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SUMMARY

This report gives a de�ning description of the programming
language FX. The FX programming language is designed
to support the parallel implementation of applications that
perform both symbolic and scienti�c computations. The
unique features of FX include:

� An e�ect system, to discover expression scheduling
constraints. An e�ect is a static description of the
side-e�ects an expression may perform when it is eval-
uated. Just as a type describes what an expression
computes, an e�ect describes how an expression com-
putes.

� Abstraction over any kind of description, thus permit-
ting �rst-class type and e�ect polymorphism. E�ect
polymorphism makes the FX e�ect system more pow-
erful than previous approaches to side-e�ect analysis
in the presence of �rst-class subroutines.

� Type and e�ect inference, so that declaration free pro-
grams can be statically type and e�ect checked. FX
also permits explicitly typed programs, and programs
that use explicit types only for �rst-class polymorphic
values and modules.

� First-class modules, which permit FX to serve as its
own con�guration language. It also includes an archi-
tecture independent module of parallel vector opera-
tors.

The introduction o�ers a summary of and motivation for
the unique properties of FX.

� Chapter 1 presents the fundamental ideas of the lan-
guage and describes the notational conventions used
for describing the language and for writing programs
in the language.

� Chapter 2 describes the FX Kernel. The FX Kernel
includes essential constructs and the type and e�ect
system.

� Chapter 3 introduces built-in data types and opera-
tions, which include all of the language's data manip-
ulation and input-output primitives.
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INTRODUCTION

FX is a programming language that we designed to inves-
tigate the following questions:

� How can simple syntactic rules be used to deduce pro-
gram properties beyond type information?

� How important is information about the side-e�ects
of program expressions in a language that is designed
for parallel computing, and to what extent can unam-
biguous side-e�ect information be used to schedule a
program for parallel execution?

� How important are �rst-class polymorphic values and
�rst-class modules in a language that provides type
inference?

FX is a major revision and extension of the FX-87 pro-
gramming language [GJLS87]. The designs of both FX
and FX-87 were strongly in
uenced by Scheme [R86], es-
pecially in the choice of standard types and operations.

FX-87 was the �rst programming language to incorporate
an e�ect system [LG88]. Experimental data from FX-87
programs show that e�ect information can be used to auto-
matically schedule imperative programs for parallel execu-
tion [HG88]. However, we found that FX-87 was di�cult
to use because extensive declarations were required in pro-
grams.

FX is designed to be easier to use than FX-87. FX elimi-
nates the requirement for most declarations [OG89, JG91],
provides a less complex e�ect system, and provides a mod-
ule system that supports programming in the large [SG90].

The FX language described in this report can be further
enhanced with store regions. Fx with regions is called
FX/R. Regions are used to describe the area of the store
that an e�ect encompasses. For example, assigning to a ref-
erence with the type (fx..refof int @blue) would have
the e�ect (fx..write @blue).

Regions also permit unobservable side e�ects to be masked
in e�ect descriptions in a process called e�ect masking
[GJLS87].

We have shown that regions can be inferred like e�ects in
a restricted subset of FX [TJ91]. We believe that alge-
braic region reconstruction [JG91] will allow the addition
of regions to FX without requiring any declarations.

We have also incorporated a simple static complexity anal-
ysis system based on expression costs into a dialect of FX
called FX/C [DJG92].

We have found that an e�ect system is useful to program-
mers, compiler writers, and language designers in the fol-
lowing respects:

� An e�ect system lets the programmer specify the side-
e�ect properties of program modules in a way that is

machine-veri�able. The resulting e�ect speci�cations
are a natural extension of the type speci�cations found
in conventional programming languages. We believe
that e�ect speci�cations have the potential to improve
the design and maintenance of imperative programs.

� An e�ect system lets the compiler identify optimiza-
tion opportunities that are hard to detect in a conven-
tional higher-order imperative programming language.
We have focused our research on three classes of opti-
mizations: execution time (including eager, lazy, and
parallel evaluation); common subexpression elimina-
tion (including memoization); and dead code elimi-
nation. We believe that the ability to perform these
optimizations e�ectively in the presence of side-e�ects
represents a step towards integrating functional and
imperative programming for the purpose of parallel
programming.

� An e�ect system lets the language designer express
and enforce side-e�ect constraints in the language def-
inition. In FX, for example, the body of a polymor-
phic expression must not have any side-e�ects. This
restriction makes FX the �rst language known to us
that permits an e�cient implementation of fully or-
thogonal polymorphism in the presence of side-e�ects.
In FX, any expression can be abstracted over any type
and all polymorphic values are �rst-class. First-class
values can be passed to subroutines, returned from
subroutines, and placed in the store.

The FX programming language was developed by the Pro-
gramming Systems Research Group at MIT. In addition
to the authors, Jonathan Rees and Franklyn Turbak con-
tributed to the design of FX. The FX project has also
bene�tted from the work of John M. Lucassen, Mark S.
Day, Michael R. Blair, Mark Reinhold, Todd Hammel,
and Brian Reistad. Any information or comments about
FX can be submitted to the FX electronic mailing list
fx@lcs.mit.edu. Send requests to be added to the list to
fx-request@lcs.mit.edu.

An FX interpreter written in Scheme can be ob-
tained by sending an electronic mail request to
fx-request@lcs.mit.edu.
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DESCRIPTION OF THE LANGUAGE

1. Overview of FX

FX uses lambda abstraction and beta-reduction as the ba-
sis of its computational model, and thus it is a member of
the lambda calculus family of languages. FX uses sym-
bolic expression (s-expression) syntax, and thus it is com-
patible with Lisp source maintenance tools. FX is lexically
scoped, statically checked, uses one variable namespace and
implements tail-recursion. All values in FX are �rst-class,
including subroutines, polymorphic values and modules.

The FX programming system is based on a kernel lan-
guage that de�nes the syntax and semantics of a core set
of primitive FX expressions. The kernel is primitive in the
sense that it de�nes twenty di�erent value expressions, and
there is no simple way to express these expressions in terms
of one another. Thus the FX kernel forms the core of the
FX programming system from the point of view of both
the FX application programmer and the FX language im-
plementor.

The foundation provided by the FX kernel is supplemented
with a library of standard types and operators that are con-
tained in the fxmodule. The fxmodule contains types and
operations for booleans, integers, 
oating point numbers,
characters, strings, symbols, permutations, unique val-
ues, lists, vectors, symbolic expressions and input-output
streams. The fx module can be de�ned in terms of ker-
nel expressions, and can be replaced by programmers who
wish to change the implementation of standard types.

1.1. Semantics

The semantic de�nition of the FX kernel is divided into
a static semantics that is used to deduce the properties
of programs before they are run and a dynamic semantics
that describes the behavior of programs at execution time.

There are two key theorems that relate the static and dy-
namic semantics of FX. The type soundness theorem guar-
antees that the static type of an expression (the type com-
puted by the static semantics) will be a conservative ap-
proximation of its dynamic type (the type of the value com-
puted by the dynamic semantics). The e�ect soundness
theorem guarantees that the static e�ect of an expression
will be a conservative approximation of its dynamic e�ect.
These theorems permit results from the static semantics
to be used by FX implementations to improve dynamic
performance.

The FX static semantics is based on a hierarchical kinded
type system that includes kinds, universal polymorphism,
higher order types, and recursive types. The static se-
mantics describes expressions with description expressions.
There are two principle kinds of descriptions: types, which
describe the values expressions compute, and e�ects, which

describe the side-e�ects of expressions. An expression may
be polymorphic in any kind of description. Thus the type
of a subroutine may depend on the e�ect parameters passed
to it. E�ect polymorphism permits the static semantics to
provide tight e�ect bounds on higher-order functionals in
a natural and simple manner.

The FX static semantics will reconstruct omitted type and
e�ect declarations in a manner that combines the implicit
typing of ML[MTH90] with the full power of the explic-
itly typed second-order polymorphic lambda calculus. The
FX reconstruction system relieves the programmer of the
burden of providing type and e�ect declarations while re-
taining the bene�ts of strongly-typed languages, includ-
ing superior performance, documentation, and safety. The
FX type reconstruction system will accept ML-style pro-
grams, explicitly typed programs, and programs that use
explicit types only for �rst-class polymorphic values and
modules. We o�er this 
exibility by providing both generic
and explicitly-quanti�ed polymorphic types in FX, along
with an operator to convert between these two forms of
polymorphism.

The FX static semantics provides complete checking of
module values. The FX module system permits types and
values to be packaged as �rst-class module values. Because
modules are �rst-class values, FX does not require a sep-
arate con�guration language.

1.2. Lexicon

The basic lexical entities used in the FX programming
language are the following:

� A digit is one of 0 ... 9.

� A letter is one of a ... z or A ... Z.

� The set of extended alphabetic characters must in-
clude: *, /, <, =, >, !, ?, :, $, %, , &, ~, ^, [, ],
@.

� A white space is a blank space, a newline character, a
tab character, or a newpage character.

� A character is a digit, a letter, an extended alphabetic
character, +, -, a white space or backspace character.

� A delimiter is a white space, a left parenthesis or a
right parenthesis.

� A token is a sequence of characters that is separated
by delimiters.

� A number is a token made of a non-empty sequence of
digits, possibly including base and exponent informa-
tion, a decimal point, and a sign. (see Chapter 3).
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� A literal is either a number, or a token that begins
with ' or #, or a sequence of characters or \ enclosed
in double quotes ", or the symbol keyword and an
identi�er enclosed in parentheses.

� An identi�er is a token beginning with a letter or ex-
tended alphabetic character and made of a non-empty
sequence of letters, digits, extended alphabetic char-
acters, and the characters + and -. Note that + and -

by themselves are also identi�ers. Identi�ers are case-
insensitive.

FX reserves the following identi�ers. Reserved identi�ers
must not be bound, rede�ned, or used as tags for sums.

abs and begin

cond define-abstraction define

define-datatype define-description define-typed

desc dlambda effect

else extend extract

fx if input

lambda let letrec

let* match maxeff

module moduleof open

or plambda poly

product productof proj

select sum sumof

symbol tagcase the

type val with

Comments in FX are sequences of characters beginning
with a \;" and ending with the end of the line on which
the \;" is located. They are discarded by FX and treated
as a single whitespace.

1.3. Static and Dynamic Errors

Static errors are detected by the FX static semantics. All
syntax, type, and e�ect errors are detected statically and
reported. The sentence \x must be y" indicates that \it is
a static error if x is not y".

Dynamic errors may be detected by FX when a program
is run. The phrase \a dynamic error is signalled" indi-
cates that FX implementations must report the corre-
sponding dynamic error and proceed in an implementation-
dependent manner. The phrase \it is a dynamic error" in-
dicates that FX implementations do not have to detect or
report the corresponding dynamic error. The meaning of
a program that contains a dynamic error is unde�ned.

1.4. Conventions

This report adheres to the following conventions:

� FX program text is written in teletype font. Pro-
gram text is comprised of identi�ers, literals, and de-
limiters.

� Meta-expressions, which are names for syntactic
classes of expressions, are written in italic font. A pro-
grammer may replace any meta-expression by a com-
patible FX expression.

� Certain FX language forms have a variable number of
components. A possibly empty sequence of n expres-
sions is noted e1...en or ...ni=1ei. If the name of the
upper bound on subscripts is not used, we write the
shorter: e1.... If there is at least one expression in the
sequence (i.e. n � 1), we use e1e2...en. We usually
denote by ei (or any other subscripted e) an expres-
sion belonging to such sequence. Certain parameters
can have di�erent forms; [xjy] stands for either x or y.

� The set of values x that satisfy the predicate P is
noted fx j P (x)g; predicates are de�ned as usual. The
di�erence of two sets S and T is noted S � T . For
an ordered index set S, we note fx2Sexg the set of ex
for each x of S. As a shorthand, fi2[1;n]eig is noted
fni=1eig. The interval of ordered values between x and
y is noted [x; y]. If the lower bound is excluded, ]x; y]
is used instead; the same convention applies to upper
bounds.

� The function that is equal to the function f , except at
x (not in the domain of f) where it yields y, is noted
f [x 7! y]. As a short hand, we note f [ni=1xi 7! yi]
the function equal to f , except at each of the pairwise
distinct n arguments xi where it yields yi. The result
of the application of f to x is noted fx.

� A variable is free in an expression e if it does not ap-
pear in any of the binding constructs within e. A vari-
able that is not free is bound. (Binding constructs are
labelled as such in their de�nition.) All bound vari-
ables are alpha-renamed to avoid name clashes with
the surrounding context.

� The syntactic substitution s of the variable id by the
expression e (noted [e=id]) is the function, de�ned by
induction on the syntactic structure of its domain,
that substitutes any free appearance of id in its argu-
ment by e; alpha-renaming of bound variables is per-
formed to avoid name clashes. For an ordered index
set S, we write [x2Sex=idx] for the successive substitu-
tions of idx by ex for each x of S (the variables idx must
be pairwise distinct). As a shorthand, [i2[1;n]ei=idi] is
noted [ni=1ei=idi].

� Universal quanti�cation of a formula f(i) when i is in
a given interval [1; n] is written f(i) (1 � i � n).
This notation is straightforwardly extended to open
and semi-open intervals.

� A deduction system is a set of rules written in the
following way:
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premise1...premisen
conclusion1...conclusionm

which can be read as \If all the premisei are true, then
each conclusionj is true." The premises and conclu-
sions are implicitly universally quanti�ed over their
free variables. If there are no premises, a single box is
used.

� Kind, type and e�ect checking require a type and kind
assignment function TK that is the mapping of vari-
ables to their type or kind. To distinguish whether
TK is extended by a type or kind assignment, we re-
spectively replace the 7! sign by : and :: . Kind,
e�ect and type assertions are written in the following
way:

TK ` d :: k
TK ` e : t ! f

These assertions mean that \TK proves that d has
kind k, and e has type t and e�ect f ." The empty
assignment is noted �.

� FV(x) is the set of free variables and literals of the
ordinary or description expression x.
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2. The FX Kernel

The FX Kernel is a simple programming language that
is the basis of the FX programming language. All of the
constructs in the FX language can be directly explained
by rewriting them into the simpler kernel language. Thus,
the kernel forms the core of the FX language from the
point of view of both the application programmer and the
language implementor.

The FX Kernel has three language levels each with its
own set of expressions: value expressions, description ex-
pressions and kind expressions. In the simplest terms, pro-
grams are value (or ordinary) expressions, types are de-
scriptions, and kinds are the \types of types".

� Programs are written using value expressions. Value
expressions form the lowest level of the language. Lit-
erals (e.g. #t) are examples of value expressions. It
is possible to write sophisticated programs and only
write value expressions.

� Declarations in value expressions are written using de-
scription expressions. Descriptions form the second
level of the language. There are three kinds of de-
scriptions: e�ect descriptions, type descriptions and
description functions. As the name suggests, descrip-
tions describe value expressions { in particular, ev-
ery legal value expression has both a type and an ef-
fect description. Most omitted declarations are recon-
structed by FX.

� Declarations in description expressions are written us-
ing kind expressions. Kinds form the third and highest
level of the language. Kinds are the \types" of de-
scriptions, and every legal description expression has
a kind.

A complete speci�cation for each level of the FX Kernel
follows.

2.1. Kinds

k ::= type j effect j (->> k1 ...kn)

For each kind special form, we give its syntax in its section
header and provide an informal description of its usage.
Kinds have neither static nor dynamic semantics.

2.1.1. type

The kind expression type denotes the collection of de-
scriptions that describe the values of computations (the
so-called type expressions).

2.1.2. effect

The kind expression effect denotes the collection of de-
scriptions that describe the side-e�ects of computations
(the so-called e�ect expressions).

2.1.3. (->> k1...kn)

A ->> expression denotes the collection of description func-
tions that map descriptions of kind ki to a type (the so-
called type constructors).
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2.2. Descriptions

ti ::= id j
(di di1...din) j
(-> ei ((id1 ti1)...(idn tin)) tin+1) j
(productof (id1 ti1)...(idn tin)) j
(sumof (id1 ti1)...(idn tin))

tx ::= (dx dx1...dxn) j
(-> ei ((id1 tx1)...(idn txn)) txn+1) j
(moduleof (abs ida1 k1)...(abs idan kn)

(desc idd1 dx1)...(desc iddp dxp)
(val idv1 tx1)...(val idvm txm)) j

(poly ((id1 k1)...(idn kn)) tx) j
(productof (id1 tx1)...(idn txn)) j
(sumof (id1 tx1)...(idn txn)) j
ti

ei ::= id j (maxeff ei1...ein)
dx ::= tx j (dlambda ((id1 k1)...(idn kn)) tx) j di
di ::= ti j ei j id j (select e id)

The syntax of expressions e is given below.

Meta-variables that use i in their names (instead of x) de-
note description classes that can be omitted from user pro-
grams; they will be automatically inferred by the FX type
and e�ect inference system. Such descriptions are said to
be inferable. The class of inferable descriptions is contained
in the class of descriptions.

The inclusion semantics is a re
exive and transitive deduc-
tion system based on the < partial order de�ned below.
Intuitively, the description dx1 is included in dx2 (noted
dx1 < dx2) i� dx1 is more constrained than dx2. We note
dx1 � dx2 if dx1 < dx2 and dx2 < dx1.

For each description special form, we give its syntax in its
section header and provide an informal description of its
usage, its static semantics and its inclusion semantics (if
any). There is no dynamic semantics for descriptions.

2.2.1. id

A variable denotes the description to which it is bound.

There are seven constant identi�ers. fx..unit is the type
of expressions used only for their side-e�ects. fx..bool

is the type of booleans. fx..pure, fx..read, fx..write
and fx..init are the e�ects of expressions that are re-
spectively referentially transparent, read-only, write-only
and allocation-only. (fx..refof t) is the type of mutable
references to values of type t. They are de�ned in the fx

module (see Chapter 3) to limit the number of reserved
identi�ers.

Static Semantics

TK[id :: k] ` id :: k
TK ` fx..unit :: type
TK ` fx..bool :: type
TK ` fx..pure :: effect
TK ` fx..read :: effect
TK ` fx..write :: effect
TK ` fx..init :: effect
TK ` fx..refof :: (->> type)
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2.2.2. (dx0 dx1...dxn)

A description application is the type obtained by applying
the type constructor dx0 to the descriptions dxi.

Static Semantics

TK ` dx0 :: (->> k1...kn)
TK ` dxi :: ki (1 � i � n)
TK ` (dx0 dx1...dxn) :: type

Inclusion Semantics

dxi � dx0i (0 � i � n)
(dx0 dx1...dxn) � (dx00 dx

0
1...dx

0
n)

((dlambda ((id1 k1)...(idn kn)) tx) dx1...dxn)
�

[ni=1dxi=idi]tx

idi 62 FV(tx) (1 � i � n)
(dlambda ((id1 k1)...(idn kn)) (tx id1...idn)) � tx

2.2.3. (-> ei ((id1 tx1)...(idn txn)) txn+1)

The idi must be distinct.

An -> expression is the type of subroutines that map values
of type txi to a value of type txn+1 while performing the
side-e�ect ei. An -> expression is a binding construct.

Static Semantics

TK ` ei :: effect
TK[ij=1idj : txj ] ` txi+1 :: type (0 � i � n)
TK ` (-> ei ((id1 tx1)...(idn txn)) txn+1) :: type

Inclusion Semantics

ei < ei0

tx0i < txi (1 � i � n)
txn+1 < tx0n+1

(-> ei ((id1 tx1)...(idn txn)) txn+1)

<

(-> ei0 ((id1 tx
0
1)...(idn tx0n)) tx0n+1)

id0i 62
Sn+1

j=i+1 FV(txj) (1 � i � n)

(-> ei ((id1 tx1)...(idn txn)) txn+1)

�
(-> ei ((id01 tx1)...(id

0
n [n�1

j=1 id
0
j=idj ]txn))

[nj=1id
0
j=idj ]txn+1)
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2.2.4. (dlambda ((id1 k1)...(idn kn)) tx)

The idi must be distinct.

A dlambda expression is the type constructor that maps
descriptions of kinds ki to the type tx. A dlambda expres-
sion is a binding construct.

Static Semantics

TK[ni=1idi :: ki] ` tx :: type
TK ` (dlambda ((id1 k1)...(idn kn)) tx)

:: (->> k1...kn)

Inclusion Semantics

tx � tx0

(dlambda ((id1 k1)...) tx)
�

(dlambda ((id1 k1)...) tx0)

id0i 62 FV(tx) (1 � i � n)
(dlambda ((id1 k1)...(idn kn)) tx)

�
(dlambda ((id01 k1)...(id

0
n kn)) [ni=1id

0
i=idi]tx)

2.2.5. (maxeff ei1...ein)

A maxeff expression is the cumulative e�ect of the e�ects
eii.

Static Semantics

TK ` eii :: effect (1 � i � n)
TK ` (maxeff ei1...ein) :: effect

Inclusion Semantics

(maxeff) � fx..pure

(maxeff ei) � ei

(maxeff ei1 ei2) � (maxeff ei2 ei1)

(maxeff ei1 (maxeff ei2 ei3))
�

(maxeff (maxeff ei1 ei2) ei3)

(maxeff ei ei) � ei
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2.2.6. (moduleof (abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddp dxp)
(val idv1 tx1)...(val idvm txm))

The idai, iddk and idvj must be distinct.

A moduleof expression is the type of modules that export
the abstract descriptions idai, the transparent descriptions
iddk and the values idvj . A moduleof expression is a bind-
ing construct.

Static Semantics

TK[ni=1idai :: ki] ` dxk :: kdk (1 � k � p)
TK[ni=1idai :: ki] ` [pk=1dxk=iddk]txj :: type

(1 � j � m)
TK ` (moduleof

(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddp dxp)
(val idv1 tx1)...(val idvm txm)) :: type

Inclusion Semantics

�; �; � are permutations on [1; n]; [1; p]; [1;m]
(moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddp dxp)
(val idv1 tx1)...(val idvm txm))

�
(moduleof
(abs ida�(1) k�(1))...(abs ida�(n) k�(n))
(desc idd�(1) dx�(1))...(desc idd�(p) dx�(p))
(val idv�(1) tx�(1))...(val idv�(m) tx�(m)))

dxi < dx0i (1 � i � p0)
txj < tx0j (1 � j � m0)

n (resp: m; p) � n0 (resp: m0; p0)
(moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddp dxp)
(val idv1 tx1)...(val idvm txm))

<

(moduleof
(abs ida1 k1)...(abs idan kn0)
(desc idd1 dx

0
1)...(desc iddp0 dx0p0)

(val idv1 tx
0
1)...(val idvm0 tx0m0))

2.2.7. (poly ((id1 k1)...(idn kn)) tx)

The idi must be distinct.

A poly expression is the type of polymorphic expressions
abstracted over descriptions of kind ki. A poly expression
is a binding construct.

Static Semantics

TK[ni=1idi :: ki] ` tx :: type
TK ` (poly ((id1 k1)...(idn kn)) tx) :: type

Inclusion Semantics

tx < tx0

(poly ((id1 k1)...(idn kn)) tx)
<

(poly ((id1 k1)...(idn kn)) tx0)

id0i 62 FV(tx) (1 � i � n)
(poly ((id1 k1)...(idn kn)) tx)

�
(poly ((id01 k1)...(id

0
n kn)) [ni=1id

0
i=idi]tx)
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2.2.8. (productof (id1 tx1)...(idn txn))

The idi must be distinct.

A productof expression is the type of aggregate values
with named �elds. Each �eld idi corresponds to a value of
type txi.

Static Semantics

TK ` txi :: type (1 � i � n)
TK ` (productof (id1 tx1)...(idn txn)) :: type

Inclusion Semantics

txi < tx0i (1 � i � m)
n � m

(productof (id1 tx1)...(idn txn))
<

(productof (id1 tx
0
1)...(idm tx0m))

2.2.9. (select e id)

A select expression is the description named id, either
abstract or transparent, that is exported by the module e.
The e�ect of e must be pure to prevent type abstraction
violation.

Static Semantics

TK ` e : (moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...
(val idv1 tx1)...)

! fx..pure

TK ` (select e idai) :: ki (1 � i � n)

TK ` e : (moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddm dxm)
(val idv1 tx1)...) ! fx..pure

TK[ni=1idai :: ki] ` dxj :: kdj (1 � j � m)
TK ` (select e iddj) :: kdj (1 � j � m)

Inclusion Semantics

TK ` e : (moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddm dxm)
(val idv1 tx1)...)

(select e iddi)
�

[nj=1(select e idaj)=idaj ]dxi (1 � i � m)
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2.2.10. (sumof (id1 tx1)...(idn txn))

The idi must be distinct.

A sumof expression is the type of tagged values of type txi
with tag idi.

Static Semantics

TK ` txi :: type (1 � i � n)
TK ` (sumof (id1 tx1)...(idn txn)) :: type

Inclusion Semantics

txi < tx0i (1 � i � n)
n � n0

(sumof (id1 tx1)...(idn txn))
<

(sumof (id1 tx
0
1)...(idn0 tx0n0))

� is a permutation on [1; n]
(sumof (id1 tx1)...(idn txn))

�
(sumof (id�(1) tx�(1))...(id�(n) tx�(n)))
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2.3. Values

e ::= literal j
sugar j
id j
(e0 e1...en) j
(begin e0 e1...en) j
(extend e0 e1) j
(extract tx e id) j
(if e0 e1 e2) j
(input literal) j
(lambda ([id1 j (id

0
1 tx

0
1)]...[idn j (id0n tx0n)]) e) j

(let ((id1 e1)...(idn en)) e)
(module (define-abstraction ida1 ka1 dxa1)...

(define-abstraction idan kan dxan)
(define-description idd1 dxd1)...
(define-description iddm dxdm)

(define idv1 e1)...(define idvp ep)
(define-typed idt1 tx1 e

0
1)...

(define-typed idtq txq e
0
q)) j

(open e) j
(plambda ((id1 k1)...(idn kn)) e) j
(product tx e1...en) j
(proj e dx1...dxn) j
(sum tx id e) j
(tagcase tx e id e1 e2) j
(the tx e) j
(with e0 e1)

For each expression special form (see also the Sugars sec-
tion), we give its syntax in its section header and provide
an informal description of its usage, its static semantics
and its dynamic semantics.

The static semantics of expressions is de�ned modulo the
inclusion semantics of descriptions:

TK ` e : tx ! ei
ei � ei0

tx � tx0

TK ` e : tx0 ! ei0

The dynamic semantics is a deduction system based on the
transitively closed ! relation de�ned over pairs made of
values v or expressions e, and stores �. A value is either a
literal, or a list of values or expressions in brackets hv1...vni.
Stores are functions that map locations to values.

2.3.1. Literals

There are three kernel literals: #t and #f for the fx..bool
type and #u for the fx..unit type. Other literals are in-
troduced via the fx module. A literal evaluates to itself
and is a pure expression. All fx literals are immutable.

Static Semantics

TK ` #t : fx..bool ! fx..pure
TK ` #f : fx..bool ! fx..pure
TK ` #u : fx..unit ! fx..pure

Dynamic Semantics

A literal expression evaluates to itself.
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2.3.2. id

A variable denotes the value it is bound to.

There are three constant identi�ers: the fx.ref subrou-
tine allocates and returns a new reference with initial value
val0, the fx.^ subroutine returns the value stored in ref

and the fx.:= subroutine replaces the value stored in ref

with val1 and returns #u.

Static Semantics

TK[id : tx] ` id : tx ! fx..pure

TK ` fx.ref : (poly ((t type))

(-> fx..init

((val0 t))

(fx..refof t)))

TK ` fx.^ : (poly ((t type))

(-> fx..read

((ref (fx..refof t)))

t))

TK ` fx.:= : (poly ((t type))

(-> fx..write

((ref (fx..refof t))

(val1 t))

fx..unit))

Dynamic Semantics

((fx.ref v); �) (with l unbound in �)
(h*loc* li; �[l 7! v])

((fx.^ h*loc* li); �)
(�l; �)

((fx.:= h*loc* li v); �)
(#u; �[l 7! v])

2.3.3. (e0 e1...en)

The expressions ei are successively evaluated to values vi
and the value resulting from applying v0 (after implicit
projection if necessary, see open below) to vi is returned.

Static Semantics

TK ` e0 : (-> ei ((id1 tx1)...(idn txn)) txn+1)

! ei0
tx0i � [i�1

j=1ej=idj ]txi (1 � i � n+ 1)

TK ` tx0i :: type (1 � i � n+ 1)
TK ` ei : tx0i ! eii (1 � i � n)
TK ` (e0 e1...en) : tx0n+1

! (maxeff ei ei0 ei1...ein)

Dynamic Semantics

(ei; �) ! (vi; �
0)

((v0...vi�1 ei...en); �) ! ((v0...vi ei+1...en); �
0)

((h*lambda* (id1...idn) ei v1...vn); �)
!

([ni=1vi=idi]e; �)
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2.3.4. (begin e0 e1...en)

The expressions ei are successively evaluated to values vi
and vn is returned.

Static Semantics

TK ` ei : txi ! eii (0 � i � n)
TK ` (begin e0 e1...en) : txn

! (maxeff ei0 ei1...ein)

Dynamic Semantics

(e; �) ! (v; �0)
((begin e); �) ! (v; �0)

(e0; �) ! (v0; �
0)

((begin e0 e1 e2...); �)
!

((begin e1 e2...); �
0)

2.3.5. (extend e0 e1)

The expression e0 is evaluated to a module v0 and the value
of module e1, extended with all the bindings introduced by
v0, is returned. The expression e1 has access to the bind-
ings of e0. In the case of con
ict, the bindings of v1 take
precedence. An extend expression is a binding construct.

Static Semantics

TK ` e0 : (moduleof
(abs ida01 k01)...(abs ida0n0 k0n0)
(desc idd01 dx01)...(desc idd0m0

dx0m0
)

(val idv01 tx01)...(val idv0p0 tx0p0))
! ei0

TK ` (with e0 e1) : tx ! ei
tx � (moduleof

(abs ida11 k11)...(abs ida1n1 k1n1)
(desc idd11 dx11)...(desc idd1m1

dx1m1
)

(val idv11 tx11)...(val idv1p1 tx1p1))
fn2i=1ida2ig = fn0i=1ida0ig � fn1i=1ida1ig
fm2

i=1idd2ig = fm0

i=1idd0ig � fm1

i=1idd1ig
fp2i=1idv2ig = fp0i=1idv0ig � fp1i=1idv1ig
TK ` (extend e0 e1)

: (moduleof
(abs ida21 k21)...(abs ida2n2 k2n2)
(abs ida11 k11)...(abs ida1n1 k1n1)
(desc idd21 dx21)...(desc idd2m2

dx2m2
)

(desc idd11 dx11)...(desc idd1m1
dx1m1

)
(val idv21 tx21)...(val idv2p2 tx2p2)
(val idv11 tx11)...(val idv1p1 tx1p1))

! (maxeff ei0 ei)

Dynamic Semantics

An *extend* expression is a special form only available in
the dynamic semantics.

(e0; �) ! (v0; �
0)

((extend e0 e1); �)! ((*extend* v0 (with v0 e1)); �
0)

(e1; �) ! (v1; �
0)

((*extend* v0 e1); �)! ((*extend* v0 v1); �
0)

((*extend* h*module* (id1 v1)...(idn vn)i
h*module* (id01 v01)...(id

0

m v0m)i); �)
!

(h*module* (id001 v1)...(id
00

p vp)
(id01 v

0
1)...(id

0

m v0m)i; �)

where fpk=1id
00

kg = fnk=1idkg � fmk=1id
0

kg.



16 FX Report

2.3.6. (extract tx e id)

The expression e of product type tx is evaluated to an ag-
gregate value v. The value of the �eld id of v is returned.

Static Semantics

TK ` tx :: type
TK ` e : tx ! ei
tx � (productof (id1 tx1)...(idn txn))
TK ` (extract tx e idi) : txi ! ei

Dynamic Semantics

(e; �) ! (v; �0)
((extract tx e id); �)

!
((extract tx v id); �0)

((extract tx h*product* (id1 v1)...(idn vn)i idi); �)
!

(vi; �)

2.3.7. (if e0 e1 e2)

An if expression evaluates e0 to the value v0. If v0 is #t
(resp. #f), then the value of e1 (resp. e2) is returned.

Static Semantics

TK ` e0 : fx..bool ! ei0
TK ` e1 : tx ! ei1
TK ` e2 : tx ! ei2

TK ` (if e0 e1 e2) : tx ! (maxeff ei0 ei1 ei2)

Dynamic Semantics

(e0; �) ! (v0; �
0)

((if e0 e1 e2); �)! ((if v0 e1 e2); �
0)

((if #t e1 e2); �) ! (e1; �)

((if #f e1 e2); �) ! (e2; �)
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2.3.8. (input literal)

The expression in the �le named literal is produced as a
value. No free variables are allowed in a input �le, except
if de�ned in the fx module (see next chapter).

Static Semantics

� ` (with fx (include literal)) : tx ! ei
TK ` (input literal) : tx ! ei

where include is an implementation-speci�c function that
returns the expression in the �le whose name is given as
an argument.

Dynamic Semantics

((with fx (include literal)); �) ! (v; �0)
((input literal); �) ! (v; �0)

2.3.9. (lambda ([id1 j (id
0
1 tx

0
1)]...[idn j (id0n tx0n)]) e)

The idi and id0i must be distinct.

A lambda expression denotes the subroutine that, when
applied to n values vi, returns the value of e with the ar-
gument values vi substituted for the formals idi and id0i.
A lambda expression is a binding construct.

Static Semantics

TKi = TK[i�1
j=1id

0
j : tx

0
j ] (1 � i � n+ 1)

TKi ` tii :: type (1 � i � n)
TKi ` tx0i :: type (1 � i � n)
TKn+1[

n
i=1idi : tii] ` e : tx ! ei

TK ` (lambda ([id1 j (id
0
1 tx

0
1)]...[idn j (id0n tx0n)])

e)
: (-> ei ([(id1 ti1) j (id

0
1 tx

0
1)]...

[(idn tin) j (id
0
n tx0n)]) tx)

! fx..pure

Dynamic Semantics

((lambda ([id1 j (id
0
1 tx

0
1)]...[idn j (id0n tx0n)]) e); �)
!

(h*lambda* ([id1 j id
0
1]...[idn j id0n]) ei; �)
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2.3.10. (let ((id1 e1)...(idn en)) e)

A let expression simultaneously binds each idi to the value
vi of ei. The value of e, evaluated in an augmented envi-
ronment that binds idi to vi, is returned. A let expression
is a binding construct.

Static Semantics

TK ` ei : txi ! eii (1 � i � n)
G = fijnot expansive(ei) (1 � i � n)g

TK[i2[1;n]�Gidi : txi] ` [i2Gei=idi]e : tx ! ei
tx0 � [ni=1ei=idi]tx
TK ` tx0 :: type

TK ` (let ((id1 e1)...(idn en)) e)
: tx0

! (maxeff ei1...ein ei)

where an expression is not expansive i� it is a literal, an
identi�er, a lambda expression, a plambda expression or a
non-application compound expression for which each value
subexpression is not expansive.

Dynamic Semantics

((let ((id1 e1)...(idn en)) e); �)
!

((h�lambda� (id1...idn) ei e1...en); �)

2.3.11.

(module (define-abstraction ida1 k1 dxa1)...
(define-abstraction idan kn dxan)

(define-description idd1 dxd1)...
(define-description iddm dxdm)

(define idv1 e1)...(define idvp ep)
(define-typed idt1 tx1 e01)...

(define-typed idtq txq e0q))

The idai, iddj , idvk, idtl must be distinct.

A module expression evaluates to a module that contains
the abstract descriptions idai, the transparent descriptions
iddj and the values of idvk and idtl. The representation
descriptions dxai of idai can be mutually recursive. The
values ek and e0l are successively evaluated and can be
mutually recursive. For each non-e�ect abstract descrip-
tion idai, two subroutines are automatically de�ned in the
scope of the module expression: up-idai maps from the rep-
resentation description to the abstract description, while
down-idai goes the opposite way.

Static Semantics

TK1 = TK[ni=1idai :: ki]
TK2 = TK1[

p
k=1idvk : tik][

q
l=1idtl : [

m
j=1dxdj=iddj ]txl]

[ni=1up�idai : Up(idai; ki; dxai)]
[ni=1down�idai : Down(idai; ki; dxai)]

TK1 ` dxai :: ki (1 � i � n)
TK1 ` dxdj :: kdj (1 � j � m)
TK1 ` [mj=1dxdj=iddj ]txl :: type (1 � l � q)
TK2 ` [mj=1dxdj=iddj ]ek : tik ! eik (1 � k � p)
TK2 ` [mj=1dxdj=iddj ]e

0
l : txl ! ei

0
l (1 � l � q)

TK ` (module
(define-abstraction ida1 k1 dxa1)...

(define-abstraction idan kn dxan)
(define-description idd1 dxd1)...

(define-description iddm dxdm)
(define idv1 e1)...(define idvp ep)
(define-typed idt1 tx1 e

0
1)...

(define-typed idtq txq e
0
q))

: (moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dxd1)...(desc iddm dxdm)
(val idv1 ti1)...(val idvp tip)
(val idt1 tx1)...(val idtq txq))

! (maxeff ei1...eip ei01...ei
0
q)

with the following de�nitions (where idi are fresh):

Up(d1; type; d2) = (-> fx..pure (d2) d1)
Up(d1; (->> k1...kn); d2) =

(poly ((id1 k1)...(idn kn))
Up((d1 id1...idn); type; (d2 id1...idn)))

Down(d1; k; d2) = Up(d2; k; d1)
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Dynamic Semantics

The *module-no-rec* and *rec* expressions are special
forms only available in the dynamic semantics.

((module
(define-abstraction ida1 k1 dxa1)...
(define-abstraction idan kn dxan)

(define-description idd1 dxd1)...
(define-description iddm dxdm)

(define idv1 e1)...(define idvp ep)
(define-typed idt1 tx1 e

0
1)...

(define-typed idtq txq e
0
q)); �)

!
((*module-no-rec*

(idv1 [
n
i=1(lambda (id) id)=up�idai]
[ni=1(lambda (id) id)=down�idai]e1)...

(idvp [ni=1(lambda (id) id)=up�idai]
[ni=1(lambda (id) id)=down�idai]ep)

(idt1 [
n
i=1(lambda (id) id)=up�idai]
[ni=1(lambda (id) id)=down�idai]e

0
1)...

(idtq [
n
i=1(lambda (id) id)=up�idai]
[ni=1(lambda (id) id)=down�idai]e

0
q)); �)

(ek; �) ! (vk; �
0)

((*module-no-rec* (id1 v1)...(idk�1 vk�1)

(idk ek)...(idp ep)); �)
!

((*module-no-rec* (id1 v1)...(idk vk)
(idk+1 [vk=idk]ek+1)...
(idp [vk=idk]ep)); �

0)

((*module-no-rec* (id1 v1)...(idp vp)); �)
!

(h�module�
(id1 [

p
i=1h*rec* (...pj=1(idj vj)) idii=idi]v1)...

(idp [pi=1h*rec* (...pj=1(idj vj)) idii=idi]vp)i; �)

(h*rec* ((id1 v1)...(idp vp)) idki; �)
!

([pi=1h*rec* ((id1 v1)...(idp vp)) idii=idi]vk; �)

2.3.12. (open e)

An open expression returns, from the polymorphic expres-
sion e, the value of e with the polymorphic description
variables idi of e replaced by inferred description expres-
sions dii. When a polymorphic value is directly applied to
values, open is used to perform implicit projection.

Static Semantics

TK ` e : (poly ((id1 k1)...(idn kn)) tx) ! ei
TK ` dii :: ki (1 � i � n)

TK ` (open e) : [ni=1dii=idi]tx ! ei

TK ` e0 : (poly ((id1 k1)...(idm km)) tx0) ! ei0

TK ` ((open e0) e1...en) : tx ! ei
TK ` (e0 e1...en) : tx ! ei

Dynamic Semantics

((open e); �) ! (e; �)
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2.3.13. (plambda ((id1 k1)...(idn kn)) e)

The idi must be distinct.

A plambda expression denotes the polymorphic value that,
when projected onto n description expressions dxi of kind
ki, returns the value of the pure expression e with the argu-
ment values dxi substituted for the formals idi. A plambda

expression is a binding construct.

Static Semantics

TK[ni=1idi :: ki] ` e : tx ! fx..pure
TK ` (plambda ((id1 k1)...(idn kn)) e)

: (poly ((id1 k1)...(idn kn)) tx)
! fx..pure

Dynamic Semantics

((plambda ((id1 k1)...) e); �) ! (e; �)

2.3.14. (product tx e1...en)

The n expressions ei are successively evaluated to values
vi. A product expression evaluates to an aggregate value
of product type tx, with each �eld idi having the value vi.

Static Semantics

TK ` tx :: type
tx � (productof (id1 tx1)...(idn txn))

TK ` ei : txi ! eii (1 � i � n)
TK ` (product tx e1...en) : tx

! (maxeff ei1...ein)

Dynamic Semantics

((product tx e1...en); �)
!

(((lambda (id01...id
0

n) h*product* (id1 id
0

1)...(idn id0n)i)
e1...en); �)

where the id0i are fresh.
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2.3.15. (proj e dx1...dxn)

A proj expression projects the polymorphic expression e
onto the description expressions dxi, returning the corre-
sponding value.

Static Semantics

TK ` e : (poly ((id1 k1)...(idn kn)) tx) ! ei
TK ` dxi :: ki (1 � i � n)
TK ` (proj e dx1...dxn) : [ni=1dxi=idi]tx ! ei

Dynamic Semantics

((proj e d1...); �) ! (e; �)

2.3.16. (sum tx id e)

The expression e is evaluated to v and a tagged value of
sum type tx with tag id and value v is returned.

Static Semantics

TK ` tx :: type
tx � (sumof (id tx)...)

TK ` e : tx ! ei
TK ` (sum tx id e) : tx ! ei

Dynamic Semantics

(e; �) ! (v; �0)
((sum tx id e); �) ! (h*sum* id vi; �0)
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2.3.17. (tagcase tx e id e1 e2)

The expressions e, e1 and e2 are successively evaluated to
values v, v1 and v2. The value v is a tagged value of type
tx with tag idj and value v0. If id is idj , then the result
of applying v1 to v0 is returned, otherwise the result of
applying v2 to v.

Static Semantics

TK ` tx :: type
TK ` e : tx ! ei
tx � (sumof (id1 tx1)...(idn txn))

TK ` e1 : (-> ei3 ((idj txj)) txr) ! ei1
TK ` e2 : (-> ei4 ((id tx)) txr) ! ei2
TK ` (tagcase tx e idj e1 e2)

: txr
! (maxeff ei ei1 ei2 ei3 ei4)

Dynamic Semantics

((tagcase tx e id e1 e2); �)
!

(((lambda (id1 id2 id3)
(tagcase tx id1 id id2 id3)) e e1 e2); �)

where idi are fresh.

((tagcase tx h*sum* id vi id v1 v2); �) !
((v1 v); �)

((tagcase tx h*sum* id0 vi id v1 v2); �)
!

((v2 h*sum* id0 vi); �)

2.3.18. (the tx e)

The type of e must be included in tx. The value of e is
returned.

Static Semantics

TK ` tx :: type

TK ` e : tx0 ! ei
tx0 < tx

TK ` (the tx e) : tx ! ei

Dynamic Semantics

((the tx e); �) ! (e; �)
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2.3.19. (with e0 e1)

The pure expression e0 is evaluated to v0 and the value
of e1, evaluated in an environment extended with all the
bindings de�ned in the module v0, is returned. A with

expression is a binding construct.

Static Semantics

TK ` e0 : (moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddm dxm)
(val idv1 tx1)...(val idvp txp))

! fx..pure
� = [pk=1(with e0 idvk)=idvk]

[ni=1(select e0 idai)=idai]
[mj=1dxj=iddj ]

TK ` (with e0 idvk) : �txk ! fx..pure (1 � k � p)

TK ` e0 : (moduleof
(abs ida1 k1)...(abs idan kn)
(desc idd1 dx1)...(desc iddm dxm)
(val idv1 tx1)...(val idvp txp))

! fx..pure
� = [pk=1(with e0 idvk)=idvk]

[ni=1(select e0 idai)=idai]
[mj=1dxj=iddj ]

TK ` �e1 : tx ! ei
TK ` (with e0 e1) : �tx ! �ei

Dynamic Semantics

(e0; �) ! (v0; �
0)

((with e0 e1); �) ! ((with v0 e1); �
0)

((with h*module* (idv1 v1)...(idvp vp)i e); �)
([pi=1vi=idvi]e; �)
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2.4. Sugars

sugar ::= (and e1...en) j
(cond (e1 e

0
1)...(en e0n) (else e0n+1)) j

(let* ((id1 e1)...(idn en)) e) j
(letrec ((id1 e1)...(idn en)) e) j
(match e (pat1 e1)...(patn en)) j
(or e1...en) j
id1:id2:...idn:id j
id1::id2 j
[e dx1...dxn] j
(define head e) j
(define-datatype [(id (id1 k1)...(idn kn)) j id]

(id01 dx11 ...dx1m1
)...

(id0p dxp1 ...dxpmp
))

(do (id e0 ei) (et er) e) j
(abs (id1 id2...idn) k) j
(val (id1 id2...idn) tx)

pat ::= literal j
j

id j
(e pat1...patn)

head ::= id j
(head (id1 tx1)...(idn txn)) j
[head (id1 k1)...(idn kn)]

For each sugar special form, we give its syntax in its section
header, provide an informal description of its usage and its
rewritten form in terms of kernel constructs.

2.4.1. (and e1...en)

An and expression performs a short-circuit \and" evalu-
ation of ei to vi, returning #f if one of the vi is #f, #t
otherwise.

Rewrite Semantics

� #t (n = 0)

� (if e1 (and e2...en) #f)
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2.4.2. (cond (e1 e01)...(en e0n) (else e0n+1))

A cond expression is a multiple-way test expression. The
tests ei are successively evaluated to vi and as soon as one
(say j) returns #t (or else is reached), the value of e0j is
returned.

Rewrite Semantics

� e0n+1 (n = 0)

� (if e1 e
0
1 (cond (e2 e

0
2)...(en e0n) (else e0n+1)))

2.4.3. (let* ((id1 e1)...(idn en)) e)

A let* expression successively binds each idi to the value
vi of ei evaluated in an augmented environment that binds
idj to vj for j in [1; i� 1]. The value of e, evaluated in an
augmented environment that binds idi to vi, is returned.

Rewrite Semantics

� e (n = 0)

� (let ((id1 e1)) (let* ((id2 e2)...(idn en)) e))
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2.4.4. (letrec ((id1 e1)...(idn en)) e)

A letrec expression recursively binds each idi to the value
vi of ei. The value of e, evaluated in an augmented envi-
ronment that binds idi to vi, is returned.

Rewrite Semantics

(let ((id (module (define id1 e1)...(define idn en))))
(with id e))

where id is fresh.

2.4.5. (match e (pat1 e1)...(patn en))

A match expression evaluates e to v and then performs a
sequential match of v against the patterns pati. As soon
as a match is found with a pattern pati, the value of ei,
evaluated in an environment in which the free variables
of pati are bound to the appropriate components of v, is
returned.

Rewrite Semantics

(let ((id e))
expandclause(pat1...patn,

e1...en,
id,
(lambda (x) x),
(lambda (x) unspeci�ed)))

where id is fresh and the clause expansion function
expandclause(pat1...patn; e1...en; v; s; f) is de�ned by:

� (f v), if n = 0

� expandexp(pat1; v; (s e1); e0) where e0 is
expandclause(pat2...patn; e2...en; v; s; f), otherwise.

The expression expansion function expandexp(pat; v; s
0; f 0)

is de�ned by:

� (if (= pat v) s0 f 0), if pat is a literal and = is the
equality predicate de�ned on the type of the literal pat

� s0, if pat is

� (let ((id v)) s0), if pat is id

� (e v (lambda (id1...idn) e0) (lambda (x) f 0)), where
the idi and x are fresh
and e0 is expandpat(pat1...patn; id1...idn; s

0; f 0), if pat
is (e pat1...patn).

The pattern expansion function
expandpat(pat1...patn; id1...idn; s

0; f 0) is de�ned by:

� s0, if n = 0

� expandexp(pat1; id1; e
0; f 0) where e0 is

expandpat(pat2...patn; id2...idn; s
0; f 0), otherwise
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2.4.6. (or e1...en)

An or expression performs a short-circuit \or" evaluation
of ei to vi, returning #t if one of the vi is #t, #f otherwise.

Rewrite Semantics

� #f (n = 0)

� (if e1 #t (or e2...en))

2.4.7. id1:id2:...idn:id

An in�x left-associative \dot" expression returns the value
of id in the module that is the value of id1:id2:...idn.

Rewrite Semantics

� (with id1 id) (n = 1)

� (with id1 id2:...idn:id)
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2.4.8. id1::id2

A \dotdot" expression denotes the description expression
bound to id2 in the module id1.

Rewrite Semantics

(select id1 id2)

2.4.9. [e dx1...dxn]

A [] expression returns the value of e projected on
dx1...dxn.

Rewrite Semantics

(proj e dx1...dxn)
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2.4.10. (define head e)

A define expression with parenthesized or bracketed head
respectively de�nes a function or a polymorphic value.

Rewrite Semantics

� (define head 0 (lambda ((id1 tx1)...(idn txn)) e)),
if head is (head 0 (id1 tx1)...(idn txn))

� (define head 0 (plambda ((id1 k1)...(idn kn)) e)),
if head is [head 0 (id1 k1)...(idn kn)]

2.4.11.

(define-datatype [(id (id1 k1)...(idn kn)) j id]
(id01 dx11 ...dx1m1

)...
(id0p dxp1 ...dxpmp

))

A define-datatype expression de�nes a possibly higher-
order abstract type and a set of functions suited for creat-
ing and manipulating (via match) values of that type. A
higher-order type de�nition introduces the following de�-
nitions in the current module binding (the case for a simple
type is similar, with dlambda and plambda eliminated).

Rewrite Semantics

� (define-abstraction id
(->> k1...kn)
(dlambda ((id1 k1)...(idn kn))
(sumof (id01 (productof (L1 dx11)...

(Lm1
dx1m1

)))...
(id0p (productof (L1 dxp1)...

(Lmp
dxpmp

))))))

� (define-description id-rep
(dlambda ((id1 k1)...(idn kn))
(sumof (id01 (productof (L1 dx11)...

(Lm1
dx1m1

)))...
(id0p (productof (L1 dxp1)...

(Lmp
dxpmp

))))))

� (define-typed id0i
(poly ((id1 k1)...(idn kn))
(-> fx..pure

((id001 dxi1)...(id
00

mi
dximi

))

(id id1...idn)))
(plambda ((id1 k1)...(idn kn))
(lambda ((id001 dxi1)...(id

00

mi
dximi

))

(up-id (sum (id�rep id1...idn)
id0i
(product (productof

(L1 dxi1)...(Lmi
dximi

))

id001...id
00

mi
))))))

� (define-typed id0i~
(poly ((id1 k1)...(idn kn)

(x1 effect) (x2 effect) (t type))
(-> fx..pure

((v (id id1...idn))
(s (-> x1

((id001 dxi1)...(id
00

mi
dximi

))

t))
(f (-> x2 ((v (id id1...idn))) t)))
t))

(plambda ((id1 k1)...(idn kn)
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(x1 effect) (x2 effect) (t type))
(lambda

((v (id id1...idn))
(s (-> x1 ((id001 dxi1)...(id

00

mi
dximi

)) t))
(f (-> x2 ((v (id id1...idn))) t)))

(tagcase (id�rep id1...idn)
(down�id v)
id0i
(lambda (vt)
(s (extract (productof

(L1 dxi1)...
(Lmi

dximi
))

vt
L1)...

(extract (productof

(L1 dxi1)...
(Lmi

dximi
))

vt
Lmi

)))

(lambda (x) (f v)))))

where Li, id
00

i, xi, t, v, vt, s, f and x are fresh.

2.4.12. (do (id e0 ei) (et er) e)

A do expression is a loop expression. The expression e
is iteratively evaluated, while the value of et is #f, in an
environment in which id is initially bound to e0 and then
to ei in all subsequent iterations. Once et evaluates to #t,
the value of er is returned.

Rewrite Semantics

(letrec ((id0 (lambda (id)
(if et

er
(begin e

(id0 ei))))))
(id0 e0))

where id0 is fresh.
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2.4.13. (abs (id1 id2...idn) k)

An abs form with a list of identi�ers denotes a sequence of
abs forms for each idi.

Rewrite Semantics

� (abs id1 k) (n = 1)

� (abs id1 k) (abs (id2...idn) k)

2.4.14. (val (id1 id2...idn) tx)

A val form with a list of identi�ers denotes a sequence of
val forms for each idi.

Rewrite Semantics

� (val id1 tx) (n = 1)

� (val id1 tx) (val (id2...idn) tx)
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3. Standard Descriptions

The fx module de�nes the standard e�ects and standard
types that are provided by every FX implementation.
They �ll out the framework introduced by the FX Ker-
nel with a set of useful types and subroutines.

The FX standard e�ects are given �rst. The FX standard
types and type constructors appear in order of increasing
complexity. There is a section for each data type or type
constructor, giving its kind, a brief overview of its purpose,
the syntax of literals, a list of subroutines with their types,
an informal semantics and description of error conditions.
In the semantic description of a subroutine, arguments are
denoted by the names appearing in the type of the subrou-
tine.

3.1. Pure effect

The pure e�ect is the e�ect of referentially transparent
computations. It is already de�ned in the FX Kernel (cf.
previous chapter).

3.2. Init effect

The init e�ect is the e�ect of computations that only ini-
tialize freshly allocated memory locations. It is already
de�ned in the FX Kernel (cf. previous chapter).

3.3. Read effect

The read e�ect is the e�ect of computations that only read
memory locations. It is already de�ned in the FX Kernel
(cf. previous chapter).

3.4. Write effect

The write e�ect is the e�ect of computations that only
write memory locations. It is already de�ned in the FX
Kernel (cf. previous chapter).

3.5. Unit type

The unit type denotes the set of values of computations
that only perform side-e�ects. It is already de�ned in the
FX Kernel (cf. previous chapter).

There is one value of type unit: the literal #u.

3.6. Bool type

The bool type denotes the set of boolean values. It is
already de�ned in the FX Kernel (cf. previous chapter).

There are two boolean literals: #t (for the true boolean)
and #f (for the false boolean).

equiv? : (-> pure ((p bool) (q bool)) bool)

and? : (-> pure ((p bool) (q bool)) bool)

or? : (-> pure ((p bool) (q bool)) bool)

not? : (-> pure ((p bool)) bool)

Equiv? returns #t if p and q are both true or both false and
#f otherwise. The subroutines and? and or? respectively
return the logical \and" and logical \or" of p and q. Not?
returns the negation of p.
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3.7. Int type

The int type denotes the set of integers.

An integer literal is formed by an optional base pre�x, an
optional + or - sign (+ is assumed if omitted), and a non-
empty succession of digits that are de�ned in the given
base. There are four distinct base pre�xes: #b (binary), #o
(octal), #d (decimal) and #x (hexadecimal). If no pre�x is
supplied, #d is assumed.

= : (-> pure ((i int) (j int)) bool)

< : (-> pure ((i int) (j int)) bool)

> : (-> pure ((i int) (j int)) bool)

<= : (-> pure ((i int) (j int)) bool)

>= : (-> pure ((i int) (j int)) bool)

+ : (-> pure ((i int) (j int)) int)

* : (-> pure ((i int) (j int)) int)

- : (-> pure ((i int) (j int)) int)

/ : (-> pure ((i int) (j int)) int)

neg : (-> pure ((i int)) int)

remainder : (-> pure ((i int) (j int)) int)

modulo : (-> pure ((i int) (j int)) int)

absolute : (-> pure ((i int)) int)

The subroutines =, <, >, <= and >= respectively return #t

if j is equal, less than, greater than, less than or equal
to and greater than or equal to j and #f otherwise. The
subroutines +, * and - respectively return the sum, product
and di�erence of i and j. / returns the truncated division
of i by j. Neg returns the opposite of i. The subroutines
remainder and modulo both return the rest of the number-
theoretic integer division of i by j; they di�er on negative
arguments (the value returned by remainder has the same
sign as i). Absolute returns the absolute value of i.

A dynamic error is signalled in case of division by zero or
over
ow. The range of integer values and subroutines is
unspeci�ed.

3.8. Float type

The float type denotes the set of 
oating point numbers.

A 
oat literal is formed by an optional + or - sign (+ is
assumed if omitted), a non-empty succession of decimal
digits, a decimal point, a non-empty succession of decimal
digits and an optional exponent denoted by the letter E or
e, an optional + or - sign (+ is assumed if omitted) and a
sequence of decimal digits.

fl= : (-> pure ((x float) (y float)) bool)

fl< : (-> pure ((x float) (y float)) bool)

fl> : (-> pure ((x float) (y float)) bool)

fl<= : (-> pure ((x float) (y float)) bool)

fl>= : (-> pure ((x float) (y float)) bool)

fl+ : (-> pure ((x float) (y float)) float)

fl* : (-> pure ((x float) (y float)) float)

fl- : (-> pure ((x float) (y float)) float)

fl/ : (-> pure ((x float) (y float)) float)

flneg : (-> pure ((x float)) float)

flabs : (-> pure ((x float)) float)

exp : (-> pure ((x float)) float)

log : (-> pure ((x float)) float)

sqrt : (-> pure ((x float)) float)

sin : (-> pure ((x float)) float)

cos : (-> pure ((x float)) float)

tan : (-> pure ((x float)) float)

asin : (-> pure ((x float)) float)

acos : (-> pure ((x float)) float)

atan : (-> pure ((x float)) float)

floor : (-> pure ((x float)) int)

ceiling : (-> pure ((x float)) int)

truncate : (-> pure ((x float)) int)

round : (-> pure ((x float)) int)

int->float : (-> pure ((x int)) float)

The subroutines fl=, fl<, fl>, fl<= and fl>= respectively
return #t if x is equal to, less than, greater than, less than
or equal to and greater than or equal to y and #f otherwise.
The subroutines fl+, fl*, fl- and fl/ respectively return
the sum, product, di�erence and division of x and y. Flneg
returns the opposite of x. Flabs returns the absolute value
of x. Exp returns e to the power of x. Log returns the nat-
ural logarithm (in base e) of x. Sqrt returns the square
root of x. The subroutines sin, cos, tan, asin, acos and
atan respectively return the sine, cosine, tangent, arcsine
(within ]-�=2,�=2]), arccosine (within ]-�=2,�=2]) and arc-
tangent (within ]-�=2,�=2]) of x. The subroutines floor

and ceiling respectively return the largest and smallest
integer not larger and smaller than x. Truncate returns the
integer of largest absolute value not larger than (flabs x)

and of same sign as x. Round returns the closest integer to
x (in the case of a tie, round returns the closest even inte-
ger to x). Int->float returns the real x such that (floor
x) = (ceiling x) = x.

A dynamic error is signalled in case of division by zero,
over
ow or under
ow. The subroutine log signals a dy-
namic error if x is not positive1. Sqrt signals a dynamic
error if x is negative. The precision of 
oating point values

1Notation: the positive numbers are fxjx � 0g, the negative num-

bers are fxjx � 0g.
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and subroutines is unspeci�ed: truncation may occur if the
number of signi�cant digits is too large.

3.9. Char type

The char type denotes the set of characters.

A character literal is formed by a #n pre�x followed by a
character or an identi�er followed by a delimiter. The list
of allowed identi�ers must include: backspace, newline,
page, space and tab.

char=? : (-> pure ((c char) (d char)) bool)

char<? : (-> pure ((c char) (d char)) bool)

char>? : (-> pure ((c char) (d char)) bool)

char<=? : (-> pure ((c char) (d char)) bool)

char>=? : (-> pure ((c char) (d char)) bool)

char-ci=? : (-> pure ((c char) (d char)) bool)

char-ci<? : (-> pure ((c char) (d char)) bool)

char-ci>? : (-> pure ((c char) (d char)) bool)

char-ci<=? : (-> pure ((c char) (d char)) bool)

char-ci>=? : (-> pure ((c char) (d char)) bool)

char-alphabetic? : (-> pure ((c char)) bool)

char-numeric? : (-> pure ((c char)) bool)

char-whitespace? : (-> pure ((c char)) bool)

char-lower-case? : (-> pure ((c char)) bool)

char-upper-case? : (-> pure ((c char)) bool)

char-upcase : (-> pure ((c char)) char)

char-downcase : (-> pure ((c char)) char)

char->int : (-> pure ((c char)) int)

int->char : (-> pure ((c int)) char)

The subroutines char=?, char<?, char>?, char<=? and
char>=? respectively return #t if c is equal to, less than,
greater than, less than or equal to and greater than or equal
to d and #f otherwise; these tests are based on a total or-
dering of characters which is compatible with the ASCII
standard on lower-case letters, upper-case letters and dig-
its (without any interleaving between letters and dig-
its). The subroutines char-ci=?, char-ci<?, char-ci>?,
char-ci<=? and char-ci>=? respectively return #t if c is
equal to, less than, greater than, less than or equal to and
greater than or equal to d and #f otherwise; these tests
are case-insensitive. Char-alphabetic? returns #t when
c is alphabetic; a character is alphabetic if its lower-case
version is between #na and #nz. Char-numeric? returns
#t when c is a (decimal) digit. Char-whitespace? returns
#t when c is a white space character (char-whitespace?|
must return #t if c is #nspace, #ntab, or #nnewline).
The subroutine char-lower-case? (char-upper-case?)
returns #t if c is between #na (#nA) and #nz (#nZ). The
subroutines char-upcase and char-downcase respectively
return the upper-case and lower-case version of c; non-
alphabetic characters remain unchanged. Char->int re-
turns the index of c in the character ordering mentioned
above. Int->char returns the character with ordering in-
dex c.

Int->char signals an error if c is not compatible with the
character ordering.
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3.10. String type

The string type denotes the set of zero-based integer-
indexed sequences of characters. Once created, a string
is of constant length.

A string literal is formed by a double-quote ("), a sequence
of characters (where n is the escape character for itself and
the double-quote character) and an ending double-quote.
It is a dynamic error to mutate a string literal.

make-string : (-> init

((length int) (c char))

string)

string-length : (-> pure ((s string)) int)

string-ref : (-> read

((s string) (index int))

char)

string-set! : (-> write

((s string) (index int)

(new-c char))

unit)

string-fill! : (-> write

((s string) (fill char))

unit)

string=? : (-> read

((s string) (t string))

bool)

string<? : (-> read

((s string) (t string))

bool)

string>? : (-> read

((s string) (t string))

bool)

string<=? : (-> read

((s string) (t string))

bool)

string>=? : (-> read

((s string) (t string))

bool)

string-ci=? : (-> read

((s string) (t string))

bool)

string-ci<? : (-> read

((s string) (t string))

bool)

string-ci>? : (-> read

((s string) (t string))

bool)

string-ci<=? : (-> read

((s string) (t string))

bool)

string-ci>=? : (-> read

((s string) (t string))

bool)

substring : (-> (maxeff init read)

((s string) (from int) (to int))

string)

string-append : (-> (maxeff init read)

((head string) (tail string))

string)

string-copy : (-> (maxeff init read)

((s string))

string)

Make-string allocates and returns a string of length

characters c. String-length returns the length of s.
String-ref returns the character of s that is at the

index position. String-set! replaces in s the char-
acter at the index position with new-c and returns #u.
String-fill! replaces each character of s with fill

and returns #u. The subroutines string=?, string<?,
string>?, string<=? and string>=? respectively return
#t if s is lexicographically equal to, less than, greater than,
less than or equal to and greater than or equal to t and #f

otherwise. The subroutines string-ci=?, string-ci<?,
string-ci>?, string-ci<=? and string>=? respectively
return #t if s is lexicographically equal to, less than,
greater than, less than or equal to and greater than or
equal to t and #f otherwise; these tests are case-insensitive.
Substring allocates and returns a string formed from the
characters of s between the indices from and to (exclusive);
if from and to are equal, then the substring returned is the
empty string (""). String-append allocates and returns
a string formed by the concatenation of head and tail.
String-copy allocates and returns a string with the char-
acters present in s.

It is a dynamic error to try to access out-of-bounds el-
ements of strings. Substring signals a dynamic error
if from is not in [0; (string-length s)[, if to is not in
[0; (string-length s)] and if from is not less than or
equal to to.
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3.11. Sym type

The sym type denotes the set of values that are solely de-
�ned by their name.

A symbol literal is formed by a left parenthesis ((), the
keyword symbol, a case-insensitive identi�er and a right
parenthesis ()).

sym->string : (-> init ((s sym)) string)

string->sym : (-> read ((s string)) sym)

sym=? : (-> pure

((s sym) (t sym))

bool)

Sym->string allocates and returns a string corresponding
to the name of s. String->sym returns the symbol with
name s. Note: string->sym can introduce symbols with
case and unusual characters (such as spaces, etc.). Sym=?

returns #t if s and t have the same name and #f otherwise.

3.12. Permutation type

The permutation type denotes the set of one-to-one map-
pings on �nite intervals of integers starting at 0. These
mappings must have the same domain and co-domain.
Other permutation operations are described with the vec-
tor operations (see below).

make-permutation : (-> pure

((pi (-> pure

((from int))

int))

(length int))

permutation)

cshift : (-> pure

((length int) (offset int))

permutation)

identity : (-> pure

((length int))

permutation)

Make-permutation returns the permutation that maps ev-
ery integer from in the interval [0; length[ to (pi from).
Cshift returns the permutation on the interval [0; length[
that performs a circular shift (i.e. elements shifted out at
one end are shifted in at the other end) by offset positions
to the right if offset is positive and by (neg offset) po-
sitions to the left otherwise. Identity returns a permuta-
tion that maps every integer in the interval [0; length[ to
itself.

Make-permutation signals a dynamic error if length is
negative. It is a dynamic error if pi does not de�ne a one-
to-one mapping. It is a dynamic error if pi does not have
the same domain and co-domain. The subroutines cshift
and identity signal a dynamic error if length is negative.
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3.13. Refof (->> type)

The type (refof t) denotes the set of mutable references
to values of type t. It is already de�ned in the FX Kernel
(cf. previous chapter).

ref : (poly ((t type))

(-> init ((val0 t)) (refof t)))

^ : (poly ((t type))

(-> read ((ref (refof t))) t))

:= : (poly ((t type))

(-> write

((ref (refof t)) (val1 t))

unit))

Ref allocates and returns a new reference with initial value
val0. ^ returns the value stored in ref. := replaces the
value stored in ref with val1 and returns #u.

3.14. Uniqueof (->> type)

The type (uniqueof t) denotes the multiset of values of
type t.

unique : (poly ((t type))

(-> init ((x t)) (uniqueof t)))

value : (poly ((t type))

(-> pure ((u (uniqueof t))) t))

eq? : (poly ((t type))

(-> pure

((u1 (uniqueof t))

(u2 (uniqueof t)))

bool))

Unique allocates and returns a unique value from x; the
init e�ect ensures that no memoization will be performed
on calls to unique. Value returns the embedded value
corresponding to u. Eq? returns #t when u1 and u2 have
been created by the same call to unique.
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3.15. Listof (->> type)

The type (listof t) denotes the set of mutable homoge-
neous lists of values of type t.

null : (poly ((t type))

(-> pure () (listof t)))

null? : (poly ((t type))

(-> pure ((list (listof t))) bool))

cons : (poly ((t type))

(-> init

((car t) (cdr (listof t)))

(listof t)))

car : (poly ((t type))

(-> read ((list (listof t))) t))

cdr : (poly ((t type))

(-> read

((list (listof t)))

(listof t)))

set-car! : (poly ((t type))

(-> write

((list (listof t)) (new t))

unit))

set-cdr! : (poly ((t type))

(-> write

((list (listof t)) (new (listof t)))

unit))

length : (poly ((t type))

(-> read ((list (listof t))) int))

append : (poly ((t type))

(-> (maxeff read init)

((front (listof t))

(rear (listof t)))

(listof t)))

reverse : (poly ((t type))

(-> (maxeff init read)

((list (listof t)))

(listof t)))

list-tail : (poly ((t type))

(-> read

((list (listof t)) (minus int))

(listof t)))

list-ref : (poly ((t type))

(-> read

((list (listof t)) (index int))

t))

map : (poly ((t1 type) (t2 type) (e effect))

(-> (maxeff e init read)

((f (-> e ((x t1)) t2))

(list (listof t1)))

(listof t2)))

map2 : (poly ((t1 type) (t2 type) (t3 type) (e effect))

(-> (maxeff e init read)

((f (-> e ((x t1) (y t2)) t3))

(list1 (listof t1))

(list2 (listof t2)))

(listof t3)))

for-each : (poly ((t1 type) (t2 type) (e effect))

(-> (maxeff e read)

((f (-> e ((x t1)) t2))

(list (listof t1)))

unit))

reduce : (poly ((t1 type) (t2 type) (e effect))

(-> (maxeff e read)

((f (-> e ((x t1) (red t2)) t2))

(list (listof t1))

(seed t2))

t2))

list->string : (-> (maxeff read init)

((chars (listof char)))

string)

string->list : (-> (maxeff read init)

((chars string))

(listof char))

Null returns the empty list. Null? returns #t if the list
is empty and #f otherwise. Cons allocates and returns a list
with car as �rst element and cdr as remaining elements.
Car returns the �rst element of list. Cdr returns the list
after the �rst element of list. Set-car! replaces the �rst
element of list with new and returns #u. Set-cdr! re-
places the rest of list with new and returns #u. Length

returns the number of elements in list. Append allocates
and returns a list that is the concatenation of front and
rear. Reverse allocates and returns a list with the el-
ements of list in the reverse order. List-tail returns
the sublist of list after omitting its �rst minus elements.
List-ref returns the index-th element of list (index is
zero-based). Map allocates and returns a list that is ob-
tained by consing the results of applying f on each element
x of list from left to right. Map2 allocates and returns a
list that is obtained by consing the results of applyinf f
to each element x of list1 and y of list2 from left to
right. For-each applies f to each element x of list from
left to right and returns #u. Reduce returns the result
of the right-associative running (in red) applications of f
with each element x of list, beginning with seed; seed
is returned if list is empty. List->string allocates and
returns a string made of chars. String->list allocates
and returns a list made of chars.

It is a dynamic error to apply access operations such as
car or cdr on the empty list. A dynamic error is signalled
if set-car! or set-cdr! is applied to the empty list. A
dynamic error is signalled if the index is out of range in
list-ref or if minus is greater than the length of list
in list-tail. Map2 signals a dynamic error if list1 and
list2 are not of the same length. It is a dynamic error for
f not to be associative in reduce.
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3.16. Vectorof (->> type)

The type (vectorof t) denotes the set of mutable, zero-
based, integer-indexed, homogeneous vectors that contain
elements of type t. Once created, a vector is of constant
length.

make-vector : (poly ((t type))

(-> init

((length int) (value t))

(vectorof t)))

vector-length : (poly ((t type))

(-> pure

((vector (vectorof t)))

int))

vector-ref : (poly ((t type))

(-> read

((vector (vectorof t))

(index int))

t))

vector-set! : (poly ((t type))

(-> write

((vector (vectorof t))

(index int)

(new t))

unit))

vector-fill! : (poly ((t type))

(-> write

((vector (vectorof t))

(new t))

unit))

vector->list : (poly ((t type))

(-> (maxeff init read)

((vector (vectorof t)))

(listof t)))

list->vector : (poly ((t type))

(-> (maxeff init read)

((list (listof t)))

(vectorof t)))

vector-map : (poly ((t1 type) (t2 type) (e effect))

(-> (maxeff e init read)

((f (-> e ((v t1)) t2))

(vector (vectorof t1)))

(vectorof t2)))

vector-map2 : (poly ((t1 type) (t2 type) (u type)

(e effect))

(-> (maxeff e init read)

((f (-> e ((v1 t1) (v2 t2)) u))

(vector1 (vectorof t1))

(vector2 (vectorof t2)))

(vectorof u)))

vector-reduce : (poly ((t type) (u type) (e effect))

(-> (maxeff e read)

((f (-> e ((x t) (red u)) u))

(vector (vectorof t))

(seed u))

u))

scan : (poly ((t type) (e effect))

(-> (maxeff e init read)

((f (-> e ((x t) (y t)) t))

(vector (vectorof t)))

(vectorof t)))

segmented-scan : (poly ((t type) (e effect))

(-> (maxeff e init read)

((f (-> e ((x t) (y t)) t))

(segments (vectorof bool))

(vector (vectorof t)))

(vectorof t)))

permute : (poly ((t type))

(-> (maxeff init read)

((mapping permutation)

(vector (vectorof t)))

(vectorof t)))

compress : (poly ((t type))

(-> (maxeff init read)

((selection (vectorof bool))

(vector (vectorof t)))

(vectorof t)))

expand : (poly ((t type))

(-> (maxeff init read)

((selection (vectorof bool))

(vector (vectorof t))

(default (vectorof t)))

(vectorof t)))

eoshift : (poly ((t type))

(-> (maxeff init read)

((offset int)

(vector (vectorof t))

(default (vectorof t)))

(vectorof t)))

Make-vector allocates and returns a vector of length el-
ements, each having the given value. Vector-length re-
turns the number of elements in vector. Vector-ref re-
turns the index-th element of vector. Vector-set! re-
places the index-th value of vector with new and returns
#u. Vector-fill! replaces each element of vector with
new and returns #u. Vector->list returns a list con-
structed from the elements of vector. List->vector allo-
cates and returns a vector constructed from the elements
of list. Vector-map allocates and returns a vector that
is obtained by applying f to each element v of vector.
Vector-map2 allocates and returns a vector that is ob-
tained by applying f to each element v1 of vector1 and
v2 of vector2. Vector-reduce returns the result of the
right-associative running (in red) applications of f with
each element of vector. Scan allocates and returns a vec-
tor in which the element of o�set i-1 is the reduction by
f of the �rst i elements of vector. Segmented-scan al-
locates and returns a vector that contains the reductions
by f of subvectors of vector corresponding to each con-
tiguous sequence of #f of segments. Permute allocates
and returns a vector obtained by permuting vector ac-
cording to mapping; speci�cally, if mapping maps x to
y, then (vector-ref (permute mapping vector) y) is
(vector-ref vector x). Compress allocates and returns
a vector obtained by selecting from vector the elements
that have a corresponding #t value in selection. Expand
allocates and returns a vector obtained by replicating
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default, except for entries in selection that are #t in
which case the next available element of vector is chosen.
Eoshift allocates and returns a vector obtained by per-
forming an \End-O�" shift (i.e. element are shifted out
at one end and default values are shifted in at the other
end) of vector by offset positions on the right if offset
is positive and by (neg offset) positions on the left oth-
erwise.

The subroutines vector-ref and vector-set! signal a
dynamic error if index

is not in [0; (vector-length vector)[. It is a dynamic
error for f not to be associative in vector-reduce, scan
and segmented-scan. Segmented-scan signals a dynamic
error if the lengths of segments and vector di�er. Permute
signals a dynamic error if the length of input di�ers from
the domain of the mapping. Compress signals a dynamic
error if the lengths of selection and vector di�er. Expand
signals a dynamic error if the length of selection and
default di�er. Expand and eoshift signal a dynamic er-
ror if there is an insu�cient number of elements in vector

or default repectively.

3.17. Sexp type

The sexp type denotes the set of values that are usually de-
�ned as \symbolic expressions". The type sexp is de�ned
by:

(define-datatype sexp

(unit->sexp unit)

(bool->sexp bool)

(sym->sexp sym)

(int->sexp int)

(float->sexp float)

(char->sexp char)

(string->sexp string)

(list->sexp (listof sexp))

(vector->sexp (vectorof sexp)))

sexp=? : (-> read ((s1 sexp) (s2 sexp)) bool)

Sexp=? (recursively) compares the two symbolic expres-
sions s1 and s2 for equality; for each basic type, the ap-
propriate equality function is used.

Values of type sexp can be introduced in programs by the
\quote" symbol (') in front of a symbolic constant. A sym-
bolic constant is either a literal, a sequence of symbolic
constants between parentheses (preceded by a hash sign
for vectors). The desugaring of a symbolic constant is de-
�ned by induction:

� if the symbolic constant is a literal l of type t
(e.g., 1.3), then its desugaring is (t->sexp l) (e.g.,
(float->sexp 1.3)).

� if the symbolic constant is a sequence between paren-
theses, then the desugarings of the constituents are
gathered in a list l of type (listof sexp) and its
desugaring is (list->sexp l). If the sequence is pre-
ceded by a hash sign (#), then a vector v of type
(vectorof sexp) is gathered and its desugaring is
(vector->sexp v).



3. Standard Descriptions 41

3.18. Input-stream type

The type input-stream denotes the set of values that serve
as a sequenced source of values of type char. For program-
ming convenience, the fx module contains operations on
input-streams supporting the sexp type.

standard-input : input-stream

read-char : (-> write () char)

read-sexp : (-> write () sexp)

open-input-stream : (-> (maxeff init write)

((file string))

input-stream)

stream-read-char : (-> write

((input input-stream))

char)

stream-peek-char : (-> read

((input input-stream))

char)

stream-read-sexp : (-> write

((input input-stream))

sexp)

stream-char-eof? : (-> write

((input input-stream))

bool)

stream-sexp-eof? : (-> write

((input input-stream))

bool)

close-input-stream : (-> write

((st input-stream))

unit)

Standard-input is an implementation-defined input-
stream (usually connected to the user terminal) on which
input operations can be performed. Read-char and
read-sexp return the �rst value of the standard-input

input-stream. Read operations have a write e�ect be-
cause they change the state of the input-stream. The
write e�ects guarentee that read operations will not be
re-ordered or otherwise optimized in a way that violates
the sequential nature of read operations (hence no read

e�ect is required). Open-input-stream allocates and re-
turns an input-stream connected to the file. The inter-
pretation of the string file is implementation-dependent.
Stream-read-charand stream-read-sexp return the �rst
value of the input-stream input. Stream-peek-char re-
turns the �rst character of the input-stream input but
does not advance to the next character, hence it has a
read e�ect. Stream-char-eof? returns #t if no more
characters can be read from the input, #f otherwise.
Stream-sexp-eof? returns #t if the end of the input

will be reached before the start of the next s-expression,
#f otherwise. Thus stream-sexp-eof? returns #f if
there is only an incomplete s-expression at the end of
the input-stream. Close-input-stream closes the input-
stream st and returns #u. Both stream-sexp-eof? and
stream-char-eof? return #t when applied to closed
input-streams.

Open-input-stream signals a dynamic error if the file

cannot be opened. It is a dynamic error to perform
any operation (apart from testing for end of �le) on

a closed input-stream. It is a dynamic error to per-
form a read operation on an input-stream input if
(stream-char-eof? input) is true. It is a dynamic er-
ror to perform a stream-sexp-read operation on an input
stream input if (stream-sexp-eof? input) is true. A
dynamic error is signalled if a malformed s-expression is
encountered by read-sexp or stream-read-sexp.
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3.19. Output-stream type

The type output-stream denotes the set of values that
serve as a sequenced sink of values of type char. For pro-
gramming convenience, the fx module contains operations
on output-streams supporting the sexp type.

standard-output : output-stream

write-char : (-> write ((value char)) unit)

write-sexp : (-> write ((value sexp)) unit)

open-output-stream : (-> (maxeff init write)

((file string))

output-stream)

stream-write-char : (-> write

((output output-stream)

(value char))

unit)

stream-write-sexp : (-> write

((output output-stream)

(value sexp))

unit)

close-output-stream : (-> write

((st output-stream))

unit)

error : (poly ((t type))

(-> write

((message string))

t))

Standard-output is an implementation-defined output-
stream (usually connected to the user terminal) on which
output operations can be performed. Write-char and
write-sexp send the value to the standard-output

output-stream. Open-output-stream allocates and re-
turns an output-stream connected to the file. As with
open-input-stream, the interpretation of the string file

is implementation-dependent. Stream-write-char and
stream-write-sexp send the value to the output output-
stream and return #u. Close-output-stream closes the
output-stream st and returns #u. Error prints its message
on standard-output and signals a dynamic error.

Open-output-stream signals a dynamic error if the file

cannot be opened. It is a dynamic error to perform any
operation on a closed output-stream.
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and, 24
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asin, 33
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begin, 15
bool, 7, 32
bool->sexp, 40

car, 38
cdr, 38
ceiling, 33
char, 34
char>, 34
char>?, 34
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char<=?, 34
char->int, 34
char->sexp, 40
char-alphabetic?, 34
char-ci>, 34
char-ci>?, 34
char-ci>=?, 34
char-ci<=?, 34
char-ci=?, 34
char-downcase, 34
char-lower-case?, 34
char-numeric?, 34
char-upcase, 34

char-upper-case?, 34
char-whitespace?, 34
char=?, 34
character, 3

extended, 3
white space, 3

close-input-stream, 41
close-output-stream, 42
comment, 4
compress, 39
cond, 25
cons, 38
conventions, 4
cos, 33
cshift, 36

defabs, 18
defdatatype, 29
defdesc, 18
define, 18, 29
deftyped, 18
delimiter, 3
desc, 10
dfunc, 6
digit, 3
dlambda, 9
do, 30
dot

notation, 27
dot-dot

notation, 28

effect, 6
environment,kind, 5
environment,type, 5
eoshift, 39
eq?, 37
equiv?, 32
error, 42
errors

dynamic, 4
static, 4

exp, 33
expand, 39
expansive, 17
expression

description, 6
kind, 6
value, 6

extend, 15
extract, 16



Index 45

fl*, 33
fl<, 33
fl>, 33
fl>=, 33
fl<=, 33
fl+, 33
fl-, 33
fl/, 33
fl=, 33
flabs, 33
flneg, 33
float, 33
float->sexp, 40
floor, 33
for-each, 38
FV, 5

identi�er, 4
description, 7
reserved, 4
value, 14

identity, 36
if, 16
inferable, 7
init, 7, 32
input-stream, 41
int, 33
int->char, 34
int->float, 33
int->sexp, 40

lambda, 17
length, 38
let, 17
let*, 25
letrec, 26
letter, 3
list->sexp, 40
list->string, 38
list->vector, 39
list-ref, 38
list-tail, 38
listof, 38
literal, 4, 13
load, 18
log, 33

make-permutation, 36
make-string, 35
make-vector, 39
map, 38
map2, 38
match, 26
maxeff, 9
memoization, 2
module, 18

moduleof, 10
modulo, 33

neg, 33
not?, 32
not expansive, 17
notations, 4
null, 38
null?, 38
number, 3

open, 19
open-input-stream, 41
open-output-stream, 42
or, 27
or?, 32
output-stream, 42

permutation, 36
permute, 39
plambda, 20
poly, 10
product, 20
productof, 11
proj, 21
projection

[], 28
implicit, 19

pure, 7, 32

read, 7, 32
read-char, 41
read-sexp, 41
reduce, 38
ref, 14, 37
refof, 7, 37
remainder, 33
Reserved identi�ers, 4
reverse, 38
round, 33

scan, 39
segmented-scan, 39
select, 11
set-car!, 38
set-cdr!, 38
sexp, 40
sexp=?, 40
sin, 33
sqrt, 33
standard-input, 41
standard-output, 42
store, 13
stream-char-eof?, 41
stream-peek-char, 41
stream-read-char, 41
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stream-read-sexp, 41
stream-sexp-eof?, 41
stream-write-char, 42
stream-write-sexp, 42
string, 35
string>, 35
string>?, 35
string>=?, 35
string<=?, 35
string->list, 38
string->sexp, 40
string->sym, 36
string-append, 35
string-ci>, 35
string-ci>?, 35
string-ci>=?, 35
string-ci<=?, 35
string-ci=?, 35
string-copy, 35
string-fill!, 35
string-length, 35
string-ref, 35
string-set!, 35
string=?, 35
subr, 8
substitution, 4
substring, 35
sum, 21
sumof, 12
sym, 36
sym->sexp, 40
sym->string, 36
sym=?, 36

tagcase, 22
tan, 33
the, 22
token, 3
truncate, 33
type, 6

unique, 37
uniqueof, 37
unit, 7, 32
unit->sexp, 40

val, 10, 31, 37
value, 13
variable

bound, 4
free, 4, 5

vector->list, 39
vector->sexp, 40
vector-fill!, 39
vector-length, 39
vector-map, 39

vector-map2, 39
vector-reduce, 39
vector-ref, 39
vector-set!, 39
vectorof, 39

with, 23
write, 7, 32
write-char, 42
write-sexp, 42


