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11 Storage Model

The BitC projectis part of the successor work to the EROS
32 system [12]. By 2004, it had become clear that a number



of important practical “systems” lessons had been learngmimpile time. This restriction preserves all of the useful
in the EROS effort. These motivated a re-examination ases of tail recursion that we know about, while still per-
the architecture. With the decision to craft a revised daiitting a high-performance translation of BitC code to C
sign and a new implementation came the opportunity ¢ode.

consider methods of achieving greater and more objectig 5 consequence of these modifications, BitC is suitable

confidence in the security of the system. In partiqular, RS the expression of verifiable, low-level “systems” pro-
question of whether a formally verifiethplementationf o3ms There exists a well-defined, statically enforceable

the EROS successor might be feasible with modern theppset language that is directly translatable to a lowteve

rem proving tools. Following some thought, it appearggdyy;age such as C. This translation is direct in both the
that the answer to this question might be “yes,” but thalnse that the translation is simple and the result does
there existed no programming language providing an ags; yiolate programmer intuitions about what the program

propriate combination of power, formally founded sémagpes or the program’s data representation. Indeed, this
tics, and control over low-level representation. BitC wasas 5 key reason for our decision to move our implemen-

created to fill this gap. tation efforts into BitC.

1.1 About the Language 1.2 Transitional Input Language

BitC is conceptually derived in various measure frOIJReveIopment of the_ trapsitional syn_tax Is prqceeding in
Standard ML, and C. Like Standard ML [10], BitC hagha_\ses. The compiler mternally relies on being ab_Ie_to
a formal semantics, static typing, a type inference me (T‘{T"t _and re-read the_ S-expression syntax when bwldmg
anism, and type variables. Like C [1], BitC provides fujfbrane_s. In order to I_|m|t_the Qmount of upheaval associ-
control over data structure representation, which is neact-ed with the syntaf:t|c mlgrat|0|j, the current compiler ac-
essary for high-performance systems programming. pifEPts two types of input according to the source language

also provides support for unboxed mutable locations. TH%rsion declaration found in the input unit of compilation.

BitC language is a direct expression of the typed lambé&ay source file beginning with a source version written as
calculus with side effects, extended to be able to reflég s-expression:
the semantics of explicit representation.

Veersions of BitC up to 0.10 used an s-expression syntax (Pitc-version 0.11)

similar to that of Scheme [8]. This allowed us to focus our

attention on type inference and semantic issues first. TH#l accept only the s-expression syntax. In the absence
main goal of version 0.11 is to choose the production s@t an explicit version declaration, this form is currently
face syntax for the language. For the sake of people wigsumed to ease transition.

are already familiar with the s-expression syntax, this vaf the version declaration is given in the new syntax:
sion of the specification includé®thsyntactic variants.

The transitional syntax is testing a curried style of appli-  bitc version 0.11

cation syntax so that we can experiment with mixfix oper-

ators. In spite of this syntax, BitC application is not cuthen several changes occur in the accepted inputlanguage:
ried. Currying encourages the formation of closures that

capture non-global state. This requires dynamic storag& The lisp-style comment syntax beginning with a
allocation to instantiate these closures at runtime, and it semicolon is no longer accepted after the initial
is difficult for the programmer to determine syntactically  pitc  keyword is seen. Note that the semicolon at

when this is happening. Since there are applications of the end of this declaration isot the beginning of a
BitC in which dynamic allocation is prohibited, currying comment.

is an inappropriate default idiom for this language. We _ o
will consider introducing explicit convenience syntax for ® Top-level forms will be accepted in either the new

curried application if this proves to be an impedimentto  Syntax or the s-expression syntax. The two may be
effective use of the language. intermingled at the granularity of top-level forms. A

given top level form must be entirely s-expression

In contrast to both Scheme and ML, BitC dasst pro- .
syntax or entirely new syntax.

vide or require full tail recursion. Procedure calls must be _
tail recursive exactly if the called procedure and the call-  For purposes of this change, forms that appear at top
ing procedure are bound in the sadefine , and if the level within a surrounding module or interface form
identity of the called procedure is statically resolvabie a ~ are considered top-level forms.



1.3 Conventions Used in This Document def fact x =

if x < 0) then - (fact (-x))
In the description of the language syntax below, certain else if (x == 0) then 1
conventions are used to render the presentation more com- ~ else x * fact (x - 1)

pact. ) o (define (fact x:int32)

Input that is to be typed as shown appearfixad font. (cond (( < x 0) (- (fact (- X))
Syntactic “placeholders” are shown in italics, and should (= x0) 1)

generally be self-explanatory in context. Variable names, (otherwise

expressions, patterns, and types appear respectively as (x x (fact (- x 1))

it For clarity. the defini f In general, wherever a type is permitted by the grammar,
script. For clarity, the defining occurrence of a name Witis also permissible to write type variable. A type vari-

s _ _ _able is written as an identifier prefixed by a single quote.
When a sequence of similar elements is permitted, thisTise scope of a type variable is the scope of its containing

italic v, e, p, or T, with an optional disambiguating SUb-\F

sometimes appear in the abstract syntarras

shown using "...". Such a sequence must have at least @efinition form. The type inference engine will infer the
element. For example: type associated with the type variable. Within a definition,
all appearances of a type variable will be resolved to the
(begin e ... e) same type. This is particularly useful in the specification

of recursive types. For historical reasotss, 'b , etc. are
indicates that théegin form takes a (non-empty) se-often pronounced “alpha,” “beta,” and so forth.
guence of expressions. When it is intended that zero ele-
ments should be permitted in a sequence, the example wil . .
o Wrmen_u permitiedin a sequ xampleWilE  bocumentation Strings

Certain productions in the grammar (Section 15) in-
corporate an optional documentation string labeled
docstring. Documentation strings have predefined
Note that the square bracg¢sand] have no syntactic syntactic positions to facilitate automated extraction by
significance in the BitC core language after s-expressighcumentation tools. If present, the documentation string
expansion. When they appear in the specification, they,st be a syntactically well-formed string, but the string
should be read as metasyntax. is otherwise ignored for compilation purposes. In certain
contexts a documentation string may be followed by an
expression syntax, which creates a parse ambiguity. The
parser should handle these cases by accepting the expres-

BitC incorporates a polymorphic type inference mechg!on Sequence ano_l thgn checkmgl to See if it has Iength
nism. Like SML, BitC imposes the value restriction fopreaterthan 1 and its first element is a string. Note that in
polymorphic type generalization. The algorithm for typEUCh cases the string _would be semqntlcally irrelevant in
inference is not yet specified here, and will be added Y ¢@se. The only point of care here is to note that an ex-
a future date — we want to be sure that it convergdd©SSion sequence consisting of a single string is a value,
We currently plan to use a constraint-based type inferert@ @ documentation string.

system similar to the Hindy-Milner type inference algo-

rithm [10].

The practical consequence of type inference is that expl‘c-
itly stated types in BitC are rare. Usually, it is necessary
to specify types only when the inference engine is unal?e :

to resolve them unambiguously, or to specify that two eX= lnpUt Processmg

pressions must have the same result type. In this situation, . . _

a type may be written by appending a tra”ing type qua”—he BitC surface Syntax IS an iImpure s-expression lan-

fier to an expression indicating its result type, as in: ~ guage. Expressions can be augmented with type quali-
fiers, and the language provides syntactic conveniences

(@ + b) : int32 for field reference and array indexing. All of these have
(+ a b) : int32 canonicalizing rewrites into s-expressions.

(begin [ e ... €]

1.4 Type Inference

The Core Language

Input units of compilation are defined to use the Uni-
by similarly qualifying a formal parameter, as in: code character set as defined in version 4.1.0 of the Uni-



code standard [13]. Input units must be encoded usidg3 Interface Names and ldentifiers

the UTF-8 encoding and Normalization Form C. All key-

words and syntactically significant punctuation fall withi Interface names consist of a sequence of interface iden-
the 7-bit US-ASCII subset, and the language provides fifiers joined by dots (*."). An interface may start with
7-bit US-ASCII encodable “escapes” that can be usedaoy interface identifier character, followed by any inter-
express the full Unicode character code space in charad@ee continue character. In addition, an underscor§ (*
and string literals. may appear in any position of an interface identifier, and

Eehyphen (“-") may be used in any positiother thanthe

Tokens are terminated by white space if not otherwi .
st position.

terminated. For purposes of input processing, the ch
actersspace(U+0020), tab (U+0009), carriage return Interface identifier characters are the Unicode identifier
(U+000D), andinefeed(U+000A) are considered to becharacters (Unicode 4.1.0 [13] character class 28fart)
white space. falling within the 7-bit US ASCII subset (the first 128
glnicode code points). Interface continue characters are

Input lines are terminated by a linefeed character X : o X .
P y similarly the Unicode identifier continue characters (Uni-

(U+000A), a carriage return (8000D) or by the two . .
character sequence consisting of a carriage return ?—d? 4.1.0 [13] character class XiContinue) falling
lowed by a line feed. This is primarily significant for comWIthln the 7-bit US ASCII subset.
ment processing and diagnostic purposes, as the rest offthe restriction on acceptable character code points in
language treats linefeeds as white space without furtligerface identifiers is designed to ensure that interface
significance. names can be mapped directly to file names in current file
systems. It is expected that the legal namespace for inter-
face identifiers will expand as the capabilities of widely

used file system interfaces improve.

2.1 Comments o e
Interface names whose leading interface identifier is

. . “bitc” are reserved for use by the BitC runtime system
A comment is introduced by a semicolon and extends up :

. ) ) . . ahd standard library.
to but not including the trailing newline and/or carriage _ _ _ -
return of the current line (the end of line markers are sifreserved words argermittedas interface identifiers.
nificant for purposes of line numbering). This implies that
the comment syntax cannot be successfully exploited for

Y y &P ?.4 Reserved Words

identifier splicing as in early C preprocessors.

Notwithstanding the preceding, a semicolon appearifnge following identifiers are syntactic keywords, and may
within a string or character literal does not begin a Compt e rebound:

ment.
#f #t - >
and apply array
2.2 |dentifiers array-length  array-nth array-r_ef
array-ref-length  array-ref-nth  begin
bitc-version as bitfield
BitC identifiers are case sensitive. An identifier maygg| block by-ref
start with any “identifier character” (Unicode 4.1.0 [13tase catch char
character class XlCstart), followed by any number ofcond const continue
optional “identifier continue characters” (Unicode 4.1.@eclare defaxiom defexception
character class XIDContinue). In type variable identi-define definvariant  defrepr
fiers, an underscore may appear in any positiaf)(‘in ~ defstruct deftheory defthm
other identifiers, the following “extended alphabetic ehaggf“”'on dedrngle dlsdétjbrie
acters” may appear in any position: enable exception extends
external fill fixint
- ~ float if import
PEB &[T A <=>20. impure int8 in‘zle
int32 inté4 interface
Identifiers beginning with two leading underscores are L lambda let
served for use by the runtime system letrec member mutable
) not opaque or
Reserved words are not identifiers. otherwise pair proclaim



provide pure quad absence of a base prefix, the digits are interpreted as base

ref return return-from ten. Thedigits are selected from the characters

set! sizeof string

suspend switch ta

P throw tr?/ 0123456789abcdef

tyfn uint8 uintl6

uint32 uint64 use with the customary hexadecimal valuations. The letters
val vector vector-length may appear in either lowercase or uppercase. It is an error
vector-nth word for a digit to be present whose value as a digit is greater

o N than or equal to the specified base.
The following identifiers are reserved for use as future . . , -
Integer literals of a particular fixed-precision type may be

keywords: written by using a type qualifier. The expression:

assert break check

coindset constrain deep-const 564 : uint32

defequiv defobject defrefine

deftype defvariant do * o . . . .
import! indset inner-ref spemfles an un_S|gned 32 bit qugntlty \_Nhose v_alue is _564.
int let  « list It is a compile-time error to qualify an integer literal with
location module namespace a type that is incapable of representing the literal’s value
nth read-only require In the absence of explicit qualification, the type assigned
sensory super tycon to an integer literal will be some subset of:

using value-at

. . . ~int8 intl6 int32 int64
In addition to the reserved words identified above, all defi-  intg 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 receive the default bindings of these identifiers in

their environment. 2.5.2 Floating Point Literals

For the moment, all identifiers beginning witdef ” are The aeneral form of a floating point literal is:
reserved words. This restriction is a temporary expedient 9 gp ’

that is not expected to last in the long term.

Finally, the identifiers defined as part of the BitC standard [-]0 baser]digits.digits]"exponent]

runtime environment (described below) are bound in the _ _ _ _
top-level environment. wherebasedefines the decimal encoded radix of the dig-

its andexponents an integer literal, possibly including an

initial minus sign and a radix specification for the expo-
2.5 Literals nent part. Digits are selected as for integer literals, abov

Note that the decimal point is not optional, and must have

The handling of literal input and output is implemented byigits on both sides. Thu€.0 is a valid floating point
the standard prelude functionsad andshow. Source |iteral, but0. and.0 are not.

tokenization, requires that foundational literals haveea d . . . o .
fined canonical form. As with integer literals, floating point literals of an expli

itly stated representation type may be written using a type
qualifier. The expression:
2.5.1 Integer Literals

. . . 0.0 : float
The general form of an integer literal is:

1 There is an issue here: doesn't the initial set need to beathefsll
[-] baser]digits integer field sizes so that initialization can work? Shapkhithat the
answer is probably yes, but that it isn’'t a problem in praztiecause

. . . . _the arithmetic operators are only defined over homogenegusrent
wherebaseis radix of the subsequent digits expressed iNypes. swaroop points out that expanding the set isn't wieattes the

decimal form. Legal bases are 2, 8, 10, and 16. In theroblem for type inference.



specifies a 32-bit (single precision) IEEE floating poir@ertain commonly used non-printing characters have con-
guantity whose value is zero. As with integer literals, itenience representations as character literals:

is a compile-time error to specify a value cannot be rep-

resented within the representable range of the qualifying #\space

type? In the absence of explicit qualification, the type of #\linefeed

a floating point literal is some subset of: #\return
#\tab
float double quad #\backspace
#\lbrace

Any concrete type whose representable range cannot ex- #\rbrace
press the literal value will be omitted from the assigned

set. 2.5.4 String Literals

Conversion of a floating point literal to internal represen-

tation follows the customary IEEE floating point roundin8itC strings are written within double quotes, and may
rules when the specified literal cannot be exactly represntain the previously listed “printable charactees-
sentec? cluding backslash ({”), but including (“{") and (“}").
They may also contain spaces{0020), left curly brace
(U+007B) and right curly brace (4007D).

Within a string, the backslash charactek (" is inter-
BitC uses the Unicode character set as defined in versggted as beginning an encoding of a specially embed-
4.1.0 of the Unicode standard [13]. Characters are 32 bigd character. The character following th¢ fs either a
wide. Character literals can be expressed in two ways. single-character embedding or a curly brace charagter *
identifying the start of a Unicode character embedding.
The legal forms and their meanings are:

2.5.3 Character Literals

A character literal may be written as

#\pri nt abl e- char act er \n Linefeed
\r Carriage Return

Wherepr i nt abl e- char act er is any character spec- \t Horizontal Tab
ified in the Unicode 4.1.0 standagstcepthose with gen- \b Backspace
eral categories "Cc” (control codes) "Cf’ (format con- \S Space
trols), "Cs” (surrogates), "Cn” (unassigned), or "Z” (sepa \f Formfeed
rators). That is, any printable character, excluding space\” Double quote
Notwithstanding the listed Unicode categories, the chary\ Backslash

acters {” (U+4-007B, left curly brace) and}” (U+007D, \{U+digits} Unicode code point, hexidecimaigits.
right curly brace) are excluded for use in character literal

escaping. Notwithstanding the previously listed Unicodz I .

categories, the following characters are consideredri 6 Compilation Units

able characters as well: _ o
There are two types of compilation units in BitC: inter-

I #$% & () * 4, -] faces and source compilation units. An interface compi-
'{ 1 <=>2@ [\ ] N o |'~ lation unit defines or declares types (and consequently the
code of type constructors), defines type classes, defines

A character may also be specified by its unicode cofignstants, and declares values. A source compilation unit
can define types, type classes, constants, and values.

point:
Every valid BitC compilation unit may optionally begin
#\U+digits (ignoring comments) with &itc-version form. The
syntax of thebitc-version formis:
Wheredigitsare hexidecimal. The value supplied must be
a valid unicode code point, which is a value in the range  (pjtc-version n. m

0..10FFFF hexadecimal.

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 cor3- Types

patible with the version specified by thi&c-version

form. BitC provides explicit control over data structure repre-
Compatibility: An older version of this form, in whichsentation while preserving a memory-safe and type-safe
the version number had to be provided as a string, wi@inguage design.

be accepted up through language version 0.11. It will be

obsoleted beginning in language version 0.12. 3.1 Categories of Types

In an interface compilation unit, the optional

bitc-version form is followed by exactly one BitC has two categories of types: value types and refer-
interface form (Section 9). In a source compilatiorence types.
unit, the optionabitc-version form is followed by

A value type is one whose value representation is “em-
bedded” in the representation of its containing composite
A source compilation unit may alternatively consist af/pe or stack frame. The lifetime of an instance of value
the optionalbitc-version form followed by an ar- type is determined by the lifetime of its container, and it

bitrary sequence of imports, definitions, declarationsl, af the responsibility of the container to allocate storaye f
use forms that areot interface forms. In this case jts contained value types.

the forms following thebitc-version are deemed to
be implicitly enclosed by anodule form, and the com-
pilation unit defines exactly one source module.

one or moranodule forms (Section 9).

A reference type is a type whose value representation re-
sides in the heap. Every instance of a reference type has
at least one reference value that denotes it. fEference

is a value type; the valudenotedby the reference is a
reference type.

If T is avalue type, thefref  T) is the type of a refer-
The top level forms that introduce programmatic definénce denoting a heap-allocated instanceé.d@imilarly, if
tions and declarations are: T is areferencetype, thdmal T) isthe corresponding
value type. Theval type constructor can only be applied
to reference types whose target is of statically known size.

2.6.1 Definitions and Declarations

define definstance defrepr . .
defstruct deftypeclass defunion Stlor_age for a value of value type is allocated from its con-
proclaim taining type.

use BitC does not provide automatic assignment conversion

between value types and reference types.

Thedefine ,defunion ,defrepr ,anddefstruct

forms support simple recursion. That is, the identifier(@
being defined may be used in their definition. However,
the identifier(s) being defined are deemed incomplete Yhe primary tvpes of BitC are:
til the end of the enclosing defining form. Restrictions P yop '

on the use of incomplete identifiers are described in the. . . o
. - unit The unit type, having as its singleton member the
sections on types and value binding.

unit value, both of which are written g% .4

2 Primary Types

The proclaim  form is used to provide opaque value

declarations. The identifier declared bypeoclaim  bool A boolean value, eithe#f or #t . The representa-
form is considered incomplete. If a completing defini-  tion of this type is a single byte, aligned at a byte
tion is later provided within the same compilation unit, ~boundary.

the identifier is considered complete in the balance of t(r:]ﬁar A unicode code point. The representation of this

_def|n|ng compllatlon unit after th(_e the close of its d(_eﬁr_\- type is a 32-bit unsigned integer, aligned at a 32-bit
ing form. An incomplete declaration may be used within boundary

a procedure, but may not be used as part of a top-level
initializer (seedefine , Section 5.2). word The typeword is the smallest unsigned integral

Theuse form is used to provide an alternative identifier ~ type whose range of values is sufficient to represent

that is equivalent in all respects to some existing toplleve  the bit representation of a pointer on the underlying
identifier. machine. This type is architecture dependent, and

All definition forms are expressions that return a value of is notdirectly assignment compatible with unsigned

typeunit. 4 Note thatunit is not a keyword.




integral types of the same size. Values of tyymrd 3.3.2 Function Types
are aligned at a boundary that is a multiple of their

size. If targ andtesult are types (including type vari-
ables), then:
bitfield Thebitfield form describes a fixed-precision
integer field: (fn tar g1 tar gn -> tresult)
(bitfield baset ype size) is the type of a function taking arguments of typetarg1

throughtargn, respectively, and returning a value of type

Where baset ype is one of the primary fixed- t resul t- The type of a function taking zero arguments
precision integral types arsl ze is a literal not ex- IS Writtén as:
ceeding the size in bits of the base type.

fn- >t
The form ( resul t)
Function types are considered reference types that denote
an object of statically undefined size. The size and align-

ment of a value of function type is determined by the un-
describes a two’s complement four bit field placegderlying processor architecture.
within a 32-bit alignment frame.

Bitfields may only be used as types of structurey 4 gequence Tvpes
union, or tag fields. The type of a bitfield is deemed’ 9 yp

to be assignment and binding compatible with ifgjic provides fixed-lengtharray ) and variable-length
basetype A bitfield over a signed base type is Si9Nvector ) types.
extended as needed when copying to its base type. A

bitfield over an unsigned base type is zero extended.
3.4.1 Arrays

(bitfield int32 4)

float, double, quad The typesfloat , double , and
quad describe, respectively, IEEE floating point valAn array is a value type whose value is a fixed product
ues as described in [2][3]. Theuad type is an ex- YPe Ti >0, all of whose elements are of common type.
tended precision floating point type with a 15 bit ex[he type:

ponentand a 112 bit mantissa.
(array T i)

3.3 Simple Constructed Types describes the type of fixed-length arrays of element type
T and length , wherei is an integer literal of typgvord

Constructed types compose existing types into new typ#t is greater than zero.

Type equivalence for the simple constructed types is d§prage Layout The value representation okaelement
termined by structural equivalence. 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.

3.3.1 Reference Types
If T is a value type, then

(ref T 3.4.2 \ectors

. _ A vector is a dynamically sized array whose elements are
is the type of a reference denoting a heap-allocated #f-type T. Vectors are reference types. Because they are
stance ofT . dynamically sized, there is no corresponding value type.

Storage Layout The representation of @f instance The type:

is architecture dependent. It is customarily determined by

the size of the machine’s integer registers, and aligned at (vector  T)

any address that is congruent mod 0 to the integer register

size. describes vectors of element type



3.4.3 Array References of a fill field follows the alignment and storage layout of
its base type, however a fill field has no name or defined

An array reference is a sequence type whose elements\aiige, and cannot be programatically referenced.

of typeT and whose length is dynamic. A parameter or I/eAt

binding of type(array-ref T) will accept as its cor-

responding actual parameter or initializer a value of eithﬁold a known value. It is otherwise identical tdiald

type (array-ref T) ortype(array T len) for element. '

anylength. There is no value constructor for array refer- a )
ence types. An identifier that is bound to a structure type may be used

as a procedure to instantiate new values of that structure
e. The arguments to this procedure are the initial val-
s of the respective structure fields.

reserved element may be used to specify a reserved
bit position in a low-level data structure that is required t

Array references are not permitted to escape. Pend
definition of a standardized escape analysis for BitC, t
array-ref type is not permitted as the return value o
a procedure, a non-value expression, a structure field, d¥aidentifier that is bound to a non-parameterized struc-

closed-over value. The type: ture type may be used as a type name. An identifier that
is bound to a parameterized structure type may be used in
(array-ref T a type constructor application within a type specification.
Its arguments are the types over which the newly instan-
describes array references of element type tiated structure type should be instantiated. For example,

the declarations:
3.5 Named Constructed Types (defstruct ipair a:int32 b:int32)

The named constructed types are types whose compatibil- (defstruct (tree-of 'a):ref

ity rules are determined by name equivalence. Two values left : (optional (tree-of 'a))
of named constructed types are equivalent if (a) they are  right : (optional (tree-of 'a))
instances of the same statically appearing type definition, ~ height : int8

and (b) their corresponding elements are equivalent. value : 'a)

Unless otherwise qualified, a named constructed type d

laration declares a reference type. G&fine (respectively) the type nanpair  and the single

argument type constructtree-of

351 Structures Storage Layout A structure having fields is laid out

i[h_memory at increasing addresses from left to righkas
ngiguous cells whose size and alignment are determined
¥ their respective element types. These cells are then
packed according to the previously described alignment
and layout packing rule®id we describe them?

The structure declaration defines a named type whose
stances are an ordered sequence of named cells. The %
tax of a structure declaration is:

(defstruct nmfield ..)
(defstruct ( nmtvq ... tvp) field ..)

3.5.2 Unions
where eactii el d is one of:

The defunion form defines enumerations, discrimi-

nmtype nated unions, and mixes of these. The type being defined
(the type nm is in-scope within the definition of the type, but is incom-
(fll bi tfi .el d.' type) pletely defined. The syntax of a union declaration is one
(reserved bitfield-type val ue) of:

All namesnmare disjoint identifiers giving the names of (defunion  nm C1 Cn)

the structure fields, and the respectiygoe forms are the (defunion (  nm tvl. o tvp)

types of the respective fields. Given a variabl¢hat is C1L .. Gn)
an instance of a structure type having a field narhed
the expressiow.f unifies with the fieldf within that

where each v; is a type variable an@; is aconstructor
structure.

form. A constructor form consists of either a single iden-
A fill element may be used to support precise spetfier or a parenthesized identifier followed by a sequence
fication of alignment. The alignment and storage layoat field or fill declarations (sedefstruct ). All field

10



names appearing in@funion , including constructor Type Tag Size and Alignment In the absence of decla-
names, must be disjoint. ration, the union type tag will be given an implementation-

An identifier bound to a union constructor having no fieldi€fined size and alignment selected to maximize perfor-

denotes the value of the unique corresponding union [R2NCe efficiency. Explicit control over the size and align-
stance for that union type. ment can be achieved usingtag-type  declaration.

. - , _ The declaration:
An identifier bound to a union constructor having associ-

ated fields is a procedure that may be used to instantiate (defunion (list 'a):ref

new instances of that union type. The arguments to this (declare (tag-type uint8))
procedure are the initial values of the union fields associ- nil

ated with that union variant. (cons car’a cdr:(list 'a)))

An identifier that is bound to a non-parameterized union .. , .
. . . o . indicates that the tag should be implemented using an un-
type is a valid type name. An identifier that is bound to

. i . igned byte. The declared tag type must be an unsigned
paramterized uniontype may be usedin a type ConStruqrﬁ?regraI or bitfield type having a sufficient number of dis-

application within a type specification. lts arguments Afct values to assign a unique value to each constructor.

the types over which the newly instantiated structure type
should be instantiated. For example, the declarations:

Tag Representation The prelude type
(defunion contrived (nullable ’a) must be implemented in a single
(asChar c:char) (asInt i:int32)) pointer-sized machine word, with tHéull case being
tagged by a word value of zero and thg case being
(defunion (optional 'a) :val tagged by a non-null word value. This yields a concrete
none representation that is compatible with the representation

(some value:'a)) of nullable pointers in other languages.

, . . ... The following representation requirements are required
define (respectively) a reference type holding either a .

) . unless they cannot be legally implemented on the under-
char or anint32 , and a value type of optional ele- . 4 .
ments lying machine, as in JVM or CLR.

In the absence of an explicit declaration of the type
tag representation, a union type having exactly one
union leg whose first element is of tygeef 'a) or
(nullable 'a) , and all of whose 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/nul-
lable leg shall be denoted by a tag field whose least signif-
icant bit is zero. The n’th enumeration leg’s tag value (in
order of appearance) shall be encodecha2+1. This
Storage Layout Each variant of a union declaration efrepresentation is sometimes known as the Cardelli opti-
fectively defines &+1 element structure, where the firstization, because it permits a two-word implementation
element contains the tag and the remairkedements are of CONS cells, as in Scheme or LISP.

the fields of the const_ructor Ie_g. In the usual case, thg r¢Pa union type tag is explicitly declared to be of a field
resentation of the union leg is arranged as though it hgfle \hose size in bits is such that the machine’s natural
actually been this structure, without regard to the Iay0|,,||éap alignment restriction for objectsiign >=2b, the

of other legs. total number of distinct legs of the union does not exceed
In the unusual case of a union whose tag representat®h and there is exactly one union leg whose first element
can be elided (see below), each individual union leg wifi of type(ref 'a)  or (nullable 'a) , then the tag

be arranged as though it had been the corresponding stffigld shall overlay the least significant bits of the ref/nul-
ture declaration. lable field, the tag value zero shall denote the ref/nullable
the union repljg-g’ and all other tag values shall be non-zero.

The declaration:

(defunion (list 'a):ref
nil
(cons car:’a cdr:(list 'a)))

Defines the reference type of homogeneous lists.

In the case of a union having no tag,
sentation will match the size and alignment of reference

cells. The storage occupied by a union of value type3s5.3 Reprs

the maximum of the storage required for each individual

case of the discriminated union (including the type tag, There are examples of low-level hardware data structures
present). for which the unions and structures that can be specified
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using defstruct or defunion are insufficiently ex- e Currently, the discriminating fieldfpl , fp2 , etc
pressive. One example is the Pentium GDT data struc- must have a integer/bitfield type, and the discrimina-
ture, which has nested union discriminators, but simulta- tor valuesv11l,v12, etc must be an integer literal.
neously has an overall bit-level layout requirement. An-

other example is data structures where the representaiide can envision a larger language constEFUNION

of the tag must appear at a specific location that is nehich accepts both type arguments amten clauses.
adjacent to the fields guarded by the tag. Teérepr Thedefunion anddefrepr are just specializations of
form is included to permit the expression of these datais DEFUNIONconstruct. However, currently the lan-
structures. guage only supportdefunion (which does not accept
thewhen clause) andlefrepr  (which does not accept

The following scheme fodefrepr is based on the
type arguments).

bit-data representation proposed by lavor Diatchéd,
al. [11].

Similar to unions and structures,defrepr  delaration 3.5.4 Objects

takes the following form: ) o o ) )
This description is provisional. The feature is a work in

(defrepr name progress.
(Ctrl fil:itype f21:type ... fnl:type In BitC, an object provides a form of existential dispatch.
(where (== fpl vil) (== fql v21) ... Objects are declared similarly to structures. The syntax of
(== fm1 vm1l)) an object declaration is:
(Ctr2 fl2:type f22:type ... fn2:type (defobject nmfield ..)
(where (== fp2 v12) (== fq2 v22) ... (defobject (  nmtvy ... tvp) field ..)

(== fm2 vm2))
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 single argument to this procedure must be an instance

of some compatible structure tyfe A structure types is

deemed compatible § is of reference type and for every

e All fields fpx , fgx...fmx appearing in thavhen methodmin the object type, there must be a correspond-
clause of a constructor for@trx must be describeding method of the same name $whose type is at least

within the body ofCtrx . Thatis,{fpx ,fgx ,...  asgeneral as the method type declared in the object type.
fmx} C {flx ,...fnx }.

The following restrictions apply. For all constructor
Ctrx ,Ctry ,Ctrz , ...

An identifier that is bound to a non-parameterized object

o Identically named fields within two different contyP& may be used as a type name. An identifier that is
structor forms must be located at the same bit le/@pund to a parameterized object type may be used in a
offset from the beginning of both the constructd¥Pe constructor application within a type specification.

forms. Thatisfpx =fpy implies bit-offsetfpx )= Its arguments are the types over which the newly instanti-
bit-offsetfpy ). ated object type should be instantiated. For example, the

declarations:
e Identically named fields within two different con-
structor must have the same type. Thatfps = (defobject O i:int32)
fpy implies type-offpx ) = type-offpy ). (defobject (Oparam 'a) x:'a)

o The fields within thewhen clauses of all construc-define (respectively) the type nar@and the single argu-
tor forms must uniquely distinguish all constructibl&ent type constructddparam.

values of the union. The compiler will not introducenn opject occupies two words of storage one of which is a
any more tag bits for defrepr  value. reference to a method table and the other is a reference to

. an object of corresponding structure type. Construction of

* Currently, thedefrepr . form WII.I not a_ccept type an object from a structure instance entails capturing a ref-
argument_s over\_/vhl_ch '.t can be instantiated. That Brence to that instance and a reference to a method table

the following definition is not legal. mapping the method declarations of the object onto the

corresponding method definitions of the referenced struc-

(defrepr (name 'a ’b ... ) .. ) ture type. Invocation of an object method is realized as
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invocation of the corresponding method of the referenced [qual] [ external])
structure instance. (defrepr ( nmtvy ... tvp)
[qual] [ external])

Storage Layout An object occupies two machine, : : :
" L state (respectively) thatm is a structure (respectivel
words, the first of which is a reference to a method t (resp y) (resp y

o a8 ion) reference type of the stated arity whose internal
ble and the second of which is a reference to an objects(? ucture is not disclosed. If present, the qualiieral

corresponding structure type. The alignment of this Stru(?'tionally declares the type to be one of “ref”, “:val’, or

ture s d'Ct?ted by the po_mter allgnm_ent requirements paque”. In the absence of qualification, the default is
the underlying hardware implementation.

“ref”. If present, theexternalportion consists of the key-
word external  followed by an optional identifier (see

3.5.5 Value vs. Reference Types discussion of external identifiers proclaim ).
o For example, the following declaration is include in the
In the absence of other specification, thefstruct . |iprary bitc.int  interface to declare the bignum type:

defrepr ,defunion ,anddefobject ,formsdeclare
reference types. The developer may optionally qualify the

. . . L (defstruct int :val external bitc _int)
declaration to make this intention explicit:

The structure of these types may optionally be disclosed

Eggg:ﬂgi ( nm;e: v1f el dt \'/")) ref later in the same compilation unit by a type definition for
field ..) n- nm If the declaring form appears within an interface, the

(defunion  nmref Cp .. GCp) correspondlr!g type _def|n|.t|0n may appear in a providing

(defunion ( nmtvy .. tvp):ref unit of compilation, in which case the type is opaque to
C1 ... Cp importers of the interface.

(defrepr  nmref  (body)) Note that a forward declaration of a value type is sufficient

(defrepr ( nmtvq ... tvp):iref (body))

to declaraeferencedo that type, but nonstance®f that
type. A complete definition of the value type is required

The qualifier “:ref” indicates that the type declared (ang be in scope in order to declare fields and variables of
consequently the type returned by value constructors) igaue type.

reference type. The qualifier “:val” indicates that the type

declared is a value type. The qualifier “:opaque” indi-

cates that the type declared is a value type whose interdal-/  Method Types

structure is not accessable outside of the defining inter-_ . ,

face and the providers of that interface. An importer of dh S IS @ structure or object type, amgy g andt  esul t
opaque type may declare fields and variables of that t g types (including type variables), then a fieidf S
and carcopyinstances of that type, but can neither app ay be declared as:

the type constructors nor make reference to the contents

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

Note that if the type declared is a value type, it cannot he thod t v b ified field t f
instantiated within the body of the declaration because Jnethod type may only be Specilied as a field type of a
size is not statically known. That is, it is legal to havf%eld W'th'n as.tructure.orobject type. Meth_ods occupyno
a field that is aeferenceto a value of the type currentlyStorage in their associated structure or object.

being defined, but not a value of that type.

Structure Methods In a structure type, methods may
be viewed as a procedure proclamation that is coupled to

3.5.6 Forward Declarations . .
a convenience syntax supported by application. The dec-

The declarations larations:
(defstruct nm [qual ] [ external]) (dEfS.thCt s
(defunion  nm [qual] [ external]) m: (methgd int32 - > bool))
(defrepr  nm[qual] [ external]) (defstruct T : val
(defstruct ( nmtvy ... tvp) m: (method int32 - > bool))
[qual ] [ external])
(defunion ( nmtvy .. tvp) implicitly proclaim (respectively) the procedures:
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(proclaim S.m: (fn S int32 - > bool)) copy-compatible (3.10) witfl, but has had all mutabil-
(proclaim T.m: ity stripped (recursively) at all shallow constituent figld
(fn (by-ref T) int32 - > bool)) This enables a local, shallowly constant copy to be made
of a structure containing mutable constituents.

where the parameter corresponding to the argument@fa const  construct is considered a meta-constructor
structure type isby-ref  exactly if the correspondingpeqaise of its “sticky” behavior under unification. The

structure type is a value type. Implementations of theﬁﬁ)e (const ' a) does not unify with any type (shal-
procedures must be provided elsewhere by the develoqg\my) containing a mutable constituent field.

Given these declarations, and an expressioeturning a
value of typeS, the application:
3.7 Mutable

(e.m 3)
Unless modified by themutable keyword, the preceding
types yield immutable instantiations. Tfis a type, then
the type(mutable  T) is the type of mutable instances
of T. If the typeT is a reference type (includingef
structure types), then the tyjgmutable  T) describes
a mutable reference to a memory location in the heap.
Object Methods In an object type, methods may be
viewed as a procedure proclamation that is likewise cou- N
pled to a convenience syntax supported by applicatioh/-1 Mutability of Aggregates
As with structure methods, they implicitly proclaim cor-
responding procedures. bontrastto structure methods, A&y types and by-value structure types are aggregate

the implementation of these procedures is provided by f#@€s-  While all fields of an array are of like type,
structures may contain a combination of mutable and im-

is a syntactic convenience for:

(Sm e 3)

compiler. / . ;
mutable constituent fields. An instance of aggregate type
_ is mutable as a whole exactly if all of its contained con-
3.5.8 Named Type Conveniences stituent fields are mutable:

The following types are defined in the BitC standard pr?deﬁne b (pair (mutable #

lude. \c) 3:int32))

;; legal, field is mutable:
(defstruct (pair 'a 'b) :val (set! p.first # \d)
fst’a snd:’b) ;; illegal
(set! p.second 5)
(defunion (list 'a) :ref
nil (define mp (pair (mutable # \c)
(cons 'a (list 'a))) 3:(mutable int32)))
;; legal, all fields mutable:
Note thatpair is a keyword that is specially recognizedset! mp (pair #  \d 4))
in binding patterns.

The pair type is supported by a right-associative infi{ € test of constituent mutability does not extend across
convenience syntax: reference boundaries.

If T is an aggregate type, thémutable T) is a valid
(@, b) = > (pair a b) type exactly ifT is mutable at all constituents.
(@, b, c) = > (pair a (pair b c))

This convenience syntax may be used in types, bindig -2 Shallow vs. Deep Mutability

atterns, and value construction. _ _ ) . i
P If T is an immutable type, and if all of its unboxed fields

(recursively) are ofimmutable type upttef boundaries,
3.6 Const thenT is said to beshallow immutable. If any of those

elements are mutable, th@nis said to beshallow muta-
The const keyword is a typemetaconstructar If T ble. We use the terndeep mutableto refer to mutable
is a type, then the typéconst T) is a type that is types that appedrehindaref boundary.
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The type (ref (mutable ’'a)) is shallow im- 3.10.1 Trivial Copy Compatibility

mutable but deep mutable.
The typesT and(mutable  T) are trivially copy com-
patible, because they differ only in top-level mutabiliéy.

3.8 Exceptions location of typg(mutable  T) may be assigned a value
of either type, and a parameter of typenay be passed a
BitC provides declared exceptions. The typealue of either type.

exception  should be vi_ewed as an “open” uniqnl'heintrinsictype clasgtop-copy-compat T, To)
reference typ_e whose variant constructors are dgﬂ cribes a relation between all pairs of tyfgsand T

by defelxce_pt.lon The syntax of an exceptionay are trivially copy compatible. This type class is rgrel
declaration is: the right thing to use in input programs, but may some-

times be seen in the type checker output.
(defexception nm[field] ... fieldp])

. . , ) 3.10.2 Structural Copy Compatibility
where eachfield; is a field declaration (see

defstruct ) whose type is a concrete type. Two structured typed’; and To are structurally copy
An identifier bound to an exception name is a procedutempatible if (a) they are trivially copy compatible or (b)
that may be used to instantiate new instances of that they are value types that are fieldwise structurally copy
ception. The arguments to this procedure are the valuesompatible. Note that this definition explicitly doast
the fields associated with the exception. descend recursively across reference types. The concep-
tual intuition is this: any element that will actually be
copied by assignment or argument passing must be com-
3.9 Type Variables patible ignoring mutability, but any object thatpeinted
to must have exactly matching type in both the value and
A type variable is a type variable identifier preceded ks receiver.

a single_quote, as ita . Type variables may appear inThe intrinsic type clasgcopy-compat  T1 To) de-
any position where a type can appear. Type variables ig:‘?ibes arelation between all pairs of tyFgsandT that
most commonly used as type constructor arguments b structually copy compatible. If you are trying to ab-

named constructed types_ (see below). They can "?‘ISOSIPr%ct over mutability, this type class is usually the ora th
used to annotate expressions, for example to require 8‘15 want. Note tha(top-copy-compat T, To)

two expressions must have the same type. The eXpressf%lies(copy-compat T, Tp), butthe reverse is not

true.
(myfun x yra)’a

. . 3.10.3 Inner and Outer Procedure Types
says that the type of is unspecified by the program au-

thor (and should therefore be inferred), the return type AScurious consequence of copy compatibility is that func-
also unspecified (and should be inferred), but the progrgghs have two types. Consider the function:
author is stating that the return type and the last argument

type are the same. This type of annotation is sometimes (gefine (inc x:(mutable int32))

useful to assist the inference engine. (set! x ( + x 1)
The scope of a type variable is its outermost defining X)
form.
From the perspective of the function’s implementation,
is a mutable location having tygenutable int32) ,
3.10 Copy Compatibility and sincex is returned, the return type of this function

is also(mutable int32) . From this, we would con-
The combination of mutability and value types in the BitClude that the type dhc should be:
type system raises the need to specify what happens at
“copy boundaries.” Given a value of tydg and a loca- inc: (fn ((mutable int32)) (mutable int32))
tion or formal parameter (the receiver) of typg, when is
the value compatible with the receiver for purposes of &iven the copy compatibility rules, however, the fact that
gument passing and assignment? We refer to tht®pg inc internally mutates its argument is not something that
compatibility . the caller needs to know in order to catic directly.
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The externally observable type reportediftc  therefore (forall ((Ord ’a))
strips shallow mutability, giving: (fn ((list 'a)) 'a))

inc: (fn (int32) int32) This type should be read informally abst-max is a
procedure accepting lists of tyfge and returning a value
In addition to preserving abstraction, reducing type ir?-]c typ.ea; ' Itt 'f. den?ﬁ? ovgryall typle‘sa SIUCh Ehat there
compatibilities at function reference types, and provgjiﬂs an instantiation of th¢ord "a)  type class.
some degree of separation of concerns, copy compatibil-this example,(Ord 'a) is the type class that de-
ity can also be exploited by polyinstantiating implemergcribes types having a total order. That is: types over

tations to significantly reduce the amount of redundant iwhich the procedure-= is defined. Obviously, it not se-
stantiation that would otherwise be required. mantically sensible to request the greatest element of a lis

whose element type does not have at total ordering.

L Contrast this example with the following alternative:
3.11 Restrictions

(define (list-max gte x)

BitC imposes a value restriction [4] on polymorphism. A (switch tmp x

binding is only permitted to be of polymorphic type if its (nil (raise ValueError))
defining expression is a syntactic value. (cons

As is usual in let-polymorphic languages, polymor- (i (n?rl:; (t:r:rp.cdr)

phic function arguments cannot be used polymorphically

within the function. For example, the following function (tet ((m (list-max tmp.cdr)))

(if (gte tmp.car m)

is disallowed: tmp.car m))))))
(define (foo f) which is typed as:
(pair
(f (cons 1 (cons 2 nil))) (fn ((n (a 'a) bool)
(f (cons #t (cons #f nil))))) (list "a)) 'a))

L In this second example, the comparison operator is pro-
4 Type Classes and Qualified Types vided as an argument, and there is no requirement for ad-
ditional type constraints. Note, however, that in practice

A type classdefines an n-ary relation on types, and préy comparison function that might actually be passed in
vides a means for specifyiragl hocpolymorphism. Every this position is likely to depend on the= operator in
type class is parameterized over1 types, and defines aS0me fashion, and is therefore likely to end up having a
set of methods over those types. Type classes provid@uglified type.

form of opentype-directed operations: a user can add a

new member to the relation established by a given tyael Definition of Type Classes
class by providing a new instantiation of the type class.

Closely connected with type classes is the notiogquzfli- A type class is defined by the abstract syntax:
fied types For example, consider the following definition

of list-max : (deftypeclass ( nmtv ... tv)
[tyfn-decl arati ons]
[:closed]

(define (list-max Xx)
(switch tmp x
(nil (raise ValueError))

nmet hod- def i ni ti ons)

(cons where atyfn-declarationis a statement of functional de-
(if (null? tmp.cdr) pendency between types [6]:
tmp.car
(let ((m (list-max tmp.cdr))) (tyfn ( tv ... tv) tv)
(if ( >= tmp.car m)
tmp.car m)))))) and each method definition takes the form:
which is typed as: nm : function-type
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Each method is an abstract procedure that may be \where each constraint takes the form:
stantiated for some particular type by a later use of

definstance . The method may be invoked prior to (tc-name tv ... tv)

the point where the instantiation is visible. Each method

defined by a type class is introduced into the scope cqtheretc-name is a typeclass name. An example of this
taining the type class definition. use is theOrd type class:

By providing an instantiation of a class over some partic-

ular set of types, the programmer simultaneously proves (forall ((Eql 'a))

(by example) that the set of types is a member of the class ~ (deftypeclass (Ord 'a)

and defines (by example) how the operations of the class < (n (a 'a) ')

are implemented for that type. If the type class has been

marked “closed,” the instance definition must appear s type class states th@rd is the single element type

the same interface or module that contains the type cl&@tion overall typesa that can be passed as arguments
definition. to <. It also states that th@rd relation is only defined

. - . or types that are also members of tgl relation (that
Type functions, when present, indicate that there is a 5"types that admit equality comparison)

pendent relationship between two or more types of the . . o
type class relation. For examp|e’ the (incomp|ete) déuote that in the presence of this deflnltlon, the procedures

laration: >, <=, and>= can be defined as:
(deftypeclass (sample 'a 'b ’c) (define (> x y)
(tyfn (a 'b) 'c) (not (or (< xy) (== x )
) (define ( <= xy)

or (< xy) (== xy)
states thasample is a type relation over three types, but ~ (define ( >= x'y)
also says that for any pair of typ&s and’b there there (or ( > xy) (== xV))

is one valid choice ofc .
all of which will be inferred to have the type:

4.1.1 Example:Eql (forall ((Ord 'a)) (fn (a 'a) bool))

As a first example, consider the equality comparison opq,rﬁis mav seem like a verv lona-winded wav of savin
ations. The type clagsgl defines a single element type y y long y ying

relation on typesa : describing whether the type is adghat an orderable type is any type that can be passed to the

missable under equality. Some types — notably functi(QIIEi)er"’uors< and==. However, type classes are statements

types — cannot be compared for equality. The deﬁnitioarpt(r)]utthrelﬁt:;)ns_among tyrlJes. This may become clearer
of this type class is written: Wi € following example.

Note that becaud®rd 'a) has(Eql 'a) ,the types:
(deftypeclass (Eql 'a)
== (fn (a 'a) bool)) (forall ((Ord 'a) (Eql 'a))
1= : (fn (a 'a) bool)) (fn (a 'a) bool))
(forall ((Ord 'a)) (fn (a 'a) bool))
which states thaEq. is the single element type relation

over all typesa that can be passed as arguments20 are equivalent. The second is stylistically preferred for

and!= . reasons of brevity. It is also more robust: in the (in this
example unlikely) event that the definition©fd should
4.1.2 Qualification: Ord be modified to depend on some other type class in place

of Eql the future, the first definition will mistakenly re-
Atype class can also be introduced in qualified form. TH@in an additional, unncessary type dependency, while the

Restriction: Qualified type relationships must be acyclic.
(forall ( constraint ... constraint)
(deftypeclass
(nmtv ... tv)) 4.1.3 Example:tyfn
[tyfn-decl arations]
met hod- def i ni ti ons) Need an example of type functions.
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4.2 Instantiation of Type Classes tv 1..tv p, instance A is preferable to instance B if there
exists some subset of the respective type variable instanti
Whenever a type class method is invoked, the compilgtions such that the instantiation under A is strictly more
must identify some concrete member of the type class tncrete than the instantiation under B, and the two in-
lation that is sufficient to choose an appropriate impletantiations are identical (modulo type variable renaming
mentation of that method. This is done by locating ait all other positions. If this comparison does not (tran-
appropriate instantiation. sitively) determine a most preferred instantiation, then n

A type class instantiation is a demonstration by exampfstantiation is preferred and a compile time error is sig-
that some particular set of types satisfies the relation palled.

quired by the type class. Type class instantiations are de-

fined by thedefinstance ~ form. The abstract syntax of

definstance  is: 4.3 Qualified Types
) . Constraints are now permitted only as the outermost form.
(definstance tc-instance Thi i dstob dated dinal
function ... function) is section needs to be updated accordingly.
(forall (  constraint ... constraint) Itis sometimes necessary to qualify the types of instances,
(definstance tc-instance) type classes, constructed type definitions, or value decla-
function ... function) rations explicitly. A qualified type takes the general form:
wheretc-instanceakes the form: (forall (  constraint ... constraint)
type)
(typecl ass-nane type ... type)
o Qualified types may appear only as the types of binding
For example, the definition: patterns; they may not qualify expressions generally. For
example:
(definstance (Ord int32)
int32-ops. <) (define add1:(forall (Num 'a))
(fn ’a 'a))
states thaint32 is member of the type relatic@rd be- (lambda (x) ( + (the 'a 1) x)))

cause there is an instance functiot32. < that pro-

vides an implementation of the *less than” operation ovggicitly states that thaddl procedure takes arguments

arguments of typént32 . If the type class definition is \yhose type admit-, and therefore must be members of
closed, all instance definitions must occur in the same 'm—e Numtype class.

terface or module ad the type class definition. ) . ) .
If multiple qualifications appear in the same binding pat-

In practice, this definition is insufficient, because we mugt, they must unify. The following is legal, if somewhat
first demonstrate thant32 is a member of th&q rela-  jpseure:

tion (which is a superclass @rd) In consequence, two
separate instantiations are required:

(define
) ] (v1l:(forall ((Eql 'a)) 'a), v2:b)
(dgfl?;éance_(_Eq int32) : (forall (Num ’c))
::t32:ggsl'_=_) ((fn (c) bool), b)) ...)
(definstance (Ord int32) . . -
int32-ops. <) with the effect thav1 receives the qualified type:

A type class instantiation is deemed to be in scope for (forall ((Eql (fn (’c) bool))
purposes of procedure instantiation if it is defined by the (Num "c))
end of the outermost unit of compilation. (fn (c) bool))

Itis a compile time error to define two type class instances ) ) ) )
covering the same concrete types unless one instanc@hich will ultimately fail to type check, because functions

“preferred” to the other. Preference is determined by cofil€ N0t admissable under value equality.
paring the respective type variable instantiations pmsiti Qualifications may also be applied to structure and union
ally. Given two instances A and B over type variablegeclarations, with the abstract syntax:
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(forall ( constraints) ing forms such aslefine , let , letrec , anddo. A
(defstruct ( struct-name tvars) [ :val ]) binding pattern consists of an identifier that is optionally
nm[:ta] .. nmp[:tn]) qualified by a type:
(forall ( constraints)
(defunion ( uni on-nane tvars) [ :val ]) id

€ G (the T id)
id : T
Qualifications may similarly appear in the binding pat-

terns of structure, union, and value declarations. o )
In top-level bindings (those introduced by a top-level

define , thei d may be qualified by an interface bind-

4.4 Core Type Classes ing name corresponding to some interface that the cur-
_ _ rent unit of compilation provides (Section 9.3). Thus, if
BitC defines several core type classes. These classgsinterface is an interface name, it is legal for a

cover type relations that are required internally by th&urce unit of compilation to contain:
type checker, or in some cases relations that cannot be

expressed within the language. All of these type classes . state that we are a provider
are closed, though not necessarily finite — the compiler :; of my.interface:

implements their membership internally. (provide if my.interface)

; Define some variable declared
;7 in the interface:

, . _ (define (if.varname x)
(ref-types 'a) is the type class consisting of all (+ x 1)

heap-allocated typegref 'a) , (vector 'a) , and
string . Use of this type class is appropriate when a ]
structure or union should not be instantiated over valfie2 define

types. Thenullable 'a) type is an example of this.
Variable and procedure bindings are introduced by

define

4.4.1 ref-types

4.4.2 copy-compat

(define  bp e)

(define ( id [bp1 ... bpnl
e)

(copy-compat 'a 'b) is an equivalence relation
containing all pairs of type&a and’b that are “copy
compatible”. That is: all types for which a value

of type ‘b may be assigned to a location of typ(\?vhere eaclbp is a binding pattern. In the first form, the

gmm;te)lreof ‘::BP éa’ ;n;y %”e tggsess e;o;:/lv 21;2 aall ;C;rr:rile?gg# wly bound identifiers are not in scope within the body.
type'b e second form permits recursive bindings. Identifiers

defined within a recursiveefine are deemed “incom-
plete” until the end of the enclosirdgfine form.

4.4.3 top-copy-compat The right hand form of alefine is evaluated to obtain

a value, which is then bound to the identifier on the left-

(top-copy-compat 'a ’b) is an equiva- o ono

lence relation containing all pairs of type&a ,
'b  such that’a=='b , (mutable 'a)=="b . or Mutually recursive procedure definitions at top level can

'a==(mutable 'b) . That is: types that are the sam&¢€ achieved either by use letrec  or by declaring the
ignoring top-level mutability. procedures ahead of their definitions.

5 Binding of Values 5.3 Local Binding Forms

5.3.1 let
5.1 Binding Patterns

Thelet form provides a mechanism for locally binding
Binding patterns are used to bind names to values. Thdgntifiers to the result of an expression evaluation. Each
appear in the definition of formal parameters and in bingientifier bound in det form must appear exactly once
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among the collection of binding patterns being bound. (letrec

Evaluation of the initialization expressions occurs in or- ((odd
der frome1 to en. The environmentin which the expres- (lambda (x) ; odd
sion(s) are evaluated does not contain the identifiers being (cond ((= x 0) #f)
bound in the curreriet form. (( < x 0) (odd (- x)))
(otherwise
The syntax ofet is: (not
(even (- x 1)))))))
(let ((  bp1 e1) (even
(lambda (x) ; even
(bpn en)) (cond ((= x 0) #t)
€body- 1 (( < x 0) (even (- x)))
(otherwise
€pody- n) (not

(odd (- x 1))))))
One common form of these expressions is the one in body)

which the left hand patterns are simple identifier names,

asin. The value of detrec  form is the value of the last form
(let ((x e1) executed within the body.
Within the defining expressions ofetrec  form, use of
(y e2) the identifiers being defined is subject to the same restric-
X, y are bound in: tions described fodefine . This ensures that cyclical
€body- 1 constant data cannot be introduced.
€pody- n)

The value of det form is the value of the last form exe—5‘3‘3 local define

cuted within the body. The define  form may be used to introduce local def-

In similar languagedet  is often presented as a form depjtions in any expression sequence, provided the local
rived fromlamdba . In BitC, as in other let-polymorphic gefine is not the last form of the sequence. For this pur-
languages, the value restriction for lambda argumemi§se, the bodies dfegin , lambda (including those im-
means that this is not (quite) true. plied by derived form rewrites)et , letrec , while ,
ordo-while  constitute expression sequences.

5.3.2 letrec Localdefine is a derived form. The canonical rewriting

of the localdefine form using core language constructs
The letrec  form provides a mechanism for locallyjs:

binding identifiers to an expression value. Each identi-
fier bound in aletrec  form must appear exactly once

among the collection of binding patterns being bound. (beginf. . _
Evaluation of the initialization expressions occurs in or- (be( ii'ne de def)e2[.)= >
der frome1 to e. The syntax ofetrec  is: (?et (.('i.d e def))
e2 [.])
(define (id [args]) e def) e2 [...]) = >
(bpn en)) (begin ...
; Identifiers in bpi (letrec ((id (lambda(args) e def )
; are bound in: e2 [..])
€body- 1
€body- n is rewrite proceeds left to right. Successive defines are
y-n) Thi ite p ds lef ight. S ive defi

_ . . . gathered intdet or letrec  forms that are progres-
The environment in which the expression(s) are evaluaisidely more deeply nested, which means that later local

contains (via unification) the identifiers being bound igefinitions of an identifier shadow earlier definitions.
the currentetrec  form. This allowsletrec  to bind
recursive procedure definitions: 5 Cyclical constants impede termination reasoning in thegro
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5.4 Value Non-Recursion form are compile-time evaluable. For purposes of this

analysis, it is assumed that any formal parameter of the
In any recursive binding (introduced bletrec  or function is both compile-time evaluable and (if of func-
define )suchas: tion type) compile-time applicable.

Any expressiomother thanan application or an assign-
mentis compile-time evaluable provided that all of its free

R , - . - identifiers are compile-time evaluable.
if i d is an identifier that appears in the binding pattern P

(and is therefore incomplete), free occurrences dfin AN application is compile-time evaluable provided that

e must occur only within dambda body. This ensures (&) the expression in the function position is compile-time
thati d will be initialized before it is used. evaluable, (b) all of its arguments are compile-time evalu-

able, and (c) any arguments of function type are compile-
time evaluable.

(define  bp e)

This restriction intentionally prevents infinitely recius

data constant definitions. ) _ _ o
An assignment (as witket! ) is compile-time evaluable

_ o o provided its expression iboth compile-time evaluable
5.5 Static Initialization Restriction and (if of function type) compile-time applicable. This
prevents later assignments from altering the compile-time

I continue to look for a more rigorous way to express th&yaluability of previously defined identifiers.

following requirement. Dangling:
Statically declgred (globa_l) vgriables must pe initiaﬂzerhe result of an expression evaluation (including appli-
before the main entry point is entered, Th|§ Presents Qion and constructor application) is observably known
challenge of specification. The language definition mu

. o . ; ST P a) the definitions of all identifiers that are free in the
impose a sufficient ordering constraint on initializatioos :

N - expression are observably known, and (b) any procedure
ensure that no initializer can depend (transitively) on a

uninitialized variable. To ensure this, we introduce thrt-\e)(at 'S 3pp"ed IS ngervably applicable. Requirement (b)
. . o N B . IS satisfied by definition for all type constructors.
notions of “compile-time evaluable” and “compile time
applicable” expressions, and the restriction that eveiry ifNote that these definitions are conservative with respect to
tializing expression of a statically declared variable muutability. Because no initializing expression can refer—l
be compile-time evaluabfeInformally: it must be possi- €Nce an observably unknown value, nor perform an appli-
ble for the compiler to evaluate the initializing expressiccation that is not observably applicable, it follows that no

at compile time without (conservatively) referencing arg§ssignment performed from within an initializing expres-
uninitialized variable. sion can cause an identifier to transition from observably

. . known to observably unknown.
Literals are compile-time evaluable.

A locally bound identifier is compile-time evaluable ex-
actly if its initializing expression is compile-time evalu6 Declarations
able. It is compile-time applicable exactly if the return

value of its defining expression is compile-time applica- ) ) )
ble. The proclaim  form is used to provide opaque value

. e . declarations. The declaration:
A globally bound identifier is compile-time evaluable pro-

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 in
the same unit of compilation, or (b) there exists sonféates thax is the name of a value of typet32 whose

chain of interfaces g... ; such that the global identifierdefinition and initialization is provided by some imple-
is is defined inl p,, the unit definingout importsl g, 1 g Menting unit of compilation. This form can legally ap-
importsl 1, | 1 importsl 5 ... andl . 1 imports| p. pear only at top level within a source unit of compilation

A globally bound identifier is compile-time applicableOrWIthIn an interface.

provided it is of function type, it is lexically observableThe identifier declared by proclaim ~ form is consid-
and all expressions appearing in its definilagnbda  ered incomplete. If a completing definition is later pro-
P —— ~vided within the same compilation unit, the identifier is
This notion is conceptually related to the Standard ML ot ., siqered complete in the balance of the defining com-
syntactic constants,” and achieves the same goal. Theitisfirof o . . .
“compile-time evaluable” is slightly richer, and allowsrfmore ex- pllatlon unit after th? the close of its de_fln_lng form. An
pressive initializing expressions. incomplete declaration may be used within a procedure,

(proclaim x:int32)
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but may not be used as part of a top-level initializer (s@ée return type oizeof , bitsizeof isword .
define , Section 5.2).

It is occasionally necessary to make reference to proce- . )
dures or values that are implemented by an externally plo4  Type-Qualified Expressions

vided runtime library. This may be accomplished by an
external  declaration: Any expressiore may be qualified with an explicit result

type by writing either of

(proclaim proc:(fn (int32) char)

external) (the T e)
(proclaim proc:(fn (int32) char) e T

external ident)

. . . . whereT is a type. This indicates that the result type of
This has the effect of advising the BitC compiler that Nethe form is constrained to be of typ®. The the

definition of this identifier will be supplied in BitC source | e syntax, its expression argument is not conveyed

code. Itis primarily intended to support portions of thBy application, and is therefore not subject to copying as

BitC runtime library. Use of this mechanism for other e
) : -a consequence of type qualification.
purposes is strongly discouraged, and we reserve the right

to revise this syntax incompatibly in future revisions ofhe resultvalueof the expression is not changed by type

the BitC specification. qualification, except to the extent that a type restriction
. . ionky lead the inference engine to resolve the types of

If a proclaimed external procedure provides an optlonat . : .

L o - : =7 other expressions and the selection of overloaded prim-
trailing ident , this identifier will be used verbatim in. . . . : .

. . e itive arithmetic operators in ways that produce different

the generated code in place of the normal identifier name. s
generated by BitC. The trailing identifier is permitted only '

if the external procedure has non-polymorphictype. ~ Syntactic Restriction Thee: T convenience syntax is
not permitted in combination with the member selection

convenience syntax “.". The sequence of grammar expan-
7 Expressions sions:

7.1 Literals expr -> expr.ld
expr -> expr:type.ld

Every literal is an expression whose type is the type of the expr - = expr :Id'[d'ld

literal (as described above) and whose value is the literal
value itself.
leads to a shift/reduce conflict at the indicated position.
. The grammar resolves this by disallowing the helper type-
7.2 Identifiers qualification syntax in this context. If required, a type

_ o o _ qualification in this context can be obtained using either
Every lexically valid identifier is an expression whosgf ihe following alternatives:

type is the type of the identifier and whose value is the

value to which the identifier is bound.
(the T e).Id

(member e: T Id)
7.3 sizeof |, bitsizeof

Thesizeof andbitsizeof forms report the size, in 7.5 Value Constructors
bytes (respectively bits), of a type. When applied to ex-

pressions, they report the size of ttypeof that expres- 7.5.1 unit

sion. The expression is typed by the compiler, but it is not

evaluated. The expression:
sizeof( e) 0
sizeof( T)
bitsizeof( e)
bitsizeof(  T) denotes the singleton unit value.
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7.5.2 make-vector 7.6 Expression Sequences
The expression: The expression:

(make-vector €| en €init) (begin e1 .. en)

executes the forme; throughep in sequence, where
h form is an expression. The value tfegyin  expres-

sion is the value produced by the lasipressiorexecuted

in the begin block.

creates a new vector whose length is determined by

value of the expressioq| ¢n, Which must evaluate to a
value of typeword. The argumengj pjt must be a

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

for each cell will be obtained by invoking the procedurgé.7 Labeled Sequences and Escape
€j ni t atotal ofe| gn times, passing as an argument the

index of the vector position to be initialized. The proceFhe expression:

duree;j i t should return the desired initializer value for

the corresponding position. (block ident ej .. ep)

For example, the procedutlsst- >vector may be .
P P y executes the forme throughep in sequence, where

writien as: each formis an expression. The value dleck expres-
(import bitcist as 1) sion is the value produced by the lasipressiorexecuted
| ItC.1 i
(define (list- >vector Ist) within the block.
(make-vector Within the body of thédlock form, the identifiei dent
(length Ist) is lexically bound as an escape label, and the expression
(lambda (n)

(Is.list-nth Ist n)))) (return-from i dent e)

Care should be taken to ensure that the type returned@guses an immediate return from tbeock  with the

the initializer function is mutable if the slots of the vectovalue computed by the expressien Control does not
are intended to be mutable. continue past the end of this form.
The identifierident must be in scope as an escape label,
and theblock and its associategtturn-from must
7.5.3 array, vector appear within the body of the same lambda form. That
, is: thereturn-from may notappear within dambda
The expressions: that is in turn nested within block .

(array eg ... ep) )
(vector eg .. ep) 7.8 lteration

create a new array (respectively, vector) whose Iength[?se rived form

determined by number of arguments. The first argumé#itC provides the looping construdo, which condition-
expression becomes the first cell of the created array (fdly evaluates its body multiple times.
spectively, vector), the second becomes the second, and

so forth. All expressions must be of like type. (do (( bp1 ejnit-1 estep-1)
(bpn €init-n estep-n))
7.5.4 Convenience Syntax (etest eresult)
€body- 1
Derived forms
. . L . ebody- n)
The following are right-associative convenience syntax
for types defined in the standard prelude: Do is an iteration construct taken from Scheme [8]. It
specifies a set of variables to be bound along with an ini-
(a,b) = > (pair a b) tializer expression and an update expression for each vari-
(ab,c) = > (pair a (pair b c)) able. Evaluation of thdo form proceeds as follows:
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Theejnit-i expressions are evaluated in order in the an expression that returns the field valomemberis a
lexical context containing thdo form. In this context, syntactic form. The returned value is a location, and can
the variables bound by the loop have not yet been boubé.used as an argumentdet!

All other expressions are evaluated within an inner lexical

context that includes thdo-bound variables. After all .

of the initialization values are computed in order, tee 7.11 Union, Repr Tag Reference

bound variables are bound to the initial results in parall #

and body processing begins €| oc is a location expression of union or repr type, and

t agi d is an identifier naming some union discriminator

At the start of each pass over the body, the expressigg in that union or repr type then either of:
et est IS evaluated. If this expression returits then

€resul t IS evaluated and its result returned. Otherwise, (member e| gc tagi d)

the expresions of the body are evaluated in sequence. el oc-tagid

At the end of each execution of the loop body, the

estep-i expressions are evaluated in sequence. OREe yoolean expression that returns true exactly if the tag
all of the expression values have been evaluatedd®ie | o, e of the corresponding tagtisgid

bound variables are bound to the newly computed results

in parallel and a new pass is initiated over the loop body

as previously described. 7.12 Array and Vector Expressions

The execution of a given pass of the loop body can t}

e
terminated immediately by the: .12.1 array-length, array-ref-length, vector-length

If e is an expression of array (respectively: array-ref, vec-

(continue) tor) type, then
form. This causes an immediate transfer of control to the  (5rray-length e)
end of the nearest enclosing loop body. Note that the ini-  (array-ref-length e)
tializer, step, test, and result expressions rawepart of (vector-length e)

the loop body.
turn aword whose value is the number of elements in

Thedo form is not let-polymorphic. In consequence, th[ﬁ
the array, array-ref, or vector.

binding patterns bound within théo form are not poly-
morphic bindings.
7.12.2 array-nth, array-ref-nth vector-nth

7.9 Interface Member Reference If e is an expression of array (respectively: array-ref, vec-

tor) type, andej is an expression with result t rd,
If i f is an identifier naming an interface binding estal?he)n.yp : P ypeo

lished throughmport , andi d is an identifier defined in

that interface, then either of: (array-nth el oc €j)
(array-ref-nth el oc €i)
(member if id) (vector-nth e ej)
if.id

are (respectively) expressions that returnefith element
is an expression that returns the value of that identifief. the array (respectively: array-ref, vector). If the valu
The returned value is a location, and can be used aseanis greater than or equal to the length of the array (re-
argument teset! . spectively: vector), thenladexBoundsError  excep-
tion is thrown.

7.10 Structure, Repr Field Reference The expression:

. . . el ej
If e oc Is @ location expression of structure or repr type, Leil
andf i el d is an identifier naming some invariant field in
that type then either of: is a convenience shorthand for
(member e| gc field) (vector-nth e ej)

e|oc.fie|d
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7.13 Procedure Values (define (f x:(by-ref 7)) )

Procedure values are introduced by the keywanbda . A 1y ref  declaration can only appear as a qualifier for

In contrast to Scheme, Haskell, and Standard ML, Bite type of a parameter. This is a syntactic restriction.

procedures take zero or more arguments. The syntax of a =~ . )
procedure definition is: A function with a formal parameter declared(ay-ref

7) can only be apllied to an actual argument of type
(lambda ([ bp1 .. bpn] That is, unlike normal parameters, an actual argument of
€1 .. €ep) type (mutable 1) where the formal parameter is of
type 7 or vice versais not permitted [Herer # (muta-
where eaclop; is a binding pattern matching the formable 7/)].
parameters of the procedure aag... ey is the body
of the procedure. The return value of the procedure is o
the value computed by the last expression executed in thd4  EXplicit Procedure Return
body.

Each formal argument binding pattern defines a set )
variable bindings that are in scope in the body of thEe expression:

lambda. Each formal argument binding pattern is uni-

fied with its corresponding actual parameter. Any iden- (return  e)

tifier that is free in the binding pattern is unified with the

structurally corresponding element of its associatedactgauses the nearest enclosiiagnbda form to immedi-
parameter. ately return the value computed by the expressiofhis
BitC argument and return value passing are “by Va'ué_@rm executes a fOI‘m Of Iabeled break. Contl’Ol doeS not

Formal argument and return values must be of value tyg@ntinue past the end of this form.
which means thaeference€an be passed, but the valueperivation The canonical rewriting afeturn — requires

denoted by these references cannot. The “by value” poligt the containinggmbda also be rewritten:
also implies that local variables atepiesof their initial-
izing expressions, which may yield surprising results if  (jampda ( args) body) = >

D?rived form
0

the initializer is of mutable type. Aet binding is not an (lambda ( args)

alias for its initializer. Alet binding of a (top level) mu- (block  _return  body))

table value cannot simply be substituted Byeduction

into the body of théet form. (return  e) =>
(return-from _return e)

7.13.1 By-Reference Parameters

7.15 Function Application
By-reference parameters provide an optimized argument
passing mechanism for parameters. A by-reference fghe expression:
mal parameter is amalias of the passed argument; the
internal implementation passes a pointer to the argument (ein [
rather than a copy of the argument. A by-reference param-

eter may be a re_ference to an component of an aggre%letﬁotes function application. The evaluation of the ex-
type, such as a field or a vector member.

pressioref n must yield a procedure value.

er .. en))

The BitC specification permits the representation of a bKI_ote that the identifief n may either evaluate to a pro-

reference parameter to be either one word or two. Thisclg'dure or mav name a value constructor for a named con-
intended to simplify the handling of inner pointers by thé Y

garbage collector. structed type.

By-reference parameters can escape only as part of a first- N .
class procedure, but the lifetime of a by-reference parafi-l6 ~ Conditional Execution
eter cannot exceed the lifetime of its containing scope.

The formal parameters of a function can be declared as7b)]/6'1 if

by-reference parameters as in: .
y P Derived form

(lambda (x:(by-ref T) ) L) ;; or  Theif formis used to represent conditional control flow:
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(if  etest ethen €el se) (not e) =>
(f e #F #)

Whereet est ; €t hen, @ndeg| se, are BitC expressions.

The value of arif form is either the value of thet hen 7.16.4 and
form or the value of theg| g expression. Exactly one

of theet hen Or eg| se forms is evaluated. Derived form
The value returned by the; est expression must be of Theand form is used to perform lazy expression evalua-
boolean type. tion. The form:
The types of thet hen andeg| se Must be compatible.
Derivation The canonical rewriting of is: (and ej ez .. en)
(if etest ©then €else) = > returns true if every one of the expressians ... en
(case et est evaluates as true. Expressions are evaluated left to right.
(#t et nhen) Each expression must return a result of tygmol . If
#  eel se)) any expression evaluates#fs, no further expressions are
(f  etest ethen) => evaluated. For this reason, taed form cannot be imple-
p
(case  etest mented as a procedure.

(#  ethen () o . »

# () Derivation The canonical rewriting oand proceeds by
first rewriting multiargumenand forms into forms of no
more than two arguments:

7.16.2 when

. (and e1 ez ... ep) =>
Derived form (and eq
The when form is used to represent conditional control (and e2 ... ep)

flow when only one condition is of interest:

and then rewriting each two argumeartd form as:
(when etest €then --)
. ) (and e1 ep) =>
Whereet est andet hen are BitC expressions. (f eq1 e #)
The et est expression must compatible with boolean.
There are no restrictions on the types of §1¢,e, forms.
The type of avhen form is Unit. 7.16.5 or

The et hen forms are evaluated only if the value of th@erived form

etest formis#t . Theor form is used to perform lazy expression evalua-

Derivation The canonical rewriting ofvhen is: tion. The form:

(When €t est €t hen ) = > (Or e1 e .. en)
(case etest

(# ethen .. () . .
# 0)) returns true if any of the expressioas ... en eval-

uates as true. Expressions are evaluated left to right. Each
expression must return a result of typeol . If any ex-
7.16.3 not pression evaluates & , no further expressions are evalu-
ated. For this reason, tlee form cannot be implemented
as a procedure.

Thenot formis used to invert a boolean result. Thefomberivation The canonical rewriting obr proceeds by

first rewriting multiargumenbr forms into forms of no
more than two arguments:

Derived form

(not e)

returns true if its argument evaluates to false, and false it

its argument evaluates to true. Eg: zi 2 .. en) =>
Derivation The canonical rewriting ofiot is: (or ez ... ep)
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and then rewriting each two argument form as: 7.17 Mutability

(or e1 ep) => The expression:

(if eq # ep)
(set!  e|oc eval)

7.16.6 cond is used to set the value of a mutable entity. The expres-
sion go¢ should evaluate to a location of mutable type
Derived form (mutable  T). The expressiom,g should evaluate to
Thecond form is used to represent conditional contr@n assignment-compatible type The return value of
flow where there are multiple possible outcomes: set! is the unitvalue.
(cond ( etest1 €1) 7.18 References

(etest2 €2)
(otherwise en)) 7181 dup

If e is an expression of non-procedure type, the expression
Theet est -| €xpressions are evaluated in sequence un-

til one of them evaluates as true. The corresponéing (dup e)

is then evaluated and its result becomes the value of the

cond expression. Subsequesitest-j expressions are
not evaluated. Exactly one of tleg expressions will be
evaluated. Thetherwise clause imotoptional.

returns a reference to a heap-allocategy of the value
returned by the expressi@n

Any cond form can be rewritten as a chain iéf forms
without alteration to meaning.

The values returned by tieg est expressions must be ofif ¢ js an expression of reference typef ~ 7) , then:
typebool . All of the expressionsj must be of compat-

ible result types.

7.18.2 deref

(deref e)
Derivation The canonical rewriting o€ond proceeds
by removing each conditional expression in turn: returns the value named by the referencieref is a
syntactic form. The returned value is a location, and can
(cond ( etest1 €1) be used as an argumentdet!
(etest2 €2) The expression:
(otherwise en)) = > R
(if  etest1 €
€1
(cond ( etest2 €2) is a convenience shorthand for
(otherwise en))) (deref e

until only two cases remain in theond expression, the .
last of which has a true predicate. This final condis rewrit-19  Value Matching

ten as:
The switch  form provides a mechanism for obtaining
q access to variant fields of a value of union or repr type.
(cond ( etest1 e1) ~ The syntax obwitch is:
(otherwise  ep)) = >
(if etest1 - .
e1 (switch id e
en) (matchy e1.1 .. e1.n1)
(matchz e2 1 ... €2 n2)
7 If we choose to relax the type compatibility rules fbr, we should Vo
relax them here too. (otherwise  eogt her))
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where eacmatchform is either a single union tag identi-

fier (constructor) or a parenthesized sequence of union tag (tagid2 e2)
identifiers. Multiple union constructors may be matched ((tagi dx tagidy) exy)]
by a single clause only if all matched constructors domi- [(otherwise en)))

nate identical fields. Since the type and bit-offsets of iden

tically named fields within repr-constructors are requirdd the absence of a programmer-specifegderwise

to be the same, multiple repr-constructors can be matclause, theatch block behaves as though the clause
in a single clause. In this case, only the common fields of

all matched repr-constructors will be visible for selentio (otherwise (throw i d))

withinej ... € .

A switch expression performs a value match on the té@d been present.

fields of the_ expressioe (or if € is of repr type, ON |fthe evaluation oexpr does not cause an exception, the
the tags of its outermost body) in sequence. The fitst) o of thetry  block is the value o&xpr
mat chj expression containining a matching tag value

is selected, and the corresponding expression sequehdBe evaluation ofexpr causes an exception to be
€ 1. € ni isexecuted in an environment where thrown, execution proceeds as if the catch block were
is a value of anonymous type. For every field of the origieWritten to the procedure:

nal expresion type such that all of its containing union or

repr tag qualifications are satisfied, the anonymous type (lambda (e:exception)

contains a field with the same name denoting the same  (Switch nm e

portion of the The value of is a copyof the (discrimi- (tagi gl e1)
nated) value returned by the expresséon (tagidz e2)
An expression of anonymous type may only appear only (otherwise  egt her wi se)))

as the expression argument of thember form, or as the

expressiore of aswitch  form. It may not be passed asyn this procedure were applied to the received exception
an argument, rebound, or returned as a result value. 51ye. The return value from this procedure is returned as
If an otherwise form is present, then the body of the otthe value of theease expression.

erwise clause is executed in an environment wheig

bound to acopyof the (undiscriminated) value returned

by the expressioa.? 7.20.2 Throw

If the matches performed by a givewitch  are exhaus- The throw form is used to raise an exception. It per-
tive, theotherwise  clause can be omitted. forms a non-local control flow transfer to the most recent
For purposes of literal case analysis, theitch form (nearest temporally enclosintry block, with the effect
will also accept expressiomsof primary scalar type and that the thrown exception value is received by the corre-

matching values that are literals of the corresponding.tyg@ondingcatch - block as described above. Theow
expression has no return value type. The form:

7.20 Exception Handling (throw e)

7.20.1 Try/Catch throws the exception computed by the express&n

Thetry formis used as the control flow resumption poi VﬁlhiCh must be an expression of typ&ception  or of
y P POy me concrete exception type. The latter case permits the
of athrow form. When athrow occurs, control re-

. . locally bound identifier in a discriminated catch block to
sumes at the nearest dynamically containing form

. be passed directly to throw so that a pre-existing exception

whose matching patterns match the name of the exceptlorP Y tap 9 P
can be re-thrown without allocating new storage.

that was thrown.

The try block syntax is:

8 Locations
(try expr

(catch —id [( tagidy e1) This section is a work in progress, but it is as accurate as

8 Technically, this need not be a copy, and we are reviewingthveiie | (shap) can Currer_‘“)’_ make it. Corrections, comments,
the copy should be bypassed in the otherwise form. identification of omissions, and so forth are welcome.
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BitC is a language supporting mutation. Because of th8,3 Generalized Accessors
a specification of the type system and expression evalua-
tion semantics of BitC does not entirely account for how Note

the behavior obet!  interacts with the behavior of ac-  Thjs section describes a possibieture en-
cessor expressions suchasay-nth , vector-nth hancement to the language. It is considered ex-
member, deref , and expressions consisting of a single  perimental, and it is possible that it will never
identifier. In particular, the characterizations#t! as be implemented at all.

t! . . .
(se e1 e2) It is customary for programs that introduce “collection”

does not account for hoey can be mutated in place, belyPes to provide opgrations for b_oth i_nsertion and lookup.
cause the language specification (to this point) does Hofould be exceedingly convenient if the lookup opera-

distinguish between expressions that generate new valfigd could be used to support efficient access as well, for
(in the sense of values that occupy new storage) and 8ample:

pressions that return pre-existing values. To address this
we present here an informal characterization of locations
in BitC.

(btree-insert bt key some-obj)
(btree-lookup bt key).field

That is, it is sometimes appropriate for the lookup func-
8.1 Expressions Involving Locations tion could return a location.

. , . This cannot be supported for local objects, but it is possi-
The following expressions accept locations (addresses,pl ¢or the type system to successfully infer the distinttio
ceII_s) in the indicated positions, and return locations g8y yeen local object locations and global object locations
their result: In this case, we could relax the value extraction rule so
id that it would not apply to return values, with the effect
that we could write an accessor function such as:

(array-nth | oc ndx)
(vector-nth e ndx)
(member | oc ident) (define (4th-elem vec)
(deref ) (vector-nth vec 4))
4th-elem: (fn ((vector 'a word))
in addition, theset!  form requires a location as its first (location 'a))

argument, and returns the unit value.
Given such an accessor function, it would even be possi-

(set!  loc e) ble to write:

8.2 Implicit Value Extraction (set! (4th-elem vec) )

When a value of location type appears in any context el;‘(._mtroduced, this feature would need to .be handk,ed
with care. It would be all too easy for a binary tree’s

pecting an expression, the location is implicitly derefej- . .
enced to give the expected value as a result. The “va[ﬁgkuP handler to return the internal node ‘_structure, with
e effect that external code could modify the stored

extraction rule” applies both to return values and to ap- win place” violating the intearity of the binary tree
plications, with the consequence that “bare” locations cgﬁy P » violating the grity Y )
gcause of this risk, it is unclear whether the type

never escape their binding frame in either the upward . . X
downward directions. Only those forms identified explic{-foc"’ltIon R should ever be inferred automatically.

itly above as accepting and returning locations are excep-

tions to the value extraction rule.
, _ 9 Interfaces
For example, in the expression:
(let (@ b)) ...) BitC recognizes two kinds of compilation units: interfaces

and modules. An interface contains a public set of defini-
the expressiob evaluates (internally) to a location, but itions and declarations. From the perspective of an im-
is then discovered to appear in a binding context requiripgrter, it describes the identifiers that are published by
an expression, so the value at that location is returned éame or more providing bodies of code. From the imple-
stead. Similarly, the expressianevaluates (internally) to mentor perspective, an interface describes a set of decla-
a location, allowing it to be initialized in place. rations that must be exported by some providing module.
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Interfaces provide the only means by which functions a®d2.1  Hygienic Import
types may be shared across multiple units of compilation.

A module contains a private set of definitions and delary-]e syntax of the hygienic import form is:
tions. In most cases, these are not visible outside of the
scope of the module. The exception is when a module (import if-nanme as |ocal - name)
imports some interface and also declares explicitly that it

provides definitions for one or more public declarations Qf,qrei f - nane is an interface name andcal - nane

that interface. is an identifier to be bound in the current scope. If
pubNane is a name published bihelnterface |, then

9.1 Specifying an Interface after executing

An interface unit of compilation consists of a (import Thelnterface as myName)

bitc-version form followed by a single

interface form.  The interface form wraps

a sequence of imports, aliases, definitions, and decIa'Fa{—S legal to writemyName pubNane at any identifier

tions that describe the public identifiers associated w € occurrence. This is referred to ahymienic alias
that interface. For example, the interface: ygienic aliases may appear in any use occurrence where

an identifier might ordinarily appear. When a hygienic

(interface sample alias names a provided symbol, the hygienic alias may
(define x 1) ; constant definition also appear as the defined identifier of a top-level defi-
(defunion (list 'a):ref nition. Hygienic aliases mayot appear in the defined

nil position of alocal definition.

(de(f(';s?rnusct a(trg:fofa?z)a))-ref) Hygienic import preserves a strong distinction between

(proclaim y : int32)) the namespace of.the importe_d interfaC(_e a_nd thello_cal
(defstruct S :opaque (int32 i) namespace of the importing unit of compilation. This is
appropriate when importing interfaces that are not fully
Defines a constart with value 1, defines the now- mature, or for which the possibility of future name colli-
familiar list type, declares thatee-of  is an opaque sions as a result of interface evolution must be defended
reference type defined in some (unspecified) source wagainst.
of compilation, and thay is a value of typent32 de-
clared in some (unspecified) source unit of compilation.

Note that the declaration dfee-of  provided by this 9.2.2 Qualified Import

interface is incomplete and therefore opaque. Because e L . .
tree-of  is a reference type, clients of this interfac'%j.‘e qualified import syntax importelectedpublic iden-

can declare variables and arguments of tye-of iers from a specified interface. The selected identi-

. : . fiers are aliased (after optional re-naming) in the topdleve
but cannot instantiate them because no function returnqulf%ﬂeS ace of the importing unit of compilation. The svn
typetree-of  is exposed by this interface. P P 9 P ‘ y

tax of this form is:
Note further thaval-type  is both incomplete and un-

declarable, because it is a value type. Clients may declare : :
(import i f-nanme ident-or-remapt)

arguments of type
(ref sample.value-type) whereident-of-remagis either some identifier published

but not of typevalue-type , because the size ofbythe imported interface or itis:

value-type is notrevealed.
(pubNane as | ocal Nane)

9.2 Importing an Interface, Aliasing If a single identifier is given, the local alias is bound using

In order to use the identifiers supplied by an interface, tHi Public name. If the “as” variantis given, the local alias

client unit of compilation must first import those identilS Pound under the specified local name instead.

fiers using a top-leveimport form. There are three suchlt is a compile-time error to form more than one top-level
forms. It is a compile-time error if any local identifieralias in a single unit of compilation for the same public
bound by anmport is already bound. name in a given interface.
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9.2.3 Promiscuous Import by means of thegrovide declaration. The syntax of
provide is:

The promiscuous import form imports all public identi-

fiers from the imported_interfa_\ce tha_lt do not glre_ady have (provide interface-nane ident+)

top-level aliases in the importing unit of compilation. The

syntax of this form is: Where each dent is an identifier proclaimed by the

named interface. That is: the name as specified in the
interface rather than any alias of that name that may have
been locally bound.

This form does not support identifier re-naming on im]-_

ort. Name collisions resulting from import can. if nec. he effect ofprovide is to authorizethe definition of
port. 9 P ' the named identifiers. The definitions must then be de-

essary, be managed. by first pgrformlng a qualified Imp(ﬁrr%ed by binding an arbitrarily selected local alias of the
that re-maps the colliding public name, and then perform-

ing a promiscuous import to import the remainder of ti%Ub“C identifier. For example:

(import i f-nane)

interface. ] ]
(bitc-version "0.11 +")
(import sample as In)
9.2.4 Compile-Time Import Resolution (provide sample tree-of)

To locate the source representation of an imported in- (defstruct (In.tree-of "a):ref
terface, the compiler shall attempt to locate a file left : (optional

nane.bitc , wherenane is the identifier used to name _ (In.tree-of "a))
the corresponding interface. The default search path used right - (Opt'onlal ¢ ¢
for this resolution is not defined by this standard, but shall (In.tree-of "a))
provide a resolution for every interface specified in the
language definition. It is permissable for a compiler to im-
plement some or all of the default search path internal
without reference to any external file name space.

height
value :

a)

1P/he requirement that an arbitrary alias be defined can re-
sult in strange appearances. The following alternative def
Every file-based compilation environment for BitC shajhition is equivalent in all respects to the one above:
provide a command-line optioth that enables the build

environment to append directories to the interface search (bitc-version "0.11 )

path. (import sample as In)
(provide sample tree-of)
9.25 Error Reporting (use (In.tree-of as mumble))
(defstruct (mumble ’a):ref

When reporting errors, a conforming BitC compiler left : (optional (mumble 'a))

should always report the defining name of the type or right : (optional (mumble 'a))
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, thejs ot required that a single source unit of compilation
defining name is the fully qualified name of the identifigfoyide the entirety of an interface. For sufficiently large
with respect to its interface. For all other identifiers, thgierfaces (e.g. the standard BitC library), this would be
defining name is the one that appears in the defining forgy actical. However the flexibility to define an interface
The BitC interface system provides primarily for separateth a collection of independently compiled source units
compilation and name hiding. In contrast to the modutd compilation demands some means to prevent circular
system of Standard ML [9], BitC interfaces are purely type 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 Interfacebitc

A source unit of compilation can indicate that it provideghe interface name “bitc” is reserved for use by the BitC
definitions for one or more declarations of an interfadmplementation.
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10 Source Modules record, and this field is populated at closure construc-
tion time by acopyofid .

A source unit of compilation consists of one or more mod- o
ules. Each module consists ofrmdule form containing 3+ Shallow Immutables If id:T is a locally bound

an arbitrary sequence of imports, definitions, declaration  identifier of shallow immutable type, then a cor-
and use forms that arotinterface  forms. responding field of type T is added to the closure
record, and this field is populated at closure construc-

The module syntax is: tion time by acopyof id .

(module nodul e-nane? docstring? nod_formt) 4, Shallow Mutables If id:T is a locally bound
identifier of shallow mutable type, then the program
A source module constitutes a scope. Except for those must be rewritten in such a way as to heap-allocate

definitions that are explicitly exported usimgovide id , thereby converting it into a deep mutable value
(Section 9.3), identifiers bound in a module are not vis- that is shallow immutable. The resulting reference
ible in other source modules. id:(ref T) is then closure converted as a shal-

low immutable identifier.

11 Storage Model Phase 2 If a closure record was created in phase 1, but
all elements of that closure were added as a consequence

This entire section had become hopelessly stale, #¥fdule 2 (closed lambda forms), then no explicitly allo-

needs to be rewritten. catd closure record is either required or permitted. All of
the closed lambda forms can be represented using labels
without any intervening heap-allocated procedure objects

12 Pragmatics Whether or not a closure record is fabricated for a given
lambda form L, if an identifierid resolves to a closed
12.1 Closure Construction lambda form, then any use-occurrence appearing in ap-

plicative position inL must be implemented by a call (or

BitC seeks to enable the crafting of programs that do ribfail recursive, jump) to the associaté@mbda form's
make unexpected use of the heap, and which can make!@8g!rather than proceeding through any procedure object
of lambda andletrec  forms to describe rich [mutual] that may have been allocated fdr.

tail recursions. Becuase of this, it is necessary to state th

minimal degree of closure analysis that every BitC com- . .

piler is required to perform when constructing closure ,2'2 Tail Recursion

and more generally, the conditions under which closurgsC . limited f f tail ion. We d
will be formed at all. itC requires a limited form of tail recursion. We do not

) . ~require fully proper tail recursion because this is difftcul
Closure construction proceeds in two phases. During feaccomplish efficiently in C, and we wish to preserve

initial phase, free identifiers are added to the closure & apility to compile BitC programs into C for the sake
the program is rewritten to heap-allocate closed valuesfportapility.

that is necessary. During the second phase, a chec
performed to determine whether the resulting closure
not actually necessary.

lﬁ)ﬁinition: Within a BitC formf , a formg occurs intail
position with respect to the fornf if the evaluation of

_ _ - ) ~ g is the final evaluation (and therefore the return value)
Phase 1 Given an identifierid appearing free in a computed by the forni. This definition is transitive. A
lambda formL: structural consequence of this relationship is that the typ
of g is (copy compatible with) the type éf.

1. G'Ot?a's, Ifid resolves to a globally defined Identl'An application of a functiofi is said to beail recursive
fier, it will not be added to any closure record. ¢ (4y'it anpears in tail position with respect to the body
2. Closed Lambda Forms If idit is an immutably ©f its most closely containinambda body, and (b) it
bound identifier whose initializing formislambda IS implemented in such a way as to re-use its containing
term (i.e. a literalambda , not merely an expres-Stack frame.
sion returning a value of function type), ail ap- The BitC specificationrequires that certain procedure
pears in Lin non-applicative positiojthenid , then calls appearing in tail position must be compiled using
a corresponding field of type T is added to the closueetail-recursive implementation:
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e Within aletrec , calls to any function bound in the ; Homogeneous lists:
letrec that appear in tail position within some func-  (defunion (list 'a)

tion bound by théetrec  must be tail recursive. nil
(cons car:’a cdr:(list 'a)))

e Within any functionf , calls tof that appear in tail
position w.r.t. the body of must be tail recursive. ; Bignums

This is actually a special case of the first rule. (defunion int:val
(fix f:(bitfield int32 31))

big b:(ref (bool, t d
These requirements apply only to function calls whose (big bi(ref (bool, (vector word)))))

destination can be statically resolved by the compiler at

compile time. A BitC compiler is permitted, but is not re -
quired, to implement other function calls tail recursively':l'4 Foundational Type Classes

The standard prelude provides a number of standard type
I Standard Prelude classes:

; Equality comparison by identity:
A range of types, type classes, and functions supporting (deftypeclass (EqComparison 'a)
operations on primary types are defined in the BitC stan-  eq : (fn (‘a 'a) bool))

dard prelude.
; Equality comparison by identity,

; with exceptional handling for
The following types and values are defined in the BitC ; numerics: .
standard prelude. The compiler is free to implement some  (deftypeclass (EgiComparison ’a)

This section needs to be defined.

or all of these types internally, and is further free to rety o eql : (fn (a "a) bool))
internal knowledge of these types within the implementa- ) ,
tion. ; Generalized equality:

(deftypeclass (EqualityComparison 'a)
== : (fn ('a 'a) bool)
. I= : (fn (a 'a) bool))
13 Foundational Types
; Magnitude comparison

The prelude provides definitions for commonly used in-  (forall ((EqualityComparison "))
(deftypeclass (Ord 'a)

tegral types. Under normal circumstances, the reader and X .
tty printer conspire to hide the fact that these types are <_(in (a &) boo)
pretty p <= : (fn (a ’a) bool)))

union types.
; Checked arithmetic
;; There is an open issue here: should (forall ((Ord 'a))
;; strings be primitive? Issue is unicode (deftypeclass (Arith 'a)
;; character size and long strings. +: (fn (a ’'a) 'a)
; Strings: - (fn (a 'a) 'a)
;:(defunion string:val (vector char)) *: (fn (a 'a) 'a)
[: (fn (a 'a) 'a)
; Pairs: <<:(fn (a word) 'a)
(defstruct (pair 'a ’b):val >>:(fn (a word) ’'a)))
fst'a snd:'b)
; Ring arithmetic
; Optional values: (forall ((Ord ’'a))
(defunion (optional 'a):val (deftypeclass (Ring 'a)
none (some value:'a)) R+: (fn (a 'a) 'a)
R-: (fn (a 'a) 'a)
; Nullable pointers: R«: (fn (a 'a) 'a)
(forall ((ref-types 'a)) R/: (fn (a 'a) 'a)
(defunion R<<:(fn (a word) 'a)
(nullable 'a):val R>>:(fn (a word) 'a)))

Null (non-null ptr:(ref 'a))))
; Sign transformations
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(forall ((Ord 'a))
(deftypeclass (Signed 'a)
negate: (fn ('a) 'a)
abs: (fn (a) 'a))

Il Formal Specification

15 Grammar

nod_def := def | provide
inplicit_nodule = 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

The section below gives the extended EBNF grammarl val def

for the BitC language, including derived forms.
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 supersc
the character “*” indicates “zero or more” occurrences,
the character +” indicates “one or more” OCCUITeNCeSirhadefunion
and the character “?” indicates “zero or one OCCUITEeNCEe§arivable fromdefrepr

Non-

| proclaim
| declare

B3 Type Declaration and Definition

anddefstruct ~ forms are semantically
(or vice versay, but for pur-

These should be read as metasyntactic only when appgaies of specifying typing it is more convenient to retain

ing in a superscript. Note that parenthesis ao¢ meta-

them and use the conventional typing definitions for prod-

syntactic in extended Backus-Nauer form, and should B&; 5nd union types.

read as single-character tokens.

Within the EBNF productions below, the left and rightonstraint == typapp | i dent
parenthesis, period, colon, commma, and single qu@ignm ::= i dent

characters should always be read as single character tg- (i dent tvar +)

kens. Spaces around these tokens have been omitted for (forall ( constraintt) ident)

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)

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 fnanme docstring? def+)
nodul e =

(module i fname? docstring? nod.def +)

| (forall (  constraint™)
(ident tvart))
val = :val | ref | :opaque
t ypedef =
(defstruct typnm val
docstring?
declaret {field[fill}T)
| (defunion  typnm val
docstring?
declaret {field|fill}+)
| (defrepr typnm val
docstring? (reprbody))
| (defexception i dent
docstring? field*)
field = 1d : type
| (the type Id)
fill ==

(il (bitfield fixpttype IntLit)
reprbody == (tag Id 1)
| field

| il

| (case {(tags (reprbody)) }+)
tags == 1I1d | (d 1)
typedecl :=

(defstruct typnm val

9 This statement of semantic derivability ignores the Cdirdainily
of representation optimizations that are not currentlyrezpable for
defrepr , but it is intended to fully support control of these opti-
mizations in future enhancements to the language.
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docstring?
{external 1d  ?}?)

| (defunion  typnm val
docstring?
{external 1d  ?}?)
| (defrepr  typnm val
docstring?
{external Id  ?}?)
tcdef :=
(deftypeclass typnm
docstring?
{(tyfn ( tvar =) tvar)}*
{i dent: fntype}*)
i nstdef :=

(definstance qual constrai nt
docstring? expr+)
qual constraint := constraint

| (forall ( constraint+) constraint)

15.4 Value Declaration and Definition

val def =
(define  defpattern docstring? expr)
| (define ( ident bindi ngpattern?)
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)

0]

| (pair defpattern defpattern)

| ({defpattern, }t+ defpattern)
procl ai m ::=

(proclaim i dent: qual type

{external 1d  ?}?)
; Note: external Id may include BitC
reserved words.

qual type = type
| (forall ( constraintt) type)
| constraint
| (forall ( constraint+) constraint)

15.5 Types

pai rtype := (pair type type)

| ({type, }T type)

type = ident
| tvar
| ) | bool | char | string | exception
| inttype
| float | double | quad
| (bitfield i nttype IntLit)
| (ref type)
| (val  type)
| (mutable type)
| (fn ( type*) type)
| pairtype
| (array type IntLit)
| (vector type)

| (ident typeT)

15.6 Expressions

ident = 1I1d | Id.Id
expr = eform
| (the type eform

;v eformpernmits ident via expr.id

eform ;= Id
0
ef ormld

(the type eform.ld
(pair  expr expr)
(member expr Id)

(array-nth expr expr)
(vector-nth expr expr)
expr [ expr ]

expr ~

(deref  expr)

(suspend ident expr)
({expr, }* expr)

(array  expr )

(vector  expr T)
(array-length expr)
(vector-length expr)

(make-vector
(begin  expr t)
(lambda ( bi ndi ngpattern*) expr+)
(expr expr?*)
(if expr expr expr)
(and expr t)
(or expr )
(set!  expr expr)
(dup expr)
(cond ( {(expr expr)}*)
(otherwise expr))

expr expr)

Note that the pair type is semantically a derived form. It .. \ay NEED CASE
appears in the grammar solely because of the need to sup- (switch 1d expr

port pattern bindings and multiple return values.

tvar = "ld
inttype = int8
| uint8 | uintlé

| intl6
| uint32

| int32 | int64
| uint64

( {(switchtags expr_seq) }*
(otherwise expr _seq)))
| (try expr
(catch 1d
{(swi tchtags expr) }*
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(otherwise expr)?)) These operators are defined over the following signatures:

| (throw  expr) int8 x int8 — int8
i i + . . .

| (Iete(xpr{)( bi ndi ngpattern expr) }+) intl6 x iNt16 — intl6
| (letrec ( {(bindingpattern expr)}t) !nt32 x !nt32—> !nt32

expr) |nt64 X |n_t64—> |nt64
| (do ( {(bindingpattern expr expr)}t) uint8 x uint8 — uint8

(expr expr) uintl6 x uintl6— uint1l6

expr) uint32 x uint32— uint32
| ) | #f | #t | CharLit | StringLit uint64 x uint64 — uint64
| IntLit | FloatLit Unary minus is also supported over all integral types with

switchtags = ident | (ident) ry PP grattyp

the usual meaning.

16.3 Comparison

15.7 Miscellaneous . , - :
BitC defines the built-in comparison operaters <= >

>= =, and!= with the usual meanings of less than, less

dec Z;eib}e {(ident type) | ident}+) than or equal, greater than, greater than or equal, equal,
docstring := StringLit and not equal.
These operations are defined over the following signa-
tures:
IV Standard Library charx char— bool
int8 x int8 — bool
. . int16 x int16 — bool
16 BitC Standard Library int32 x int32 — bool
int64 x int64 — bool
This section needs badly to be completely revisited.  Uint8 x uint8 — bool

The BitC standard library is described as a set of groupsl,J.!nt16 x u!nt16—> bool
) L . . . uint32 x uint32— bool
Each group gives a built-in function, a list of signatures

supported by that built-in function, and a description ofUInt64>< uint64— bool
the operation of the function. The = and != operators are additionally defined over

pointers of like type. They perform structural equality
_ (eq) and inequality.
16.1 Built-In Operators

BitC defines the operatidength to return the length of
a vector.

17 Verification Support

The length operator is defined over the signature:
(vector)— uint64 » ] ]
In addition to its role as a means of expressing computa-
tion, BitC directly supports the expression of constraints
16.2 Arithmetic on execution, and the expression of proof obligations con-
cerning the results of computations. While the bulk of ver-
BitC defines the built-in operators, - , =,/ , and% with ification effort is performed in the BitC Prover, theorems
the usual meanings of two’s complement addition, subnd invariants also introduce requirements for compile-
traction, multiplication, division and remainder for seggh time static checking.

ty_pes_, and F’T“?’S complemer_1t addition, sgbtraction, MUl{pte that the phrase “all possible variable instantiations
plication, division, and remainder for unsigned types. s restricted tdegalinstantions as determined by the type

BitC also defines the build-in operatorkit-or , checker. BitC is statically typed, and BitC functions and
bit-xor , andbit-and , with the usual meanings oftheorems are therefore defined only over their stated do-
one’s complement bit manipulation. mains.
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17.1 Axioms 17.5 Suspending and Enabling

Thedefaxiom form introduces a term rewrite that is acfor purposes of proof search management, theorems and
cepted as true by the BitC prover. The body of the axiotheories may be disabled or enabled bydisable and

is a boolean expression that must always rettirdfor all enable forms:

possible variable instantiations:

) (disable naneq .. nanep)
(defaxiom  name truth-expr) (enable namej .. namep)
17.2 Proof Obligations: Theorems where eacmanej has been previously introduced by

defthm or deftheory

Theqlefthm form introd_uces aproof obligation that mUSIrhe effect of disablement is to render a theorem or group
pe discharged by the_ BitC PTO"e“ The body of a_theore&lt eorems inactive for purposes of proof search. Dis-
IS a boolea_n expression tha!t 1S con.5|der.ed to b? d.'SChargBﬁIrqwg or enabling remains in force until altered by a sub-
if its result is#t for all possible variable instantiations: sequent enable or disable or until the end of the containing

(defthm nane truth-expr) lexical scope.

17.3 Proof Obligations: Invariants and Sus- 18  Acknowledgments
pensions

We owe a significant debt to the help of Scott Smith of

Thedefinvariant form introduces a proof obligation ; ) ; s .
that must be discharged by the BitC Prover at all sequeﬁ]&pns Hopkins University. Scott's input has influenced

. e - our thinking about the BitC/L subset language. While
points where it is not explicitly suspended. The body qf. . s : S

. L ; . . itC/L is not yet visible in the specification, some of
an invariant is a boolean expression that is considered.t

(o) : e ; :
be discharged if its result gt for all possible variable he design decisions made here reflect constraints derived

: SN from BitC/L.
instantiations:
Paritosh Shroff, also at Hopkins, spent a great deal of time
(definvariant name truth-expr) helping us explore the implications, strengths, and weak-

nesses of théypecase construct that survived to ver-
An invariant may be temporarily suspended by thgion 0.8 of the specification and the “match type” notion

suspend form: that was needed to support it. Beginning in version 0.9,
we abandoned match types in favor of type classes. This
(suspend nane e) decision was greatly assisted by the input of Mark Jones

of the Oregon Graduate Institute.
The logical effect obuspend is to advise the prover that
the invariant given byane is not expected to hold within
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