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Abstract The Core Language 4
BitC is a systems programming language that combings Input Processing 4
the “low level” nature of C with the semantic rigor of
Scheme or ML. BitC was designed by careful selection 2-1 Comments. . ...............
and exclusion of language features in order to support 2.2 Identifiers . . . ... ... .. ... ... 4
proving properties (up to and including total correctness) 23 Interface Names and Identifiers . . . . . . 5
of critical systems programs.

This document provides an English-language descrip- 2-4 ReservedWords . .. .......... .. S
tion of the BitC semantics. It will in due course be aug- 2.5 Literals ... ... ... . ... .....

mented by a formal specification of the BitC semantics.
The immediate purpose of this document is to quickly
capture an informal but fairly complete description of the

CompilationUnits . . . . . .. .. ....

language so that participants in ongoing discussions abdut 1YPes 7

verifiable systems programming languages have a com-3.1
mon frame of reference on which to base their discus- 3 5

sions.

While the current language specification uses a
Scheme-like concrete syntax, this choice is a matter of 3.4
convenience only. It is entirely possible to build a C-like
concrete syntax for BitC, and at some point it may become

compelling to do so.
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11 Storage Model

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



of important practical “systems” lessons had been learnsghse that the translation is simple and the result does
in the EROS effort. These motivated a re-examination bt violate programmer intuitions about what the program
the architecture. With the decision to craft a revised ddees or the program’s data representation. Indeed, this
sign and a new implementation came the opportunity was a key reason for our decision to move our implemen-
consider methods of achieving greater and more objectia¢ion efforts into BitC.

confidence in the security of the system. In particular, the

guestion of whether a formally verifiechplementatiorof . ) )

the EROS successor might be feasible with modern thdo2 ~Conventions Used in This Document

rem proving tools. Following some thought, it appeared o )
that the answer to this question might be “yes,” but thit the description of the language syntax below, certain
there existed no programming language providing an 6%)_nventlons are used to render the presentation more com-

propriate combination of power, formally founded semaR@ct:
tics, and control over low-level representation. BitC wdaput that is to be typed as shown appearfikied font.

created to fill this gap. Syntactic “placeholders” are shown in italics, and should

generally be self-explanatory in context. Variable names,

expressions, patterns, and types appear respectively as
1.1 About the Language italic v, e, p, or T, with an optional disambiguating sub-

script. For clarity, the defining occurrence of a name will

BitC is conceptually derived in various measure froymetimes appear in the abstract syntamras
Standard ML, Scheme, and C. Like Standard ML [10 o ) ] o
hen a sequence of similar elements is permitted, this is

BitC has a formal semantics, static typing, a type infef* s

ence mechanism, and type variables. Like Scheme own using ”...". Such a sequence must have at least one
BitC uses a surface syntax that is readily representectigment. For example:

BitC data. Like C [1], BitC provides full control over

data structure representation, which is necessary forhigh (begin e ... e)

performance systems programming. The BitC language

is a direct expression of the typed lambda calculus withdicates that thdegin form takes a (non-empty) se-
side effects, extended to be able to reflect the semanticgioénce of expressions. When it is intended that zero ele-
explicit representation. ments should be permitted in a sequence, the example will

In contrast to ML, BitC syntax is designed to discouf® Written:

age currying. Currying encourages the formation of clo-

sures that capture non-global state. This requires dynamic (begin [ e .. e])

storage allocation to instantiate these closures at rentim

Since there are applications of BitC in which dynamic aNote that the square bracgsand] have no syntactic
location is prohibited, currying is an inappropriate idioraignificance in the BitC core language after s-expression
for this language. expansion. When they appear in the specification, they

In contrast to both Scheme and ML, BitC daest pro- Should be read as metasyntax.
vide or require full tail recursion. Procedure calls must be

Fa|l recursive exactly if thg called progedure and.the caH_—_S Type Inference

ing procedure are bound in the sadefine , and if the

identity of the called procedure is statically resolvatile g;i incorporates a polymorphic type inference mecha-
compile time. This restriction preserves all of the usefy|gi ke SML, BitC imposes the value restriction for
cases of tail recursion that we know about, while still pe olymorphic type generalization. The algorithm for type
mitting a high-performance translation of BitC code 0 t:tarence is not yet specified here, and will be added at
code. a future date — we want to be sure that it converges.
Building on the features of ACL2 [7], BitC incorporate$Ve currently plan to use a constraint-based type inference
explicit support for stating theorems and invariants abasitstem similar to the Hindy-Milner type inference algo-
the program as part of the program’s text. rithm [10].

As a consequence of these modifications, BitC is suitaflee practical consequence of type inference is that explic-
for the expression of verifiable, low-level “systems” pratly stated types in BitC are rare. Usually, it is necessary
grams. There exists a well-defined, statically enforcealbbespecify types only when the inference engine is unable
subset language that is directly translatable to a lowtleve resolve them unambiguously, or to specify that two ex-
language such as C. This translation is direct in both theessions must have the same result type. In this situation,



a type may be written by appending a trailing type qualirput units of compilation are defined to use the Uni-
fier to an expression indicating its result type, as in:  code character set as defined in version 4.1.0 of the Uni-
code standard [13]. Input units must be encoded using

(+ ab) : int32 the UTF-8 encoding and Normalization Form C. All key-
words and syntactically significant punctuation fall withi
by similarly qualifying a formal parameter, as in: the 7-bit US-ASCII subset, and the language provides for
] _ 7-bit US-ASCII encodable “escapes” that can be used to
(define (fact x:int32) express the full Unicode character code space in character
(cond ((((—<x XO)O)l)(- (fact (- X)) and string literals.

(otherwise Tokens are terminated by white space if not otherwise

(* x (fact (- x 1)) terminated. For purposes of input processing, the char-

actersspace(U+0020), tab (U40009), carriage return
In general, wherever a type is permitted by the gramm@u+000D), andinefeed(U+000A) are considered to be
itis also permissible to write gype variable. A type vari- white space.
able is written as an identifier prefixed by a single qumﬁrput lines are terminated by a linefeed character
The scope of a type variable is the scope of its containin_ngOOOA) a carriage return (W000D) or by the two
definition fgrm. The type inferer!ce engipelwill infgr_t.h haracter sequence consisting of a carriage return fol-
type associated with the type variable. Within a definition, e py a line feed. This is primarily significant for com-
all appearances of a type variable will be resolved t0 6, by cessing and diagnostic purposes, as the rest of the

same type. This is particularly useful in the specificatiqfy, ;3 ge treats linefeeds as white space without further
of recursive types. For historical reasoss, 'b , etc. are significance

often pronounced “alpha,” “beta,” and so forth.

1.4 Documentation Strings 2.1 Comments

Certain productions in the grammar (Section 15) i comment is introduced by a semicolon and extends up
corporate an optional documentation string labeldel but not including the trailing newline and/or carriage
docstring. Documentation strings have predefineigturn of the current line (the end of line markers are sig-
syntactic positions to facilitate automated extraction yficant for purposes of line numbering). This implies that
documentation tools. If present, the documentation strifige comment syntax cannot be successfully exploited for
must be a syntactically well-formed string, but the stringentifier splicing as in early C preprocessors.

is otherwise ignored for compilation purposes. In certajfotwithstanding the preceding, a semicolon appearing
contexts a documentation string may be followed by fithin a string or character literal does not begin a com-
expression syntax, which creates a parse ambiguity. Thent.

parser should handle these cases by accepting the expres-

sion sequence and then checking to see if it has length

greater than 1 and its first element is a string. Note thatjny Identifiers

such cases the string would be semantically irrelevant in

any case. The only point of care here is to note that an @ jgentifiers are case sensitive. An identifier may

pression sequence consisting of a single string is a valdgyy with any “identifier character” (Unicode 4.1.0 [13]

not a documentation string. character class XIDStart), followed by any number of
optional “identifier continue characters” (Unicode 4.1.0
character class XIOContinue). In type variable identi-

| The Core Lang uage fiers, an underscore may appear in any positiaf).(‘in
other identifiers, the following “extended alphabetic ehar

. acters” may appear in any position:
2 Input Processing

I'$ % & |+ +-/ \<=>?2@_"
The BitC surface syntax is an impure s-expression lan-
guage. Expressions can be augmented with type quali- o ) _
fiers, and the language provides syntactic convenienld&ntifiers beginning with two leading underscores are re-
for field reference and array indexing. All of these haw$Tved for use by the runtime system.
canonicalizing rewrites into s-expressions. Reserved words are not identifiers.



2.3 Interface Names and Identifiers provide pure quad

ref return return-from
Interface names consist of a sequence of interface ideet! sizeof string
tifiers joined by dots (*.”). An interface may start withsuspend switch tag

any interface identifier character, followed by any intefoe throw try

face continue character. In addition, an underscorg (%M uint8 uint16

; o . . e int32 uint64 use
may appear in any position of an interface identifier, artf/g' vector vector-length

vector-nth word

“won

a hyphen (“-") may be used in any positiother thanthe
first position.

Interface identifier characters are the Unicode identifighe following identifiers are reserved for use as future
characters (Unicode 4.1.0 [13] character class §ifart) keywords:
falling within the 7-bit US ASCII subset (the first 128

Unicode code points). Interface continue characters assert break check
similarly the Unicode identifier continue characters (Ung¢oindset constrain deep-const
code 4.1.0 [13] character class XlContinue) falling defequiv defobject defrefine
within the 7-bit US ASCII subset. deftype defvariant ~ do  x
import! indset inner-ref

The restriction on acceptable character code points;jg let  « list
interface identifiers is designed to ensure that interfageation module namespace
names can be mapped directly to file names in current filg read-only require
systems. It is expected that the legal namespace for inssmsory super tycon
face identifiers will expand as the capabilities of widelysing value-at

used file system interfaces improve.
Ig addition to the reserved words identified above, all defi-

IWtions provided in the standard prelude are implicitly im-
ported into the initial top-level environment of every com-
pilation unit.

Interface names whose leading interface identifier
“bitc” are reserved for use by the BitC runtime syste
and standard library.

Reserved words aggermittedas interface identifiers. . _ - :
we Note that BitC doesotpermit redefinition of bound vari-

ables in the same scope. This guarantees that top-level
forms receive the default bindings of these identifiers in
their environment.

The following identifiers are syntactic keywords, and masor the moment, all identifiers beginning witdef ” are
not be rebound: reserved words. This restriction is a temporary expedient
that is not expected to last in the long term.

2.4 Reserved Words

#f #t - >
and apply array
array-length  array-nth array-ref
array-ref-length  array-ref-nth  begin

Finally, the identifiers defined as part of the BitC standard
runtime environment (described below) are bound in the
top-level environment.

bitc-version as bitfield
bool block by-ref ;
case catch char 2.5 Literals
d t ti . . . -
ggZIare dgf?a&?om deig?(ég:ﬁon The handling of literal input and outputis implemented by
define definvariant  defrepr the standard prelude functionsad andshow. Source
defstruct deftheory defthm tokenization, requires that foundational literals havea d
defunion deref disable fined canonical form.
do double dup
enable exception extends .
external fill fixint 2.5.1 Integer Literals
float if import . . .
impure ints int16 The general form of an integer literal is:
int32 int64 interface o
fn lambda let [-]1[ baser]digits
letrec member mutable
not opaque or wherebaseis radix of the subsequent digits expressed in
otherwise pair proclaim decimal form. Legal bases are 2, 8, 10, and 16. In the



absence of a base prefix, the digits are interpreted as basecifies a 32-bit (single precision) IEEE floating point

ten. Thedigits are selected from the characters guantity whose value is zero. As with integer literals, it
is a compile-time error to specify a value cannot be rep-
0123456789abcdef resented within the representable range of the qualifying

type? In the absence of explicit qualification, the type of

. . . a floating point literal is some subset of:
with the customary hexadecimal valuations. The letters gp

may appear in either lowercase or uppercase. Itisan error g+ jouble quad
for a digit to be present whose value as a digit is greater

than or equal to the specified base. Any concrete type whose representable range cannot ex-

Integer literals of a particular fixed-precision type may hgress the literal value will be omitted from the assigned
written by using a type qualifier. The expression: set.

Conversion of a floating point literal to internal represen-
564 : uint32 tation follows the customary IEEE floating point rounding
rules when the specified literal cannot be exactly repre-

specifies an unsigned 32 bit quantity whose value is segnted

It is a compile-time error to qualify an integer literal with

a type that is incapable of representing the literal's valugs 3 character Literals
In the absence of explicit qualification, the type assigned

to an integer literal will be some subset of: BitC uses the Unicode character set as defined in version
4.1.0 of the Unicode standard [13]. Characters are 32 bits
int8 intl6 int32 int64 wide. Character literals can be expressed in two ways.
\L/’V'Q:g uintl6 uint32: uint64 A character literal may be written as

#\printabl e-character

Any concrete type that cannot represent the literal value
will be omitted from the set of types assigned. Wherepr i nt abl e- char act er is any character spec-
ified in the Unicode 4.1.0 standaedceptthose with gen-
eral categories "Cc” (control codes) "Cf’ (format con-
trols), "Cs” (surrogates), "Cn” (unassigned), or "Z” (sepa
rators). That is, any printable character, excluding space
Notwithstanding the listed Unicode categories, the char-
acters {” (U+007B, left curly brace) and}” (U+007D,
[-][ baser]digits.digits["exponent] right curly brace) are excluded for use in character literal

escaping. Notwithstanding the previously listed Unicode

wherebasedefines the decimal encoded radix of the digategories, the following characters are considered-print
its andexponents an integer literal, possibly including arfPle characters as well:

initial minus sign and a radix specification for the expo-

nent part. Digits are selected as for integer literals, aboy ' " # $ % & () * +, - ./

Note that the decimal point is not optional, and musthave t } @ < =>? @ [\1" - " |

digits on both sides. Thu$.0 is a valid floating point
literal, but0. and.0 are not.

2.5.2 Floating Point Literals

The general form of a floating point literal is:

A character may also be specified by its unicode code
oint:

As with integer literals, floating point literals of an exgli P

itly stated representation type may be written using a type #\U+digits

qualifier. The expression:

Wheredigitsare hexidecimal. The value supplied must be
0.0 : float a valid unicode code point, which is a value in the range

T —— : e 0..10FFFF hexadecimal.

There is an issue here: doesn't the initial set need to beethef sl
integer field sizes so that initialization can work? Shapkhithat the 2 It is notan error if conversion of the literal value causes loss ofipre
answer is probably yes, but that it isn’t a problem in practecause  sion in the low-order bits of the mantissa.
the arithmetic operators are only defined over homogenegusnent 3 A more precise statement is needed for floating point litecaiver-
types. Swaroop points out that expanding the set isn’t wieaites the  sion, but | don’t know enough about floating point conversido
problem for type inference. know what that statement should be.




Certain commonly used non-printing characters have cdny-the current compiler is not backwards compatible with

venience representations as character literals: the version specified by tHatc-version form.

In an interface compilation unit, the optional
#\space bitc-version form is followed by exactly one
#\linefeed interface form (Section 9). In a source compilation
#\return unit, the optionabitc-version form is followed by
#\tab one or moranodule forms (Section 9).
#\backspace
#\Ibrace A source compilation unit may alternatively consist of
#\rbrace the optionalbitc-version form followed by an ar-

bitrary sequence of imports, definitions, declarationd, an
] ) use forms that areot interface forms. In this case
2.5.4 String Literals the forms following thebitc-version are deemed to

. . ) L be implicitly enclosed by anodule form, and the com-
BitC strings are written within double quotes, and M&Yation unit defines exactly one source module.
contain the previously listed “printable characteex-

cluding backslash ({”), but including (“{") and (“}").
They may also contain spaces{0020), left curly brace 2.6.1 Definitions and Declarations

(U+007B) and right curly brace (#007D). . . -
Within a string, the backslash charactek}"is inter- The top level for”.‘s that |r'1troduce programmatic defini-
t|8_ns and declarations are:

preted as beginning an encoding of a specially embe
ded character. The character following thé Is either a

single-character embedding or a curly brace charagter Sefune definstance defr_epr

. o . . efstruct deftypeclass defunion

identifying the start of a Unicode character embedding. proclaim

The legal forms and their meanings are: use
\n Linefeed
\r Carriage Return Thedefine ,defunion ,defrepr ,anddefstruct
\t Horizontal Tab forms support simple recursion. That is, the identifier(s)
\b Backspace being defined may be used in their definition. However,
\s Space the identifier(s) being defined are deemed incomplete un-
\f Formfeed til the end of the enclosing defining form. Restrictions
\? Double quote on the use of incomplete identifiers are described in the
\\ Backslash sections on types and value binding.

\{U-digits}  Unicode code point, hexidecimaigits The proclaim  form is used to provide opaque value

declarations. The identifier declared bypeoclaim
2.6 Compilation Units form is considered incomplete. If a completing defini-
tion is later provided within the same compilation unit,
There are two types of compilation units in BitC: interfthe identifier is considered complete in the balance of the
faces and source compilation units. An interface comiefining compilation unit after the the close of its defin-
lation unit defines or declares types (and consequently tA@ form. An incomplete declaration may be used within
code of type constructors), defines type classes, defifigdrocedure, but may not be used as part of a top-level
constants, and declares values. A source compilation Ufitializer (seedefine , Section 5.2).
can define types, type classes, constants, and values. Theuse form is used to provide an alternative identifier

Every valid BitC compilation unit may optionally beginthatis equivalentin all respects to some existing topteve

(ignoring comments) with hitc-version form. The identifier.
syntax of thebitc-version formis: All definition forms are expressions that return a value of
typeunit.
(bitc-version Ss)

wheres is the version string of the BitC version to whicrs Types

this program conforms. For the version of BitC described

in this document, the proper version string@10 +". BiItC provides explicit control over data structure repre-
Itis a compile-time error if the language version acceptsdntation while preserving a memory-safe and type-safe



language design. bitfield Thebitfield form describes a fixed-precision
integer field:

3.1 Categories of Types (bitfield basetype si ze)

Where baset ype is one of the primary fixed-
precision integral types argl ze is a literal not ex-
ceeding the size in bits of the base type.

BitC has two categories of types: value types and refer-
ence types.

A value type is one whose value representation is “em-
bedded” in the representation of its containing composite
type or stack frame. The lifetime of an instance of value (bitfield int32 4)
type is determined by the lifetime of its container, and it

is the responsibility of the container to allocate storamge f describes a two’s complement four bit field placed
its contained value types. within a 32-bit alignment frame.

A reference type is a type whose value representation re- Bitfields may only be used as types of structure,
sides in the heap. Every instance of a reference type has unjon, or tag fields. The type of a bitfield is deemed

The form

at least one reference value that denotes it. reference to be assignment and binding compatible with its
is a value type, the Valudenotedby the reference is a basetypeA bitfield over a Signed base type is Sign-
reference type. extended as needed when copying to its base type. A
If T is a value type, thefref  T) is the type of a refer- bitfield over an unsigned base type is zero extended.

ence denoting a heap-allocated instanc&.@imilarly, if
T isareference type, thémal T) isthe corresponding
value type. Theval type constructor can only be applied
to reference types whose target is of statically known size.
Storage for a value of value type is allocated from its con-
taining type.

float, double, quad The typesfloat , double , and
qguad describe, respectively, IEEE floating point val-
ues as described in [2][3]. Thguad type is an ex-
tended precision floating point type with a 15 bit ex-
ponentand a 112 bit mantissa.

BitC does not provide automatic assignment conversion ]
between value types and reference types. 3.3 Simple Constructed Types

Constructed types compose existing types into new types.
3.2 Primary Types Type equivalence for the simple constructed types is de-
termined by structural equivalence.
The primary types of BitC are:

3.3.1 Reference Types
unit The unit type, having as its singleton member the

unit value, both of which are written &% .* If T is a value type, then
bool A boolean value, eithe#f or#t . The representa- (ref T)

tion of this type is a single byte, aligned at a byte

boundary.

is the type of a reference denoting a heap-allocated in-

char A unicode code point. The representation of thisstanCe off.

type is a 32-bit unsigned integer, aligned at a 32-i%torage Layout The representation of eef instance
boundary. is architecture dependent. Itis customarily determined by

the size of the machine’s integer registers, and aligned at
word The typeword is the smallest unsigned integrahny address that is congruent mod 0 to the integer register
type whose range of values is sufficient to represesite.
the bit representation of a pointer on the underlying
machine. This type is architecture dependent, ag .
is not directly assignment compatible with unsigne %'2 Function Types

integral types of the same size. Values of tyymd If targ andt esult are types (including type vari-

Zlirzeeallgned at a boundary that is a multiple of thez'arbles), then:

4 Note thatunit is not a keyword. (fn targ.1-- targn -> tresult)



is the type of a function taking arguments of typeyg1  type (array-ref T) ortype(array T len) for
throughtargn, respectively, and returning a value of typanylength. There is no value constructor for array refer-
tresul t - The type of a function taking zero argumentsnce types.

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

definition of a standardized escape analysis for BitC, the
(fn - > tresult) array-ref type is not permitted as the return value of

) ) a procedure, a non-value expression, a structure field, or a
Function types are considered reference types that dengd@ed-over value. The type:

an object of statically undefined size. The size and align-
ment of a value of function type is determined by the un-

] ' (array-ref T)
derlying processor architecture.

describes array references of element type
3.4 Sequence Types

BitC provides fixed-lengthagtray ) and variable-length 3.5 Named Constructed Types

(vector ) types. The named constructed types are types whose compatibil-

ity rules are determined by name equivalence. Two values
3.4.1 Arrays of named constructed types are equivalent if (a) they are

instances of the same statically appearing type definition,
An array is a value type whose value is a fixed produand (b) their corresponding elements are equivalent.

type T! >_0: all of whose elements are of common typgyness otherwise qualified, a named constructed type dec-
The type: laration declares a reference type.

(array T i)
3.5.1 Structures
describes the type of fixed-length arrays of element ty
T and length , wherei is an integer literal of typevord
that is greater than zero.

e
I%he structure declaration defines a named type whose in-
stances are an ordered sequence of named cells. The syn-

) tax of a structure declaration is:
Storage Layout The value representation okeelement

array is laid out in memory as the concatenatiok obn- (defstruct nmfield ..)

tiguous element cells whose size and alignment are deter- (defstruct ( nmtvy .. tvp) field ..)
mined by their respective element types. The elements of

the array appear at increasing addresses in order from\;\%tere eaclii el d is one of:

to right.
nmtype
3.4.2 \ectors (the type nm
@l bitfield-type)

A vector is a dynamically sized array whose elements are (reserved  bitfiel d-type val ue)
of type T. Vectors are reference types. Because they are S o
dynamically sized, there is no corresponding value tyghll namesnmare disjoint identifiers giving the names of

The type: the structure fields, and the respectiygpe forms are the
types of the respective fields. Given a variabl¢hat is
(vector T) an instance of a structure type having a field narhed
the expressiowv.f unifies with the fieldf within that
describes vectors of element type structure.
A fill element may be used to support precise speci-

fication of alignment. The alignment and storage layout
of a fill field follows the alignment and storage layout of

An array reference is a sequence type whose elementd§r82se type, however afill field has no name or defined
of typeT and whose length is dynamic. A parameter or [¥f!U€, @nd cannot be programatically referenced.

binding of type(array-ref T) will accept as its cor- A reserved element may be used to specify a reserved
responding actual parameter or initializer a value of eithigit position in a low-level data structure that is required t

3.4.3 Array References



hold a known value. It is otherwise identical tdield An identifier bound to a union constructor having associ-
element. ated fields is a procedure that may be used to instantiate

An identifier that is bound to a structure type may be us8§"W instances of that union type. The arguments to this

as a procedure to instantiate new values of that structQf@cedure are the initial values of the union fields associ-
type. The arguments to this procedure are the initial v&t€d With that union variant.
ues of the respective structure fields. An identifier that is bound to a non-parameterized union

An identifier that is bound to a non-parameterized str/P€ is @ valid type name. An identifier that is bound to a
ture type may be used as a type name. An identifier tR@ramterized union type may be used in a type constructor
is bound to a parameterized structure type may be use@qplication within a type specification. Its arguments are
a type constructor application within a type specificatiof)€ tyPes over which the newly instantiated structure type

Its arguments are the types over which the newly instafnould be instantiated. For example, the declarations:

tiated structure type should be instantiated. For example,

the declarations: (defunion contrived
(asChar c:char) (asInt i:int32))

defstruct ipair a:int32 b:int32
( P ) (defunion (optional 'a) :val
none

(defstruct (tree-of 'a):ref (some value:'a))

left : (optional (tree-of 'a))
right : (optional (tree-of 'a))

height : int8 define (respectively) a reference type holding either a
value : ’a) char or anint32 , and a value type of optional ele-
ments.

define (respectively) the type nanpair  and the single The declaration:
argument type constructimee-of
(defunion (list 'a):ref
Storage Layout A structure havind fields is laid out nil _
in memory at increasing addresses from left to righk as (cons car’a cdr:(list 'a)))
contiguous cells whose size and alignment are determined
by their respective element types. These cells are tHegfines the reference type of homogeneous lists.
packed according to the previously described alignment

and layout packing ruleid we describe them? Storage Layout Each variant of a union declaration ef-

fectively defines &+1 element structure, where the first
3.5.2 Unions element contains the tag and the remairkidements are

the fields of the constructor leg. In the usual case, the rep-
The defunion  form defines enumerations, discrimiresentation of the union leg is arranged as though it had
nated unions, and mixes of these. The type being defirmdually been this structure, without regard to the layout
is in-scope within the definition of the type, but is incomef other legs.

pletely defined. The syntax of a union declaration is Ofg the unusual case of a union whose tag representation

of: can be elided (see below), each individual union leg will
be arranged as though it had been the corresponding struc-

(defunion - nm Cp .. Cn) ture declaration.
(defunion ( nmtvy ... tvp) ) ) ]
Ci .. GCn) In the case of a union having no tag, the union repre-

sentation will match the size and alignment of reference
where each v; is a type variable anG; is aconstructor Cells. The storage occupied by a union of value type is
form. A constructor form consists of either a single iderit€ maximum of the storage required for each individual
tifier or a parenthesized identifier followed by a sequeng@se of the discriminated union (including the type tag, if
of field or fill declarations (sedefstruct ). All field Present).
names appearing in@funion , including constructor

names, must be disjoint. Type Tag Size and Alignment In the absence of decla-
An identifier bound to a union constructor having no fieldsition, the union type tag will be given an implementation-
denotes the value of the unique corresponding union @efined size and alignment selected to maximize perfor-
stance for that union type. mance efficiency. Explicit control over the size and align-
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ment can be achieved usingtag-type  declaration. neously has an overall bit-level layout requirement. An-

The declaration: other example is data structures where the representation
of the tag must appear at a specific location that is not
(defunion (list ’a):ref adjacent to the fields guarded by the tag. @eé&epr
(declare (tag-type uint8)) form is included to permit the expression of these data
nil structures.

(cons carra cdr:(list 'a))) The following scheme fordefrepr is based on the

bit-data representation proposed by lavor Diatcleki,
indicates that the tag should be implemented using an an-11].

§|gned byte.l The declareq tag type_ must be an unSIQ%PTr%ilar to unions and structures,defrepr  delaration
integral or bitfield type having a sufficient number of dis-

. . . takes the following form:
tinct values to assign a unique value to each constructor.

(defrepr name

Tag Representation The prelude type (Ctrl fll:itype f2l:type ... fnl:itype
(nullable ’'a) must be implemented in a single  (Where (== fpl v11) (== fql v21) ...
pointer-sized machine word, with tHéull case being (== fml vm1))

tagged by a word value of zero and the case being
tagged by a non-null word value. This yields a concrete
representation that is compatible with the representation
of nullable pointers in other languages.

(Ctr2 fl2:type f22:type ... fn2:type
(where (== fp2 v12) (== fg2 v22) ...
(== fm2 vm2))

The following representation requirements are required... )
unless they cannot be legally implemented on the under-
lying machine, as in JVM or CLR. The following restrictions apply. For all constructors

In the absence of an explicit declaration of the tyget™ »Ctry ,Ctrz , ...

tag representation, a union type having exactly one

union leg whose first element is of tygeef 'a) or e All fields fpx , fgx...fmx appearing in thevhen
(nullable ’a) , and all of whose other legs have no  clause of a constructor for@trx must be described
fields shall be represented in such a way that the tag word Wwithin the body ofCtrx . That is,{fpx , fox , ...
reuses the storage of the ref/nullable field. The ref/nul- fmx} C {f1x ,..fnx  }.

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 encodedia2+1. This
representation is sometimes known as the Cardelli opti-
mization, because it permits a two-word implementation
of CONS cells, as in Scheme or LISP.

If a union type tag is explicitly declared to be of a field e Identically named fields within two different con-
type whose size in bitls is such that the machine’s natural ~ structor must have the same type. Thatff =
heap alignment restriction for objectsalign >=2b, the fpy implies type-offpx ) = type-offpy ).

total number of distinct legs of the union does not exceed
2b, and there is exactly one union leg whose first element®
is of type(ref 'a) or (nullable 'a) , then the tag
field shall overlay the least significant bits of the ref/nul-
lable field, the tag value zero shall denote the ref/nullable

Identically named fields within two different con-
structor forms must be located at the same bit level
offset from the beginning of both the constructor
forms. Thatisfpx =fpy implies bit-offset{px )=
bit-offsetfpy ).

The fields within thewhen clauses of all construc-
tor forms must uniquely distinguish all constructible
values of the union. The compiler will not introduce
any more tag bits for defrepr  value.

leg, and all other tag values shall be non-zero. e Currently, thedefrepr  form will not accept type
arguments over which it can be instantiated. That is,
3.5.3 Reprs the following definition is not legal.

There are examples of low-level hardware data structures (defrepr (name 'a b ... ) ...)

for which the unions and structures that can be specified

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 valuesy11,v12, etc must be an integer literal.
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We can envision a larger language constiEFUNION Storage Layout An object occupies two machine
which accepts both type arguments ambden clauses. words, the first of which is a reference to a method ta-
Thedefunion anddefrepr are just specializations ofble and the second of which is a reference to an object of
this DEFUNIONconstruct. However, currently the lancorresponding structure type. The alignment of this struc-
guage only supportdefunion  (which does not acceptture is dictated by the pointer alignment requirements of
thewhen clause) andlefrepr  (which does not acceptthe underlying hardware implementation.

type arguments).

3.5.5 Value vs. Reference Types
3.5.4 Objects

In the absence of other specification, thefstruct
This description is provisional. The feature is a work idefrepr , defunion , anddefobject , forms declare
progress. reference types. The developer may optionally qualify the

In BitC, an object provides a form of existential dispatcr(fl.e(:larm'on to make this intention explicit.

Objects are declared similarly to structures. The syntax of

an object declaration is: (defstruct nmref field ..)
(defstruct ( nmtvy ... tvp):ref
_ _ field ..)
(defob!ect nmfield ..) . (defunion nmref Cp .. Cp)
(defobject ( nmtvy ... tvp) field ..) (defunion ( nmtvy .. tvp):ref
CL ... G
where each field is required to be of method type. (defrepr  nmref  (body))
(defrepr ( nmtvy ... tvp):ref (body))

An identifier that is bound to a object type may be used as

a procedure to instantiate new values of that object typ%.@ lifier “ref” indi hat th declared (and
The single argument to this procedure must be an instad@¢ dualifier “:ref” indicates that the type declared (an

of some compatible structure tySeA structure typeS is consequently the type returned by value constructors) is a

deemed compatible B is of reference type and for ever);eference_type. The qualifier “:val” in(_ji_cates that the_typ_e
methodmin the object type, there must be a corresponﬂgcIared is a value type. The qualifier -opaque indi-
ing method of the same name Swhose type is at leastCates that the type declared is a value type whose internal

as general as the method type declared in the object ty fructure is not apcessable o.utS|de of the.deflmng inter-
ace and the providers of that interface. An importer of an

An identifier that is bound to a non-parameterized objeghaque type may declare fields and variables of that type
type may be used as a type name. An identifier thatjsq carcopyinstances of that type, but can neither apply

bound to a parameterized object type may be used ify@ type constructors nor make reference to the contents
type constructor application within a type specificationf instances.

Its arguments are the types over which the newly instanti-

ated object type should be instantiated. For example, m%te that if th? t)_/pe declared is a value tyPe' It cannot k_’e
declarations- instantiated within the body of the declaration because its

size is not statically known. That is, it is legal to have
a field that is areferenceto a value of the type currently

(defobject O iiint32) being defined, but not a value of that type.

(defobject (Oparam ’a) x:'a)

define (respectively) the type na@and the single argu-3.5.6  Forward Declarations

ment type constructadparam.

. . .. The declarations
An object occupies two words of storage one of which is a

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

an object of corresponding structure type. Construction of (defstruct — nm [qual ] [ external ])
an object from a structure instance entails capturing a ref- (defunion — nm [qual ] [ external ])
erence to that instance and a reference to a method table (defrepr — nm [qual] [ external])

defstruct t vt
mapping the method declarations of the object onto the (defstruct ( [ngnl ] V[lext er n\;lr];)

corresponding method definitions of the referenced struc- (gefunion ( nmtvy .. tvp)
ture type. Invocation of an object method is realized as [qual] [ external])
invocation of the corresponding method of the referenced (defrepr (  nmtvy ... tvp)
structure instance. [qual] [ external])

12



state (respectively) thatm is a structure (respectivelywhere the parameter corresponding to the argument of
union) reference type of the stated arity whose interrstucture type isoy-ref  exactly if the corresponding
structure is not disclosed. If present, the qualifj@al structure type is a value type. Implementations of these
optionally declares the type to be one of “:ref”, “:val”, oprocedures must be provided elsewhere by the developer.
“:opaque”. In the absence of qualification, the default {§yen these declarations, and an expressioeturning a
“ref”. If present, theexternalportion 90n3|§ts of_the key-yalue of types, the application:

word external  followed by an optional identifier (see
discussion of external identifiers proclaim ).

(e.m 3)
For example, the following declaration is include in the
library bitc.int interface to declare the bignum type:js a syntactic convenience for:
(defstruct int :val external bitc _int) (S.m e 3)

The structure of these types may optionally be diSCIOSS%ject Methods In an object type, methods may be
later in the same compilation unit by a type definition far. '

X e . viewed as a procedure proclamation that is likewise cou-
nm If the declaring form appears within an interface, thq P P

corresponding type definition may appear in a providir(%sd to a convenience syntax supported by application.
o)

. I ) . with structure methods, they implicitly proclaim cor-
unit of compilation, in which case the type is opaque .
. . responding procedures. tontrastto structure methods,
importers of the interface.

the implementation of these procedures is provided by the
Note that a forward declaration of a value type is sufficiesgmpiler.

to declaraeferencego that type, but nonstance®f that
type. A complete definition of the value type is required )
to be in scope in order to declare fields and variablesdP-8 Named Type Conveniences

lue type.
value ype The following types are defined in the BitC standard pre-

lude.
3.5.7 Method Types

(defstruct (pair 'a 'b) :val

If Sis a structure or object type, angy g andt r esuyl t fst’'a snd:’b)

are types (including type variables), then a fieldbf S

may be declared as: (defunion (list 'a) :ref
nil

(method targ.1.. targn -> tresult) (cons "a (list "))

A method type may only be specified as a field type of.'\AOte thalpair is @ keyword that is specially recognized

field within a structure or object type. Methods occupy no b|nd|-ng patter.ns. _ -

storage in their associated structure or object. The pair type is supported by a right-associative infix
convenience syntax:

Structure Methods In a structure type, methods may (@ b) = > (pair a b)

be viewed as a procedure proclamation that is coupledto 3 1, ¢) = > (pair a (pair b c))
a convenience syntax supported by application. The dec-

larations:

This convenience syntax may be used in types, binding

(e patterns, and value construction.
efstruct S

m: (method int32 - > bool))
(defstruct T : val 3.6 Const
m: (method int32 - > bool))
The const keyword is a typemetaconstructar If T
implicitly proclaim (respectively) the procedures: is a type, then the typéconst T) is a type that is
copy-compatible (3.10) witf, but has had all mutabil-
(proclaim S.m: (fn S int32 - > bool)) ity stripped (recursively) at all shallow constituent figld
(proclaim T.m: This enables a local, shallowly constant copy to be made
(fn (by-ref T) int32 - > bool)) of a structure containing mutable constituents.
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The const construct is considered a meta-constructd.8 Exceptions
because of its “sticky” behavior under unification. The

type (const ’ a) does not unify with any type (shal-BitC provides declared exceptions. The type
lowly) containing a mutable constituent field. exception  should be viewed as an “open” union
reference type whose variant constructors are defined
by defexception . The syntax of an exception
3.7 Mutable declaration is:

Unless modified by thenutable keyword, the preceding ~ (deéfexception — nm [fieldy ... fieldn])

types yield immutable instantiations. Tfis a type, then _ _ ] ]

the type(mutable  T) is the type of mutable instancedvhere eachfiel d;i is a field declaration (see

of T. If the typeT is a reference type (includingef ~ defstruct ) whose type is a concrete type.

structure types), then the tyeautable  T) describes An identifier bound to an exception name is a procedure

a mutable reference to a memory location in the heap. that may be used to instantiate new instances of that ex-
ception. The arguments to this procedure are the values of
the fields associated with the exception.

3.7.1 Mutability of Aggregates

Array types and by-value structure types are aggregg’rg Type Variables

types. While all f|e_lds of an array are of like typ(_aA type variable is a type variable identifier preceded by

structures may contain a combination of mutable and "g_single quote, as ita . Type variables may appear in

mutable constituent fields. An instance of aggregate tygr? osition i1ere at. e can apoear. Tvpe variables are

is mutable as a whole exactly if all of its contained con- y position w yp bpear. 1ype varl

stituent fields are mutable: most commonly used as type constructor arguments for
named constructed types (see below). They can also be

used to annotate expressions, for example to require that

(define p (pair (mutable # \c) 3:int32)) two expressions must have the same type. The expression:
;» legal, field is mutable: (myfun x yra)’a

(set! p.first # \d)

5 illegal

says that the type of is unspecified by the program au-
thor (and should therefore be inferred), the return type is
also unspecified (and should be inferred), but the program

(set! p.second 5)

(define mp (pair (mutable # \c) ) )

3:(mutable int32))) author is stating that the return type and the last argument
:; legal, all fields mutable: type are the same. This type of annotation is sometimes
(set! mp (pair # \d 4)) useful to assist the inference engine.

The scope of a type variable is its outermost defining

The test of constituent mutability does not extend acrd§§m.
reference boundaries.

If T is an aggregate type, thémutable T) isavalid 3.10 Copy Compatibility
type exactly ifT is mutable at all constituents.

The combination of mutability and value types in the BitC

type system raises the need to specify what happens at
3.7.2 Shallow vs. Deep Mutability “copy boundaries.” Given a value of tydg and a loca-

tion or formal parameter (the receiver) of typg, when is
If T is an immutable type, and if all of its unboxed fieldghe value compatible with the receiver for purposes of ar-
(recursively) are of immutable type uprief boundaries, gument passing and assignment? We refer to thi®pg
thenT is said to beshallow immutable. If any of those compatibility .
elements are mutable, th@nis said to beshallow muta-
ble. We use the terndeep mutableto refer to mutable

types that appedrehindaref boundary. 3.10.1 Trivial Copy Compatibility

The type (ref (mutable ’'a)) is shallow im- The typesT and(mutable T) are trivially copy com-
mutable but deep mutable. patible, because they differ only in top-level mutabilidy.
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location of typgmutable  T) may be assigned a valudn addition to preserving abstraction, reducing type in-
of either type, and a parameter of typenay be passed acompatibilities at function reference types, and prowdin
value of either type. some degree of separation of concerns, copy compatibil-
ity can also be exploited by polyinstantiating implemen-
tations to significantly reduce the amount of redundant in-
ptantiation that would otherwise be required.

The intrinsic type clasgop-copy-compat T1 T2)
describes a relation between all pairs of typgsand T
that are trivially copy compatible. This type class is rare
the right thing to use in input programs, but may some-

times be seen in the type checker output. 311 Restrictions

3.10.2 Structural Copy Compatibility BitC imposes a value restriction [4] on polymorphism. A
binding is only permitted to be of polymorphic type if its

Two structured type§1 and T, are structurally copy defining expression is a syntactic value.

Compatible if (a.) they are tr|V|a”y COpy Compatible or (bAs is usual in |et_p0|ymorphic |anguageS, po'ymor-
they are value types that are fieldwise structurally coppic function arguments cannot be used polymorphically

compatible. Note that this definition explicitly doest ithin the function. For example, the following function
descend recursively across reference types. The conggplisallowed:

tual intuition is this: any element that will actually be
copied by assignment or argument passing must be com- (define (foo f)

patible ignoring mutability, but any object thatpsinted (pair
to must have exactly matching type in both the value and (f (cons 1 (cons 2 nil)))
its receiver. (f (cons #t (cons #f nil)))))

The intrinsic type clasgcopy-compat T To) de-
scribes a relation between all pairs of tyggsandT, that .
are structually copy compatible. If you are trying to af#  Type Classes and Qualified Types

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

you want. Note tha(top-copy-compat T1 T2) A type classdefines an n-ary relation on types, and pro-
implies(copy-compat ~ T1 Tp), butthe reverse is notvides a means for specifyiragl hocpolymorphism. Every
true. type class is parameterized over1 types, and defines a

set of methods over those types. Type classes provide a
form of opentype-directed operations: a user can add a
new member to the relation established by a given type

A curious consequence of copy compatibility is that fun€laSs by providing a new instantiation of the type class.

3.10.3 Inner and Outer Procedure Types

tions have two types. Consider the function: Closely connected with type classes is the notioguali-
fied types For example, consider the following definition
(define (inc x:(mutable int32)) of list-max
(set! x ( + x 1))
X) (define (list-max X)
(switch tmp x
From the perspective of the function’s implementation, (nil (raise ValueError))
is a mutable location having tygenutable int32) , (cons
and sincex is returned, the return type of this function @if (null? tmp.cdr)
is also(mutable int32) . From this, we would con- tmp.car
clude that the type dhc should be: (let ((m (list-max tmp.cdr)))
(if (  >= tmp.car m)

inc: (fn ((mutable int32)) (mutable int32)) tmp.car m)))))

Given the copy compatibility rules, however, the fact th¥thich is typed as:
inc internally mutates its argument is not something that
the caller needs to know in order to catic directly. (forall ((Ord 'a))
The externally observable type reportedifur therefore (fn ((list "a)) 'a))
strips shallow mutability, giving:
This type should be read informally abst-max is a
inc: (fn (int32) int32) procedure accepting lists of tyfge and returning a value
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of type’a . Itis defined over all type® such that there the point where the instantiation is visible. Each method
is an instantiation of th€Ord 'a) type class.” defined by a type class is introduced into the scope con-

In this example,(Ord 'a) s the type class that de-{&ining the type class definition.

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

which the procedure-= is defined. Obviously, it not se-ular set of types, the programmer simultaneously proves
mantically sensible to request the greatest element df a (lsy example) that the set of types is a member of the class
whose element type does not have at total ordering. and defines (by example) how the operations of the class
are implemented for that type. If the type class has been
marked “closed,” the instance definition must appear in

the same interface or module that contains the type class

Contrast this example with the following alternative:

(define (list-max gte x)

(switch tmp x definition.
(nil (raise ValueError)) Type functions, when present, indicate that there is a de-
(cons pendent relationship between two or more types of the
(if (null? tmp.cdr) type class relation. For example, the (incomplete) dec-
tmp.car laration:

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

tmp.car m)))))) (deftypeclass (sample 'a 'b ’'c)

(tyfn (a ’'b) 'c)
which is typed as: )
o states thasample is a type relation over three types, but
(fn ((fnl.(ta’ 2) ,bOOI) also says that for any pair of typ&s and’b there there
(list a)) "a)) is one valid choice oft .

In this second example, the comparison operator is pro-
vided as an argument, and there is no requirement for 4.1 Example:Eq|

ditional type constraints. Note, however, that in practice _ ) )
any comparison function that might actually be passedAs @ first example, consider the equality comparison oper-
this position is likely to depend on the= operator in ations. The type clagsql defines a single element type

some fashion, and is therefore likely to end up having'@ation on typesa : describing whether the type is ad-
qualified type. missable under equality. Some types — notably function

types — cannot be compared for equality. The definition
of this type class is written:
4.1 Definition of Type Classes
(deftypeclass (Eql 'a)
Atype class is defined by the abstract syntax: == : (fn (‘a 'a) bool))
I= : (fn (a ’'a) bool))

(deftypeclass ( nmtv ... tv)
[tyfn-declarations] which states thaEq. is the single element type relation
[:closed] o over all typesa that can be passed as arguments+o
net hod- defini tions) andl= .

where atyfn-declarationis a statement of functional de- e
pendency between types [6]: 4.1.2 Qualification: Ord

A type class can also be introduced in qualified form. The

i tv .. tv) tv) syntax for such a type class definition is:

and each method definition takes the form: (forall (  constraint ... constraint)
(deftypeclass
nm : function-type (nmtv ... tv))
[tyfn-decl arations]

Each method is an abstract procedure that may be in- met hod- defi ni ti ons)
stantiated for some particular type by a later use of
definstance . The method may be invoked prior tovhere each constraint takes the form:
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(tc-name tv ... tv) 4.2 Instantiation of Type Classes

¥Vhenever a type class method is invoked, the compiler
must identify some concrete member of the type class re-
lation that is sufficient to choose an appropriate imple-
mentation of that method. This is done by locating an
appropriate instantiation.

wheretc-name is a typeclass name. An example of thi
use is theOrd type class:

(forall ((Eql 'a))
(deftypeclass (Ord ’'a)
< @ (fn (a 'a) 'a))) A type class instantiation is a demonstration by example

that some particular set of types satisfies the relation re-
This type class states th@rd is the single element typeq.UireOI by the type class. Type class instantiations are de-
relation over all type& that can be passed as argumengg'e.d by thedeﬁn.sFance form. The abstract syntax of
to <. It also states that th@rd relation is only defined efinstance  is:
for types that are also members of gl relation (that

is: types that admit equality comparison). (definstance  tc-instance
] ) function ... function)
Note that in the presence of this definition, the procedures (forall ( constraint ... constraint)
>, <=, and>= can be defined as: (definstance t c-i nstance)
function ... function)

(define (> x vy)
(not (or ( < X y) (== xY)) wheretc-instanceakes the form:
(define ( <= xy)
(or ( < xy) (==x1Y) t | ass- t t
(define ( >= x y) (typecl ass-nane type .. ype)
or > X == X
(or 2 ) For example, the definition:
all of which will be inferred to have the type: (definstance (Ord int32)
int32-ops. <)
(forall ((Ord 'a)) (fn ('a 'a) bool))
states thaint32 is member of the type relatiddrd be-
This may seem like a very long-winded way of sayingause there is an instance function32. < that pro-
that an orderable type is any type that can be passed toiges an implementation of the “less than” operation over
operators< and==. However, type classes are statemendgguments of typ@t32 . If the type class definition is
aboutrelationsamong types. This may become clearefiosed, all instance definitions must occur in the same in-
with the following example. terface or module ad the type class definition.

Note that becaus®©rd 'a) has(Eql 'a) ,thetypes: In practice, this definition is insufficient, because we must
first demonstrate thant32 is a member of th&q rela-
(forall ((Ord 'a) (Eql 'a)) tion (which is a superclass @rd) In consequence, two
(fn (a 'a) bool)) separate instantiations are required:
(forall ((Ord 'a)) (fn (a 'a) bool))
(definstance (Eq int32)

are equivalent. The second is stylistically preferred for int32-0ps.==

reasons of brevity. It is also more robust: in the (in this int32-ops.1=)

example unlikely) event that the definition®fd should (definstance (Ord int32)

be modified to depend on some other type class in place int32-ops. <)

of Eql the future, the first definition will mistakenly re- ) o )

tain an additional, unncessary type dependency, while thdYP€ class instantiation is deemed to be in scope for

second will continue to type check as intended. purposes of procedure instantiation if it is defined by the

- . i ) _end of the outermost unit of compilation.
Restriction: Qualified type relationships must be acyclic.

Itis a compile time error to define two type class instances
covering the same concrete types unless one instance is

4.1.3 Example:tyfn “preferred” to the other. Preference is determined by com-
paring the respective type variable instantiations pmsiti
Need an example of type functions. ally. Given two instances A and B over type variables
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tv 1..tv p, instance A is preferable to instance B if there  (forall ( constraints)
exists some subset of the respective type variable instanti (defunion ( uni on-nane tvars) [ :val ])
ations such that the instantiation under A is strictly more G ... G
concrete than the instantiation under B, and the two in-
stantiations are identical (modulo type variable renaming
at all other positions. If this comparison does not (traQualifications may similarly appear in the binding pat-
sitively) determine a most preferred instantiation, then merns of structure, union, and value declarations.
instantiation is preferred and a compile time error is sig-
nalled.

4.4 Core Type Classes

4.3 Qualified Types BitC defines several core type classes. These classes
cover type relations that are required internally by the
Itis sometimes necessary to qualify the types of instancggpe checker, or in some cases relations that cannot be
type classes, constructed type definitions, or value degg;)ressed within the language. All of these type classes
rations explicitly. A qualified type takes the general fornyre closed, though not necessarily finite — the compiler

implements their membership internally.
(forall ( constraint ... constraint)
type)
4.4.1 ref-types

Qualified types may appear only as the types of binding

patterns; they may not qualify expressions generally. F&gf-types 'a) is the type class consisting of all
example: heap-allocated typegref 'a) , (vector 'a) , and
string . Use of this type class is appropriate when a
(define add1:(forall (Num ‘a)) structure or union should not be instantiated over value
(fn 'a 'a)) types. Thenullable 'a) type is an example of this.

(lambda (x) ( + (the 'a 1) x)))
4.4.2 copy-compat
explicitly states that thadd1 procedure takes arguments - .
whose type admit-, and therefore must be members ({Eopy-compat 'a 'b)

is an equivalence relation
theNumtype class.

containing all pairs of types& and’b that are “copy
If multiple qualifications appear in the same binding patompatible”. That is: all types for which a value
tern, they must unify. The following is legal, if somewhatf type 'b may be assigned to a location of type

obscure: (mutable 'a) , and all types for which a formal pa-
rameter of typéa may be passed an actual parameter of
(define type'b .

(vi:(forall ((Eql 'a)) 'a), v2:b)
: (forall ((Num ’c))

((fn (c) bool), 'b)) ...) 4.4.3 top-copy-compat
with the effect thav1 receives the qualified type: (top-copy-compat "a 'b) is an equiva-
lence relation containing all pairs of type&a ,
, ‘b such that’a=='b (mutable 'a)=="b or
forall ((Eql (f bool ! ’
(forall’ ((Ea (,(\lzm( C,)C)) ool) 'a==(mutable ’'b) . That is: types that are the same
(fn (c) bool)) ignoring top-level mutability.

which will ultimately fail to type check, because functions

are not admissable under value equality. 5 Binding of Values
Qualifications may also be applied to structure and union o
declarations, with the abstract syntax: 5.1 Binding Patterns
(forall ( constraints) Binding patterns are used to bind names to values. They
(defstruct (  struct-name tvars) [ :val ]) appear in the definition of formal parameters and in bind-
nm[:t1] .. nhl:tnl) ing forms such aslefine |, let , letrec , anddo. A
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binding pattern consists of an identifier that is optionalkvaluation of the initialization expressions occurs in or-

qualified by a type: der fromeq to en. The environment in which the expres-
sion(s) are evaluated does not contain the identifiers being
id bound in the curredet form.
(the T id) The syntax ofet is:
id: T
(let (( bpy e1)
In top-level bindings (those introduced by a top-level .(“bpn en)
define , thei d may be qualified by an interface bind- ebody- 1
ing name corresponding to some interface that the cur-
rent unit of compilation provides (Section 9.3). Thus, if ebody- n)
my.interface is an interface name, it is legal for a
source unit of compilation to contain: One common form of these expressions is the one in
which the left hand patterns are simple identifier names,
;; State that we are a provider asin:
;; of my.interface:
(provide if my.interface) (let ((x e1)
;; Define some variable declared (y e2)
;7 in the interface: . x, y are bound in:
(define (if.varname x) el '
(+ x 1)) “body-1
€pody- n)
5.2 define

The value of det form is the value of the last form exe-
Variable and procedure bindings are introduced I§jited within the body.

define : In similar languagedet is often presented as a form de-
rived fromlamdba . In BitC, as in other let-polymorphic
(define  bp e) languages, the value restriction for lambda arguments
(define ( i)d [bp1 ... bpn]) means that this is not (quite) true.
e .. e

where eactbp is a binding pattern. In the first form, the>-3-2 letrec

newly bound identifiers are not in scope within the b0d¥he letrec

. : - o form provides a mechanism for locally
The second form permits recursive bindings. Identifiefs .~ - : ) .
: o . . binding identifiers to an expression value. Each identi-
defined within a recursivdefine are deemed “incom-

. —— fier bound in aletrec  form must appear exactly once
plete.untll the end of the er.1cI05|rt1;,af|ne form. ~among the collection of binding patterns being bound.
The right hand form of alefine is evaluated to obtain Evaluation of the initialization expressions occurs in or-
a value, which is then bound to the identifier on the lefiter fromeq to e,. The syntax ofetrec  is:
hand side.

Mutually recursive procedure definitions at top level can  (let ((  bp1 eq)
be achieved either by use letrec  or by declaring the

procedures ahead of their definitions. (bpn en))
; Identifiers in bpj
; are bound in:

5.3 Local Binding Forms €pody- 1

5.3.1 let €body- n)

Thelet form provides a mechanism for locally bindingrhe environment in which the expression(s) are evaluated
identifiers to the result of an expression evaluation. Eacbntains (via unification) the identifiers being bound in
identifier bound in det form must appear exactly oncehe currenietrec  form. This allowsletrec  to bind
among the collection of binding patterns being bounrdecursive procedure definitions:
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(letrec 5.4 Value Non-Recursion

((odd
(lambda (x) ; odd In any recursive binding (introduced blgtrec  or
(cond ((= x 0) #f) define )suchas:
(( < x 0) (odd (- x)))
(otherwise (define  bp e)
(not
(even (even - x 1)) if i d is an identifier that appears in the binding pattern
(lambda (x) : even (and is therefore incomplete), free occurrences afin
(cond ((= x 0) #) e must occur only within dambda body. This ensures
(( < x 0) (even (- X)) thati d will be initialized before it is used.
(otherwise This restriction intentionally prevents infinitely recives
(not data constant definitions.

(odd (- x 1))
body)

5.5 Static Initialization Restriction

The value of detrec  form is the value of the last form

executed within the body. | continue to look for a more rigorous way to express the

following requirement.

Within the defining expressions ofetrec  form, use of . . I
the identifiers being defined is subject to the same restrisé[fat'caIIy declared (global) variables must be initiatize

tions described fodefine . This ensures that cyclicalgﬁfa?lfntleo??lgﬁ;g’tigﬁm%seﬁgaersg' ezhézn?trigier?js?
constant data cannot be introduced. 9 P ' guag

impose a sufficient ordering constraint on initializatioms
ensure that no initializer can depend (transitively) on any
uninitialized variable. To ensure this, we introduce the
notions of “compile-time evaluable” and “compile time

i , applicable” expressions, and the restriction that every in
Thedefine  form may be used to introduce local defgiajiing expression of a statically declared variable mus
initions in any expression sequence, provided the 10gal ., mpile-time evaluabfeinformally: it must be possi-
define is not the last form of the sequence. For this Py, for he compiler to evaluate the initializing expressio

POSE, the quies afegin Iz?\mbda (including thos_e im- 5t compile time without (conservatively) referencing any
plied by derived form rewrites)et , letrec , while , | . islized variable.

ordo-while  constitute expression sequences.

5.3.3 local define

i . . _ . Literals are compile-time evaluable.
Localdefine is a derived form. The canonical rewriting

of the localdefine  form using core language constructé locally bound identifier is compile-time evaluable ex-
; actly if its initializing expression is compile-time evalu

is:
able. It is compile-time applicable exactly if the return
value of its defining expression is compile-time applica-

(begin ... ble.
define id L) =
(be(giilr.]_? de def) ez [) - A globally bound identifier is compile-time evaluable pro-
(let ((d e  def)) vided its definition is lexically observable and compile-
ez [..]) time evaluable. By “lexically observable,” we mean that
begin ... either (a) it appears as a lexically preceding definition in
(beg
(define (id [args]) e def) €2 [...]) = >the same unit of compilation, or (b) there exists some
(begin ... chain of interfaces$ g...I 5 such that the global identifier
(letrec ((id (lambda(args) e def ))) is is defined inl ,, the unit definingout importsl g, | o
e2 [.]) importsl 1, | 1 importsl 5 ... andl - 1 importsl p.

A globally bound identifier is compile-time applicable
This rewrite proceeds left to right. Successive defines gmevided it is of function type, it is lexically observable,
gathered intdet or letrec  forms that are progres-and all expressions appearing in its definilagnbda
sively more deeply nested, which means that later locat

definiti f identifi had lier definiti This notion is conceptually related to the Standard ML rotaf
ennitions or an identiner shadow earlier detiniuons. “syntactic constants,” and achieves the same goal. Theititafirof

“compile-time evaluable” is slightly richer, and allowsrfmore ex-
5 Cyclical constants impede termination reasoning in thegro pressive initializing expressions.
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form are compile-time evaluable. For purposes of thimit may not be used as part of a top-level initializer (see
analysis, it is assumed that any formal parameter of ttiefine , Section 5.2).

function is both compile-time evaluable and (if of funcp js occasionally necessary to make reference to proce-
tion type) compile-time applicable. dures or values that are implemented by an externally pro-
Any expressiorother thanan application or an assign-vided runtime library. This may be accomplished by an
ment is compile-time evaluable provided that all of its freexternal ~ declaration:

identifiers are compile-time evaluable.

An application is compile-time evaluable provided that (Proclaim proc:(fn (int32) char)
(a) the expression in the function position is compile-time _ external)
evaluable, (b) all of its arguments are compile-time evalu- (Proclaim proc:(in (int32) char)
able, and (c) any arguments of function type are compile- external ident)

time evaluable. . o . ]
This has the effect of advising the BitC compiler that no

An assignment (as w!tbet_! ) is comp_||e-'_ume evaluable yofinition of this identifier will be supplied in BitC source
prowaed Its expression iboth _‘30”_"0"9'““‘? evaluable_ code. It is primarily intended to support portions of the
and (if of funct|on_ type) complle-tlmg appllcable.. Th,'%itC runtime library. Use of this mechanism for other
preventg .Iater ass'gnme”ts from "?"te”',‘g the Comp'le't”ﬂﬁrposes is strongly discouraged, and we reserve the right
evaluability of previously defined identifiers. to revise this syntax incompatibly in future revisions of
Dangling: the BitC specification.

The result of an expression evaluation (including applf-a proclaimed external procedure provides an optional
cation and constructor application) is observably knovrailing ident , this identifier will be used verbatim in

if (a) the definitions of all identifiers that are free in théhe generated code in place of the normal identifier name
expression are observably known, and (b) any procedgemerated by BitC. The trailing identifier is permitted only
that is applied is observably applicable. Requirement ({b}he external procedure has non-polymorphic type.

is satisfied by definition for all type constructors.

Note that these definitions are conservative with respect to .
mutability. Because no initializing expression can refe. ~EXpressions
ence an observably unknown value, nor perform an appli-

cation that is not observably applicable, it follows thatnmp 1 | jterals
assignment performed from within an initializing expres-

sion can cause an identifier to transition from observaliyery literal is an expression whose type is the type of the
known to observably unknown. literal (as described above) and whose value is the literal
value itself.

6 Declarations 7.2 Identifiers

The proclaim  form is used to provide opaque valugyery lexically valid identifier is an expression whose
declarations. The declaration: type is the type of the identifier and whose value is the
value to which the identifier is bound.
(proclaim x:int32)

states thax is the name of a value of typet32 whose 7.3 sizeof , bitsizeof
def|n|_t|on "”Fd |n|t|aI|z§1t|o_n IS pr(_)V|ded by some ImpleTheS|zeof and bitsizeof forms report the size, in
menting unit of compilation. This form can legally ap; . . ;
o . - "bytes (respectively bits), of a type. When applied to ex-
pear only at top level within a source unit of compilation . .
- . pressions, they report the size of ttypeof that expres-
or within an interface.

sion. The expression is typed by the compiler, but it is not
The identifier declared by proclaim  form is consid- evaluated.

ered incomplete. If a completing definition is later pro-

vided within the same compilation unit, the identifier is  gjzeof( )
considered complete in the balance of the defining com- sizeof( T)
pilation unit after the the close of its defining form. An  bitsizeof(  e)
incomplete declaration may be used within a procedure, bitsizeof(  T)
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The return type o$izeof |, bitsizeof isword . 7.5.2 make-vector

The expression:
7.4 Type-Qualified Expressions

(make-vector €len €init)
Any expressiore may be qualified with an explicit result

type by writing either of creates a new vector whose length is determined by the

value of the expressio@| ¢n, Which must evaluate to a
(the T e) value of typeword. The argumenej pjt must be a
e: T function from word to some typ€, where the vector cre-

ated will be of typg(vector  T) . The initializer value

whereT is a type. This indicates that the result type 59r each cell will be ol_atained by i_nvoking the procedure
thethe form is constrained to be of typE. Thethe Ci ni t atotal ofe| e times, passing as an argument the
form is syntax, its expression argument is not convey ex of the vector position to be. |n|t|fe1l!;ec_i. The proce-
by application, and is therefore not subject to copying gre€ini t ShO_UId retrn the desired initializer value for
a consequence of type qualification. the corresponding position.

The resultvalueof the expression is not changed by typ'(:eor example, the procedufist-  >vector may be

qualification, except to the extent that a type restricti(y}q’Itten as:
may lead the inference engine to resolve the types of o
other expressions and the selection of overloaded prim- (import bitc.list as Is)

itive arithmetic operators in ways that produce different (define (list- >vector lst)
results. (make-vector

(length Ist)
Syntactic Restriction Thee: T convenience syntax is (lambda (n)
not permitted in combination with the member selection (Is.list-nth Ist ny))))
convenience syntax “.". The sequence of grammar expan-
sions:

Care should be taken to ensure that the type returned by
the initializer function is mutable if the slots of the vecto
expr -> expr.ld are intended to be mutable.
expr -> expr:type.ld
expr -> expr:ld.ld.ld

" 7.5.3 array, vector

leads to a shift/reduce conflict at the indicated positio-}—lhe expressions.

The grammar resolves this by disallowing the helper type-

qualification syntax in this context. If required, a type (&may €0 .. en)

qualification in this context can be obtained using either (V€¢tor €0 ... en)

of the following alternatives:

create a new array (respectively, vector) whose length is

determined by number of arguments. The first argument

expression becomes the first cell of the created array (re-
spectively, vector), the second becomes the second, and
so forth. All expressions must be of like type.

(the T e).ld
(member e: T Id)

7.5 Value Constructors

) 7.5.4 Convenience Syntax
7.5.1 unit

Derived forms

The expression: ) . . .
The following are right-associative convenience syntax

for types defined in the standard prelude:

0

(a,b) = > (pair a b)
denotes the singleton unit value. (a,b,c) = > (pair a (pair b c))

22



7.6 Expression Sequences Theejnit-i expressions are evaluated in order in the
lexical context containing thdo form. In this context,

The expression: the variables bound by the loop have not yet been bound.
All other expressions are evaluated within an inner lexical
(begin e1 .. ep) context that includes thdo-bound variables. After all

of the initialization values are computed in order, tloe
executes the formej throughey in sequence, wherepound variables are bound to the initial results in parallel
each formis an expression. The value bkgin expres- and body processing begins.
sion is the value produced by the lasipressiorexecuted

in the begin block. At the start of each pass over the body, the expression

et est IS evaluated. If this expression retur#is then
€resul t is evaluated and its result returned. Otherwise,

7.7 Labeled Sequences and Escape the expresions of the body are evaluated in sequence.
) At the end of each execution of the loop body, the
The expression: estep-i €xpressions are evaluated in sequence. Once
) all of the expression values have been evaluateddthe
(block ident e1 .. en) bound variables are bound to the newly computed results

] in parallel and a new pass is initiated over the loop body
executes the formey throughep in sequence, where,q previously described.

each formis an expression. The value bleck expres-

sion is the value produced by the lasipressiorexecuted The _execut_ion of a given pass of the loop body can be
within the block. terminated immediately by the:

Within the body of théblock form, the identifiei dent (continue)
is lexically bound as an escape label, and the expression

form. This causes an immediate transfer of control to the
end of the nearest enclosing loop body. Note that the ini-
tializer, step, test, and result expressionsrasepart of

the loop body.

(return-from i dent e)

Causes an immediate return from thlck with the
value computed by the expressien Control does not

continue past the end of this form. Thedo form is not let-polymorphic. In consequence, the

. I . binding patterns bound within th#o form are not poly-
The identifieridentmust be in scope as an escape lab‘ﬁlrorphic bindings.

and theblock and its associatedeturn-from must
appear within the body of the same lambda form. That
is: thereturn-from  maynotappear within daambda 7.9 Interface Member Reference
that is in turn nested within llock .
If i f is an identifier naming an interface binding estab-
) lished throughmport , andi d is an identifier defined in
7.8 lteration that interface, then either of:
Derived form (member if id)
BitC provides the looping construdb, which condition- if.id
ally evaluates its body multiple times.
is an expression that returns the value of that identifier.
(do (( bp1 €init-1 estep-1) The returned value is a location, and can be used as an
argument tcset!
(bpn €init-n estep-n)
(etest eresult)
ebody- 1 7.10 Structure, Repr Field Reference

ebody- n) If e| oc is a location expression of structure or repr type,
andf i el d is an identifier naming some invariant field in
Do is an iteration construct taken from Scheme [8]. hat type then either of:
specifies a set of variables to be bound along with an ini-
tializer expression and an update expression for each vari- (member e| ¢ fi el d)
able. Evaluation of thdo form proceeds as follows: el oc-field
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is an expression that returns the field valmemberisa 7.13 Procedure Values

syntactic form. The returned value is a location, and can

be used as an argumentdet! . Procedure values are introduced by the keyvantbda .
In contrast to Scheme, Haskell, and Standard ML, BitC
procedures take zero or more arguments. The syntax of a

If €| oc is alocation expression of union or reprtype, and  (lambda ([ bpy ... bpn]
t agi d is an identifier naming some union discriminator e1 .. ep)

tag in that union or repr type then either of:
where eaclbp; is a binding pattern matching the formal

(member €| oc tagid) parameters of the procedure aegl... ep is the body
el oc-tagid of the procedure. The return value of the procedure is
the value computed by the last expression executed in the

is a boolean expression that returns true exactly if the t%%dy'
value of the corresponding tagtigid . Each formal argument binding pattern defines a set of

variable bindings that are in scope in the body of the

. lambda. Each formal argument binding pattern is uni-

7.12  Array and Vector Expressions fied with its corresponding actual parameter. Any iden-
tifier that is free in the binding pattern is unified with the

7.12.1 array-length, array-ref-length, vector-length  gtrycturally corresponding element of its associatedsctu

. . . parameter.
If e is an expression of array (respectively: array-ref, vec- ] . )
tor) type, then BitC argument and return value passing are “by value.

Formal argument and return values must be of value type,

(array-length e) which means thatferencesan be passed, but the values
(array-ref-length e) denoted by these references cannot. The “by value” policy
(vector-length e) also implies that local variables atepiesof their initial-

) izing expressions, which may yield surprising results if
return aword whose value is the number of elements ifhe initializer is of mutable type. Aet  binding is not an

the array, array-ref, or vector. alias for its initializer. Alet binding of a (top level) mu-
table value cannot simply be substituted Byeduction
7.12.2 array-nth, array-ref-nth vector-nth into the body of thdet  form.

If e is an expression of array (respectively: array-ref, veg-1 5 1 By-Reference Parameters
tor) type, ande; is an expression with result typeord ,

then: By-reference parameters provide an optimized argument
passing mechanism for parameters. A by-reference for-

E::Zy:pet?-nth €l OCeei) ei) mal parameter is aalias of the passed argument; the
(vect)cgr-nth e e ; oc =i internal implementation passes a pointer to the argument

rather than a copy of the argument. A by-reference param-
are (respectively) expressions that returndfta element €ter may be a re_ference to an component of an aggregate
of the array (respectively: array-ref, vector). If the \alutyPe, such as afield or a vector member.

ej is greater than or equal to the length of the array ("ehe BitC specification permits the representation of a by-
spectively: vector), thenladexBoundsError  excep- reference parameter to be either one word or two. This is

tion is thrown. intended to simplify the handling of inner pointers by the
The expression: garbage collector.
By-reference parameters can escape only as part of a first-
efej] class procedure, but the lifetime of a by-reference param-

eter cannot exceed the lifetime of its containing scope.

is a convenience shorthand for The formal parameters of a function can be declared as by
by-reference parameters as in:
(vector-nth e ej)
(lambda (x:(by-ref T) ) ) ;oor
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(define (f x:(by-ref T) ) ) (if etest ©then €el se)

A by-ref  declaration can only appear as a qualifier ff¥hereet est , €t hen, andeg| se, are BitC expressions.
the type of a parameter. This is a syntactic restriction. The value of arif form is either the value of thet hen

A function with a formal parameter declared(ag-ref form or the value of thee| se expression. Exactly one
7) can only be apllied to an actual argument of type Of theet hen Oreg| se forms is evaluated.

That is, unlike normal parameters, an actual argumentffe value returned by the; o5t expression must be of
type (mutable  7) where the formal parameter is ohoolean type.

type 7 or vice versais not permitted [Herer # (muta- The types of the; per, andee| se Must be compatible.

ble 77)].
Derivation The canonical rewriting of is:
7.14 Explicit Procedure Return (f etest €then €el se) =>
(case etest
Derived form (#  ethen)
(#  eel se))

The expression: (f etest Othen) = >
(case etest
(retun  e) (#  ethen ()
# 0)
causes the nearest enclosiaghbda form to immedi-
ately return the value computed by the expressiomhis 7 165 \when
form executes a form of labeled break. Control does not

continue past the end of this form. Derived form
Derivation The canonical rewriting afeturn  requirés The when form is used to represent conditional control
that the containingambda also be rewritten: flow when only one condition is of interest:

(lambda ( args) body) => (when etest €then --)

(lambda ( args)

(block  _return  body)) Whereet ost andet hen are BitC expressions.

(return  €) => The et st expression must compatible with boolean.
(return-from _return  e) There are no restrictions on the types of g e, forms.
The type of avhen form is Unit.

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

7.15 Function Application e osp form st

The expression: Derivation The canonical rewriting ofvhen is:
(efn [e1 ... en) (when etest ethen ..) = >
(case etest
q functi licat h luation of th (#  ethen - ()
enotes function application. The evaluation of the ex- # 0)

pressioref n must yield a procedure value.

Note that the identifief n may either evaluate to a Pro~ 163 not
cedure or may name a value constructor for a named con-

structed type. Derived form

Thenot formis used to invert a boolean result. The form:
7.16 Conditional Execution

(not e)
7.16.1 if
returns true if its argument evaluates to false, and false it
Derived form its argument evaluates to true.

Theif formis used to represent conditional control flonDerivation The canonical rewriting ofiot is:
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(not e) => and then rewriting each two argumemnt form as:

(if e #f #)
(or e1 ep) =>
7.16.4 and (it ep # e2)
Derived form
_ ) 7.16.6 cond
Theand form is used to perform lazy expression evalua-
q The cond form is used to represent conditional control
(and ej ez .. en) flow where there are multiple possible outcomes:
returns true if every one of the expressiens ... en

(cond ( etest1 €1)

evaluates as true. Expressions are evaluated left to right.
(etest2 €2)

Each expression must return a result of tygmol . If
any expression evaluates#fs, no further expressions are ’(otherwise en))
evaluated. For this reason, taed form cannot be imple-

mented as a procedure. , )
Theet est -j €xpressions are evaluated in sequence un-

Derivation The canonical rewriting cdnd proceeds by | gne of them evaluates as true. The corresponéing

first rewriting multiargumenand forms into forms of N0 g then evaluated and its result becomes the value of the

more than two arguments: cond expression. Subsequesitest-j expressions are
not evaluated. Exactly one of tleg expressions will be

(and ey ez ... ep) => evaluated. Thetherwise clause isotoptional.
and e . o
( (alnd es .. ep) Any cond form can be rewritten as a chainiéf forms
without alteration to meaning.
and then rewriting each two argumemtd form as: The values returned by theg est expressions must be of

typebool . All of the expressionsj must be of compat-

(and ey ep) => ible result type<.

(if eq ep #f) Derivation The canonical rewriting ofond proceeds
by removing each conditional expression in turn:

7.16.5 or
(cond ( etest1 e1)
Derived form (etest2 €2)
The or form is used to perform lazy expression evalua- ’(o{ﬁerwise en)) = >
tion. The form: (f etest1
€1
(or e1 €2 ... ep) (cond ( etest2 €2)
. . otherwise e
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- Uuntil only two cases remain in theond expression, the
pression evaluates &b , no further expressions are evalulast of which has a true predicate. This final cond is rewrit-
ated. For this reason, tioe form cannot be implementedten as:

as a procedure.

Derivation The canonical rewriting oér proceeds by (cond ( etest1 €1)
first rewriting multiargumenor forms into forms of no . (otherwise  en)) = >
more than two arguments: (i §t183t 1
en)
(or e1 e2 ... ep) =>
(or e1 7 If we choose to relax the type compatibility rules for, we should
(or e2 ... epn) relax them here too.
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7.17 Mutability where eacmatchform is either a single union tag identi-
fier (constructor) or a parenthesized sequence of union tag

The expression: identifiers. Multiple union constructors may be matched
by a single clause only if all matched constructors domi-
(set!  e|oc eval) nate identical fields. Since the type and bit-offsets of iden

tically named fields within repr-constructors are required
is used to set the value of a mutable entity. The exprédPe the same, multiple repr-constructors can be matched
sion eo¢ should evaluate to a location of mutable typl @ Single clause. In this case, only the common fields of
(mutable  T). The expressiom,y should evaluate to aI_I matched repr-constructors will be visible for selentio
an assignment-compatible tyge The return value of Withinej ... ej j.
set! is the unit value. A switch expression performs a value match on the tag
fields of the expressioe (or if e is of repr type, on
the tags of its outermost body) in sequence. The first
7.18 References mat chj expression containining a matching tag value
is selected, and the corresponding expression sequence
7.18.1 dup €j 1... €j.ni isexecuted in an environment whete
. . is a value of anonymous type. For every field of the origi-
If e is an expression of non-procedure type, the expression ion t h that all of it taini .
presion type such that all of its containing union or
repr tag qualifications are satisfied, the anonymous type
contains a field with the same name denoting the same
portion of the The value of is a copyof the (discrimi-
returns a reference to a heap-allocate@y of the value nated) value returned by the expression
returned by the expressien

(dup e)

An expression of anonymous type may only appear only
as the expression argument of thember form, or as the
7.18.2 deref expressiore of aswitch form. It may not be passed as
an argument, rebound, or returned as a result value.

If e is an expression of reference tyref  7) , then: |t g otherwise form is present, then the body of the oth-
erwise clause is executed in an environment wheigs
(deref e) bound to acopyof the (undiscriminated) value returned
by the expressioa.®
returns the value named by the referencieref is @ |fthe matches performed by a givewitch  are exhaus-
syntactic form. The returned value is a location, and C@le, theotherwise  clause can be omitted.

be used as an argumentdet! . . .
g For purposes of literal case analysis, gwitch form

The expression: will also accept expressiomsof primary scalar type and
matching values that are literals of the corresponding.type

e
is a convenience shorthand for 7.20 Exception Handling
(deref e) 7.20.1 Try/Catch

Thetry formis used as the control flow resumption point
7.19 Value Matching of athrow form. When athrow occurs, control re-
sumes at the nearest dynamically containing form
The switch  form provides a mechanism for obtainingvhose matching patterns match the name of the exception
access to variant fields of a value of union or repr typdat was thrown.

The syntax obwitch is: The try block syntax is:
(SWitCh |d e (try expr
(matchy e1.1 .. e1.n1) (catch id [( tagid] eq)
(matchp ez 1 ... €2 n2)

y o 8 Technically, this need not be a copy, and we are reviewingthvene
(otherwise  eqt her)) the copy should be bypassed in the otherwise form.
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BitC is a language supporting mutation. Because of this,

(tagid2 e2) a specification of the type system and expression evalua-
((tagidx tagidy) exy)] tion semantics of BitC does not entirely account for how
[(otherwise en))) the behavior oBet! interacts with the behavior of ac-

cessor expressions suchasay-nth |, vector-nth
In the absence of a programmer-specifigderwise member, deref , and expressions consisting of a single
clause, theatch block behaves as though the clause identifier. In particular, the characterizations#t! as

(setl e1 eD)

(otherwise (throw id))
does not account for hoay can be mutated in place, be-
had been present. cause the language specification (to this point) does not
If the evaluation oexpr does not cause an exception, théistinguish between expressions that generate new values
value of thetry block is the value oéxpr . (in the sense of values that occupy new storage) and ex-

gressions that return pre-existing values. To address this

If the evaluation ofexpr causes an exception to b : L .
. ; we present here an informal characterization of locations
thrown, execution proceeds as if the catch block were

rewritten to the procedure: inBitC.

(lambda (e:exception) 8.1 Expressions Involving Locations
(switch nm e
(tagidq eq) The following expressions accept locations (addresses of
(tagidz e2) cells) in the indicated positions, and return locations as
their result:
(otherwise  eot her wi se)))
id
and this procedure were applied to the received exception (array-nth l'oc ndx)
value. The return value from this procedure is returned as (vector-nth e ndx)
the value of thease expression. (member |oc ident)
(deref e)
7202 Throw in addition, theset!  form requires a location as its first

argument, and returns the unit value.

The throw form is used to raise an exception. It per-
forms a non-local control flow transfer to the most recent
(nearest temporally enclosintgy block, with the effect
that the thrown exception value is received by the cor@:2 Implicit Value Extraction
spondingcatch block as described above. Thaow

(setl  loc e)

expression has no return value type. The form: When a value of location type appears in any context ex-
pecting an expression, the location is implicitly derefer-
(throw e) enced to give the expected value as a result. The “value

extraction rule” applies both to return values and to ap-

throws the exception computed by the expressign plications, with the consequence that “bare” locations can
which must be an expression of typeception  or of NEVer escape their binding frame in either the upward or
some concrete exception type. The latter case permitsﬁﬂ%\’%\’vard dlrec'uon;. OnI;(/jthose f_orrr;s |dgntn‘|ed explic-
locally bound identifier in a discriminated catch block v @ ovz as alcceptmg an retlurnlng ocations are excep-
be passed directly to throw so that a pre-existing exceptﬂ)?ﬂs to the value extraction rule.

can be re-thrown without allocating new storage. For example, in the expression:
(let ((@ b)) ...
8 Locations the expressiob evaluates (internally) to a location, but it

is then discovered to appear in a binding context requiring
This section is a work in progress, but it is as accuratea@s expression, so the value at that location is returned in-
| (shap) can currently make it. Corrections, commenttead. Similarly, the expressianevaluates (internally) to
identification of omissions, and so forth are welcome. a location, allowing it to be initialized in place.
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8.3 Generalized Accessors Interfaces provide the only means by which functions and

types may be shared across multiple units of compilation.

Note A module contains a private set of definitions and delara-

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

It is customary for programs that introduce “collection”

types to provide operations for both insertion and lookup. .

It would be exceedingly convenient if the lookup oper§-1 Specifying an Interface

tion could be used to support efficient access as well, for | ) . )
An interface unit of compilation consists of a

example: ) . .
bitc-version form followed by a single
(btree-insert bt key some-obj) interface form.  The interface form wraps
(btree-lookup bt key).field a sequence of imports, aliases, definitions, and declara-

tions that describe the public identifiers associated with

That is, it is sometimes appropriate for the lookup funédat interface. For example, the interface:

tion could return a location. .
(interface sample

This cannot be supported for local objects, but it is possi- (define x 1) ; constant definition
ble for the type system to successfully infer the distinttio (defunion (list 'a):ref

between local object locations and global object locations nil

In this case, we could relax the value extraction rule so (cons ‘a (list 'a)))

that it would not apply to return values, with the effect (defstruct (tree-of "a):ref)

(proclaim y : int32))

that we could write an accessor function such as:
(defstruct S :opaque (int32 i))

(define (4th-elem vec)

(vector-nth vec 4))
4th-elem: (fn ((vector 'a word))
(location ’a))

Defines a constant with value 1, defines the now-
familiar list type, declares thatee-of  is an opaque
reference type defined in some (unspecified) source unit
of compilation, and thay is a value of typant32 de-

Given such an accessor function, it would even be poscslfi‘red in some (unspecified) source unit of compilation.

ble to write: Note that the declaration dfee-of  provided by this
interface is incomplete and therefore opaque. Because
(set! (4th-elem vec) 5) tree-of  is a reference type, clients of this interface

can declare variables and arguments of tjqee-of |,
If introduced, this feature would need to be handldilit cannot instantiate them because no function returning
with care. It would be all too easy for a binary tree'yypetree-of is exposed by this interface.
lookup handler to return the internal node structure, Witljyie further thaval-type
the effect that external code could modify the storegl |aranie, because it is a value type. Clients may declare
key “in place,” violating the integrity of the binary treearguments of type
Because of this risk, it is unclear whether the type

is both incomplete and un-

(location T) should ever be inferred automatically. (ref sample.value-type)
but not of typevalue-type , because the size of
9 Interfaces value-type is notrevealed.

BitC recognizes two kinds of compilation units: interface8.2  Importing an Interface, Aliasing
and modules. An interface contains a public set of defini-

tions and declarations. From the perspective of an ifm-order to use the identifiers supplied by an interface, the
porter, it describes the identifiers that are published bifent unit of compilation must first import those identi-
one or more providing bodies of code. From the impléers using a top-levémport form. There are three such
mentor perspective, an interface describes a set of deftams. It is a compile-time error if any local identifier
rations that must be exported by some providing modubound by arimport is already bound.
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9.2.1 Hygienic Import 9.2.3 Promiscuous Import

The syntax of the hygienic import form is: The promiscuous import form imports all public identi-
fiers from the imported interface that do not already have
top-level aliases in the importing unit of compilation. The

import i f-nanme as |ocal - nane : .
(imp ) syntax of this form is:

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

(import i f-nane)

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

it is legal to writemyName.pubName at any identifier interface.

use occurrence. This is referred to abyaienic alias

Hygienic_ gliase; may appear in any use occurrence_whg_rg_‘l Compile-Time Import Resolution

an identifier might ordinarily appear. When a hygienic

alias names a provided symbol, the hygienic alias Mm@y |ocate the source representation of an imported in-
also appear as the defined identifier of a top-level defiyface, the compiler shall attempt to locate a file
nition. Hygienic aliases mapot appear in the definednape bitc , wherenane is the identifier used to name
position of alocal definition. the corresponding interface. The default search path used
Hygienic import preserves a strong distinction betwed@r this resolution is not defined by this standard, but shall
the namespace of the imported interface and the lop&pvide a resolution for every interface specified in the
namespace of the importing unit of compilation. This i@nguage definition. Itis permissable for a compiler to im-
appropriate when importing interfaces that are not fulglement some or all of the default search path internally,
mature, or for which the possibility of future name colliwithout reference to any external file name space.

sions as a result of interface evolution must be defendegery file-based compilation environment for BitC shall
against. provide a command-line optioth that enables the build
environment to append directories to the interface search

-~ path.
9.2.2 Qualified Import

The qualified import syntax importelectedpublic iden- 9.2.5 Error Reporting
tifiers from a specified interface. The selected identi- _ _ . .
fiers are aliased (after optional re-naming) in the topdleW/hen reporting errors, a conforming BitC compiler

namespace of the importing unit of compilation. The syghould alwaysreport the defining name of the type or
tax of this form is: variable. It mayoptionally report the alias (use) name

by which the type or value was referenced. Only defin-
ing names should be exposed for resolution by the linker.
For identifiers defined or declared within an interface, the
defining name is the fully qualified name of the identifier
whereident-of-remags either some identifier publishedwith respect to its interface. For all other identifiers, the

(import i f-name ident-or-remapt)

by the imported interface or it is: defining name is the one that appears in the defining form.
The BitC interface system provides primarily for separate
(pubNane as | ocal Nane) compilation and name hiding. In contrast to the module

system of Standard ML [9], BitC interfaces are purely a

If a single identifier is given, the local alias is bound usirfg©! for namespace control.
the public name. If the “as” variantis given, the local alias
is bound under the specified local name instead. 9.3 Providing an Interface

It is a compile-time error to form more than one top-level
alias in a single unit of compilation for the same publi& source unit of compilation can indicate that it provides
name in a given interface. definitions for one or more declarations of an interface
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by means of theprovide ~ declaration. The syntax of 10  Source Modules
provide is:
A source unit of compilation consists of one or more mod-
(provide interface-nane ident) ules. Each module consists ofrodule form containing
an arbitrary sequence of imports, definitions, declaration
Where each dent is an identifier proclaimed by theand use forms that aretinterface  forms.
named interface. That is: the name as specified in tige module syntax is:
interface rather than any alias of that name that may have

been locally bound. (module nodul e- nane? docstring? nod_f or mt)

The effect ofprovide is to authorizethe definition of

the named identifiers. The definitions must then be d&-source module constitutes a scope. Except for those

fined by binding an arbitrarily selected local alias of thgefinitions that are explicitly exported usimgovide

public identifier. For example: (Section 9.3), identifiers bound in a module are not vis-
ible in other source modules.

(bitc-version "0.10 +")
(import sample as In)
(provide sample tree-of) 11 Storage Model
(defstruct (In.tree-of 'a):ref
left : (optional This entire section had become hopelessly stale, and
(In.tree-of ’a)) needs to be rewritten.

right : (optional
(In.tree-of 'a))

height 12 Pragmatics

value : 'a)

The requirement that an arbitrary alias be defined can fee-1 ~ Closure Construction

sultin strange appearances. The following alternative def )
inition is equivalent in all respects to the one above: BitC seeks to enable the crafting of programs that do not

make unexpected use of the heap, and which can make use
of lambda andletrec  forms to describe rich [mutual]

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

(bitc-version "0.10 +")
(import sample as In)
(provide sample tree-of)

(use (In.tree-of as mumble)) piler is required to perform when constructing closures,
and more generally, the conditions under which closures
(defstruct (mumble ’a):ref will be formed at all.

left : (optional (mumble ’a))
right : (optional (mumble ’'a))
height

value : 'a)

Closure construction proceeds in two phases. During the
initial phase, free identifiers are added to the closure and
the program is rewritten to heap-allocate closed values if
that is necessary. During the second phase, a check is

It ¢ ired that a sinal it of i ﬁerformed to determine whether the resulting closure is
is not required that a single source unit of compilatiof , actually necessary.

provide the entirety of an interface. For sufficiently large _ _ o ) _
interfaces (e.g. the standard BitC library), this would Jghase 1 Given an identifierid appearing free in a
impractical. However the flexibility to define an interfacgmbda formL:

with a collection of independently compiled source units

of compilation demands some means to prevent circulat. Globals If id resolves to a globally defined identi-
type and value declarations. Circular value definitions are fier, it will not be added to any closure record.

precluded by the type-level definition observability rule _ _ i
2. Closed Lambda Forms If id:t is an immutably

bound identifier whose initializing form islambda
9.4 The Reserved Interfaceitc term (i.e. a literalambda , not merely an expres-
sion returning a value of function type), artl ap-
The interface name “bitc” is reserved for use by the BitC  pears in Lin non-applicative positiojthenid , then
implementation. a corresponding field of type T is added to the closure
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record, and this field is populated at closure construc-e Within aletrec , calls to any function bound in the
tion time by acopyofid . letrec that appear in tail position within some func-

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

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

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

that is shallow immutable. The resulting reference

id:(ref T) is then closure converted as a shah Standard Prelude
low immutable identifier.

Phase 2 If a closure record was created in phase 1, bﬁtrange of types, type classes, and functions supporting

all elements of that closure were added as a conseque(?{%%r"“‘t'ons on primary types are defined in the BitC stan-

of rule 2 (closed lambda forms), then no explicitly alloQlard prelude.

catd closure record is either required or permitted. All giis section needs to be defined.

the closed lambda forms can be represented using lalg{g following types and values are defined in the BitC
without any intervening heap-allocated procedure objectgyndard prelude. The compiler is free to implement some

Whether or not a closure record is fabricated for a giveriall of these types internally, and is further free to rety o
lambda form L, if an identifierid resolves to a closedinternal knowledge of these types within the implementa-
lambda form, then any use-occurrence appearing in &ps.

plicative position inL must be implemented by a call (or

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

labelrather than proceeding through any procedure objk8 ~ Foundational Types
that may have been allocated fdr.

The prelude provides definitions for commonly used in-
tegral types. Under normal circumstances, the reader and
pretty printer conspire to hide the fact that these types are
%mion types.

12.2 Tail Recursion

BitC requires a limited form of tail recursion. We do no
require fully proper tail recursion because this is difficul

to accomplish efficiently in C, and we wish to preserve
the ability to compile BitC programs into C for the sake
of portability.

;; There is an open issue here: should
;; strings be primitive? Issue is unicode
;; character size and long strings.

; Strings:

Definition: Within a BitC formf , a formg occurs intail ;;(defunion string:val (vector char))
position with respect to the fornfi if the evaluation of .

g is the final evaluation (and therefore the return value) : Pairs: _

computed by the fornfi. This definition is transitive. A (defstruct (pair "a "b).val

structural consequence of this relationship is that the typ fst’a snd:'b)

of g is (copy compatible with) the type éf. . Optional values:

An application of a functioffi is said to beail recursive (defunion (optional 'a):val
if (a) it appears in tail position with respect to the body none (some value:'a))
of its most closely containintambda body, and (b) it

is implemented in such a way as to re-use its containing : Nullable pointers:

stack frame. (forall ((ref-types 'a))
(defunion
The BitC specificationrequires that certain procedure (nullable 'a):val
calls appearing in tail position must be compiled using Null (non-null ptr:(ref ’a))))

a tail-recursive implementation:
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; Homogeneous lists:
(defunion (list 'a)

nil

(cons car:’a cdr:(list 'a)))
; Bignums
(defunion int:val

(fix f:(bitfield int32 31))
(big b:(ref (bool, (vector word)))))

14 Foundational Type Classes

The standard prelude provides a number of standard t)lzge

classes:

; Equality comparison by identity:
(deftypeclass (EqComparison 'a)
eq : (fn (a 'a) bool))

; Equality comparison by identity,

; with exceptional handling for

;. numerics:

(deftypeclass (EglComparison 'a)
eql : (fn (a 'a) bool))

; Generalized equality:

(deftypeclass (EqualityComparison ’'a)
== : (fn ('a 'a) bool)
1= : (fn (a ’'a) bool))

; Magnitude comparison

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

; Checked arithmetic
(forall ((Ord 'a))
(deftypeclass (Arith 'a)
+: (fn (a 'a) 'a)
- (fn (a 'a) 'a)
*: (fn (a 'a) 'a)
[: (fn (a 'a) 'a)
<<:(fn (a word) 'a)
>>:(fn (a word) 'a)))

; Ring arithmetic
(forall ((Ord 'a))
(deftypeclass (Ring 'a)

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

; Sign transformations

(forall ((Ord 'a))
(deftypeclass (Signed 'a)
negate: (fn ('a) 'a)
abs: (fn (a) 'a))

Il Formal Specification

15 Grammar

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

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

15.1 Categorical Terminals

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

Id Identifiers (Section 2.2)

IntLit Integer literals (Section 2.5.1)

FloatLit Floating point literals (Section 2.5.2)
CharLit Character literals (Section 2.5.3)

StringLit String literals (Section 2.5.4)

15.2 Interfaces, Units of Compilation

start == version? interface
| version? nodul et
| version? inplicit_modul e

ifname = {Ild. }* Id
interface :=

(interface i fname docstring? def +)
nodul e ::=

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

def = inport

| usedecl

| typedef

| typedecl

| tcdef

| instdef

| val def

| proclaim

| decl are

15.3 Type Declaration and Definition

Thedefunion anddefstruct  forms are semantically
derivable fromdefrepr  (or vice versa, but for pur-

poses of specifying typing it is more convenient to retain
them and use the conventional typing definitions for prod-

uct and union types.

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

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

| (case {(tags (reprbody)) }T)
tags x=1d | (Id )
typedecl :=
(defstruct typnm val

9 This statement of semantic derivability ignores the Céirdainily
of representation optimizations that are not currentlyresgable for

docstring?
{external 1d  ?}?)
| (defunion  typnm val
docstring?
{external Id  ?}?)
| (defrepr  typnm val
docstring?
{external 1d  ?}?)
tcdef :=
(deftypeclass typnm
docstring?
{ttyfn ( tvarT+) 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 def pattern docstri ng? expr)
| (define (ident bindi ngpattern?)
docstring? exprt)
def pattern = ident
| ident:qualtype
| (the qualtype ident)
0,
| (pair defpattern defpattern)
| ({defpattern, }+ defpattern)
bi ndi ngpattern = ident
| ident:type
| (the type ident)
0,
| (pair defpattern defpattern)
| ({defpattern, }+ defpattern)
procl aim ::=
(proclaim i dent: qual type
{external 1d  ?}?)
; Note: external Id may include BitC
reserved words.

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

| (forall ( constraint+) constraint)

15.5 Types

Note that the pair type is semantically a derived form. It
appears in the grammar solely because of the need to sup-

port pattern bindings and multiple return values.

tvar = 'ld

defrepr , but it is intended to fully support control of these optid Nt type = int8 | intl6 | int32 | int64

mizations in future enhancements to the language.

| uint8 | uintlé | uint32 | uint64
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pai rtype := (pair type type) (otherwise expr)?))

(array type IntLit)
(vector type)
| (ident typet)

| ({type, }* type) | (throw expr)
type = ident | (let ( {(bindingpattern expr)}+)
| tvar expr)
| ) | bool | char | string | exception | (letrec ( {(bindingpattern expr)}t)
| inttype expr)
| float | double | quad | (do ( {(bindingpattern expr expr)}t)
| (bitfield i nttype IntLit) (expr expr)
| (ref type) expr)
| (val type) | O | #f | #t | CharLit | StringLit
| (mutable type) | IntLit | FloatLit
| (fn ( type*) type) switchtags == ident | (ident)
| pairtype
|
|

15.6 Expressions 15.7 Miscellaneous
ident == 1d | Id.Id declare :=
expr 1= eform (declare  {(ident type) | ident}t)
| (the type eform docstring := StringLit
;v eformpernits ident via expr.id
eform:=1Id
0 IV  Standard Library
ef or mld
(the type eform.id
Ef:e':nbefxg;pf xf;r)) 16 BitC Standard Library

(array-nth expr expr)
(vector-nth expr expr) This section needs badly to be completely revisited.
expr [ expr ]

expr The BitC standard library is described as a set of groups.

(deref  expr) Each group gives a puil_t—in fun_ction, a list of signgtures
(suspend ident expr) supported by that built-in function, and a description of
({expr, }+ expr) the operation of the function.

(array expr T+)

(vector  expr T)

(array-length expr) 16.1 Built-In Operators

(vector-length expr)

(make-vector  expr expr) BitC defines the operatidangth to return the length of
(begin  expr 1) a vector.

(lambda ( bi ndi ngpatt ern*) expr +)

. The length operator is defined over the signature:
(expr expr?*)

(if expr expr expr) (vector)— uint64

(and expr 1)

(or expr ™)

(set!  expr expr) 16.2 Arithmetic

(dup expr)

(cond (  {(expr expr)}*) BitC defines the built-in operatoss, - , *,/ , and% with

(otherwise  expr)) the usual meanings of two’s complement addition, sub-

;5 MAY NEED CASE traction, multiplication, division and remainder for segh
| (switch I1d  expr types, and one’s complement addition, subtraction, multi-

( {(switchtags expr_seq) }*

_ plication, division, and remainder for unsigned types.
(otherwise expr _seq)))

| (try expr BitC also defines the build-in operatorsit-or
(catch Id bit-xor , andbit-and , with the usual meanings of
swi t cht ags expr) }* one’s complement bit manipulation.
p p
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These operators are defined over the following signaturdg’.1 ~ Axioms
int8 x int8 — int8

intl6 x iNt16 — intl6 Thedefaxiom form introduces a term rewrite that is ac-
int32 x iNt32 — int32 cepted as true by the BitC prover. The body of the axiom
int64 x int64 — int64 is a boolean expression that must always retirror all

LiNt8 x uint8 — uints possible variable instantiations:

uintl6 x uintl6— uintl6
uint32 x uint32 — uint32
uint64 x uint64 — uint64

Unary minus is also supported over all integral types with/.2  Proof Obligations: Theorems
the usual meaning.

(defaxiom  name truth-expr)

Thedefthm formintroduces a proof obligation that must
be discharged by the BitC Prover. The body of a theorem
is a boolean expression that is considered to be discharged

16.3 Comparison if its result is#t for all possible variable instantiations:

(defthm  nane truth-expr)
BitC defines the built-in comparison operaters <= >

>= =, and!= with the usual meanings of less than, less _ ] _
than or equal, greater than, greater than or equal, eqdal,3 Proof Obligations: Invariants and Sus-
and not equal. pensions

These operations are defined over the following signa- . . . L
tures: P 99 'ﬂwedeflnvanant form introduces a proof obligation

that must be discharged by the BitC Prover at all sequence
charx char— bool . o -
int8 x int8 — bool points where it is not explicitly suspended. The body of
. . an invariant is a boolean expression that is considered to
intl6 x int16 — bool . o ; : :
. . be discharged if its result it for all possible variable
int32 x int32 — bool

int64 x int64 — bool nstantiations:
uint8 x uint8 — bool
uint16 x uintl6— bool
uint32 < uint32— bool An invariant may be temporarily suspended by the
uint64 x uinté4— bool suspend form:

The = and != operators are additionally defined over

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

(eq) and inequality.

(definvariant name truth-expr)

The logical effect obuspend is to advise the prover that
the invariant given byane is not expected to hold within
the scope of theuspend form.

17 Verification Support For program semantics purposssspend is a derived
form:

In addition to its role as a means of expressing computa- (suspend nane e) =>
tion, BitC directly supports the expression of constraints  (begin  e)

on execution, and the expression of proof obligations con-

cerning the results of computations. While the bulk of ver- heori

ification effort is performed in the BitC Prover, theoremi7'4 Theories
and invariants also introduce requirements for compi

time static checking. l‘?hedel‘theory form gathers a number of theorems into

a single group for purposes of suspension:
Note that the phrase “all possible variable instantiations

is restricted tdegalinstantions as determined by the type  (deftheory name thm ... thm)

checker. BitC is statically typed, and BitC functions and

theorems are therefore defined only over their stated adiere eacht hm has been previously introduced by
mains. defthm .
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17.5 Suspending and Enabling [5] Anita K. Jones Protection in Programmed Systems
Doctoral Dissertation, Department of Computer Sci-
For purposes of proof search management, theorems andence, Carnegie-Mellon University, June 1973.

theories may be disabled or enabled bydisable and ] ]
enable forms: [6] Mark Jones. “Type Classes With Functional Depen-

dencies.”Proc. 9th European Symposium on Pro-
gramming (ESOP 2000). Berlin, Germany. March
2000. Springer-Verlag Lecture Notes in Computer
Science 1782.

(disable nanej ... namep)
(enable naneq ... namep)

where eachnane; has been previously introduced by7] M. Kaufmann, J. S. MooreComputer Aided Rea-
defthm ordeftheory . soning: An ApproachKluwer Academic Publishers,

The effect of disablement is to render a theorem or group 2000.

of theorems inactive for purposes of proof search. Dig] Richard Kelsey, William Clinger, and Jonathan Rees
abling or enabling remains in force until altered by a sub- (Ed.) Revise8 Report on the Algorithmic Language

sequent enable or disable or until the end of the containing SchemeACM SIGPLAN Notices, 339), pp 26—76,
lexical scope. 1998.

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

18 ACknOWIedgmentS gramming pp. 198-207, 1984.

We owe a significant debt to the help of Scott Smith $£0] Robin Milner, Mads Tofte, Robert Harper, and

Johns Hopkins University. Scott's input has influenced David MacQueenThe Definition of Standard ML -

our thinking about the BitC/L subset language. While RevisedThe MIT Press, May 1997.

BitC/L IS not Ye.t visible in the specification, some 0.[/110] lavor S. Diatchki, Mark P. Jones, and Rebekah

the design decisions made here reflect constraints derive o .

from BIitC/L Le§lle. High- level Views on Low-level Repre§en-
' tations.” Proc. 10th ACM Conference on Functional

Paritosh Shroff, also at Hopkins, spent a great deal of time programmingpp. 168—179. September 2005.
helping us explore the implications, strengths, and weak-

nesses of théypecase construct that survived to ver-[12] J. S. Shapiro, J. M. Smith, and D. J. Farber. “EROS,
sion 0.8 of the specification and the “match type” notion A Fast Capability SystemProc. 17th ACM Sympo-
that was needed to support it. Beginning in version 0.9, sium on Operating Systems Principl&ec 1999, pp.
we abandoned match types in favor of type classes. This 170-185. Kiawah Island Resort, SC, USA.

decision was greatly assisted by the input of Mark Jon

of the Oregon Graduate Institute [Ei%] Unicode Consortium. The Unicode Standard, ver-

sion 4.1.0, defined byhe Unicode Standard Version
4.0, Addison Wesley, 2003, ISBN 0-321-18578-1, as
amended byUnicode 4.0.1and by Unicode 4.1.0
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