Pure(1)

pure — the Pure interpreter

SYNOPSIS

pure [options...] [script...] [-- args...]
pure [options...] -x script[args...]

OPTIONS

--help, -h
Print help message and exit.

i Force interactie node (read commands from stdin).

-l directory
Add a directory to be searched for included source scripts.

-L directory
Add a directory to be searched for dynamic libraries.

--noediting
Do not use readline for command-line editing.

--noprelude, -n
Do not load the prelude.

--norc Do not run the interasté gartup files.
-q Quiet startup (suppresses sign-on message in interaaie).

-v[level
Set verbosity leel. See belw for detalils.

--version
Print version information and exit.

-X Execute script with gen command line arguments.

-- Stop option processing and pass the remaining command line argumentargvthaiable.

DESCRIPTION

Pure is a modern-style functional programming language based on term rewriting. Pure programs are basi-
cally collections of equational rules used taleate expressions in a symbolic fashion by reducing them to
normal form. A brief gerview of the language can be found in the PUREEBVIEW section belw. (In

case you're wondering, the namPure” actually refers to the adjegs. But you can also write it as

“ PURE’ and tale this as a recurggé aronym for the “Pure Uniersal Rewriting Engine”.)

pure is the Pure interpretefhe interpreter has an LLVM backend which JIT-compiles Pure programs to
machine code, hence programs run blazing$ &nd interfacing to C modules is eagyile the interpreter

still provides a covenient, fully interactie environment for running Pure scripts andaleating expres-
sions.

Pure programs (a.k.ascriptg are just ordinary text files containing Pure code. A bunch of syntax high-
lighting files and programming modes faarious popular text editors are included in the Pure sources.
Theres no dfference between the Pure programming language and the input language accepted by the
interpretey except that the interpreter also understands some special commands when running irvénteracti
mode; see the INTERACTIVE USAGE section for details.

If any source scripts are specified on the command ling, afeeloaded andxecuted, after which the inter
preter exits. Otherwise the interpreter enters the inteeaetad-&al-print loop. You can also use the
option to enter the interaeé loop (continue reading from stdinjem after processing some source scripts.
To it the interpreterjust type thequit command or the end-of-file character ("D on Unix) at ttgirbe
ning of the command line.

Options and source files are processed in the order in whiglarthgiven on he command line. Process-
ing of options and source files ends when either-tloe the-x option is encountered. Th& option must

Pure Version 0.8 September 2008 1



Pure(1) Pure(1)

be followed by the name of a script to beeuted, which becomes the “main scrigtf the application. In
either case, anremaining parameters are passed to R#eewting script by means of the glotsigc and
argv variables, denoting the number of arguments and the list of the actual parameter stringsyelgspecti
In the case ofx this also includes the script nameaagv!0. The-x option is useful, in particulato turn
Pure scripts intoxecutable programs by including a “shebdriike

#!/usr/local/bin/pure -x

as the first line in your main script. (This trick only works with Unix shells, though.)

On startup, the interpreter also definesuérsion variable, which is set to the version string of the Pure
interpretey and thesysinfovariable, which preides a string identifying the host system. These are useful if
parts of your script depend on the particular version of the interpreter and the system it runs on.

If available, the prelude scrigrelude.pure is loaded by the interpreter prior toyasther other definitions,

unless then or --noprelude option is specified. The prelude is searched for in the directory specified with
the PURELIB environment variable. If th®URELIB variable is not set, a system-specific default is used.
Other source scripts specified on the command line are searched for in the current directory vkea relati
pathname is gen. In addition, thexecuted program may load other scripts and libraries vsireg decla-

ration in the source, which are searched for in a number of locations, including the directories named with
the-l and-L options; see the sections DECLARATIONS and C INTERE below for details.

If the interpreter runs in interaed mode, it may source avieadditional interactre dartup files immedi-
ately before entering the intera&iloop, unless the-norc option is specified. Firspurerc in the uses
home directory is read, thepurerc in the current working directorfrhese are ordinary Pure scripts which
can be used to pvie additional definitions for interaeé usage. Finallya.pure file in the current direc-
tory (containing a dump from a previous intenaetgession) is loaded if it is present. See the INTERA
TIVE USAGE section for details.

When the interpreter is in interaimode and reads from a tiynless the-noediting option is specified,
commands are read usimgadline(3) (providing completion for all commands listed under INTERA
TIVE USAGE, as well as for symbols defined in the running program). When exiting the interhester
command history is stored ithpure_history, from where it is restored the next time you run the inter
preter.

The-v option is most useful for debugging the interpreteif you are interested in the code your program
gets compiled to. Thievel agument is optional; it defaults to 1. Six differentde are implemented at
this time (two more bits are reserved for future extensions). For most purposes, only thedfiestds/will

be useful for thewrage Pure programmer; the remainingele are most likly to be used by the Pure
interpreter deelopers.

1 (0x1) denotes echoing of parsed definitions and expressions;

2 (0Ox2) adds special annotations concerning local bindings (de Bruijn indices, subterm paths; this can be
helpful to debug trick variable binding issues);

4 (Ox4) adds descriptions of the matching automata for the left-hand sides of equations (you prabably w
to see this only when working on the guts of the interpreter).

8 (0x8) dumps the‘teal” output code (LLVM assemblgwhich is as close to the mai machine code for
your program as it gets; yalefinitelydon't want to see this unless youeao inspect the gener
ated code for bugs or performance issues).

16 (0x10)
adds debugging messages fromtitson(1) parser; useful for debugging the parser.

32 (0x20)
adds debugging messages fromfteg(1) lexer; useful for debugging thexer.

These values can be or'ed togetfaad, for cowenience, can be specified in either decimal aadecimal.

Thus Oxf always gives you full debugging output (which ignfmost likely be used by anyone but the Pure
developers).

Pure Version 0.8 September 2008 2



Pure(1) Pure(1)

Note that thev option is only appliedifter the prelude has been loaded. If you want to debug the prelude,
use then option and specify thprelude.pure file explicitly on the command line. Verbose output is also
suppressed for modules imported througising clause. As a remedyou can use the interaoti show
command (see the INTERACTIVE USAGE section below) to list definitions along with additionaj-deb
ging information.

PURE OVERVIEW
Pure is a fairly simple yet powerful language. Programs are basically collectionsridfhigerules and
expressions to bevaluated. For covenience, it is also possible to define globafiables and constants,
and for advanced uses Pure offers macro functions as a kind of preprocestdlihg These are all
described belw and in the following sections.

Heres a frst ekample which demonstrateswdo define a simple recusg function in Pure, entered inter
actively in the interpreter (note that the™ symbol at the beginning of each input line is the interpreter’
default command prompt):

> /[ my first Pure example
>fact 0 = 1;

> fact n::int = n*fact (n-1)f n>0;
> let x = fact 10; x;

3628800

The language is free-format (whitespace is insignificant). As indicated, definitions and expressions at the
toplevel haveto be terminated with a semicolon. Commentgehihe same syntax as in C++ (using // for
line-oriented and /* ... */ for multiline comments; the latter may not be nested). Lines beginning with #! are
treated as comments, too; as already discusseaalroUnix-like gystems this allows you to add‘aHe-

bang’ to your main script in order to turn it into areeutable program.

There are a fe resened keywords which cannot be used as identifiers: case const def else end extern if
infix infixl infixr let nullary of otherwise postfix prefix pate then using when with.

Pure is a terse language. Yoonit see mag declarations, and often your programs will read more &k
collection of algebraic specifications (which in factyttaee, only that the specifications aneeeutable).
This is intended and keeps the code tidy and clean.

On the surface, Pure is quite similar to other modern functional languagéaslell and ML. But under
the hood it is a much more dynamic language, more akin to Lisp. In partiewlaris dynamically typed,
so functions can be fully polymorphic and you can add to the definition of an existing functigriatean

>fact 1.0 = 1.0;

> fact n::double = n*fact (n-1j n>1;
> fact 10.0;

3628800.0

> fact 10;

3628800

Like in Haslell and ML, functions and variables are often defineg&yern-matchingi.e., the left-hand
side of a definition is compared to the target expression, bindingitlables in the pattern to their actual
values accordingly:

> foo (bar x) = x-1;
> foo (bar 99);
98

In fact, due to its term rewriting semantics, Pure gogermkmost other functional languages in that it can
do symbolic galuations just as well as “normatomputations:

> gquare X = X*x;
> qquare 4,
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16
> gquare (a+b);
(atb)*(at+h)

Leaving aside the built-in support for some common data structures such as numbers and strings, all the
Pure interpreter really does igaiating expressions in a symbol&shion, rewriting expressions using the
equations supplied by the programmettil no more equations are applicable. The result of this process is
called anormal formwhich represents thésalue” of the original expression.déping with the tradition of

term rewriting, thera no dstinction between‘'defined’ and “constructor’ function symbols in Pure; gn
function symbol (or operator) also acts as a constructor if it happens to occur in a normal form term:

> (X+Y)*z = X*Z+y*z; X*(y+2) = X*y+x*z;

> X¥(y*z) = (X*Y)*Z; X+(y+2) = (x+y)+z;

> gquare (a+b);

a*at+a*b+b*a+b*b

Expressions are generallyauated from left to right, innermoskgressions first, i.e., usingall by value
semantics. Pure also has & feuilt-in special forms (most notahlgonditional expressions, the short-cir
cuit logical connecties && and ||, the sequencing operator $$, and the lealyation operator &) which
take ome or all of their arguments watuated, usingcall by name (Userdefined special forms can be
created with macros. More about that later.)

The Pure language provides built-in support for machinegénge (32 bit), bigints (implemented using
GMP), floating point values (double precision IEEE), character strings (UTF-8 encoded) and generic C
pointers (these donhavea g/ntactic representation in Pure, though, sy tieed to be created withxter-

nal C functions). Truthalues are encoded as machine integers (as you might expect, zero fddsedes

ary non-zero aluetrue). Purealso provides some built-in support for lists and matrices, although most of
the corresponding operations are actually defined in the prelude.

Expression Syntax

Expressions consist of the following elements:

Constants: 4711, 4711L, 1.2e-3, "Hello, world"\n"
The usual C’ish notations for irgers (decimal, hexadecimal, octal), floating point values and dou-
ble-quoted strings are all pided, although the Pure syntax differs in some minor ways, as dis-
cussed in the following. First, there is a special notation for denoting bigintgelm@nstants that
are too large to fit into machine igers will be interpreted as bigints automaticaloreover,
integer literals immediately followed by the uppercase lettérw ill always be interpreted as big-
int constants,\en if they fit into machine intgers. This notation is also used when printing bigint
constants.

Second, character escapes in Pure strings aawre flexible syntax borrowed from the autlsor’

Q language, which provides notations to specify ldnicode charactetn particulas the notation

\n, wheren is an integer literal written in decimal (no prefix), hexadecimal (‘Ox’ prefix) or octal

(‘0" prefix) notation, denotes the Unicode character (code pamt}itice these escapes may con-

sist of a arying number of digits, parentheses may be used for disambiguation purposes; thus, e.g.
"\(123)4" denotes character #123 followed by the character ‘4’. The usuaé @stilapes for spe-

cial non-printable characters such\asre also supported. Mores, you can use symbolic char

acter escapes of the fon& name, wherenameis ary of the XML single character entity names
specified in the “XML Entity definitions for Characters”, sh#p://www.w3.org/TR/xml-entity-
names/ Thus, e.g., "\&copy;" denotes the copyright character (code point 0XO00A9).

Function and variable symbols:foo, foo_bayBAR, bar2
These consist of the usual sequence of ASCII letters (including the underscore) and digits, starting
with a letter The ‘' symbol, when occurring on the left-hand side of an equation, is special; it
denotes thenonymous variable The case of identifiers is significant, but it doesarry ary
meaning (thag in contrast to languages &kRolog and Q, where variables must be capitalized).
Instead, Pure distinguishes function and variable symbols by their position on the left-hand side of
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an equation, using the follang head = functionrule: Any symbol (except the anonymousni

able) which occurs as the head symbol of a function application is a function symbol, all other
symbols are variables (except symbotplieitly declared as‘¢onstant’ a.k.a. nullary symbols,

see below).

Operator and constant symbolsx+y, x==y, not x, []
As indicated, these takhe form of an identifier or a sequence of punctuation symbols. As of Pure
0.6, operator and constant symbols may also contain arbitrary extended (non-ASCII) Unicode
characters, which makes it possible, e.g., to use symbols from the math and APL symbol sets
offered by Unicode.

Operator and constant symbols mustags be declared before thean be used, using corre-
spondingprefix, postfix, infix andnullary declarations, which are discussed in section DECLA-
RATIONS.

Note that enclosing an operator in parentheses, such as @gtprtdrns it into an ordinary func-

tion symbol. Symbols declared asllary denote special constant symbols which simply stand for
themseles. Echnically these are just ordinary identifiersweyer, the nullary attribute tells the
compiler that when such an identifier occurs on the left-hand side of an equation, it is to-be inter
preted as a constant rather than a variable (seg)abo

Lists and tuples:[x,y,z], X..Y, X:XS, X,Y,Z
The necessary constructors to build lists and tuples are actually defined in the prelude: ‘[]' and ()’
are the empty list and tuple, *:’ produces lisbhses’, and ‘, produces ‘pairs”. As indicated,
Pure provides the usual syntactic sugar for list values in & ckuch as [x,y,z], which isa&ctly
the same as x:y:z:[]. Morger, the prelude also provides an infix ‘aperator to denote arithmetic
sequences such as 1..10. Sequences with arbitrary stepsizes can be written by denoting the first
two sequence elements using the *:’ operaaasrin 10:1.2..3.0.

Pures tuples are a bit unusual: Thare constructed by jusipairing” things using the*pperator,

for which the empty tuple acts as a neutral element (i.e., (),X is just x, as is Xx,()). Wajissalso-

ciate to the right, meaning that x,y,z == x,(y,z) == (x,y),z, wherez},{g the normalized repre-
sentation. This implies that tuples arevals flat, i.e., there are no nested tuples (tuples of tuples);

if you need such constructs then you should use lists instead. Also note that parentheses are gener
ally only used to group expressions andrargpart of the tuple syntax in Pure. Therehe ecep-

tion to this rule, havever, namely that in order to include a tuple in a betekl list you hee o put

it inside parentheses. E.g., [(1,2),3,(4,5)] is a three element list consisting of the tuple 1,2, the inte-
ger 3, and another tuple 4,5. kiMse, [(1,2,3)] is list with a single element, the tuple 1,2,3.

Matrices: {1.0,2.0,3.0}, {1,2;3,4}, {1L,y+1;foo,bar}
Pure also offers matrices, a kind of arrays, as a built-in data structure whiateprefficient stor
age and element access. These work more or lesdhbir Octae/MATLAB equivalents, lut
using curly braces instead of brackets. As indicated, commas are used to separate the columns of a
matrix, semicolons for its ves. In fact, the {...} construct is rather general, allowing you to con-
struct nev matrices from individual elements and/or submatrices, provided that all dimensions
match up. E.g., {{1;3},{2;4}} is another &y to write a 2x2 matrix in‘column-major’ form
(howevrer, internally all matrices are stored ins@ow-major format).

If the interpreter was built with support for the GNU Scientific Library (GSL) then both numeric
and symbolic matrices arevalable. The former are thin wrappers around GS$lomogeneous

arrays of double, comptedouble or (machine) int matrices, while the latter can containmax-

ture of Pure xpressions. Pure will pick the appropriate type for the data at hand. If a matrix con-
tains values of different types, or Pui@ues which cannot be stored in a numeric matrix, then a
symbolic matrix is created instead (this also includes the case of bigints, which are considered as
symbolic values as far as matrix construction is concerned). If the interpitelouidt without

GSL support then symbolic matrices are the only kind of matrices supported by the interpreter.
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More information about matrices and correspondixgmgles can be found in the EXAMPLES
section belw.

Comprehensionsix,y | x=1..n; y=1..m; x<y], {i'=j | i=1..n; j=1..m}
Pure provides the usual comprehension syntax as\ergéent means to construct both list and
matrix values from a‘template’ expression and one or morgeénerator’ and “filter’’ clauses
(the former bind a pattern to values drawn from a list or matrix, the latter are just predicates deter
mining which generated elements should actually be added to the result). Both list and matrix
comprehensions are in fact syntactic aufpr a combination of nested lambdas, conditional
expressions andcatmaps’ (a collection of operations which combine list or matrix construction
and mapping a functiorver a list or matrix, defined in the prelude), butyttaee often much eas-
ier to write.

Matrix comprehensions work pretty muchdikst comprehensionsub produce matrices instead
of lists. Generator clauses in matrix comprehensions alternate betweamdroolumn generation

so that most common mathematical abbreviations caeyquite easily Examples of both kinds

of comprehensions can be found in the EXAMPLES sectiombelo

Function applications:foo x y z
As in other modern FPLs, these are written simply as juxtaposition (i.&uiried” form) and
associate to the left. Operator applications are written using prefix, postfix or infix notation, as the
declaration of the operator demands, but are just ordinary function applications in disguise. E.qg.,
x+y is exactly the same as (+) X y.

Conditional expressions: ifx theny elsez
Evaluates to y or z depending on whether xtigé” (i.e., a nonzero integer). An exception is gen-
erated if the condition is not an integer.

Lambdas: \x ->y
These work pretty much kkin Haslell. More than oneariable may be bound (e.g, <> x*y),
which is equralent to a nested lambda @x \y -> x*y). Pure also fully supports pattern-matching
lambda abstractions which match a pattemirag the lambda argument and bind multiple lambda
variables in one go, such as \(x,y) -> x*y.

Case expressions: caseof rule; ... end
Matches an expression, discriminatinggoa rumber of different cases, similar to the Helkkase
construct. The>gression x is matched in turn against each left-hand side pattern in the rule list,
and the first pattern which matches xegithe value of the entire expression, wleating the
corresponding right-hand side with the variables in the pattern bound to their correspathding v
ues.

When expressionsx whenrule; ... end
An alternatve way to bind local &riables by matching a collection of subject terms against corre-
sponding patterns. Similar to Aardappsthen construct. A single binding such asvkenu =v
endis equvalent tocasev of u = x end, but the former is often more cesient to write. In difer-
ence to Aardappel, Pure also allows multiple definitions in a simigé clause, which are pro-
cessed from left to right, so that later definitions may refer to the variables in earlier ones. In fact, a
when expression with multiple definitions is treateddieveal nestedvhen expressions, with the
first binding being the “outermostne.

With expressionsx with rule; ... end
Defines local functions. L& Haskell'swhere construct, but it can be used anywhere inside an
expression (just lie Aardappel'swhere, but Pure uses theekword with which better lines up
with caseandwhen). Several functions can be defined in a singligh clause, and the definitions
may consist of as mgrequations as you want.

Operators and Precedence
Expressions are parsed according to the following precedence rules: Lambda binds mostallealdy
by when, with and case followed by conditional expression#-then-elsg, followed by thesimple
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expressionsi.e., all other kinds of expressionsatving operators, function applications, constants, sym-
bols and other primary expressions. Precedence and associativity of operator symbendrg teir
declarations (in the prelude or the usgrogram), and function application binds stronger than all opera-
tors. Parentheses can be usedvirae default precedences and associativities as usual.

The common operator symbolsdik-, -, *, / dc. are all declared at the beginning of the prelude, see the
prelude.pure script for a list of these. Arithmetic, relational and logical operators usuallyf@loonven-
tions. Havever, out of necessity some of Pusedperator symbols deviate from C. Most notalthe ‘I’
symbol is Pures indexing operatorhence logical ngation is denotedhot instead (named for Haskell com-
patibility, but Pures not is a real prefix operator instead of an ordinary function symbol). Mergbe bit-

wise operators are nameadd andor instead of ‘& and ‘|, which are used for other purposes in Pure.

Special Forms
As already mentioned, some operators are actually implemented as special forms. In p#rgéccdendi-
tional expressionf x theny elsez is a pecial form with call-by-name arguments y and z; only one of the
branches is actuallywauated, depending on the value of x. Similathe logical connectes && and ||
evduate their operands ishort-circuit mode just lile in C. Thus, e.g., x&&y immediately becomes false if
x evaluates to false, withouter evaluating .

The sequencingperator $$ ealuates its left operand, immediately ttwothe resultway and then goes on
to evaluate the right operand whichvgs the result of the entire expression. This operator is useful to write
imperative-style code such as the following prompt/input interaction:

> using system;

> puts "Enter a number:" $$ scanf "%g";
Enter a number:

21

21.0

The & operator doelmzy evaluation This is the only postfix operator defined in the standard prelude, writ-

ten as ‘X&', where x is an arbitrary Purepeession. The & operator binds stronger thanather operation

except function application. It turns its operand into a kind of parameterlesgnaoias closure, deferring

its evaluation. These kinds of objects are also commonlywmnasthunksor futures When the value of a

future is actually needed (during pattern-matching, or when the value becomgsraerarof a C call), it

is evaluated automagically and getseemoizedi.e., the computed result replaces the thunk so that it only

has to be computed once. Futures are useful to implement all kinds of lazy data structures in Pure, in partic-
ular: lazy lists a.k.astreams A stream is simply a list with a thued tail, which allows it to be infinite.

The Pure prelude defines nyafunctions for creating and manipulating these kinds of objects; further
details and examples can be found in the EXAMPLES sectiowbelo

Toplevel
At the toplevel, a Pure program basically consists of rewriting rules (which are used to define functions and
macros), constant and variable definitions, and expressions velbated:

Rules:lhs=rhs;
These rules alays combine a left-hand sidgattern (which must be a simple expression) and a
right-hand side (which can beyakind of Pure expression described e#)oIn some cases, this
basic form can also be augmented with a condifignardtaclked on to the end of the rule (which
restricts the applicability of the rule to the case that the guatdages to a nonzero integer), or
the keyword otherwisedenoting an empty guard which isvays true (this is nothing but syntactic
sugar to point out the'default” case of a definition; the interpreter just treats this as a comment).
Pure also provides some abbreviations &mtdring out common left-hand or right-hand sides in
collections of rules; see section RULE SYNTAX belfor details.

Macro rules: deflhs=rhs;
A rule starting with the éyword def defines amacro function. No guards or multiple left-hand
and right-hand sides are permitted here. Macro rules are used to preprpressi@ns on the
right-hand side of other definitions at compile time, and are typically employed to implement user
defined special forms and simple kinds of optimization rules. See tl&R@A section belw for
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details and examples.

Global variable bindings: letlhs =rhs;
Binds every variable in the left-hand side pattern to the corresponding subterm of the right-hand
side (after eauating it). This works lik awhen clause, but serves to bigibbal variables occur
ring free on the right-hand side of other function and variable definitions.

Constant bindings: consths = rhs;
An alternatve form of let which defines constants rather than variables. (These are not to be con-
fused withnullary symbols which simply stand for themselves!)d.i&t, this construct binds the
variable symbols on the left-hand side to the corresponding values on the right-hand side (after
evduation). The difference is thabnstsymbols can only be defined once, after which thedires
are substituted directly into the right-hand sides of other definitions, rather than being looked up at
runtime.

Toplevel expressions:expr;
A singleton expression at the topét terminated with a semicolon, simply causes tivergialue
to be @auated (and the result to be printed, when running in intesantbde).

Scoping Rules
A few remarks about the scope of identifiers and other symbols are in order hereoktkmodern func-
tional languages, Pure usesical or static binding for local functions and variables. What this means is
that the binding of a local name is completely determined at compile time by the surrounding preigram te
and does not change as the program is beiaguéeed. In particularf a function returns another (anen
mous or local) function, the returned function captures thizamment it was created in, i.e., it becomes a
(lexical) closure For instance, the following function, whenvoked with a single argument x, returns
another function which adds x to its argument:

> foo x = bawith bar y = x+yend,
> letf=foo 99; f;

#<closure bar>

>f 10, f 20;

109,119

This works the same no matter what other bindings of ‘x’ may be in effect when the closuoked:in

>letx =77; f 10, f 20whenx = 88 end;
109,119

Global bindings of variable and function symbolsrkva bit diferently though. Lile mary languages
which are to be used interaadly, Pure binds global symboldynamically so tat the bindings can be
changed easily at suitime during an interaaté sssion. This is mainly a ceenience for interactie uisage,
but works the same no matter whether the source code is entered imBractbeing read from a script, in
order to ensure consistent behaviour between inteeaatd batch mode operation.

So, for instance, you can easily bind a global variable tovavatie by just entering a correspondieg
command:

> foo x = c*x;

> foo 99;

c*99

>let ¢ = 2; foo 99;
198

>let ¢ = 3; foo 99;
297

This works pretty much lik gobal variables in imperaté languages, but note that in Pure the value of a
global variable camnly be changed with &t command at the toplel. Thus referential transpargnés
unimpaired; while the value of a globariable may change between different toglexpressions, it will
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always tale the same value in a singlealuation.
Similarly, you can also add meequations to an existing function atyaime:

>fact0=1;

> fact n::int = n*fact (n-1)f n>0;
> fact 10;

3628800

> fact 10.0;

fact 10.0

>fact 1.0 = 1.0;

> fact n::double = n*fact (n-1j n>1;
> fact 10.0;

3628800.0

> fact 10;

3628800

(In interactve node, it is ®en possible to completely erase a definition, see section INTERAE
USAGE for details.)

So, while the meaning of a local symboVerechanges once its definition has been processedyébpkfi-
nitions may well golve while the program is being processed, and the interpreter wdyaluse thdatest
definitions at a gien point in the source when an expressionviauated. This means thatyen in a <ript
file, you hae  define all symbols needed in aveleiation beforeentering the expression to besleiated.

RULE SYNTAX
Basically the same rule syntax is used in all kinds of global and local definitiongevidp some con-
structs (specificallywhen, let, constanddef) use a restricted rule syntax where no guards or multiple left-
hand and right-hand sides are permitted. When matchiaigsica function or macro call, or the subject
term in acaseexpression, the rules arewadys considered in the order in which yhare written, and the
first matching rule (whose guardgaiiates to a nonzeraalue, if applicable) is picked. (Again, tehen
construct is treated differentlpecause each rule is actually a separate definition.)

In ary case, the left-hand side pattern (which, as already mentioneeyagsah simple expression) must
not contain repeated variables (i.e., rules mustle#-linear”), except for the anonymous variable * ’
which matches an arbitrary value without binding a variable symbol.

A left-hand side variable (including the anonymous variable) may bevéalldy one of the special type
tags:int, ::bigint, ::double, ::string, ::matrix , ::pointer, to indicate that it can only match a constant
value of the correspondingubt-in type. (This is useful if you want to write rules matchany object of
one of these types; note that there is no way to write outatistructors’for the built-in types, as there
are infinitely mamg.)

Pure also supports Haskell-stylas” patterns of the fornvariable@ patternwhich binds the gien vari-
able to the expression matched by the subpatiattern (in addition to the &riables bound byattern
itself). This is comenient if the \alue matched by the subpattern is to be used on the right-hand side of an
equation. Syntactically'as” patterns are primary expressions; if the subpattern is not a prixngssion,
it must be parenthesized. For instance, the following function duplicates the head element of a list:

foo xs@(x:_) = x:xs;

The left-hand side of a rule can be omitted if it is the same as for thieyweule. This provides a con-
venient means to write out a collection of equations for the same left-hand side which discrimiaates o
different conditions:

lhs  =rhsif guard
=rhsif guard

=rhsotherwise
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For instance:
fact n = n*fact (n-1)if n>0;
= 1 otherwise

Pure also allws a collection of rules with different left-hand sides but the same right-hand side(s) to be
abbreviated as follows:

lhs |

lhs =rhs;

This is useful if you need different specializations of the same rule which use different type tags on the left-
hand side variables. For instance:

fact n:int |

fact n::double |

fact n = n*fact(n-1) if n>0;
= 1 otherwise

In fact, the left-hand sides daiaveto be related at all, so that you can also write something like:

foo x | bar y = x*y;

However, this is most useful when using das” pattern to bind a common variable to a parameaéuwes
after checking that it matches one ofveal possible argument patterns (which is slightly mofieieht

than using an equélent type-checking guard). E.g., the following definition binds the xs variable to the
parameter of foo, if it is either the empty list or a list starting with an integer:

foo xs@[] | foo xs@(_::int:_) = ... XS ...;

The same construct also workscaseexpressions, which is ceanient if different cases should be mapped
to the same value, e.g.:

caseansof "y" | "Y" =1; =0;end;
EXAMPLES
Here are a f@ examples of simple Pure programs.

The factorial:

fact n = n*fact (n-1)if n>0;
=1 otherwise

let facts = map fact (1..10); facts;
The Fibonacci numbers:

fion =a whena, b =fibs nend
with fibs n = 0, lif n<=0;
= casefibs (n-1)of
a, b=b, atb;
end,;
end;

let fibs = map fib (1..30); fibs;

It is worth noting here that in most cases Pure performs tail call optimization so that tailveedefisii-
tions like the following will be eecuted in constant stack space (see th#EXT'S AND NOTES section
for more details on this).
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/l tail-recursve factorial using an "accumulating parameter"
fact n = loop 1 rwith

loop p n =if n>0then loop (p*n) (n-1)elsep;
end,

Here is an example siwing howv constants are defined and used. Constant definitioegatetty much the
same form as variable definitions wigt (see abee), but work more lik the definition of a parameterless
function whose value is precomputed at compile time:

> extern double atan(double);

> constpi = 4*atan 1.0;

> pi;

3.14159265358979

> foo x = 2*pi*x;

> showfoo

foo x = 2*3.14159265358979*x;
>foo 1;

6.28318530717958

List Comprehensions
List comprehensions are Pwarain workhorse for generating and processing all kinds of kdties.
Here’s a well-known example, Erathosthenes’ classical primeesie

primesn  =sdgeve (2..n)with

sieve]] =1[

sieve (p:qs) =p : deve [q | q=cs; q mod p];
end;

For instance:

> primes 100;
[2,3,5,7,11,13,17,19,23,29,31,37,41,43,47,53,59,61,67,71,73,79,83,89,97]

If you dare, you can actually ¥ a bok at the catmap-lambda-if-then-else expression the comprehension
expanded to:

> showprimes
primes n = siee (2..n)with sieve [| = []; sieve (p:qs) = p:siee
(catmap (\q -> if g mod p then [q] else []) &s)d;

List comprehensions are also a useful device ¢anire backtracking searches. For instance, beae’
algorithm for the n queens problem, which returns the list of all placements of n queens on an n x n board
(encoded as lists of n pairs (i,j) with i = 1..n), so that nmduweens hold each other in check.

gueens n =search n 1 [with
search n i p = [neerse plif i>n;
= cat [search n (i+1) ((i,)):p) | j = 1..n; safe (i,)) p;
safe (i,j) p = not an(check (i,j)) p;
check (i1,j1) (i2,j2)
=il1==i2 || j1==5j2 || i1l+j1==i2+j2 || i1-j1==i2-j2;
end;
Lazy Evaluation and Streams
As already mentioned, lists can also bdwated in a‘lazy” fashion, by just turning the tail of a list into a
future. This special kind of list is also calledsaeam Streams enable you toask with infinite lists (or
finite lists which are so huge that yowuwld never want to keep them in memory in their entirety). E.g.,
heres acne way to define the infinite stream of all Fibonacci numbers:
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> fibs = 0L : 1L : zipwith (+) fibs (tail fibs) &;
> fibs;
OL:1L:#<thunk Oxb5f875e8>

Note the ‘&’ on the tail of the list. This turns ‘fibs’ into a stream, which is required i@mrdibs’ from
recursing into samadhi. Also note that werkvwith bigints in this example because the Fibonacci numbers
grow quite rapidly so with machine integers the values would soon start wrapping arounddivaente-
gers.

Streams lik these can be evked with in pretty much the same way as with lists. Of course, care must be
taken not to inoke “eager’ operations such as ‘#' (which computes the size of a list) on infinite streams, to
prevent infinite recursion. Hwever, mary list operations wrk with infinite streams just fine, and return the
appropriate stream results. E.g., the éfakinction (which retriges a gven number of elements from the
front of a list) works with streams just as well as with “eddésts:

> take 10 fbs;
OL:1L:#<thunk Oxb5f87630>

Hmm, not much progress there, but that'st hav streams work (or rather thedon’t, they're lazy ums
indeed!). Neertheless, the stream computed with &ais in fact finite and we can readily @ it to an
ordinary list, forcing its esluation:

> list (take 10 fbs);
[OL,1L,1L,2L,3L,5L,8L,13L,21L,34L]

(Corversely, you can also turn a list into a streaalue with the ‘stream’ function. This is done less fre-
qguently but becomes useful if you want to generate a stream from a finite list in a list comprehension.)

For interactve wsage its diten cowvenient to define an eager variation of #akvhich combines ‘take’ and
‘list’. Let’s do his nav, 0 that we can use this operation in the following examples.

> takel n xs = list (taf n xs);
> takel 10 fibs;
[OL,1L,1L,2L,3L,5L,8L,13L,21L,34L]

WEell, this naive cefinition of the Fibonacci stream works, bus i#vfully slow. In fact, it takes xgonential
running time to determine thegh member of the sequence, because of tleréaursie alls to ‘fibs’ on
the right-hand side. This defect soon becomes rather annoying if we acgessiambers of the sequence.
Just for fun, les measure someveluation times with the interagt statscommand:

> stats

> fibs!25; fibs!26; fibs!27;
75025L

2.29s

121393L

3.75s

196418L

6.12s

> stats off

It's quite apparent that the ratios between suceessining times are about the golden ratio (which is of
course no accident!). So, assuming a fast computer which can produce the head element of a stream in just
a nanosecond, a consative estimate of the time needed to compute just the 128th Fibonacci number
would already rceed the current age of the warse by some 29.6%, if done thigyvIt goes without say-

ing that this kind of algorithm wohéven pass muster in a freshman course.

So lets get back to the drawing board. One nice trick of the trade iswe ha value of the Fibonacci
stream refer to itself in its definition, rather than just the function generating it. For that we need a kind of
“recursve variable definition’ which Pure doesth’have (Haslellers should note here that thalues of
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parameterless functions arevaememoized in Pure, because that would wreakotian functions with
side effects.) &rtunately we can work around this quite easily by empig the so-calledixed point com-
binator, incidentally calledix in Pure and defined in the prelude as follows:

> showfix
fix f =y ywith yx=f (x x&) end;

(Functional programminguffs will quickly recognize this as an implementation of the normal orded fix
point combinatgrdecorated with ‘&’ in the right place to makt work with eager esluation. Aspiring
novices may go read Wikipedia or a good book on the lambda calcuW)s no

So heres how we can define a'llinear-time” version of the Fibonacci stream. (Note that we also define the
stream as a variable wpto take full advantage of memoization.)

> clear fibs

> let fibs = fix (\f -> OL : 1L : zipwith (+) f (tail f) &);

> fibs;

OL:1L:#<thunk Oxb58d8ae0>

> takel 10 fibs;

[OL,1L,1L,2L,3L,5L,8L,13L,21L,34L]

> fibs;

OL:1L:1L:2L:3L:5L:8L:13L:21L:34L:#<thunk Oxb4ce5d30>

As you can see, theviocation of our ‘takl’ function forced the corresponding prefix of the ‘fibs’ stream to
be computed. The result of theakiation is memoized, so that this portion of the stream ve neadily
awailable in case we need toveaaother look at it lateBy these means, possibly costlyvaaations are
avaded, trading memory forxecution speed.

Also, the trick we played with the fixed point combinator pays off, and in fact computing large Fibonacci
numbers is a piece of cakow:

> stats

> fibs!199;
173402521172797813159685037284371942044301L
0.1s

> stats off

Let's take a bok at some of the other a@mmience operations for generating stream values. The prelude
defines infinite arithmetic sequences, usinfgor -inf to denote an upper (or lower) infinite bound for the
sequence, e.g.:

>letu = 1..inf; let v=-1.0:-1.2..-inf;

> takel 10 u; takel 10 v;

[1,2,3,4,5,6,7,8,9,10]
[-1.0,-1.2,-1.4,-1.6,-1.8,-2.0,-2.2,-2.4,-2.6,-2.8]

Other useful stream generator functions are ‘iterate’, ‘repeat’ and ‘cycle’, whiehbthan adopted from
Haslell. In fact, infinite arithmetic progressions are implemented in terms of ‘iterate’. The ‘repeat’ function
just repeats its argument, and ‘cycle’ cycles through the elements of¢hdisgfi

> takel 10 (repeat 1);
[1,1,1,1,1,1,1,1,1,1]

> takel 10 (cycle [0,1]);
[0,1,0,1,0,1,0,1,0,1]

Moreover, list comprehensions can draalues from streams and return the appropriate stream result:

> let rats = [m,n-m | n=2..inf; m=1..n-1; gcd m (n-m) == 1]; rats;
(1,1):#<thunk Oxb5fd08b8>
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> takel 10 rats;
[(1,1),(1,2),(2,1),(1,3),(3,1),(1,4),(2,3),(3,2),(4,1),(1,5)]

Finally, let’s rewrite our prime siee 9 that it generates the infinite streamadifprime numbers:

all_primes  =sieve 2..inf) with
sieve (p:qs) =p:deve[q]|q=¢cp; q mod p] &;
end;

Note that we can omit the empty list case ofvsi@ere, since the sie row neve becomes emptyExam-
ple:

> let P = dl_primes;

> takel 20 P;
[2,3,5,7,11,13,17,19,23,29,31,37,41,43,47,53,59,61,67,71]
> P1299;

1987

You can also just print the entire stream. This will run ¥ereso hit Ctrl-C when you get bored.

> using system;

> do (printf "%d\n") all_primes;
2

3

5

(Make aire that you really use the ‘all_primes’ function instead of the P variable to print the stream. Other
wise the stream stored in P will gravith the number of elements printed until memory is exhausted. Call-
ing ‘do’ on a fresh instance of the stream of primesnallalo’ to get rid of each ‘cons’ cell after\iag
printed the corresponding stream element.)

Matrix Computations
Pure offers a number of basic matrix operations, such as matrix constructioimgnaécing, as well as
getting the size and dimensions of a matrix (these are briefly described inNIN®/SRD LIBRARY sec-
tion below). Havever, it does not supply huilt-in support for matrix arithmetic and other linear algebra
algorithms. The idea is that these can and should bedptbthrough separate libraries, such as a GSL
interface (which will hopefully bevailable in the near future).

But Pures facilities for matrix and list processing also reakeasy to roll your own, if desired. First, the
prelude provides matrix versions of the common list operatioesntidp, fold, zip etc., which provide a

way to implement common matrix operations. E.g., multiplying a matrix x with a scalar a amounts to map-
ping the function \x->a*x to x, which can be done as follows:

> a* x:matrix = map (\x->a*x) xf not matrixp a;
> 2¢{1,2,3;4,5,6};
{2,4,6;8,10,12}

Likewise, matrix addition and other element-wise operations can be realized using zipwith, which com-
bines corresponding elements obtmatrices using a géen binary function:

> x::matrix + y::matrix = zipwith (+) X y;
>{1,2,3;4,5,6}+{1,2,1;3,2,3};
{2,4,4,7,7,9}

Second, matrix comprehensions makeasy to express a variety of algorithms which would typically be
implemented using ‘for’ loops in ceentional programming language illustrate the use of matrix com-
prehensions, here is\Wwave can define an operation to create a square identity matrix gé@admension:
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>eyen={==j|i=1.n;j=1..n}
>eye 3;
{1,0,0;0,1,0;0,0,1}

Note that the i==j term is just a Pure idiom for the Kronecker symbol. Another pwitit mentioning here

is that the generator clauses of matrix comprehensions alternate betwesen rmolumn generation auto-
matically. (More preciselythe last generatpwhich varies most quicklydlways yields a ra, the net-to-

last one a column of thesenr@ectors, and so on.) This makes matrix comprehensions resemble customary
mathematical notation very closely.

As a slightly more comprehensi example (no pun intended!), here is a definition of matrix multiplication
in Pure. The building block here is the “dgitoduct of two vectors which can be defined as follows:

> dot x::matrix y::matrix = foldl (+) O [x!li*y!i | i=0..#x-1];
>dot {1,2,3}{1,0,1};
4

(For the sak of dmplicity, this doesrt’do much error checking; if the twwectors arert’the same size then
you'll get an ‘out_of bounds’ exception with the definition abp

The general matrix product wdoils down to a simple matrix comprehension which just computes the dot
product of all rows of x with all columns of y (the rows and cols functions are prelude operations found in
matrices.pure):

> X::matrix * y::matrix = {dot u v | u = rows x; v = cols y};
>{0,1;1,0;1,1}*1,2,3;4,5,6};
{4,5,6;1,2,3;5,7,9}

WEell, that was easyso let’s take a bok at a more challenging example, Gaussian elimination, which can be
used to solg s/stems of linear equations. The algorithm brings a matrix irde ‘echelon’ f orm, a gener
alization of triangular matrices. The resulting system can then bedsqlite easily using back substitu-
tion. Here is a Pure implementation of the algorithm:

gauss_elimination x::matrix = p,x
whenn,m = dim x; p,_,x = foldl step (0..n-1,0,x) (0..mek)d,

/I One pvoting and elimination step in column j of the matrix:
step (p,i,X) j
= if max_x==0then p,i,x
else
/l updated rev permutation and index:
transp i max_i p, i+1,
{/l the top rows of the matrix remain unchanged:
x!1(0..i-1,0..m-1);
/I the pvot row, divided by the piot element:
A3,NXNL) | 1=0..m-1};
/l subtract suitable multiples of thespi row:
PAD-x (K )X, D/XNL)) | k=i+1..n-1; 1=0..m-1}}
when
n,m = dim x; max_i, max_x = bt i (col X j);
x = if max_x>0then swap x i max_Eglsex;
end with
pivotix = foldl max (0,0) [j,abs (x!j)|j=i..#x-1];
max (i,X) (j,y) =if x<y then |,y elsei,x;
end;

The real meat is in thevating and elimination step (‘step’ function) which is iteratedrall columns of
the input matrix. In each step, x is the current matrix, i the curreninaex, j the current column incde
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and p keeps track of the current permutation of teingices performed during\mting. The algorithm
returns the updated matrix xwondex i and rov permutation p.

Please refer to gngood textbook on numeric mathematics for a closer description of the algorithm. But
here is a brief rundown of what happens in each elimination step: First we finddhegrent in column

j of the matrix. (W're doing partial pioting here, i.e., we only look for the element with thgdst abso-

lute value in column j, starting atwd. That's usually good enough to achie rumerical stability.) If the

pivot is zero then we're done (the rest of thegpicolumn is already zeroed out). Otherwise, we bring it
into the pvot position (swapping i i and the piot row), divide the piot row by the piot, and subtract
suitable multiples of the yit row to diminate the elements of thevpt column in all subsequent ws.
Finally we update i and p accordingly and return the result.

In order to complete the implementation, we still need the following little helper functions to swap tw
rows of a matrix (this is used in thevpiing step) and to apply a transposition to a permutation (represented
as a list):

swap x i j = x!(transp ij (0..n-1),0..m-Whenn,m = dim xend;
transpijp = [ptr k | k=0..#p-1]
with tr k =if k==i then | else ifk==j theni elsek end;

Finally, let us define a cepnient print representation of double matrices a la @cthe meaning of the
__show__ function is explained in the CAVEATS and NOTES section):

using system;

__show__ x::matrix

= drcat [printd j (x!(i,j))|i=0..n-1; j=0..m-1] + "\n"

with printd O = sprintf "\n%210.5f"; printd _ = sprintf "%10.5¢hd
whenn,m = dim xend if dmatrixp Xx;

Example:

> let x = dmatrix {2,1,-1,8; -3,-1,2,-11; -2,1,2,-3};
> X; gauss_elimination x;

2.00000 1.00000 -1.00000 8.00000
-3.00000 -1.000002.00000 -11.00000
-2.00000 1.00000 2.00004¢B.00000

[1,2,0],
1.00000 0.33333 -0.66667 3.66667
0.00000 1.00000 0.40000 2.60000
0.00000 0.00000 1.000041.00000

MACROS
Macros are a special type of functions to kecated as a kind of “preprocessing stagé'compile time. In
Pure these are typically used to define custom special forms, and to perform inlining of function calls and
other simple kinds of sourcevig optimizations. In the follwing, these are also referred tocagvenience
andoptimization macrogrespectiely.

Whereas the macro facilities of most programming languages simply provide a kixtluaf seibstitution
mechanism, Pure macros operate on symbolic expressions and are implemented by the same&vkitad of re
ing rules that are also used to define ordinary functions in Purefdredife to these, macro rules start out
with the leyword def, and only simple kinds of rules without yaguards or multiple left-hand and right-
hand sides are permitted.

Syntactically a macro definition looks just Il a \ariable or constant definition, usidgf in lieu of let or

const but they are processed in a fi#frent way. Macros are substituted into the right-hand sides of func-
tion, constant andariable definitions. All macro substitution happens before constant substitutions and the
actual compilation step. Macros can be defined in terms of other macros (alsovelgguesid will be
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expanded using the leftmost-innermost reduction strategy (i.e., macro calls in macro arguments are
expanded before the macro gets applied to its parameters).

Optimization Rules
Here is a simplexample, showing a rule which expands saturated calls afutefunction (defined in the
prelude) at compile time:

> def succ x = x+1;

> foo x::int = succ (succ x);
> showfoo

foo x::int = x+1+1;

Rules lile these can be useful to help the compiler generate better code. Note that a macreentay ha
same name as an ordinary Pure function, which is essential if you want to optimize callxistirg e
function, as in the previous example.

A somevhat more practical example is the foling rule from the prelude, which eliminates saturated
instances of the right-associegifunction application operator:

deff$x=1x;

Like in Haslell, this low-priority operator is handy to write cascading function callith We abee macro
rule, these will be “inlined’as ardinary function applications automagicalxample:

>foo x = bar $ bar $ 2*x;
> showfoo
foo x = bar (bar (2*x));

Here is slightly more trickrule from the prelude, which optimizes the casetbfowaway” |ist compre-
hensions. This is useful if a list comprehensiorvauated solely for its side effects.

def void (catmap f x) = do f x;

Note that the ‘void’ function simply throwsaay its argument and returns () instead. The ‘do’ function
applies a function tovery member of a list (li& ‘map’), but throws way al intermediate results and just
returns (), which is much morefiefent if you dont need those results amay. These are both defined in
the prelude.

Let's ®e hov this rule transforms a list comprehension if we “voidify!

> using system;

> f = [printf "%g\n" (2°x+1) | x=1..5; x mod 2];

> g = wid [printf "%g\n" (2°x+1) | x=1..5; x mod 2];

> showf g

f = catmap (\x -> if x mod 2 then [printf "%g0 (2"x+1)] else []) (1..5);
g =do (x -> if x mod 2 then [printf "%g0 (2"x+1)] else []) (1..5);

Ok, so the ‘catmap’ got replaced with a ‘do’ which is just what we need te tmakcode go essentially as
fast as a ‘for’ loop in coventional programming languages (up to constaatdrs, of course). Hesehow it
looks like when we run the ‘g’ function:

> G
3

9
33

0

It's not all roses, hwever, snce the abee macro rule will only get rid of the outermost ‘catmap’ if the list
comprehension binds multiple variables:
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> u =woid [puts $ str (x,y) | x=1..2; y=1..3];
> showu
u =do {x -> catmap (\y -> [puts (str (x,y))]) (1..3)) (1..2);

If you're bothered by this, you'll he o goply ‘void’ recursvely, creating a nested list comprehension
which expands to a nested ‘do”:

> v = void [void [puts $ str (x,y) | y=1..3] | x=1..2];
> showv
v =do (x -> [do (\y -> [puts (str (x,y)]) (1..3)]) (1..2);

(It would be nice to heae tis handled automaticajljput the left-hand side of a macro definition must be a
simple expression, and thussitiot possible to write a macro which descends reggysinto the lambda
argument of ‘catmap’.)

Recursive Macros
Macros can also be recursjin which case theusually consist of multiple rules and nealkse of pattern-
matching lile ardinary function definitions. Example:

> deffoo (bar x) = foo x+1;

> deffoo x = Xx;

> baz = foo (bar (bar (bar x)));
> showbaz

baz = x+1+1+1;

Note that, technicallyPure macros are just as powerful as (unconditional) term rewriting systems and thus
they are Turing-complete. This implies that a badly written macro may well send the Pure compiler into an
infinite recursion, which results in a stackedlow at compile time. See the GAATS AND NOTES sec-

tion at the end of this manual for information orwhim deal with these by setting tHRURE_STACK
environment variable.

Convenience Macros
The following ‘timex’ macro provides an example ofahgou can use macros to define your own special
forms. This is made possible by the fact that the macro arguments will onlglbated at runtime and can
thus be passed to built-in special forms and other constructs which defew#heitien. In fact, the right-
hand side of a macro rule may be an arbitrary Pure expressavirig conditional expressions, lambdas,
binding clauses, etc. These awat evduated during macro substitution, yh@ist become part of the macro
expansion (after substituting the macro parameters).

Our definition of ‘timex’ emplygs the system function ‘clock’ to report the cpu time in seconds needed to
evduate a gren expression, along with the computed result:

> using system;

> def timex x = (clock-t0)/CLOCKS_PER_SECwhent0 = clock; y = xend;
> sum = foldl (+) OL;

> timex $ sum (1L..100000L);

0.43,5000050000L

(Note that the abee definition of ‘timex’ wouldn't work as an ordinary function definition, since by virtue
of Pures basic eagerwaluation strategy the x parameter would/ddeen @auated already before it is
passed to ‘timex’, making ‘timex’ afys return a zero time value. Try it.)

Macro Hygiene
Pure macros are lexically scoped, i.e., symbols on the right-hand-side of a macro definitiorecceefere
to anything outside the macro definition, and macro parameter substitution also takes into account binding
constructs, such agith andwhen clauses, in the right-hand side of the definition. Maailifies with
these pleasant properties are also knowhyggenicmacros. Thg are not susceptible to so-calléddme
capturée, w hich makes macros in less sophisticated languages bug-ridden and hard to use.

Pure macros also & their limitations. Specificallythe left-hand side of a macro rule must be a simple
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expression, just lik in adinary function definitions. This restricts the kinds of expressions which can be
rewritten by a macro. But Pure macros are certainlygrtul enough for most common preprocessing pur
poses, while still being robust and easy to use.

DECLARATIONS
Pure is a very terse language by design; youtdiclare much stéifyou just define it and be done with it.
Usually, adl necessary information about the defined symbols is inferred automatitaigve, there are a
few toplevel constructs which let you declare special symbol attributes and manage programs consisting of
several source modules. These apeivate, fixity (operator) anchullary (constant symbol) declarations,
extern declarations forxdernal C functions (described in the C INTERFE section), andusing clauses
which let you include other scripts in a Pure script.

Private symbol declarations: private symbol...;
Declares the listed symbols psvate. Pure programs usually consist ofveml source scripts
(see the description of thesing clauses below). By default, all global symbols pablic symbols
which are visible throughout the entire Pure program. Symbols explicitly declaredais pre
only visible in the script which declares them. This must be done before using these symbols.
Example:

private foo bar;
foo (bar x) = x+1; // foo and bar symbols arevge here

Note that to declare multiple symbols in a single declaration, you just list them all with whitespace
in between. The same applies to the other types of symbol declarations discusged belo

Operator declarations: infix level op...;
These may also be prefixed with theykord private to indicate a priate operator symbol (see
above).

Ten different precedenceVes are @ailable for userdefined operators, numbered O (lowest) thru
9 (highest). On each precedenceeleyou can declare (in order of increasing precedeimde)
(binary non-associat®), infixl (binary left-associate), infixr (binary right-associate), prefix
(unary prefix) angbostfix (unary postfix) operators. For instance:

infixl 6 +-;
infixl 7 */ div mod ;

One thing worth noting here is that unary minus plays a special role in the syn&in Héskell,

unary minus is the only prefix operator symbol which is also used as an infix opamdtar

always has the same precedence as binary minus (whose precedence may be chosen freely in the
prelude). Thus, with the standard prelude, -x+y will be parsed as (wieyeas -x*y is the same

as -(x*y). Also note that the notation ‘(-)’'vedys denotes the binary minus operator; the unary
minus operation can be denoted using the built-in ‘neg’ function.

Constant symbol declarations: nullarysymbol...;
Constant symbols are introduced usinguédary declaration (again, jprivate prefix may be used
to denote priate constant symbols), e.g.:

nullary [] ();
private nullary nil;

As explained in the PUREMERVIEW section,nullary symbols are lik ardinary identifiers, bt
are treated as constants rather than variables whgodber on the left-hand side of an equation.

Examples for all types of symbol declarations can be found in the prelude which declamek a b

of standard (arithmetic, relational, logical) operator symbols as well as the list and pair construc-
tors .’ and ‘; and the empty list and tuple constants ‘[]' and ‘()’.
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Using clause: usinghame ...;
Causes eachgn script to be included in the Pure program. Each included script is loaded only
once when the firsusing clause for the script is encountered. This kind of clause is discussed in
further detail belw.

Note that theusing clause also has an alternatiform which allows dynamic libraries to be
loaded, this will be discussed in the C INTERIE sction.

The ‘using’ Declaration
The using declaration provides a simple bufesftive way to assemble a Pure program frowesad source
modules. The Pure program is just the concatenation of all the source modules listed as commgne line ar
ments and included througlsing clauses. Public constants, variables, functions and macros defined an
where in the program share one big hapamespace and argadlable throughout the entire program (not
just the module that containguging clause for the script containing avgi symbol). This approach has its
drawbacks, but it makes it easy to define polymorphic functions and macros across separate modules.

To facilitate modular deslopment, each script also has a separate namespacevébe pyimbols which are
only visible in the script which declares them (see the explanation gfithate declaration abee). This
malkes it possible to hideway internal operations, prent name clashes between symbols ofedént
modules, and keep the public namespace tidy and cleani.vate declaration shadows a public symbol
with the same print name, but this takes effect afiigr the private declaration of the symbol, so you can
easily define yourself an alias for the public symbol before that, e.g.:

public_foo = foo;
private foo;
foo x = public_foo (bar x);

The script name in asing clause can be specified either as a string denoting the proper filename (possibly
including path and/or filename extension), or as an identifi¢hne latter case, thpure filename &tension

is added automaticallyn both cases, the interpreter performs a search to locate the script, unless an abso-
lute pathname was\gn. It first searches the directory of the script containingiiieg clause (or the cur

rent working directory if the clause was read from standard input, as is the case, e.g., in awvéngesacti
sion), then the directories namediroptions on the command line (in theqi order), then the colon-sep-
arated list of directories in tHRURE_INCLUDE ervironment variable, and finally the directory named by

the PURELIB ervironment variable. Note that the current working directorpassearched by defilt

(unless thausing clause is read from standard input)t bf course you can force this by adding the option

-I. to the command line, or by includingih the PURE_INCLUDE variable.

For the purpose of comparing script names, the interpreteyaluses the canonicalized full pathname of
the script, following symbolic links to the destination file (albeit only owd)leThus different scripts with
the same basename, suchf@gutils.pure andbar/utils.pure can both be included in the same program
(unless the link to the same file). The resolution of symbolic links also makes it possiblev¢oaha
executable script with a shebang line in itgrodirectory to be eecuted via a symbolic link placed on the
systemPATH. In this case the script search performedising clauses will use the real script directory
and thus other required scripts can be located in the script direbhisyis the recommended practice for
installing standalone Pure applications in source form which are to be run directly from the shell.

EXCEPTION HANDLING
Pure also offers a useful exception handligjlity. To raise an exception, you jusviske te huilt-in func-
tion thr ow with the value to be thrown as the argumentcdtch an exception, you use thdlbin special
form catch with the exception handler (a function to be applied to ¥oegion value) as the first and the
expression to bevaluated as the second (call-by-name) argument. For instance:

> catch error (threv hello_world);
error hello_world

Exceptions are also generated by the runtime system if the program runs out of stack space, when a guard
does not edluate to a truth value, and when the subject term fails to match the pattern in a pattern-matching
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lambda abstraction, orlat, caseor when construct. These types ofaeptions are reported using the sym-
bols stack_fault, failed_cond andfailed_match, respectiely, which are declared as constant symbols in
the standard prelude. You can ussch to handle these kinds oikaeptions just lie any other For
instance:

> fact n =if n>0then n*fact(n-1)elsel,;
> catch error (fact foo);

error failed_cond

> catch error (fact 100000);

error stack fault

(You'll only get the latter kind of exception if the interpreter does stack checks, see the discussion of the
PURE_STACK environment variable in the CAVEATS AND NOTES section.)

Note that unhandled exceptions are reported by the interpreter with a corresponding error message:

> fact foo;
<stdin>:2.0-7: unhandled exception ‘failed_cond’ whileleating 'fact foo’

Exceptions also prade a way to handle asynchronous signals. Most standard termination signals (SIGINT
SIGTERM, etc.) are set up during startup of the interpreter to produce correspondingcBptiores of the

form signal SIG whereSIG is the signal numbePure’s s/stem module provides symbolic constants for
common POSIX signals and also defines the oper#tagnwhich lets you rebind ansignal to asignal
exception. For instance, the following lets you handle the SIGQUIT signal:

> using system;
> trap SIG_TRAP SIGQUIT;

You can also usé&rap to just ignore a signal orvert to the systens’ default handler (which might takdf-
ferent actions depending on the type of signal sggeal(7) for details):

> trap SIG_IGN SIGQUIT// signal is ignored
> trap SIG_DFL SIGQUIT// reinstalls the default signal handler

Last but not least,xeeptions can also be used to implement non-local value returns. For instansea here’
variation of our n queens algorithm which only returns the first solution. Note the tise@wafin the recur

sive arch routine to bail out with a solution as soon as we found onealietiirown there is caught in

the main routine. Also note the use of ‘void’ in the second equation of ‘search’. Teutvelly turns the

list comprehension into a simple loop which suppresses the normal list result and just returns () instead.
Thus, if no value gets thna then the function regularly returns with () to indicate that there is no solution.

qgueensl n = catch reerse (search n 1 [Jyith
search nip =thmpif i>n;
=void [search n (i+1) ((i,j):p) | j = 1..n; safe (i,j) pl;
safe (i,j) p = not an(check (i,j)) p;
check (i1,j1) (i2,j2)
=il==i2 || j1==j2 || il+j1==i2+j2 || i1-j1==i2-]2;
end;

E.g., lets ompute a solution for a standard 8x8 board:

> queens 8;
[(1,1),(2,5).(3,8),(4,6).(5,3).(6,7).(7,2),(8,4)]

C INTERFACE
Accessing C functions from Pure programs is dead simple just need aaxtern declaration of the func-
tion, which is a simplified kind of C prototype. The function can then be called in Pure guatylikther.
For instance, the following commands, entered interegtin the interpreterlet you use thsin function
from the C library (of course you could just as well putekiern declaration into a script):
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> extern double sin(double);
>sn 0.3;
0.29552020666134

Multiple prototypes can begin in one extern declaration, separating them with commas:
extern double sin(double), double cos(double), double tan(double);

For clarity, the parameter types can also be annotated with parameter names, e.g.:
extern double sin(double x);

Paameter names in prototypes only semformational purposes and are for the human readey;aee
effectively treated as comments by the compiler.

The interpreter mas sure that the parameters in a call match; if not, the call is treated as a normal form
expression by default, which\gis you the opportunity to extend the external function with your own Pure
equations (see below). The range of supported C types is a bit limited ngktaid, bool, charshort, int,

long, float, double, as well as arbitrary pointer types, i.e.: void*, char*, etc.), but in practice these should
cover most kinds of calls that need to be done when interfacing to C libraries.

Single precision float arguments and return values areeded from/to Pures double precision floating
point numbers automatically.

A variety of C integer types (chahort, int, long) are provided which are serted from/to the ilable

Pure intger types in a straightforwarday One important thing to note here is that the ‘long’ tgpsays
denotes 64 bit integersyen if the corresponding C type is actually 32 bit (as it usually is on most contem-
porary systems). All integer parametersetéikith Pure ints and bigints as actuajuanents; truncation or

sign extension is performed as needed, so that the C interfacedabkdf e argument as ‘cast’ to the

C taget type. Returned irgers use the smallest Pure type capable of holding the result (i.e., int for the C
char short and int types, bigint for long a.k.a. 64 bit integers).

Pure considers all integers as signed quantitigsf s possible to pass unsigned integers as well (if neces-
sary you can use a bigint to pass pagtialues which are too big to fit into a machine int). Also note that
when an unsigned irger is returned by a C routine which is too big to fit into the corresponding signed
integer type, it will “wrap around’and become rgtive. In this case, depending on the target type, you can
use the ubyte, ushort, uint and ulong functionsviged by the prelude to ceert the result back to an
unsigned quantity.

Concerning the pointer types, char* is for stringusments and return values which need translation
between Pure’internal utf-8 representation and the system encoding, while void* isyf@eaweric kind of
pointer (including strings, which anmgot translated when passed/returned as void*)y Ather kind of
pointer (except expr* and the GSL matrix pointer types, which are discusseq lseéfectively treated as

void* right now, dthough in a future version the interpreter may keep track of the type names for-the pur
pose of checking parameter types.

The expr* pointer type is special; it indicates a Pure expression parameter or return value which is just
passed through unchanged. All other types of values babe ‘unboxed’ when thg are passed as gu-

ments (i.e., from Pure to C) ariddxed” agan when thg are returned as function results (from C to Pure).

All of this is handled by the runtime system in a transparent efapurse.

The matrix pointer types dmatrix*, cmatrix* and imatrix* can be used to pass double, xatoplde and

int matrices to GSL functions taking pointers to the corresponding GSL types (gsl_matrix,
gsl_matrix_compbe and gsl_matrix_int) as guments or returning them as results. Note that there is no
marshalling of Pure’symbolic matrix type, as these aresiipported by GSL gmway. Also note that matri-

ces are alays passed by reference. If you need to pass a matrix as an output parameter of a GSL matrix
routine, you can either create a zero matrix or & @d@n &isting matrix. The prelude provideanous
operations for that purpose (in particulsge the dmatrix, cmatrix, imatrix and pack functions in matri-
ces.pure). For instance, here isvhyou can quickly wrap up GZLdouble matrix addition function in a
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way that preserves value semantics:

> extern int gsl_matrix_add(dmatrix*, dmatrix*);

> x::matrix + y::matrix = gsl_matrix_add x y $$nhen x = pack xend;
> let x = dmatrix {1,2,3}; let y = dmatrix {2,3,2}; X; y; X+Y;
{1.0,2.0,3.0}

{2.0,3.0,2.0}

{3.0,5.0,5.0}

Most GSL matrix routines can be wrapped in this fashion quite eAsigady-made GSL interface pid-
ing access to all of G&Lnumeric functions will be provided in the future.

As already mentioned, it is possible to augmentdareal C function with ordinary Pure equations, but in
this case you ha © make are that theextern declaration of the function comes first. For instance, we
might want to extend our importeth function with a rule to handle integers:

> extern double sin(double);
>sdn 0.3;
0.29552020666134

>dn0;

sin0

> gn x::int = sin (double x);
>dn0;

0.0

Sometimes it is preferable to replace a C function with a wrapper function written in Pure. In such a case
you can specify aalias under which the original C function is kmo to the Pure program, so that you can

still call the C function from the wrappekn dias is introduced by terminating tlestern declaration with

a dause of the form “=alias” . For instance:

> extern double sin(double) = c_sin;
> gn x::double = ¢_sin x;

> dn x::int = ¢_sin (double x);

>4dn 0.3; sin O;

0.29552020666134

0.0

External C functions are resolved by theviML runtime, which first looks for the symbol in the C library
and Pures runtime library (or the interpretexecutable, if the interpreter was linked statically). Thus all C
library and Pure runtime functions are readiwilable in Pure programs. Other functions can be/ipex

by adding them to the runtime, or by linking them statically into the runtime or the interpretetable.
Better yet, you can just “dlopershared libraries at runtime with a special form ofdlseng clause:

using "lib: libnamd.ext]";
For instance, if you want to call the GMP functions directly from Pure:
using "lib:libgmp";

After this declaration the GMP functions will be ready to be imported into your Pure program by means of
correspondingxtern declarations.

Shared libraries opened witlsing clauses are searched for in the same way as source scripts (see section
DECLARATIONS abwe), using theL option and th®URE_LIBRARY ernvironment variable in place of

-l andPURE_INCLUDE. If the library isnt found by these means, the interpreter will also consider other
platform-specific locations searched by the dynamicelinkuch as the system library directories and
LD_LIBRARY_P ATH on Linux. The necessary filename suffix (e.goon Linux or.dll on Windows)
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will be supplied automatically when needed. Of course you can also specify a full pathname for the library
if you prefer that. If a library file cannot be found, or if extern declaration names a function symbol
which cannot be resolved, an appropriate error message is printed.

STANDARD LIBRARY
Pure comes with a collection of Pure library modules, which includes the standard prelude (loaded auto-
matically at startup time) and some other modules which can be logolegitly with a using clause. The
prelude offers the necessary functions twkwvith the built-in types (including arithmetic and logical eper
ations) and to do most kind of list processing you can find in ML- andefidigle languages. It also pro-
vides a collection of basic string and matrix operations. Please referprethde.pure file (as well as the
modules included there, specificaflyimiti ves.pure, matrices.pure and strings.pure) for details on the
provided operations. Here is &ny brief summary of some of the prelude operations which, besides the
usual arithmetic and logical operators, are probably used most frequently:

X+y Thisis also used to denote list concatenation.
Xy Thisis the list-consing operation. x becomes the head of the list, y its tail.

X..y Constructsarithmetic sequences. x% can be used to denote sequences with arbitrary stepsize y-
x. Infinite sequences can be constructed using an infinite bound (i.e., inf or -inf). E.g., 1:3..inf
denotes the stream of all positiadd (machine) integers.

#X Thesize (number of elements) of the list, tuple or matrix x. In addition, dim x yields the dimen-
sions (number of rows and columns) of a matrix.

The transpose of a matrix.

xly This is the list, tuple and matrix indexing operation. Note that all indices in Pure are zero-based,
thus x!0 and x!(#x-1) are the first and last element of a list, tuple or matrix, resjyedti the
case of matrices, the subscript may also be a paimofind column indices, such as x!(1,2).

xllys  Thisis Pures list, tuple and matrixslicing” operation, which returns the list, tuple or matrix of
all xly while y runs through the (list or matrix) ys. Thus, e.g., x!!(i..j) returns all the elements
between i and j (inclugg). Indiceswhich fall outside the valid indkerange are quietly discarded.
In fact, the inde range ys may contain ywmumber of indices (also duplicates), inyamder. Thus
x![0]i=1..n] returns the first element of x n times, and, if ys is a permutation of the range 0..#x-1,
then x!lys yields the corresponding permutation of the elements of x. In the case of matrices the
index range may also contain two-dimensional subscripts, or the nagge itself may be speci-
fied as a pair of row/column inddists such as x!!(i..j,k..1).

The prelude also tdrs support operations for the implementation of list and matrix comprehensions, as
well as the customary list operationselikead, tail, drop, tak filter, map, foldl, fold; scanl, scanrzp,

unzip, etc., which maklist programming so much fun in modern FPLs. In Pure, these al$oon strings

as well as matrices, although, for reasons fi€iefcy, these data structures are internally represented as
different kinds of array data structures.

Besides the prelude, Pusetandard library also comprises a growing number of additional library modules
which we can only mention in passing here. In partictii@math.pure module provides additional math-
ematical functions as well as Piaedmplex and rational number data types. Common container data struc-
tures like sts and dictionaries are implemented in $e¢ pure and dict.pure modules, among others.
Moreover, the (beginnings of a) system int&eé can be found in theystem.puremodule. In particular

this module also provides operations to do basic C-style 1/O, including printf and scanf. Mbreilktuf
likely be provided in future releases.

INTERACTIVE USAGE
In interactve node, the interpreter reads definitions and expressions and processes them as ustial. If the
option was used to force interagtinode when iwoking the interpreterthe last script specified on the
command line determines the visible namespace, i.e., thaepaymbols of that script arevalable in
addition to the public symbols defined in the prelude and the other scripts specified on the command line.
Additional scripts can be loaded intergsely using either ausing declaration or the interagé run com-
mand (see the description of then command bel for the differences between these). Or you can just
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start typing aay, entering your own definitions and expressions tovatuated.

The input language is just the same as for source scripts, and hence individual definitioqmessibas
mustbe terminated with a semicolon beforeytlaee processed. For instance, here is a simple interaction
which defines the factorial and then uses that definition in seahgagons. Input lines begin with>",
which is the interpretes’default command prompt:

>factl=1,;

> fact n = n*fact (n-1)f n>1;

> let x = fact 10; x;

3628800

> map fact (1..10);
[1,2,6,24,120,720,5040,40320,362880,3628800]

As indicated, in interaate node the normal forms of topld expressions are printed after eacipression

is entered. W dso call this theread-eval-printloop. Normal form expressions are usually printed in the
same form as yod'enter them. Hwever, there are a f@ special kinds of objects li&kdosures (anoymous
and local functions), thunkslézy” values to bewauated when needed) and pointers which thavea
textual representation in the Pure syntax and will be printed in the féroatect description by defult.

It is also possible tovarride the print representation ofyakind of expression by means of theshow
function, see the CAVEATS AND NOTES section for details.

When running interaately, the interpreter also accepts a humber of special commands useful for interac-
tive purposes. Here is a quick rundown of the currently supported operations:

I command
Shell escape.

cddir Change the current working dir.

clear [symbol...]
Pumge the definitions of the ygn symbols (functions, macros, constants or glotzalables). If no
symbols are gen, pugeall definitions (after confirmation) made after the most resard com-
mand, or the beginning of the interaetiession. (It might be a good idea to first check your cur
rent definitions withshow -t or save them withdump before you do this, though.) See the DEFI-
NITION LEVELS section belw for details.

dump [option...] [symbol...]
Dump a snapshot of the current function, macro, constant and variable definitions in Pure syntax
to a text file. This works similar to tre#how command (see beloand the SH®V COMMAND
section), but writes the definitions to a file.

This command only supports a subset of shew options, typedump -h for a description of
these. Also note that by default ttiemp command only writes interagé cefinitions to the out-
put file, which is equialent to the-t1 option of theshow command. Presumably this is the most
common usage, but using tkteoption, you can select pefinitions level just as withshow. In
particular,dump -t sares aly the definitions made after the most receate command, and
dump -t0 can be used to dump teatire program (including the definitions of the prelude), which
can be useful for debugging purposes.

The default output file ipure in the current directorywhich is then reloaded automatically the
next time the interpreter starts up in interaetimode in the same directoryhis provides a quick-
and-dirty means to sa an interactve £ssion and hee it restored latefPlease note that this ign’
perfect; in order to properly handétern andusing declarations and other special cases such as
thunks and pointers stored in variables, you'll probablyeha prepare a correspondingurerc

file yourself, see “Startup Filedielow.

A different filename can be specified with tReoption. You can then edit that file and use it as a
starting point for an ordinary script or.purerc file, or you can just run the file with thran
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command (see below) to restore the definitions in a subsequent interpreter session.

You can also specify a subset of symbols to beedaShell glob patterns can be used if the
option is gven. Options may be combined; e.dump -Ffg foo.pure foo* is just the same as
dump -F foo.pure -f -g foo*, and dumps all functions whose names start with ‘foo’ to the file
‘foo.pure’.

help [argg
Display thepure(1) manpage, or imoke man(1) with the gven arguments.

Is [argg
List files (shells(1) command).

override
Enter ‘override” mode. This allows you to add equatiorsbbve” existing definitions in the
source script, possiblyverriding existing equations. See the DEFINITION LEVELS section
below for details.

pwd Print the current working dir (shedwd(1) command).
quit Exits the interpreter.

run script
Loads the gien <cript file and adds its definitions to the currentiemmment. This works more or
less like ausing clause, but only searches for the script in the current directory and loads the script
“anonymously That is,run puts the definitions into the current namespace, giving you access to
all private symbols of the script. Also, the definitions are placed at the current tempuehrgde
thatclear can be used to reme them again. In particulathis makes it possible to quickly reload
a <ript without exiting the interpreteby issuing theclear command followed byun. (This
works best if you start out from a clearveanment, with no scripts loaded on the command line.)

save  Begin a nev levd of temporary definitions. A subsequeaéar command (see ake) will purge
all definitions made after the most receate (or the beginning of the interaeéi ®ssion). See the
DEFINITION LEVELS section bel for details.

show([option...] [symbol...]
Shaow the definitions of symbols in various formats. See the WHGDMMAND section belav
for details.

stats[on|off]
Enables (default) or disablestats’ mode, in which various statistics are printed after »gres-
sion has beenvaluated. Currentlythis just prints the cpu time in seconds for eacuation, hut
in the future additional profiling information may be provided.

underride
Exits “override” mode. This returns you to the normal mode of operation, wheveeqeations
are added ‘bels” previous rules of an existing function. See the DEFINITION LEVELS section
below for details.

Note that these special commands are only recognized atdhming of the interacte command line
(they are not reservedeywords of the Pure language). Thus ipossible to ‘escape’i dentifiers looking
like commands by entering a space at the beginning of the lingeddg the compiler also arns you
about identifiers which might be mistaken as command names, so that yaoidahia kind of problem.

Some commands which are especially important fiectfe qoeration of the interpreter are discussed in
more detail in the following sections.

Startup Files
In interactve node, the interpreter also runs some additional scripts at startup, after loading the prelude and
the scripts specified on the command line.

The interpreter first looks for .purerc file in the uses home directory (as géen by the HOME environ-
ment variable) and then for.purerc file in the current working directoryfhese are just ordinary Pure
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scripts which may contain gadditional definitions that you need. Thmurerc file in the home directory is
for global definitions which shouldwys be aailable when running interaetly, while the.purerc file in
the current directory can be used for project-specific definitions.

Finally, you can also hee a.pure initialization file in the current directoryhich is created by théump
command (see akie) and is loaded after theurerc files if it is present.

The interpreter processes all these files in the same way as witbntteommand (see ake). When
invoking the interpreteryou can specify the-norc option on the command line if you wish to skip these
initializations.

SHOW COMMAND

In interactve node, theshowcommand can be used to obtain information about defined symbealsdns/
formats. This command recognizes the following options. Options may be combined, thabpe:gyl is
the same ashow-t -v -I.

-a Disassembles pattern matching automata. Worlkshi-v4 option of the interpreter.

-C Print information about defined constants.

-d Disassembles LLVM IR, shng the generated LLVM assembler code of a function. Worles lik
the-v8 option of the interpreter.

-e Annotate printed definitions with lexical environment information (de Bruijn indices, subterm
paths). Works lik the-v2 option of the interpreter.

-f Print information about defined functions.

-g Indicates that the following symbols are actually shell glob patterns and that all matching symbols

should be listed.
-h Print a short help message.
-l Long format, prints definitions along with the summary symbol information. This imglies
-m Print information about defined macros.

-p[flag] List only private symbols in the current modulefiég is nonzero (the default), otherwistag is
zero) list only public symbols of all modules. List bothvaié and public symbols if -p is omitted.
Theflag parameterif given, must immediately foll the option character.

-S Summary format, print just summary information about listed symbols.

-t[level
List only “temporary’ symbols and definitions at thevgh level (the current leel by default) or
abore. The level parameterif given, must immediately follw the option characteA level of 1
denotes all temporary definitions, whereas 0 indicalledefinitions (which is the dafilt if -t is
not specified). See the DEFINITION LEVELS section befor information about the notion of
temporary definition heels.

-V Print information about defined variables.

If none of the-c, -f, -m and-v options are specified, then all kinds of symbols (constants, functions, macros

and variables) are printed, otherwise only the specified categories will be listed.

Note that some of the options (in particularand-d) may produce xcessve anounts of information. By
setting thePURE_MORE ervironment variable accordinglyou can specify a shell command to be used
for paging, usuallynore(1) orlesg1).

For instance, to list all definitions in all loaded scripts (including the prelude), simply say:

> show

This may produce quite a lot of output, depending on which scripts are loaded. The following command

will only shaov summary information about theaxiable symbols along with their current values (using the
“long format”):
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> show-Iv

argc  \var agc =0;

amgv var agv =];

sysinfo var sysinfe "i686-pc-linux-gnu";
version var ‘ersion = "0.8";

4 variables

If you're like me hen you'll frequently hee © look up hav some operations are defined. No sweat, with
the Pure interpreter thesao reed to die into the sources, ttEhowcommand can easily do it for yowr
instance, here’ow you can list the definitions of all “fold-leftbperations from the prelude in one go:

> show-g foldl*

foldl f a x::matrix = foldl f a (list x);
foldl f a s::string = foldl f a (chars s);
foldifa[] =a;

foldl f a (x:xs) = foldI f (f a X) xs;
foldl1 f x::matrix = foldI1 f (list x);
foldll f s::string = foldI1 f (chars s);
foldl1 f (x:xs) = foldI f x xs;

DEFINITION LEVELS
To help with incremental delopment, the interpreter also offers some facilities to manipulate the current
set of definitions interastély. To these ends, definitions aregamnized into diferent subsets callddvels
The prelude, as well as other source programs specified wiekinign the interpreterare alvays at level 0,
while the interactie environment starts at Vel 1.

Eachsave command introduces awdemporary lgel, and each subsequetiear command ‘pops’ the
definitions on the currentvel (including ary definitions read using thein command) and returns you to
the previous one (if any). Thisugs you a ‘stack” of up to 255 temporary erironments which enables you
to “plug and play’in a (more or less) safe fashion, without affecting the rest of your program. Example:

> foo (x:xs) = x+foo xs;
>foo[]=0;

> show-t

foo (x:xs) = x+foo xs;
foo[]=0;

> foo (1..10);

55

> clear

This will clear all temporary definitions atvid #1. Continue (y/n)? y
> showfoo

> foo (1..10);

foo [1,2,3,4,5,6,7,8,9,10]

(Please note that theear command only works in thisay when iroked without arguments. Otherwise
the symbols gien as aguments will be purged unconditionalbt dl levels.)

We've seen already that normalifyou enter a sequence of equationsy thifl be recorded in the order in
which the were written. Havever, it is dso possible to werride definitions in lower Mels with theover-
ride command:

> foo (x:xs) = x+foo xs;
>foo []=0;

> showfoo

foo (x:xs) = x+foo xs;
foo[]=0;

> foo (1..10);
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55

> save

save: now a temporary definitions les #2
> overide

> foo (x:xs) = x*foo xs;
> showfoo

foo (x:xs) = x*foo xs;
foo (x:xs) = x+foo xs;
foo[]=0;

> foo (1..10);

0

Note that the equation ‘foo (x:xs) = x*foo xs;'aw inserted before the previous ‘foo (x:xs) = x+foo xs;’
rule, which is at beel #1.

Even in override mode, ne definitions will be addedfter other definitions at theurrentlevel. This allovs
us to just continue adding more high-priority definitiomerading lower-priority ones:

>foo [] =1,

> showfoo

foo (x:xs) = x*foo xs;
foo[] =1,

foo (x:xs) = x+foo xs;
foo[]=0;

> foo (1..10);
3628800

Again, the n& equation was insertedbovethe existing laver-priority rules, lut belowour previous ‘foo

(x:xs) = x*foo xs;’ equation entered at the samelleAs you can see, we Wrarow df ectively replaced our
original definition of ‘foo’ with a version that calculates list products instead of swnef bourse we can
easily go back onevel to restore the previous definition:

> clear

This will clear all temporary definitions atvis #2. Continue (y/n)? y
clear: nov at ttmporary definitions {es #1

clear: werride mode is on

> showfoo

foo (x:xs) = x+foo xs;

foo[]=0;

> foo (1..10);

55

Note thatclear reminded us thatwerride mode is still enabledde will do the same if werride mode is
on while pushing a medefinitions level). To turn it off agan, use thainderride command. This will reert
to the normal behaviour of addingmequations bele existing ones:

> underride

CAVEATS AND NOTES
This section is a grab bag of casual remarks, useful tips and tricks, and information on comatien pitf
quirks and limitations of the current implementation and tedeal with them.

Purity
People keep asking me wtsaso ‘pure” about Pure. The long and apologetic answer is that at its core,
Pure is in fact purely algebraic and purely functional. Pure diogsstnn your way if you want to calkeer-
nal operations with side effects (it does allypou to call ag C function after all), but with a fe exceptions
the standard library operations are free of those. Justwtgyfeom operations markedMPURE" in the
library sources (most notablgval, catch/thrav, references, sentries and direct pointer manipulations) and
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avad the system module, then your program will hehaccording to the semantics of term rewriting.

The short answer is that | simply di# the name, and thereasnt any programming language named
“Pure’ yet (quite a feat nadays), so therg’ane nav. :)

Backward Compatibility
Pure 0.7 introducedut-in matrix structures, which called for some minor changes in the syntax of com-
prehensions and arithmetic sequences. Specifitadytemplate expression and generator/filter clauses of a
comprehension are woseparated with ’|'. (For the time being, the old [x; ...] list comprehension syntax is
still supported, but the compiler will warn you about such constructs and flag them as deprecated.) More-
over, aithmetic sequences with arbitrary stepsize ame watten x:y..z instead of x,)z, and the “..opera-
tor nov has a higher precedence than theofierator This makes writing matrix slices Bkx!!(i..j,k..I)
much more covenient.

Debugging
Theres no ymbolic debugger yet. Surintf (3) (available in thesystemstandard library module) should be
your friend. ;-)

The _ show__ Function
As of Pure 0.6, the interpreter providest@ok” to override the print representations of expressions at run-
time by means of the_ show__function, which works in a fashion similar to Hatlks show function. This
feature is still a bit experimental, but seems to work reasonably well for the purposes for which it is
intended.

__show__is just an ordinary Pure function expected to return a string with the desired custom representa-
tion of a normal form value gén as he functions sngle argument. This function is not defined byaudf

so you are free to addyarules that you want. The interpreter prints the strings returned by __ show___ just
as theg are. It will not check whether theconform to Pure syntax and/or semantics, or modify themyin an

way.
Custom print representations are most useful for inteeagtirposes, if you're not hagpwith the defult

print syntax of some kinds of objects. One particularly useful application of __show__is to change the for
mat of numeric values. Here are some examples:

> using system;

> _show__ x::double = sprintf "%0.6f" x;

> U7,

0.142857

> __ show__ x:int = sprintf "0x%0x" X;

> 1786;

Ox6fa

> using math;

> __show__ (x::double+:y::double) = sprintf "%0.6f+%0.6fi" (X,y);
> cis (-pif2);

0.000000+-1.000000i

The prelude functiostr, which returns the print representation of &ure expression, calls __show__ as
well:

> g (1/7);
"0.142857"

Corversely, you can call the str function from __show__, but in this caseéyalreturns the default repre-
sentation of an expression. This yas the expression printer from going recegsiend allows you to
define your custom representation in terms of the default one. E.g., tharigliule remoes the ‘L' suf-
fixes from bigint values:

> __ show__ x::bigint = init (str x);
> fact n = foldl (*) 1L (1..n);
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> fact 30;
265252859812191058636308480000000

Of course, your definition of __show__ can also call __show__itself regyr determine the custom
representation of an object.

One case which needs special consideration are thunks (futures). The printevewillsee show__ for
those, to preent them from being forced inaditently In fact, youcanuse __ show__ to define custom
representations for thunksutbonly in the context of a rule for other kinds of objects, such as lists. F
instance:

> nullary ...;

> show__ (x:xs) = str (x:..ij thunkp xs;

> 1:2:(3..inf);

1:2:3:...

Another case which needs special consideration are numeric matdcegidiency, the expression printer
will always use the dalilt representation for these, unless yeerride the representation of the matrix as a
whole. E.g., the following rule for double matrices mimics @&sadefault output format (for the sakd
simplicity, this isnt perfect, but you get the idea):

> _show__ x:matrix =

> drcat [printd j (x!(i,j))|[i=0..n-1; j=0..m-1] + "\n"

> with printd O = sprintf "\n%210.5f"; printd _ = sprintf "%10.5hd
>whenn,m = dim xend if dmatrixp x;

>{1.0,1/2;1/3,4.0};

1.00000 0.50000
0.33333 4.00000

Finally, by just purging the definition of the __show___ function you can easily go back to the standard print
syntax:

> clear ___show___

> 1/7; 1786; cis (-pi/2);
0.142857142857143

1786
6.12303176911189e-17+:-1.0

Note that if you hee a &t of definitions for the _ skhwo_ function which should alys be loaded at
startup, you can put them into the interpratéreractve gartup files, see INTERACTIVE USAGE.

“A s” Patterns
In the current implementationias” patterns cannot be placed on ttepine” of a function definition. Thus
rules like the following, which hae te pattern somewhere in the head of the left-hand side, will all pro-
voke an eror message from the compiler:

a@foo xy =ax.y;
a@(foo x) y = a,xy;
a@(foo xy) = axy;

This is because the spine of a function application is veitable when the function is called at runtime.
“As” patterns in pattern bindingsgse when) are not afected by this restriction since the entire value to
be matched isvailable at runtime. For instance:

> casebar 99of y@(bar x) = y,x+1pnd;
bar 99,100
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Head = Function
“As” patterns are also a usefulvitee if you need to manipulate function applications in a genesig w
Note that the “head = functior'ule means that the head symbol f of an application f x1 ... xn occurring on
(or inside) the left-hand side of an equatioariable binding, or pattern-matching lambda expression, is
always interpreted as a literal function symbol (notamiable). This implies that you cannot match the
“function” component of an application aigst a variable, at least not directhn anorymous ‘as” pat-
tern like f@_ does the trick, lngever, snce the anonymous variable isvays recognized,\en if it occurs
as the head symbol of a function application. Headttle example which demonstrateswhgou can con-
vert a function application to a list containing the function and all arguments:

> foo x = a [] xwith axs k@_y) = a (y:xs) X; a xs X = x»>end;
>foo (abcd);
[a,b,c,d]

This may seem a littlewkward, but as a matter cddt the “head = functiohtule is quite useful since it
covers the common cases without forcing the programmer to dectamestructor’ symbols (except

nullary symbols). On the other hand, generic rules operating on arbitrary function applications are not all
that common, so ling to “escapé€’a variable using the anonymouas” pattern trick is a small price to

pay for that covenience.

Sometimes you may also run into the complementary problem, i.e., to match a furgiimeratragainst a
given function. Consider this code fragment:

foo x = x+1;
foop f =casef of foo = 1; = Oend,

You might expect ‘foop’ to return true for ‘foo’, andlée on all other values. Better think again, because in
reality ‘foop’ will alwaysreturn true! In fact, the Pure compiler wilewn you about the second rule of the
caseexpression not being used at all:

> foop 99;
warning: rule neer reduced: _ = 0;
1

This happens because a non-nullary symbol on the left-hand side of a rule, which is not the head symbol of
a function application, is alays considered to be a variablgee if that symbol is defined as a global func-

tion elsewhere. So ‘foo’ isha literal name in the alve caseexpression, i a \ariable! (As a matter of

fact, this is rather useful, since otherwise a rule likg = g+1’ would suddenly change meaning if you
happen to add a definition &Kg x = x-1' somewhere else in your program, which certainlytidesirable.)

Fortunately the syntactic equality operator ‘===" defined in the prelude comes to the rescue here. Just
define ‘foop’ as follows:

> foop f = f===foo;
> foop foo, foop 99;
1,0

With or when?
A common source of confusion for Haskellers is that Pure providesiféerent constructs to bind local
function and variable symbols, respeely. This distinction is necessary because Pure does gugse
defined functions and constructors, and thus there is no magic to figure out whether an eqeidtonxlik
=y’ by itself is meant as a definition of a function foo with formal parameter x and return yvatuee gzfi-
nition binding the local variable x by matching the constructor pattern foo x againstltleeyvThe with
construct does the formavhenthe latter.

Another pitfall is thatwith andwhen clauses are taekl on to the end of the expressionythelong to,
which mimics mathematical languagatbmay be unfamilar if you're more accustomed to programming
languages from the Algol/Pascal/@ndily. If you want to figure out what is actually going on thers, it’
usually best to read nested scopes “iverse’ (proceeding from the rightmost/outermost to the
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leftmost/innermost clause).

Also note that sincavith andwhen are part of the x@ression, not the rule syntax, these clauses cannot
span both the right-hand side and the guard of a rule. Usualbasly to work around this with conditional
andcaseexpressions, though.

Numeric Calculations
If possible, you should decorate numerariables on the left-hand sides of function definitions with the
appropriate type tags, &k:int or ::double. This often helps the compiler to generate better code and
makes your programs ruraster The ‘|’ syntax makes it easy to add the necessary specializatioristef e
ing rules to your program. E.g., taking the polymorphic implementation of the factorial as an example, you
only have b add a left-hand side with the appropriate type tag toentaét definition go as fast as possible
for the special case of machine integers:

fact n::int |
fact n = n*fact(n-1) if n>0;
=1 otherwise

(This obviously becomes unwieldy if youveabo deal with sgeral numeric arguments of different types,
howerer, 30 in this case it is usually better to just use a polymorphic rule.)

Also note thaint (the machine integers) amigint (the GMP ‘big’’ i ntegers) are really different kinds of
objects, and thus if youamt to define a function operating on both kinds of integers, you'll alg® tha
provide equations for both. This also applies to equations matchaigsagonstant values of these types;
in particular a snall integer constant l& ‘0’ only matches machine integers, not bigints; for the latter
you'll have o use the “big L notation ‘OL".

Constant Definitions
When definining a function in terms of constaalues which hee © be @mputed beforehand, stusually
better to use aonstdefinition (rather than defining a variable or a parameterless function or macro) for that
purpose, since this will often allothe compiler to generate better code using constant folding and similar
technigues. Example:

> extern double atan(double);

> constpi = 4*atan 1.0;

> foo x = 2*pi*x;

> showfoo

foo x = 2*3.14159265358979*x;

(If you take a bok at the disassembled code for this function, you will find that thleev
2*3.14159265358979 = 6.28318530717959 has actually been computed at compile time.)

Note that constant definitions f#if from parameterless macros in that the right-hand side of the definition
is in fact ealuated at compile time. E.g., compare thevabeith the following macro definition:

> clear pi foo

> def pi = 4*atan 1.0;

> foo x = 2*pi*x;

> showfoo

foo x = 2*(4*atan 1.0)*x;

The LLVM backend also eliminates dead code automagjoattjch enables you to emplaa cmnstant
computed at runtime to configure your code for different environments, withpuirtime penalties:

constwin = index sysinfo "mingw32" >= 0;
check by = bad boyif win;
= good boyotherwise
In this case the code for one of the branches of ‘check’ will be completely eliminated, depending on the
outcome of the configuration check.
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On the other hand, constant definitions are somewhat limited in scope compaeeitite \definitions,

since the boundalue must be usable at compile time, so that it can be substituted into other definitions.
Thus, while there is na priori restriction on the computations you can perform to obtain the value of the
constant, the value must not be a pointer object (other than the null pointer), or gm@mrclosure
(which also rules out local functions, because these cannot be referred to by their names atahedople

an aggrgate value containing gmsuch values.

Constants also differ fromaviables in that thecannot be redefined (thatheir purpose after all) and will
only take dfect on subsequent definitions. E.qg.:

>constc =2

> foo x = c*x;

> showfoo

foo x = 2*x;

> foo 99;

198

>constc =3

<stdin>:5.0-8: symbol 'c’ is already defined as a constant

WEell, in fact this not the full truth because in interaetimode itis possible to redefine constants after all, if
the old definition is first purged with tlibear command. Havever, this won't affect aly other existing defi-
nitions:

>clearc
>constc =3,
> bar X = c*X;
> showfoo bar
foo x = 2*x;
bar x = 3*x;

(You'll also have  purge aly existing definition of a variable if you want to redefine it as a constant, or
vice versa, since Pureon't let you redefine an existing constant or variable as a different kind of symbol.
The same also holds if a symbol is currently defined as a function or a macro.)

External C Functions
The interpreter alays takes youextern declarations of C routines at face value. It will not go and read an
C header files to determine whether you actually declared the function correctly! Sovgon ba areful
to give the proper declarations, otherwise your program will probably segfault calling the function.

You dso hare o be @reful when passing generic pointer values to external C routines, since currently there
is no type checking for these;yapointer type other than char* and expr* iseetively treated as e@id*.

This considerably simplifies Wevel programming and intezcing to C libraries, but also makes déry

easy to hee your program sgfault all over the place. Therefore it is highly recommended that you wrap
your lowlevel code in Pure routines and data structures which do all the checks necessary to ensure that
only the right kind of data is passed to C routines.

Special Forms
Special forms are recognized at compile time .ofihus the catch function as well as the logical connec-
tives && and ||, the sequencing operator $$ and the laaya&ion operator & are only treated as special
forms in direct (saturated) calls. Thean still be used if you pass them around as function values or partial
applications, but in this case thiese all their special call-by-name argument processing.

Laziness
Pure does lazyvaluation in the same way as Alice ML, providing an explicit operation (&) to deftua
tion and create afuture” which is called by need. Meever, note that lile eny language with a basically
eager eduation stratgy, Pure cannot really support lazyatuation in a fully automatic @y. That is, cod-
ing an operation so that it works with infinite data structunesyal requires additional effort to recognize
futures in the input and handle them accordinghis can be hard, but of course in the case of the prelude
operations this work has already been done for you, so as long as you stick to these, wanuiiveto
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think about these issues.

Specifically the prelude goes to great lengths to implement all standard list operationgyntlaatvprop-

erly deals with streams (a.k.a. list futures). What this all boilendo is that all list operations which can
reasonably bexpected to operate in a lazy way on streams, will do so. (Exceptions are inherently eager
operations such as ‘#',verse and foldl.) Only those portions of an input stream will beatsad which are
strictly required to produce the resulbrFmost purposes, this works justdiin fully lazy FPLs such as
Haskell. Howeer, there are some notable differences:

* Since Pure uses dynamic typing, some of the list functions maythaeek ahead one element in
input streams to check their arguments falidity, meaning that these functions will be slightly
more eager than their Haskell counterparts.

* Pure’s list functions neer produce truly gclic list structures such as the ones you get, e.g., with
Haskells ‘cycle’ operation. (This is actually a good thing, because the current implementation of
the interpreter cannot garbage-collect cyclic expression data.) Cyclic streams sycked4['cor
‘fix (\x -> 1:x)" will of course work as xpected, but, depending on the algorithm, memory usage
may increase linearly as there traversed.

* Pattern matching is alays refutable (and therefore eager) in Pure. If you need somethang lik
Haskells irrefutable matches, you'll kra to code them explicitly using futures. See the definition
of the ‘unzip’ function in the prelude for an example showing tedo tis.

Stack Size and Tail Recursion
Pure programs may need a considerable amount of stack space to handlerématon calls, and the
interpreter itself also takes its toll. So you mayeh@ configure your system accordingly (8 MB of stack
space is recommended for 32 bit systems, systems with 64 bit pointers probably need more). If the
PURE_STACK environment \ariable is defined, the interpreter performs advisory stack checks and raises
a Rure exception if the current stack size exceeds tham dimit. The value ofPURE_STACK should be
the maximum stack size in kilobytes. Please note that this is only an advisory limit whiaiotcleange
the prograns physical stack size. &ur operating system should supply you with a command such as
ulimit (1) to set the real process stack size. Also note that this featur&(defo foolproof yet, since for
performance reasons the stack will be checked only on certain occasions, such as entry into a global func-
tion.

Fortunately Pure normally does proper tail calls (if /M provides that feature on the platform at hand),
so most tail-recursge dcefinitions should wrk fine in limited stack space. For instance, the following little
program will loop foreer if your platform supports the required optimizations:

loop = loop;

This also works if your definition wolves function parameters, guards and multiple equations, of course.
Moreover, conditional expressionsf{then-else are tail-recursie in both branches, and the sequence -oper
ator $$ is tail-recurse in its second operand. Note wever, that the logical operators && and || aret
tail-recursve in Pure, because thieare required toalways yield a proper truth value (0O or 1), which
wouldn’t be pssible with tail call semantics. (The rationale behind this design decision is thavs il
compiler to generate much better code for logical expressions.)

There is one additional restriction in the current implementation, namely that a tail call will be eliminated
only if the call is dondirectly, i.e., through an explicit call, not through a (global or local) functem v

able. Otherwise the call will be handled by the runtime system which is written in C ahdacpioper tail

calls because C car(at least not in a portable way). This alsfeetls mutually recurge dobal function

calls, since there the calls are handled in an indiragttwo, through an anonymous global variable. (This

is done so that a global function definition can be changed &inaa during an interaaté £ssion, without
having to recompile the entire program.) wever, mutual tail recursion doesask with local functions, so

it's easy to work around this limitation.

Handling of Asynchronous Signals
As described in section EXCEPTION HANDLING, signals dakd to the process can be caught and han-
dled with Pures exception handling facilities. Lé gack checks, checks for pending signals are only
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performed at certain places, such as entry into a global function. Thistdoekrde tail calls, hoever, 0
a kusy loop lile ‘loop = loop;’ will neverbe interrupted. @ work around this, just add a call to another
global function to your loop to makt interruptible. For instance:

loop = check $$ loop;
check = ();

To handle signals while the ab® loop is &ecuting, you can add an exception handleg tile following:

loop = catch handle check $$ loop
with handle (signal k) = catch handle (end;

(Note the ‘catch handle’ around the signal processing code which is needed for safety because another sig-
nal may arwe while the signal handler is beingeeuted.)

Of course, in a real application the ‘check’ function would most likelye hla do sme actual processing,

too. In that case yod’'probably want the ‘loop’ function to carry around sorséate’ argument to be pro-

cessed by the ‘check’ routine, which then returns an updated state value for the next iteration. This can be
implemented as follows:

loop x = loop (catch handle (check x))
with handle (signal k) = catch handle (end;
check x = ...;

FILES
“/.pure_history
Interactve command history.
“I.purerc, .purerc, .pure
Interactize gartup files. The latter is usually a dump from a previous intgeagtgsion.
prelude.pure
Standard prelude. Ifvailable, this script is loaded beforeyasther definitions, unless was ec-
ified.
ENVIRONMENT
PURELIB

Directory to search for library scripts, including the prelud®URELIB is not set, it defults to
some default location specified at installation time.

PURE_INCLUDE
Additional directories (in colon-separated format) to be searched for included scripts.

PURE_LIBRARY
Additional directories (in colon-separated format) to be searched for dynamic libraries.
PURE_MORE

Shell command to be used for paging through output o$ltbescommand, when the interpreter
runs in interactie mode.

PURE_PS
Command prompt used in the interaetiommand loop ("> " by default).
PURE_STACK
Maximum stack size in kilobytes (default: O = unlimited).
LICENSE
GPL V3 or laterSee the accompanying COPYING file for details.
AUTHOR
Albert Graef <Dr.Graef@t-online.de>, Dept. of Computer Music, Johannes Gugédsriieersity of Mainz,
Germayy.
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SEE ALSO

(All software listed here is freelyailable, usually under the GNU Public License.)

Aardappel
Another functional programming language based on tewritieg, http://wouter.fov120.com/aar-
dappel

Alice ML
A version of ML (see below) from which Pure borrows its model of lagstuation,
http://www.ps.uni-sb.de/alice

GNU Octave
A popular high-lgel language for numeric applications and free MATLAB replacement,
http://www.gnu.org/software/octave

GNU Scientific Library
A free software library for numeric applications, required for Bumameric matrix support,
http://www.gnu.org/software/gsl

Haskell
A popular non-strict FPLhttp://www.haskell.org

LLVM The LLVM code generator framerk, http://llvm.org

ML A popular strict FPL. See Robin Milnéviads Tofte, Robert Harpdd. MacQueenThe Definition
of Standad ML (Revised)MIT Press, 1997.

Q Another term rewriting language by yours trutgtp://g-lang.sf.net Comment] Local ¥driables:
Comment] mode: nr6fComment] End:
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