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ABSTRACT

FLIC is a Functional Language Intermediate Code, intended tadgra common
intermediate language betweenadse implementations of functional languages, includ-
ing parallel ones. This papeivgs a brmal definition of FLICS g/ntax and semantics, in
the hope that its existence may encourage greatbarge of programs and benchmarks
between research groups.

1. TheAims of FLIC

It is a common observation that higldefunctional languages are all "sugared" version of the lambda cal-
culus, which suggests that it should be possible to define a common intermediate code into which the
could all compile.Widespread use of such an intermediate language would

(i) helpalleviate the bad effects of a proliferation of highdd anguages, without unduly constraining
their different strengths;

(i)  give wider access to fast implementations;
(i) make benchmark programsailable to a wider community;

(iv) provide a language in which some compiler passes cangbeleel as source to source transforma-
tions (e.g. lambda lifting, strictness analysis).

There appears to be widespread supportafat interest in, the delopment of such an intermediate code.
This paper is an attempt to define an intermediate code, called FLIC, in a form acceptable tg as man
potential users as possible. It has been substantially weghupon during discussions held on the FP elec-
tronic mailing list. In the end, heever, it represents a personal wiedriven by the requirement to establish

a dandard for use in the GRIP project [5] .

A previous version of this document has appeared agetsitly College London Department of Computer
Science Internal Note 2048.
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This document describes a slightly revised version of FLIC, incorporating changes discussed in early 1989.
A brief summary of the changes appears as section 7 of this document.

Prototype compilers for FLIC already exist at Wnsity College London, Imperial College and Chalmers
University. FLIC is also being used ixperimental work at GEG'Hirst Research Lab, Birmingham Uni-
versity, Warwick Uniersity and the Los Alamos National Laboratory.

1.1. Relatedwork

FLIC is similar in spirit to the FP/M intermediate language used at Imperialggdtl¢ but is rather more
general and highdevel. ThelF1 language is a intermediate language for datadmmpilers, used by the
Manchester dataflo project [3] and has a similar purpose to FLIC in a different arena.

Another related language iSABTL (Declaratve Alvey Compiler Tamget Language) [2] which is a more
expressie intermediate form than FLIC, and is designed toesewsra arget for ary declaratve language.
FLIC is less ambitious, and hence is rather simpler to implement #am D

2. TheObjectives of FLIC

Based on the aims outlined aflepthe next tvo sections describe first the specific objeediand assump-
tions of FLIC, and then the detailed design decisions.

(i)  FLIC should be completely specific to functional languages, but shouldvuot fary particular lan-
guage, type system, implementation or architectlrgarticular it should be as suitable fparallel
machines as for sequential ones.

(i) It should be possible to modify the front end of almogta@mpiler for a pure functional language to
generate FLIC with only a rather small amount ofkwv A similar small amount of work should suf-
fice to tale ALIC as input to the back end.

(i) The syntax should containeconstructs and be easily machine readablevertheless, the syntax
should specify a printable (as opposed to binary) representation for FLIC programs, for maximum
portability.

(iv) Aswell as having a small syntax, FLIC should/éa snall semantics. This boils down to saying
that FLIC should not ha too maiy primitive (ouilt-in) functions.

(v) A FLIC program should be portable from one FLIC implementation to anethbout an unaccept-
able loss in efficienc

There is a direct conflict between the lasb tobjectives. Typically, a compiler front end will generate

FLIC which contains references to functions which are recognised and treated specially by the back end.
To port such a program to another implementation, FLIC definitions for these functionsusilbhze po-

vided, with a consequent loss in efficignc

One vay to minimise the loss infediency is to define a suitableacakulary of primitve functions as part
of FLIC, chosen so that thefiefengy loss of using them alone is as small as possibleery small wcab-
ulary of primitives would give lise to simple but st@ implementations; a largeogatulary would produce
comple but fast implementations.

The main effort in designing FLIC has gone into picking a set of pviesitihich preserves opportunities
for back-end optimisations without becoming too large and baroque.

3. Major Design Decisions

Before proceeding to a detailed definition of FLIC, this section outlines the major design decisions in FLIC
and justifies them.

3.1. ComputationalModel

FLIC's computational model is thgped lambda calculus augmented withprimiti ve functions and con-
stants, usingnormal order reduction.

Normal order ealuation impliesnon-strict semantics. Thaemantics of gnparticular program can be
made strict by adding calls to tf8TRICT primitive (see Section 5.9)It may, howeve, be dfficult to
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adapt a back end designed solely for a strict language to implement FLIC.

Some languages, Lisp-based ones in partichéarethe notion of an uncurried function; that is a function
which is applied to seral arguments at once, and for which partial applications agaill&LIC does not
support this directly; all function applications are curried.

It is clear that the only reasons foamting uncurried functions are (powerfuljiegiency reasons. W can
therefore rgard uncurried functions as fafient implementations of curried functions, in circumstances
where the function is aigys applied to the right number of arguments, and the proper place for sueh infor
mation is as an annotation (see Section 3.3).

3.2. Primitives

For efficieng reasons, FLIC augments the lambda calculus with a collection of penfitinctions, or
primiti ves, which must be supported by all FLIC implementations.

Of course, the implementation is free to support each prvamdiher directly or in terms of other primi-
tives. Indeedan extremely inefficient FLIC implementation could support the prissitising lambda
abstraction alone.

3.3. Annotations

A FLIC program contains twsorts of information:
() Semanticthat is, what is to be computed.

(i)  Pragmaticthat is, hav to compute it efficiently.

These tw kinds of information aredpt completely distinct in FLIC, by putting all pragmatic information

in lexically distinguishabl@nnotations The meaning of an annotated program is therefore defined to be
the meaning of the FLIC program obtained by deleting all the annotations. Annotations may be implemen-
tation-specific, whereas the semantic information is entirely implementation-indeperderdtations
therefore provide a way of ceeying arbitrary information from one part of a compiler to another.

If a compiler compiles code on the basis of information contained in annotations, and the annotations gi
incorrect or inconsistent advice, then the compiler may perhaps generate incorredtaatample, if a
non-strict function is incorrectly annotated to say that it is strict, a compiler might compile code to use call-
by-value.

Hence,whilst correct annotations may hae benign effects, incorrect or inconsistent annotations can
have pernicious effects This cowvention allows a compiler to annotate the code consistently with all man-
ner of implementation-specific information, while still aliag the same program to be run on dedédnt
system by simply ignoring all the annotations.

3.4. Type-analysis and Type-checking

A FLIC program must be well-typed. By this is meant that no run-time type checking need be performed,
because it is guaranteed that functions will only be applied to arguments of the appropriate type. It does
not mean that FLIC programs are compelled to include type informaxiolicidly, nor does it mean that

FLIC programs can be type-checked.

If explicit type information were compulsgrihen a language for such type information wouldehia be
provided, which would unreasonably constrain those who speramenting with the type system itself.
Insisting on type-checkability would beovse still, because it would imply a commitment to one particular
type system.

Some compilation algorithms (such as strictness analysis) mvasthredess require type information to be
present, and mgrcompilers will wish to carry type information in their FLIC progranisis is precisely
what annotations are for - semantically irvalg information which is useful for the compiler.

Legislating that FLIC programs should be well-typed (in the sense thyatdahaot "go wrong" at run-time)
seems at first to rule out SASL, KRC and other weakly typed langubigesver, dl that needs to be done
is to declare a structured type, Warsal, to unite humbers, booleans, characters, lists and so on. Then a
version of addition can be written which checks the type of its argument, and similarly for all the other
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functions. Inother words, each object gets tagged with its type (by the sum), which is just what happens in
the implementation of untyped languages. The reason for this design decision is that it allows typed lan-
guages to run with no penalgnd untyped languages to run with the penalty of tagging, whighiticer

in ary implementation.

3.5. DataTypes

FLIC has only tw huilt-in data types, the floating-point numbers (Float) and the integers (Int). All other
domains are built up using either lambda abstraction (to build functions) or data constructidld data
structures).

3.5.1. DataConstruction
Functional programming languages often alkivuctured typesto be declared. For example,
tree ::= LEAF num | NODE tree tree

might declare an object of type "tree" to be either a LEARhich case it has a single field of type "num",
or a NODE in which case it hasavields both of type "tree". Each alternatiform is associated with a
constructor (LEAF or NODE, in this case) and a humbefiefds. The number of fields associated with a
constructor is called itarity ; in the example, LEAF has arity 1 and NODE has arity 2.

The types of lists, characters and booleans can all be defined using structured type declarations, and this is
the approach taken in FLIC (efficignconsiderations are discussed below).

These structured objects may eemently be represented ltiggged tuples A tagged tuple consists of a
non-ngative integenag, t, together with an ordered sequence of elements,,x,. For semantic purposes,
such tagged tuples will be denoted thus:

<t | xl!'--vx’1>

The constructors of a structured type are associated with distinct integer tags in the range 0..r-1, where r is
the number of constructors in the typehen objects of the type can then be represented by tagged tuples
whose size is the arity of the constructBor example, if LEAF was associated with tag 0 and NODE with

1, the objects of type "tree" would be represented as

<0|v>or<l|ty, t,>
wherev is of type "num" and; andt, are of type "tree".

FLIC provides primitves to kuild and manipulate tagged tuple$echnically, the domain construction
involved is the coalesced sum of lifted product. The prirestere:

PACK construction
UNPACK lazy destruction
UNPACK!  strict destruction

SEL extract a field
CASE perform case analysis
TAG extract tag

This is not the minimal possible set of primig, but a smaller set seems to lead to serious losdi-in ef
cieng.. The details of these primiiis ae given in Section 5.3.

It is important, for dfciency reasons, for compilers to be able to spot a number of special cases, which are
now discussed.

3.5.2. Tuples

Many functional languages prige tuple types, which are structured types with only one alteraati the
type. Inthis case no tag is required, and hence a more compact representation may be possible than in the
general case.

It would be possible to distinguish tuples using an annotation, but it is more direct to provide a family of
functions:
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TUPLE tuple construction
UNTUPLE lazy tuple destruction
UNTUPLE! strict tuple destruction
SEL-TUPLE exract a field

The semantics of these functions is defined directly in terms of their more general counterparts, but their
use allows the compiler to use a more efficient data representatierfact that the program is well-typed
ensures that this optimisation does not affect the semantics of the program.

The idea that some kmtedge about the number of constructors in the type maw atiore eficient
implementations is taken up again in the detailed description of the language which followsyidhiygpro
an annotation to express the number of constructors in the type (Section 6.2).

3.5.3. EnumerationTypes
A boolean type might be declared thus:
bool ::= TRUE | FALSE

All the constructors he aity zero, and this property defines theumeration types Characters consti-
tute another example of an enumeration type.

As in the case of tuples, a compiler can often use a more compact representation for an object of an enu-
meration type than for general structured objects, so FLIGd®® a specialised set of prinds to handle
enumeration types:

ENUM construction
CASE-ENUM  perform case analysis
TAG-ENUM extract tag

3.6. Arrays

It is clear that at some stage FLIC should support some array-manipulationvpsinatid this is the sub-
ject of much current debat@he situation is not yet stable enough for a suitable set to be specified, but this
should happenventually.

4. Core Syntax and Semantics

FLIC's mncrete syntax can denote the lambda calculus, plus "let", "letrec”, numbers, characters and
strings. Lambdasan only hae ane bound variable, and&ything is curried.

The syntax is defined using extended BiNEh angle brackets<¢) to delimit nonterminal symbols, square
braclets (]) to delimit optional symbols, star)to indicate zero or more repetitions, and phist¢ denote
one or more repetitions. These meta-symbols are enclosed in single quotes wizes tised as terminal
symbols. © avoid confusion @er quoting, the symbolSINGLE-QUOTE and DOUBLE-QUOTE are
used to stand for the terminal symbblsnd" respectiely, and the symbolSPACE to stand for a blank
space (ASCII 32).

The semantics of FLIC isggn in the language of denotational semantics, uginip give the semantic
interpretation of expressions, aBdo give the interpretation of primities and constants.

FLIC code sgments and primities will be written in Helvetica Bold fontA name in italics stands for the
semantic interpretation of the corresponding FLIC priraitin other words,

C[ PRIM] =PRIM
for ary primitive PRIM. In general, all semantic values will be written in itali¢sor example, the seman-
tics of the FLIC primitve SEQ are gven by

SEQOb=0

SEQab=b

(All such equations should be read from top to bottom, picking the first equation which matchgsithe ar
ments.)
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Where no ambiguity arises, explicit reference to semantic map@iagsiD will be omitted.

The semantics gén below takes no account of annotations. The semantics of an annotated FLIC program
is defined to be the semantics of the program obtained by omitting all annotations in the original program
(Section 3.3).

4.1. BNFSyntax

Here is the BNF for the concrete syntax of FLIThe major constructs are function application, lambda
abstraction, let-expressions and letrgpressions, the last three of which are introduced with single-
character &ywords.

The top l@el of a ALIC program is a mutually recurs sope of name-value pairs, one of which must bind
the identifieMAIN. The value of the program is thalue bound tdMAIN. Thus the top beel is a g/ntac-
tic variant of the letrec-expression.

A FLIC program is a<Program>, thus:

<Program> ::= <Binding>+
<Binding> .:= <Name> <Simple>
<Expr> ::=<Simple>
| <Expr> <Simple> /* Application */

| = (<Name>+) ( <Simple>+) <Expr>  /* let <Name>s = <Simple>s in <Expr> */
| & ( <Name>+) ( <Simple>+) <Expr> /* letrec <Name>s = <Simple>s in <Expr> */

<Simple> = (<Expr>)
| ( <Abstraction>)
| <Annotation> <Simple>
| <Name>
| <Number>
| <Character>
| <String>

<Abstraction> ::=\ <Name> <Expr> /* lambda <Name> . <Expr> */
| \ <Name> <Abstraction>

<Annotation>  ::='[' <Name> [<Simple>] T’

Note that abstractions bracket in theanional way:
(\x x X) is the same a@x (x X)), and
(\x\y\z xyy) is the same adx (\y (\z (XY ¥)))) .

4.1.1. Letand Letrec

FLIC provides special syntactic forms for let- and letrec-expressions, despite the factytbahthe trans-
lated into a form which uses only lambda binding.

The reason for this decision is as falk Let(rec)-gpressions constitute a particular form of abstraction in
which the value bound to the newly-defined name is known precisedgntrast to lambda abstractions
where the boundariable is only bound when the abstraction is applied togumant. Substantigerfor-

mance impreements are possible if let(rec)s are treated specially by the backbadprovision of syntax

for let(rec)s allows the distinction to be made explicit, rather than relying on the compiler to spot a particu-
lar pattern of lambda abstraction and application (which is particularly ceinpiee case of letrecs).

One other feature in the syntax of let(rec)s deserves a mention: the list of names to be boubdfocenes
the list of values, rather than intenked as hey do in Lispkit. Thus:
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& (XY) ((CONS 1Y) (CONS 2'Y))

bindsX to (CONS 1 Y). This is conenient for compilers, because it means that a nameves aecoun-
tered before it has been declared.

Note that in the bindings at the topvdethe names and values are interbeh- see the BNF definition
above. The reason for this is that it makes it easier to merge files of FLIC code.

4.1.2. Annotations

An annotation is enclosed in square brackets, and consists of a name followed by an optional expression in
FLIC syntax. It annotates the expression that follow3 ite name uniquely distinguishes different sorts of
annotation from one another.

The (optional) expression inside the annotation must be in Bym@x, but there is no assumption that it
possesses FLIGemantics It follows that names need not be bound, and annotations are not referentially
transparent. Amnnotation could, for example, denote a type-expression.

4.2. Semantics

FLIC uses the standard semantics for the lambda calculus, augmented with let an® lstrd® main
semantic functionP gives the semantics at the topvé, and C gives the interpretation of constants and
primitives.

P[ V1 E; ... iy E, ] = D[ MAIN ] (fix(10.[vs=D[ E; ] 2.....s=D[ E» 1 A1)

Dl k] p=Clkl

DLv] p=pv

D[ <Annotation>E] p=D[ E]J p

DIEiE;] p=(D[Ei] 0 (DI E: ] 0)

DI\VE] p=Aw. D[ E] pv=w]

D[=(vi..Va) (E1... 5) Bl p=DI[B] Avi=D[ E; ] p....\"x=D[ En ] Al

D[ & (vy... o) (E1 ... ) B] p=D[ B] (fix(40.Av1=D[ E1 1 £...va=DI[ En 1 1))

where

k is a mnstant or primitie

V, Vi ... V,, are variables

E, E...E,, B ae expressions

4.3. Lexicalconventions

4.3.1. Layut and comments
Anything betweer and} is treated as a comment, and ignored.

Layout is not significant. Ansequence of white-space characters (spaces, tabiines) is treated as a
single separator.

4.3.2. Names
A name is ar<Initial-Char> followed by zero or morgSequel-Char>s.
<Name> .:= <Initial-Char> <Sequel-Char>*
<Initial-Char> ::= an alphabetic character (upper and lower case distinct)

| one of the characters@$%™_-+7:;<>,.?/|
| <Escape-Char>

<Sequel-Char> ::= <Initial-Char>
| a digit (0-9)
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| one of the characters:&

An <Escape-Char> is one of the following sequences:

#n newline

#s space

#t tab

#f form feed

#d delete (rubout)

#xdd  the character whose ASCII code is dd (hexadecimal)
#Ht the character '#', and similarly for wother character

In a name the following characters must be escaped:
O0#{} SINGLE-QUOTE DOUBLE-QUOTE SPACE

For example, the following are valid and distinct names:
fred
Fred
Name# with# space

#(Bracketed# name#)
#3

4.3.3. Characters
Characters are enclosed in single quotes.
<Character> ::= SINGLE-QUOTE <Sequel-Char> SINGLE-QUOTE

The same escapes work in characters as in names, thougBlN@BYE-QUOTE and# must be escaped.
Examples of characters ata’, 'Z’, '#n’, '#". The last example is the single-quote character.

As mentioned earliein the discussion of data types, characters are interpreted as members of an enumera-
tion type:

Cl['’c ] =ENUM n wherenis the ASCII code for ¢

The functionENUM is defined formally in Section 5.3The ASCII code of a character can, of course, be
obtained by extracting its tag usim§G-ENUM.

4.3.4. Strings
A string is enclosed in double quotes, and may be empty.
<String> ::= DOUBLE-QUOTE <Sequel-Char>* DOUBLE-QUOTE

The same escapesowk inside strings as in names, except that @BQUBLE-QUOTE and # must be
escaped. & example, the following are valid strings:
"hello" , "Newt#nline" , "Double# quote# #"# in# string"

The interpretation of a string is a list of characters:
Cl"cq1...c,"]1=CONSC[ c1] (... CONSC] c,] NIL) ..)

4.3.5. Numbers
<Number> ::= <Digit>+ [ . <Digit>*] [-] [E [-] <Digit>+]

Examples of numbers arg; 6-, 3.4, 5E-4, 8.9-E3. Notice that the sign follows the mantissa ofjaive
numbers, so that numbersvays start with a digit.

In systems which support infers and floating point numbers as separate types, numbers itbrraeci-
mal point are taken to be integers, all others are taken as floats.
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4.4. Examples
Here are some example FLIC expressions:

3

INT+ 34

=) (\x INT+x 1)) (f3)

& (A B) ([Annotation] (CONS 1 B) (CONS 2 A)) A

5. Primitives

In this section the primites ae defined that must be supported by BhIC implementation. They have
been chosen to be sufficiently expresdp dlow efficient compilation, without becoming too numerous.

The definitions are gen for meaningful arguments to the primés. Primitves gven incorrectly typed
arguments produce results which are implementation-dependent.

5.1. Families of Primitives
Section 5 defines a number of primis requiring a minimum number of irger constants asgrments.
For instance, the primite PACK requires at least twinteger arguments, for example

(PACK 3 4)

These arguments areandatory and cannot be replaced by expressions whigiuate to intgers. The
main alternatie would have keen to use infinite incted families of primitves, such as, forxample,
PACK-3-4 instead of PACK 3 4), as in pevious versions of FLIC.

The following primitives each require a certain number of mandatory arguments.
K, CASE, CASE-ENUM, ENUM, PACK, SEL, SEL-TUPLE, TUPLE, UNPACK, UNPACK!, UNTU-
PLE, UNTUPLE!.

Each of the mandatory@rments must (i) be a nongative integer and (ii) be a constant (not ammes-
sion which galuates to an integer). This issgntacticrequirement, the mandatory arguments mustollo
textuallyafter the primitve. We dlow extra brackets to be introduced, thus both

PACK (3) (4) and((PACK 3) 4)

are lggd FLIC (in the concrete syntax).

We o not disallav the possibility that some FLIC implementations may relax rule (ii) and so accept an
extended FLIC language, but portable "standard" Finl@tobey them.

5.2. SelectiorPrimiti ves

There is a primitie K which selects one argument out ofesal. Forn >0, 0<i<n:
KniXg...Xp1 =X

K must hae two mandatory integer arguments (See Section 5.¢€ybo

5.3. Operationson Structured Data

The earlier discussion shouldvearmotivated the following definitions of primites goerating on structured
data. Asin the previous sectiorgEL, SEL-TUPLE andPACK require two mandatory integer guments
at compile-time, andJNPACK, UNPACK!, UNTUPLE, UNTUPLE!, CASE, TUPLE, ENUM and
CASE-ENUM require one.

Forn=0,i<n,r=0,d<r

PACK nd X .. X1 =<d| Xy oy Xno1>

SELni<d| %, .., Xi-1> =
SEL nid =0
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UNPACK! n f<d | Xg, «ey X-1> = fXg . X1

UNPACK! n f0O =0

UNPACK nfe =f(SELnOe)..(SELn(n-1) e)
CASErg..g_1<d| Xg, .. X-1> = €4

CASErg..e_1 0O =0

TAG<d | Xg, wvey X1-1> =d

TAGO =0

In the special case of tuples, the following definitions holdnfel, O<i<n

TUPLE n PACKnO
SEL-TUPLE nii SELnNi
UNTUPLE n ft UNRCK nft
UNTUPLE! nft UNRCK! n ft

Notice that the semantics of the tuple-specific functions are defined directly in terms of the semantics of
their more general counterparts.

In the special case of enumeration types, the following definitions holdizfor r=> 1

ENUM d PACKOd
CASE-ENUM r CASE r
TAGENUM TAG

Whilst the semantics of these specialised prigstis gven in terms of their more general counterparts,
they must be used consistentl{bjects built with the construction primig d one family (general, tuple
or enumeration type) can only beaenined and taken apart with other prirgti from that sameamily. In
fact, the specialised families are begiaded as an annotations of the general pristisee Section 6.2).

5.4. Booleans
The boolean truth-values are denoted using the n@RE& andFALSE and hae the interpretations

TRUE =ENUM 1
FALSE = ENUM 0

There are the usual boolean operatByNOT, AND, OR andXOR:
IFcx1x2 =CASE-ENUM2x2xlc

NOT x = CASE-ENUM 2 TRUE FALSE x
AND xy  =CASE-ENUM 2 FALSE y X
ORXy  =CASE-ENUM 2y TRUE x

XORxy =AND (OR xy) (OR (NDx) (NOT y))

5.5. Equality

In mary functional programs thevalability of polymorphic equality and comparison operators makes pro-
gramming considerably simp|guarticularly when building lookup tables or tred<.IC therefore preides
polymorphic equality and comparison primés,

POLY=, POLY>, POLY<, POLY<=, POLY>=, POLY!=,

which may be applied to grdata object constructed from the built-in types (Int and Real) using the data
construction operationsThey are not applicable to functions, or to data structures containing functions;
this is another aspect of the assumption that programs are well-typed.
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The comparison primites induce a total order on each data type, but an implementation is otherwise free
to choose whater ordering it pleasesFor example, an implementation may simply perforxidegraphic
comparison of representation, which may induce a different ordering for tigermtinan that induced by

the integer comparison primits.

5.6. Numbers
The usual arithmetic and relational operatom the integers are provided:

INT_ (unary ngaion), INT+, INT-, INT*, INT/, INT% (remainder),
INT<, INT<=, INT=, INT>=, INT>, INT!= (not equals).

All are strict in their aguments. Diision rounds teards zero, and remainder takes the same sign as the
divisor.

The corresponding family is provided for floating point numbELDAT _, FLOAT+, etc. with the addi-
tion of FLOAT" ("to the power of").

In addition, there are the following exponential and transcendental functions, which operate on floating
point numbers:

SQRT, SIN, COS, TAN, ARCSIN, ARCCOS, ARCTAN (for the irverse trigonometric functions,
result lies betweetn72),
EXP (natural exponentiall,N (natural log).

INT->FLOAT and FLOAT->INT corvert between integers and floating point numbers, the latter rounds
toward zero.

Integers should hee & least 32-bit precision. Real numbers, when representeded€™, with O<r<1,
should hae n<37, andr be representable to an accyra€ at least 6 decimal places. Thus, we expect reals
to fit into a "standard" 32-bit address space, and to conform to IEEE floating point (short) f@artiat:-

lar implementations may provide greater accuracy/range fayergeand reals; in such cases, it would be
desirable for these features to be documentathlementations are encouraged, but not compelled, to
check for exceptions, such agedlow and division by zero, but the effect of such exceptions is undefined.

5.7. Lists

The primitves CONS, HEAD, TAIL, IS-NIL andNIL manipulate lists, which are defined as a structured
type in whichNIL has tag 0, an@ONS has tag 1.

CONS =PACK 21
NIL =PAXKO00O

HEAD x = CASE 2 ABORT (SEL 2 0 X) x
TALx  =CASE 2 ABORT (SEL 2 1 X) X
IS-NIL X = CASE 2 TRUE FALSE x

5.8. Sequencing

Those who hee written interactve functional programs will be familiar with the phenomenon that the pro-
gram prints something like:

Enter data: Result is:

where the initial sgment of the result message comes out before the user has entered his input. This is
quite right, since the "Result is:" message does not depend on the intgatgbt the right sequential oper
ational behaviour we want to impose a dependence. This can beedaokith the SEQ primitive, defined

by the equations:

SEQOb =0
SEQab=b

The implementation 08EQ is simple - galuate the first gjument, thenwluate and return the second.
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On a parallel machine theauation of both arguments may proceed in parallel, but of course the second
must not be returned until the first has terminated.

5.9. Strict Functions

In a strict language (that is, a language in which all functions are strict) the equation

fO=0
must hold for all functions, gardless of whether f actually uses its argument or fibe STRICT primi-
tive is designed to alle this to be expressed neatlgTRICT is defined by the following semantic equa-
tions:

STRICT =0
STRICT fx =fx

It is normally used at the point of definition of the strict function, by applgm®ICT to a lambda
abstraction. &r example, here is a let-binding which defi8éxQ in terms ofSTRICT

= (SEQ) ((STRICT (\x \y y)))
(Of course STRICT can be defined in terms 8EQ also.) Ina squential implementatioSTRICT can
be implemented bywaluating the argument first; in a parallel implementation the constraint i§ izt
not return until ealuation of the argument has completed.

5.10. Inputand Output
FLIC takes a minimal approach to I/O.

The result of the whole program is assumed to be its output, which may be tagged to indicatedtte de
which the output should be sent.

The functionINPUT takes a list of characters, which is intended to denote a file name or device name, and
returns a list of characters, which is intended to be the contents of that file or device.

INPUT s = <the list of characterreferenced by s>

The result ofNPUT is implementation-dependent, and may be time-dependent (that is, it veayffgir-
ent results depending on when the program is run).

5.11. Errors

FLIC makes no attempt to specify error handling (this is a weakndss)yrogram contains an errdhe
behaiour of the implementation is not specified; in particuiamay delver an incorrect result without
other warning.

For example, type errors may not be detectable at run-time, because objecfereftltf/pes may share a
common concrete representationhe polymorphic equality primite is a $milar case. Arithmetic wer-
flow, underflav or division by zero may not necessarily be detected by an implementation.

There is one exception: the prim@iABORT is guaranteed to cause a run-time error indication if itds e
uated.

ABORT =0

6. Annotations
This section suggests annotations fop particular situations.

6.1. Strictnesdnformation

Compilers for non-strict languages sometimes perfstnictness analysisto discaover when a function is
sure to galuate its agument, in which case the analysis phase annotates the function with strictness infor
mation.

There is an important difference between these strictness annotations and the uSdBI@iefunction
described earlier: strictness annotations can be discarded without changing the meaning of the lprogram.
contrast, discarding applications®TRICT might male a pogram terminate which did not do so before.
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There are tw places where strictness information is useful: at a function definition and at a function appli-
cation. Theannotatior{!] is used in both cases. An applicat{&l E2) is annotated as strict &khis:

[ (E1 E2)

This indicates that the functidil is strict, so thaE2 can safely bevaluated before (or in parallel with)
applyingEl to E2. A lambda abstraction may be annotated thus

['1 (\x E)
to indicate that the function denoted (ay E) is strict.
For example, the expression

= () (1O x MOy (INT -y x))))
(11 x)y)

6.2. Tag Sizes

For the eficient implementation of structured objects, it may be desirable to vary the representation
depending on he mary aternatives there are in the type, which determines the maximum tag $izs.
can be achieed by annotating the primities which manipulate structured data.

The annotatiofiTAGS r], where r is a posite integer indicates that the primité thus annotated is being
used to manipulate a structured data object which has exactly r alteifoatis. For example, a FLIC let-
binding forCONS could be

= (CONS) (([TAGS 2] PACK 2 1))

The [TAGS r] annotation can be applied toyaaf the primitves PACK, UNPACK, UNPACK!, SEL,
CASE, TAG, ENUM, CASE-ENUM andTAG-ENUM. (The tuple-manipulation primites ae implicitly
annotated witfTAGS 1].)

The annotation must be performed consistentherwise a variant might FRACKed in an efficient repre-
sentation, bt UNPACKed by a function which did not expect that representation. Waya) inconsistent
or incorrect annotations may mislead the compiler (see section8dice that if[TAGS r4] annotates
CASE r, then necessarily, = r,; but the annotation may still be necessary to indicate that goenant is

in an efficient representation.

7. Changedrom Previous Version of FLIC
The principal changes are as follows:
* There is nw only one LET €) production, with syntax analogous to that for LETREG. (

* At the top leel, FLIC becomes a sequence of nanaése pairs, of which one must define the name
MAIN, which is the value of the program. The names so defined are mutuallywecursi

* The comment delimiters tia@ been changed thband}.

* Names of primitres havebeen amended so thainfilies (such aBPACK-n-m) are represented with-
out the character(thus(PACK n m))

* Minor lexical amendments ka been made, principally to ensure no inconsistencies arise from the
above changes.

The June 1990 revision simply adds the functions
* FLOAT", TAN, ARCSIN andARCCOS.

8. Appendix - Domains for Data Construction

This appendix consists of a more discugsiiscussion of the domains used in FL4@hta constructors,
and the reasons for their choice.

As mentioned abe, FLIC has only tvo huilt-in data types (Int and Float), and all other data typesualte b
using the following domain constructions:
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* Arrow, to construct functions.
* Cartesian product, to construct tuples.
* Sum, to construct variants.

Functions are constructed using lambda abstraction, and manipulated using function application. Objects
from sum and product domains are constructed and manipulated usingvprialC functions, and this
appendix is mainly deted to a discussion of sum and product domains, and the pengierators
required to use them.

8.1. Product Domains

An element of a product domain is a tuple, an ordered set of values. For exampjeantl @, are
domains, then

DoxDl

is the domain of ordered pairs (2-tuples) of elements frgrarid D respectiely. This is a direct analogue
of the cartesian product of sets:

Do x Dy ={<dy, di>|dy OUDgandd UD; }

using the notation <gld;> to sand for the ordered pair of dnd d. Since a computation whose result is a
tuple might not terminate, we actually get lifted domain (0 x D;)g, where

(Do X D1)p = (Do x Dq) O {00}

Notice that in this domain, the elements,&> and [ are distinct. This extends naturally to products of
more than tw domains:

Do x ... x Dy ={<dy, ..., > d UD; }

8.2. Operatorsfor Products
The natural operator to construct tupleSWPLE, where

TUPLE n % Xq «.. Xp=1 = <Xgy X1y - Xp-1>

Notice thafTUPLE ndoes not ealuate its arguments.

Why havea family of n-ary tuple constructors, rather than providing a single 2-tuple constratdt)(
and building n-tuples out of 2-tuples? The reason for prefeTligLE can be expressed either pragmati-
cally or semantically.

Beginning with the formersuppose an implementation constructed a 3-tuple, t, usingXheession

(PAIR x (PAIR y 2z)). Then if SECOND selects the second component of a 2-tu(#&COND t)

would be a perfectly gd construct, yielding a 2-tuple, which could be passed around as a first class object.
But this would defeat a aler implementation which constructed the 3-tuple as a single construct, and only
allowed the selection of single components. Put anothgrthere is no way of telling whether a composi-
tion of PAIRs is neant as an n-tuple or as a compositioRARS!

In terms of semantics, the 3-tuple domain built by a composition odPAiRs

(Do x D1 )g % D3 )y

is not isomorphic to the domain built witlUPLE 3
(Do D1 %Dy )
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since the former contains elements suclila> which do not appear in the lattELIC therefore pruides
n-ary tuple constructors.

How should tuples be taken apart®d dternatives suggest themselves:
(i) Take the tuple apart and apply a specified function to the components:

UNTUPLE n f<Xg, X1, «ey Xp—1> =f Xg X1 ... Xp1

(UNTUPLE is thus just an uncurrying operation).

(i) Definean operatoSEL which takes three arguments, an integer n, an integer i and an n-tuple t, and
select the i'th element from t. The reason that a distinct selection function is needed for each size of
tuple is that the size of the tuple may be required to locate where the i'th element is held.

A tricky point aboutUNTUPLE is whether or not it is strict in its third argument, the tuple. A straightfor
ward (and efficient) implementation &fNTUPLE would evaluate its second argument, expecting to find a
tuple, and apply its first argument (the function) to its n components. Thus its complete semantics would be

UNTUPLE n f <X, X{, ey %> =f Xg X1 ... Xpy
UNTUPLE n fO =0

Alternatively, a less strict semantics might be:
UNTUPLEnft=f(SELNnOt)...(SELn (n-1) 1)

This is less efficient, but laziesince t is @auated later.

This is not a trial question - see Phil &dlers paper [6] . Briefly, the lazier version corresponds to lazy
pattern matching, and can be vital to good programvi@ina This is, hevever, a natter of taste, and FLIC
should not legislate on this subject.

The solution adopted here is to define all three operators: seleStdy), (strict untupling UNTUPLE!)
and lazy untupling UNTUPLE). It is up to each implementation to decide which ones to implement
directly, and which (if any) to implement in terms of the others.

8.3. SumbDomains
A sum domain contains labelled elements from each component doRaiexample,

Do + D,

contains all the elements frony@nd all the elements from,Pbut labelled so that by looking at an ele-
ment from the sum domain it is possible to tell from which component domain it came (imagine the ele-
ments of [ being painted blue, and the elements fropbBing painted red).

We wse the term "variant" (or &riant object”) to describe an element of a sum domain, by analogy with
Pascals variant records (there appears to be no generally agreed term for such things). Variants may be rep-
resented by tagging the values of the component domains. Fonwvealign write

Do + Dy ={0:d; | dy ODo} U {1:d; | dp O D4}
using the notation "t:v" to mean "thalue v tagged with t", and using the nom#iere integers as tags.

Sums can be extended in the natural way to n-ary sums, and we define the "width" of the sum domain to be
the number of domains which are being added together.

Most typed functional languages allaiser defined data types, such as
tree : LEAF num | NODE tree tree

This can be modelled by a domain which is a sum of products:
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tree = Num + (tree tree)

Objects of such types can be represented as tagged tuples, LEAFs being tagged with 0, and NODEs with 1.
This fits with the idea that the sum tags the tuples made by the product.

8.4. Sum-of-Poduct Domains

Domain theory provides us with twsorts of sum: "separated sum" and "coalesced sum". In the tater
bottom elements of all the domains are identified together with the bottom of the sum domain; in the for
mer, a rew lottom element is adjoined, beldhe bottom elements of the component domains. Thus,

0:0is a member of P+ D,

where we are using separated sum, but not where we are using coalesced sum.

These theoretical distinctions ueaimmediate corresponding physical manifestations. For example, the
NODEs defined ah@ ae tupled and tagged all-at-once, so that the elemErddes not ®ist, so we must
be using a coalesced sum.

At first it seems attracté © provide FLIC primitives for sum domains and product domains separzady
treat sum-of-product domains by compositiddnfortunately this leads to a separated sum construction,
since there is no way toaid the possibility of construction of values such ds. 1:

It turns out that this difference actually has a significant impactfuneefy. If a variant tuple is bilt with

a sngle sum-of-product constructat may be assumed that as soon as the tag of the objecilabke,
then the components of the tuple are algilable (though not necessarilyauated). This allows a more
eficient representation of variant tuples, as a tagged vector of storage locations.

We havetherefore come to the conclusion that FLIC should/ipe primitives for operating on product
domains, rather than treating sum and product domains separately and sum-of-products by composition.

8.5. Operatorsfor Sum-of-Products Domains

The tag which distinguishedakiant tuples from one another within a domain is a ngative integer,
ranging from 0 to-d where r is the width of the domain. Variant tuples are constructed with the operator
PACK:

PACK nd Xy ... Xp1 =<d | Xg yeeey Xp-1>

where d is the tag, n is the number of components in the tuple, and the nodatisg ..., X,—1> denotes
the tagged tupld:<xg, ..., X,-1>. PACK is rather likeTUPLE, except that it tags the tuple it builds.

When taking wariants apart, we should provide a case for each possible tag, which suggeéstSEnfam-
ily, where

CASErge;...e_1 <d| Xg ey Xp—1>
CASErge ...e_; O

€4
0

CASE evduates its last argument (the tagged tuple), extracts the tag d, and returns its d’'th argument; r is
the width of the sum domain. This is ratheelk multi-way version of the ordinary two-way conditional.

Having decided in which component of the sum the variant lies, it can be taken apadtNBAQK:

UNPACK nf<d | Xg yeees Xp-1>=F Xg oor Xt
UNPACK n f0O =0

Notice that it is assumed that the number of components in the variant matches the unpack operator being
used, and no tag check is performed (remenithé€ assumes that programs are well-typed).

Together these can implement pattern-matching in an efficient manner (see Peyton Jones’ book [4] for a full
explanation). For example,
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f(LEAF X) =g x
f (NODE tl t2) =h tl tz

could compile to
fx=CASE 2 (UNRCK 1 g x) UNPACK 2 h x) x

assuming that LEAFs are tagged with tag 0, and NODESs with tag 1.

For the efficient implementation of variants, it may be desirableaty the representation depending on
howv mary elements there are in the sum, which determines the maximum tag size. fidienaf
improvement is provided by means of annotations (see&bo
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