<ce> • 
let eel • ceCCons<idn, ce.used) • usfd] 

in 

case ce.info(idn) 
elem constraint of Constraint 

then cast constraint 
elem, d~~ of 1';;,.ty,e 

then <[ <idn tn Va I): d_typel; eel'> 
tlst <11'.Cidrf hl ti_type tn Va:1>:· t,V,e' bl Djype>l; ~· 

elem · op_d:ed* df Op_d'~f 
then <lt<idn tn D_type tn Val>: <type tn D_ttpe)J; eel> 

elem du of DU • 
then C_du_parms(du, nil m oa,t, celf 

elem [Cd_parm*J:' d:_typel'o/ R.:.Spec 
then ltt name • Makt_namt<idnl 

tn 
C_op_parms<[nameCd_parm*J: d_typel, nil tn Obf, eel) 

elem routine of Routine 
then let name • M ake_namt<idn) 

d_oper • Cce.uptnameCD 
tn 

<[<d_oper tn Val>: <routine 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 cluster routine,~ an eva1-ted constant. 



Make_name: ldn ➔ Name 

Make_na.me returns the name corresponding to the:l'V.~~cln~ Odn and Name are 

isomorphic domains.) 

C_constant[idn[constant+]](ce> ■ 

let eel •. ceCCons(idn, ce.used~• -.1. _. 
<obj*; ce2> •. C...Unstant~cpnstant• •. ctl) . 

in 

case ce.info<idn> 

elem du of DU 

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

tlten let name • Mcil1,_nam,<idnl . 
in 

c_op-4'G'ms,(ltn~~•1: d_.JffA._ f!Pf, ~> 
elem routine of Routine 

then let name • MalLnci111Udn) 
d_oper .. l:ce.uplri1mubfll 

. tn 

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

. then c_constanttU:&cfntconstant•D t~ txpHISion 'lff Canitant, ce> 
tlse . Bad_r»J.t.e2) 

The idn must name· a par~rneteridd'.-MdiOll;•a:'Clltller routine_ or an evaluated 

constant. If the idn names •~ ~Jeq,,~!!~tfld -~"~• then_ t_hit_c~struct "" 

be legal only if it is. an abbrev~tien',~~~Jn~~ ;Jf a '•r•h~ OJ>'ra~lon. 

Rather than checking the invocatiOn explidtlJ here, we simply check the-'«»nstruct 
. ' 

as a constant expression. 



c_,lu._/1a.nns<du, obj*, ce> • 
let d..:.mod . • (lfufobf~ 

in 

case . ce.specs<du) 

elem [[d_parm* J: d_typell of R_spec 

then if c_parm<ob f, d...paW; u> 
tlten let d_typel • $f.N{..,,~..!piimt'I-Mn. dJJfl) 

in 

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

else Bad_objce> 
tlcm routine of Routine 

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

elem [[d_parm*l: op..;Sp«*l llfT _.-pee 
t lien if c_.parms<ob f, d-,arm*, ce> 

then ~~ lW,:G..Jype-bt Ydi-~llt ft_.type>I; a!> 

else Bad...obfce> 
t~em type of Type 

then <B:<d_mod In O_type i1t V,alh-<1"Mt'l110.Jype)I; Iii> 

else Bad_objce> 

lf the DU is for a proceiural orcontrer~-ui~~s are legal 

<or a»µ~~ JeeV":·•;.~4ne.~~ ;.,,~ ,v,,'.~- DQ ·js for a data 

abstraction and the parameter, are legat <or ~•••· ._., ia =t,,w•.,pbject is 

ret~.rr:MKi\ .. Qt~ae, tl\e uf'•--• ....... 
. C_op_parms[name[d_;parin*l: d_tjpel<obf,. ce> • 

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

if c_pa,-ms<objl*,. d_prm*, ce> 
then Id d_typel • Subst<objl*, d..parm*,idn, dJn-) . 

d_oper • Cce.uptnametobfD 
in 

<U:<d_oper in Val>: dJypelJ; ce> 

else Bad_obj(ce) 

The cluster parameten are added _in for type-check.int 't,ut they are not included 

in the d_oper's actual parameter list. 
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C_J,arms<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* J.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*> = ~ 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_constrnints<obj*, constraint*, ce) ■ ~ 

if Empty<ob j*) 

tlzrn true 

else if C_constraints<Tail(obj*), Tall<constraint*), ce) 

then case Head(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_dccls(cl_type, op_decl*, ce> .. rec 

if Empty(op_decl*> 

thrn true 

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

d_type2 = GeLop_type([d_type$name[obj*J], ce> 

in 

lncludes(d_type2, d_typel} /\ 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_t1pt[d_type$name[obj*JJHce). • 

case d_type 

elem [record[d_comp*]] of DJecord 

: t/rln . HI 1, ~;Jp!IIC~''' Wj,jl._,tf..ll;Jf,fl~•" D;:,eam:U . 
. objl* • Mal,_objs(d_comp*+d_type> 

tn 

C_op_t,pt<name, Concat<obp•:.,.f>.,,~. ,(11) 

elem [oneof[d_cornp*]] ef D_oneof ·. · :< w, .', 
then let op_s,-} ·"'· :~oJLsjHfs(o_t-,pe te,D_oneof) 

. , pt,~* • ,_.aAl-"'1Js<d_cpt1tp* .&.d_type) 
in 

C_():/1.,::.t1,J!f{oa~► Concat<Gbjl*,,obj!,l.:~opJpec*, ce>. 
elem d_proc of D_proc 

tlten C_op_tyfH(name, obj*, Proct,,,,__,,,,Jfi«sCd-~ ce>' 
elem d_iter of D_iter :,:- .. · '· t 

then c_op_t,pt<name, ob J*, /t1rt,1H...01'...st,,cs<dJter>, ce> 
elem routine of Routine * 

then C_op_t,pe<name, obf, Routin,...o;...st,«sO, ce>- ·, 
elem [du[objl*Uo/D_mod ··· 

then case ce,specs(du) 

tlem U::Cd_parm~I: op~il of T .;>p« : · · · 
then C_op_t1pt<name, Concat(ob,. •. otif>,. ip.!J,--, ce> 

else routine in D_type 
elem idn of ldn 

tl,en case ce.ittf o<tdn) . 

elem constr~int of Constraint 

then C_j,ari;t.o~name, obf, constraint to Op_decl*> 
else ·routtne'tn ·o~type" ',' 

else bad i1fD_type ·· · 

Record:.:.op.sfHts, . J)..)'ea;Al ➔ Op;.."Spec* . • 

Oneof_op_specs: D_oneof ➔ Op_spec* 

Proctype_op_specs: D_proc ➔. Op_spec* 

ltertype_op_specs: D_iter ➔ Op_spec* 
' ' '--· _,_ "i·: 
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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 Cba,-r&. 

Routi11e_oJ,_specs: ➔ OpJpec* 

Rou.ttn,_op_sp,a·:F.ChAms the Glp;,.JfllU fot·,t11e·.-.i c,pe :,-,UN, •s defined in 

Chapter 6. 

Make_objs<d_type*> ■ rt£ if lm1",{dJype,*> 
th,n nil tn Obf 
,ls, Id .d,..lype • IIHl<d.Jyp,M 

obj • CklJYiw·ta Vall:'Ctype tn DJype>J 
ln 

Con.Mb j. ,/,1._.,,jl('raUN~tt) 

C_op_type<name, obj*, GpJpet*, ~ • U£ 

let [nameltd-Parm*l: dJypeJ • HMd<op~> 
in 

if Empt,<opJpec*) 
then bad in DJype • 

else if name • namel 
then if c_parms<obj*, d_parm•, ce> 

t htn S ubst<ob j*, . -•~m• +idA, ciJype> 
tis, 11~- t11 s;:,_type 

tlse C_op_typ,<name, obj*, Tall<opJp«*>, ~ 

c_parm_op<name, obj*, op_decl*) ■ U£ l,t [namel[obj*l: d~ypt,J • H,4'<op_decl*> 
tn ; 

if Empt,C4;1p_c1t4*) 
tA,n .... ,, Q,_,.r,e. 

1ls, if name• namel !) obj* "'-.jl* 
tA,n dJype 

.,ts, a~-~ or.f, Tdop..d•I*» 

Const_exprs<expr*> ■ !££ if Emptyl.expr*> 
th,n true 
,Is, Const_1xpr<H1acl<expr*» I\ Const_,xps<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 •presatoni 

Const_expr[idn] ■ false 

Const_exJni[d:..typetitanp*)]' • Co1tst_nf1rld:...type•-~h expt*ll • falae 

ConsLexpr[up[d_typel(expr)J ■ Const_n,,,cttowMexpr):f ii falle 

Const_txprlrexpr(e~·p..-)l '• 
if Const~~:iepr1<_,..-> 

tlten cast expr 
tlem [val: d_typeJ of Obj 

tit.en cast val 
elem [d:._type1$narneCobj*D of O_oper 

then Const_t7/H(d_typeU I\ ~ ' 

Const--11/Jll< RdK"'-"J,,,l<dJype>> 
elst false 

else false 
else false 

Retttrn_t-,pes(d_type> ■ 

case d_type 
elem [proctype (d_typel*) returns (d_ty~) algnata (d_cond*)J of D_proc: 

tlatn d_type2* 
end 

ConsLt-,pes(d_type*> ■ fil if Empt-,<d_type*> 
tlatn true 

els, Const_t7/14<H,ad(d_type*» I\ 

Const_t7fHJ<T.U(dJy~>> 

Const_typeU::any] ■ Const_t:,p,[typel ■ Const-'7J,c[bacll • falae 

Const_t1pe[idn] • Const_t7ptCdJecordl ■ false 



Const_t1pi[d_oneofl • trlM 

/j: ., .. ' 

ConsLt1peltd_procl • Ccmst_t1tu(dJt~J • .. ~~.~~~~•J. • true 

Const_t,ptltd_modl • ltt CduCobfD • d.,.mod 

Subst: 

ln 

AlJ ' <.~~~; """·,au.,.,.. ~"""·t' .~~; • .... ._ > 

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

ror every .Jomai\i:1>.··~•~:&-;1if ~·,. -~ ~otr'oh 
its third argument II follows. Let obj N 1ft elemlllt "~., Md Jlf, '4n. ~ .. the 

corresponding element of kffl* <the two Ulca ffllllt be fl ..... 1.._.L. '.Thell $ul,1t 

replaces a H occurrences of 

idn tn DJype ln Val 

and 

idn tn Val 

with 

obj.val 

We need to sullatitute for two different forMS .... fONRLtfpe. ,,-rametets 

appear dtfrereatt, than ot~ termat ,.........._ 11 ... 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: Expre!Sion* X -CE ➔ Exp,- x CE 
C_invocation: Invocation x CE ➔ ·txpr x CE 
T"jpt_of: Expr x CE ➔ D_type 
Types_of: Expr* x CE ➔ DJype* 
lnclu.des: D_type x DJype ➔ Bool 
Inc.Lu.de: DJype* x D_type~ ➔ Boo1 

Type_of and Fypes_of are used to obtain the syntactic types of expressions. lnctrul,s 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 <expr; eel> • C_expression<H ead(expression*>, · ce> 
<expr*; ce2> • C_expr,ssions<TaU<expression*>, eel> 

tn 

if Empr,<expression*) 

then <nil in .Expr*; ce> 

else <Cons<expr, expr*>; ce2> 

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

<[<nil in Val): 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 []J 1ft D_type 
in 

«int in Van: dJype-J tn Expr; ce> 
els, Bad_npr<ce) 
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C_expression[realJ(ce) ii 'f L_r,a/(real> 

tlttn ltt d_type • [durtal []] tn D_type 
1911 ··_ • A,,,_~-

tn 

<<Mll tn Va».: 4.J~1"' llpr; Ge> 

tlst 3tMl~cel. 

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

tlltn let dJJpe • Ccl.ctta., tn 111 DJype 
tn 

<<c.har in Vai>: d~typel.ttt Expr; ce> 
,11, &,L,t/,rke> . 

C_exprtssion[string](ce> • if l_strlng(string> 

tlt,n ltt d_type • [dust~int tll tn D_type 
u, ' 

<[(string tn Valh d_typel f1t £xpt; te> 

,ts, Baa_,xf>r<ce> _ 
The parser produces ele,pents ~, the ciomatn1 int, Ritt. Chat, •ttd String that 

t .· . _,· ' . . 

correspond euctly to the litetals used in the teJtL H-.&, in implementation 

can impose certain restrictions as to whk:h etements • ., ........ , attd, -In the 

~ase of reals, heed only provide approximtttons tb thi tequMtN -fat.lM. These 

restrictions are embodted lri the (unctions· L_tni, tj:,_f L._cl,it, L_#tlttf, and 

Approx, as deflned-ifl Chapter 6. 

C_tx pres sion[ type_spec$nam~,~~•µ<ce> ■. 

let <d_type; eel> •. C_t,p,_sp,c<tfpe_spec, eel 
<obj*; ce2> • ~.JtMt~stlllt~,- eel> 

in 

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

C_cLoper(d_oper, ce) • ltt d_type • G1t_op_t1;,«4Jip«, ·_m> 
lf.1 

if d_type is f;)ad 

tA,11- '"-.~pr(ce} 
tlse <l:(d_oper#a V,al>1 d.Jypci tn Expr; ct> 



C_expresston[idnCconstant•·lJ<ce> ■ 

let info • ce.inf o<idn) 

in 

if --.(info is D_type v infou-Obf 
tl,tn ltt <obj; eel>·;. .. C..con1tftt([idnCconstant•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 Ekpreuion, ce) 

elem type_spec of Type..spec 
tlien Bad_expr<ce> 

else let expression2 • constant+ to Cor,~t, to.JR Expression 
in 

c_,xpr,sston<Cexpression1Cexpreuion2D in Ex.presston. ce) 
tlSt tJa"Ltxpr<ce> · · ·. 

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

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

abbreviation for an invocation of a 11fetch11 operation, in••wffjchate tllere can be 

· or\ly ontHonitant •nd that CO'ftstafll;GaftMt1W:a°IJplt..$plt, ·· 

C_expressionll:idnl(ce) ■ if ce.info<idn) is D_type 
tlttn · <idn in Expr; ce> 
tlse ltt <obj;_ ~1> .. c_cons~~d.n tn Constant, ce) 

'. - ·" ' ;,;:, ',. ' 

in 

if ob j.dJfpe ts Type 
tlitn .. Bad.:.npr(cel> 
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[invocationJ(ce) ■ let <expr; eel> • C..Jn~~~~, ~) 

tn 

case expr 
eltm invoke of myqk,~, · .. 

'~"'. If Rf~~mv-. .~~ u l)Jp 
tiffl <apr; eel> 
els,·~ 

,ls, Bad..,x/}riceU 

An invocation can return only one objed,lllhfn,-clatM·txprasion. 

C_in vocation[ex pression(expression* )](~ ■ 
ltt <ex pr; eel> • C_1xpressio11(expreaion, ce> 

<expr*; ce2> • C_expr,sstons<expression*, •U 
in 

c_,aJl<e~pr, e.xpr*. ce2> 

c_,all(expr, expr*, ce) ■ 

let d-type* • T7t,,s-;0J(u..pr*, ce> 
in 

cast T'jpt_of(expr, ce) 

elem [proctype (d_typel*) return• (dJypett) aienala (d~~)~ ,t:r;,~ 
thtn if /nclrult<dJypel*, d_type*> A C..d~s<d.J»lld•, ce.huidtea> 

tfitn <l'e~pr(expr*)l ln' ~pr,··ct?· ,, ; , . . , • . 
tlst llad..:.nfw(~) 

6/11 Bad:.Axl>"<ce> 

For an invocatien tobe legalihe.a~lnllSC•Nof,the)JOl'lf«t,tJl)ft, 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 tna, 
1ls, C_tL&o,ul(HfN(d.PJAd*>, handle*> /\ 

C..tl..Mtds<TaU<d.,J:Ond*>, handle*> 



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

then true 

tlse case Head<handle•} 
elem name* of,,.~ 

th.en d_cond.name E name* v C_d_tnd(d_cond, Tcdl<handle*)) 

elem <name*; d_type*> of O_hand 
th.en if d_cond.name E name* 

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

elem o#tera tf Othe,. · 
ti,,n•·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 ~~Its- away t~ the types of the results must equal 

the types of the receiving variables. 

C_expression[type..>pec$(f,~ld+)J(ce) . ■- .... 

let <d_type; eel> · • C_t'jfH-spie<typeJP«, ce> · 
<comp*; ce2> • C_fltldil(fteld~~ •'Qd\, 
compl* • Ord,r<comp*iname.: .-np•> 
name* • compl*J.name. 
d_type* • T,rs~pl*-hxpc.; cd> 

in 

case d_type 

elem ICrecord[d_comp*ll tif DJecord 

then· if d_comp*J.name • name* A /nthuuCd;.\.GDIIJp*io...type; dJype*> 
then <Cd_type$(comp*)J tn Expr; ce2> 
else BatLexpr<ce2) 

else Bad_expr<ce2> 

The order and grouping or tompenents · in 'tM'; lat does not matter but every 

componeni musf be inital~t~· with :~n ~jett_·~ tile~~ type •. The components 
-_:,··:,·,;?·. ~>~l{:~ -~"' ½. 

are reordered only for type-checking; they,.~ !U,,l.• ~•formed expression 

in the order in which they were writt~. 
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C-Jitl<ls<fieki*, ce> • !:!£ 

let [name+: expression] • H,u<fiekl*> 
<ttxpr; eel> 
compl* 
<comp2*; ce2> 

• c_a,,-11.Jlml(expralioR, ce) 

• G1t_cor,a~s(name•, e11ptJ 
- C..Jl,lds<T.u<fteld~~ ·Id) 

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* • 011..-.,liT•••~••• expr> 

in 

if Jni/lf,<.na~•> 
tA,n nil In Comp* ,ts, . Cons<comp, ·comp•l 

c_,xpression[type_spec$Cexpressi!'"*lJ<ce> • 
c_,xpresslon[typeJpec•c< 1 tn Int in Ex~essiofth·n~•nc.> 

C_expressio11[type_spec$texpression: expreutan*JJftlit • 
let <d_typ~; eel> • C_t7t,e_sl'fc<typeJp«~ uJ 

in 

<expr; ce2> 

<expr*; ceS> 

d_type* 

• c_,x;r,sslon<expression, ·Cltl> 
• C_txfJr,sslatu(expre&iW ••. ~ ·. 

• r,p,s_of(expr*, ceS> 

case d_type 
elem lcfo[obj*]J cf DJIIOd 

tlien if du • ~u•rrey . 

tli,n . lit obj • obj* to Obj 

in 

if lru.tg~r<e"f)r, ce3l " l~J.ffl lt·D.JJP't C,Jype*> 
tlitn <ld .. ty,e,sc_expr: ~er*:P.~ ~pr, ~· 
tlst BtuLat,r(c:eS> . -· . . . . . .. 

else Bad;.:.1x/1T{m> 
el st Bad_expr<ce'J) 



C_expresston[ force[type_spec]J<ce> • 
let <d_type; eel> 

obj* 

. d_mod 

• C.J,t,,-sp«(typup«, • ce> 
• l[(dJype tn van: <1ype m DJype)J tn Obf 

• [durorc• Cobj*ll: 
• any tn D_type tn DJype* 
• d~type tn DJype* . . . 
• [("wrong~t;rpe• tn MeileKnit iJt D:.type')J ln D_cond* 
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d_typel* 
d_type2* 
d_cond* 
d_proc • [proctype (dJypel*) r•turna (dJype2*> •lgnala (d ... cond*)J 

in 

if d_type is Bad 

tlitn Bad_expr<cel> 
else <[(d_mod in Val>: (d_proc in D.,.type)J; eel> 

C_expressionU::up(expression)J(c;e) ■ lit <expr; eel> • c_a,,.,.uton<expression, ce> 
dJype • T1/Jl-0Jf.expr, eel> 

ln · 

if ce.cluster " lnelud1s<ce.down, · d_type> 
tlam <lu,fce.upl(expr)l tn Expr; eel> 

,ls, BaLnp,<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_nFuston<expression, ce> 

C_expression[expression.name](c:e> • 

:dJype • r,l>'-'>flexpr, eel> 

in 

if ~.cluster A . dJype • ce.up 
I/am <D.:down(expr)J lrt Expr; eel> 

,ls, ~eel> 

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 r,ame. 
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,- 1&.;,. ;!";i)"":•;;< ,,,;•> 

l 

C_expressioni.ex pression1Cexpressi0n2ll<ce> ■ 

let expression+ • <expressiOnl; -~~,n,~t 
in , :,. -,\:< . , . ;;· 

C_op_call<"fetch" tn Name, expression+, Gilt; · 

C_txpresston[1v expresslon](ce) ■ .. _ 

C:.i,o.~<t'"'1._.,~ · ~ ~• ~~-~.- ,4f!1) ·· 

C_expression[- expressionJ<ce> ■ 
C_op_cal/("ininus" in Name, ·expression tn Expraskln+, ce> .•. 

--,;,..r-. 

C_txpresston[expressionl bin_op expreaslon2_l.<ce> • 
if bin..:op • ku_o,ct,m_op), , . . 

t/Jtn let CN)fffli~•(- •. <ex~~l;, e~~ '~:~~'.~~( .:i. ,,~.' .,,.,. 
c_op_call<Oj,_ncme<bin_op>, exp~+, c:e> 

else . (et · binj)p1 , ~· _,-su~~~ · 
, ,, "~~~~~,,: .. ~'M~I .!f~l expreuionU ,,. Exprmion 
tn · · · 

:. -:C-;!?':''r,~ss.~,~:,e~p~O::,~~,.f'-. ~~: ~~, , ·n,i . 
op_nameU::_u] • "pow,.-" ~n.Name . B~f,J~;.;j,.c,~~~·~l ' 

Op_namt[//l ■ "mod" in Name Basu;'LIIJ • [//J ,,. '6in..op 
op .... namtif.fJ '· • "div"4t1Name1;; ..• /1;::»JJd~f~,1.i;;et1•__,.,. 1., 

Op_namrUr] • "muf°-bt.·Nlme >-1 1~•l ■ C•J .,,. Bin_op 
Op_name[II] ■ "concat" In Name ..,,_,,.JO • tllJln Bin:-°f) 
Op_nomc[+J· · ■ ... add•tttNionre ,'c:,•:~+J •·C+4• Bin_op 
Op_namtl!•l • "sub" htif'ffflle · ~I..O,,C•l ■ C•J la Bin_op 
op_namelt<l ■ "tt· tn'~ · hS:<: ~J · ., ccai,11 Bin_op 

Bcs,J/l[•<l • C<J l11 BJn_op 
op_namtlr<■] • "te· '" Name ~<U15i'lTd91l,t•BM_1,p 1

· 

':{,l~~titiJrlCtt•W\e11t.:,,p, .· 
Op_nomt«:=1 ■ •equat tn Name .B,u,,.;.,p[11J , ,* l•'J;,,-&iff_op 

~--1\YY~•:1•..r. 111:..op 
Op_namcU::>=1 ■ "ge• tn Nan1e · , · 1~;.ti"n•;IJIIIJll.,lllll.:.O, 

&u1J/l[•>al • [>ilJ la Btn ... op 
Op_namt«: >] ■ "gt" ln Name . Buu,flf.)J ■ [)J ln l\in_op 

BtUl..0/tf.•>l ■ [>J Ill Bin..op 
Op_namtU:: &1 · ■ "and· in Name BtULJ/l[lil ■ [a,J '11 Bin..-op 
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op_name[I] ■ "or" in Name Basf..l!/1',ll ■ [ ll tn Bln_op 

C_op_,call<name, expression+, ce> ■ l,t <expr; eel> • c..,.-tno<na""' expressi~+, ce> 
tn 

ca.s, expr 
,,,,,,. · invoke of Invoke 

ti\m _ if R,sult_,,~vo.:e, eel> ts D _type ... ,.,..,. . 

t4m <expr; eel> · 
·llu • -~IR'(cel> 

1ls1 Batl..npr(cel> 

C_op_inv<name, expr~ssion+, ce> ■ let·. <exp.,-; eel> • c_a#'r,sslons<expression+, ce> 
dJp • r,,,._,,,.altMl(apr*>,. c:tU 
;<expr; ·ce2> 

in 

• C_d_or,([d_type,nameC D, eel> 

c_call(expr. · T"'1<expr*>, ce2> 

For abbreviated forms of invocation, the exact operation to invoke is determined. 

by the type of the first-aTgurMRt. 

C_expression[expressionl cand expression2J<ce>. • 
let <exprl; eel> • C_nf,rtsston<expressionl, ce> 

· <expr2; ee2> • c_n,,,.n5'0ft(e,c,,.....t, ceD 
in 

if Boolean<exprl, ee2> " Boolean<expr2,_ c~ 
tlztn <[exprl cand expr21 in Expr, ce2> 
else Bad_expr<ce2) 

C_expressionU::expressionl c9r expression2J<ce> . • 
let <exprl; eel> • C_txf,(tstlOff(expreutonl,· ce> 

<ex pr2; ce2> • C_nf111ssion<expressu:,n2, eel> 
in 

if Boolean<exprl, ee~> · /\ Booltan(expr2, ce2> 
then <Cexprl.cor exp~2i ln ~xpr; ce2> 
else Bad_npr<ce2) 

Boolean<expr, ce> • T'Jflt-oJf.expr, ee> • ([duboel CD tn DJype> 
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Booleans<expr*; ce) ■ ili_ if Emfl(,<expt*) 

t!J,n tr"• 
,ls, BoolHn<HHdCex;,..->, ce> I\ ,_,._11.s<'TGll<expr•>, ce> 

lnteger<expr, ce> ■ T7pt_oj(expr, ce) • <tclu1~t [ll 111 DJype) 

T7pe_oj1[idn]<ce> ■ ce.infd(iclft) to D.;..type 

Type_o.f[d_type$(comp*)J<ce) ■ dJype 

T7pe_<?f[up[d_type](expr)J<ce> ■ d_type 

, T7pe_oj1[down(expt)J<ce> ■ ce.down 

Type_ojl[exprl cand expr2l<ce) • [du.,001 (DrlllD..n,t 

Typt_oj[.exprl cor expr2](ce) • [dui.ool iD tw;QiJJpe 

Typts_oj(expr*, ce) •· !1£ if Empt,<apr*> 
tlt,n nil in J)~type* 
,ts, Cons<T1fH-off.H Hd<expr*>,.. .~>. 

T1f>ts:...OJ(Tflll(aiw->, ce)) 

Rtsu.lt_t7pesltexpr(expr*)J<ce> ■ R1tur'll_l'1/Hl<f'JM,~ut,' ~>i 
lnclzufts_a/l(d_type, d_type*> • if Emf,t1(d_type*> 

tla,n true 

tis, lndtulr,s<4r-typt. .H ~cl.Jype•». " 
lndwU,/(d_tjpe.'. f ~djype•>> 

, ·r ., 



lnclude(d_typel*, d_type~> ■ fil if Em;t,(dJypel*> v E•/lt,Cd_typ,2*> 
tltn d_typel* • dJype2* 
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,111 ·, ~f!!?H•~•~. '.• H,cu,l<dJype2*» A 

. lfl#tulf,<TcU<ci....t7~*>, Tall<d.J,ype2*» 
. ,' .., ·:i .;- • ~ . ' ,' < 

The· two lists must be the same length and each type in t ... f.i~~ Ust must lndude 
~ ~ . , 

the corresponding type in the second 11-t. 

lncludes<d_typel, d_type2> ■ if d_typel ts Bad v dJypd ii Bad 
tlitn false 

elst tJ d_typet' ~ ci_type2 v d_typet ls Any 
tfmt tru• ::> 

else if d_typel ts Routlne 

tlten d_type2 ts D_proc v d;:.type2 ts D...,iter 
els, if d_type2 is Routine 

tlttn d_type~ ts o;roc· 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. 
·. - ' 
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5.5 Equates 

In thts sectton we def'~eiltie Ngalfty ane mellffllg or lfll•• with the function 

C_equat,s: · tquate• >< CE'➔ Ct. 
We ~lso define the fundion .. 

Add_lnfo: ldn >< Info x CE ➔ Cl 

which is used to defineJoal identifiers. 
~ - ' . .'. 

Equates are. chec;~~ JS folJows. We ~i"', a -~~ daQain Perm, consisting of 

permutation functions for the domain Equate,*., That-is. ,....., of this domain have 

functiona1ity 

Equat~ ~ Equate"' 

and each element of .the domain satisfies 
! '•;-,; -. J .,.. ., l ···1.< ·• ; 

perm<equate*>. c equate* /\ equate* c pe,nn<,q~*> /\ 
··' . . . ,I 

Sam,_s/rt<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 checked in linear ord~ .. If at' aiast"~e such: permutation exists, 

then the equates are legal. The meaning of the equate& ii then olnaintd by evaluating one 

such permuted list; since all legal permutations will have the same meaning, the particular 

one we choose does not matter. 

C_equates<equate•,. ce) • 

let eel • ceCfalae • err] 
ce* • {ce2 I 3permCce2 • E.,.1f1'4t1s<perm<equate'), eel) I\ -.ce2.errl) 

ln 

if Emptyke*> 
tlien ceCtrue •.err] 
elst H tod(ce*)Cce.err • err] 

The use of set notation is informal 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> ■ rt£· if. Ena.;t,<equate•) 
tlam ee 

. ,ls, ln eel • E_'fUl'(HHC'l(equate*), ee) 
tn 

E_,quat,.s<TaU<equate*>, eel> 

E_equate[idn = constantl(ce> ■ l,t <Obj; eel> • C...c~tant<constant, ce> 
tn 

Add_tnfo<idn, obj tn Info,· ce!) 

E_equate[idnl = idn2l<ce> ■ ca.s, ce.info<idn2) 
elem tset of Tset 

tlam let eel • cetConsUdn2, ce.used> • used] 
In 

.4dcLJnf~idpJ.. -~ tn Info, eel> 
else let <obj; eel> • C..co&11,fnt(idn2 tn Constant, ce) 

tn 
AdLJ'ifoCidnl, obJJn Info, eel> 

E_equate[idn = type_setl<ce> ■ lit <tset; eel> •· C_t,fH_slt<typeJet, ce) 
tn 

AddJnfoCidn, tset la Inf 0. eel> 

The definition of C_t7p,_s,t is def erred tQ-aectk>n &.7. 

E_equate[rep = type_specl<ee> ■ ltt <dJype; eel> • C_t7;,_s/'fC(typeJP«, ce> 
tn 

if ce.down ts Bad I\ ce.ch,1ster 
tlitn c,el[d~ype ·• qownl 
tis, cel[true • errl 
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The representation type can be defined only within a cluster, and only once 

within a cluster. 



Ad,Linfo<idn, info, ce> ■ ltt eel • celCmuUerr, tai'sei!) • UHllil Y 

ln 

if· ce.illfo(tdit> ti NOfMll v ~<kin t et.used> 
tltm ltt tnfo...mtp • te.fflfohdn 4- tnfol 

th 

ce1Cinf o_map • infdJEClifllHt. te.MalsJ • tdcalsl 
tlll ·te1ttrt1t:• 1RJ , · . · :: ;.:,.' · x · ' 

An idn cannot be defined ioctlty If it hH Weii med as ate extetnal reference or if 

it is already deOn~ kxttly. · 

5.8 Statements 

The major functions defihed in this sectkli are: 
c_statemmt: Sd:t~f >t···t'! -t Slffit x CE 
c_&o'd,= · 11bdt ix et _.· UHit 1c ct 
C_xbod1: Deel• x Body x CE ➔ lJJtpe* X Unk ,c CE 
Rtstore: 6!· >t itt ➔ ;fW f '31·· · · 

c_xbod'J is used. t<>., check t.h0$e. tat, .. Wben, ,~ •ttt..-1 ilrma IQ. 1",.kh,~~iftl~\4' ~~~•~•~s 
. . ' . . . '. ' ''.' . . .. '.,.. . ... ~' . . . ·•.. ·' . . . .. 

appear prior to the body. k,store ii used to resit the GE at tht Md ot a ac:eplng untt, and 
to generate a list of all ff;Jtt,B··ttittM tff Mt-Wfft;rt~ atjafl .... iff ffie t£s before 
and after checking the uhit, rf9jtktlfi1J. 

' 
C_body[equate• statement*l<ce> ■ 

ltt eel • 'rl.::ffait,s<equtte*, te> 

in 

<stmt*; ce2> • C~Ji~lt~flH~:. ·. tti) 
<idn*; ce3> • Rt1tor,ttt,· Mt' 

<[stmt* local tdn*J; ce3> 

Rtstore<cet, ce2> ■ Ftx_tnjo<ce2.locals, te2.info, celCcd.tlled • liiedlcd.err • err]> 



Fix_infoCidn*, info_map, ce> • fil 
if 'Empt,<idn*) 

then <nil t,i ldn*.; Ce> 

else let idn • H ead<idn*} 
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<i<:lnl*: eel> •· F.lurifo<7"aU<idn*>, info_map, ce> 
in 

if idn E ce.locals 

then <idnl*; eel> 

else let inf fUllapl • cel.infaCidfl ... POae ,a Info~ 

ce2 • celUnf O.:JNPl • info] 
in 

if inf o_map(idn) ts D_type 

. th,n <ConJ(~ idrt1•)~ ff2> 

else <idnl*; ce2> 

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 • err]> 

C_statements<statement*, ce) .• fil 
let <stmt; eel> · • c.:_statement<Htad<statement*>,. ce> 

<Stmt*; ce2> • c_statem,nts(Ttul<statement*), eel> 
in 

if Empt,<statement*> 

then <nil in Stmt*; ce> 

else <Cons<stmt, stmt*>; ce2> 

C_statement[dedl<ce> • <none tn ·Stmt; C_d«ls(d«I tn Ded•, ce)> 

Declarations will not cause any immediate •~tlon during execution. 

C_decls(decl*, ce) • fil let 11:idn+: typeJpecl 

<dJype; eel>. 
ce2 

in 
if Empt,Cdecl*) 

tlaen Ce 

• H tad(decl*> 
• C_t,fJI-St,,e<typeJpec. ce> 
• Add..tft/tl<idn•, dJype In Info, eel> 

els, C_d,cls<Tatl<decl*>, ce2> 



vs 

Add_infos<idn*, info, ee> .a !!£ if Empty(idn*) 
tl&a ce 
else ltt eel ~ ~N..r<Wri•>. info, ce> • 

in 

· MtlJ..,...,-~J. uil'o, · arl) 

C_statement[idn: type_.spec :• expressionJ(ce> ■ 

let <d_type; eel> • c_,,p,_s;,c(type.>p«, ce) . 
ee2 • ..ULJ-,.,Cidn, ,,o;J,,.,a ~ cd 
<expr; ce3> • c_.,,.,...._,,..., ,ce2> 

in 

if lncludes<d_type, T7p,_oj(expr, cea>> 
then d<idn in ldn*) : ■ (expr ta El~)Jia .... ~ 
else Bad_stmt<ceS> 

C_statementll:decJ+ : = invocationJ(ce) ■ 

ltt eel • C_decls<<ied+. ce> 
idn+ • Delist<decl+ ,&.idns} to.JR 14n+ 

in 

c_statem,nt<[idn+ =• invocation] OJ Statement, ~~l 

C_statemtnt[idn+ := invoca~l(ce) ■ 

let <d_type*; eel> • G1t_d1cls<idn+, ce) 

<expr; te2> • C_tRWC41um{fflyoq,tioQ, eel) 
in 

case expr 
elem invoke of lnvok.e 

t!ten if -,D~;J#atu(~n+> l\ facJISdf!.4:...,-; 4H~-'J~0A~, -)) 
tlaen <Cicln+ :c il!voke] ln Stmc; ~> 
else Btui_stmt(ce2) 

elst Bad_stmt(ce2) • 



C_stattmentltidn+ ·: • expression+J<te> ■ · 

let <d_typel*; eel> , • 9~t..dlds(i~n♦- _ce) 

<expr*; ce2> . .. c_,xpr,ss~<expresslOn+, ceD 
d_type2* • T,r$J.>ft'J,,X~-.. ~ 

in 

if -.Duplicates<idn+) A_ .l~-tJW*~ ~) 
then <Cidn+ :• expr*J In Stmt; ce2> 
else Ba.d_stmt(ce2> . 

Each expression must evaluate to a aingte objeet. 

Get_decls(idn*, ce) ■ rtt 
if Empt,<idn*> 

then <nil tn DJype*; ee> 
els, let <~_type*; eel> • Glt..M«dToU<kfr!'>, ce>: 

tn 
case ~.fflf'o(HHd(._,.)) 

elem d_type of DJype 
tltt11 -cCobs<d_type;d:;,..-); eel> 

els, <Cons<bad tn D_type;1ljy,_-,; celttrn'eertl> 

The kins must be declared variab1-. 

c_statementCinvocationl<ce> ■ let <expr; eel>' • C.J,a~(invocatton, ce> 
in . 

cast expr 
··. el,m intto'k~;o/ Invoke 

tlttn <invoke In Stmt; eel> 
else BatLstmt<cel> 

c_statement[expressionl.name :• eieptaslon2J<ce> • 
let expression,.. • · 4Xptess1onl; ··etp...ion2> In Exprestian+ 

<expr; ceb • C_ofl_tnu<·AS"i.Jn_::Wmi), exprewon+, c:e> 
in 

case expr 

elem invoke of Invoke 

then <invoke in Stmt; ceb 

else Bad...;stmt<cel> 

',; ' 

T1 
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Act,t_set_: Name ➔ Name 

Acld_set_ simply adds "set_" to the b'egtnfting d' die )_lame. 

C_sratement[expressionl(expression2] :• ~ ,,_. ' , 
let expression+ • <eJCprasionl; expmstont;, ex,,..._,► ltt bprmion+ 

<expr; eel> • c...o,.J1t'IA•~ • ~·----~. W · 
in 

case expr 
rltm invoke of Invoke 

then <invoke in Stmt; eel> 
tlse Bad_stmt<ceU 

C_stattmtnt[if expression then body elseif _.rm• eftd](- ~ 
ltt bodyl • [(nil tn ~•t-tmU11 -~t] 

in 

C_statement[ If expression then body ebeif ~rrrt'c ,., II•~ -..a<ce> 

c_Statementltif expression then bodyl e•if~m~ ---~• ~ ~ • 
let <expr; eel> •· c .... ~,,nc,n<..,...., .~ 

<unitl; ee2> • CJod,Cbodyl, c:et> 
<e1seif*; ee3> • C_tl11ifs<elseif ~rm*, ce2>. 
<unit2;,~ei>_ • C-~,Cl>Qdy2, ceS) 

· in 

if Boolean<expr, eei> " Booltans(elseif*.&.ex_pf, ~) 
then <[if expr then un.itl ellei'* et~, '-l~tl..•'!cll tn Stmt; Cff> 
rise Bad_stmt<eei) 

C_elseifs<elseif _arm*, ce> • !1f. 

let IC elself expression then body] 
<expr; eel> 
<unit; ce2> 
elseif 
<elseif*; ce3> 

in 

if Empt1<elseif _arm*> 
then <nil in Elseif*; ce> 
else <Cons<elseif, e1seif*); ce3> 

• #ICJ(l~,1te,.r~m•> -. 
• . ~~,t.f''-~~~• ce> 
~. g..bcrd,<"'y., ~1) 

• -i: ei.ett expr t1t•n unttl 
• C_tlsnj'l<T(dl(elseif _.rm•>, ce21 



C_sratement[whlle expression do body end](ce) ■ 

ltt <expr: eel> • C_ex.presston<expression, ,. ce> 
<Unit; ce2> • CJod,<body. cel!ttlNi 'tfldop})' 

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 aUc,wedJn the body. 
\ 

C_stattment[ return(expression* )J(ee) • 

let <expr*; eel> • C_ix;rtsslons<expresston•. ee> 
d_type* • T7pes_oj(expr*, eel) 

in . 

if (ee.iter I\ 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> 
' . 
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An iterator cannot return any objects., .G~f-• u..S,_to p1ake ,xplklt all implicit 
• ' ;~ , •.• ' ., '~ 

ups. 

C_sratement[ yield(expression* )l(ee> ■ 

let <expr*: eel> • c_ix;,esstons<ex.,,.._•, .eek, 
d_type* - r,pes_oj(expr*. eel> 

in 

if ee.iter " /nclude<ce.results, d_type*) 
then let exprl* • c_cvts(expr*, eel.cvts, eel> 

tn 
<0::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_,x;r,u~-,cpr-...•., •::: .. 

d_type* • T,rs-~-ex~. eel) · · 
<boo&; bool* :i: • C_stg<name. dJype'. c~uigs> 

in 

if bOOI ·., 

tlttn let exprl* • C_cvts<-expn*. ~. eel) 

in 

<[s'9nat name(expr1*'>1'i11 si~''cei> 
else Bad_stmt<ce1l 

C_stg<name, d_type*, sig*> ■ ?:.!£ 
ltt <d_cond; bool*> • H«u#(,..) 

ICna~U.d_ryrt*D • d ... ~ 
in 

if Empt-fsig*> 
tlten <fatae; nil tn BJ> 

else if name • nanwl 
tlten <litcludt<dJypel*, d_type*); bool*> 

• 1tse c..:,,,.ttarite; 'lt_-ft~. f~> · 

c_,vrs<expr*, bool*, ce> ■ fil 
let expr • Htad(expr*> 

e,cprl* • C-'-crJts<TaU<exp~. t~l. • 
in 

if Empt-,<expr*> 
tlten nil in Expr* 

else if Head(bool*) 
tlten Cons<Cup[ce.up](expr)l tn Expr, exprl*) 

else Cons<expr, exprl*> 



c_statement[ exit name"tlpreJSion* >l<ce> • 
let <expr*; eel> • c_,x;rtssiOflS(expressiOQ*, ce> 

. d_type* - r,;,,s..oj(er.pr*,. eel> . 
in 

if C_txit<name, d_type*, eel.hand"-> 
then <[exit narne<eNp~a,a &emt; .. · eel> 
else Bad_stml<cel> 

C_exit<name, d_type*, handle*) ■ !:!f 

if Empt,<handle*) 
tnen false 

else case H,ad<handle*> 

tlem name*:ef Name* . . 
tlttn ~<name E name*) I\ C.JXtt<~ ,dJJjHtf, tcll(handle*» 

tlem <name*;· d_ty~l*> ~ D_hand 
t/ttn if name E name* 

,,.,n dJype* .;, d.;ypft* · 
,ls, c_mt<name, dJJP', Tllfflianclkfl>·· 

eltm oth••·lfOthera · · 
tllni faJM 

end 
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Local exits must have corresponding handler,, the rauk CJ!>.Jects cannot be thrown 
·• ;:-;, . , . 

away, and. the types of the results must equal th~ types of the receiving variables. 

c_statement[ breakJ(ce> ■ . if ee.loop 
t!t,n <break tn Stmt; ce> 
els, BacLstrnt<ce> 

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

c_statement[contlnueJl(ee> ■ if ce.loop 
tlitn <continue in Stmt; ce> 
else Bad..Jtmi(ce) 

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



82 

C_statemtnt[begin body eftdl(ce) ■ let <Unit; eel> • C~, ·ce) 

tn 
d:beetn umt·..WO·m 1Mt; eel> 

C_stc1tement[tagcase·expression tag.arm+ endilfd> •• 
let <expr; eel> . • C~~; 'Ge) 

<tag*; name*; d_compl*; ce2> • C_t,g_arms<tag_arm+, W) 

namel* • Ordn<name*, na_.) 
in · 

case T1pe_oj<expr, ce2) 
elem [oneofCd_comp2*D of D_oneof 

then if namel* • d_cornp2* J.na~ " d_compl* e it_tt,mp~ 
then <Ctagcaae expr tag* emO tit~ ,te2> 

tbe Sdd.,j~ 
else Bad_stmt(cel) 

The name list returned by C_tag_arms CO(ltaifu every _natne appearing on an arm; 
·,, .. - , ; ' "•. ~. ' .>. 

the d_comp lff.t ~~tn.s-a na.me--dJJfll ,..,:l~1Y~. name appeariftt on an arm 

with a variable. Each tag namt must a,,_,~~•••-.. •rm, ·and only 

tag naan~s can appear. If an arm has a variable •-.iw'·~ value part of the 

object, the_ type of the variable-must eqva1 the••• tn,e a;r~tng to every 

t~ g on the arm. 



C_statement[tagcase expression tag_arm+ othera1 body .-1t.O<ce> • 
let <expr; eel> • C...,xtre~<.~P.mslon, ee) 

<tagl*; namel*; d_eompl*; ce2> .• c_ta~JIU(~rm+, eel> 

<unit; ce3> .. , C-.~IK¥:lY• e~ 
tag2* • AJ,/>ffld,(~gl* • . c••r•: unitl m Tag> 

in 

case -Type_oj(expr, ce3> 
elem [oneof[d_eomp2*JJ of D_oneof 

then tf namel* c d_comp~ J.name /\ -,Du/,lkat,.r<namel*> I\ 

-,Same_sfae<namel*, d_comp2*lname) i\ ci:...a»mp1• c d_comp~ 
then <[tagcasa e~J>f~g2* •"dl tn S~~ ceS> 

· else Bad_stmt<te3> 
else Bad_stmt<cel> 

Each tag name "n appear •t most,,n~ but at Jealt.,.. tag muaa be missing. 

C_tag_arms<tag_arm*, ce> ■ t!f 
let <tag: namel*; d_compl*; eel> 

<tagl*; name2*; d_comp2*: ce2> 
in 

if Empt,<tag_arm*> 

• c..t4&,4,...,<H,-<tag.,rm*>. ce> 
• C_ta,_4rm.r<TaU(tag_arm*>, eel> 

then <nil in Tag*; nil in Name*; nil in D_comp*; Ce> 

else <Cons<.tag. tagl*>; C•at<pamel*. 1.11.~>. 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..cem,-. eel> 

C_tag_arm[tag name+ (idn: type_spec): bodyl<ce) ■ 

let decl* • U:::<idn in ldn+>: typeJpecl ln, Q,cl* 
<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*, 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, Maie.:..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> 
ce4. 

• C_iter_tnv(lnvocation, eel) 
• C_body(body, ce2[true • loop]) 
• ce3Cce2.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<ce4) 



C_ittr _invCex pression(exprmiqll*)J<ce> . ■ 
let <expr; eel> • C....qf,r«s~,on<t:Xpr,euion, ce) 

<expr*; ce2> • C.,.tx/lrlSSw,t.r<ex~•, eel~ 
d_type* • T1f!'s...oflexpr*, ct2> 

in. 

case T1pe_oj(expr1 ce2> 
elem IC itertyp, (d_ty_p,l~). xJeldf (d.J7pe2*) algnala (d_cond* )lJ>/ D.)ter 

tlien if /ncl~t<dJ,fpel~1 .<i.JJP1!.*~ ·" c .. ,Lconcb(d_coqd*, ce2.hand~ 
• J- _,, . . ••·- , . '"i.,, _- ·-~ I -r, • 

tMn <texpr(expr*)] ln Expr; ce2> . 
else Bad_tx;r<ce2.) 

else Bad_expr<ce2) 
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For an iterator invoc~tion to be legal, the argu"""ta IINlt be c( .the c;er-rect types 

and a II exceptionai conditions that can be nised must_.be legal with respect to the · 
':t(','- · ·,.; _;~ ~ h t 

surrounding handlers. 

Yitld_types(d_type> ■ • 

case d_type 
elem Utertype (d_typel*) yield• (dJy~) 1.•1n.aa (d ..... d* )J cf D.Jter. 

tlitn d~type~ . . . . 

end 

c_statement[statement except when_arm+ endl<ce> ■ 

let <catch*; name*; handle.*i eel> • C-•~when_.~+,: ce) · · · 
ce2 •. ~ilc--·IJ•,-ci~, ce.handa.s> • handles] 

in 

<stmt; ce3> 
cei 

• , •• .i o: ~ - , ,.,,, r · '\ ' J ... -+ , · " • c:..s,.,Mmt( • ._( · ce2> · · 
- ce![~~,•-~ 

if -.Duplicates<name*> I\ .C~nd<f tf#O, ha(\dle*> 
tlitn <ICstmt except catch* •ndlbl ~-.c:ri> 

:· ' .: : . ' : ' ~ 

else Bad_stmt<cei) 

The name list returned by c,.,._.,., £ORt&lal ewtrJ :tlll'M appeariog on an 

a rm; the Piandle list contains an element f~ every_ •"1'· A given exception name 
,.--r:: ~- ,~ . .i:. ·.~:;·;,: : , " (~'t.ft.1: ' 

can only be listed ~ce in an except•~~, ~"p~kN:ai~n ~_listed even 

if the exception cannot occur during evaluation. The /4'/ur, exceptiO& can be 

raised ctt any time, and must.ih 1eph•tth;rillp'ett liJ,etrery •Hltt ...._..t. 
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C_statement[statement except when_arm• others_.rm end<~> < • 

ltt <Catchl*; name*; handlel*; ~> ii, C.:..w~~~ .... rm•, 'tel 
<Catch; ce2> ii <eJMirE~Jt,m,· tet)· 

catch~ • if,S~;'~iitthJ · \ ': 
hand1e2* . • Af,;,n.t{t\alldlel*, other•'" HancHe) 
ce3 • ce2[Ctftcat(haMll'?ar...Wlflf •<t.ancltnl 
<ftriit; Cei> . -_ • C,~~~- M) ! . A . 

ce5 ;. 'crittt.~~-~- · 
. ' >·' ':\ . • .,,., 

'i ~--

in 
if -. Dupiicatts<name*> " C--d_ctmd<FaUO, hanM•Y.:: ·' 

then <[stmt except catch!* ltftctJ ltt Stmt; c:tb 
ttff lad::.:.srMt.. . .,. d ,, • ' ,. ' ' .j ;; 

l , ~ ~. r 

Fa.i/0 ■ ltt name · • •ranure• tn Name 
d_type* • Cdu,trint Cll ln DJype t,t DJ~ 

in 
[ na me(d_type* )J 

' . 

C_when_ilrmJ(v,h~.:_trm*, ~) •· !!£. <,, : . 

let <catch; namet•; handle; eel> • C_.,Aff...AJJ'Nl(HffCICwhelt)ttis-), tej 

<Catch*; name2*; handle*~ te2> •. c_.~r---... nn•), eel> 
in 

;:,,; ·.~ .:~~'', 
if Empt,<when_a~m*> .. . . . 

then. ~nil ln.Catcti';/pntn ~-me•; ,.n',,d-illfdfe~ ce> 
;1st r ~Cons<caJth: ~t~h-ik '¢,o'ti~t<~iql*: ~); C.Uhancl ... handaet); ce2> 

- ~?;~:.p•·,.,"' :,.? • 1~·~ ... i ( ~{ 

C_whcn_arm[ when na~(decl*): b0dy1<ttf · ■ 
let <d_type*; unit; eel> • C,..xW,<dtcat, body. ce) 

handle .• -<~fftr;' dJt'~~lictie ' 
idn* • Dilf.rNdtti"tJ&\it!iift "~i,,, - · ·· 

in 
,<,WMH1f,Jllme+.(kl•*tn1.:J1111.catc11;. ,...+, w,.;;ai> :,, ., 

'c...,whcn_arm[~hen name+'(•): body)<ce) ■ 
;· ., ~ let 

1
<Utlit; 1:il>, ~: C:Jolt,<bdiJ, ct) 

. .' tff. '· . ' '•' 

~wl.l-- ll~Ot~)H1fltt).fft,~ltc 0 
...... ♦ ..... ~,.w...,., c,1> 



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 

87 



5.7 Interfa.o• 8JNtailloallens 
: ,-· t Ii ~,•; ' • ;· ; -~ : j ~ 

The major functtohs defined in this aectton· are: 
Dtrivt_specs: Full_module• ~-,~•·DE; 

. Sa.mt_sptc: , ~~ •. ~A. --~: 11 

Interface specificationt: • .,.. :•'t•-.~ MMIMI. Fl~ .. ~ existing 
•· ' •' . 

interfaces for the abstractions being -~ are ttllML\ ad the special Mterfaces 

type and routine are installed. ,,.. ... )~~itllifUilWlliiif (~; .. w .... ved 
. . tiiliilllllllii!a ·</4!,J .;if)ff'.',..> \~·s\i 

from each module. The _nternal and .,_., ~ ~~t•~ 1!fl> a ,~ t1te 

interna I interface for a duster mfttaiftS tM ••~ 'll d dtlllilr ......,... while the 

external interface contains only the maerr._ ef tM ,...,.ft 1f11..-.. T'he external 

interface of each module ii checked ...,. tie iftM• for• ........ ing abstraction, 

if that abstraction has an interface. After al imentKa are dirt- tM ft111tml tnterfaces 

are installed; rhe internal interlaces a.n retul'WIN tw ute .._... chitcktlC the modules in 

their entirety, as defin«I in the next llction~ 

Dtrivt_sptcs(fuH_module*, ce) • 

ltt du__sp«* • G1t ... du.....1#'fCJ<f~lmanlie, ce> 
eel • /ftU_s~fult..,modvte*,ma_. ce) 

in 

Get_specs<fuH_module*, duJIJC, eel) · 



Get_dicspecs<module*, ce) • rec 
if Empt,<module*> 

then nil tn DU_spec* 
else let du_spec* • 04t-d~T 4'l~~ule*.),, ce> 

idn - a,i_mod.JdnCH~ule*» 
i'n 

cast ce.iJ)foUdn) 
tltm du of OU 

then Cons<ce.specs(du>, duJp«*> 
els, Cons<none tn ~U_spec, duJ ... ) 

GtLdu..sptcs collects the existing interface of,ach ~-

lniLspecs<module*, ce) ■ ~ 

if Empt,<module*) 
.then ce 
else let eel • /.ntt_sptcs(Tall(modu~>. ce) 

idn - c,,_mocLkltilNrU<ndule.,) < C 

tn 
if H ead<module*) ts Cluster 

tli,n N n,:Jptt<idn, type tn DUJpee, eel> 
else Ntt11_sptc(idn, routine tn DUJpec,' eel> 

lntt_sptcs installs the special interfites.'. 

OeLm0<LidnlCprocedureJ · ■ procedure.idnl 

OtLma<Lidn[iteratorl • tteraror.idnl 

GtLmocLtdnO:clusterl ■ cluster.idnl 

N tt11.;..spec<idn, du_spec, ce) ■ cast ce.info<idn) 

tlnn duo/DU 
tlaln lit specJMp • ce.spea[du .- du.>peel 

tn 

ceCapec..n,ap • speal 
else ceCtrue • err] 
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Get_specs<full_moclu1e*, d.uJp«*, ce> • m 
let [equate* module] • Hfad<full_module*) 

eel • C_,qauitu<equaiet, W 
<du_specl; du_spect, ce2> ·1,· Oit~.ty,,d~-l'lm 
ce3 ; ':~, -~•::~ea:wf•;·etrl' -\,.· 
<du_specl*; Cd> • G . .u;,cs<T.u((~)., r.a•..spec•>. ceS> 

ce5 • "'--'~••.....,•i~--1\' ~- cef) 
du_spec2* • Coukiu ...... 4'l.,Jftdt.J.:• , '.', · 

in 

if Empt,Cfull_module*> 
then <nil i&-~; _. · 

else tj Same._sptcCHIM(du_spec~>. 

then <du_spec2*; ce5> 
else <du_spec2*; ce5Ctrue • errl> 

du_spec2> 

The first du_spec returned by a,~~ ~.. the incental ~teria,ce;; the second 
':,~ ''::.r:·'H)),\ ... >-.,,.~· , !-.:'· -~ :.?-'J "~ .. ~~ .,, \•, 

du_spec: is the external inJ#l~.,ff.(;,•~~lf~{-. .-.,Y,."~ljlP,'nal interfaces .and 

returns the internal interfaces. · 

Get_spec[procedureJ<ce> ■ l~ . <r.,wqf#~, .,,,~~~ loutine, ce> 

Get_specU:iteratorJ<ce> ■ 

... tn."! '){.: -.,,,f',>.•ffl .t.1h·,•,· ... , .. ·\ 'i 

<r_spec m ~~,,{~~~:, ~H-~, ~l> 

ltt <rJpec; eel> • :~~~-~f;l"il.,,f'> ,, .. 
tn 

<rJpec tn DU_spec; r~:'!LiiJl~ fti~ 



Oet_spec[idnl = cluster [decl*] I• idn+ where restriction* 
equate+ 
routine+ 
end idn2](ce) ■ 

let eel 

ce2 

ce3 
. idn* 

d_parm* 

in 

cei 
<op_specl*; ce5> 

op_spec2* 
op_spec3* 

• Set_op_nam,s(routi,pe\ ceCtrw1 • clusterl>. 
• C..d.efs(decl*, equate•, eel>· 
• C_r,strktton.s<restriction*, ce2) 

• D,list<d~l•~J.idns> . . 

• GeLcLpcmn.r<idn*, ceS> 
• Add_up_t1p1<idnl,. kin*, ceS> . 
• Get_op_sp,c,<routine•, idn*, cri> 
• Get_,xt_sp,cs<op.,ped.*, Jd.n+) 

• · Ord,r<opJpecit +aame, .. op~> 

<[[d_parm*l: op_specl*l tn DUJpecf [[d..parm*]: op..Jp«S*l In DUJpec; · ce5> 

Set_op_names<routine*, ce) ■ !'.!£ 

if Empt,<routine*> 
then ce 

else l,t idn • Get..;.op..id.n<H ,cid<rouUne*» 
eel • AddJnfo<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_t-,pe<idn, idn*, .ce) ■ 

if Empt,<idn*> 

then let <d_type; eel> • C_t-,;,..s;,c<idn In Type~ ~ril;,~:,> 

else 

ln 

ce2Cd_type • ~pXdl{j* • ~]" · . ;",. -, . : '-, ••, ;,., ; 

M ake_constants<idn*) ■ t!£ tj ~...,_)' 
. . do· 'nlfiw ·~-0: 

tls1 Coru<HffMl<idn*> ha Constan&, ).~....,.,.,-
Get_op_s pecs<routine*, idn*, ce) ■ ?1£ , · ' 

ltt <r _spec; eel> • G,t_r_st,,t:<HltUl<routine*'), ce) 

[[d_parml*]: dJype:» • rJpec 
name • MUlt•:•··wt· M:;»Jt.:.Ni..,WIIIAl•_.>Jt 
d-parm2* '.IN_ \\,I~ ... .-,. i.lUA;. ·-.; · . . , • Usa_a_Jllll"~ftfft-·t•·...-..r¥• ,, ~ 

d_parmS* • CoJtQll(d..parld', d...parml*) 
op_spec • Cnamad~i~- .,,., ' ,,:. 

<op_spec*; ce2> • G«-0/UIW~T..,...>. ~•. ceCClll.err • errl> 
'ft½: ··,•H~,.··:JJt·/"t~ •v; [-;--s.0 :.:- .. ,._~'°"':. ··· ·. -•·· · '"• 

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 cleriVld .....ually u if che· routine 

were a module, and then the d..parma for the~ .......... are acWld to the 

interface. 



Oet_ext_specs<opJpec*, idn*> ■ Uf. 

if Empt,<op_spec*> 
tlren nil in Op_spec* 
elst ltt CnameCd_parm*l: dJypel • H,u(op...,..> 

tn · 

if MakLtdn<name> E idn*. 
tlien Cons<Htad(op_Sf>e'*>. (!1L.at.,Jp,ts<TaJl<op_spec*>, idn*» 
,ts, a,,~ext...s P.«sCT (#l(op..Jfl'*),. idn*> 

The check that each idn names an CJplQdon. alld ,that no idn ii lilted twice, is 

made later as part of the check of the-«ltite module. 

Make_idn: Name ➔ ldn 

Make_ldn returns the kin corresponding to the given name. 

Oet_r_specU::idnl = proc [decll*l (decl~) return• (type_s~) slgf!ala (cond.>pec'> 

equate* 
statement* 
end idn2J(ce> • 

where ~- · 

let eel • C_clefs<decll*, ,~ate*, eel 
ce2 
d_parm* 
ce3 

, <d_typel*; ce4> 
<d_type2*; ce5> 

<d_cond*; ce6> 

<d_type; ce7> 

name 
in 

• . C_rtstrictt9ns<'restnction*. eel> 
- G~i_ti.:.;arrns<Dlt4t(decll* J.idns>. ce2) 

' :~ 

• C_Atad_d,cls(dec~, ce2> 
• Gtt_dtels<Dtltst<dec~ J.idns>, ce3> 
• C_Atad_t1;,s<type_spec*,. cri) 

• C_/r,ad_concls<cond..spec*. ce5> 
• C_proc_t1p,(dJypel*, d_typett, d_cond*, ce6) 

• M dt.:..ttam,Udril> 

<[name[d_parm* l: dJypeJ; ce7> 

Get_r_sfHc is used for an pr~ures and iterators. indll(ltng cluster routines. 

The use of cvt is controlled by a flag ln ~ :t,t T,- ettvlronmetat ts not 

restored at the end so that any restrictions on duster parameten imposed by the 

routine can be collect~ by G,tJ;_sfHcs. 



Get_r_sp,c[idnl • lter [dedl*l (decl~) ylelde (type~), ...... ,~~) 

equate* 
suitement* 
end idn2J<ce> ■ 

where restrietton* ' 

let eel • C_dtfs<decU*, equate*. \Cf> 
ce2 
d_parm* 
~; 

<d_typel*; cei> 
<d_type2*; ce5> 
<d_cond*; ce6> 
<d_type; ce7> 
name 

· ,;. C'.:.)'iJ(tkttn~tistrtct_.,, tel) 
- Gtt_d~~~mtbMd*f~ . .... · 
• C;;..llr&fl.' ,.,..,.en,,,:·~ _.· 
• <MltMfl~~,,~i~ ,. - c_,.._,,,-,c,,peJpec*. ce-t> 
• C_"""'-.conds<cond..JPIC*, eel) .. 

• C~t~,~~~-f1P"l*., d~,-,d~*, ce&> 
- M •li..Ml'I.Cifol) . ' . . . . ., . -

,n 
<[name[d_parm* :f~. d_ty~J; ce7> 

c_~e/s<decl*. equate*, ce> ■ 

let eel • cetfalae e err] 

in 

ce* • {ce2 I 3<equatel*, equat4*. perm> 
Cequtetc ~j,erm<~atel*, equate~» /\ 

ce2 • CJl~s(<~~ · d~ .. ; ~. celf " ... ce2.errlt ·,,' ·: .. • ~ · ,' . . . 

if Empt-,<ce*) 
tlttn ceCtrue • err] 
else Hea.d<ce*)[ce.err • errl 

' _f ' ' • ' •• \ ~ ' ' 

. - ' ', 

Since parameter declarations can inY'1¥«.-~: ~tifiel'I, we ~'°"t the list of 

declarations essentiaHy as a single equate. and look fer a lepl reorder#lg of all 

equates . 

.. C_dt/sl<eqµa1,1*, .. decl*, eit•~~t, ce> , ltt eel "· C..lf1Ull•~~tel*, ce> 
ce2 • · c;.,-,,,,_~dJ,' eel> 

tn ~-_J, :·~~➔ ~,'· 

C;JfUtn<aqu..-, cdt• · 



. c_par11L.decls<decl*, ce> • fil 
ltt [idn•: type_specl • Htad<decl*> 

eel • c_;arWL..dtcls(Tall<decl*>, ce> 
in 

if Empt,<decl*> 
thtn ce 

else if type_spec ls Type 

tlrtn Add_tnjosUdn+, nil tn Op_decl* t~ Info, ~» 
else let <dJyptt ce~~ • C.J,t,,...s,-:(type-lfHl':i eel> 

in 

cast d_type 

elem [duCobfll ef D_mod 

tlr,n if du E <dunul 1 ; .clubool ; duint ; du, .. 1 ; duch•r ; du,t,1n~ > 

. tlitn AddJn.ft.t<idh•~ d.JJpe·flf-O••-•f•n:lnf'« ce2) 
tlst ce2Ctnae • errl , 

else ce2Ctrue • errl 

Gtt_d_parms<idn*, ce> ■ fil 
let idn • H«id<idn*) 

d_parm* • G,t_L.;arms(TaU<idn*►• ce> 
ln 

if Empt,<idn*> 
then nil ln D_parm* 
els, cast · ce.inf o<idn) 

eltm op_decl* ef Op..decl* 
tlrtn Con~<Cidn: <op_decl* tn Constraint>], d...pamf> 

elem constraint ef Constraint 
tll,n ·C~<~i4ru ~intl,.• .. 4...pl.rm*> 

"lst C~f<Cid,n: <b~ f~-~~~ t~,-~~,
1
\ d..,par~~> 

C_rt.ftt'k'tfo1U(f'ftt¥ictlell•, ce,, ·• ·rtt 
if Empt,<restriction*> 

th.tn ce 
else let eel • C_r,strktton<HHfl(ratriction*>, ce) 

tn 
c_restricttons<T aU(restriction*>, eel> 
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C_restriction[idn has oper _decl+J<ce) ■ 

ltt <op_dccl*; eel> • C-:op,r._,d,cls(oper_d«rt', ce> 
in 

Add_op_decls(idn, op..decl*, eel> 

C_rtstrictlonltidn In type-Jet](ce) ■ 

ltt <tset; eel> • C_t7;,..s1t<type..Jet. ce) 
[idnl haa op_decl*J •' tset 
obj • Diem m D.J,,-ta Wlh'Cty,..,,a DJ,,e)l 
op_deell* • Subst(obj ,a Obf, idnl 111 ldtt•, op..dec .. ). 

in 

Add_op_decls(jdn, op_decll*, eel) 

c_,,pe_set[~nlf-,pp2••t.P«_.,+ fA~tf~~ , '· 
let eel • Add_tnfo<id~l. nitM Qp~4• 1W, ce> 

ee2 ;. c_,qu,t,s(equate*, eel> . • . , , 
<op_decl*; ee!3> • C_op,r_tl,ds(oper_decl+, ce2> 
info • op_decl* ln Constraint tn Info 
eei • Add_tnjo<idnl, inf ct ceCcela .a.::eRiF 
ee5 • c_,quat,s<•d·, :::ci\!ltt, ': 

<op.:..decU*; ce6> • C_op,r_dms<oper_decJ+, eel> 
tset • 11:idnl haa op_d,ecll*l 
<idn*; ee7> • Rtstor,Cce, ce&> 

tn 

if idnl • idn2 
then <tset;' 'm''I> 

tlst <tset; ce7Ctrue • errl> 

A type.>et is treated rnut'h' .-like a module lieMffng. 'First the oper ,.decls are 

evaluated assuming fhe clurnmj ptrarneter :,.: •• ; -~, and" •• operations, and then 

the oper _decls are rechecud with complete i'1 ............ Nfi,;,~f. . 



c_,,pe_set[idn]<ee> ■ let eel •. eeCCons<idn, ce.used) • used] 
Ln 

case ee.inf o<idn) 
elem tset of Tset 

tA,n <tset; eel> 
els, <Cidn haa <nil tn Op_decl*>l; celCtrue eerrl> 

C_oper _decls<oper _qecl*, ee> • !:!£ 

let· [oper _name+: typeJpecl 
<d_type; eel> 

in 

<op_decll*; ce2> 
<op_dec12*; ce3> 

if Empt,<oper ..,.d_ecl*) 
tlitn <nil trt Op_dec~; ce> 

• H ead<oper .,.decl*> 
"' c_,.,put,,t<typeJ~ ce> 
• c_op,r_nallfs<oper.name+. dJype, eel> 
- c_op,r_d«lsCT.U<eper_decl*>, ce2> 

. . 

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_opcr_names<oper_name*, d_type, ee) ■ m 
let [nameCconstant*]J '• Head<oper..name*> · 

<obj*; eel> • c_con.rta.nts<constant*, ce> 
op_decl • [name[obj*]: dJypel 
<op_decl*; ce2> • c_op,,_na111tsCT.U<oper.Jtlme*>, dJype, eel> 

in 

if Empty<oper _name*> 
then <nil in Op_decl*; ce> 

else if L_parms<ob j*, ee2) 
tlien <Cons<op_decl, op_decl*); ce2> 

else <op_ded*; te2C true • err]> 

97 

R eferenees to type parameters and to· the abstractiOns being lmptemented are not 
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Ad,Lop_decls<idn, op_ded*, ce> ■ 

case ce.info<idn> 
elem op_decll* ef Op_decl* 

then let info_map • · ce.inf oUdn ... ~ ..... ,•. ·op..,c:ledl*>l 
tn . 

ceCinfo_map • info] 
else ceC true• err] 

C_liead_dtcls<decl*, ce) ■ m, 
if Emptj<c.t«l*) 

then ce 
elst let [idn•:•typeJp«l 

<d_type; eel> 
• HICld<ctect') 
- ,_,.__,,,..,,.JP«, -

ce2 ;. ~••· ,..,_ ~ 1'1'0., ca•> 
< • I.-. " 

tn 
C_lttad_dfcls<T atl<decl*), ce2), 

C_head_types<type_spec*, ce> ■. !:!£ 

ltt <d_type; eel> • C_M<Ul_t,,-CH•<type~•~• . ce> 
<d_type*; ce2> • C_ltff4l-"1;.T,u<type~~~ 'ceD 

in 

if Empty<type_spec*> 
thtn ;fllH ln 7?.JYP"*i. ce~ 

. else <Cons<'d_type. d_type-.); • ce2> 

C_head_t.,pe<type_spec, ce> ■ if type_spec Is Cvt I\· -.(ce.up 11 la4> 
tla,n <Ce.up; ce> 

.:t 

tlst C_t,,-~s;,c<,ype..JP«,. ct> 

Cvt is permitted as a top-level type specif~. ,lf1: ~•.-.C •fJU~t.s and 

rei.ajij)irJchfcU.l)C y1'1d •~c ~t.l r~~J(.,~ka# ~--- ~-.. deriviftg 

interfaGes, c;vt,.is rep~~ PJ. ~ abstncc i,r. ,-,. 



C_head_conds<cond_spec*, ce> ■ r!f. 

let [name(type_spec* )l • H ead(cond...spec'"> 
<d_type*; eel> • C_li,aL.t7J,,s(type.J,p«*, ce) 

: d_cond • Cname(d_ty~• )l, 
<d_cond*; ce2> - c_/atad...condl<TcaU<CQfld..>p«*>, eel> 

in 
if Empt,<cond_spec*> 

tl,,en <nil in D_cond*; ce> 

else <Cons<d_cond, d_cond*); ce2> 

Same_sptc<du_specl, du_sptd) • 
if du_specl is R_spec I\ du_spec2 ts 'R..Jpec 

t!,,en Same_r_spec<du_specfto R_s~ 'du_spd;ro It.sped• .. 
else if du_specl is T _spec I\ ·du_spec2 is T _spec 

tl,en •J4""-..t..J;..<duJJpeel to T_spec. ·•~• ·T...spec) . 
tlse du_specl ts. None · · 
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The first argument is the interface from the lit,rary •. the ~. argument is the . . 
derived interface. 

S ame_r _.s pec<r _specl, r Jpec2> ■ 

let [[d_parml*l: d_typell 

[[d_parm2*l: d_type2l 

idnl* 

constraintl* 

idn2* · 
· constraint2* 

in 

if Same_stu<idnl*, idn2*> 

• r_specl 
• r...spet2 · 

·• ·d.;pir~~-
• c1~r~~int 

• d:pat'#-it 
• R1f,l,u1Udnl*, · idn2*, d..parm2* J constraint> 

then Same_constratnts<consttaintt•, «tASIRinti-t A 

d_typel • Replact<idnl*, idn2*, dJypet) 
else false 

Replace: ldn* x ldn* x D ➔ D · 

R,place is defined for all dornai,:-s D. lu;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~sttaint~) . 

then constralntl* • constraint~' . ' ,' , . 
else if Same_constroints<Toil(constralnttt), 'fatl<COllstratntZ-» 

then case Htad<con.irtlritlf) . .. . ·. "it" ·• •. . -

elem op_decll* of Op_decl* 
t lien cast H tad(constraint2*> 

el,m op_dect2* of Op..,decl*. 
tlitn op_dectl* C op_decftt /\ op_decatt C op_decll* " 

Sam,..slrl<op_decH*, •~ 
else falae 

else Hea4<c:cm-'raint1*) • Hta4<.wnattai.r> 
. - \l." ,· :'. ;• - . 

else false 

Correspondin~ tJpe puathete.N lilUstJltti Ntehtkjll ap~UINlh ltN! order in 

which the op_decls are listed in unimportant Other'~"' parameters 
must be i'Jf the same typ!: 

Samccs1,u<t_specl, t_spec2> ■ 

let [[d_parml*l: op_specl*] 
l[[d_parm2*]: op_spec2*l 
idnl* 
constrain ti* 

idn2* 
constra int2* 

in 

if Sa.me_size(idnl*, idn2*> 

• t_specl 
• t.,.spec2 ,., ·· . 
• d_parml* i;pr, 
• <h.fllitttl,~r.int 

• . d~·ifl• 
• R~_•,, t4n~, d..parmtt J.constraiftt> 

then Same_constralnts<constraintl*, constraintZ-> /\ 
S ame_o,,_s p,cs(op._sptlll*. opJptC~> 

else false 



Same_op_specs<op_specl*, op_spec2*> • fil 
.let [namel[d_parml*l: d_typel] • HHtl(opJpecl*> 

[name2Cd_parm2*J: d_type2J • H ..... ~) 
in 

if Empt1<op_specl*> v Empt,<opJpec2*> 
tlien op_specl* • op...spec2* 
els, namel • name2 . A 

Sam,_r_sp,c<t;Cd~ar«nl~l: d'J1P'll. ([ct.pa~]: oJ,,e2J> " 
Same_op_sptcs<Tatl<opJpecl*},. 1'-1(ep'~» · 

L_parms<obj*, ce) ■ r!f. if Emf>t'J(obj*> 
) 

tlten true 
1lst if L_/HJrms<Tal<obj*>, W .. 

t4tn lit ~JI,: 4,;JpJ .•.· H-,<obJ*) 
in 

if d_type ts Type 

tlse false 

tlttn L..i,p,(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 IC recMdCd_comp*D ..t DJellMJf'Ct •. 

then L_t.,p,s<d_comp* J.d_type, ce> 

eltm [oneof[d_comp*ll of D_oneot 
then l_t,p,s<d_comp* J.d_type, ce> 

elem [proctype (d_typel*) retvrna (d_type~) ••111•C..LCG1D•Jl-of D.:.proc 

tMn L .... ~ttl_ly~.•~ I\ ~~-· ,~, .· · 

L_t.,pes< Dtlis~.:.--•titt.;Jype»., • · 
elem [itertype (d_typel*) returna (dJype~) aigtuN (cLcond*)J qf D.Jter 

thtn l_t7pes(d_typel*, ce) " u,;,J<dJilt}W'tm> I\ 

l_t7p,s< D,ltst<d_cond* J.d_types), c:e,:", • 
elem [du[obj*~J of D.,JnOIJ · ~. 

t lien -.fte.speatttu> fi·Typ- -'It t_,.,.ot,f, • 
elem idn of ldn 

then false 

,else true 

F orma I type parameters and illstantiad~,_. of the (data> ab1tractions being 

implemented are illegal. 

l_t,p,s<d_type*, ce> ■ ·!.ff if Empt,(d_type*) 
tlatn true 

els, .Lt1;,<HMd<dJ.,,..>, ce> /\ 
l..11;,s~TaJl(dJ.,,..), ce> 



5.8 Modules 

The major function defined in this section is: 

Compil,: FuD_module* >< Inecunap,.>< ~ry ➔ Ljbrary 

The domain Spec__map was ·dettned in NCtion tJ.r Tfle domain Library.a defined as: 

Library: 

lmps_map: 

specs: Spect.map >< imps: lmpl.JMp 

DU ➔ Imp* 

The domain Imp is defined in the next q,ap!er. 
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To check a set of full_modu1es, ~e first derive ltlterfaces as defined in the previous 
l I , , ,,·

1
,';-.""-, ··-• ;.'\. i. "c' 

section. Then each module is checked. in i~.en~~~J~~ For P;t~ure and iterator 

modules, the formal patameten are belu)a.,to\..._, a.utrainta as listed in tbe internal 

interface, and the header is reevaluated to enslire'tlat'ttiiHnatrface is consistent The body 
', ·, 'h.,.- ·,_ -, ;: ·:-. :-•.·, ~ .•: 

of the 1:outine is Jheo <;beck~. For chater modufes1 die formal cluster. parameters are 
C •:, ; • '• ,: "' • '. •: ; < 'C • ~; .,• ;!;•~ C' \: • ' ' •, •. > • 

bound to their constraints and the kins naming cluster routines are bound to the iqterfaca 

for those routines; then each routine is checked, as for proc:edureand iterator modules. 

Compile< fu ll_module*, info_map, library) ■ 

let eel • CrNtc...Minfo,apr ll>l'M"f.., 
<du_spec*; ce2> • D,rlw_sres<full.,JTIOClule*, eel> 
<mod*; ce3> • C-Jttll_mbdtdll<M~te-{'lhlJPet', ce2> 

in 

if ce3.err 

then library 

els, <Ce3.specs: AdtLltr1,,s<mod'. HBrary:impa)> 
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AclcLimps<mod*, imps_map) • rec 
if EmptyCmod*> 

tl,en imps_map 

else let [du • modJo""' 
imp 

• H,ad<modt), 

'• M•~~ 
imp* • Cons<imp, imps..snap(du)) 

in 
Add_imps<Tail<mod*>, imps..)nap[dw +- imp']}, 

M eantng is defined in the next chapter. 

C_Ju.lLmoclules<full_module*, du_spec*, ce> ,. '!!£_ 

let [equate* module] • Htad<fuH..modo-~ 
eel • c_e,uat,s(equate*, ce> 
ce2 • lnst~l{sptc<HIOd(duJp«*.>, cei> 
<modJorm, ce3> · • C.:..hroffui~mddufe, c:dl' · · 
du • G.r_dcf&t....:indit.MfflfM1duk!>~ cd 
mod • l[du = mod.J,orml 
ce4 • ceCce3.err • err] 
<mod*; ce5> .. C-fulLmodules<T.U<futl,JnOdufe•>, f'clll(du_spec*>, cei) 

in 

if Empt)'Cfttlt_modu~) 
tlien <nil tn '1od*; ce> 
else <Cons<mod, mod*); ce5> 

/nstalLspec[[d_parm*]: d..tJ,eJ~ ■ Md .. t,.1.-'4_,.,,,.•, ce> 

lnstalLspec[Cd...pai:m*J: op..,.5p«1J{~ • l,t eel "'" M.(L,W,rlft;f(d_parm*, ce> 
ln 

Add_ops<op.>p«*, eel> 

lnstalL,pec[routlne]<ce) ■ lnsta(l,....sp,c[typeJ<ce) • .LcE 

The special interfaces exist only when deriving interfaces. 

lnstalL1pec[ none](ce) • ce 
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Get_,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 ~1',where. 

Add_j,anns<d_pa rm*, ce> ■ ?1£ 
if Empt:,<d_parm*> 

th.en ce 

else let [idn: constraint] • Hetul(d_parm*> . 

eel • Add..Jnfo<idn,. conat,ajnt '" Info, ce> 
in 

Acld_parms<Tail<d..parm*>, eel) 

Add_ops<op_spec*, ce) ■ ?1£ 
if Empt:,<op_spec*> 

th.en ce 

else let ltname[d_J)arm*]: dJypel • ffl(M(op..JP«") 
idn ~.v~· 
r _spec • l;t~~J; 4...S,P'l, 
eel • ,ULJ,ifo(kln, r..spec ,,. Info, ce> 

in 

Add_ops<Tail(op_spec*>, eel> 

C_module[procedure]<ce> ■ let <opJorm; eel> • C_roiulu<procedure ,,. Routine, ce> 
in 

<opJorm tn ModJorm; eel> 

C_mo,lu/r[iterator](ee> ■ let <opJorm; eel> • c_,oaa,71,Uterator ln Routine, ce> 
in 

<opJorm tn ModJorm; eel> 
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C_modu/e[idnl = cluster [decl*l I• idn+ where restriction* 
equate+ 

ltt 

in 

routine+ 
end idn2](ce) • 

idn* 

eel 
ce2 
ce3 
ce4 
ce5 
<oper*; ce6> 
mod_form 

• Dlli1t<cfecf J.idnsl 

• Add_up_t,p,<idnl. idn*. ceCtrue • cluster)) 
• C_equates<equate+. eel> 
• L_parm....d1cls<decl*, ce2> 

• L_restrlctions(restr.iction*, ceS> 
• Erast<idn*, ce-tl 
- c_routtnesfroutihe+, ceS> 

- [cluster [idn*l oper* endl in ModJorm 

if idnl • idn2 " -.(ce2.down ls Bad) " ~Du;ltcat,sCidn+> 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> ■ !.!f. if Emptiidn*> 
then ce 
,ls, l,t info__map • ce.infoCHtadOdn*) +- none ln Info) 

in 
Erase<Tatl(idn*>, ceCinfoJnap • info]) 



C_routtnes<routine*, ee> ■ ·!!£ lit routine 
idn 
eel 
"<opJorm; ee2> 
oper 
<idn*; ce!b-

• H ,u<rcMKtne*> 
• a,t_op_tdn<routlne> 
• lnstalL01>,;..,f•Udn, ce> • c_,out~,. eel> 
• [idft ,.;,p_J:onJ 
• -R,uor,<ee, ce2> 

<0per*; cef> • C..r«atn,s<TaU(routlne*), ce3> 
tn 

if Eml",(routme*> 
tJ,.1n <nil ,,. Oper*; c:e> 

us, <Con-ru,per. optr*); Cff> 

/nstalLop_specCidn, ce> ■ case ce.tnf~idn) 
fl,m [[d,..parm•l: dJypel V R...apec 

tltm Ad<l..p.r,,u(~rm•. ee> 
els, cettrue ••rl 

L_parm_declsCdecl*, ce> ■ ~ 

if Empt,<decl*") 
th.en ce 
else let [idn•: type_specJI • H,ad<decl*) 

in 

if type_spec is Type 
tlitn L_parm_decls<TGU(decl*), ce> 
tlu ltt <d_type; eel> • C..JtJ~p,c(typeJpec. ce> 

tn 
Lparm_decls(Tall(decl*>, eel) 
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The type specifications used to declare parametert- ar• rechtcktcl solely to gather 

uses of external references. 
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C_rou.tine[idnl = proc [dtcU*J (decl2*) returna (type~} •--al• (CllldJPtC•) 
where ratFiction* 

equate* 

ararement* 
..- icift2J(ce• ■ 

let eel 
ceZ 
ce3 

• ceC false • iterJtCtftsCidnl, ce.used) • used] 
• c_,quat,sCettua.-; ,·eel> 

• l_parm...d«ls(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_dfd1~. (le3)· 

• c_c'IIJ'J,-,l<tfpe..JPIC*, cri> 
• C..n,t~~Jptc*, ce5> 

· • Append<slg*, <F4UO; faa.e tn Bool*>> 
• L_restrlction.s'ftlsttkttori* ,> ·ail6> 
• ce'Cd_type* • resultsl~ • cvtsXsigl* • sigsl 
• Dtltlt(d'«tl*lid~ .. 

• Dtllst<d«rt.id1U) 

• C...stat,mtnts<~tement*, ce8> 
• Coni<Cidn2* : ■ expr*J In $tmt, stant\•> 
• if Empt,<typeJpec*> 

t litn stmt2* 
tis, A pfHnd<st.nKt-, 

Creturn(nll tn Expr*>J '" Stmt> 
• Rtstort<ce, ce9) 
• CstmtS* locat idn,*l 
• C rotittnl {ldnl*l 'tld'nr1 unit .hdJ· 

if idnl • idn2 

then <opJorm; celO> 
else <opJorm; celOCtrue • err]> 

C_rou.tine is used for a II 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 will be 

assigned an object of the abstract type, and then is reaS&igned an object of the 

representation type when the multiple assignment is performed. 



C_routine[idnl •· lter [decll*l (decl~) yield• (type..Jpec*)•&onals (condJpec*) 
where restriction*·· ·,. · 

equate* 
statement* 
end idn2l<ce> ■ 

ltt eel 

ce2 
ce3 

in 

<expr*; 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> 

• ce[tn,e • lttrXCons<idnt, ce.UlidJ • used] 
• c_,quat,s<equate•, al> 
• L_parm..d«ls(decll*, ce2> 
• C_evt.JUttJ<d«I~, ce3) 

• C-t11t_t7/lfs(type..Jp«*, cri> 
• C_tvt_tonds<cond:Jpec*, ce&> . 

• App,nd(sig*, <FaU<>; falae ,n Bool*>> 
• L_r,strlttions<restrictlon*, eel> 
• ce7Cd_type* • ~ • cvolhtgl* • sigsl 
• D,Ust<decti-.ttctns> 
• Dilist(decl2"tlclns) 

• C;..statMti<..._.t*, · ce8> 
• · Cons<Cid'nt'\f• ,expr*J·tn Stmt, stmtl*> 
• App,nd<st~; Creturn<nil In Expr*)J In Stmt> 
• Rtstort<ce, ce9) 

• [stmtS* local idnS*J 
• [routine [klnt*J Cidn~) unit . end 

else <opJorm; celOCtrue • errl> 

L_rrstrictions(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_restrictlonlridn has~ _ciecl;l<ce) • 
let <op_decl*; eel> • C_op,r_d,cls<oper_decl+, ce) 

in 

eel 

The eheti ,thU. the 1dn is a type,~,, was petforfi'led When deriving 

interfaces. 

L_restrictionlCidn In typeJet](ee) • lit <tlitl;-1> ,"! C...IJ##.Jtt{typtt-/ ce> 
tn 

,el 

c_,vt_clecls<decl*. ce> ■ fl,{.. 

let ;ji:1n•: type...epecll, - l:{~(decl*> 
<d_type; bool; eel> • C_cflLr,;,{tJP!'Jip«, ·,~ 
ce2 • Add_t,ifo~(klft+ •. d..,typjn Jnfo, eel> 
exprl* • G,t~~~+y 1.». , 
<expr2*; ct~?' ·• C..t•Ldtds(~*l. ~) 

in 

if Empty<decl*> 
then <nil i1i Expr*; ce> 
else <Conc4t~prl*. expr2*); ce3> 

Get_exprs(idn*, bool> ■ U,£ if Em;t,<idn*) 
tlttn nil' tn Expr* . 

els, let expr* . • _Gf~~,r~f~~','•,.:_~> 
expr • Hld<ldn•t hi Expr 

tn 

if bool 

tlttn Cons<[dowrt{expr)l In Expl', Qpr*> 
tis,~.,.-~-



C_cv1_11pes<typeJpec*, ce> ■ fil 
let . <d_type; bool; eel> · • c_cvt_t7fMHHd<type~>. ee> 

<d_type*; bool*; ee2> • C_cvu,rs.<TGU(tJpe~), eel) 
. _·· .. , . 

in 

if Empt:,(type_spec*> 
then <nil fn-0,_type*; niltn Beol*: ce> 

else <Cons<d_type, d_type*>; Cons(bool, bool*); ce2> 

C_cvLtype<typeJpec, ee) ■ if typeJpec ts Cvt " -.(ce.down is Bacl>, 
tAm <ee.down; true; ee> 
tlst ltt «lJype; eel> • c_,,~;«<type.>pee. ce> 

ln 

. <d_type; f alae; eel> 
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Cvt is permitted as a top-level ty~ 5rClf icatkan in declaring arguments and 

results (including yield and signal results) of cluster routines. When checking the 

entire module, cvt is replaced by the representatiOI\ type. 

C_cvt_conds<condJpec*~ ce> ■ fil 
let [name(typeJpec*)l • Head<~..>pec*), ,, 

<d_type*; bool*; eel> • C_cvt_t7;ts<typeJ~, ee> 
d_cond • [name(d_type*)l · 

sig •. <d_cond; bool*> 
<sig*; ee2> • C..wLJonds(TaU<condJpet•), eel> 

in 

if Empt,<eondJpec*> 
then <nil in Sig*; ce> 
else <Cons<sig, sig*>; ce2> 



6. Meaning 

In this chapter w~ deti,.. thf Mdtiittg at· ·lpl · nibdutlt. ~j1ii1, ti minimize the 

number of forward references, we proceed from tht bottom Dfi> > We, ~~,t,, l:JJ def inlng 

execution environments, and then we defi-.e tkl.,~ of:~ ~ts, and· 

finill lly modules. 

8.1 Envlronitili\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· b.Jps: ~~1 >< arra1~ A~ray x 
. arrays: A_map )( t~rcli0 it.a X ~i: I.Jttip . . . 
DU ➔ Imp 

Op+ Type 

Obj* x Obj* x Eriv ~::itfttil 

Obj* x Name ➔ Op 

Idn ➔ 0,b} 

vars: ldn* x body: Unit x ti"IV: Inv 

Array ➔ Int x Obf 

Record ➔ Obj* 

term: Term x objs: Obf x et1v: Inv 

Normal + Return + Break + Contlftue + sa,ntt + £tit + Loop_ttrm 

signal: Signal x name: Name 

exit: Exit x name: Nime 

Return + Signal + Exit 
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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 ,cloMlre'.con,..,of the'list of loop 

v.ariablu;tbe kJop &,ad,, and lhe ., ...... .,....t.ff;fOF/lheiloep body. 

array - a seed .for,gener~ting new,uni~ uk,f•~--t~, £vwy id, less than this 

seed is ~e, id of an existing a,ray ,utjlla:. -.(The..,_., i\ffay·., ,isomorphic 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)<il for .r~~ ~~,, ~very id "'' o,,an this 
, • < • ~ ' , • ' ~ - •'. ' '· , • - • .• 

seed is the id of an existing recor,4,~•-ffhf ~in Record J• i'4)fn0rphic to 

the natural numbers.> 

records - a mapping that defines the curmit state-of-6ch 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 sing1e domain. Ra~. the,domai;\;;lnv;;wookl consist solely of 

variable bindings (i.e.; Env • V J'Alf>) and a Rplrate'ddma'lt/State, :Would 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,aa,ing of most constructs, certain 
~ -, , ~ - • S. ," ,, 1:'.'. "··:"·:/1 -·-.\ :wf;'i".- ·:· · \; • 

evaluations <e.g., expression evaluation> cannot change (and thereto~ need not i:eturn> any 
• :•.J"i•--.. ;~,..:(!"!·:".,,:·: :,: ·-(,=;qi,-'_✓,\,-~,! ~ . ', ·~ -~· 

..-:ariable bindings. However, as discussed in section 2.2.S, using a single domain greatly 

simplifies the task of propagating ex(eptiOfd ... ., ,, 



114 

Primitive_envO • <Primilivt_im/JsO; .lv_tn•P; .lL~op*; .lArr•Y: .LA .. ,; .LR,cord; .LR_1111p> 

Prtmittvt_env is us~ in the evaluatidn of ·eoftb~· expressions. Constant 

. expressions do not contain variables afu:I do not crea~ ·<i/ ma~fpulate mutable 

objects. 

Primitive_tmps: ➔ Imp_map 

Prim1tt11e_l111ps r«urm an knp_tnap wtm. iMp1fMelAtkMS f M' the bruit-in types, 

the •my.type ,flher&tor, aml tftt prllatdutt 1•-· •-~ lmpfementations 

of the recorct. .,..f.·,n,oty..-, and::ltllrtr,•••,,.·~·••d the type 

routine Will• handled lpectdJ~•nttar .,_..., tlielr ttMrfues were handled 

in section 5.3. 

8 .2 Expressions 

The major runcUons def'illed in this section are: 

ILtxffr:• · !jpt x ·. tnv 4 Rtsd1t 
E_txprs: Expr•· x Env ➔ Result 
E..Jnvou: liJv ... ~ £Av ➔ Result 

E_txprs<expr*, env) ■ rec 
if Empt,<expr*> 

rl,'nt <tsormaf tn i~m; ml tn Otif; env> 

els, res <terml; objl,.;.fflTl> • E..:nli,r(HlfUl(ap,•i~ eM) 

<term2; obji2*; env2> . • E.JX1"s.(7';4U(expr*>, mvU 
in 

<norm~I tn ieri'h; ContatCobjl*; objt'>; env!> 

The res riotatiort, defined in section S.-i, ,,- used to propagate exceptions <and 

bottom, in the event of nontermination). 

E_txpr[obj]<env) ■ <normalln Term; obj ,11 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• [<btd tn:V,~,Df,J~,~ ~~ ~.J,JP')l 
tla,n Ftulurf<"unjf14~~ .~.-.~ ~'1 .String, env) 
els, <notmal in Ttrrp;: oiii·,~- Pb t;, .~Y> 

Fai/ur,(string, env) ■ ltt term - <*Xlt; •tailure" tn Name> tn Term . 

d_type - '[d~a,!;~ CD)~.DJype . 
obj • [btring#n Va,D: d_typel 

.,··. + 

tn 

<term; obj tn Obf;_ env> 

E_txpr[invoke]<env) ■ E_tnvolf<invoke, env) 

E_int10ke[ex pr(expr* )]<env) ■ 

res <terml; ob jl*; envl> • E~n;r<expr, env) 
<term2; ob j2*; env2> · • E-•~s<..,..-; envn · 

let <op; ot,p-,- · • OWJ/Jf.-,.* rt,~ env2> 
v _map • >.idn. [(bactm VaD: (bad la DJype>J 
<terms; ob ji*; env!> •. • op<~; <Mfti, en¥2C v ..inap • vars)) 

in 

Pass<term3, obji*, env&env2.vars • vars]) 
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Get_op returns the implementation .~. the .. ~l;J»af•~ers for tt,.e ~outi~. 

Pass is used to propagate bottom in__, &he,,_.. ._,not terminate •. fTJle•NJ 

notation cannot be used because the ••-table._,. fMtlt'IM restored.> 

Pa.ss<term, obj*, en.v> • if term,u..J4or..-•.·.v ;k.-• 
then <term; ot,f; .env> 
11st .lRHult . 

If the termination condition . is bottom, then °boaom is produced; otherwise the 

usual result is formed. 



"'" tnd 

)u,~rd_op: . >t))et:dfcfJ( Mime ➔ Q~ 
On~ti/Ldp:"+ D~'Cillif-,1it,Pfltnl'~ 0,' · ·· ' ... , 
Proctypt~f,#--,,,i -~ ~-~~~ ➔~p: , . 
lttrt-,pe_op: DJter x Name ➔ Op 

lmplefllffltations of the reootfl, IAM.1
~~ •··ewf1"ttfPe'IWl..,.itlt's 

cannot be repr .... as ti-ta~' t~;-~~:fype. but ifflpllmentattons for 
. J,il.$~ . ' ~~ • 

,~.h~ op~~~t~~~~ ·ff -~~1A'~r;J~~L~,~;~,/1,r,;~~,~"i~ ~• :•nents of 
Op, RS def'ined. in tection 6.5. 

Routtnt_op: Name ➔ Op 

Routint_o; repraents the implementation of the type ,....._ as defined in 

section 6.5. 



£_expr[d_type${comp* )J<env). ■ 
res <term; obj*; envb • E_txprs<comp*J.expr, env) 

let objl* • Ord,r(comp*J.name, obl> 

in 

record 

r_map 

env2 

• envl.record 

• envtrecordstrecord i- objl*l 

• envlf'.N:ta,.;..,wo,lfr«ordlilt rdrdXf J111P • records] 

.<normal in Term; l[(_rec~rd i_n Val); d_ty~Jjn Obj*; .~v2> 

N ew_record: Record ➔ Record 
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N ew_ttcord returns the successor to ttie given element. (The domain Record is 

isomorphic to the natural numbers) 

E_expr[d_typet[expr: expr*]J(env> ■ 

res <terml; ob ji--; envl> • £_expr<expr; env> 
<term2; obj2*; env2> • E_exprs<expr*, envl> 

let obj • objt• iu Obj ·· 

in 

int • obj.vat to_lnt 
array 

a_map 

env3 

• env2.array 
• env2.arraysCarray .- <int; ob~>] 

• env2CN,,.,..:.arra,(array> • arrayla_map • 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 Fallur, is arbitrary.· L,_stat, 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_typel(expr)Jl<env> ■ ris <term;obf; envl> ·•··E_expr<expr, env> 
lit 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*;,.~!~?­

l" o/'J 
. ~"~~~r~. ~v) 
• obf to Obj ' 

,n 
. tc:nor111~t in Term; ~~ia.t_to Ol>J In Obf;. ~vl> 

- ' I • - ' 

Ii the .type aay~~ "°'·"·••t•~~"_,....,.._ .,,.. then Ufl,$D!Uld atmply 
replace the d_type component of the GlbJeU wttb tht l._.ct typf t&!htead or 
adding a new"-:ltylr; -Ii ~'1Mt;HptiWflt'i'f...t,li1~f·f4-1th the 

representation' type instead of remofing I ~-<' U~ If the t9~tton 
type .. we~ ~ny,,~1Mp.,Ut£•~• ~'-~~Pr11~ •(,7~uon•, and 

correct invocations or fore• on ~,.,,~1,...._ (tU .. ,,·, , 

£_expr[exprl cand .expr2J<env> ■ r,s <term; obf; ,.,,Y)f', • ~>lprl,. env> 

'-" .. obi. - ., d-W ~ ~i- , 
.. t.n ' ··' \ 

if obJrv,al. ~ "'°', 
'"-·:~~~. envl) ,ts, <,~£,ft ferm; obf; envb. 

E_expr~~xpr! ~or.e,xp,rU~env> .•. rts, <t~obf.;~~;b·. L•,..Cexprt- env) 
lit bl>J ,\ · .. '" • obf to Obj . . 

6.8 Statements 

E_stmt: 

E'_u.nit: 

Assn/~ 
:Abn:. 

ln 

if obi•~I tt Bool : .. . · ·.· . . 

· . 'ilin ·<_,.,Ji"~~ T~rrt;, ~f: 'tt1vi> ,ts, &_n,Knprt,'~ ••l, 
~ J! ,-;:-,~:.. ~- ~n.5-1:i.-

Stmt x Env ➔ R~ :. 
.·'' 

Unit x Env ➔ Resuk 
ldn lC OIi J x :&nw-:,.. f.lw. 

'-Jdn* X Obf X Ent .. '\'f £av 

Assn I and Assn are used for assigning objects to 9artab1a. 
1-, i ' .· .. ,, 



E_unit[stmt* local idn*J(env) ■ ltt <term; ob/; ~'4>. 
env2 

tn 
Pass<term; ob f, env2> 
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• JJ,tmts.<stmt*. env> 
• U,wsn(idn*, envl> 

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 ffl Term; 1dFJ1t,:obj*; eriY> 

lls, r,s <term;~fr•u> --.-&.,afld(H-«stmt*>, -env> 
tn 

E.Jfmts<T•tlfflt&i), . e,wp 

Unassn<idn*, env) • r.!£. if Empt,<idn*) 
tla,n env 
,lst ltt obj • [(bad tn VaO: (bad tn ,DJw,e>J 

envl • Assnt<H,._.n-.,. ob-j. env> 
tn 

Unassn(TClllUdn*>. envl> 

Variable bindings are removed by rebinding the varlai>lb to the bad cJbject. 

Assn/(idn, obj, env) ■ let VJTl&P • env.varsCkln ~ ob,P 
tn 

envC v _map • vars] 

E_stmt[none]<env> ■ <normal tn Term; nil tn Obf; env> 

E_stmt[idn* :• expr*J<env) ■ rts <term; obf; .m,l>, • A..,xJ,r~eq,r*, env> 
ltt .env2 • ,.,,f!Udn*, obj*, envl> 

in 

<normal in Term; nil tn Ob f; 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► 
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Asmhdn.,:. obj*, env> • !!£ if Er,ff1t•j(1dtt-,, _ 
tMn env .. 
,ls. ,Ill envl • 'AunlCH..Cidn•), HNttll.doj*>~ env> -'" ' - \~ 

At.m~;; •f/.ftlll"1tll>i• aw» 

E_stmtl£invokel<env> ■ r,s <term; obf: en¥b • L•••••Ul'fNke, ev> 
ln ·< \,~. -'\ , ~·l ,-

~iftttl ~•ertm ·ifft-.fQl,f't¥'ar,i; 
·Tt.e-_,jectf' ...... 9'•~tallft~ 

E_stmt([ If ex pr then unitl .....,. • ..,_.,11tdt ---'""'> • 
res <term; obj*: envb • E_atn<_expr, mv> 
ltt obj • obf ie Oof 

in 

if ot..j,.,.1u,.Bbof 

tlttn 'B.Oan~ _.. 

else E_,lsetjs<ftfeif*, unit2, envl>' 

E_e/.fe{/~telset(* ,,. µnil;, ,,!'l!\!~ _ ~- {$ 
if ·im,,~~lseif*> - . -, --. 

then E_unit<unit, env) -

else ltt [elaeW l!Xpr tMft unitll • HMfteheif., 
res <term; obj*; -en~b ., .~~ 1 •> 
let obj • •f ,-·OIJj 

tn -~ ,, ;p.,:~-. tr:n· ... ,.,,. 

if obj.val to Bool 
',,... 5! ..... n1tl; ..... , ' 
IBt - IJ.;!,.~'hll(tlleif*>, wdi, •v» 



E_stmt[ while expr do unit endl(env) ■ ?:!£ 
rts <terml; objl*: envl> • E_nf,i(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] ,n Stmt, env2> 

else if ttrm2 H'8t~ak 
tlien <nor111attn Term; niltlt OoJt-; 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,n,nt,.•tes; tl;I,. 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 statemeftt continues. Other 

non-norm•I terminations of the bcxty tef~ate ~;~lie •tement. 

· E_stmt[return(expr*)](env) • res <term; obf; envl> • E_aprs<expr*, env> 
tn 

<returain Term; obf. env~> 

E_stmt[ signal name(expr* )l<env) ■ res <tem,; ~j*; en.vi> • 4-n/r(J.<~~pr•,, env) 
let" terml • <algnal; name> tn Term 

in 

<terml; .•f• envl> 

E_stmt[exit name(expr*)J<env) ■ r,1 <term;f!ll,t. envl> • ~-"/Jr~expr*, env) 
let terml • <exit; name> tn Term 

in 

<terml; ob J*; envl> 

E_stmt[breakJ<env) • <br•akln Term; rttHnOl>f; en-v-. 

E_stmt[ continue]<env> ■ <continua tn Term; nil tn Obj*; env> 

E_stmt[begin unit end](env) ■ E_untt(unit, env) 



:.-~ " · .• {,._-i!'"·:· ·f;~ ~::~J ~J-1 ~~:-h~;\'} :.~ ~•l 

E_stmt[tagca•• expr tag• etMIJ<env)'..,,..,~U.:,.~-,tQYRr;~!':~r. _,..., 
l'(d.f:lflt~ • flbf to ~j : 

(Mme: •JJ • val to OMof,1 1 

tn 

;; ,·,,,,,~ttr'...-,~~·-1) . 

E_tags<tag*, name, obj. env) ■ .fMttifv.3~~#t(b ~~:;_'''1· 

,.·.••)f1-" .,,.,•:· :·• -~ ',q{,m. ~--•'·~. ·. ~,,..-•.) · -~ .. ·· . - ·· ,u, ~...-~~~fiJ. env> 

Legality-ch«kifll ~dtat.•4rtlll" ............ . 
<:v11"' ·."5:,do ;'·,,··,:·,. ·, . ., 

Matcl,_tag[tag name* (i<ln): unUJ<n-..t,■;"·~ ~ 1~·1 ,.., 1,,,.,., ·,, .· 

'"· ·, l ; ,: '"'; o: L;d(~ ., ertvlt'i 
ni 

,£_tag[tag name*: unitlfullj:''en,1·'··· '.l.!),tuMJt;Ylh) 

E-!!&'lt~thffliiilffitl{ob,f em)!~•: ·,:!~GWit,' Wtf) 1
' 

f'/l\} ~ ~"i • ,r~r-~:·~ ·_!;gnt:;:t:~~ ~ -~~ ;) .. : 

E_stmtCfor idn* In invoke do unit enct](env> <It 

ltt loop* - :.re~.-;env.,an>, ••.looJn> 
<term; obj*; envb • E-'n.Wtnvoke, t1t.tlNp• • klopal> 

· ;,·Ji~id~l"fu~.ltli.-JnaJ,>' t.J 1,r~·t $ ••'i•~.:t{ -t,qxsht~,,.n :r;t" ,:·• 

.:rr·1-,J"" jf:'t,Ar /:~.-:~~-~- .!:-~~":.:.>.:' \-.::~ 

Pass<term, obf, envl(v..map • vardTGU<tMLlolpl> • loops)> 
, : · ,. · '' "'•~ >rrt""1> 

The .invoked itera~ handltl'~~. indlMIAl'I eacution of break and 

continue statemeMkh P,lf,{JlrUN .,,,,.,.._,~•• • ltrCllllblhe,-.-. i« 

some cycle of the lopp -~y> d~ n~ ~~ .... 
< VO';! ; , ,., ..•. • ,·. · , f· ,H1$ l .•d 3U,,,,,h1J,> 1i (vn,1(::1,,4'1,fj',,;:; ;-; ';; 



E_stmt[yield(expr* )J<env> ■ 

res <terml; objl*; envl> • E_ex;rs<expr*, env) 
let <idn*; unit; v_map> • Hfdd(eJtvJ.loops> 

env2 • envlCvJ;,ap • variXTall{envl.loops> • loops] 
env3 • Assn(idn*, objl*, env2) 
<term2; ob j2*; env•b • L.u•t<umc. envS> 
loop* • ~•t~ii; env-f.v~rs;,. env-t.Joops) 
envS • en;~imti'tn'-vanlloop* •bops~ . 

t!:'l- • : i • :• ~ . . \' ' ., . : 

in 

if t«m2 ii Normal V 

then <normal tn Term; nil tn Obf; env&> 
else if term2 is Break 

then <return tn:T.erm; · niHn Obf; erwl> 
tlse <term2 to_tn Loop_term in Term; ob~; env5> 
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0 • • • ',.'.! 1..• t':i '<::' ••• ' C 

Executing a break statement in the body · terminates the iterator <and the 

invoking for statement>. Executing a"NRtlnMrlllWMnt ftt,dll·NdJ•cawes the 

rest of the body to be skipped for that cyc_le. but execution of the iterator 
.. ~, ,,. : _,;_ •·, : ~• '. l ! . ~• (• , . ' , . , , 

continues. Other non-normal terminations of the body terminate the ite~r, but 

the result must be propagallld splli&fl,..,..h,tbelttrater and hck 10 the caller. 

E_stmtlCstmt except catch* endl<env> ■ lit <term; ob J*; "1Yl> • E..stmt<stmt, env> 
in 

au, term 
,n • ...,r...,,.,IIJ Exit 

tllffl E...tatcls<catch*. name, obj*, envl> 

"" ~ "•/"f • Wr'fl> , 
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E_catchs<catch*, name, obj"', env> ■ Uf. 

if Empty<tatch*> 
then let term .. <exit; name> in Term 

in 

<term; obj*; env> 
else if Matcl,_catcli<H,ad<catch*>, name) 

then E_catch<Htad(catch*>, name, obj*, env> 
else E_catclis(Tail(catch•>, · name, obf, env) 

Ex its not caught by any handler of the tNCCePI ~-at• propa1ated through 

unchanged. 

MatcLcatch[when name* (idn*): unitl<namel • naMe E -naMt* 

Match_catcl,[when name* <•>: unit](name) ■ name E narnt* 

Matc!,_catch[otners: unitJ<-name> • true 

Matcl,_catch[others (idn): unitJ<name> • true 

E .... catchJ[when-name* (idn*):. unit]<narne, dof,_ env> -• 
/rt envl • Assn<idn*, obj*, env) 

in 

E_ttnit<unit, envl> 

E_cauh[when name* <*>: unitJ(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 []Jin D_type 
obj • [<Makt_string(name> tn Val): d_typel 
envl • AJsn/<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_st,-tng: Name ➔ String 

M akt_string returns the strmg . corN1pQlad¥1f_ 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*, ob¢, env). E_o;t.opJtmn, :obJI*, ob¢, env»· lft Imp 

Meantng[type_form] ■ <>.<obj*, name>. M_i,p,<r.ypeJorm, 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>. u;<ot,Jorm2, obJl*, ob¢, env> 

FincLop<name, oper*> ■ !1f. let Cidn • opJ~rml • · H1114( ... ) 
tn 

if MaWdn<name> • idn 
tlaen opJorm 
,ls, 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*~ (idn~) unit enctJ<objl*, ob¢, env> • 
ttt I Vnitl' • ~titllr':'~'ickiP;•·Uffllt1 

envl . • AssnHdn~. objl!lt~ 
<term; ob j:3*: env2> • E_unltCunid, envl) 

in 

cast term 
elem normal of Normal 

tl,en F atlurt<"no return values" tn Stripg. ,.-y~• . 
elem return of Return 

then <normal tn Term: obj*; env2> 
elem.' ~•,.._.,..-..,of $;pl: 

" ·, . ; 

then let exit • <exit; name> 
fff' '' ,, 

<exit in Term; obp•; env2> 
elem <exit; name> of Exit 

t lttn If name • <"failure• in Name> 
tlten <term; obp-; ~ 
else let string • ~unttaftdled: ~ • ffl' String. ,,~........, , .. 

in 

F'ifUurt'tstring, en~· 
elem loop_term of Leop ... term 

tlitn <laopJerm to-'" TetM: or,,-, en'2S- · · 
end 

:.·:-;.·r., 

As part of legality-checking, return sratemene1 ar• aflcted to the ends of routines 
.-. , ,:;·:- :><;~.if~;-~~~·,..~(:, :1;;:, ; ; '.t .::.:~r'f~·Jfi·)· :-.s:J -~n1;~- >2: ·~)~ { .:,:- -~-_,,(:· , 

that do not return any objects;' thus a rotJfiM hdy wkh naluata co a ...,.., 

result is in error. Signals are changed to a.iU at tlM ,..... boundary. Failure 

exits propagate through; any other exit ii chaflpd to a_ failure exit with the 

origmal exit name as the result ol,jlet. A IIGft:••r•., ..,...,.don of a tor loop 

body is patse'd back to the caller. 
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8.5 Built-in Abstractions 

In this section we define the built-in p,:oc«lur-e;g..,i,tor force and the operations of 

the built-in types and t~ pneraJors. Each routine iJ.defffled either by gi1'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$~~ We do not define any 

operations related to_input/output,since 1/0 ii ~part~ the•nguage proper. 

Several routines can signal Jatlur,, but the exact string returned can vary from one 

system implen,entation to another. We indicate these strings with :a question mark, as in 

Fallurt<? in String, env) 

When computing with integers, the oper~, '+I..' ... '. '•',. 's', etc. have their ·usual 
' ;,_., 

mathematical meaning. We ~1so use 'the operators'/' and'//', defined by 

x/y - q " x//y • r iff <0 s r < M> /\ <x • J-'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•101n\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*10int2 + int~i101M4 

and similariy for other operators. The exact noi'nla11Zltion algorithm 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 /\ ·1nt2 • lnt4 

corresponds to the usual meaning of equality. 
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8.6.1 
i . 
A.uxlllary Panotlons 

For HtrydOMltn'.,,. . .,.., •• f ....... 3 , ,_ 

· t.ast: . '~ ~->D , . ._; · lllf1l•lle•• 
Front: , P~ ~ D* . -•MJ Wff -.:i•••t 
Siu: D,* ➔ ln_t -,~"~~,_~1~ti 
Fttcli: ·o• x Int ➔ D get ltA .,_t 
Stt1r'ti ·t,• ,t l~t >fl:1'4 i¥ ' '~.Wk ; 

The defi~it,ions _9f ,,11 bl(t the last t~,fh~ t,I ~!~~f,tt,A,,a,tJd, s,.,~l-~ q ... Jned •• 
follows: 

Fetcli<d*, int> ■ !:!f. if int• 1 
tlitn Htqd(d*) 

,ts, F,ttM'fciH<af1t tnf.:. 1f 

Store<d*, int, d> ■ !'.!£ if }nt • ~ 
· tlini Cons(d, Tail<d*» 

· :-fl•· ~N,.._~ , a.Tlllld•~,tllt -... -1, .. d» 

Min_int: ➔ Int 
Max_int: .... Jnt 
Max_char:. ➔ Int 
Min_rtal: ➔ Real 
Max_real: ➔ Real· 

The values of these constant functions can ,a,.,,_. ,._ ~ ,an,,ementaUon . ,.,,.,,. - : . -··. ' 

_to an~}le~; tb,! _ ~ly testr~~~ . 
/t1tn_lr,.tO <·0_ 

127 s Max_cltar<> s 511 . 

M aXJliarO , MaLtntO 
- .>_ •l' ,.., ;,J . 

L_int<int> ■ Mln_lntO s int s MmwntO 

L_rtal<real> ■ real • 0.0 v Mln..rHl<) s lrea~ s M"-.rHlO 
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L_char[char int] ■ 0 s int s Max_claarO 

L_char.r<char*> ■ !'.!f. if EmJ,t,Cchar*> 
tlt,n true 
else L_char<Heeld(char*>·> I\ L..tAar.J<TGUCchar*)) 

L_string<string) ■ L_chars<string> " L__tnt(Stz,Cstring» 

The site of the string must be a representab,le integer. 

· L_state<int, obj*> • L_int<int> " L__int<Stz,<obj*» I\. Wat<int + Stz-'4ooj*> - l> 

Approx: 

Bad_add: 

The index of each array ·elenleilt and the llze of' the· array must be representable 

integers. 

Real ➔ Real 

Approx defines the imprecision of using finite approximations to real numbers, 

and can vary from one tystem implemeMatiOn to\-alldlher. The only restrictions 

placed on Approx are as follows. Given that 

L_rea/(real> I\ L_r,al<reaU) I\ L..;rfGl<real2) 

is true, then 

Approx(real> is normaliied 

Approx<Approx<real>) • Ap/wox<rat> 

rea.11 .< real2 implies A,r--<reall> s 11;,,.c.-12> 
Approx<-real> • -A;;rox<real> 

rea I .i o.o implies jU;flr•teal> - .._,, /. rea◄ < 10·• 

A pprox<0.0) • 0.0 

Approx<l.0) • 1.0 

Real x Real_ ➔ Real . 

Bad_add is used rcir real additions when the a-rguments differ in sign. The only 

restriction placed. :on Bqd ... add. JJ. !S f oUows. If 

Ba,Ladd<reall, real2) • real /\ L_r,a/(real) 

then 

real • ApJ,rox<real> " l<reall + real2 - ral)/(reall + real2>f < 10·• 



R2i: 

Trunc: 

Real ➔ Int 

R2i rounds to the nearest integer, and towa{do:ero la.~ ef, 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) •til - rn,( s 1.0' " fcr,.ticcraU • oii' t Ina~ 

Rdurn....boollbooL eA1') ... ut d_.ty,,pe • C.k\_,.,,,D.J•dJiJJfkt 
in 

<normal ln Term; C<bodf l7i \11th ilJfpd ffl Obf: tnY> 

Return_intOnt, env> • i'1 d_type • Cdu111i CD•• DJp · 
ffl., ' ' 

~ '"· 'l• ,IUtit •1¥M>••f~.tte-,, ••• 
lnt_rtsult<int, env) • If L_tnt(iht) 

tlttn AfMt1Lf'nt<tnt, eirtt 
tls, Erron·overf1ow• tn Name, en•> 

Rttrtrn_rr.al<real, env> • lit d_type • [dureal tXi'iri li]ype 
tn 

<llCtr•al m Ter- (( ... I'" ·'Y"bdJ,,..aftt oa.f; env> 

RtaLrtsult(rHI, env> ■ if l_r,al(real> 
· · U,tt ·Marn_tMl{~<.-td; Wt+) 

tis, if lrea~ > Max_r,t1l0 

tlten Error<•ovetfloW" t,a Name, ••> 
tis, Error<•underfkwl• ln Name, enri 

. Rtturn"'."cliar<char, env> • ltt d_type • Cdu,"-,· qi 111 ~~ ... . in ' ,. , , ,, ' . •;-' • •,l • 

<normaf t,r T'frin; (fdtititt''YIIJlti~ ffi ~f'; env> 



Rtturn_string<string, env> ■ ltt d_type • [du,trint []] tn D_type 
·tn 

lSl 

<normal tn Term;_ [~atrlng tn Yalh clJy~ tn Obj*; env> 

· Eq_oljobjl*, obj2*, env> ■ ltt <objl; obj2> • obj2* to ObJ1 

in 

Rtturn_bool(ob JI • objt.0 ·env.> 1. 

Eq_obj will be used in defining various .•equal• operations. 

Error<name, env> ■ · ltt term • <exit; name> tn Term 
in 

<term; nil tn Obj*; env> 

6.5.2 Force 

force_= proc Ct: type] <x: any> return• (t) slg•<wroog.J,p) 
;).(objl*, obj2*, env). ltt objl • objl* to Obj . 

obj2 • obj2* to Obj 

. tn 
if lncludts<objl.val to O_type. obJ2.dJype) 

then <norm.al tn Term; obj2*; env> 
tlst Error<•wrongJy~• Jn Na~i .env> 

lnchules 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<nn> 
end copy 



8 .. 5.4 Bool 

) ' •y' '' ·, " ♦ 

and • proc Cbl,~b2:··booD· r•wr•<NOD. 
return<bl oucl 1>2~ _ , 
end and · 

or • proc <bl, b2: bool> reu~­
returntbl cor b2> ..... 
end or 

not • proc (b: booJ) returu (baiOI) 
If b 

then returcn<f.aa.> 
., .. r.wm<itRIII> 
end 

end not 

equal • pr~c <bl, b2: boot'...._~ ... ,• . 
Eq_obj 

sirnila r • proc (bl, b2: NOD ,eu.na <llool> 
return<b~ • "2>1. ·. 
end sun1l¥ _ 

copy• proc <b: bool} ',eli.,iMla.ooll' · 
,.t~>·~- ' ' '; 
end copy 

8.5.5 Int 

add - proc <il, i2: lni rewrna Ont> algaale <overflow> 

~<objJ*, obj~. eov>. t.t _<ot.jl; obj2> • --•~· 
ln 

/nt_r,suJt<<ot>jl.val to Int> + <olt.)2.v-1:t, l,W, tirt.v> 

Note that 4dd ii not a parameteriled .,,...,.._·•••••• -~~•,.a.. Mt 
used. This wilt li>e true- of an of •• .,...._ that ~~ e<I,,) ; ., • ,. 



sub - proc <il, i2: :iftt> .. return• Ont> •tonaJ•<offl!ffow) 
>.<objl*, obj2*, env). let <objl:'Cib~' .. ,ot,.pt,to ObJ' 

in 

/nt_r,sult«objl.val to Int) - (ci;j2.val to l,:at>, env> 

mul • proc <il, i2: Int> return• <Int> signal• <overflow) 
>.<objl*, obj2*, env). let <objl; obj2> • obj~ to ObJ' 

in 

lnt_result«objl.val to Inc)• (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_divtde, overflow) 
>.<objl*, obj2*, env>. let <obJli.obJ2,> "'· .cii>lr jp <;lbJ': 

int • obj2.val to Int 
in 

if int• 0 
tA,n Err~"zero_divide" In. Name, env> 
els, fnt_r,sMll<<~JLvai to'lntfl int, env> 

mod • proc <il, i2: Int> return• <Int> aignala (zero_divide; overflow) 
>.<ob JI*, ob Jr, env►. lit <obJI; objt> 1• ··objt' to Obf 

int • obj2.val to Int 
tn 

if int• 0 
tAln Error<"zero_divide" tn Name, env> 
else lnt_,esult<Cobjl.vill I• Int> II tnt, 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 & from>• to do 

yield<from) 
from :• from + by 
end 

end f rom_to_by · 

fron-._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 (il, i2: Int> returns (bool) 
return(i2 <• il> 
end ge 

gt = proc <il, i2: int> returns (bool) 
return<i2 < i1) 

end gt 

equal= proc <il, i2: int> returns (bool) 

Eq_obj 



similar• proc <H, j2: Int> retlll'M'(lulial 
return<il • i2> 
end similar 

copy • proc <i: int> return• <Int> 
return<i> 
e.nd copy 

8.6.8 Real 

add• proc <rl, r2: NtaO teturM(l'eaa,...,...:~,,allMllerflow> 
>.<ob jl *, ob j2*, env): ftt' '·.<Oti1{difb' :._ ''dff//tt#Cb'f,· , ; 

· ran· · • obJ1.~u, Rua 
real2 • _ob J2. vaho :Real 

in 
if <rn.ll· c 0.0, A .reali, ► ,0.G>. v <rail > 0.0 A rea12 c O.O> 

• tAffl -"-L.11s11M~. ra12>,. env> 
,ir, Rdli.t~ralf+ ta12, env> 

sub • proc <rl, r2: r•al> returns (real> •lgnala (overflow, underflow) 
return< rl + -r2> .,, ., ''· ,· '· 

except when overflow:. slgnatowrflolf 
when underflow: •lgnat underflow 
end 

end sub 

mul • proc <rl, r2: real> returns (real) ,tone,18 (otWflow, underflow> 
:>.<objl*, obj2*, env>. ltt <objl; objz>· :_:;'jj,, to;bbj' ' 

in 

R,aLresidt<<obJi.vino·aeai • tabj2.val to Real>, env> 

minus • proc (r: real) returns (reaO 

:>.<objl*, obj2*, env). ltt obj • ob¢ to Obj 

'" R,turn_rHl<-Cobj.val to RaD, env> 



div • proc <rl, r2: real) returns (re.a> stona&a c~__,--,~u---lew► 

:>.<objl*, obj2*, env). ltt <Objl; obj2?' • ob¢ to ObJ1 

real • obj2.val to Real 
in 

if real• 0.0 
tlim Error<"1ero_divide" in Name. env> 
else Rtt&Lrtsult<(objl.val tt Rat>./ NII. ~v> . 

powt>r - proc <r, e: reaU return• <real> 
· ......... (.-.:1JUVM...-'U_.--,.,,~._~, 

:>.<objl*, obj2*, env>. t«i ~b,~~- "··:~:_,() .. ~ , 
reall • obJl,¥4Ut R•t 
r~l2 • obj2~yaft~'1lal 

~. - ~< ' 

in 
if reall • 0.0 /\ real2 < 0.0 

tM'lf. BY•!JeaOJiiWee:'iffllN.,._ mv> ,t,, ~ ·rwall<s-t •, ~ ~18~-IR2t<_.i> •; OJ) 
t+cti .~~~ .. ~.,,• NMte. Inv> 

tlst " the rest• is system ae,llltdent 

i2r • proc (i: int) return• (real) aignata (overfk>w) .. 

).(objl*, obj2*, env>. ut obj • ob¢"'•~1-- · 
in 

RtaLresult<C<ob j. val to Jnt) • Ol, env) 

r2i - proc <r: reaO re~n• Ont> .liia~at• <~verf:lpw) , , , 

).(objl*, obJ"2*, env>. let obj·•,~~ ioo~i. _ 
in 

/nc_reSJdt.<RZt<ob ~val:.~,,~&>,, ~•> 

trunc .. proc <r: real) return• <tnt> signals (overflow) 

:>.(objl*, obj2*, env). ltt obj • pt,¢ to Obj·, A, 

' '. '' -! ... ,, 

in 
f·· 

/nt_result,(Tr11,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 Rea»< (obj2.val to ReaD, env> 



le • proc (rl, r2: real> return• (bool> 
return<rl < r2 I rl • r2> 
end le 

ge "'.' proc (rl, r2: re•I> return• (bool> 
return<r2 <• rU 
end ge 

gt • proc <rl, r2: real> return• (bool> 
return<r2 < rn 
end gt 

equal• proc <rl, r2: real) return• (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 • ob¢ to Obj 

char • [char (obj.val to Int>] 

'" if L_dar<(har) 

t4tn R,t,mu:Aor<char,• env) 
' . 

tls, ~,:m•i~~-{a,J;i.,_ env> 

c2i • proc (c: ch·•r> returna Ont> 

>.<objl*, obj2*, env). ltt obj • ob¢ to OQJ, • 
[c._,. tmJ.•a:al,j.flt t,·Qar 

In 

R,turn..tnt<int, env> 



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 (boo&> 
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 

size • proc (s: string> returns Ont> 
:>.(objl*, obj2*, env). ltt obj • obpt to obf 

tn' ' ·, ·· ···· · :, , '· · ·~- ,._ 

., :- ,).•~itutUAR$tMOfiJ.vifrisd-ittg>, env> 

indexs • proc <pat, str: string) returns Ont> 
z: Int :• strl.,gSsize<p;ttf; ,· '' -:. .;.; " v::;, 
for i: int In lntSfromrD(l;, .-,.-silefilr» •·.;,, :,; 

If pat • strinOSsubstrbtr, i, z> 
then return<i> end 

end 
return<O> 
end indexs 



indexc - proc (c: Ch&tr, I! ~trlng), 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 t_n Char•, env> 

, :.•i,' ,. . ' 

concat .. proc <sl, s2: string) returns <•t~ing) -· . ,,, . 

:>.<objl*, obj2*, env>. ltt <objl; ob,j2> • ob¢ to ObJ' 
string • Coneat<ob JI.val ·10 String~ 

ob J2. val to String) 
tn 

if L,_string(string) 
then R,turn_strtng(string. env> 
,ls, Fallurtf.? In Slmig,,:·enw 

append • proc <s: string, c: char) returns (string) 
return<s II stringSc2s<c» 

-end append 

fetch - proc <s: string, i: Int} returns (char) signals Ctioands). 

:>.<objl*, obj2*, env>. lit <objl; obj2> • obj2* to Obj' 

string - ob Jl .. VJJ to ~inc . ., -, ... · '( ),: ' . 

int • obj2.val If Int 
in 

if 1 ~ int s Siztf.string> 
tlien R,tunu:laar<F,tt,\(atring, lnt>, env) 

els, Error<"bounds" tn Na~, ,nvt 
. ,: ' \...;-,•. •. 

rest • proc <s: string, i: int> returns <string) signal• .(bounds> 
return< strlng$substr(s, i, strlngSsiie<s>» 

except when bounds: signal bounds end 
end rest 

IS9 



substr • proc <s: string, n1ow: Int. nsize: inl1'•19'1*~Mt&UW:.>t&e> 
If nsi1e < 0 then signal negativeJtM,..,,itni·,./e ','}~,,,it/n,,/: 

I: int :• String$si1e(s) 
if nlow < 1 cor nlow -1 > z 

then signal bounds end 
ss: string :• "" 
last: int :• z 
if nsize :<_I - nlow,,., l. 

I »t·: ,. .c , ,. 

then last :• n1ow + nsize - 1 end 
for i: int in intSfrom_to(n1ow, last) do 

... , '"' t ,p, '\; 4; ~ '· 

ss :• stringSap~nd<ss, sCi~) · 
end : 

return<sst. 
end SU~f,' . 

s2ac • proc <s: string> returns (ad 
ac - array(charl 
a: ac :• ac$new0 
for c: char in stringSGttus(~)do , 

ac$addh<a, c) 

end 
return<a> 
end s2ac 

ac2s • proc <a: ac> returna,J•trfftO), 
ac .. array[ char] 
s: string :• "" 
for c: char In aci-ei~ments<a; cio ·, 

s :• strlngSappen<Rt.~' ', 
end 

return<s> 
end ac2s 

chars • proc <s: string) 'yfelds {char) 
for i: int in intSf rornJo<l, str-..gSsize<s>> do 

yield<sCil> . : ·,,,, .:.,J' ;, ,~,,, . J{ ;,J,,, ;,,,1,1Uf. ,, ,, 

end 
end chars 



It - proc <sl, s2: string> return• (booO 
zl: Int :• strlngSsiie<sl> . 
z2: int :• string$siie<s2) 
min: int :• zl 
if zl > z2 then min :• z2 end 
for i: Int In lntSf 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 <s1, s1: atring> return• <booO · 
retuf'n<s2 <• sl> 
end ge 

gt - proc (sl, s2: atring> returns (booO 
return< s2 < sl) 

end gt 

equal - proc <sl, s2: atring> return• (booO 
.Eq_obj 

similar • proc <sl, s2: string> return• (bool) 
return<sl • s2) 
end similar 

copy - proc <s: string) return• (string> 
return<s> 
end copy 

8.5.8 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 deflntticMtthat fol1Dw. 



create • proc <nlow: tnti returna (at) 
return<at$[nlow: )) 
end create 

new • proc O returns (at) 
return<atScreate<l>> 
end new 

predict - proc (nlow, nsize: int> returna <at> 
return< at$create<.n tc;,w)) 
end predict 

low • proc (a: at) returns Ont) 
:>. <ob jl *, ob j2*, env). l,t obj 

<int; obp*> 
tn 

• obj2* to Obj 

• ert~.rltl'Jffi·"· ;ff. ~1'-:J>, •. -, ,, . ,~ ' , ' •.· ,. ' ., . " . . 

Rtturn..tnt<int, em) 

high = proc <a: at> returns Ont) 
re-turn<atSlow<a> + <atSsize<a> ·- m 
end high 

size • pro~ <a: at> return• <Int> 
).fobjl*, obJ2*, env). ltt. obj 

<int; obp*> 
in 

• ob¢ to Obj 
• env.arraya(obJ.val to Array> 

;) (C.'" "L'·:;' ,, l_-' · , 

Rtturn..tnt~Slu<ob p*>, env) 

set_low • proc <a: at, nlow: mt> 
).(objl*, obj2*, env>. l,t <objl;obj2> • obj2* toObJ' 

array • objl.val to Array 
intl . • ob J2. val to Int 
<int2; obP*> • env.arraya<a~,t r 
a_map • env.arrays[array +- <inti; objS.>l 

in· 

if l_statt<intl, obj3*> 
tla,n <normal ln Term; nll 1ft Glttif,t ent[a_map • arrays]> 
d#i -F•iwd~i4n ... ,,,-,L · :,: -,, .. ·•·· 



. 
trim • proc <a: at, nlow: Int, nsize: Int> "-•• Uli•lllr; neptl•♦Jllel' 

If nlow < at$low(a) I nlow > at$high(a) cancl nlow,; ~) + l 
then signal bounds end · '·· · -.• · ··· :, · \ :. ' · .i 

If nsi1.e < 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> retuma (at> •I•••• (nepUveJtze) 
If nsize < 0 th~n

1
,~~~• fMCatiV~Jize encl.· \ · 

a: at :• atScreafe<nlow) . · 
for i: Int fn lntS1rom_toU, 0nsl1e) do 

at$a'tldh,ar:.t1lt 
. end 

return<a> 
end fill 

fUl_topy- • proc <ntow: Int. nsize: Int, flt: t> ,~ tat) ·•tonaa- (negative_aize) 
·. Wli.,.'i41aa 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 . 

at$addh(a, tS~y<elt)) 
end 

return<a> 
end f ill_copy 

fetch • proc <a: at, i: Int> returns (t) signals (bounds) 

~<objl*, obj~. env>. l,t <objl; obj2> • c:,b,¢ to Qbj2 

_<intl; obf>!>: ··"'• ea1'.ar•obJ1.val to Array> 
int2 • _(.J2.vtllP Int> - inti+ 1 
obj3 • F,t,Mobp*, int2> 

in 

if 1 :s int2 :s Stz,<obp*> 
tla,n <normal ln Term; ob.JS ln Obj*; env> 

,ts, Error<"bounds• ln Name, env) 

HS 



bottom• proc <a: a~~.r-!'WDf·~),~.....,<~w 
retu,n<it~l> ' ,1 :.-,11~ . :,,. ,, 

excep.t when. bounds: signal bounds encl 1-
end bottom · : .,,_ ,,, , , , •., •··· · 

top • proc <a: at) returns (t) signals (bounds) 
return<a[at$high(a)l> 

except when bounds: signal bounds •nf 
end top 

store • proc <a: at, i: int, elt: t> aignala (bounds) 

:>.(objl*, obj2*, env). 

tn 
if ls int2 s Stzt<obJS*> .. "' 

... Ji~n: .. ~«J,J," r=tJP¥,;f'~,W~i ,,r,fJ~fU~ M~'-'"" 
llst .. .i,r~'llotmds•.1• Name. avt 

addh = proc <a: at, elt: t.> 
:>.(objl*, obj2*, env). ltt <obj.; obj2)("• ·~r,~~'}2 : 

array "' objl.J•l'kl~) ·. · ·.' : 
<int; objS*> • env.ana,a<anay) :, "'~;. 
objf* • Af,;,,uH.obpt, ob#>, •· 
a..map • eny~ra,.c.,-,., ~ .<illt; ob,tt*>l 

in ,, 'l :'WE.!J~'.'i uni ;, ,: 

~(t:Jtat.Ciht, ob~,.:-• i; .':·L :vn,, 

• ·tltm ~-- bl"t'erm;f11U t,i ot,f; env[a,Jnap • arrays]> 
~Ji· Riillll.rt'.? tn Strlnf?iltnv> 



add I • proc (a: at, ek: t> · :; ' .. · 

>.<objl*, obj2*, env>. · lit <obj1; obJ2> • -~'W-Olf'' 
array • ob jl~val to Array 
<intl; obf,*> • en:v.arraJIC•fl'IJ) 
int2 • Intl ... 1 
obj-I* • CMs<obJli; ..... ) 

·•Jnap .; .. ..,.~,,..,,,clht!;'ob.,..>] 
in 

if L_.statl<lnt2, ob ,;t*> 
tAn <nonul ,,. Term; nit ,a Obf; •vCa_map • arnyal> 

. ,ts, FaUu;,<'Nn ~ a-> ~' 

remh • proc (a: at> retur.- <t> algnala (bounds) 

>.<objl*, ob¢, env>. l,t. obj • ---to41,jJ". 
anaf . ..ail· •JHWi WiVriy 
<Int; .,.> ' lit -~~~,,, ' 

objt*. •. F,~~~t·:/:. : 
,. ,,..,• · ·. "'· ~I #If ,O.t 

a...map · • env.arrayaamJ .. <Ant; •Jtf >l 
· in 

if Emf,t,<ob p*> 
· thin _Errm~~,J1J'f~•'l'1;'!"'Y) 
, ,l~ ..;-,aa~:T""' i.,_,,;ertvCa.J1111p • arrapl> 

reml • proc <a: at) return• (t) afgnala (bounds) 

>.<ob jl*., ob J2*, env>. l,t obj • .obfl' Webf' 
arraf ·· :: iii: aliJtti t,i~y· _.; 
<int; obf,*> • env.arra,s<array> 
ob.tf* • r••,.-> 
ob Y,* • HfM(abJS*> 111 Obf 
a...map • env.anayahiHlffi.l '4ilt: ·obJ4*1i>9 · 

',;_ ··-.;,.:,'_~; .- i :.t ;,,J .. -
In 

.if Ernflt'1'.obp*> , ,, . 
thn Error<"tN,,unda• ta Name, env) 
,,,, <normal In Term; obfl'; envCa..J11ip;ei_,.,.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.....,(I~ 
, -.,,~ i;tJtrfft ba&$~.W,. at$hig...» * 

yield<i) 
end 

end indexes 

equal • proc <al, al: at> retune(~ 

Eq_obj 

similar• proc <al, a2: at> retproa.~, 
""'4t•A ~ _.uar: proo~M h, t> , ... <ltool> 

If :~~~:~::,;t~l\~L ,~•I"~,~~~ 
for i: Int In atSindex~lif db : · ' 

If Nt$similittMIB\ l~._ rt••••• .. ·• 
•••·; •:, ·•.·i,.,;,/, 

returmtrue> 
end similar 

similarl • proc (al, a2: atf'teturna (boo:I) · .. ·· 
·· ,, · ; ,~, ·· · , ~c tta equat: ~aMtft. t> , ..... ,.,... 

If at$1ow(al) N~ atSlow<a2> l at$1iM(al) .._ .-..-.» 
then return<f•l••> end ,,;,:, ,c -~ ·:t '. ', ~inw 1 "' 

for i: Int In atSi~~ ._." · • .·•; 
If alCil N• a2ij}.1~l ,.,~~fflH) •Nt 
end · · · 

return< true> 
;, •. 1,. -:;,•· ·i :, 

end similar 

copyl • pro.,O:"};ilt> J.'AiU4''¥►.~), 
aa: at :;;. atScreate<atSJow(a)) · 
for elt: t In atSelements(a) do 

a t$add h(aa, ek) 
end 

Nt••· 
end copyl 
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copy • proc <a: at), returns (at> where t has copy:·~ Ct> retuma 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 

The definitions given in thiS--section are xheinal. Each def init~ 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 .. • .09~ to Obj 

obp* • env;records(objl.vatt,;l{tc0rd> 

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>. ltt <0bjl; obj2> 

record 

in 

objS* 
obj-f* .. 

r_map 

• obj2* to Obj2 

"" •JI.val &a.R-. ... 
• env.recordsCrecord> 
• Sior,<ob,p*. i, .~J2> 
• en, .recotchCl'IC6rd '~ ob}t*l 

<normal in Term; nil in Obf; erivCr_map • records]> 

There is a set_N 1 operation for every N 1• 

equal • proc <rl, r2: RT) returns (bool) · · 

Eq_obj 



similar • proc <-rl.r.r~; llT>1.f'ut.tfM:~, 
where T 1 h-. simil,r: pr,o~• <T\i-,'l1t.J.,..,(~. 

T n ha, si,ni1-r: tlf'4JCt~«f.Jwl'JJlr,-_._,u,ooD 
return<T 1Ssimilar<rl.N 1, r2.N 1> cand ... c• T..S~rl.N..,~,.» 
end similar ',;,, : . i •.· 

similarl • proc <rl, r2: RT> returns (·bool> 
where T 1 has equal: proctypt::Mf!f 1" 1>1··........,<boOII, 

T fl,:~~~~tl= ~trff~Jr"'JJ. ,.~ .. ~ Oa~ 
return<rl.N 1 • r2.N 1 can~ ... cand rl.Nn • r2.N_> 
end similarl 

copyl • proc <r: RT> returns <RT> 
return<RT${N 1: r.N 1, ... , Nn: r.Nnl> 
end cop.yl 

copy., proc <r: RT> returns <RT) wta,r• T 1 hu ~-;·••tvM <11!1t rttt\lffll <T1), 

rr: RT :• R TScopylM 
rr.N 1 :• T 1$e9py(r.N 1> 

rr.Nn :• T nScopytf,Nn) 
return<rr> 
end copy 

6.5.11 Oneof Types 

:, ·••,. ; " •'. , , ~-:-~ ,_ ' .. "-" ' i . ' ,.- . . ,'. 

T ~ hu co;,f ''°"'" rr~> ';eturns (T n> 

The definitions givet\''ftl''thit sectiQN*" Khemat. -~ definition is riven in terms of' 

the oneof type 
,;; . 

OT - o~~!)f[~ i=T Ir •w; Nn: T 11l ... 
where the N; are in increasing lexicographic order. 



make_N 1 • proc <T_1> return. (OT> 

-~•(ob jl*, objt' •. en~). ltf, obj • •--· ff <)I, J ·-· 
oneof • CN1: obJIJ · 

tn · ' , ... 

~nqrmal '11 T~ .. C<.~_JJl V1D,; OTJ tn O~j*: env> 
,. . . . ,, -·.;,' ;._: ' 

H9 

We have jnformally used OT as a dJype. There Is a make_N1,.aperation for 

every N1• 

. . . 
is_N 1 • proc <x: OT> return• (booD 

tagcase x 

_i,g.~1= .-.wmv~ 
othera: return<falae) 
end 

end is_N 1 

value_N 1 • proc <x: OT> return• (T1) atonala (wrong.Jag> 
tagcaae x 

tag N 1 <v: T 1>: return<v> 
othera: algnal wrong_tag 
end 

end value_N 1 

equal • proc <xl, x2: OT> return• (booD 

• c. 

· wh.,.. T 1 :tfM•elflJllr ,,...,.,.icT1, T 1> tetwna <NOi), 

T n has equal: proctype (T,.. T n> return• (booO 
tagcase xl · 

tag N1 <v: T 1>: 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.-lifflilu: ,,_.,,. <T1, T jrw_wr,.,4bo411>, 

T" h •• similar: prootv,e <T,.. T ") r•turn• ( ltooD 
tagc.-,e xl 

ttag N 1 Cv: T 1>: return<T 1Ssifhillt(v, 0Tlv'iM.::N1<x2>» 

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 hu copy: ~tyjHiff 1) tffltns (T 1>, 
~ .... ~ .. ;:/, ~ ': u .. ·· ,c • ' 

T n ha• copy: prootype (T n> ,::..iutna <T n> 
'\ . 

tagcase xl 
tag N 1 (v: T 1>: 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,d,ftni«ill1M;gtvet1 .~ ,~__._are~ .. ~ 1il4finition is given in terms of 

a procedure type T. 

equal .. proc <rl, r2: T> return• (boot 

:>.<objl*, obj2*, env). ltt <Objl; obj2> • •¢ 14-0tl 
tn 

Rtturil..~!liftl • • jl.9". ••> 
We ignore the type ~escriptors because ar,e er both descriptors Cail 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> • ob¢ 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> return, (bool) 

>.<objl*, obj2*. env>. let <objl; obj2> • ob¢ to ObJ' 
in 

Return...bool(objl.val • obfl.val, env) 

We ignore the type cwcriptors 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 opportu91ty 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 Jauky c,r incomplete, and chan,es were 

made to CLU as a result.· . Second, our def inltion ts now ·being· used to verify Unf orrnally> 

the correctness of the teg.alitywelttctc.lng phase ef the CLU compiler. Third, our definition 

provides a basis for evaluating the usefufness of the definition method proposed by 

Schaff ert[Schaff ert78at 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 Is..- Jhort,; less than 12 pages of actual · 
I . . . . 

equations. This indicat'5 that the model,of computatton,CLU ~tt to the user ls simple, 

uniform, and hence easily understood. It also Jndicales 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 [Lt,kov'81, 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 c91:1troL . 

However, our treatment of iterators is not completely Jatisfytng. Although the way we 

have defined iterators is simple. 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 ••-~ WMments to 

create and use continuations. If some other COAltrtlCt .of OLU forced us to u,e 
, , ." '. . . ,,.· .·, h~ ·.! ,,_· .'"' ,. J.".,, ;_ :·. ·'• ! • . 

continuatlotis: we' m*ht f~ 'less atrongif' abou\ aYokitng thiir"• for ileratori; we' might 

'ev~n \1se-''cohtihuatiotu fer exception handling.' tn''~ ~~oe1d·~·✓• -~· 'the·~~ 
~ . •i~-~· .· -;.;., • --~, ,,.-•~e'!. ·;.. ~!-{ '_:;··- ·i ~-:. , r' --~-

of continuations ~~11\1- overtf tomplitated. 

Jn definjng ~-,ung we ha~ ~,t• ~~;ef •l'f~· TIie firtt omiuion Is 

~lnput/ouwµ,t ,primiQ.Y~ w, l'\ave Aet .... ..,¥A~• ---·impJementors 

a~e {1:~e. tp :c~Ae ~u;,o.•~8'11~ a _,_,cH,..,._..,.. .... iUsk•••~1 Howitwr, 

)/0 is eu~ti~y11viv ... ,joQQ(,._ W.,-, ;.fi1Mten1 "_...!,,_ .unply· :addiftl 
4efA.n,iticrµs of the. e,;i~~"'~s•d ~die-, ............... ._ ....W • 

the addiUo~.p,f ~e pr;~~ ~fftMe- ~-W;aa4:J_.,..,..p:;-... lllfl.._t MW 

primitive mutable objects <such as atreams>. 

The other omissi4?n is more subtle, and COf')CeJ'nl failllrfs ln real SPffff"" ~~,ffl aqt,,_I 
' !" 

implementation it is permjssible for the system to generate a,-uw, exception at any time. 

For example,.when atwn)ptiaf'.fl> mmtiplycl.WO rill,._., ... .-.tltipHoH'•H it 

r..u .. r-t("f Joating point hu~wc,qn"> 
WlJld G~ generated. We .eouki ,ft.,,..C,thif,.t,y,.......,·.IJt1tll,,W~irU1tttall1 

' ' 
choose between tt"«v~ fle)tfl1tDy,aMl fatbac wittJ;s;....a••df 11111• 'ttf ... bid M' ttl1 

J.fstem& the ·CflOkf-.tS .. minislic. Since M1t elllCtl,_._..._,.wdf:ffffu..Weim''Getut . 

anq the tx~ f~ton.a .far JUCh«faihns-uec•Lipl...,,'tR ......... ll •• .,_t/wf ti.~, 
~~1-1 simply to omit auchfailurnfram.,,,........_ :; .. · •, .. , .. ,,, :·• ' 

': .· 

7 .2 Legality 

In contrast to the concise deft'n'ilforf Ii ~Alric; 'our detinwen ot. Jegaiity is rath~r 

long. This is _pr~arily ~ an, •~"'~•r ffl t~ ;:~IAJW*:-' -•ro,,,helkiftf. tieing 

perforrnec;I; (pr.th~ mQ~~J;l tbf,ddi~Al-¥11"7 .. •~ .. ·•• ....... ,.., .... 

of CLU merit, com~.hei-,;:i~f~c:e.spciftc.• • ..-.••••· 
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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, _n!.Stt~int 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 ffllirimtim'HSUmptions necessary 

to derive and check interface specifications, and this leaves us with the feelang that perhaps 

something better could '<and should) be done. 

On the subject of parameters, we wish to point out by. way of two examplt?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, null, 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: oneofCai dll Is ... 

<Finite oneof type specifications cannot be written for any actual parameters.> 

This problem cou~d be "solved" by al~wing &uch· gffleratorS' (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 

thin½ of many uses for n~>n-type parameters in g,11era~ m~ leu 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 deals 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 compietene$S, 

though no rea I use for such operations is yet known. It then made sense to allow speciflc 
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instantiations of parameterized operations to be listed in Where clause restrictions. 

Unfortunately, we discovered that this;;;·tast step 
01«1 '.to''an °infimfe recursion in ~r 

lega lity-die~1'.'ing algorithm when applied to certain pathelogtdl:...,lel tSchetflemJ. For 

, t'xarnple, the type XtXttU in 

x .;. ciro.t.,,tt: typel 1a r, ... wnera /,.. rrxtxroo: .,..twe 'o: 

.f "'proc~~~J O,; ... encH; 
en.d X; 

. .~'. t''. L ~ ~ 1
. ' . 

is legal only if XCtl is a legal parameter to X,~.~-~i ~.-~ :~•t4f ?'l~ b.•.1 an •r:a.tiOn 
fCXtXCXCtllll, which is true only if XCXCXCtlll is a Jecat type, wltkh leads to an infinite 

recm~s,on. 

This probl;em_co~ld .l?e .. ~ved bJ.-, JfYilJ4l~l\-~~~Jor '!llch, J>Jr~r;iltd 

operation. <Jhi~ )t th,e, ,•f.f'~f-~ J•k.pi, }" ~"~"' i~v,,:m E~Jt,.~~eQtl_y ,for 

syntactic ltJliforrryitJ ra.t~er _t_ha') i~.r,~~._. ,l~ :'~*J>fpb~J ~ ~t,, PfP' -,~, •~ 
wher~ ~- _h~a ·op '." ~rQC [~: type] (u) !•:~~ ~) ~ ¥,,tl•t ... 

instead of 

where t h•• op[intl: proctype <tnt;> r•tMrnt. ~Int>.., 
op[reall: pro~type (,-e~O ,~-.,11~·<,aat> 

. •,·•·~ ,. ,.··:•' ,_ .::· .... "!,.! ,C:,;'·"J- · .... , k5 ,r1 _;n:-:•it,,J dl~:~. \··,::* " . 

Since this solution requires additional syntax for an extremely rare caie, an additional 

_legality r\JI,: w.~~:fo,fl'M!J.__.,_iflNtad. (,Tt,e ,..,.,. ~....,,.,_, • ..._. _ _.11,i1n our 

7 .3 Compiler Ve,iflcatlon 

With respect to lega Hty-checking, mvdisUndkN1 tlfi ·1,w. matte between •denotationa:I., 

def iriittons and ~operaaorrar deftttitk;nsfthere aH Drily a,,~1\-.·'.t~,' prectse'aJgorith'm 
used. Our definition of legality::.ctteic:liri&'- l¥ll' tfdttt · WK''~1 '\f&~f kation in mind, 

.which is wh.y a <~~sic,l~y> _O{le ~~~ .. ,~!&9fi~"":-· ~'- ~;,;.~~Ji the. :~tual 
' , 

implementation.;~(, ~a~~ty-cpec~4tli,}fl,, Jb« C~U, ~\!ff qA{f~~ ~ cf,tmt~iqn m a 

number of resp~ts; <pJim,rilJ for eff~ierw;y r•~"Jht C\'f.mJ.~itfll,a; is)4'e~t and 
equivalence is f~irly !a5Y. to ,est1qlisb. 
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Second, Schaffert uses a producer-~onsumer. ~ir of processes to define the execution 

of' 'an iterator and its invoking for ltatetnent: 'A'.q,ecial' ol,~r ts'~sed'~o 'represent ttte 

queue between the producer and the cons~mer; this ~~'. is;'su~t{ defined so that the 
two processe; are c~nstraineci"fo e~ec~te ak~nately r'it'fiJl't~ ~fnfi.tlta~eously. Although 

this clef ini.tion is closer than ours to the-inrormaf~escr~~1·c:t~ton. 'we' F~I it is more 
complex and harder to understand. However, ~--lJ~:c~ t11,t ~ll.ile ,,._.r, tn~hqd -~f 

,. ~ ... , ,' ·.• ~. ·.""•"'"' !,J ,.., ,.,, . .':, ,, . . • 

def in it ion can also be done in Schaffert's formalism, the~ is not really true. This 

illd.icates t1'at ,,,Sc:haf:fert's f~, lhould:, be,.,.._,• iMulll@:•at methods for 

definmg paJJaUttl progn~ng laftpag• 

Third, the concept, of mutable objeets is. built into Sdlaffen's f~rmalism; an explicit 
I ; ~ ''\. -::. \•, :,;'-;:::.' :).·;,._, <}, < 

representation of the universal state is not present in the equations. but rather is implicit 
:. . ··, : '. . . )1.,: ~f><,"1(),':'·: fl;•_r, ·c-,~-·., -.. i ' ..;:.::-

throughout. Although this could tend to simplify··u. equatie,ns, aftOther factor offsets this 
~,:-. ·;, -

0 ·-~II',_:·' -_; .. , ·:tr.(,;~. ;c;i~' ,_,-'½-;{:::~~:;.: f;(;:'.'.L·!;,.·,:. ;,()l:+.:fi;'·•' '_ 

benefit. Specifically, a list of active variables (the a_rgUffltl'!t5 I! the computation) is passed 
., ·, ,, ,_ - ' • •• , ;<; .-' ':, .• ;1·:--,: ·_:;; . /. "1 i. \_} ,,.~ . i ~ ;-: ·,t(·{,_ ✓ , __ ,..i~, , 3H < ·-, 

expli.citly fr?_m c~mputation to, contpu~ati~:,: In,~r !~~~:~fr~~ the_ kind of 

execution environment we have defined is no more co,nplkated af'ICI no harder to deal with 
--: ... - " ~ ' ' . ~ ·; .. . ' - ~: 

than passing around a list of variables. 
. . . 

In su~vnary, ttre Oll.lJ defiftition, givethhe,e,.a:fllMilrs, ... •ile-'.a,lttk b.etter rhaa the 

Gtef intttOfl ginn,by Sdtaf:fert. · :Ix. ift1 the ......... , ...... ~; howlever, 

the cliff erences between the two definitions are not significaflt, and reaa,:~; nott,ing :to 

do with the underlying theories. Furthermore, Sdtarfert's method appea.rs to be much 
., :.•,~·-~--! ,~~,~- ;' ·,~", , · "'"·,., ; '3.!\ ;;-:i~_;;_;;_.1p') ·1;:-_1n,)f]::t,t-i~H~~ Lf·i/,\ ~· ! 

better than current denotational techniques for defimftg procramMing languages that deal 
, ';, :,- · ', ' ::· ~-·,: . ,_ -_ ,~•,, ,· ; ·1-~5:.J:"•:,~ <-~ ,.·,,;;;; ,•·<q~<fid)ff; i -;·-; :.1 ,;_,~,- : 

with parallelism. 

One .(){ the me>5t ifAp&r~t taJi,.s Wt -JQ;rdeffMlt ,~ :fPJ~ :languages •~ the 

qevelo_p~ot ,of a ci.~, wsagle,a.~iomatic d"~~'C 6R;~ime\hGG:JAOWld 

.IJpt Q' 4'Xtrf,nely cliff iw14 to ~vJH. b\l;t no ,...~.,•h~ ...._, -~~' :Ji~;v.er, a 

proposed method will be given in [Schaffert78bl 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 ,pa,:ticula~lf w,Jl-:~~ted, .f~ a.n iff,'R~tation s_tandar,d. 
. . ~ 

Our view here is that our definition is well-suited to be the standard definition of CLU, 
' , '. • c , ' • ••. • •• \ ,? '.' i ""• . • .t>. ' .•; • • ••';' ~ < ; :,\ . , ~•: i '., , ~ 

but that for verifying the correctn~~ or i,:np~ta,C~()fts •nd for p~vlng CLU programs 
. . ' : •(, ·,i:., .- •,.• ,,,•','. .. _,.,, ·•·,, .' {_ . ·.·; '• 

correct, other forma 1 definitions should be constructed. 
~ ' • S - S • , '. < ' I" •. ,~ : \ < •., •~ "i 

7 .4 · Comparison. to Schaffert•• 'Work 

There are map. dtfferences between aur:defilli&ilR and the one clone by ~haffert 

(Schaffert78aJ, but for the most part they are differences tn,aigolli\hm design~;• •have 

nothing to do with which underlying theory was u~. Schaffert's legJlity-checking· 
• . • ·,.,· .{' J; ; -~ . ¥ c",,, ·::.: , ... ', ··--~JJ~-- _;·: \ ~-, ., ··, .~ ~ . . } . : 

algorithm is multi-pass, and simply assumes the existence of legal interface specifieations in 
• "' '. , '- : r: · . ,, . '.J ': '"·;; ,_ ~ : : , ~ 

the library rather than incorporating an initial pass to derive and install · them. 

Transformations ~-th~ parse ,trJ ar~ s~pa~te/out as ~~h ~s ~Ible from.\he ~ctual 
,)~ •. ', , · .. ,·~-·· . " .-. , .. ,' ·:'.;·;:,f L~- i '.'. ,,,-,. ~-~: ~ ~< ~:_: :•; , , .;··· ·; ;·; 

legality checks. Further, CLU has· changed somewhat since the Ume his def,initlon was 
- - _ ·-.•. i' '< . . . ·, _:1 •• ~.:!"·"••." .;·v :.n<r·.~-~,1,.,;r .. :J~•·/ -: .. -~·:,. · ~ 

made: the exit and continue statements were added, as wu the type real; the rule 
: ,; • .• ·. ? .. • • .- ·-·, "'!':;:•'· ,·; ~-.,'-;:~~: .- \.·,::; ~ .]' :·, i·,:,.j· •. '_ ,;..·. 

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 

def in"ition being- a tittle shorter than oura. but,·ill! pllldiCe his MflnitiOn d leff•lity, .seems 

shghtJy harder to uadentanci, primarily d• DD the .,.Uon of! idle transformations f n,m 

. 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, Schaffert is constrained by his formalism to treat variables as objects of an abstract 

type, wh_ereas we are free to treat tbe,;~plf;as,, llt-""·-for, q&J~ . ~llbough tr~tng 

variables as objects gives a uniformity and simplicity to the underlying semantics, it is 

counter to way CLO 'Variablerare nonttanraplllned·{LttlloYWJ~ It may be that treating 

variabtes u·objeets ~Ids a slmpff'r;•,ciematic'deserlpdon,, but proving equivalence to an 

axiomatic definition WOUkt not a·ppear to be iny hardtt With our def'inltlon 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. 



160 

Blum73 . 

Church51 

Donahue76 

Hoare69 

Hoare74 

Knuth68 

Ledgard77 

Liskov77a 

Liskov77b 

Liskov78 

Milne76 

Schaffert78a 

Beferenoes 

BluOlr, E.J< .. ~EMA.NQL; i. ,f-0J'ffll) JJ~ lpr:, t,. semanti~d>f 
programming languages, TmY SofhJHl.r, 'Sbtts ?J-o,. TRW Systems 
Group, Redondo Beach, Ca. (August lffl) 

Church, A. The ca~uli or lambda-conversion, Annals of Mdtlt~ · 
Studits 6. Princeton Universtty Press, Princeton (1951) 

Donahue, J.E. Complementary definitions of programming Jang"c1ge . 
sema"tics, Lecturt Notts ln · Com-,,U,,r Sdf'M,, 42. Springer-Verlag, 
Berlin <1976) · 

Hoare, C.A:R. An axiomatic basis for computer programming. Comm. 
ACM, 12, 10 (October 1969>, S76 - ~ 

Hoare, C.A.R., and Lauer, P.E. Consistent and complementary formal 
· theories of the semantics of programming languages. Aet• lnformti~lca~. 

I <1972), 271 - 281 

Knuth, D.E. Semantics of context-free languages. Ma,tl,. S7st1ms 
Tlteor7, 2, 2 (June 1968), 121- HS> · 

Ledgard, H.F. Production systems: a ROtation for defining syntax and 
translation. IEEE Trans. on Soft. Eng., SE-2, 2 (March 1977>, 105 .. 
124 

Liskov, B., Snyder, A., Atkinson, R., and Schaffert, C. Abstraction 
mechanisms in CLU. Comm. ACM, 20, 8 <August 19'77>, 5&f - 57& · 

Liskov, B., and Snyder, A. $tructured exception handling, 
Com;utation Strutturts Grou; Mnru, "'• Laboratory for Computer· 
Science, M.J.T., Cambridge, Ma. <December 19'77> 

Liskov, B., et al. CLU Rtfertnet Manual. Laboratory for Computer 
Science, M.I.T., Cambr~ge, Ma. (forthcoming> 

Milne, R., and Strachey; C. A Tlttory of Proiramm.lng Langu.ag, 
Stmantlcs. Halsted Press, John Wiley, New York <1976> · 

Schaffert, C.· A formal definition of CLU, Ttclinica.l Report 19J. 
Laboratory for Computer Science, MIT, Cambridge, Ma. <1978> 

' 



Sch a ff ert78b 

Scheifler77 

Scott'TO 

Scott71a 

Scott7lb 

Scott72. 

Scott76 

Stoy77 

Strachey73 

- 161 

Schaffert, C. Spect(ying ~ninJ in object-oriented languages. Ph.D. 
Thesis, MIT, Can'ibtidge;Wi~Wotthtdming) 

kheifler, R.W. Type.paranllteH 4U'ld intima rectitston, CW D,stgn 

~;:e~ber \;~,.t~ry .Jer, ,~~f ,~. }4lT,. C•m~ridge, Ma. 

Scott, D.S. Outline of a math~naticaUheqry of computation. Proc. of 
tlit Fourtla Annual Prtm:,ton Conf. on lnfor,utlt>n Sd1nt1 and S7st1ms, 
Princeton 0970), 169 - 176 . . · 

Scott, D.S., and Strachey, C. Toward a mathematical semanucs for 
computer languages .. Proc. &y,ftp.'·· litr 1'~Putets and Automata, 
Microwav, Rts. /mt; ~.wt;. l•ws,.~hJl'OOJldy1r:hlytechnJc inst. <1971) 
19 - i6 . 

Scott, D.S. Continuous lattices, T t,tltntcf,l M ,mo P RG-"l. Pr<>Jramming 
Research Group, University of O~tdnUt97Jt · 

: Scott, D.S. LattJce theel'J, ,ata> t)'pef aftd';formal sen,antics. N.Y JJ. 
S'JVfi· on Fonnal.SemanflU,,P,..~.J:W.lA~l &l -, 106 

Scott, i);.S. Data-' types · as lattices.' $1>f M· J.' Com/Jutlng ', J 
<September 1976) 522 - 587 

Stoy, J. Denotational semanucs,: the ~cott-:_Strach~y approach to 
· programming lango'age th4!0ry.' Mtr Prm, Cambridge, Mass. <1977> 

.. Strachey, C. Varieties of ~.rc,ra"?ffl.l.~g 1-n,s,uag,s, .T«lantcal · Me"'(J 
PRG-10. Programmtng Research Group, 'University of Oxford <1973> · 

vanWijngaarden76 van Wijngaarden, A., et al. R1'1Jistd Ref,o1t on tit, Algorltltm languag, 
Algol 68. Springer-Verlag, Berlin <1976) . 

Wadsworth73 

Wegner72 

Wulf78 

Wadsworth, C., and Strachey, C. ·· · Conttnuatl~ns: a mathematical 
semantics for handling full jumps, Ttdnlca.l M,mo PR.G·/1. 
Programming Research Group, Oxford Un .. enttj (1973) · 

Wegner, P. The Vienna Definition Language .. Com.putlng Surv-,s, 4, 
I <March 1972), !', - 6S 

Wulf, A. (editor). An informal definition of Alphard, 
CMU-CS-"18-JOj, Computer Science Department, Carnegie-Mellon 
University, Pittsburgh, Pa. <February J9''8l ' ' · 



162 

We'. \,lSe .~Jt ~-~ ~f 11"•wr. toi1•• dli - Dl••l'lt .___ ihf:·1alHIINct 

syntax and ttxt' sttihfs.•· The (eMtal•f_.. Ma ~ .•. ,._ . . . 

nonterminal ::• alternative 

,:l,.a~ 
,,, t 

I alternative 

The f oUqwillg ext~ we u• 

a, •••. ,,IMl!daf1el (ala,ata,1.-al-} ·:· 

{a} stands fw (EI a la a (a a a k·) 
[a] stands f o, : (J J~). 

All ~:,,µ~~ps. -~41 ~. 41,l Cl,,\l, . ~ &. :eiftlllkilt ,-, : -,>pear below willaoot 

enclosing meta-btatltets. ·· · ~oibiat' ,t__.i ..... f .. ~...._.'<face. Reserved wwds 

"'p~ar Lt\-0.9~.J•ct( A#.~ "-«1881 .... ~~-- &pptllU tin,._..., 
face. 

- ''. ,: 

{n: defillt~ t~ SJ~}lf .;e~~ ~~-~ -J~ ,~ precedeace of the 

various operato,s with commeots ratb« than ~ _.,..... pr~ ~ tl,\e. 

p~~~tio~:· .:rt~¥'~.~--"~*~--~', ... :~ .. MlwJ .,_.~s an 
left associative except**• whkh il riCIH aasoda.uv.._ 

module :::a .piac:edw:'1, .. 
l iterator 

I c;lolcer 

,•, 

procedure ::= kin • p.-oc [, p~mn,] ar,s [ r~ J[ ... 1(. ,-e J; ~,4 . ' . .,. ' 



iterator 

cluster 

::= idn • lter [ parms ] args [ yields ] [ Signals J.I.wnere ] ; 
body 

end idn; 

::: idn • cluster [ parms J 1a kin , ... [ where ] ; 
cluster _body 

end idn; 

panns ::= [ · decl , ••• ] 

args ::= ( [ decl , ••• ] ) 

decl ::= idn , ••• : type_spec 

returns ::= return• ( 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 } 

1&9 
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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 

bool 

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 ; 
I idn : type_spec :• expression ; . 

I decl , ••• :• invocarion ; 

I idn , ••• :• invocation ; 

I idn , ••• :• expression , ••• ; 

I invocation ; 

I primary . name :• expression ; 
I primary C expression l :.;. expression ; . 

1 if expreision then body 

{ e.lself expreaslon then body } · 

[ else body] 
end; 

while expression do body end; 

return [ < ex.pressi911 , ••• ) ] ; 

yi~ld [ < expression , ••• ) ] ; 

signal name [ < expression,-~· >]; 
I exit name [ ( expression , ••• > ] ; 

I break; 

I continua; 

I begin body end ; 

I tagcase .expression 

tag_arm { tag_arm }· 

[ others : body ] 
end; 

for [ decl , ••• ] in in vocation do body end ; 

for [ idn , ••• ] in invocation:do body· end; 

statement except { when_arm} · 

[ others_arm ] 
end; 

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 / 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 name ( C q,nstant , ••• 1 ] 

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 .. Jijl,ne 

I primary C exp.ression l 

invocation ::s primary < ( expression , ••• ] ) 

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. 

lnt_litetal: a sequence of one or more decimal digits. 
. . 

Rta!_literal: a mantma with an <option.D exponent. A mafttiSla, 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"ept is r~-'Rc~f 

the mantissa does not contain a period. Real literals are parsed to tllort<,...-m&liud) exact 

Cl1ar_littral: either a .. printing• ASCII character (octal iA,""1!1.-1 ~76> other than 

single quote or backsl~sh, enclosed in single quotes, or one of tfalt . . . · ~ sequences 

enclosed ill single quotes: 

escape sequence 

\' 

\" 

\\ 

\n 

\t 

\p 
\b 

character 

• 

\ 

(single quote> 
(double quote> 
<backslash> 

NL (newline) 

HT <horizonc,.,tab> 
J;)':1,i'':·19.:K'' J.' . Cl'fi· ;;o,··.,-, Fr·, tnewpige, :_ . ... .. ,, 

RS (backspac:e> 
\r CR<carriagereturn) ;,q,.,"',·J· 
\v VT(verticaltab) ·,;,,,Y,1 ,.'.·· r,,,.J;. 

'*** specified by octal value<• is~ft..-Hljltfl 

The escape sequences may be written u,ing uppef ai21iiwl. ~ YW 1Akf1 characters in 

their usua I order correspond to octal values q ,h,t?J:lll\An..,r, )P"; 1. 3 '( ) '; ·l ', i .::' '., i ',Ji' d' 
~ :, : 

String_literal: a sequence of zero or mqre cha~11twpi,J1-~1Rc-JRsed ln ~-fie 

. ~~,ot~~;:: ,] ~ ch~~~'~•ter~,~e~r~nta~~~~ i~, ~~~~~~!rf:'~~~11~~~!~~~~:r~~~,.!~,~ ,~\ouble 
quote or backslash, or one of the escape sequences lillld above. . . . . 

t!.i--~ ':,; t·"5!:'? t.:,..Ot':~f 1:H. °"''''~-J:];H!1,/J }(H! _;-:~ ;. '1; ., ., :· .~~•·.,: . 

Separator: a "blank• character <space. vertical tab •. ..a• .. ••!'l•J ftrl'iag~._t1ttum. 

newline, form feed) or a C~L.:
1
~~:~~=•

9
== 'f.rf,,=~ ~~~-~~r two 

tokens, except that at least .one separator iS ~ ...,,_. any two adjacent 

RP'-l-Mlfot1rU1inattng ll~NS«vea._,... .....,_1--,e •1t••••cf•I -~ 
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Dc,maln Iu.aea 

Env 112 Restriction Sl Oper 36 

hnp_map 112 Tn,e_set St D_type 36 

Imp 112 ·oper_tlecl Sl DJecord S6 

Op 112 Oper_name SI D_oneof S6 

Type 112 Routine ·12 D_comp 36 

V'-map 112 Constant S2 D..proc:. 36 

Loop 112 Body S2 D_iter 36 

A_map 112 Equate S2 D_cond 37 
R_map 112 Type_spec 12 D_rnod 37 
Result ll2 Field..Jp« 32 Stmt '!7 
Term 112 Stat~· ss Elseif 37 
Signal 112 Elseff._jrttJ' ,. Tag ,,, 
Exit 112 Tft.,._1•·. ... .,. Catch '!7 
Loop_term 112 wiWI.- k Expr S8 

Library 103 ~ ,. Invoke 38 

lmps_map 103 Ex~r• M Comp 38 

Perm 72 Irw..- .. ,,. 
Obj '8 

CE 41 Field · 
,,. 

Val 38 

Info_map 41 Bool 11 Oneof S8 

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,l,Limps 

. A,l<Linfo 
:A,ltf_infos 
A,ftl_ops. 

· A,l,Lop .... ,frcls 
Ad,L/Jarms 

. Ad,Lset .. 
Ad,Lup_t"j/}t 

. Append 
Approx 

,Assn 
, Assn/ 
:Ba.cl_add 

. .ia,Lcxpr 
/Jad_obj 

r~ad_stmt 
:·IJa,Ltype 
Base_op 
.. Boolean 

•. Booleans 
Compile 

Concat 
Cons 
;Const_expr 
<;onst_exprs. 
.ConsLl'JM . . 
epnsLtype.,s. 
Creatcce. 
C-body 
C_call 
C_cond_s pees 
c_,on.stant 
c_,o,utants 

C_constraints 
c_wts 

67 
lot 
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 

Name ➔.~.:·· 

Mod* x I~➔ lmpsJnap 
Id.,. >< lnf9 :~ ~~ CE 
ldtt* x ~)(;GI., ➔ CE. 

o,,.spec* x.~,;~ CE 

Id",< Op.llf'l~->.(,CE ➔ CE 

D_parm* x C~,~ CE 

N-.e ➔ Nui,e ... 
ldn: >< I®'~,~ ,Cir.,. CE 
D*, >< D ➔ D* , . 
Ral ➔ R-.J 

Id11* • c;»,t JC iav ➔ Env 
ldn,,x Obj:¥ .. ~,-➔ Env 

Re,~ X -~ '7t-J#I 
CE ➔ i.qw' x-QI_, 
CE; ➔ 0~)1:,~ · 

CE ➔ Stmt.»( ~' 

CE ➔ D_type K" 
Bin~-op ➔ BinM= • 
Expr ><CE ➔~ 
Exp,* x CE -. ~ 

FuH..,module* x1W,rar7 x lnfoJR&p·➔ Wbrary 
D* >< D* ➔ D* · · ·: ... . 

D xD* ➔ D* 
Exp, ➔ Bool 

Expr* ➔ Bool 
D twwi, ➔ Bool- . , , ---,,.r- " ,/ '""" 
D_tp* ~ .tpot ' 
lnfo,Jnap ~ ~p ➔ CE 
Bocly x CE ➔ U. x CE 

Expr x Ex,pf .J<,,Q£ ➔ Expr >< CE 
Cond_spec* x CE ➔ O_cond* 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_clecls 110 

. C_cvt_type 111 
c_cvt_types 111 
C_decls 75 
C_dejs s. 
C_dtjsl 94 

,, 

C_cf u_parms 54 
C_d_cond ij5 

C_d_conds 6f 
C_d_opcr 6~ 
C_elseifs 78 
c_equatts 72 
c_exit 81 

.. c_exprtssio~, 61 
c...:.expressiom 61 ,, 
C-fielcls 66 
C_Jidd_specs ~7 
C_Ju.lLmodu/es lOi 
C_htad..:.conds 99 

C_heacL,lecls 98 
C_J,eacLtype 98 
C_ltead_ty pes 98 
c_,,w"'ation 64 
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 her s_ann 87 
c_parms 55 
C_J1arm_cf ecls 95 
c_parm_op S8 

Con~* ,x Cl;;,_. Sig* X ~E 

Deel* X ~i;.;:t. ~f, X CE 
Type~:~;,<;i ➔ ,OJype »:-Bool x CE 
Type..>~* . .X .C~,~J> ... typf~ ,x Bool* x CE 
Oe,;l* x.CE·•· CE .. -e· • -. ,, ,. 

[)~* )( ~ce-,.~,CE ➔ Cl 
Equate-:.x .. ~~ ?tiqu_. ~ CE ➔ CE 
DV x Obft ,>$, ~l ;~_,Ob J x :CE . 

~ '· '• ., 

. .D ... c9fld ,)( ti~ ~ Boo1 
O_e,Oftd* X·Hand'-*◄ Bool, • ~ . 0 

tL()l)er ><1 ~ ;t ~- x CEr,:-' 
, . ~15'if...arm•,~,C&:+,Elseif*,>,e CE . ' .. ' -'· (' :-•:' . ' ' ' . 

iqu~. X Ci ~-~J: .- - ,, .. '-,.' . . '. . N,t~,X p.,.qptr•·*•J:lanclle /~ Bool 
,~pr~~.pi~~,,_,Jxpr ><.~E 
E)lJ>l'ff'i@lll.~x-?< ~,~:Expr* x CE 
Field* x ~-t ~• X CE, 

Fi~~'~'~•i,t: ~-mtrtt.t x CE 
Full,JnOdu~!-~ QU~ ><:·:CE ➔ Mod* x CE 
CondJpect:·~::fl ... ,p_concl~·x CE 
D_~l* X c,~ Cl; , 

TYf>&:,.Jf~ ><~£.-,.,,~type ,,;_,CE 
Type..wec;*. ~ CJ,'11~-type! ~ CE 
-1'.'Y~ll~t~ ~'.~i.,.&,cpr Xt~~ 

,lDY~ipP. >< ~I;.:"' ,~pr X ~E 
. D.Jype* ,><.t;l,.c,-.;~"iD_coad,! x CE ➔ DJype,x CE 
Macillle.~iGE ➔ Med x CE, · . 

~ '. ·' ~ - , ' . . - . ' : -

o,er .,.d"~ >s Cl,,nt 9p..decf'. x CE 
Qper;,.11~~-J< D~Yf!! x C~;,.. Op_decl* x CE 
N,am, x ~,..,._! ~ CE ~ _,Expr x CE 
-DJyp,: x .Qp!'I~,)( CE ➔"Bool 
N~:X ~~t_j< CE,~:Expr x CE . 

91?..JP'CX'./~t. ~,f;E ➔ ~x CE 
N,.~~ )(Q',,j* ~ ~• "6:~E ➔ DJype 
Oihers.ai;m~ ~~tch tt PE 
Opf ~ J)~,p•"~:GE ➔ ac.1 
~1• x .C~ ,➔ c;.t: 
Name x Obf;.~._9P.Jiecl* ➔ .E>Jype 

171 
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c_proc_t"jpt 
C_rtstriction 

C_rcstrictions 
C_rou.tine 
C_rou.lines 
C_sig 
C_statement 
C_sta.tements 
C_tag_arm 

· C_tag_arms 

C_type_set 

C_ty pc_s pee 
C_type_specs 
C_whtn_arm 
C_wlicn_arms 
C_xbody 

Delist 
Deriz1e_specs 

Du.plicatts 
Empty 
Eq_obj 

Erase 
£1·ror 
E_catclz 
E_catclzs 
E_~l-seifs 
E_equ.ate 
E_equates 
E_expr 
E,_exJ1rs 

E_in.vo~e 

E_op 
E_stmt 
E_stmts 
E_tag 
E_tags 
£_unit 
Fail 

-ts· 

96 
-:95~ 

108 
107 

80 

7S 
7S 
83 

83 

96 

45 
45 
'86 
'86 

81 
2s· 

8& 
- 48 

25' 

131 
106 
131 
ttii 
·124 

120 
73 
73 

·111 

114 
us· 
126 
lit . 

Ut 
122 
ttt 
119 
~ 

D_type*·X O_type•·x o_concr X CE ➔ DJype )( CE 
Ratrlction x' CE '4''.(:£ . 

·Restrtcttott* x1et ➔'CE 
· Routine x Cl' ➔ '$p-Jorm ><' CE 
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