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3% Overview
34

The BitC projectis part of the successor work to the EROS
34 system [12]. By 2004, it had become clear that a number
of important practical “systems” lessons had been learned
34 in the EROS effort. These motivated a re-examination of



the architecture. With the decision to craft a revised dbeigh-performance translation of BitC code to C code.

sign and a new implementation came the opportunity i 5 consequence of these modifications, BitC is suitable
consider methods of achieving greater and more objectiye the expression of verifiable, low-level “systems” pro-
confidence in the security of the system. In particular, theams. There exists a well-defined, statically enforceable
question of whether a formally verifiethplementatiof ,pset janguage that is directly translatable to a lowtleve
the EROS successor might be feasible with modern thegs o ,age such as C. This translation is direct in both the
rem proving tools. Following some thought, it appearedinge that the translation is simple and the result does
that the answer to this question might be “yes,” but thahy yiolate programmer intuitions about what the program
there existed no programming language providing an agses or the program's data representation. Indeed, this

propriate combination of power, formally founded semagy,s 4 key reason for our decision to move our implemen-
tics, and control over low-level representation. BitC WaStion efforts into BitC

created to fill this gap.

1.2 Transitional Input Language
1.1 About the Language

We are in the process of migrating from the S-expression

BitC is conceptually derived in various measure fro ntax to the f'”"ﬂ?' B'.tc surface syntax. —S-expression
Standard ML, and C. Like Standard ML [10], BitC ha orms are now being incrementally replace(_j by the cor-
a formal semantics, static typing, a type inference mecrﬁ_spondlng block-style forms, and the compiler no longer

anism, and type variables. Like C [1], BitC provides fuficcepts some of the older S-expression conventions. | am

control over data structure representation, which is net@flng to update this document as the S-expression forms

essary for high-performance systems programming. Bift® retired.
also provides support for unboxed mutable locations. The

BitC language is a direct expression of the typed lambda3 Conventions Used in This Document
calculus with side effects, extended to be able to reflect

the semantics of explicit representation. In the description of the language syntax below, certain
Versions of BitC up to 0.10 used an s-expression synténventions are used to render the presentation more com-
similar to that of Scheme [8]. This allowed us to focus ol#act.

attention on type inference and semantic issues first. TiRgut that is to be typed as shown appearfixad font.
main goal of version 0.11 is to choose the production s

face syntax for the language. For the sake of people w %ntac'uc placeholders” are shown in italics, and should

- . . . eqrenerally be self-explanatory in context. Variable names,
are already familiar with the s-expression syntax, this v > oressions. patterns. and tvpes appear respectively as
sion of the specification includé®thsyntactic variants. b ' P ' yp PP P Y

B _ _ _ italic v, e, p, or T, with an optional disambiguating sub-
The transitional syntax is testing a curried style of appkcript. For clarity, the defining occurrence of a name will

cation syntax so that we can experiment with mixfix opesometimes appear in the abstract syntamras
ators. In spite of this syntax, BitC application is not cug,

. . . hen a sequence of similar elements is permitted, this is
ried. Currying encourages the formation of closures th 9 P

capture non-global state. This requires dynamic storaéjﬁown using ",..” or ”;...", according to whether the el-
P 9 : d y dgﬁnents are separated by commas or semicolons. Such a

allocation to instantiate these closures at runtime, an .
S . . sequence must have at least one element. For example:
is difficult for the programmer to determine syntactically

when this is happening. Since there are applications of (e: e}
BitC in which dynamic allocation is prohibited, currying T

IS an ma_ppro_prlate dgfault |d_|o_m for th'_s language. V\{ﬁdicates that a block consists of a (hon-empty) sequence
will consider introducing explicit convenience syntax fo&f expressions separated by “”. When it is intended that

curried application if this proves to be an impediment Qero elements should be perrr;itted in a sequence, the ex-
effective use of the language. ample will be written: '

In contrast to both Scheme and ML, BitC daws provide

or require full tail recursion. Procedure calls must be tail  {[e; ... €]}

recursive exactly if the called procedure and the calling

procedure are bound in the samhef , and if the identity Note that the square brac¢sand ] have no syntactic

of the called procedure is statically resolvable at comp#ggnificance in the BitC core language after s-expression

time. This restriction preserves all of the useful cases eéXpansion. When they appear in the specification, they

tail recursion that we know about, while still permitting @hould be read as metasyntax.



1.4 Type Inference contexts a documentation string may be followed by an
expression syntax, which creates a parse ambiguity. The

BitC incorporates a polymorphic type inference mechparser should handle these cases by accepting the expres-

nism. Like SML, BitC imposes the value restriction fogion sequence and then checking to see if it has length

polymorphic type generalization. The algorithm for typgreater than 1 and its first element is a string. Note that in

inference is not yet specified here, and will be addeddich cases the string would be semantically irrelevant in

a future date — we want to be sure that it convergesy case. The only point of care here is to note that an ex-

We currently plan to use a constraint-based type inferengiession sequence consisting of a single string is a value,

system similar to the Hindy-Milner type inference algonot a documentation string.

rithm [10].

The practical consequence of type inference is that explic-

itly stated types in BitC are rare. Usually, it is necessaly The Core Language

to specify types only when the inference engine is unable

to resolve them unambiguously, or to specify that two ex-

pressions must have the same result type. In this situati2n, Input Processing

a type may be written by appending a trailing type quali-

fier to an expression indicating its result type, asin:  The BitC surface syntax is an impure s-expression lan-
guage. Expressions can be augmented with type quali-

(@ + b) :int32 fiers, and the language provides syntactic conveniences
(+ ab) : int32 for field reference and array indexing. All of these have

canonicalizing rewrites into s-expressions.

by similarly qualifying a formal parameter, as in: Input units of compilation are defined to use the Uni-

code character set as defined in version 4.1.0 of the Uni-
code standard [13]. Input units must be encoded using
the UTF-8 encoding and Normalization Form C. All key-

def fact x =
if x < 0) then - (fact (-x))
else if (x == 0) then 1

else x + fact (x - 1) words and syntactically significant punctuation fall withi
the 7-bit US-ASCII subset, and the language provides for
(def (fact x:int32) 7-bit US-ASCII encodable “escapes” that can be used to
(cond (( < x 0) (- (fact (- x)))) express the full Unicode character code space in character
(= x0)1) and string literals.
(otherwise

Tokens are terminated by white space if not otherwise
terminated. For purposes of input processing, the char-

actersspace(U+0020), tab (U40009), carriage return

In general, wherever a type is permitted by the grammﬁ.rlJrOOOD) andinefeed(U+000A) are considered to be
it is also permissible to write ype variable. A type vari- white spac’e

able is written as an identifier prefixed by a single quote. ) ) )

The scope of a type variable is the scope of its containiffput lines are terminated by a linefeed character
definition form. The type inference engine will infer thdU+000A), a carriage return (W000D) or by the two
type associated with the type variable. Within a definitioRharacter sequence consisting of a carriage return fol-
all appearances of a type variable will be resolved to tHved by aline feed. This is primarily significant for com-
same type. This is particularly useful in the specificatidR€Nnt processing, layout processing, and diagnostic pur-

of recursive types. For historical reasofss, 'b , etc. are POSes, as the rest of the language treats linefeeds carriage
often pronounced “alpha,” “beta,” and so forth. returns as white space without further significance.

(» x (fact (- x 1)))))

1.5 Documentation Strings 2.1 Comments

Certain productions in the grammar (Section 15) it commentintroduced by the two-character sequence "//”
corporate an optional documentation string label&¥tends up to but not including the trailing newline and/or

docstring. Documentation strings have predefineﬁamage return of the current line (the end of line markers
syntactic positions to facilitate automated extraction € Significant for purposes of line numbering).
documentation tools. If present, the documentation strilgcomment introduced by the two-character sequence
must be a syntactically well-formed string, but the strintf*” extends up to the following two-character sequence
is otherwise ignored for compilation purposes. In certaitv”. If an end-of-line sequence is encountered within the



comment, the next token encountered after the comm@n8 Interface Names and Identifiers
is considered the first token on a new line.

For lexical purposes, comments are considered thﬁgerface names COI’]SI“S't’ of a sequence of interface iden-

space. This implies that the comment syntax cannot [ers jtowf]ed bé’ dc;.t? S )h Antlntefrfﬁce n;ag start \.N'tth
successfully exploited for identifier splicing as in early ny in ert_ace ! En : 'ir ¢ Iara%((ja_rt,_ oflowe dy an())/rln ?r—
Dreprocessors. ace continue character. In addition, an underscarg (

may appear in any position of an interface identifier, and

Characters within comments are processed only to detghyphen (“-") may be used in any positiother thanthe
mine where the comment ends. Nested comments are gt position.

supported. . . . . -
P Interface identifier characters are the Unicode identifier

characters (Unicode 4.1.0 [13] character class 28fart)
falling within the 7-bit US ASCII subset (the first 128
Unicode code points). Interface continue characters are
. ) .similarly the Unicode identifier continue characters (Uni-
Because of BitC’'s support for user-defined expressidn . .
o S . .. code 4.1.0 [13] character class Xi@ontinue) falling
syntax (mixfix), the definition of a well-formed identifier

. . . within the 7-bit US ASCII subset.
is regrettably more complicated than in most languages.

We begin by defining three lexical classes: The restriction on acceptable character code points in
interface identifiers is designed to ensure that interface
. - _ names can be mapped directly to file names in current file
* Any sequence of code points beginning with a&/stems. It is expected that the legal namespace for inter-

“identifier character” (Unicode 4.1.0 [13] characte - o : iy .
class XIDStart), followed by any number of op_face identifiers will expand as the capabilities of widely

: . e . . sed file system interfaces improve.
tional “identifier continue characters” (Unlcode4.1.é')I y p. _ . o
character class XIDContinue) is aalphanumeric Interface names whose leading interface identifier is

identifier fragment “bitc” are reserved for use by the BitC runtime system
and standard library.

e Any sequence of the following characters is a valideserved words afermittedas interface identifiers.
operator identifier fragment

2.2 ldentifiers

While BitC treats interface identifiers as case-sensittve,

is strongly discouragedior source code to rely solely on

case distinctions to discriminate between interface names

The choice of legal interface identifiers is intentionally

e An underscore (4-005F, "), sharp underscore chosen to support a direct mapping to file names across a
(U+005F U+-0023, “#"), or the at-sign (U-0040, wide range of file systems. At least one pervasively used
“@") is a valid separator file system provides only haphazard support for case sen-

sitivity in file names.

'$ % &+ + -/ <=>7

A well-formed identifier matches the regular expression:
2.4 Reserved Words
*(#) ?fragment (( _|#.|@fragment)*(#.])?
The following identifiers are syntactic keywords, and may

that is: a sequence of alphanumeric or punctuation fra{bqt be rebound:
ments that are joined by separators with an optional lead-

ing and trailing separator, with the whole optionally pre-~ and apply
ceded by an arbitrary number of underscores. Each fr r—a% ,:tr?yRef T)Sitfiel d
ment is either an alphanumeric or a punctuation seque%gcik bool boxed
Identifiers are case sensitive. Reserved words are BgRef case catch
identifiers. ldentifiers starting wittwo or moreleading char cond const
underscores (WOO5F, “”) are reserved for use by thecontinue declare def
runtime system. Non-reservedldentifiers are valid for ug¥ception deref
as mixfix identifiers. disable do double
dup enable exception
The sheer perverse obscurity of the specification for idegxtends external false
tifiers is motivated by mixfix support, and will hopefullyill fixint float
make more sense after a review of that section. from if import



impure in instance 2.5.1 Integer Literals

int8 int16 int32

int64 interface is An integer literal takes one of the following forms:

fn lambda let

letrec MakeVector member decimal digits // decimal integer literal

mutable not object Oxhex digits // hexadecimal integer literal
opaque or otherwise Oooctal digits // octal integer literal

pair proclaim provide Obbi nary digits // binary integer literal

pure quad repr Ooctal digits // octal integer literal

return sizeof

strin struct suspend . . . . . .
SWit(?h tag tr?e A decimal integer literal may not begin with a leading
throw trait try zero.Digits are selected from the characters

true uint8 uintl6

uint32 uint64 unboxed 0123456789abcdef

union use vector

version where until with the customary hexadecimal valuations. The letters
word may appear in either lowercase or uppercase. It is an error

for a digit to be present whose value as a digit is greater
The following identifiers are reserved for use as fututfan or equal to the specified base.

keywords: Integer literals of a particular fixed-precision type may be
written by using a type qualifier. The expression:

assert break check

constrain deep object 564 : uint32

deftype do =* inner-ref

int let = list specifies an unsigned 32 bit quantity whose value is 564.
location module namespace It is a compile-time error to qualify an integer literal with
pur read-only require a type that is incapable of representing the literal’s value
ref Sensory Stper In the absence of explicit qualification, the type assigned
tycon tyfn typedef to an integer literal will be some subset of:

using value-at )

int8 intlé int32 int64
In addition to the reserved words identified above, all defi- uint8 uint16 uint32 uint64

nitions provided in the standard prelude are implicitly im-  word
ported into the initial top-level environment of every com-
pilation unit. Any concrete type that cannot represent the literal value

Note that BitC doesot permit redefinition of bound vari- Will be omitted from the set of types assigned.
ables in the same scope. This guarantees that top-level

forms repeive the default bindings of these identifiers 15 Floating Point Literals

their environment.

For the moment, all identifiers beginning witléf ” are  The general form of a floating point literal is:
reserved words. This restriction is a temporary expedient
that is not expected to last in the long term. di gits.digits[e[-]exponent]

Finally, the identifiers defined as part of the BitC standard

runtime environment (described below) are bound in tHéere all digits are decimal. Floating point values may
top-level environment. not have any radix other than 10. Theponenimay in-

clude an optional initial minus sign. Note that the decimal
point is not optional, and must have at least one digit on
25 Literals both sides. Thu€).0 is a valid floating point literal, but

1 There is an issue here: doesn't the initial set need to besthefsll
The handling of literal input and output is implemented by integer field sizes so that initialization can work? Shapkhithat the

the standard prelude functionsad andshow. Source answer is probably yes, but that it isn't a problem in practiecause
) the arithmetic operators are only defined over homogenegusreent

t_okenization_ , requires that foundational literals havea d ypes. Swaroop points out that expanding the set isn't wieattes the
fined canonical form. problem for type inference.



0. and.0 are not. Alsdlell is nota valid floating point ’\deci mal digits’ // unicode code point expressed in
literal; 1.0e11 should be used instead. "\Oxhex digits’ // unicode code point expressed in hexadecil

. . . I . "\Oooctal digits’ // unicode code point expressed in
As with integer literals, floating point literals of an expli ' \Obbi nary digits’ / unicode code point expressed in

itly stated representation type may be written using a type \Ooctal digits / unicode code point expressed in
qualifier. The expression:

The value supplied must be a valid unicode code point,

0.0 : float which is a value in the range 0..10FFFF hexadecimal.

specifies a 32-bit (single precision) IEEE floating poir%erta'n commonly “S?d non-printing characters have con-
\{emence representations as character literals:

guantity whose value is zero. As with integer literals, |
is a compile-time error to specify a value cannot be rep-

resented within the representable range of the qualifying sﬁrﬁ:fee;’d,’ , \S’ \
type? In the absence of explicit qualification, the type of \return’ , \r
a floating point literal is some subset of: '\ tab, ) \t

' \backspace’, © \P’

float double quad " \formfeed’, ’ \f’

" \backslash’, ’ \\
Any concrete type whose representable range cannot ex- ~ \Sauote’, - \"
press the literal value will be omitted from the assigned ~ \dauote’. =\
set.

Conversion of a floating point literal to internal represer-5.4  String Literals
tation follows the customary IEEE floating point roundin

rules when the specified literal cannot be exactly repf@lfC strings are written within double quotes, and may
sented® contain the previously listed “printable characteex-

cluding backslash {” (U+005C), or the double quote
character.

Within a string, the backslash charact&f (U +005C) is
pierpreted as beginning an encoding of an escaped char-
er. The character following th&™ (U 4005C) is either
a single-character embedding from the list given above,
. ] or a curly brace characte{™ (U+007B) identifying the
A character literal may be written as start of a numeric or named embedding that is terminated
by “}” (U+007D).

2.5.3 Character Literals

BitC uses the Unicode character set as defined in versiB
4.1.0 of the Unicode standard [13]. Characters are 32
wide. Character literals can be expressed in two ways.

"printabl e-character’

Wherepr i nt abl e- char act er is any characterspec-z-6 Compilation Units
ified in the Unicode 4.1.0 standaedcepthose with gen- . L
There are two types of compilation units in BitC: inter-

eral categories "Cc” (control codes) "Cf” (format con T : X .
trols), "Cs” (surrogates), "Cn” (unassigned), or "Z” (Sepa{aces and source compilation units. An interface compi-

rators). That is, any printable character, excluding spac@tion unit defines or declares tyPes (and consequently_the
Notwithstanding the listed Unicode categories, the ch&Rde of type constructors), defines type classe:'s, _deflngs
acters " (U+005C) and single quote (K0027) are ex- constants, and declares values. A source compilation unit
cluded, and the character “space™£0020) is considered €N define types, type classes, constants, and values.
printable. Every valid BitC compilation unit must begin (ignoring
mments) with doitc version form. The syntax of

An arbitrary character may also be specified numerical ) ; :
thebitc version formis:

in one of the following forms:

"\U+hex digits’ // unicode code point bitc version n.m

2 Itis notan error if conversion of the literal value causes loss oére wheren. mis the version of BitC version (majatot mi-

, Sloninthe low-order bits of the mantissa. nor) to which this program conforms. For the version
A more precise statement is needed for floating point litecadver- . . . h . .
sion, but | don't know enough about floating point conversiao Of BItC described in this document, the proper version is

know what that statement should be. 0.11 +. Itis a compile-time error if the language version



accepted by the current compiler is not backwards com-procedure, but may not be used as part of a top-level
patible with the version specified by théc version initializer (seedef , Section 5.2).

form. All defining forms are expressions that return a value of

In an interface compilation unit, thbitc version typeunit.
form is followed by exactly oneinterface form
(Section 9). In a source compilation unit, the option
bitc version form is followed by one or more
module forms (Section 9).

%I.? Layout

The goal of the layout system is to provide programmer
A source compilation unit may alternatively consist of theynyenience by automatically inserting curly braces and
bitc version  form followed by an arbitrary sequencesemicolons wherever they have not been inserted by the
of imports, definitions, declarations, and use forms thgfogrammer. Left curly braces are conditionally inserted
arenotinterface  forms. In this case the forms fol-after certain preceding tokens. Semicolons are condition-
lowing thebitc version  are deemed to be implicitly 51y inserted based on the indentation level of each line.
enclosed by anodule form, and the compilation unitde-Right curly braces are conditionally inserted before cer-
fines exactly one source module. tain tokens and also based on the indentation level of the
curren tline.

2.6.1 Definitions and Declarations

. . . 2.7.1 Concept
The top level forms that introduce programmatic defini-

tions and declarations are: The “trick” to the layout scheme is in two parts:

def Introduces value declarations and definitions, in-1. There are several sequencing constructs in the lan-

cluding functions. guage whose general form is a semicolon-separated
sequence of things surrounded by curly braces. This
lets us use the same layout rules for multiple pur-
poses.

union Introduces union declarations and definitions. 5 At each point where a left curly brace might be au-
tomatically inserted, a preceding token (onédetf ,
do, or “=") signals unambiguously that a left curly
brace must follow:

struct  Introduces structure declarations and defini-
tions.

repr Introduces repr definitions and declarations. Reprs
are a special kind of union with fine-grain layout and
tag control.

def f x y =

trait Introduces traits definitions, which restrict how

{
. . . . def x = {5}
type.varlables can be instantiated and provide over- struct S 'a b = {a:int ..
loading. let {x={5}}in { ..
instance Introduces trait instance definitions, which while (- expr) (.jo o
do { .. } while ( expr)

identify the types for which a trait is defined.

_ We rely on the fact that (a) knowing the preceding and
The def , union , struct , andrepr , forms support . rrent token is enough to know whether to insert a curly
simple recursion. That is, the identifier(s) being defingg, o (b) because blocks are values, all binding expres-
may be used in their definition. However, identifier(s) b&jons can safely be wrapped in blocks, (c) because such
ing defined afe_deemed incom_plt_ete until the end of _tQﬁapping is always safe, it can be done in a way that is
enclosing defining form. Restrictions on the use of ifyisible to the programmer In fact, the parser insists that
complete identifiers are described in the sections on tyRRS pe true. While it is nearly universal practice in Bitc
and value binding. to write code without semicolons in many places, most
The proclaim  form is used to provide opaque valuaotably:
declarations. The identifier declared bypeoclaim
form is considered incomplete. If a completing defini- let x = 5 in  body
tion is later provided within the same compilation unit,
the identifier is considered complete in the balance of tBat what the compiler actuallyeess:
defining compilation unit after the the close of its defin-
ing form. An incomplete declaration may be used within let { x = { 5 } } in body



2.7.2 Specification

e The termoffset as used here, is defined as the num-
ber of preceding UCS4 code points that occur to the
left of the token on the same line. The first code point
on a line is deemed to have offset zero. Offsets are
determined without regard to comments. That is, in:

abec/~*
*[ X

the tokenx appears at offset 5 and is the first token
on its line.

The termlayout item sequends a sequence of lay-

We also rely on the fact that correct programs do note Every (implicit or explicit) '{* begins a layout item
under-indent lines capriciously.

sequence. After processing thg,’'the lexer exam-
ines the next token. If it is end-of-file @m, process-
ing proceeds as described above. Otherwise:

— If the offset of the token igreater tharthe cur-
rent sequence offset, it becomes the current se-
guence offset and is recorded in the top (most
recent) layout context stack entry. Regardless
of offset, no implicit semicolon will be inserted
before this token.

— If the offset of the token igess than or equal to
the current sequence offset, and the most recent
open brace was implicit, an implicit close brace
is immediately inserted.

e Provided it does not follow an opening brace, the

offset of the first token on every line is used to de-
termine whether a closing curly bracg br a semi-

out items that are Separated by semicolons and sur- colon should be Conditiona"y inserted as follows:

rounded (bracketed) by curly braces. An openifig’
signals the beginning of a layout item sequence.

e Aleft curly brace will be automatically inserted after
the keyworddet, do, and= (binding) if none appears
explicitly in the input. Note that a left curly brace is
required by the grammar at each of these positions.

The lexer maintains a record of every left curly brace
(whether or not inserted), in a stack of layout con-
texts. Each entry records the preceding keywdet] (
do, or=), whether the left curly brace in question was
automatically inserted or not, and the offset of that
layout context. The most recent entry on the layout
context stack is “popped” whenever an implicit or
explicit '}’ is encountered.

On encountering thé token, the lexer will insert
implicit close braces "), popping layout contexts

— If the offset of the token igreater tharthe cur-
rent sequence offset, the token is “,” or “(”, or
the preceding token is “,” or “(", nothing is in-
serted. This special-case suppression enables
the use of longer string literals as arguments in

I/O.

— If the offset of the token itess tharthe current
sequence offset, and the most recent open brace
was implicit, an implicit close brace is immedi-
ately inserted.

— If the offset of the token igqual tothe current
sequence offset, the token is not a semicolon
(’;)), and the most recently returned token was
not a semicolon, a semicolon is automatically
inserted.Qualifications to this rule are needed
concerning the current and immediately pre-
ceding token.

as it goes, until one of the following conditions e An implicit ' {* must be matched by an implicit’.

holds:

Similarly, an explicit {* must be matched by an ex-
plicit ' }'. If this requirement is violated, an error is

1. The last layout context popped was associated Signalled.

with the let keyword. That is: curly braces
inserted beforen will only balance up to the
nearest precedirigt. 3

2. The top entry on the context stack was explicit.

Types

That is: implicit closing curly braces will only 3.1  Overview

balance implicit open curly braces.

To mitigate mitigate the effects of forward reference in the

On encountering end-of-file, the lexer will insert im
plicit close braces ), popping layout contexts as

specification, we begin with a high-level overview of the
BitC type system. This overview is non-normative.

it goes, until the top entry on the context stack is eBitC provides explicit control over data structure repre-

plicit.

sentation while preserving a memory-safe and type-safe



language design. Where types are specified explicitly bindings are given monomorphic type and the value occu-
the developer, both the layout and size of the underlyies some concrete location. Because their values are sub-
ing data structures for a given compilation target plaect to change, location bindings are not equivalent under
form are fully specified. Different target platforms mayerm substitution.

yield differgnt Iayputs and sizes due to (e.g.) differencg$e concrete type of a monomorphic binding must be
in underlying pointer types. In consequence, the UgGy known by the close of its defining form. When

of constructs such asizeof ~ andbitsizeof -, or of he pinding occurs at top-level, this means that use-
the machine-dependent typ@rd , can render & programg e rrences cannot be considered by the inference engine
target-dependent. to determine whether the binding is a location binding or

BitC provides a powerful type inference mechanism. term binding. In the absence of specification, a term
In the absence of concrete declaration or specificatibimding is inferred:
through type parameters, the type of a bindinoferred

by type inference based on its initializing expression and def i = 1 + 3;

their context(s) of use. i: 'a where IntLit(’ a)
def mi : mutable(a) = 1 + 3 : int32;
m : mnut abl e(i nt 32)

3.1.1 Terms vs. Locations def bad _mi : mutable(a) = 1 + 3

error: 'a nononorphic, not fully determ ned
Term Bindings If the initializing expression is pure, and

the bound value is never mutated, that it ifeem bind- gacayse it is able to consider the contexts of use, the BitC

ing, and is given polymorphic type. For example, the tyRfterence algorithm will infer a location for local locatio
reported for the following definition: bindings.

def i =1 + 3;
i: "a where IntLit(’ a) 3.1.2 Boxed and Unboxed Types

Most languages having advanced type systems have a

indicates thai is a term binding. It inhabits any typeh based val fics. C tuallv. all val i
that satisfies théntLit('a) constraint, which is to . €ap-based vaue semantics. Lonceptually, all values five

say: any type that admits bothand3 and as valid lit- n thte heap; and_are rfntanlpulat(;d th;ougg rel;erenges. B'ti
erals? The intuition is that a term binding’s semantics iQaS Wo categories oftypes — boxed and unboxed — eac

defined by substitution at the point of use. The final ty fth associated values.

of the binding is determined by inference following subAn unboxed type is one whose values are “contained”
stitution. The implementation is free to actually perforwithin some composite value (which may be a stack
such substitution or to instantiate a concrete binding fisame). The lifetime of an instance of unboxed type is
each concrete type ofthat is actually seen. determined by the lifetime of its container, and it is the re-

ponsibility of the container to reserve storage for its-con

With two exceptions, the BitC inference mechanism pro=. d value t Such t i 1o be “Unboxed.”
duces typings that are complete; the derived type will ined va f’e ypes. such lypes are said to be “unboxed.
| of BitC'’s primary types are unboxed types.

the least constrainingype that is permissible given the

initializing expression and the context(s) of use. The ef-boxed type is one whose values live in the heap. Every
ceptions are: instance of a boxed type has at least one reference that

denotes it. The reference is an unboxed value; the value it

e The current inference algorithm does not infer arra€notes is boxed.

ArrayRef, or ByRef types. If T is an unboxed type, themoxed( T) is the type of
) ) ) _areference denoting a heap-allocated instancke. &fn-
* BitC does not (yet) provide polymorphic recursion.poxed values can be copied to the heap using() .

) o ) .. Similarly, if T is a boxed type whose target is of statically
It is expected that both of these limitations will be “fteg(nown size, and whose type unifies withoxed 'a)
in upcoming enhancements to the language. then unboxed( T) is the corresponding value type.
Location bindings If the binding’s initializer has side Need to explain why the qualification is needed. Issue is
effects, or if the bound variable is mutated (in whole amboxing of boxed unions, but | can’t remember the de-
in part), then the binding is Bcation binding Location tails at the momentUnboxed copies of boxed values can

, : — _ be obtained usinderef()
4 This particular typing is expected to change when we intoedine ] ) )
Nat kind. At the moment, BitC requires that all structure and union

10



declarations explicitly state whether the type defined is Thebitfield form describes a fixed-precision in-
boxed or unboxed. We will eventually relax this require-  teger field:

ment, makingboxed the default for union types and

unboxed the default for struct types. Exception types baset ype(si ze)

are boxed by definition; specification that an exception

type is boxed is permitted, but not required. Where baset ype is one of the primary fixed-

precision integral types argd ze is a literal not ex-
BitC does not provide automatic assignment conversion ceeding the size in bits of the base type.

between value types and reference types. The form

3.1.3 Type Variables int32(4)

describes a two’s complement four bit field placed

BitC its t tob terized b ft I o
itC permits types to be parameterized by means of type within a 32-bit alignment frame.

variables. Type variables provide a means of specifying ™
that the type of some element will be provided at a later Bitfields may only be used as types of structure,
point of specialization. Permitted instantiations may be union, or tag fields. The type of a bitfield is deemed

constrained byype classesFor example, the type: to be assignment and binding compatible with its
basetype A bitfield over a signed base type is sign-
def isLessThan(a,b) = a < b extended as needed when copying to its base type. A
fn('a, 'a) -> bool bitfield over an unsigned base type is zero extended.

where Ord(’ a
@) float, double, quad The typesfloat , double , and

indicates thatsLessThan()  is defined over any spe- quad describe, respectively, IEEE floating point val-

cialization of 'a for which a definition of ordering ues as described in [2][3]. Thguad type is an ex-

methods has been provided by an instantiation of the tended precision floating point type with a 15 bit ex-
Ord(‘a) trait. ponentand a 112 bit mantissa.

3.2 Primary Types 3.3 Type Variables

A type variable is an alphanumeric identifier fragment
preceded by a single quote, as'a. A type variable,
Hpay appear in any position where a type can appear. This
Indicates a type parameter whose actual (concrete) type
is to be specified later. A type containing type variables
bool A boolean value, eithefialse ortrue . The rep- Wwithin its description must be “specialized” by supplying
resentation of this type is a single byte, aligned atte type corresponding to each parameter. In the case of

The primary types of BitC are:

unit The unit type, having as its singleton member t
unit value, both of which are written g% .°

byte boundary. parameterized structure and union types, each type vari-
) ] ) able is specialized by supplying it at the point of use:
char A unicode code point. The representation of th|§st(char) is an instantiation ofist(’a) In the

type is a 32-bit unsigned integer, aligned at a 32-hifse of function types and let/letrec bindings, type vari-
boundary. ables are specialized automatically during compilation by

word The typeword is the smallest unsigned integrainferring the required type of each type variable at each

type whose range of values is sufficient to represe?ffint of application.

the bit representation of a pointer on the underlyinthe scope of a type variable is generally its outermost

machine. This type is architecture dependent, addfining form. In some cases,letrec , let , or local

is not directly assignment compatible with unsignedefinition can introduce a new type variable scope. Be-

integral types of the same size. Values of typmd cause a type variable’s scope covers an entire definition,
are aligned at a boundary that is a multiple of theiype variables can be used used to annotate that two ex-
size. pressions must have the same type. The expression:

bitfield This is not a primary type, and it's description
needs to move into the section dealing with aggregate

types. says that the type of is unspecified by the program au-
5 Note thatunit is not a keyword. thor (and should therefore be inferred), the return type is

myfun(x, y:'a)’'a

11



also unspecified (and should be inferred), but the retu8rb.1  Arrays
type and the last argument type are the same. This type _ _ _
of annotation is sometimes useful to assist the inferend@ array is a value type whose value is a fixed product

engine. type Ti >0, all of whose elements are of common type.
The type:
3.4 Simple Constructed Types (aray T i)

Constructed types compose existing types into new typéescribes the type of fixed-length arrays of element type
Type equivalence for the simple constructed types is deand lengthi , wherei is an integer literal of typevord
termined by structural equivalence. that is greater than zero.

Storage Layout The value representation okeelement
array is laid out in memory as the concatenatiok obn-
tiguous element cells whose size and alignment are deter-
mined by their respective element types. The elements of
the array appear at increasing addresses in order from left
to right.

3.4.1 Reference Types

If T is a value type, then
boxed( T)

is the type of a reference denoting a heap-allocated -2 Vectors

stance ofT. . . .
A vector is a dynamically sized array whose elements are

Storage Layout The representation of eef instance of type T. Vectors are reference types. Because they are

is architecture dependent. Itis Customarily determined Bynamica”y Sized’ there is no Corresponding value type
the size of the machine’s integer registers, and alignedrfe type:

any address that is congruent mod 0 to the integer register
Size. (vector  T)

3.4.2 Function Types describes vectors of element type

If targ andtresult are types (including type vari-3,5.3 Array References

ables), then:

An array reference is a sequence type whose elements are
of type T and whose length is dynamic. A parameter or
let binding of type(ArrayRef  T) will accept as its
corresponding actual parameter or initializer a value of
either type(ArrayRef ~ T) ortype(array T |en)

for any length. There is no value constructor for array
tr':‘eference types.

fn (targl, - targmn) - > tresult)

is the type of a function taking arguments of typetyrg1
throughtargn, respectively, and returning a value of typ
tresul t- The type of a function taking zero argumen

is written as: ) )
Array references are not permitted to escape. Pending

definition of a standardized escape analysis for BitC, the
ArrayRef type is not permitted as the return value of a

_ _ procedure, a non-value expression, a structure field, or a
Storage Layout Function types are considered referen¢gosed-over value. The type:

types that denote an object of statically undefined size.
The size and alignment of a value of function type isthe  (arrayref  T)
size and alignment of the underlying architecture’s painte

fm()- > tresult)

Size. describes array references of element tJpe

3.5 Sequence Types 3.6 Named Constructed Types

BitC provides fixed-lengthgrray ) and variable-length The named constructed types are types whose compatibil-
(vector )types. ity rules are determined by name equivalence. Two values

12



of named constructed types are equivalent if (a) they are left : (optional (tree-of ’a))
instances of the same statically appearing type definition,  right : (optional (tree-of 'a))

and (b) their corresponding elements are equivalent. height : int8

. o value : 'a
Unless otherwise qualified, a named constructed type dec- )

laration declares a reference type. define (respectively) the type nanpair  and the single

argument type constructtnee-of
3.6.1 Structures

§_torage Layout A structure having fields is laid out
femory at increasing addresses from left to righkas
ntiguous cells whose size and alignment are determined
by their respective element types. These cells are then
packed according to the previously described alignment
and layout packing rule®id we describe them?

A structure definition defines a named type whose i
stances are an ordered sequence of named cells. The gz
tax of a structure declaration is: ¢

(struct nmfield ..)

(struct ( nmtvy ... tvp) field ..)

where eaclii el d is one of: 3.6.2 Unions
nm t ype The union form defines enumerations, discriminated
(the type nm unions, and mixes of these. The type being defined is in-
(fill bitfield-type) scope within the definition of the type, but is incompletely
(reserved  bitfiel d-type val ue) defined. The syntax of a union declaration is one of:

All namesnmare disjoint identifiers giving the names of ~ (Union. nm Cy ... GCp)

the structure fields, and the respectiwegpe forms are the (uncl:on ( nmtvy .. tvp)

types of the respective fields. Given a variabl¢hat is 1 Cn)

an instance of a structure type having a field narhed ) ) )
the expressiorv.f unifies with the fieldf within that Whereeachvj is atype variable an@; is aconstructor
structure. form. A constructor form consists of either a single iden-

tifier or a parenthesized identifier followed by a sequence

Afill - element may be used to support precise Spegiie|d or fill declarations (sestruct ). All field names
fication of alignment. The alignment and storage |ay°'dbpearing in ainion , including constructor names, must
of a fill field follows the alignment and storage layout of disjoint

its base type, however a fill field has no name or defined . . ) ) )
value, and cannot be programatically referenced. Anidentifier bound to a union constructor having no fields

_ denotes the value of the unique corresponding union in-
Areserved element may be used to specify a reserved, . -e for that union type

bit position in a low-level data structure that is required t . . . .
hold a known value. It is otherwise identical tdield An identifier bound to a union constructor having associ-

element. ated fields is a procedure that may be used to instantiate

) . . new instances of that union type. The arguments to this
An identifier that is bound to a structure type may be useg,-oqyre are the initial values of the union fields associ-
as a procedure to instantiate new values of that structUfeq with that union variant.

type. The arguments to this procedure are the initial val- -~ ) ] ]
ues of the respective structure fields. An identifier that is bound to a non-parameterized union

) - ) ) type is a valid type name. An identifier that is bound to a
An identifier that is bound to a non-paramet.erlzeq.strUﬁéramterized union type may be used in a type constructor
ture type may be used as a type name. An identifier thafication within a type specification. Its arguments are

is bound to a parameterized structure type may be UsegH ynes over which the newly instantiated structure type
a type constructor application within a type specificatiogn 14 pe instantiated. For example, the declarations:
Its arguments are the types over which the newly instan-

tiated structure type should be instantiated. For example, (union contrived

the declarations: (asChar c:char) (asInt i:int32))
(struct ipair a:int32 b:int32) (union (optional ’'a) :unboxed
none
(struct (tree-of 'a):boxed (some value:'a))
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define (respectively) a reference type holding eitherrepresentation that is compatible with the representation
char or anint32 , and a value type of optional ele-of nullable pointers in other languages.

ments. The following representation requirements are required

The declaration: unless they cannot be legally implemented on the under-
lying machine, as in JVM or CLR.

(union (list "a):boxed In the absence of an explicit declaration of the type
nil . tag representation, a union type having exactly one
(cons car’a cdr:(list 'a))) union leg whose first element’s typa unifies with
RefType('a)  or nullable(’a) , and all of whose
Defines the reference type of homogeneous lists. other legs have no fields shall be represented in such a

way that the tag word reuses the storage of the ref/nullable
field. The ref/nullable leg shall be denoted by a tag field
whose least significant bit is zero. The n'th enumeration

feictlveh; deﬁtngs d;r 1telemedn:hstructur§r:k where t?e f'rs}eg's tag value (in order of appearance) shall be encoded
element contains the tag and the remairkigements are asnx2+1. This representation is sometimes known as

the fields of the constructor leg. In the usual case, the reps ~_ jalii optimization, because it permits a two-word
resentation of the union leg is arranged as though it hI lementation of CONé cells. as in Scheme or LISP
actually been this structure, without regard to the layout ' '
of other legs. If a union type tag is explicitly declared to be of a field

épe whose size in bitls is such that the machine’s natu-

Storage Layout Each variant of a union declaration ef

. t
In the ungsual case of a union V\_/ho_s_e tag representatll r‘neap alignment restriction for objectsatign  >=2b
can be elided (see below), each individual union leg e total number of distinct legs of the union does not

be arranged as though it had been the correspondlngstréggéeedzb, and there is exactly one union leg whose

ture declaration. first element’s’a type unifies withRefType('a) or

In the case of a union having no tag, the union repreullable(’a) , then the tag field shall overlay the least

sentation will match the size and alignment of referenggnificant bits of the ref/nullable field, the tag value zero

cells. The storage occupied by a union of value typedfall denote the ref/nullable leg, and all other tag values
the maximum of the storage required for each individughall be non-zero.

case of the discriminated union (including the type tag, if

present).
3.6.3 Reprs

Type Tag Size and Alignment In the absence of decla-There are examples of low-level hardware data structures
ration, the union type tag will be given an implementatiofior which the unions and structures that can be specified
defined size and alignment selected to maximize perfgsing struct — or union are insufficiently expressive.
mance efficiency. Explicit control over the size and aligine example is the Pentium GDT data structure, which
ment can be achieved usingtag-type  declaration. has nested union discriminators, but simultaneously has
The declaration: an overall bit-level layout requirement. Another exam-
ple is data structures where the representation of the tag

(union (list 'a)-boxed must appear at a specific location that is not adjacent to

(declare (tag-type uint8)) the fields guarded by the tag. Thepr formis included
nil to permit the expression of these data structures.
(cons car’a cdr:(list "a))) The following scheme forepr is based on the bit-data

representation proposed by lavor Diatchedi, al.[11].
indicates that the tag should be implemented using an Wisyijar o unions and structuresrepr  delaration takes
signed byte. The declared tag type must be an unsig@ﬁ following form:
integral or bitfield type having a sufficient number of dis-
tinct values to assign a unique value to each constructQtepr name
(Ctrl fll:type f21:type ... fnl:itype
(where (== fpl v11) (== fgql v21) ...

Tag Representation The prelude type (== fm1 vm1))

nullable('a) must be implemented in a single

pointer-sized machine word, with tHéull case being (ctr2 f12:type f22:type ... fn2:type
tagged by a word value of zero and the case being (where (== fp2 v12) (== fq2 v22) ...
tagged by a non-null word value. This yields a concrete (== fm2 vm2))
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where each field is required to be of method type.

An identifier that is bound to a object type may be used as
a procedure to instantiate new values of that object type.
The following restrictions apply. For all constructorghe single argument to this procedure must be an instance
Ctrx ,Ctry ,Ctrz ,... of some compatible structure tye A structure types is
deemed compatible § is of reference type and for every
e All fields fpx , fgx...fmx appearing in thevhen methodmin the object type, there must be a correspond-
clause of a constructor for@trx must be describeding method of the same name $hwhose type is at least
within the body ofCtrx . Thatis,{fpx , fgx , ... as general as the method type declared in the object type.

fmx } C {fix ,..fax }. An identifier that is bound to a non-parameterized object

. ) - . type may be used as a type name. An identifier that is

e Identically named fields within two different CONYind to a parameterized object type may be used in a
i;;:g:ofrr;c:]n:ﬁemg:t |tr)1 ?]ilr?ca;?dbg‘:;hti:a::noqﬁs?r'aﬁvt?pe constructor application within a type specification.

9 9 %s arguments are the types over which the newly instanti-

forms. Thatisfpx =fpy implies bit-offsetpx ) = 5104 opject type should be instantiated. For example, the
bit-offsetfpy ). declarations:

e Identically named fields within two different con-
structor must have the same type. Thatfps = (object O iint32)
fpy implies type-offpx ) = type-offpy ). (object (Oparam 'a) x:'a)

e The fields within thewhen clauses of all ConstrUC'define (respective]y) the type nar®and the Sing]e argu-
tor forms must uniquely distinguish all constructiblenent type constructadparam.

values of the union. The compiler will not introduc

any more tag bits for sepr value. %\n object occupies two words of storage one of which is a

reference to a method table and the other is a reference to

e Currently, therepr form will not accept type argu- &n object of corresponding structure type. Construction of

ments over which it can be instantiated. That is, tif object from a structure instance entails capturing a ref-
following definition is not legal. erence to that instance and a reference to a method table

mapping the method declarations of the object onto the
corresponding method definitions of the referenced struc-
ture type. Invocation of an object method is realized as

S invocation of the corresponding method of the referenced
e Currently, the discriminating field§l , fp2 , etc strycture instance.

must have a integer/bitfield type, and the discrimina-

tor valuesvll,v12, etc must be an integer literal.

Storage Layout An object occupies two machine
words, the first of which is a reference to a method ta-
ble and the second of which is a reference to an object of
corresponding structure type. The alignment of this struc-
re is dictated by the pointer alignment requirements of
e underlying hardware implementation.

(repr (name 'a’b ... ) ... )

We can envision a larger language construgdlON
which accepts both type arguments amden clauses.
The union andrepr are just specializations of this
UNIONCconstruct. However, currently the language onf)z
supportainion (which does not accept thehen clause) t
andrepr (which does not accept type arguments).

3.6.5 Value vs. Reference Types
3.6.4 Objects In the absence of other specification, #teict , repr ,
nion , andobject , forms declare reference types. The
eveloper may optionally qualify the declaration to make

_ ) ) ) o this intention explicit:
In BitC, an object provides a form of existential dispatch.

Objects are declared similarly to structures. The syntax of
an object declaration is:

This description is provisional. The feature is a work iﬁ
progress.

(struct nmboxed field ..)

(struct ( nmtvy ... tvp):boxed
field ..)
(object nmfield ..) (union  nmboxed Cp ... GCp)
(object ( nmtvy ... tvp) field ..) (union ( nmtvqy ... tvp):boxed
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CL .. Cp The structure of these types may optionally be disclosed
(repr nmboxed (body)) later in the same compilation unit by a type definition for
(repr ( Nnmtvy ... tvp):boxed (body)) nm If the declaring form appears within an interface, the
corresponding type definition may appear in a providing
The qualifier “:boxed” indicates that the type declareghit of compilation, in which case the type is opaque to
(and consequently the type returned by value constrimporters of the interface.

tors) is a heap-allocated type, sometimes known as a “IRfste that a forward declaration of a value type is sufficient
erence type. '_I'he qualifier “:unboxed |_nd|cates that th@ declaraeferencedo that type, but noinstanceof that
type declared is a type whose storage is allocated withyihe . A complete definition of the value type is required

its containing data structure (which may be the staclg be in scope in order to declare fields and variables of
These are sometimes refered to as “value types.” ThQue type.

qualifier “:opaque” indicates that the type declared is a

value type whose internal structure is not accessable out-

side of the defining interface and the providers of that i8-6-7 Method Types

terface. An importer of an opaque type may declare fields _

and variables of that type and caapyinstances of that |f S S @ structure or object type, an@ g andt r esul t
type, but can neither apply the type constructors nor mak& tyPes (including type variables), then a fietdf S
reference to the contents of instances. may be declared as:

Note that if the type declared is a value type, it cannot be
instantiated within the body of the declaration because its

size is not statically known. That is, it is legal to havg hod Vb ifiod field ¢
a field that is aeferenceto a value of the type currentlyf. Eet. (r)]. type may only bEf‘ specilie asr? C'{e type of a
being defined, but not a value of that type. ield within a structure or object type. Methods occupy no

storage in their associated structure or object.

(method targ.1.- targn -> tresult)

3.6.6 Forward Declarations Structure Methods In a structure type, methods may

be viewed as a procedure proclamation that is coupled to

The declarations a convenience syntax supported by application. The dec-

larations:
qual struct nm[external];
qual union nm [external]; (struct S
qual repr nm [externall; ) .
qual struct  nn(tvy, .. tvp) m: (mthod int32 - > bool))
[external | (struct T : val .
qual union nm(tvy, .. tvn) m: (method int32 - > bool))
[ external ]
qual repr nm(tvy .. tvp) implicitly proclaim (respectively) the procedures:
[ external]
(proclaim S.m: fn (S, int32) - > bool)

state (respectively) thatmis a structure (respectively (proclaim T.m:

union) reference type of the stated arity whose internal fn (ByRef T, int32) - > bool)

structure is not disclosed. The qualifgaral declares the

type to be one of “boxed”, “unboxed”, or “opaque”. In thevhere the parameter corresponding to the argument of
absence of qualification, the defaultis “box@tfpresent, structure type isByRef exactly if the corresponding

the externalportion consists of the keyworekternal ~ structure type is a value type. Implementations of these
followed by an optional identifier (see discussion of exteprocedures must be provided elsewhere by the developer.
nal identifiers inproclaim ). Given these declarations, and an expressioeturning a
For example, the following declaration is include in thgalue of typeS, the application:
library bitc.int interface to declare the bignum type:
(e.m 3)
unboxed struct int external bitc _int

— _ is a syntactic convenience for:
6 The qualifier is presently mandatory on struct, union, ampa decla-

rations during syntax transition. This requirement willretaxed in a
future revision of the specification. (Sm e 3)
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Object Methods In an object type, methods may b&.8.1 Mutability of Aggregates

viewed as a procedure proclamation that is likewise cou-

pled to a convenience syntax supported by applicatiddray types and by-value structure types are aggregate

As with structure methods, they implicitly proclaim cortypes. While all fields of an array are of like type,

responding procedures. tontrastto structure methods, Structures may contain a combination of mutable and im-

the implementation of these procedures is provided by timeitable constituent fields. An instance of aggregate type

compiler. is mutable as a whole exactly if all of its contained con-
stituent fields are mutable:

3.6.8 Named Type Conveniences (def p (pair mutable( \¢) 3int32))

The following types are defined in the BitC standard prﬁ'— legal, field is mutable:

lude. (set! p.first # \d)
/Il illegal
(struct (pair 'a 'b) :unboxed (set! p.second 5)
fst:’a snd:’b)
(def mp (pair mutable(# \C)
(union (list 'a) :boxed 3:mutable(int32)))
nil /I legal, all fields mutable:
(cons 'a (list 'a))) (set! mp (pair # \d 4))

Note thatpair is a keyword that is specially recognizedne test of constituent mutability does not extend across

in binding patterns. reference boundaries.
The pair type is supported by a right-associative infi§ T is an aggregate type, thenutable( T) is a valid
convenience syntax: type exactly ifT is mutable at all constituents.

(a, b) = > (pair a b)
(@, b, c) = > (pair a (pair b c)) 3.8.2 Shallow vs. Deep Mutability

This convenience syntax may be used in types, bindngT is an immutable type, and if all of its unboxed fields
patterns, and value construction. (recursively) are ofimmutable type upttef boundaries,

thenT is said to beshallow immutable. If any of those

elements are mutable, th@nis said to beshallow muta-
3.7 Const ble. We use the terndeep mutableto refer to mutable

types that appedrehindaref boundary.
The const keyword is a typemetaconstructar If T
is a type, then the typeonst( T) is a type that is
copy-compatible (3.10) witf, but has had all mutabil-
ity stripped (recursively) at all shallow constituent figld
This enables a local, shallowly constant copy to be madey Exceptions
of a structure containing mutable constituents.

The const  construct is considered a meta-construct6itC provides declared exceptions. The type
because of its “sticky” behavior under unification. Thexception  should be viewed as an “open” union
type const( ' a) does not unify with any type (shal-reference type whose variant constructors are defined by
lowly) containing a mutable constituent field. exception . The syntax of an exception declaration is:

The type boxed(mutable('a)) is shallow im-
mutable but deep mutable.

(exception nm[fieldy ... fieldp])

3.8 Mutable

where eachi i el d; is a field declaration (sestruct )

Unless modified by themutable keyword, the preceding ,
whose type is a concrete type.

types yield immutable instantiations. Tfis a type, then
the typemutable( T) is the type of mutable instancedAn identifier bound to an exception name is a procedure
of T. If the typeT is a reference type (includingoxed that may be used to instantiate new instances of that ex-
structure types), then the typeutable( T) describes a ception. The arguments to this procedure are the values of
mutable reference to a memory location in the heap. the fields associated with the exception.
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3.10 Copy Compatibility From the perspective of the function’s implementation,
is a mutable location having typmutable(int32) ,

The combination of mutability and value types in the Bit@nd sincex is returned, the return type of this function is

type system raises the need to specify what happenalabmutable(int32) . From this, we would conclude

“copy boundaries.” Given a value of tyfig and a loca- that the type ofnc should be:

tion or formal parameter (the receiver) of typg, when is

the value compatible with the receiver for purposes of g (mutable(int32) - > mutable(int32)

gument passing and assignment? We refer to tht®pg

compatibility .
P y Given the copy compatibility rules, however, the fact that

inc internally mutates its argument is not something that
3.10.1 Trivial Copy Compatibility the caller needs to know in order to c_eiariic directly.
The externally observable type reportediftc  therefore

The typesT andmutable( T) are trivially copy com- Strips shallow mutability, giving:
patible, because they differ only in top-level mutabilidy.

location of typemutable( T) may be assigned a value  inc: fn (int32) - > int32
of either type, and a parameter of typenay be passed a

value of either type. In addition to preserving abstraction, reducing type in-
The intrinsic type clas@op-copy-compat T1 T2) compatibilities at function reference types, and providin
describes a relation between all pairs of typgsandT, some degree of separation of concerns, copy compatibil-
that are trivially copy compatible. This type class is rgrelty can also be exploited by polyinstantiating implemen-
the right thing to use in input programs, but may soméations to significantly reduce the amount of redundant in-
times be seen in the type checker output. stantiation that would otherwise be required.

3.10.2 Structural Copy Compatibility 3.11 Restrictions

Two structured typed'1 and T, are structurally copy BitC imposes a value restriction [4] on polymorphism. A
compatible if (a) they are trivially copy compatible or (bpinding is only permitted to be of polymorphic type if its
they are value types that are fieldwise structurally coplefining expression is a syntactic value.

compatible. Note that this definition explicitly doast As is usual in let-polymorphic languages, polymor-

descend recursively across reference types. The con ¢ function arguments cannot be used polymorphically

tal intuition is this: any element that will actually b&iinin the function. For example, the following function
copied by assignment or argument passing must be CA0%isallowed:

patible ignoring mutability, but any object thatpsinted

to must have exactly matching type in both the value and
(def (foo f)

its receiver. (pair
The intrinsic type clasg¢copy-compat Tq T»2) de- (f (cons 1 (cons 2 nil)))
scribes a relation between all pairs of tydgsandT» that (f (cons true (cons false nil)))))

are structually copy compatible. If you are trying to ab-

stract over mutability, this type class is usually the orat th

you want. Note tha{top-copy-compat T, To) ifi
implies(copy-compat  T1 Tp), butthereverseis not4 Type Classes and Qua“fled Types

true.
A type classdefines an n-ary relation on types, and pro-

vides a means for specifyiragl hocpolymorphism. Every
3.10.3 Inner and Outer Procedure Types type class is parameterized over1 types, and defines a

set of methods over those types. Type classes provide a
A curious consequence of copy compatibility is that funéorm of opentype-directed operations: a user can add a

tions have two types. Consider the function: new member to the relation established by a given type
class by providing a new instantiation of the type class.

(def (inc x:mutable(int32)) Closely connected with type classes is the notiogueli-
(set! x ( + x 1)) fied types For example, consider the following definition
X) of list-max
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(def (list-max x) (trait ( nmtv ... tv)

(switch tmp x [tyfn-decl arati ons]
(nil (raise ValueError)) [:closed]
(cons nmet hod- def i ni ti ons)
(if (null? tmp.cdr)
tmp.car where atyfn-declarationis a statement of functional de-

(let ((m (list-max tmp.cdr)))
(if ( >= tmp.car m)
tmp.car m))))))

pendency between types [6]:

(tyfn ( tv ... tv) tv)

which is typed as: and each method definition takes the form:

fn (list(a)) - > a nm : function-type
where Ord('a)
Each method is an abstract procedure that may be instanti-
This type should be read informally alist-max  is a ated for some particular type by a later usénstance
procedure accepting lists of typ@ and returning a value The method may be invoked prior to the point where the
of type’a . Itis defined over all type® such that there instantiation is visible. Each method defined by a type
is an instantiation of th®rd('a) type class.” class is introduced into the scope containing the type class

In this exampleQrd(a) s the type class that describe§efinition.

types having a total order. That is: types over which tfBy providing an instantiation of a class over some partic-

procedure>= is defined. Obviously, it not semanticallyular set of types, the programmer simultaneously proves

sensible to request the greatest element of a list wh@lsg example) that the set of types is a member of the class

element type does not have at total ordering. and defines (by example) how the operations of the class

Contrast this example with the following alternative: ~ @ré implemented for that type. If the type class has been
marked “closed,” the instance definition must appear in

. the same interface or module that contains the type class
(def (list-max gte x)

. definition.
(switch tmp x
(nil (raise ValueError)) Type functions, when present, indicate that there is a de-
(cons pendent relationship between two or more types of the
(if (null? tmp.cdr) type class relation. For example, the (incomplete) dec-
tmp.car laration:
(let ((m (list-max tmp.cdr)))
(if (gte tmp.car m) . e
trait (sample 'a 'b 'c
tmp.car m)))))) ( (tyf§1 (’ap’b) 0) )

)
which is typed as:
states thasample is a type relation over three types, but
fn (fn (a, 'a) - > bool, also says that for any pair of typ&s and’b there there
list(a)) - > 'a is one valid choice ofc .

In this second example, the comparison operator is pi1.1 Example:Eq|

vided as an argument, and there is no requirement for ad-

ditional type constraints. Note, however, that in practig&s a first example, consider the equality comparison oper-

any comparison function that might actually be passeddtions. The type claggqgl defines a single element type

this position is likely to depend on the= operator in relation on typesa : describing whether the type is ad-

some fashion, and is therefore likely to end up havingnaissable under equality. Some types — notably function

qualified type. types — cannot be compared for equality. The definition
of this type class is written:

4.1 Definition of Type Classes (trait Eql(a)
== : fn (‘a, 'a) bool)
A type class is defined by the abstract syntax: I= : fn (a, 'a) bool)
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which states thaEq. is the single element type relation  fn(a, ’a) - > bool

over all typesa that can be passed as arguments+o where Ord(a), Eql('a)

and!= . fn(a, 'a) - > bool
where Ord('a)

4.1.2  Qualification: Ord are equivalent. The second is stylistically preferred for

) ) n reasons of brevity. It is also more robust: in the (in this
Atype class can also be introduced in qualified form. Tré(?(ample unlikely) event that the definition®fd should
syntax for such a type class definition is: be modified to depend on some other type class in place
of Eql the future, the first definition will mistakenly re-
(forall ( constraint ... constraint) tain an additional, unncessary type dependency, while the

(trait second will continue to type check as intended.
(nmtv ... tv))

[ tyfn-decl arations] Restriction: Qualified type relationships must be acyclic.
nmet hod- def i ni ti ons)

4.1.3 Example:tyfn
where each constraint takes the form:
Need an example of type functions.
(tc-nanme tv ... tv)

wheretc-name is a typeclass name. An example of thig"2 Instantiation of Type Classes

use is theOrd type class: Whenever a type class method is invoked, the compiler

must identify some concrete member of the type class re-
lation that is sufficient to choose an appropriate imple-

mentation of that method. This is done by locating an

appropriate instantiation.

trait Ord('a)
where Egl(’'a)
is < :fn (a '@ 'a

A type class instantiation is a demonstration by example
that some particular set of types satisfies the relation re-
r](S?Jired by the type class. Type class instantiations are
defined by thénstance form. The abstract syntax of
instance is:

This type class states th@trd is the single element type

to <. It also states that th@rd relation is only defined
for types that are also members of thgl relation (that
is: types that admit equality comparison).

Note that in the presence of this definition, the procedures  (jnstance  tc-i nst ance

>, <=, and>= can be defined as: function ... function)
(forall ( constraint ... constraint)
(def ( > x v) (instance tc-instance)
(not (or (< xy) (== x y)) function ... function)
(def ( <= xYy)
(or ( < xy) (==x1Y) wheretc-instancetakes the form:
(def ( >=xy)

(or (> xy) &= x ) (typecl ass-nane type ... type)

all of which will be inferred to have the type: For example, the definition:

fn(a, 'a) - > bool

inst Ord(int32
where Ord('a) (instance Ord(int32)

int32-ops. <)

This may seem like a very long-winded way of sayingaies thaint32  is member of the type relatiodrd be-
that an orderable type is any type that can be passed todhgse there is an instance function32. < that pro-
operators< and==. However, type classes are stattmenfgyes an implementation of the “less than” operation over
aboutrelationsamong types. This may become clearegfyments of typant32 . If the type class definition is
with the following example. closed, all instance definitions must occur in the same in-
Note that becaus®rd('a) hasEql(a) ,thetypes: terface or module ad the type class definition.
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In practice, this definition is insufficient, because we must  (def

first demonstrate thamnt32 is a member of th&q rela- (vi:(forall (Eql(’a)) 'a), v2:'b)
tion (which is a superclass @rd) In consequence, two : (forall ((Num ‘c))
separate instantiations are required: ((fn (c) bool), b)) ...)
(instance (Eq int32) with the effect thav1 receives the qualified type:
int32-ops.==
int32-ops.!=)

(forall (Eql((fn ('c) bool))
(Num ’c))
(fn (’c) bool))

(instance Ord(int32)
int32-ops. <)

A type class instantiation is deemed to be in scope for o ) )
purposes of procedure instantiation if it is defined by th#hich will ultimately fail to type check, because functions
end of the outermost unit of compilation. are not admissable under value equality.

Itis a compile time error to define two type class instanc&¥2lifications may also be applied to structure and union
covering the same concrete types unless one instanc@gglarations, with the abstract syntax:
“preferred” to the other. Preference is determined by com-

paring the respective type variable instantiations positi (forall ( constraints)
ally. Given two instances A and B over type variables (struct ( struct-name tvars) [ :unboxed ])
tv 1..tv p, instance A is preferable to instance B if there nm[:t1] .. nnp[:tp])

exists some subset of the respective type variable instanti  (forall (* constrai nts)

ations such that the instantiation under A is strictly more ~ (union (- uni on-name tvars) [ :unboxed ])
concrete than the instantiation under B, and the two in- ... G

stantiations are identical (modulo type variable renaming

at all other positions. If this comparison does not (tran- = | o ] o
sitively) determine a most preferred instantiation, then Rualifications may similarly appear in the binding pat-
instantiation is preferred and a compile time error is si@™MSs Of structure, union, and value declarations.

nalled.

4.4 Core Type Classes

4.3 Qualified Types . _
BitC defines several core type classes. These classes
Constraints are now permitted only as the outermost forgPver type relations that are required internally by the
This section needs to be updated accordingly. type checker, or in some cases relations that cannot be
. . . . expressed within the language. All of these type classes
Itis sometimes necessary to qualify the types of instanc€s e )
. ré closed, though not necessarily finite — the compiler
type classes, constructed type definitions, or value dedies

rations explicitly. A qualified type takes the general fom%gnplements their membership internally.

(forall ( constraint ... constraint) 4.4.1 ref-types
type)
. . ..RefTypes('a) s the type class consisting of all heap-
Qualified types may appear only as the types of b'nd'ﬂﬂocated types: boxed(a) , (vector 'a) ~and
patterns; they may not qualify expressions generally. Fﬁfing Use of this type class is appropriate when a

example: structure or union should not be instantiated over value

(def add1:(forall (Num 'a)) types. Thenullable(’'a) type is an example of this.

(fn 'a 'a))
(lambda (x) ( + (the 'a 1) x))) 4.4.2 copy-compat
explicitly states that thadd1 procedure takes argument(%

) copy-compat 'a 'b) is an equivalence relation
whose type admit-, and therefore must be members ontaining all pairs of type@ and’b that are “copy
theNumtype class.

compatible”. That is: all types for which a value of type
If multiple qualifications appear in the same binding patt may be assigned to a location of typeitable(a)
tern, they must unify. The following is legal, if somewhaand all types for which a formal parameter of type may
obscure: be passed an actual parameter of tipe
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4.4.3 top-copy-compat The right hand form of alef is evaluated to obtain a
value, which is then bound to the identifier on the left-
(top-copy-compat 'a ’b) iS an equiva- hand side.

lence relation containing all pairs of type@ , Mutually recursive procedure definitions at top level can

:b such thf'ﬂ a==b _, m‘?tab'e(’a):’b » 9" pe achieved either by use letrec  or by declaring the
a==mutable(b) . Thatls: types that are the samg,, o res ahead of their definitions.
ignoring top-level mutability.

5.3 Local Binding Forms

5 Binding of Values
5.3.1 let

5.1 Binding Patterns Thelet form provides a mechanism for locally binding

o ] identifiers to the result of an expression evaluation. Each
Binding patterns are used to bind names to values. ThgXniifier bound in det form must appear exactly once

appear in the definition of formal parameters and in bindp5ng the collection of binding patterns being bound.

ing forms such adef , let ,letrec , anddo. Abinding gy 4jyation of the initialization expressions occurs in or-

pattern consists of an identifier that is optionally quatifieye, frome1 to ep,. The environment in which the expres-

by a type: sion(s) are evaluated does not contain the identifiers being
bound in the curreriet  form.

id .
(the T id) The syntax ofet is:
id: T
(let (( bp1 e1)
. . (bpn en))
In top-level bindings (those introduced by a top-level

€body- 1
def , theid may be qualified by an interface bind- . oy

ing name corresponding to some interface that the cur- ébody- n)
rent unit of compilation provides (Section 9.3). Thus, if

my.interface is an interface name, it is legal for aone common form of these expressions is the one in
source unit of compilation to contain: which the left hand patterns are simple identifier names,
as in:
/| State that we are a provider
/I of my.interface: (let ((x e1)
provide if my.interface
e _ v e2)
/I Define some variable declared ; X, y are bound in:
/I in the interface: epody- 1
(def (if.varname x)
(+ x 1) ebody- n)
The value of det form is the value of the last form exe-
5.2 def

cuted within the body.

Variable and procedure bindings are introducedibf :  In similar languagedet is often presented as a form de-
rived fromlamdba . In BitC, as in other let-polymorphic

(def bp e) languages, the value restriction for lambda arguments
(def ( id [bp1 ... bppl means that this is not (quite) true.
e .. €)
5.3.2 letrec

where eactbp is a binding pattern. In the first form, the

newly bound identifiers are not in scope within the bodyhe letrec  form provides a mechanism for locally
The second form permits recursive bindings. ldentifiebénding identifiers to an expression value. Each identi-
defined within a recursivdef are deemed “incomplete”fier bound in aletrec  form must appear exactly once
until the end of the enclosindef form. among the collection of binding patterns being bound.
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Evaluation of the initialization expressions occurs in or- (def id e def) €2 [.) = >
der frome1 to en. The syntax ofetrec  is: (begin ...
(let ((d e  def))

(let ((  bp1 e1) e2 [..])

(begin ...
def (id [args]) e  def) €2 [.) = >
(bpn ep)) (d
; Identifiers in bpi (begin ...
- are bound in: (letrec ((id (lambda(args) e def )
ebody- 1 e2 [..])
ebody- n) This rewrite proceeds left to right. Successive definitions

are gathered intket orletrec  forms that are progres-
The environment in which the expression(s) are evaluatgdely more deeply nested, which means that later local
contains (via unification) the identifiers being bound idefinitions of an identifier shadow earlier definitions.
the currentetrec  form. This allowsletrec  to bind

recursive procedure definitions:
5.4 Value Non-Recursion

letrec
( ((odd In any recursive binding (introduced tstrec  ordef )
(lambda (x) ; odd such as:
(cond ((= x 0) false)
< x 0) (odd (- x
onenise ) @l bp e)
(not
(even (- x 1)) if i d is an identifier that appears in the binding pattern
(even (and is therefore incomplete), free occurrences dfin
(lambda (x) ; even e must occur only within dambda body. This ensures
(cond ((= x 0) true) thati d will be initialized before it is used.
(( < x 0) (even (- X)) _ o _
(otherwise This restriction intentionally prevents infinitely reciues
(not data constant definitions.
(odd (- x 1))))))
body)

5.5 Static Initialization Restriction
The value of detrec  form is the value of the last form
executed within the body. | continue to look for a more rigorous way to express the

Within the defining expressions oflatrec  form, use following requirement.

of the identifiers being defined is subject to the same f@tatically declared (global) variables must be initiatize
strictions described fodef . This ensures that cyclicalbefore the main entry point is entered. This presents a
constant data cannot be introduced. challenge of specification. The language definition must
impose a sufficient ordering constraint on initializatioms
L ensure that no initializer can depend (transitively) on any
5.3.3 local defininitions uninitialized variable. To ensure this, we introduce the
. ._...__notions of “compile-time evaluable” and “compile time
Thedef form may be used to introduce local definitiong, i pje~ expressions, and the restriction that eveiy in
N any expression sequence, provided the Iocgl def'n't'ﬁ lizing expression of a statically declared variable tnus
'S not the last fqrm of the sequence. For th'§ PUTPOSS compile-time evaluabfelnformally: it must be possi-
the boc_:hes obegin , If_;\mbda (including thos_e implied ble for the compiler to evaluate the initializing expressio
by derlved form .rewrltes)Jet ! letrec , while , or at compile time without (conservatively) referencing any
do-while  constitute expression sequences. Uninitialized variable.
Localdef is a derive_d form. The canonical rewriti_ng of iterals are compile-time evaluable.
the localdef form using core language constructs is:

8 This notion is conceptually related to the Standard ML notif

(begin ... “syntactic constants,” and achieves the same goal. Theititafirof
“compile-time evaluable” is slightly richer, and allowsrfmore ex-
7 Cyclical constants impede termination reasoning in thergro pressive initializing expressions.
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A locally bound identifier is compile-time evaluable ex6 Declarations

actly if its initializing expression is compile-time evalu

value of its defining expression is compile-time applicgeclarations. The declaration:
ble.

A globally bound identifier is compile-time evaluable pro-  (yroclaim x:int32)
vided its definition is lexically observable and compile-

time evaluable. By “lexically observable,” we mean that

either (a) it appears as a lexically preceding definition fi2eS thak is the name of a value of typet32 ~ whose
the same unit of compilation, or (b) there exists sonfigfinition and initialization is provided by some imple-
chain of interfaces ...l  such that the global identifierMenting unit of compilation. This form can legally ap-
is defined inl ,, the unit definingout importsl g, 1 g P€a" 0|_1Iy at top level within a source unit of compilation
imports| 1, | 1 importsl 5 ... andl . 1 imports| p,. or within an interface.

The identifier declared by proclaim  form is consid-

A globally bound identifier is compile-time applicable

provided it is of function type, it is lexically observable€red incomplete. If a completing definition is later pro-

and all expressions appearing in its definilagnbda vided within the same compilation unit, the identifier is
form are compile-time evaluable. For purposes of thfonsidered complete in the balance of the defining com-
analysis, it is assumed that any formal parameter of tH‘,ljatlon unit after the the close of its defining form. An

function is both compile-time evaluable and (if of funcncomplete declaration may be used within a procedure,
tion type) compile-time applicable. but may not be used as part of a top-level initializer (see

. I _def , Section 5.2).
Any expressiorother thanan application or an assign-

mentis compile-time evaluable provided that all of its frel& IS 0ccasionally necessary to make reference to proce-
identifiers are compile-time evaluable. dures or values that are implemented by an externally pro-

T L i vided runtime library. This may be accomplished by an
An application is compile-time evaluable provided thalyiarnal  declaration:

(a) the expression in the function position is compile-time
evaluable, (b) all of its arguments are compile-time evalu-

able, and (c) any arguments of function type are compile- (Proclaim proc:(fn (int32) char)

. external)
time evaluable. (proclaim proc:(fn (int32) char)
An assignment (as witket! ) is compile-time evaluable external ident)

provided its expression iboth compile-time evaluable
and (if of function type) compile-time applicable. Thi
prevents later assignments from altering the compile-ti
evaluability of previously defined identifiers.

This has the effect of advising the BitC compiler that no
"B&finition of this identifier will be supplied in BitC source

code. It is primarily intended to support portions of the
Dangling: BitC runtime library. Use of this mechanism for other

The result of an expression evaluation (including appRuUrposes is strongly discouraged, and we reserve the right
cation and constructor application) is observably knowf revise this syntax incompatibly in future revisions of

if (a) the definitions of all identifiers that are free in théhe BitC specification.

expression are observably known, and (b) any procedifre, proclaimed external procedure provides an optional

that is applied is observably applicable. Requirement @@iling ident , this identifier will be used verbatim in

is satisfied by definition for all type constructors. the generated code in place of the normal identifier name

Note that these definitions are conservative with respecg@nerated by BitC. The trailing identifier is permitted only
mutability. Because no initializing expression can refeif-the external procedure has non-polymorphic type.
ence an observably unknown value, nor perform an appli-
cation that is not observably applicable, it follows that no
assignment performed from within an initializing expresy Expressions
sion can cause an identifier to transition from observably
known to observably unknown. )
7.1 Literals

Every literal is an expression whose type is the type of the
literal (as described above) and whose value is the literal
value itself.
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7.2 ldentifiers qualification in this context can be obtained using either

of the following alternatives:
Every lexically valid identifier is an expression whose

type is the type of the identifier and whose value is the (the T e).Id
value to which the identifier is bound. (member e: T Id)

7.3 sizeof |, bitsizeof 7.5 Value Constructors

Thesizeof andbitsizeof forms report the size, in7.5.1 unit
bytes (respectively bits), of a type. When applied to ex-

pressions, they report the size of ttypeof that expres- The expression:
sion. The expression is typed by the compiler, but it is not

evaluated. 0
sizeof( e) ; ;
sizeof( T) denotes the singleton unit value.
bitsizeof( e)
bitsizeof(  T) 7.5.2 MakeVector
The return type o$izeof , bitsizeof isword . The expression:

(MakeVector el en €jnit)

7.4 Type-Qualified Expressions

Any expressiore may be qualified with an explicit resultcreates a new vector whose length is determined by the

type by writing either of value of the expressiol| en, which must evaluate to a
value of typeword. The argumengj pjt must be a

the T e) function from word to some typ€, where the vector cre-
e T ated will be of typg(vector  T) . The initializer value

for each cell will be obtained by invoking the procedure
whereT is a type. This indicates that the result type &fi ni t & total ofe| en times, passing as an argument the
the the form is constrained to be of typ€. Thethe index of the vector position to be initialized. The proce-
form is syntax, its expression argument is not convey@#eeij nj t should return the desired initializer value for
by application, and is therefore not subject to copying He corresponding position.
a consequence of type qualification. For example, the procedufist-  >vector may be
The resultvalueof the expression is not changed by typ#/ritten as:
qualification, except to the extent that a type restriction
may lead the inference engine to resolve the types of import bitc.list as Is

other expressions and the selection of overloaded prim- (def (list- >vector Ist)
itive arithmetic operators in ways that produce different (MakeVector
results. (length Ist)

. - ) . (lambda (n)
Syntactic Restriction Thee: T convenience syntax is (Is.list-nth Ist n))))

not permitted in combination with the member selection

convenience syntax “.". The sequence of grammar exp@lyre should be taken to ensure that the type returned by

sions: the initializer function is mutable if the slots of the vecto

are intended to be mutable.
expr -> expr.ld

expr -> expr:type.ld
expr -> expr:ld.ld.ld 7.5.3 array, vector

The expressions:
leads to a shift/reduce conflict at the indicated position.
The grammar resolves this by disallowing the helpertype- (array eqg .. ep)
qualification syntax in this context. If required, a type (vector eqg ... ep)
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create a new array (respectively, vector) whose length/is8 Iteration
determined by number of arguments. The first argument
expression becomes the first cell of the created array (Rerived form

spectively, vector), t_he second beco_mes the second, gl provides the looping construtdop , which condi-
so forth. All expressions must be of like type. tionally evaluates its body multiple times.

. (loop (( bp1 einit-1 estep-1)
7.5.4 Convenience Syntax o step

(bpn €init-n estep-n))

Derived forms (etest eresult)
The following are right-associative convenience syntax €body- 1
for types defined in the standard prelude:
€body- n)
(@b) = > (pair a b) Do is an iteration construct taken from Scheme [8]. It
(abc) = > (pair a (pair b c)) specifies a set of variables to be bound along with an ini-

tializer expression and an update expression for each vari-

able. Evaluation of thioop form proceeds as follows:

7.6 Expression Sequences . . .
P 9 Theejnit-i expressions are evaluated in order in the

lexical context containing thdo form. In this context,

the variables bound by the loop have not yet been bound.
All other expressions are evaluated within an inner lexi-
cal context that includes tHeop -bound variables. After

all of the initialization values are computed in order, the
executes the formsq throughep in sequence, whereloop -bound variables are bound to the initial results in
each formis an expression. The value begin expres- parallel, and body processing begins.

sion is the value produced by the l@sipressiorexecuted
in the begin block.

The expression:

(begin  e1 ... ep)

At the start of each pass over the body, the expression
et est IS evaluated. If this expression returinge, then
€resul t is evaluated and its result returned. Otherwise,

7.7 Labeled Sequences and Escape the expresions of the body are evaluated in sequence.

At the end of each execution of the loop body, the
The expression: st ep-i expressions are evaluated in sequence. Once all
of the expression values have been evaluatedoihie -
bound variables are bound to the newly computed results
in parallel and a new pass is initiated over the loop body

) as previously described.
executes the formeq throughepn in sequence, where

each formis an expression. The value black expres- _ X _ _
sion is the value produced by the laspressiorexecuted €minated immediately by the:
within the block.

Within the body of théblock form, the identifiei dent
is lexically bound as an escape label, and the expressidarm. This causes an immediate transfer of control to the
end of the nearest enclosing loop body. Note that the ini-
(from ident return e) tializer, step, test, and result expressions rmoepart of
the loop body.

Causes an immediate return from thiack with the Theloop form is not let-polymorphic. In consequence,
value computed by the expressien Control does not the binding patterns bound within tiéo form are not
continue past the end of this form. polymorphic bindings.

The identifierident must be in scope as an escape label,

and theblock and its associatexkturn-from must 7.9 Interface Member Reference

appear within the body of the same lambda form. That

is: thereturn-from maynotappear within dambda If i f is an identifier naming an interface binding estab-
that is in turn nested within block . lished throughmport , andi d is an identifier defined in

(block ident e1 ... ep)

The execution of a given pass of the loop body can be

(continue)
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that interface, then either of: elej]

(member if id) returns theg’th element of the array, ArrayRef, or
if.id vector. If the valuee; is greater than or equal to
the length of the array, ArrayRef, or vector), then a
is an expression that returns the value of that identifigpdexBoundsError  exception is thrown.
The returned value is a location, and can be used asNwdte that type inference for these types is currently in-
argument teset! . complete. In the absence of declaration, the tygetor
will be inferred fore. Since the typeArrayRef can
only be declared at parameters and is never inferred, a
surprising inference result probably means that something

. . : needs to be declared as an array type. Future extensions of
If e] oc is @ location expression of structure or repr typ

) . . o . ) . " YPBitc are expected to provide generalized accessors, after
andf i el d is an identifier naming some invariant field in_, . g ) . )

: ) which this inconvenience will be (backwards compatibly)
that type then either of:

resolved.

7.10 Structure, Repr Field Reference

(member e| gc field)
el oc-field 7.13 Procedure Values

is an expression that returns the field valomemberis a Procedure values are introduced by the keywanabda .

syntactic form. The returned value is a location, and cém contrast to Scheme, Haskell, and Standard ML, BitC

be used as an argumentget! . procedures take zero or more arguments. The syntax of a
procedure definition is:

7.11 Union, Repr Tag Reference (lambda ([ bp1 .. bpp]

€1 .. en)
If e] oc is a location expression of union or repr type, and

t agi d is an identifier naming some union discriminatorvhere eaclbp; is a binding pattern matching the formal

tag in that union or repr type then either of: parameters of the procedure aag... ey is the body
of the procedure. The return value of the procedure is
(member e| gc tagid) the value computed by the last expression executed in the
el oc. tagid body.

Each formal argument binding pattern defines a set of

_ ) _ variable bindings that are in scope in the body of the
is a boolean expression that returns true exactly if the 8g,pda. Each formal argument binding pattern is uni-

value of the corresponding tagtagid . fied with its corresponding actual parameter. Any iden-
tifier that is free in the binding pattern is unified with the

7.12 Array and Vector Expressions structurally corresponding element of its associatedadctu
parameter.

7.12.1 Array, ArrayRef, and Vector lengths BitC argument and return value passing are “by value.”

Formal argument and return values must be of value type,
If e is an expression of array, ArrayRef, or vector typ&vhich means thaeferencesan be passed, but the values
then denoted by these references cannot. The “by value” policy
also implies that local variables atepiesof their initial-
e.length izing expressions, which may yield surprising results if
the initializer is of mutable type. Aet  binding is not an
alias for its initializer. Alet binding of a (top level) mu-
returns avord whose value is the number of elements itable value cannot simply be substituted Byeduction
the array, ArrayRef, or vector. into the body of théet form.

7.12.2 Array, ArrayRef, and Vector indexing 7.13.1 By-Reference Parameters

If e is an expression of array, ArrayRef, or vector) typ@&y-reference parameters provide an optimized argument
ande; is an expression with result typeord , then: passing mechanism for parameters. A by-reference for-
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mal parameter is amlias of the passed argument; thalenotes function application. The evaluation of the ex-
internal implementation passes a pointer to the argumengssiores , must yield a procedure value.

rather than a copy of the argument. A by-reference paraste that the identifief n may either evaluate to a pro-

eter may be a reference to an component of an aggreqai§yre or may name a value constructor for a named con-
type, such as a field or a vector member. structed type

The BitC specification permits the representation of a by-
reference parameter to be either one word or two. This_is .. )
intended to simplify the handling of inner pointers by ch-lG Conditional Execution

arbage collector.
garbay 7.16.1 if

By-reference parameters can escape only as part of a first-
class procedure, but the lifetime of a by-reference paramerived form

eter cannot exceed the lifetime of its containing scope. Theif formis used to represent conditional control flow:

The formal parameters of a function can be declared as by

by-reference parameters as in: (f etest then el se)

(lambda (x:(ByRef T) ) ) I/l or

(def (f x:(ByRef 7)) Whereet est » €t hen, andeg| se, are BitC expressions.
The value of arif form is either the value of thet hen
A ByRef declaration can only appear as a qualifier féorm or the value of theg| se expression. Exactly one

the type of a parameter. This is a syntactic restriction. of theet hen Oreg| se forms is evaluated.

A function with a formal parameter declared @yRef The value returned by the; est expression must be of
7) can only be apllied to an actual argument of type boolean type.

That is, unlike normal parameters, an actual a_rgument-me types of the hen andeg| se Must be compatible.
typemutable( 7) where the formal parameter is of typ

T Orvice versds not permitted [Herer # mutable(’)]. Derivation The canonical rewriting off is:

(if  etest ethen €el se) =>

7.14 Explicit Procedure Return (case etest
(true et hen)
Derived form (false  ee| se))

(if  etest ethen) =>
(case etest

(tue  ethen ()
(return  e) (false ())

The expression:

causes the nearest enclosiaghbda form to immedi-

ately return the value computed by the expressioiihis 7.16.2 when

form executes a form of labeled break. Control does not

continue past the end of this form. Derived form

Derivation The canonical rewriting afeturn  requires The when form is used to represent conditional control

that the containingambda also be rewritten: flow when only one condition is of interest:

(lambda ( args) body) => (when etest €then --)
(lambda ( args)
(block  _return  body)) Whereet gt andet hep are BitC expressions.

(return  e) = > The et o5t €xpression must compatible with boolean.
(from  __return return e) There are no restrictions on the types of §1,ey forms.
The type of avhen form is Unit.

The et hen forms are evaluated only if the value of the

7.15 Function Application et o5t formistrue .

The expression: Derivation The canonical rewriting ofvhen is:

(efn [e1 - en) (when etest €then ) = >
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(case et est returns true if any of the expressioes ... en eval-

(tue  ethen - () uates as true. Expressions are evaluated left to right. Each
(false ())) expression must return a result of typeol . If any ex-
pression evaluates d@sue , no further expressions are
716.3 not evaluated. For this reason, tlee form cannot be im-

plemented as a procedure.

Derived form Derivation The canonical rewriting obr proceeds by

Thenot form is used to invert a boolean result. The fornfirst rewriting multiargumenor forms into forms of no
more than two arguments:

(not e)
(or e1 e2 ... ep) =>
returns true if its argument evaluates to false, and false it (Or €1
its argument evaluates to true. (or e2 .. en)

Derivation The canonical rewriting ofiot is: .
9 and then rewriting each two argument form as:
(not e) =>

(if e false true) (or e1 ez) =>
(if eq true ep)

7.16.4 and
7.16.6 cond

Derived form

. . Derived form
Theand form is used to perform lazy expression evalua-

tion. The form: Thecond form is used to represent conditional control
flow where there are multiple possible outcomes:

(and e1 e2 ... ep)

(cond ( etest1 €1)
returns true if every one of the expressi@ns ... en (etest2 €2)
evaluates as true. Expressions are evaluated left to right. '
Each expression must return a result of tygo®! . If any
expression evaluatesfadse |, no further expressions are

evaluated. For this reason, thed form cannot be imple- Th€€t est - expressions are evaluated in sequence un-
mented as a procedure. til one of them evaluates as true. The corresponding

is then evaluated and its result becomes the value of the
cond expression. Subsequesitest - expressions are
not evaluated. Exactly one of tleg expressions will be
evaluated. Thetherwise clause imotoptional.

(otherwise en)

Derivation The canonical rewriting oind proceeds by
first rewriting multiargumenand forms into forms of no
more than two arguments:

(and e1 e2 ... ep) => Any cond form can be rewritten as a chain i6f forms
(and e1 without alteration to meaning.
(and e ... ep))

The values returned by theg 5t expressions must be of
N typebool . All of the expressiongj must be of compat-
and then rewriting each two argumeartd form as: ible result types.
@and ej ep) = > Der|vat|or_1 The canon_lgal rewriting qton_d pros:eeds
(f eq1 ey false) by removing each conditional expression in turn:

(cond ( etest1 €1)

7.16.5 or (etest2 €2)
Derived form ’(otherwise en)) = >
Theor form is used to perform lazy expression evalua- (f  etest1
tion. The form: €1
9 If we choose to relax the type compatibility rules fbr, we should
(or e1 e2 ... ep) relax them here too.
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(cond ( etest2 €2) 7.19 Value Matching

(otherwise  en))) The switch form provides a mechanism for obtaining

) o ] access to variant fields of a value of union or repr type.
until only two cases remain in theond expression, the 1,4 syntax oBwitch

is:
last of which has a true predicate. This final cond is rewrit-
ten as:
(cond ( e e1) (switch id e
testl €1 (mtchy e1.1 ... e1.n1)
_ (otherwise  ep)) = > (matchy es 1 .. €2 n2)
(f  etest1 -
€1 (otherwise  egt her))
en)
7.17 Mutability where eacimatchform is either a single union tag identi-
fier (constructor) or a parenthesized sequence of union tag
The expression: identifiers. Multiple union constructors may be matched
by a single clause only if all matched constructors domi-
(set!  e|oc eval) nate identical fields. Since the type and bit-offsets of iden

tically named fields within repr-constructors are required
is used to set the value of a mutable entity. The exprég-be the same, multiple repr-constructors can be matched
sion ggc should evaluate to a location of mutable typia a single clause. In this case, only the common fields of
mutable( T) . The expression,g should evaluate to anall matched repr-constructors will be visible for selentio
assignment-compatible tyde The return value ofet!  withinej ... e .

is the unit value. A switch expression performs a value match on the tag

fields of the expressioe (or if e is of repr type, on

7.18 References the tags of its outermost body) in sequence. The first
mat ch; expression containining a matching tag value
7.18.1 dup is selected, and the corresponding expression sequence

€j 1.~ € ni IS executed in an environment whete
If e is an expression of non-procedure type, the expressigi@ value of anonymous type. For every field of the origi-
nal expresion type such that all of its containing union or
(dup e) repr tag qualifications are satisfied, the anonymous type
contains a field with the same name denoting the same

returns a reference to a heap-allocategyof the value portion of the The value ok is acopyof the (discrimi-
returned by the expressien nated) value returned by the expresséon

An expression of anonymous type may only appear only
718.2 deref as the expression argument of thember form, or as the
expressiore of aswitch form. It may not be passed as

If e is an expression of reference typexed( 7) , then: ~@nargument, rebound, or returned as a result value.

If an otherwise form is present, then the body of the oth-
(deref ) erwise clause is executed in an environment wheis
bound to acopyof the (undiscriminated) value returned
returns the value named by the referencieref is a by the expression.1°
syntactic form. The returned value is a location, and ¢

be used as an argumentssi! #the matches performed by a givewitch are exhaus-

tive, theotherwise clause can be omitted.

The expression: For purposes of literal case analysis, tweitch form

. will also accept expressioresof primary scalar type and

€ matching values that are literals of the corresponding.type

is a convenience shorthand for

10Technically, this need not be a copy, and we are reviewingthene
(deref ) the copy should be bypassed in the otherwise form.
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7.20 Exception Handling some concrete exception type. The latter case permits the
locally bound identifier in a discriminated catch block to
7.20.1 Try/Catch be passed directly to throw so that a pre-existing exception

. _ _can be re-thrown without allocating new storage.
Thetry formisused as the control flow resumption point

of athrow form. When athrow occurs, control re-
sumes at the nearest dynamically containing form 8 Locations
whose matching patterns match the name of the exception

that was thrown. . L . L
This section is a work in progress, but it is as accurate as

The try block syntax is: | (shap) can currently make it. Corrections, comments,

( identification of omissions, and so forth are welcome.
try  expr

(catch id [( tagid] eq) BitC is a language supporting mutation. Because of this,

a specification of the type system and expression evalua-

(t agi do ep) tion semantics of BitC does not entirely account for how
(( tagidx tagidy) exy)] the behavior oket! interacts with the behavior of ac-
[(otherwise en)) cessor expressions suchag , member, deref , and

expressions consisting of a single identifier. In partigula
In the absence of a programmer-speciftgderwise the characterization cfet! as
clause, theatch block behaves as though the clause

(set! e1 ep)
(otherwise (throw i d))
does not account for hoey can be mutated in place, be-
had been present. cause the language specification (to this point) does not
If the evaluation oBxpr does not cause an exception, thdistinguish between expressions that generate new values
value of thetry block is the value oéxpr . (in the sense of values that occupy new storage) and ex-

If the evaluation ofexpr causes an exception to bEpressions that return pre-existing values. To address this

thrown, execution proceeds as if the catch block welie present here an informal characterization of locations

rewritten to the procedure: in BitC.
(lambda (e:exception) 8.1 Expressions Involving Locations
(switch nm e
EE :g: 31 21; The following expressions accept locations (addresses of
ot e cells) in the indicated positions, and return locations as
their result:

(otherwise  eot her wi se)))

and this procedure were applied to the received exception i d

value. The return value from this procedure is returned as | ocl r[;dx] | i d
the value of theease expression. (member 1oc ident)
(deref e)
7.20.2 Throw in addition, theset!  form requires a location as its first

) ) _ argument, and returns the unit value.
The throw form is used to raise an exception. It per-

forms a non-local control flow transfer to the most recent
(nearest temporally enclosingy block, with the effect
that the thrown exception value is received by the corre-
spondingcatch  block as described above. Thwow 8.2 Implicit Value Extraction
expression has no return value type. The form:

(setl  loc e)

When a value of location type appears in any context ex-

(throw e) pecting an expression, the location is implicitly derefer-
enced to give the expected value as a result. The “value

throws the exception computed by the expressign extraction rule” applies both to return values and to ap-
which must be an expression of typgception  or of plications, with the consequence that “bare” locations can
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never escape their binding frame in either the upward lookup handler to return the internal node structure, with
downward directions. Only those forms identified explidthe effect that external code could modify the stored
itly above as accepting and returning locations are excdgy “in place,” violating the integrity of the binary tree.

tions to the value extraction rule. Because of this risk, it is unclear whether the type

For example, in the expression: (location T) should ever be inferred automatically.

(et ((a b)) ..)
9 Interfaces

the expressiob evaluates (internally) to a location, but it _ _ o o

is then discovered to appear in a binding context requiriBgC recognizes two kinds of compilation units: interfaces

an expression, so the value at that location is returned @#id modules. An interface contains a public set of defini-

stead. Similarly, the expressianevaluates (internally) to tions and declarations. From the perspective of an im-
a location, allowing it to be initialized in place. porter, it describes the identifiers that are published by

one or more providing bodies of code. From the imple-
mentor perspective, an interface describes a set of decla-

8.3 Generalized Accessors rations that must be exported by some providing module.
Interfaces provide the only means by which functions and

Note types may be shared across multiple units of compilation.
This section describes a possikfieture en- A module contains a private set of definitions and delara-

hancement to the language. Itis considered ex- tjons. In most cases, these are not visible outside of the
perimental, and it is possible that it will never  scope of the module. The exception is when a module
be implemented at all. imports some interface and also declares explicitly that it
provides definitions for one or more public declarations of

It is customary for programs that introduce “collectionthat interface.

types to provide operations for both insertion and lookup.

It would be exceedingly convenient if the lookup opera- o

tion could be used to support efficient access as well, &1 Specifying an Interface

example: ) _ o ) ]
An interface unit of compilation consists of laitc

(btree-insert bt key some-obj) version form followed by a singlenterface ~ form.
(btree-lookup bt key).field The interface  form wraps a sequence of imports,
aliases, definitions, and declarations that describe the pu

That i, it is sometimes appropriate for the lookup funglz(.: identifiers associated with that interface. For example
' the interface:

tion could return a location.
This cannot be supported for local objects, but it is possi-

; 2 ES interface sample {
ble for the type system to successfully infer the distinttio (def x 1) ; constant definition
between local object locations and global object locations (union (list 'a):boxed
In this case, we could relax the value extraction rule so nil
that it would not apply to return values, with the effect (cons 'a (list 'a)))
that we could write an accessor function such as: (struct (tree-of ’'a):boxed)
(proclaim y : int32))
(def (4th-elem vec) (struct S :opaque (int32 i))
vec[4]) }
4th-elem: (fn ((vector 'a word))
(location 'a)) Defines a constant with value 1, defines the now-

familiar list type, declares thatee-of  is an opaque
Given such an accessor function, it would even be pogsiference type defined in some (unspecified) source unit

ble to write: of compilation, and thay is a value of typent32 de-
clared in some (unspecified) source unit of compilation.
(set! (4th-elem vec) 5) Note that the declaration dfee-of  provided by this

interface is incomplete and therefore opaque. Because
If introduced, this feature would need to be handldcee-of is a reference type, clients of this interface
with care. It would be all too easy for a binary tree’san declare variables and arguments of tjqge-of
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but cannot instantiate them because no function returnimgmespace of the importing unit of compilation. The syn-
typetree-of  is exposed by this interface. tax of this form is:

Note further thaval-type  is both incomplete and un-
declarable, because it is a value type. Clients may declare
arguments of type

import i f-nane ident-or-renmapt

whereident-of-remags either some identifier published

boxed(sample.value-type) by the imported interface or it is:

but not of typevalue-type , because the size of | °cal Name = pubName

value-type is notrevealed. . . e L .
yp If a single identifier is given, the local alias is bound using

the public name. If the “as” variant is given, the local alias
9.2 |mporting an Interface, Aliasing is bound under the specified local name instead.

) » ) ) It is a compile-time error to form more than one top-level
In order to use the identifiers supplied by an interface, thg,s in a single unit of compilation for the same public
client unit of compilation must first import those identiz;ame in a given interface.

fiers using a top-leveimport form. There are three such
forms. It is a compile-time error if any local identifier

bound by arimport is already bound. 9.2.3 Promiscuous Import
o The promiscuous import form imports all public identi-
9.2.1 Hygienic Import fiers from the imported interface that do not already have
o , top-level aliases in the importing unit of compilation. The
The syntax of the hygienic import form is: syntax of this form is:

import i f-nane as |ocal-nane import i f - name
wherei f - nane is an interface name adcal - nanme
is an identifier to be bound in the current scope.
pubNane is a name published byhelnterface  , then
after executing

This form does not support identifier re-naming on im-
Hort. Name collisions resulting from import can, if nec-
essary, be managed by first performing a qualified import
that re-maps the colliding public name, and then perform-
ing a promiscuous import to import the remainder of the

import Thelnterface as myName .
interface.

it is legal to writemyName.pubNane at any identifier

use occurrence. This is referred to asyaienic alias  9.2.4 Compile-Time Import Resolution

Hygienic aliases may appear in any use occurrence where

an identifier might ordinarily appear. When a hygienito locate the source representation of an imported in-
alias names a provided symbol, the hygienic alias megrface, the compiler shall attempt to locate a file
also appear as the defined identifier of a top-level defiarme.bitc , wherenane is the identifier used to name
nition. Hygienic aliases mawot appear in the definedthe corresponding interface. The default search path used
position of alocal definition. for this resolution is not defined by this standard, but shall

Hygienic import preserves a strong distinction betwedfoVide a resolution for every interface specified in the
the namespace of the imported interface and the loljpguage definition. Itis permissable foracomp!lerto im-
namespace of the importing unit of compilation. This gl_ement some or all of the default_ search path internally,
appropriate when importing interfaces that are not fullfithout reference to any external file name space.
mature, or for which the possibility of future name colliEvery file-based compilation environment for BitC shall
sions as a result of interface evolution must be defendevide a command-line optioh that enables the build
against. environment to append directories to the interface search
path.

9.2.2 Qualified Import
9.2.5 Error Reporting
The qualified import syntax importelectedoublic iden-
tifiers from a specified interface. The selected identivhen reporting errors, a conforming BitC compiler
fiers are aliased (after optional re-naming) in the topdlevghould always report the defining name of the type or
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variable. It mayoptionally report the alias (use) name height

by which the type or value was referenced. Only defin- value : ’a)

ing names should be exposed for resolution by the linker.

For identifiers defined or declared within an interface, theis not required that a single source unit of compilation
defining name is the fully qualified name of the identifigsrovide the entirety of an interface. For sufficiently large
with respect to its interface. For all other identifiers, th@terfaces (e.g. the standard BitC library), this would be
defining name is the one that appears in the defining forimpractical. However the flexibility to define an interface

The BitC interface system provides primarily for separatdth a collection of independently compiled source units
compilation and name hiding. In contrast to the modufd compilation demands some means to prevent circular

system of Standard ML [9], BitC interfaces are purely &Pe and value declarations. Circular value definitions are
tool for namespace control. precluded by the type-level definition observability rule

9.3 Providing an Interface 9.4 The Reserved Interfaceditc

A source unit of compilation can indicate that it provide5he interface name “bitc” is reserved for use by the BitC
definitions for one or more declarations of an interfad@Plementation.
by means of thegrovide declaration. The syntax of
provide is:

10 Source Modules

provide interface-nane ident+

A source unit of compilation consists of one or more mod-
Where eachi dent is an identifier proclaimed by theules. Each module consists ofreodule form containing
named interface. That is: the name as specified in t@arbitrary sequence of imports, definitions, declaration
interface rather than any alias of that name that may haJd use forms that areotinterface  forms.
been locally bound. The module syntax is:
The effect ofprovide is to authorizethe definition of
the named identifiers. The definitions must then be de- module nodul e- nane? docstring? { nod_formt }
fined by binding an arbitrarily selected local alias of the

public identifier. For example: A source module constitutes a scope. Except for those
definitions that are explicitly exported usirpgovide
bitc version "0.11 +" (Section 9.3), identifiers bound in a module are not vis-
import sample as In ible in other source modules.

provide sample TreeOf

(struct (In.TreeOf ’'a):boxed 11 Storage Model

left : (optional
(In.TreeOf 'a))

right : (optional This entire section had become hopelessly stale, and
(In.TreeOf 'a)) needs to be rewritten.

height

value : 'a)

12 Pragmatics
The requirement that an arbitrary alias be defined can re-

sultin strange appearances. The following alternative d

f .
inition is equivalent in all respects to the one above: iZ.l Closure Construction

BitC seeks to enable the crafting of programs that do not
make unexpected use of the heap, and which can make use
of lambda andletrec  forms to describe rich [mutual]

tail recursions. Becuase of this, it is necessary to st&te th
minimal degree of closure analysis that every BitC com-

bitc version "0.11 +"
import sample as In

provide sample TreeOf

(use (In.TreeOf as mumble))

(struct (mumble ’a):boxed piler is required to perform when constructing closures,
left : (optional (mumble 'a)) and more generally, the conditions under which closures
right : (optional (mumble 'a)) will be formed at all.
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Closure construction proceeds in two phases. During tiie ability to compile BitC programs into C for the sake
initial phase, free identifiers are added to the closure aoiportability.

the program is rewritten to heap-allocate closed valuesyktinition: Within a BitC formf , a formg occurs intail

that is necessary. During the second phase, a checkdSition with respect to the forni if the evaluation of

performed to determine whether the resulting closure iSis the final evaluation (and therefore the return value)
not actually necessary.

computed by the forrfi. This definition is transitive. A
Phase 1 Given an identifierid appearing free in a structural consequence of this relationship is that the typ
lambda formL: of g is (copy compatible with) the type éf.

) . ) _An application of a functior is said to beail recursive
1. Globals Ifid resolves to a globally defined identii (a) it appears in tail position with respect to the body

fier, it will not be added to any closure record. of its most closely containintambda body, and (b) it
2. Closed Lambda Forms If idit  is an immutably 'S implemented in such a way as to re-use its containing
stack frame.

bound identifier whose initializing form islambda
term (i.e. a literallambda , not merely an expres-The BitC specificationrequires that certain procedure
sion returning a value of function type), aittl ap- calls appearing in tail position must be compiled using
pears in Lin non-applicative positionthenid , then a tail-recursive implementation:

a corresponding field of type T is added to the closure

record, and this field is populated at closure construc-e Within aletrec , calls to any function bound in the
tion time by acopyofid . letrec that appear in tail position within some func-

) ) tion bound by théetrec  must be tail recursive.
3. Shallow Immutables If id:T is a locally bound

identifier of shallow immutable type, then a cor- e Within any functionf , calls tof that appear in tail
responding field of type T is added to the closure position w.r.t. the body of must be tail recursive.
record, and this field is populated at closure construc-  This is actually a special case of the first rule.
tion time by acopyofid .
_ _ These requirements apply only to function calls whose
4. Shallow Mutables If id:T is a locally bound yegtination can be statically resolved by the compiler at
identifier of shallow mutable type, then the progra, mile time. A BitC compiler is permitted, but is not re-

must be rewritten in such a way as to heap-allocai§ired, to implement other function calls tail recursively
id , thereby converting it into a deep mutable value

that is shallow immutable. The resulting reference
id:boxed(T) is then closure converted as a shai-I
low immutable identifier.

Standard Prelude

Phase 2 If a closure record was created in phase 1, bAtrange of types, type classes, and functions supporting
all elements of that closure were added as a consequengerations on primary types are defined in the BitC stan-
of rule 2 (closed lambda forms), then no explicitly allodard prelude.

catd closure record is either required or permitted. All 6f}i5 section needs to be defined.

the closed lambda forms can be represented using labels

without any intervening heap-allocated procedure objecld1® following types and values are defined in the BitC
standard prelude. The compiler is free to implement some

Whether or not a closure record is fabricated for a givej} )| of these types internally, and is further free to refy o
lambda form L, if an identifierid resolves to a closed;

Zo="Hinternal knowledge of these types within the implementa-
lambda form, then any use-occurrence appearing in ag;,

plicative position inL must be implemented by a call (or

if tail recursive, jump) to the associatéinbda form’s

labelrather than proceeding through any procedure objeiES Foundational Types

that may have been allocated fdr.

The prelude provides definitions for commonly used in-
12.2 Tail Recursion tegral types. Under normal circumstances, the reader and
pretty printer conspire to hide the fact that these types are
BitC requires a limited form of tail recursion. We do notinion types.
require fully proper tail recursion because this is difftcul
to accomplish efficiently in C, and we wish to preserve // There is an open issue here: should
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/I strings be primitive? Issue is unicode
/I character size and long strings.

/I Strings:

/l(union string:unboxed (vector char))

/I Pairs:
(struct (pair 'a 'b):unboxed
fst:’a snd:'b)

/I Optional values:
(union (optional 'a):unboxed
none (some value:'a))

/I Nullable pointers:

unboxed union nullable(’a)
where RefTypes(‘a)

is Null
non-null is ptr : boxed('a)

/I Homogeneous lists:
(union (list 'a)

nil

(cons car’a cdr:(list 'a)))

/I Bignums
(union int:unboxed
(fix f:(bitfield int32 31))
(big b: boxed((bool, (vector word)))))

14 Foundational Type Classes

The standard prelude provides a number of standard t);

classes:

/I Equality comparison by identity:
(trait (EqComparison 'a)
eq : (fn (a ’'a) bool))

/I Equality comparison by identity,
/I with exceptional handling for
/I numerics:
(trait (EqlComparison 'a)
eql : (fn (a ’a) bool))

/I Generalized equality:

(trait (EqualityComparison 'a)
== : (fn (a 'a) bool)
I= : (fn (a ’'a) bool))

/I Magnitude comparison

(forall ((EqualityComparison 'a))
(trait Ord('a)
< : (fn (a 'a) bool)
<= (fn (a ’a) bool)))

/I Checked arithmetic
(forall (Ord(’a))

(trait (Arith 'a)
+: (fn (a 'a) 'a)
-2 (fn (a 'a) 'a)
*: (fn (a 'a) 'a)
[: (fn (a 'a) 'a)
<<:(fn (a word) 'a)
>>:(fn (‘a word) 'a)))

/I Ring arithmetic
(forall (Ord(’a))
(trait (Ring 'a)

R+: (fn (a ’'a) 'a)
R-: (fn (a 'a) 'a)
R«: (fn (a 'a) 'a)
R/: (fn (a 'a) 'a)
R<<:(fn ('a word) 'a)
R>>:(fn (a word) 'a)))

/I Sign transformations
(forall (Ord(’a))
(trait Signed('a)
negate: (fn ('a) 'a)
abs: (fn (a) 'a))

Il Formal Specification

15 Grammar

The section below gives the extended EBNF grammar
Egthe BitC language, including derived forms. Non-
terminals are shown in italics. Tokens are shown in regu-
lar face. The characterg™ " }”, and “|", are quoted when
appearing as tokens. When appearing as a superscript,
the character “*” indicates “zero or more” occurrences,
the character +” indicates “one or more” occurrences,
and the character “?” indicates “zero or one occurrences.”
These should be read as metasyntactic only when appear-
ing in a superscript. Note that parenthesis aoémeta-
syntactic in extended Backus-Nauer form, and should be
read as single-character tokens.

Within the EBNF productions below, the left and right
parenthesis, period, colon, commma, and single quote
characters should always be read as single character to-
kens. Spaces around these tokens have been omitted for
the benefit of typeset readability.

15.1 Categorical Terminals

The following categorical terminals are defined by the
regular expressions given in the respective sections:

Id Identifiers (Section 2.2)
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IntLit Integer literals (Section 2.5.1)
FloatLit Floating point literals (Section 2.5.2)
CharLit Character literals (Section 2.5.3)

StringLit String literals (Section 2.5.4)

15.2 Interfaces, Units of Compilation
start == version? interface

| version? nodul et

| version? inplicit_modul e

ifname = {Ild. }* Id
interface =

interface i fname docstring? { def+) }
nodul e =

module ifname? docstring? { nod.def + }

nod_def := def | provide
inplicit_nmodule = nod.def +
i mport = import i fname as Id
provi de := provide Id i fname Id +
usedecl :=
(use {ld.d | (Id.ld as Id) 1)

def == inport

| usedecl

| typedef

| typedecl

| tcdef

| instdef

| val def

| proclaim

| declare

15.3 Type Declaration and Definition

Theunion andstruct

| (union typnm val
docstring?
declaret {field[fill}+)
| (repr typnm val
docstring? (reprbody))
| (exception i dent
docstring? field*)
field == 1d : type
| (the type Id)
fill ==
(il (bitfield fixpttype IntLit)
reprbody = (tag Id 1)
| field
| fill

| (case {(tags (reprbody)) }+)

tags == 1I1d | (d T)
typedecl :=
(struct typnm val
docstring?
{external Id  ?}?)
| (union typnm val
docstring?
{external Id  ?}?)
| (repr typnm val
docstring?
{external Id  ?}?)
tcdef =
(trait typnm
docstring?
{(tyfn ( tvar =) tvar)}*
{i dent: fntype}*)
i nstdef :=
(instance qual constrai nt

docstring? expr+)
qual constraint := constraint
| (forall ( constraint+) constraint)

forms are semantically deriv-

able fromrepr (or vice versa)l but for purposes of 19-4 Value Declaration and Definition

specifying typing it is more convenient to retain them and | def =
use the conventional typing definitions for product and 9¢! =

union types.
constraint := typapp | ident
typnm = ident
| (ident tvart)
| (forall ( constraint=+) ident)
| (forall ( constraintt)

(ident tvar ™))
val = :unboxed | :boxed | :opaque
t ypedef =

(struct typnm val

docstring?
declaret {field|fill}t)

11 This statement of semantic derivability ignores the Céirdainily
of representation optimizations that are not currentlyregpable fo
repr , butitis intended to fully support control of these optiations

in future enhancements to the language.

(def defpattern docstring? expr)
| (def ( ident bindingpattern?)
docstring? exprt)
def pattern = ident
| ident:qual type

| (the qualtype ident)
| 0
| (pair defpattern defpattern)

| ({defpattern, }+ defpattern)
bi ndi ngpattern = ident

| ident:type

| (the type ident)

| O

| (pair defpattern defpattern)

| ({defpattern, }+ defpattern)
; proclaim:=

(proclaim i dent: qual t ype

{external Id ?}?)
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Note: external Id may include BitC
reserved words.

(begin  expr t)
(lambda ( bi ndi ngpattern*) exprt)

|
|
qual type = type | (expr expr*)
| (forall ( constraintt) type) | (if expr expr expr)
| constraint | (and exprt)
| (forall ( constraint+) constraint) | (or exprT)
| (set! expr expr)
| (dup expr)
| (cond ( {(expr expr)}*)
15.5 Types (otherwise  expr))

/'l MAY NEED CASE
Note that the pair type is semantically a derived form. It | (switch Id expr

appears in the grammar solely because of the need to sup- ( {(switchtags expr_seq) }*
port pattern bindings and multiple return values. (otherwise  expr _seq)))
| (try expr
tvar = 'ld (catch 1d
inttype == int8 | intl6é | int32 | int64 {(swi tchtags expr’)) P
| uint8 | uintl6 | uint32 | uint64 | (th (oth)erW|se expr) 7))
pairtype == (pair type type) row expr)
| ({type, }* type) | (let ( {(bindingpattern expr)}t)
type == ident expr) S
| tvar | (letrec ( {(bindingpattern expr)}t)
| O | bool | char | string | exception expr)
| inttype | (do ( {(bindingpattern expr expr)}t)
| float | double | quad (expr expr)
Il integer bitfield: expr) _ o
| i nttype(IntLit) | ) | false | true | CharLit | StringLit
Il boolean bitfield: | IntLit | FloatLit _
| bool(1) switchtags = ident | (identt)

| (boxed type)
| unboxed( type)
| mutable( type)

| ((n ( type*) type)

| pairtype .
| (array type IntLit) 15.7 Miscellaneous
| (vector type)

| (ident typetT) declare :=

(declare  {(ident type) | ident}t)
docstring := StringLit
15.6 Expressions

| dent == 1d | Id.Id IV Standard Library
expr = eform
| (the type efornm
/I eformpernits ident via expr.id . :
eform = Id 16 BitC Standard Library
0
ef or mid This section needs badly to be completely revisited.

(the type eform.ld

i The BitC standard library is described as a set of groups.
(pair  expr expr)

(member expr Id) Each group gives a built-in function, a list of signatures
expr [ expr ] supported by that built-in function, and a description of

(deref  expr)

|

|

|

|

|

| . !
| expr ~ the operation of the function.
|

| (suspend ident expr)

|

|

|

|

({expr, }*+ expr) 16.1 Arithmetic

(array expr )

(vector  expr 1) BitC defines the built-in operatoss, - , *, / , and% with
(MakeVector expr expr) the usual meanings of two’s complement addition, sub-
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traction, multiplication, division and remainder for segh checker. BitC is statically typed, and BitC functions and
types, and one’s complement addition, subtraction, multireorems are therefore defined only over their stated do-
plication, division, and remainder for unsigned types. mains.

BitC also defines the build-in operatorkit-or
bit-xor , andbit-and , with the usual meanings of17_1 Axioms
one’s complement bit manipulation.

These operators are defined over the following signaturégedefaxiom  form introduces a term rewrite that is ac-

int8 x int8 — ints cepted as true by the BitC prover. The body of the axiom
intl6 x intl6 — intl6 is a boolean expression that must always retura  for
int32 x int32 — int32 all possible variable instantiations:

int64 x int64 — int64
uint8 x uint8 — uint8
uintl6 x uintl6— uintl6

uint32x uint32 — uint32 17.2 Proof Obligations: Theorems
uint64 x uinté4 — uint64

Unary minus is also supported over all integral types witthedefthm  formintroduces a proof obligation that must

the usual meaning. be discharged by the BitC Prover. The body of a theorem
is a boolean expression that is considered to be discharged
if its resultistrue for all possible variable instantiations:

(defaxiom  name trut h-expr)

16.2 Comparison

(defthm nane truth-expr)
BitC defines the built-in comparison operaters <= >
>= =, and!= with the usual meanings of less than, less

than or equal, greater than, greater than or equal, eqdef-3  Proof Obligations: Invariants and Sus-

and not equal. pensions
These operations are defined over the following Sigr‘Lflﬁedefinvariant form introduces a proof obligation
tures:

that must be discharged by the BitC Prover at all sequence
points where it is not explicitly suspended. The body of
an invariant is a boolean expression that is considered to
be discharged if its result tsue for all possible variable
instantiations:

charx char— bool
int8 x int8 — bool
int16 x int16 — bool
int32 x int32 — bool
int64 x int64 — bool
uint8 x uint8 — bool
uintl16 x uint16 — bool
uint32 x uint32— bool An invariant may be temporarily suspended by the
uint64 x uinté4— bool suspend form:

The = and != operators are additionally defined over

pointers of like type. They perform structural equality  (suspend nane e)

(eq) and inequality.

(definvariant nane truth-expr)

The logical effect obuspend is to advise the prover that
the invariant given byane is not expected to hold within

17 Verification Support the scope of theuspend form.

For program semantics purposssispend is a derived
In addition to its role as a means of expressing compufarm:
tion, BitC directly supports the expression of constraints
on execution, and the expression of proof obligations con- (suspend nane e) =>
cerning the results of computations. While the bulk of ver- ~ (begin €)
ification effort is performed in the BitC Prover, theorems
a_lnd inva_riants al_so introduce requirements for compili7_4 Theories
time static checking.

Note that the phrase “all possible variable instantiationshedeftheory  form gathers a number of theorems into
is restricted tdegalinstantions as determined by the typa single group for purposes of suspension:
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(deftheory name thm ... thnp) [4] Jacques Garrigue. “Relaxing the Value Restriction.”
Proc. International Symposium on Functional and
where eacht hm has been previously introduced by Logic Programming2004.

defthm . [5] Anita K. JonesProtection in Programmed Systems
Doctoral Dissertation, Department of Computer Sci-

17.5 Suspending and Enab|ing ence, Carnegie-Mellon University, June 1973.

For purposes of proof search management, theorems gﬂdMark_Jor:es. “Type Classes With Funct_|onal Depen-

theories may be disabled or enabled bydisable and dencies.”Proc. Sth European Symposium on Pro-

enable forms: gramming (ESOP 2000). Berlin, Germany. March

2000. Springer-Verlag Lecture Notes in Computer

(disable nanej .. nanep) Science 1782.

(enable  namep ... nanep) [7] NOT USED M. Kaufmann, J. S. MooreComputer

) ) Aided Reasoning: An ApproacKluwer Academic
where eachname; has been previously introduced by  pyplishers, 2000.

defthm or deftheory

Richard Kelsey, William Clinger, and Jonathan Rees
(Ed.) Revise# Report on the Algorithmic Language
SchemgACM SIGPLAN Notices, 339), pp 26-76,
1998.

The effect of disablement is to render a theorem or gro[ﬁl
of theorems inactive for purposes of proof search. Dis-
abling or enabling remains in force until altered by a sub-
sequent enable or disable or until the end of the containing

lexical scope. [9] David MacQueen, “Modules for Standard MIPToc.
1984 ACM Conference on LISP and Functional Pro-

gramming pp. 198-207, 1984.
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