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Professeur d'informatique
Computer science professor

Notes de cours d'Interprétation Abstraite
Abstract Interpretation course notes

Handout reading recommendation: [®]: compulsory, | “|: facultative, [®]: optional complement.

Handout revision after the course presentation: [!]: modifications and corrections, [+]: insertion of
additional material.

11|An overview of the programming -t
language O'Caml:

® Introduction:

° Origins of the O'Caml programmin language [®]

° O'Caml on the web [®]

o

(Dis-)advantage of a functional programming language | ®]

Launching O'Caml toplevel under Unix [®]

O'Caml is a functional language [®]

O'Caml 1s also an imperative language [®]

O'Caml has a vast standard library [®]

O'Caml is interfaced with other languages like C [®]

O'Caml is interfaced with operating systems | ®]

O'Caml has good (classical) programming tools [®]

o

O'Caml is free (at least for academics) [®]
* Basic data types in O'Caml : [®]

° The unit type in O'Caml [®]

° Booleans (bool) in Q'Caml [°]

° Infixed and prefixed binary operators in O'Caml (int) operations and functions in O'Caml [®]
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Integers in O'Caml [®]

Built-in integer (int) operations and functions in O'Caml [®]

Int32 and 1nt 64 predefined modules [®]

Integers and floating point numbers in O'Caml O'Caml [®]

Built-in floating-point (f10at) operations and functions in O'Caml [®]

Characters and strings in O'Caml [®]

Using standard modules of O'Caml libraries [®]

Overloaded/polymorphic comparison (of basic types) in O'Caml [®]

Input-output of basic values [®]

®* Defining values and functions in O'Caml:

o

o

o

o

o

Defining values and functions at the top level [®]

Local binding of values and functions in expressions [®]

Defining recursive functions [®]

Scope of local variables in 1et [rec] definitions [ ®]

Non termination of recursive functions [®]

Defining functions with multiple arguments | ®]

Forms of value and function definition in O'Caml [®]

Simultancous definition of [recursive] functions in O'Caml [®]

Polymorphic functions in O'Caml [®]

Examples of higher-order polymorphic functionals in O'Caml [®]

Various forms of function definition and call in O'Caml [®]

Anonymous function definition and call in O'Caml [®]

* Matching in O'Caml :

[e]
o

o

o
o
[e]

o

© P. Cousot,

Pattern-matching/filtering in O'Caml |[®]

Possible patterns [®]

Definition of functions by matching [®]

Imperative features in O'Caml : variables, control structures and input/output

References and variables in O'Caml |[®]

Block structure O'Caml expressions [®]

Exceptions in O'Caml [®]

Sequences in O'Caml [®]
Conditionals in O'Caml [®]
Loops in O'Caml [®]

File input/output in O'Caml [®]
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° Formatted output in O'Caml [°]
* Structured data types in O'Caml: [®]

Pairs, [un]currying in O'Caml [®]

Arrays/vectors in O'Caml [®]

The Array module in O'Caml [®]
° Lists in O'Caml [®]
° The List module in O'Caml [®]

Variant types definition in O'Caml [®]

Record types in O'Caml [®]

[Polymorphic] recursive types in O'Caml [®]

Examples of simple O'Caml programs and theircorrectness proof:

° Examples of list manipulation in O'Caml [®]

° List reduction in O'Caml , with an inductive correctness proof [®]

° Partition, QuickSort, proof sketch [®]

* Type inference in ML

° The basic ML typing rules for constants, examples, type environments

° Types with variables

° Instantiation rule

° Typing conditionals, examples

° Typing (anonymous) functions and applications (calls)

[o]

Example of function and application typing

° Typing the 1et construct, example

° Type polymorphism, polytypes, examples

[o]

Generalization of monotypes to polytypes

[e]

Example of correct generalization

Example of forbidden generalization

Example of polymorphic type verification

° Recursion is not polymorphic in ML, counter-examples

° Monomorphic typing rule for the 1et rec, example

[o]

A note on the typing environment in typing rules

° An exponential typing examples
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* Modularity and separate compilation in OCamel [®]
° Modules [*®]

° Signatures [®]
Functors [®]

o

o

Example modular program [®]

Separate compilation [®]

Equivalence between separately compiled modules and a single O'Caml pogram [®]

Example makefile and script [®]

(Directory containing the programs) [®]
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% ocaml ;
Objective Caml version 3.06

# exit 0;;
% ocaml
Objective Caml version 3.06

# let fin () = print_string "fin\n";;

val fin : unit -> unit = Xfun> ' | | vy
# at_exit fin;;
: unit = ()
# exit 1;;

fin

%

Program termination 3
val exit : int -> 'a Terminate the process, returning the
given status code to the operating system

val at_exit: (unit -> unit) -> unit  Register the given function to be called at
program termination time. The functions
registered with at_exit will be called
when the program executes exit. They will
not be called if the program terminates
because of an uncaught exception. The
functions are called in “last in, first out"
order.
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% ocaml

Objective Caml version 3.06

- # let x = ref 0;; /
val x : int ref = {contents = 0}

# 1x;;

- : int = 0 i |
# % = 1 _ﬂ_.k—f"""ﬂ | '
~ gunit= () &=
# 1x;;
- 1 int =1 2 it
# "D = k
% b =
= |

T WWRecaaERaRAANANERERRRCRRREEEE:

% ocaml [ 7} , .

! ijectlve Caml version 3.06 T ==
# let s = "abcdef";; //,/‘—" [QL' deﬁ ‘l P=1 1 i
val s : string = "abcdef" 1B |
# s;i; . | | T

g ———eside effk
# set 5 0 'X';; T
Unbound value set i S =i | .‘

. # String.set s 0 'X';; _ 1 F o e L |
| - : unit = () . S -k“}(locdeﬁ_] e
= sii : <—///—’_"‘. | . . . |

-3 strlng = "xbcdef"
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The standard library:
Module Arg : parsing of command line arguments
Module Array : array operations
Module ArrayLabels : array operationé (with labels)
Module Buffer : extensible string buffers
| Module Callback : registering Caml yalues with the C runtime
Module Char : character operatlons
Module Complex : Complex numbers
Module Digest : MD5 message digest
- Module Filename : operations on file names
Module Format : pretty printing

]

o

Module Gc : memory management control and statistics; finalised values

Module Genlex : a generic lexical analyzer
Module Hashtbl : hash tables and hash functions
Module Int32 : 32-bit integers .

Module Int64 : 64-bit integers

Module Lazy : deferred computations.

Module Lexing : the run-time library for lexers generated by ocamllex

Module List : list operations

Module ListLabels : list operations (with labels)
Module Map : association tables over ordered types
Module Marshal : marshaling of data structures

Module MoreLabels : Include modules Hashtbl ,Map and Set with labels

Module Nativeint : processor-native integers
Module Oo : object-oriented extension

Module Parsing, : the run-time library for parsers generated by ocamlyacc

Module Printexc : facilities for printing exceptions
Module Printf : formatting printing functions

Module Queue : first-in first-out queues

Module Random : pseudo-random number generator {PRNG)
Module Scanf : formatted input functions

Module Set : sets over ordered types

Module Sort : sorting and mefging lists

Module Stack : last-in first-out stacks

Module StdLabels : Include modules Array ,List and String with labels

Module Stream : streams and parsers
Module String : string operations
Module StringLabels : string operations (with labels)
Module Sys : system interface T
Module Weak : arrays of weak pointers

The num library: arbitrary-precision rational arithmetic :
Module Num : operation on arbitrary-precision numbers
Module Big int : operations on arbitrary-precision integer?.
Module Arith status : flags that control rational arithmeti
* The str library: regular expressions and string processing :
Module Str : regular expressions and string processi
* The bigarray library
Module Bigarray : large, multi-dimensional, numerical arrays
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http://caml.inria.fr/ocaml/htmlman/manual032.html
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The unix library: Unix system calls
Module Unix : Unix system calls .
Module UnixLabels : Labeled Unix system calls

The threads library :

Module Thread : lightweight threads
Module Mutex : locks for mutual exclusion
Module Condition : condition variables to synchronize between threads
Module Event : first-class synchronous communication
Module ThreadUnix : thread-compatible s i
The graphics library ,
Module Graphics : machine—indepéndent graphics primitive

The dbm library: access to NDBM databases
Module Dbm : interface to the NDBM database

The dynlink library: dynamic loading and linking of object files
Module Dynlink : dynamic loading of bytecode object files

The LablTk library: Tcl/Tk GUI interface '
The Tk library: Basic functions and types for Labl

© P. Cousot
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Batch compilation (ocamlc)

The toplevel system (ocaml)

The runtime system (ocamlrun)

Native-code compilation (ocamlopt)

Lexer and parser generators (ocamllex, ocamlyacc)
Dependency generator (ocamldep)

The browser/editor (ocamlbrowser)

The documentation generator (ocamldoc)

The debugger (ocamldebug)

Profiling (ocamlprof)

© P. Cousot
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The Caml License i

Objective Caml

In the following, "the Library" refers to all files marked

"Copyright INRIA" in the following directories and their
~ sub-directories:

asmrun, byterun, config, maccaml, otherlibs, stdlib, win32caml

and "the .Compiler" refers to all files marked "Copyright
INRIA" in the other directories and their sub-directories.

The Compiler is distributed under the terms of the Q Public
License version 1.0 *

The Library is distributed under the terms of the GNU
Library General Public License version. 2.

As a special exception to the GNU Library General Public
License, you may link, statically or dynamically, a "work that
uses the Library" with a publicly distributed version of the
Library to produce an executable file containing portions of
the Library, and distribute that executable file under terms of
your choice, without any of the additional requirements listed
in clause 6 of the GNU Library General Public License. By
"a publicly distributed version of the Library", we mean
L either the unmodified Library as distributed by INRIA, or a
- modified version of the Library that is distributed under the
conditions defined in clause 3 of the GNU Library General
Public License. This exception does not however invalidate
any other reasons why the executable file might be covered
by the GNU Library General Public License.

=
|
i_
1
-
iE
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http://caml.inria.fr/license/
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Predefined Types = e Javal

The core library of OCaml provides the following predefined types:
Type Meaning Remark
int Integer numbers 2710 29941 or 2% to 2°-1
char Characters ASCII
string | Character strings Up.to 26 characters
float Floating-point numbers | IEEE 754 (53-bit mantissa, —1022 to 1023 cxponent)
bool Booleans True, false
unit Unit values oo
array Arrays Up to 2-*-1 elements
list Lists
exn Exceptions -
option | Optional parameter
format | Format strings C’s printf-style format string
&
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-
# true;; ' ' F \. \‘
— rr 1 ; P‘h
— - : bool = true < can s
| # false;; | ' ' i
== - : bool = false - \- . Ll | |
m—— - # not true;; f - ﬁesa, (¥ o A 0 (™ T _ I
- _ - : bool = false | _ .
- # not false;; : i ' ' '
— - : bool = true ' 'p—t;4 el 'ttz:
e e e teolunTiRD (um A Tarld |
= - : bool = true . | - - _ -
e, # true & false;; . 18 1L L] | | | || _
—1 - i1 bool = false 1o SR | T o | | . .
# false or false;; & GLLC) Lp{“ ) %. *%Eﬁ Y\
- For : f V3 \ l—o Q 9 | |
—— - : bool = false \5 5 r J '
e # false || true;; = = T . ! ! —
1 -z 3 bool = true
" = L i -9
s B\J\O\fa U\%X opﬂ 'Df..‘. (wr\’H@\ a ga ) CaU\ Le_
B | un U, @t\??\)o -Fa(m (wnt‘kﬁ )g_k;)
I | [
-y, L
e | # (&&)7;
1 — : bool -> bool -> bool = <fun>
# (&&) true falsej;
- - : bool = false
1 # (or) true false;;
B - : bool = true
-
- ) Boolean Operations ,
! val not : bool -> bool “#  Boolean negation
— val (&&) : bool -> bool -> bool Boolean AND
==y — val (&) : bool -> bool -> bool Boolean AND
o val (or) : bool -> bool -> bool Boolean OR
- val (||) : bool -> bool -> bool Boolean AND

L2 "ﬂ\c.i QUMM o@ boaaaa.z\ u@)ejcuims B ‘E’a%g
- (oucau,m@\\m e nar  epoBuated whea pbli r\@cm;wq

(ﬁﬁ ft\aJ\O(-ua He Mwe}) F:Sr Gt&mp’en

-
1 # failwith "fail"
- Exception: Fallure "fail".
s # true or (failwith "fail");;
w=_ - : bool = true
| # false && (failwith "fail");;
[ ® - : bool = false
# true && (failwith "fail");;
@  Exception: Failure "fail".
!j'!Z [(\?0@9&\“\ FD\..LP ) O«QWCL%Q Phd_).\(“e} C,x (\.Mpktme

=8 || Qﬂaf.).ﬁ\-@‘os’ —\’Lg_ Eﬁem’inn wc& {oﬁ(\\"g “é’me“
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| N I‘? O_e Ll {4 bhﬂ C’Jckj .-r\?uxea Ofefcdr‘( (Wﬂk '_
= &9,91:)%@()mmsmeofuaﬁ?m::fi
| @m‘ﬁﬁ o (um en (qf) a B) |

| Iﬁ e operal )F:r‘ o ("q—‘?—. | .(.Pwa_mebr uulnc_L |
® LQ:@'H«L mw’%“ need not be : |
-\+er x: B 'H-e p(‘eﬁf c:‘Oerc:dBf‘ (gp) |

noy U'\ _

# false && true
- 1 bool = false
# (&&) false true;;

| = : bool = false

- # true && (failwith "fail");;

- Exception: S Fadlise lEaipite s o Ll L L[ | | T R
# false && (failwith "fail");; [T [ (B (S SRS | ) !
- : bool = false ]

# (&&) false (failwith "fail");;
- : bool = false
#
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% ocaml
Objective Caml version 3.06

# 99 * 99;.

- @ int = 9801

# max_int;;

- 1 int = 1073741823

# (2.0 ** 30,0) -. 1.0;;
- ¢ float = 1073741823.
# min_int;;

- : int = -1073741824

# =.(2.0 ** 30.0);;

= : float = -1073741824.
#

|

27—

—
—

25— 4

\.u\‘-eSeJ .cuiHome:ﬁc. o@eja_to«\; Qe done;
nodwfo esi uu\r\dn & mc%« be ::uudonamé

®  cepulbls -

# max_int;;
- : int = 1073741823
[" # max int + 1;::
- : int = -1073741824
= # main dnt s
- : int = -1073741824
# min_int - 1;;
- 1 int = 1073741823
# 99999999999999 * 99999999999999999; ;
- : int = 301711361
#

i ©P Cousot
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e

%\LLQ) -wn T,r\\rf o) (ﬁ of el'cdmf\,.‘;

-
- )
: # 4 + 5;;
— S nE mm Integer Arithematic
!‘— # 4 5 val (~-) int -> int
E — LA val sucec : int -> int
= - ¢ int = -1 val pred : int -> int
| # 4 * 5;. val (+) : int -> int -> int
= : int = 20 val (-) : int -> int -> int
T # 4 / 5;; val {(*) : int -> int -> int
gy - : int = 0 val (/) : int -»> int -> int
e s 4;; val mod : int -> int > int
= < int = val abs : int -»> int
_ : Ant = 1 val max_int : int
# 5 mod 4;; val min_int .:* int
73 = s=anti=
%
- #0 lsr 1;; Bitwise Operations
L - : int = 0 val (land) : int -> int -> int
= # 5 land 4;; val (lor) : int -» int -> int
= - : int = 4 val (lxor) : int -> imt -> int
=T # 5 lor 3;; val lnot : int -> ir.lt ‘
Rz L ey val (1sl) : int -> int -> int
== Lo val (1sr) int -> int -> int
= #5 loz 4'; val (asr) : int -> int -> int
- 3 ing =
=0 # 5_1s1 2;;
] - ¢ int = 20
- # 5 lsr 2:;
2 - 3 dnt =1
-
-
-]
..
-
=
—rca
=9
i
=
-
i
- |
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Unary negation

succ xIs x+1 (Successor)
succ xisx-1 (Predecessor)
Integer addition

Integer subtraction

Integer multiplication

Integer division

Integer modulo

Integer absolute

The greatest representable integer
The smallest representable integer

Bitwise logical AND

Bitwise logical OR

Bitwise logical XOR

Bitwise logical negation

Bitwise logical shift to the left
Bitwise logical shift to the right
Bitwise arithmetic shift to the right

P
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' val zero : int32 b
ww )
The 32-bit integer 0.
| val one : int32
il . The 32-bit integer 1.
_
. val minus one : int32
- The 32-bit integer -1.
- val neg : i1}t32 =2 int32
—5 Unary negation.
- val add : int32 -> int32 -> int32 .
-
Addition.
val sub : int32 -> int32 -> int32
_— Subtraction.
' val mul : int32 -> int32 -> int32
e Multiplication.
= val div : int32 -> int32 -> int32
=9 Integer division. Raise Division_by_ zero if
- the second argument is zero.
b=

s © P. Cousot
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val rem : int32 -> int32 -> int32

val

val

val

val

val

.
val
-
- val
— val
[ i
[
= val
(I
[
[
© P. Cousot

Integer remainder. If x >= 0 and y > 0, the
result of Tnt32.rem x y satisfies the
following properties: 0 <= Int32.rem x y <
yand x = Int32.add (Int32.mul
(Int32.div X y) y) (Int32.rem x y).Ify
= 0, Int32.rem x y raises '
Division by zero.Ifx < 0ory < 0, the
result of 1nt32.rem x y is not specified and
depends on the platform.

succ : int32 -> int32

Successor. ITnt32.succ x 1S Int32.add x
Int32.one.
pred : int32 -> int32

Predecessor. Int32.pred x1S Int32.sub x
Int32.o0ne.

abs @ 1nkE32 -> int32
Return the absolute value of its argument.
max_int : int32

The greatestrepresentable 32-bit integer, 2" -
s

min int ¢ int32
The smallest representable 32-bit integer, -2".
logand : int32 -> int32 -> int32
Bitwise logical and.
logor @ dnt32 ~piant32 => int32
Bitwise logical or.
logxor : int32 -> int32 -> int32
Bitwise logical exclusive or.
lognot : int32 -> int32

Bitwise logical negation

25
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shift_left : int32 -> int -> int32
Int32.shift_left x y shifts x to the left by

y bits. The result is unspecified if y < 0 or y
= 39,

shift right : int32 -> int -> int32

Int32.shift_rightx y shifts x to the right
by y bits. This is an arithmetic shift: the sign
bit of x is replicated and inserted in the
vacated bits. The result is'unspecified if y < 0
ory >= 32.

shift right logical & int32 -> int =>.int32

Int32.shift right logical x y shifts x to
the right by y bits. This is a logical shift:
zeroes are inserted in the vacated bits
regardless of the sign of x. The result is
unspecified ify < oory >= 32.

of lint = int > int32

Convert the given integer (type int) to a
32-bit integer (type int32).

to_int : int®2 -> int

Convert the given 32-bit integer (type int32)
to an integer (type int). On 32-bit platforms,
the 32-bit integer is taken modulo 2, i.e. the
high-order bit is lost during the conversion.
On 64-bit platforms, the conversion is exact.

of float : float -> int32

Convert the given floating-point number to a
32-bit integer, discarding the fractional part
(truncate towards 0). The result of the
conversion is undefined if, after truncation, the
number is outside the range [Int32.min_int,
Int32.max_int].

to_float : int32 -> float

Convert the given 32-bit integer to a
floating-point number.




val of string : string -> int32

'
14

Convert the given string to a 32-bit integer.
The string is read in decimal (by default) or in
hexadecimal, octal or Qinary if the string
begins with 0x, 0o or 0b respectively. Raise
Failure "int of.string” if the given string
is not a valid representation of an integer.

' & & W

val to _string : int32 -> string

Return the string representation of its
argument, in signed decimal.

o6 o

val format : string -> int32 -> string

5

Int32.format fmt n return the string
representation of the 32-bit integer n in the
format specified by fmt. fmt is a Printf-style
format containing exactly one %d, %1, %u, %x,
%X or $o conversion specification. This
function is deprecated; use Printf.sprintf
with a $1x format instead.

Szm\(’c.u 'u@e.: oj“as.f\.a i‘&( | lﬁ?@‘« euza
0@6@-’5\0?\‘3 a

val of_int32 : int32 -> int64

Convert the given 32-bit integer (type int32)
to a 64-bit integer (type int64).

val to_int32 : inté64 -> int32

Convert the given 64-bit integer (type int64)
to a 32-bit integer (type int32). The 64-bit
integer is taken modulo 2, i.e. the top 32 bits
are lost during the conversion.

68 B 686 EEEEEEEE® E

val of nativeint : nativeint -> inté64

Convert the given native integer (type
nativeint) to a 64-bit integer (type int64).

'R R

'C>P.Cousot
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val to_nativeint : inte4 -> nativeint

Convert the given 64-bit integer (type int64)
to a native integer. On 32-bit platforms, the
64-bit integer is taken modulo 2*, On 64-bit
platforms, the conversion is exact.

val bits_of float : float -> int64

Return the internal representation of the given

float according to the IEEE 754 floating-point
““double format" bit layout. Bit 63 of the result
represents the sign of the float: bits 62 to 52
represent the (biased) exponent; bits 51 to 0 S
represent the mantissa.,

val float_of bits : int64 -> float

Return the floating-point number whose
internal representation, accordin g to the IEEE

754 floating-point “*double format" bit layout,
is the given inteé4.

WJ&\QQ .

Performance notice: values of type int64 /.'.\\'32_
occupy more memory space than values of

type int, and arithmetic operations on int64 /(n\f_g 2
are generally slower than those on int. Use ,aF32 /
int64 only when the application requires

exact gﬂé:bit arithmetic.

© P. Cousot
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_ A Ropc sP( hype gt bebweer mi-wl, ond
e ~coowut dnnoktcl A deqmd-Q. naf cxﬁ»

- .:FQooJx 6 @J‘omY AL bejt’ ? ‘f‘udpe ﬁ‘ioaf

“' | belbuweea  can FQooJ" omc\ | mm‘f’&c\.} o(o_AoLc»’
- : L U&u&ﬁ bumﬁ%c nolode- s

[2] digh . [eigie+Jle (2] oigih *1
. L \e nambr-c mhm,& (eiarour.e aum )J 1

| | # min_int; '

L~ 9 = % int = —1073?41824

. | # max_int;;

e .| - : int = 1073741823

i # min_float;;

‘?' — : float = 2.22507385851e-308

o - # max_float;;

i | - : float = 1.79769313486e+308 _ .
. N Gonuumms belaeen m\'egua wo\ ﬁ@,eu_k eutel [ [ 1]
n; o\.ewwoé Eﬁp&wt ...... . B AT [
“: _____ : #lntoffloat105”.....____

g R = o e e

e # float_of_int 1053 .

. _ : float = A0k R SR L R T B . =
_ - [ﬁ’saccwuoc e% 'ﬁ-a pe v%.tl”&u. d@arj’\am]

i= auJRme)ne. cﬁwc&m @Eo% "y goau,bf @l:

-3 # 10 / 3;; ”

. —.— 3 ang =13

™ B 0 0 a3t

13 | | - fleat = 3. 33333333333

] # 10.0 / 3.0;

- | This express:.on has type float but is here used with type int

~ ©OP.Cousot
_e__._ | | (Y ) S | | | LSS S 11 ) MO SO ot S ) | [ ||



g
i

s &

I8

.
l' 1=

=

8 &

o

L]

Ul

|81

Qi i Rogling peiav {‘%@3@_}) _a-?@mna &

N At

e

O&)U@EWMST
Hi Dig o dog Oie
- 1 float = 9.
# 5. %, 4.3;
- : float = 20.
# 5. —=. d.3; 2
- : float = 1.
A S S
- 3 float = 0.8
# 24 k% Bl
- 1 float = 32.
# 5. = 4.3

This expression has type float but is here used with type int
# (int_of float 5.) - 4;;
- ¢ int = 1

?{\._N'a f/“ Larf\‘a e

# exp 1l.;;
- 1 float = 2.71828182846
# log 10.;;
- : float = 2.30258509299

# logl0 10;;

This expression has type int but is here used with type float
# sqrt 2;;

This expression has type int but is here used with type float
# sin 3.14159;;

- : float = 2.65358979335e-06

GUUUEEUEEUULEEE L

Floating-Point Arithmetic

val (~-.) : float -> .float Unary negation

val (+.) : float -> float -> float Floating-point addition
val (-.) : float -> float -> float Floating-point subtraction
val (*.) : float -> float -> float Floating-point multiplication
val (/.) : float -> float -> float Floating-point division
val (**) : float -> float -> float Exponentiation

val sgrt : float -> float Square root

val exp : float -> float Exponential

val log : float -> float Natural logarithm

val logl0 : float -> float Base-10 logarithm

val sin : float -> float The usual trigonometric functions

val cos : float -> float

val tan : float -»> float

val asin : float -> float

val acos : float -> float

val atan : flocat -> float

val atan2 : fleat -> float -> float

val sinh : float -> float The usual hyperbolic functions
val cosh : float -> float

val tanh : float -> float

val ceil : float -> float Round to the smallest integer greater than
val floor : float -> float Round to the greatest integer less than
val abs_float : float -> float Absolute

val mod float : float -> float -> float Modulo

val frexp : float -> float * int frexp f returns the pair of the significant and
the exponent of £.

val ldexp : float -> int -> fleat ldexp f n returnsx *. 2 ** n

val modf : float -> float * float modf £ returns the pair of the frational and
integral part of £.

val float : int -> float Convert an integer (o a floating-point
val float_of_int : int -> float
val truncate : float -> int Convert a floating-point to a integer

val int_of_ float : float -> int

© P. Cousot
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# 1 1

e Character operations .
: char = 'a' val int_of_char : char -> int Return the ASCII code of the argument.
Halies val char_of_int : int -> char Return the character with the given ASCII code.
: string = "a"
"this is a
character
string";;
: string = "this is a\ncharacter\nstring"

# "a\"b\\c double quote and backslash";;

: string = "a\"b\\c double quote and backslash"
print_string "a\"b\\c double quote and backslash";;

b\c double quote and backslash- : unit = () &
"string on a \

single line";;

: string = "string on a single line"

print_string "\\\"\t\n\r\b special characters in strings";;

spec1al characters in strings- : unit = ()

a\\afadtar T s\mmas :

-Caractére Notation dans une chaine

\

\\
\||

tabulation iz

line-feed \n ou return (changement de ligne)
end-of-line N :
backspace \b

\ Jgoep,,weé -

N W’% A

s\“f»ﬁa |

' » ‘H'\e.. eeﬁ'qmﬁ) ‘%F c}ﬁwRC%@fé
" b Ythe double qmﬁ.) £ ..\+tﬁs&
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# int of _char 'e';;-

- ¢ int = 101
# int_of char
- : Int = 233 e’ _ oL
# char_of_int 45;;

- : char = '-'

# char_of_int 215;; (* not printable *)

= : char = '\215/

@ Conuersion Si‘:)(‘f‘ ond -L.-‘"'ﬁ;D ‘gﬁ\m%s -

N S S S S

H

|

string_of int 12345;;

string_of bool true;;

string = "true" val sExing ol fost: ¢
bool of string "false";;
bool .= false

String conversion functions

val string of bool : bool -> string  Retum the string representation of a

string = "12345" boolean
int_of string "12345";; val bool of string : string —> bool  Conveit the given string to a boolean.
int = 12345 val string of_int : int -> string Return the string representation of an
string of float 3.14159;; integer _ . ,
R . ! : ; : ; —> int Convert the given string to an integer. The
hpinge il s string is read in decimal (by default) or in
float_of string "3.14159";; _ _ '
float = 3.14159 hexadecimal, octal or binary if the string

begins with 0x, Qo or Ob respectively.
float -> string Return the string representation of a
floating-point number.

val float of string : string -> float Convert the given string to a float.

O?trcx,s\’;uf\a N .J\‘(ui%:s (moclu& "‘g%%") -_. |

val length : string#-> int

Return the length (number of characters) of the given string.
String.length "0123456789";;

- : int = 10

val get : string -> int -> char
String.get s n returns character number nin string s. The first

character is character number 0. The last character is character number
String.length s - 1. Raise Invalid argument if nis outside the range 0

to (String.length s - 1). You can also write s.[n] instead of ~
String.get s n.

# String.get "0123456789" 5;;

: char = '5'

# String.get "0123456789" 100;;
Exception: Invalid_argument "String.get".

val set : string -> int -> char -> unit

String.set s n ¢ modifies string sin place, replacing the character
number nby c. Raise Invalid argument if nis outside the range 0 to
(String.length s - 1). You can also write s.[n] <- c instead of
String.set s n c.

# String.set "0123456789" 5 'X';;

- : unit = ()

# String.set "0123456789" 100 'X';;

Exception: Invalid argument "String.set".
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val create : int -> string

String.create n returns a fresh string of .length n. The string initially
contains arbitrary characters.

# String.create 5;;

- : string = "\000\000\015\000\000"

val make : int -> char -> string

String.make n ¢ returns a_fresh string of length n, filled with the
character c. ’

# String.make 5 'X';;

- : string = "XXXXX"

val copy : string -> string

Return a copy of the given string.

# String.copy "abcdef';;

- : string = "abcdef" o

val sub : string -> int -> int -> string

String.sub s start len returns a fresh string of length len, containing
the characters number start to start + len - 1 of string s. Raise
Invalid argument if start and len do not designate a valid substring of
s; that is, if start < 0, or len < 0, or start + len > String.length s.
# String.sub "0123456789" 3 2;;

- : string = "34"

# String.sub "0123456789" 3 100;;

Exception: Invalid argument "String.sub".

val fill : string -> int -> int -> char -> unit

String.fill s start len c modifies string sin place, replacing the
characters number start to start + len - 1 by c¢. Raise Invalid argument
if start and len do not designate a valid substring of s.

# let s = "0123456789";;

val s : string = "0123456789"

# String.fill s 3050 UXtals

= 2unit = i)

# 833 2

— : string = "0Ll2XXXXX89"

val blit : string -> int -> string -> int -> int -> umnit

String.blit src srcoff dst dstoff len copies len characters from string
src, starting at character number srcoff, to string dst, starting at
character number dstoff. It works correctly even if src and dst are the
same string, and the source and destination chunks overlap. Raise
Invalid argument if srcoff and len do not designate a valid substring of
src, or if dstoff and len do not designate a valid substring of dst.
# let s = "0123456789";;

val s : string = "0123456789"

# String.blit "abcdefghijklmnopgrstuvwxyz" 2 s 3 4;;

: unit = ()

Concatenation:

#0123 SENAGEN T S8 0

- : string = "0123456789"

val concat : string -> string list -> string

string.concat sep sl catenates the list of strings sl, inserting the
separator string sep between each.

# String.concat "," ["a"; "bb"; "ccc"; "dddd"];;

- : string = "a,bb,ccc,dddd"
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val escaped: string -> string

Return a copy of the argument, with spec1al characters represented by
escape sequences, following the lexical conventions of OCaml.

# String.escaped "\n\t\r"

- : string = "\\n\\t\\013"

# print string (String.escaped "\n\t\r");;

An\t\013- : unit = ()

val index: string -> char -> int

String.index s ¢ returns the position of the Ieftmost occurrence of
character cin string s. Raise Not_found if ¢ does not occur in s.

# String.index "0123456789876543210" '7';;

- 1 int = 7

val rindex: string -> char -> int

String.rindex s c returns the position of the rightmost occurrence of
character ¢ in string s. Raise Not_found if cdoes not occur in s.

# String.rindex "0123456789876543210" '7';;

i int = il i

# String.index "0123456789876543210" 'X';; .
Exception: Not_found.

val index_from: string -> int -> char -> int

val rindex_from: string -> int -> char -> int

Same as String.index and String.rindex, but start searching at the
character position given as second argument. String.index s c is
equivalent to String.index from s 0 c, and String.rindex s c to
String.rindex from s (String.length s - 1) c.

# String.index from "0123456789876543210" 4 '2';;

- : int = 16
# String.rindex from "0123456789876543210" 10 '7';;
- : int = 7

val contains : string -> char -> bool

String.contains s c tests if character cappears in the string s.
# String.contains "0123456789" '0';;

- : bool = true

# String.contains "0123456?89" LRl

: bool = false

val contains_from : string -> int -> char -> bool
String.contains from s start c tests if character c appears in the
substring of s starting from start to the end of s. Raise
Invalid_argument if start is not a valid index of s.

# String.contains_from "0123456789" 3 '0';;

- : bool = false

# String.contains_from "0123456789" 1 '2';;

: bool = true

# String.contains_from "0123456789" 100 '0';;

Exception: Invalld_argument "String.contains_from".

val rcontains from : string -> int -> char -> bool

String.rcontains from s stop c tests if character c appears in the
substring of s starting from the beginning of s to index stop. Raise
Invalid argument if stop is not a valid index of s.

# String.rcontains from "0123456789" 7 '5';;

- : bool = true

# String.rcontains_from "0123456789" 4 '5';;

- : bool = false

# String.rcontains from "0123456789" 100 '5';;

Exception: Invalid argument "String.rcontains from".




30

val uppercase: string -> string

Return a copy of the argument, with all lowercase letters translated to
uppercase, including accented letters of the ISO Latin-1 (8859-1)
character set.

# String.uppercase "abcl23éeéunag";;

- : string = "ABC123\201\200\217\192\199"

# print string (Stringruppercase "abcl23éeliag");; “
ABC123EEUAC- : unit = ()

val lowercase: string -> string

Return a copy of the argument, with all uppercase letters translated to
lowercase, including accented letters of the ISO Latin-1 (8859-1)
character set.

# print string (String.lowercase "AgClzaﬁﬁﬁAg");;

P

abcl23éetag- : unit = ()

-

val capitalize: string -> string
Return a copy of the argument, with the first letter set to uppercase.

val uncapitalize: string -> string
Return a copy of the argument, with the first letter set to lowercase.
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Ut dodad modules wd Blrares i ocAHL®
LR SRR 5 S e ey ‘”‘6 beeacalok ]
/m'\U’Pt‘t\" /Ioe Gu and Lon be  ueced PCP&Q%_

OKJUmAa or %u&zms g. mocb.\.ﬂa A [ Hello
Sordord  OCAML &l’:fmu are | f‘a\f fimwn a;
ﬁmﬂ’ bé M-c_ wmpd@@f

# length 0123456789
Unbound value length

7'1-{: - r\eu;o.sa% % wd-kr_odci £ -H~e uom L@U"
LA lohidal (

| _-zaﬁem:tbm-_ S O | A S O S (A o cO < O (SO 1 Nt

i b, | ceﬁmé -5«\,: nodwl oot
loa \-c. McsckLEe nmm:,_'_ I

# String.length "0123456789"
[ = z int = 10

SESSRENCIRiSERARL oo corurRRaERaRad
N BHente |
_ /JO "Hr\oJr o C.fajauﬂ :.‘.3.- %JACI‘:-’AS [@!=Y Q:nge,; (’WQC«J_
%o\o:ﬁartﬁpe:! Bé'%e Mool,uﬁewc:

-~ # open String;;
. # length "0123456789";;
- ¢ int = 10
# make 10 'X';;
- 1 string = "XXXXXXXXXX"
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EuBuemglE puedt S ana R TR R
. | mem ) mux) MM.} == L: cwe P mofph‘\c. B
. | (oUUeOO\.AQﬁEB_ %% wolK on o Gec}b 0? ‘H’\g o

e s BM’%C_ % e <

— . L # 1=1;;
- ¥ - : bool = true
| # 1=2;; .
2 - : bool = false
| - ' # 1=l
2 - 1 bool = true
= # !

AI=IXt i3
: bool =
Ikabc"=llabcl|;;

3 . ' : bool = true -

FH 1

I # "abe" < "abd"j;

ey | el =t boel: =lktrue

i # compare 2 3;;

_— = - : int = -1

= # min 1 2;;

= ¢ dnk = 1

N N # max A 2y

ey - : float = 2. i
# true = false;;

-8 - : bool = false

- . # true = true;;

e | . - : bool = true

i # 1 = 1.4;

This expression Ahas type float but is here used with type int
_—_ 1I: \ ! . .__cxxi . '
éﬁf — (B ga ale ’/ , rtb},d/' @DL&Aﬁ}l\CCL‘?_ L“fo\fDCKJW SQV\.:
=i 1 # 1 == 13;

i - : bool = true

= # "abc" Habe s

: - : bool = true

C # "abc" == "abc";; ==l | _ I:

- : bool = false i

- # let s = "abc";;

= val s : string = "abc"

- - # s == 8;;

105 - : bool = true

D — Comparison

=i val (=) : ‘a -> ‘a -—> bool Structural equality

ey wval (<>) ‘a -> ‘a -> bool Negation of (=)

B val (<) : ‘a -> ‘a -> bool Structural ordering: Less than

e val (>) : ‘a -> ‘a -> bool Structural ordering: Greater than

- val (<=) : ‘a -> ‘a -> bool Structural ordering: Less than, or equal to

S val (»>=) : ‘a -> ‘a -> bool Structural ordering: Greater than, or equal to
- val compare: ‘a -> ‘a -> int compare X ¥ return 0 if x=v, a negative number if

x<y and a positive number if x>y.

W val min: ‘a -> ‘a -> ‘'a Return the smaller of the two arguments

e val max: ‘a -> ‘a -> ‘a Return the greater of the two arguments

BB | val (==) : ‘a -> ‘a -> bool Physical equality
— T val (1=) : ‘a -> ‘a -> bool Negation of (==

i © P. Cousot




38

[ & 1"‘9\*}‘ -0 ﬁed o2 banic \)a_f,\,%
N [ | et |
L 2 Oudpulr Eun chans ;
] \ !
- # print_char 'A';;
A- : unit = () 1
- # print_string "abcdef";;
abcdef- : unit = ()
i # print_int 12345;;
' 12345- : unit = ()
Wi # print float 1.5;;
| 1.5- : unit = ()
T # print_string "abcde';;
abcde- : unit = () .S
[ # print newline ();;
[ - : unit = ()
- # print_endline "abcde';;
. abcde
_ - : unit = ()
# print_string "abcde"; print_newline ();:
abcde
- - : unit = ()
| #
B | T px..\} :R.M o ING
- X :
L # read line ();;
on 1234567890
- : string = "1234567890"
i # read_int ();;
. 0 123456789
L - @ int = 123456789
# read int ();; ‘
e 99999999999999999999999999999999
- - : int = -1
# read_float ();; d
— 3.14159
. - : float = 3.14159
il #
— Qutput functions on standard output
! val print_char : char -> unit Print a character
I val print_string : string -> unit Print a string
i val print_int : int -> unit Print an integer, in decimal
- val print_float : float -> unit Print a floating-point number, in decimal
= val print_endline : string -> unit Print a string, followed by a newline
—a val print_newline : unit -> unit Print a newline character
Input functions on standard input
L 1§ val read_line : unit -> string Flush standard output, then read characters
from standard input until a newline
= character is encountered. Return the string
of all characters read, without the newline
a character at the end.
e 11 val read_int : unit -> int Flush standard output, then read one line
e from standard input and convert it to an
- : integer.
| val read_float : unit -> float Flush standard output, then read one line
— from standard input and convert it to a
i . T
s floating-point number.

© P. Cousot




0

1§

Iy
i

R ER

o AF dhe Hog eme) Lnd | hod T hRd  1Gat
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# let x = 10;;

val x i int = 10

# o % Ry

= i int = 100

# Yii

Unbound value y

# X;; (* case sensitive *)
Unbound constructor X

H

ﬂ?;s i GQO\OCLQ lomdw\é) rab ol Udaablel :Lm_%
Ad_— Cd no‘r' phogy\}iE\'o;k\e b\-é ogsm,ghmm}'_ _* |

1
I

5.)ucc%es\g~.n. bu%duﬁ% ree.@e& He | bCoch chku/e
LGL-L 0 bti«dm@ ]’\VO{M —'H,-e - ﬁr@\b U .;3..1_@)_. | :

% ocaml
' Objective Caml version 3.06

# let x = 10;;
~val x : int = 10
# let incr a = X + a;;
"~ val incr : int -> int = <fun>
T # let x = 100;; e
L yal x : int = 100
L # X
- : int = 100
# ince 13
: int = 11
“D

a0 3k 1

o TAedh hers

_ Les identificateurs sont des suites de lettres ‘ou chiffres ou _ ou
’ commencgant par une lettre et n'étant pas un mot réservé;

— On distingue les minuscules des majuscules; 7
— Au maximum 256 caracteres.

VOB EGUEEEEREBUEBOGLER

| . )
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B e badug of valies and Bmibols: 4

_. ./_Lm;\’e,a;; 01 3@0%@9 /‘}Of’ &uef’ bmol.mﬁu | OAC (als V.
uDe. eocc;LQ binclhhas! | Lo hich | biadl o'uo&%
| mler _uuo_H’\ | cmt_ Cpprenwen = |

et} X = | ex:pr”i W Ex:‘or&

Objective Caml version 3.06

# let x = 3 in

-

1 B b

i Pl s ER=N0
T O # X

R Unbound value x
i # °D

(B e

'o"f\dc" %uio\ma | @ocoﬁ caccc:rab«« J“c "f“et
D WOoch "F;udwg LwLVho\.L} Nachd
3 daflibas, W oanaN s

Objective Caml version 3.06

e 4 Vet he 00 | ! S ! [, . | =
_— val x : int = 10 - ' ' ]

- # let x = 100 in X;;

—— - : int = 100

— #. Kl

[ i

- : int = 10
# let x = 1000 in

(let x = 10000 in x) + x;;
o —1 i : int = 11000 i :
“D | I 508, S 11158 O

.dp=ﬁ:l

'R
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%

3 |
—a Qeu.m‘ NI %w"\ch}\é con ‘oe.. okeﬁme.:l %Qo\ou,
= 4 Rk q
- e (),OQ‘:L% b\()) 31"‘& Ff‘C.. s

T GlLdR : T
C 0 L[SVARV(3 a;_%)m

B % ocaml
[_ Objective Caml version 3.06

- # let rec plus x y = 1f x = 0 then y else 1 + (plus (x - 1) ¥)i;

) val plus : int -> int -> int = <fup>

& # plus 10 20;;

|| . — : int = 30
[ # plus ;;

— - = : int -> int -> int = <fun> -

® .LOQCLQ. oA ywe oA {m\'zvv =

-

.;; # let rec plus' x y = if x = 0 then y else 1 + (plus' (x - 1) y) in
_— plus' 15 25;;

s - : int = 40

— & # plus' 15 25;;

— Unbound value plus'

=Tl :

L Lok uosuh Cet rec DL-E.)?tml‘m :

& # let mult x y = if x = 0 then 0 else plus y (mult (x - 1) y);;

- ) Unbound value mult

— # let rec mult x y = if x = 0 then 0 else plus y (mult (x - 1) ¥v);:;
——a val mult : int -> int -> int = <fun>

e # mult 3 5;; %

- = & Hdntr=215

B . Bl  Shaclure 2

e

=D # let £ x = 0;;:

. val £ : 'a -> int = <fun> =

== # let £ x = £ x3; 1 [l ' ' -~
1 val £ : 'a -> int = <fun> ' | ' ' =
¥ £ s

- : int = 0 -
) N
o Nen lom At = L R S

T # let rec g X = g X;j; -

val g ¢ 'a =>''b = <fun>

' #9g 0;;

~“CInterrupted.

| # "D

. %

© P. Cousot
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Fhak 4 ol Wm@;c ar Pllow.
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vy Eectkc)rea e, )' wh Bor ol reawasie dO‘Pm
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% ocaml
Objective Caml version 3.06

# let cube x = let sqr x = X * x in X * sqr x;;
val cube : int -> int = <fun>
# cube 5;;
— % dnt = 125
# sqgr 5;;
Unbound value sqgr
[ # "D
3 ) | | |
e kT e Ldnlie el ot | doed [l [T
Wl b Seo\ooLQer | c@ ‘Mé (uJ'nile__ o eg [ 11 1]
k| e Ye €col ane wdh o valie d;o.f)i“ueq- il
‘D%} '*LTL f:kJCkJ()LLﬂlj\:V\ c)é> Ei* j) | | T HN

% ocaml .
Objective Caml version 3.06

# let x = x in X;;
Unbound value x

# let x = 10;;
val x : int = 10
# let x = x in x;;
: int = 10

“D

of F |

s 6 B 8 58888 8 'l'l 1'1, B iaeoessasaasaa ..l..:'fl f..l' B B
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£ | o TOn[ Ckicec xtlley n ey Ye Cocol o« & woHA
B | |
C I uisiofe  w €, (a.o a  elwanve \,1,{:,:1) md e,
- Jili ) : |
| % ocaml ) .

e Objective Caml version 3.06
0 # let prod x y = if x = 0 then 0 else pFOd (x = 1) * ¥Yii

Unbound value prod m:
- # let rec prod x y = if x = 0 then 0 else (prod (x - 1) y) + ¥ii

val prod : int -> int -> int = <fun>
—itq # prod 3 4;;

— % int = 12

iﬂg. # 5-

-

= o Tn cowe #f edefinoa of an exisl ) Con o~
2 wih e some Fype, Yo omibi of ree con
_ | QM\%. be .CJJ\_ UJ'*CO.).AJ%}\¥ ekl S ~
::‘ % ocaml

Objective Caml version 3.06
-

‘# open Int32;; ci; 616£%“ hE}x
]

# add;;

- : int32 -> int32 -> int32 = <fun>
= # let succ x = add x one;;
E= val succ : int32 -> int32 = <fun>
= # let pred x = sub x one;;
| M val pred : int32 -> int32 = <fun>
—

70 ' # let add x y = if x = zero then y else succ (add (pred x) ¥Y)i:

‘ val add ; int32 ->-int32 -> int32 = <fun>
- # add zero one;; TG
= A . . .
Ty — 1 1nt32 = <int3 2™l et G‘t&ﬁ;“ h\
=1 # add 0 1;; = :
|l Bl This é%présﬁidﬁ'has type int but is here used‘with type int32
- ‘ # AD
[Tk

%

0 [ G (SE | raladt] | e | haded | 4 6«3} ol lebhdceel | [ | 4

[Tk

-

T
CeouUA\We oﬁ‘e%\}\:m -
-7

=
' ~© P. Cousot
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% ocaml
Objective Caml version 3.06

# let rec loop = loop;;

This kind of expression is not allowed as right-hand side of "“let rec:

# let rec loop x = loop X;;

val loop : 'a -> 'b = <fun>

# loop ()ij;

“CInterrupted.

# "D

%
Bud fr daviaR cases , fhe OCAML cannal dufech
Pafu\'\oe non-tesm i ofis (suf\cp_ oiad fm!o[am )

P OV 11 A A

BV TY e O . 171 8 S

PN g U by @ -\-@: -I:.Df [l 6@.}_ .:Ju_.j"
| og 'hmcmr;eoe% | bg vraek .ouef.f@bw'j i 1]

58 886606668686 6866386086686e666a60666&@60666d
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il ©P Cousot

| :{:mehun:) .u.n“n mw@?\' L_ O\Iﬁu»mu«h f' | | | : BEEE

P M&\\p& wcbummY o wuwec& Ge%" [ &l
' *O r‘i3}\r : _ ; S [ B |1

L rletr By 2= X F ¥ b 23
| val £ : int -> int -> int -> int = <fun> "
| # £ 10 20 307;
- : int = 60

’“b* @@*55) )

# £ 10 20 - 5 30;
This expression has type int
# £ 10 (20 - 5) 30;;
1| el ingy =55
-+

_> int but is here used with type int

Ba F\w&:{ntﬁévxxniij.: 114«»6113}\: ?

# (function x -> (x + 1)) hies . _ | [ ]
M= 3 inkt =6 o i

# (function x -> function y -> x + y) 5 7;i;
| = 5 int = 12

.| ﬂJ%dEi L

r&‘wm. o~ | @\MD{E\ (E '>L) wl’\cj'\ ’?\aﬁte_ ||

| He [ decond msumw’r Eﬂ auol mﬂt_u/n_e_ T
q.mw(@soj)
h-b\r.L D\«LL ﬁmotxf )\MC n/l%. wre WSMMC—\F B

(h?NQ. D\\OL*JG : V1 ’jLQ ahﬂ‘b'\ty1“3°t; (-cbge g : A )
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Defining Values

Global : 1et ident
Local : 1et ident
Multiple : let
ident3 = ...

= expression;j;
= expression in ...

and ident2 = expression2 and

Recursive : let rec x =

© P. Cousot
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:&m&mai\eoua cheﬁn \nﬂ =E (rcwusw_- .Rmita.-... DCH*‘I‘[

One.  con o\&gvxe. Jmu-e}mwu-a% nDn cecL Yude.
_@mdfom Qg 2l [
@} Ak JEE RN

el g xr,;ﬁ:___,, Em

# let sgqr x = X * x

and cube X = X * X * X;;
val sgr : int -> int = <fun>
val cube : int -> int = <fun>

# sqr 10;;
- : int = 100
# cube 10;;

- : int = 1000

%\M&\‘m& ciﬁgheé sMu@aneow% Ca.ﬂﬂc:}‘ l:e
N uk.o,eeua &QPEnClQAV p (tquauL g |

# let sgr' x = x * x
and cube' x = (sqr' x) * x;;
Unbound value sqgr'

| Vof M\AR&Q% a\oer/\V of  oLUsnIe .}'ﬁ_m Loy

T # let rec sgr' x = X * X

and cube' x = (sqr' x) * X;;
val sqr' : int -> int = <fun>
~ val cube' : int -> int = <fun>
# cube' 2;;
- ¥ int = '8

[T #

' T© P. Cousot
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mMonomofphe A e pwame\'u.\ C DQ ﬁsnown %d(:e
(o “‘o o’ | ):

) ord | take

)

% ocaml
Objective Caml version 3.06

# succj;

- : int -> int = <fun>
# let id x = x;;

val id : 'a => 'a = <fun>
# id true;;

- : bool = true

# id ()i

- : unit = ()

# id 1;;

- : int =1

# id 1.5;;

- : float = 1.5

# id succ;;

- : int -> int = <fun>

# id id;;
- : ' a->"'a= <fun>
#

° 'T\'\L LDM(MQQ( *me?lmc/\\(' —ﬁ,t 'a' L.«LQ.«Q chchet— -
em\rw' on He adual paameles (o Q&J
Yoo \) and mm\‘mpcd@s or\eﬁ Yhia {;Q_Airer N
mﬂ‘l—a%oﬁ- bodiy . Sva He uaﬁux.(f.

un Known \L-a ) A nek -%oud'\ecl Moﬁ Q@@U»Lat:
3@ Yre Bu t‘r.h )cootb cou\ be wf CM& 4&.0:.-:

'.' o ’%—U\ckw\oue -‘rakaa \Q-.,mioﬁf IS pc:uam&f.efs. |

ané ct‘ru.roa —P\md orc.

# let o f g x = (f (g x))
val o : ('a -> 'b) -b(c-> 'a) -=> 'c => 'b = <fun>

# o succ succ;;

#
#

: int -> int = <fun>

((o succ succ) 0);;

: int = 2

(o (oisucc succ) succ) 0;
: int = 3

1 | il



-3 Exmgﬁb ag ki%\w@;ardﬂ po%mer,zaftﬁc f?od?ma/s. 4 ocAH(

> o .Exa,mp\m' o@ \)31\6 3Lm£af ]&M’dng,._ ou-aﬁ}d.‘*ﬁmb;

- 1 ! ! L ! .

e || % ocaml

= - Objective Caml version 3.06

A

#

\

]

# let rec sum x = if x = 0 then 0

else (x + sum (x - 1));;

= val sum : int -> int = <fun>
=3 # sum 5;; -
= 1| =2 int = 15
. # let rec fact x = if x = 0_then 1

S ' ' else (x + fact (x - 1));;

i val fact : int -> int = <fun> ' ! 3
# fact 5;;

s - : int = 16 | _ +
[ Ll

9 o %undmx\og. (of" KN%\%QI"WOLQJ EMchBA JraLw'\%:'

B Ldnos ab poamelen of resuflE), for exarmple, we

COA | Ol.v..‘gme te 3}:"9*'0’\ : %—?f\‘%o’\@‘@ g |
A .

* else (f x (itef £ a (x - 1)));;
val iter : (int -> 'a -> 'a) -> 'a -> int -> 'a = <fun>

g e (b s (o (Pra) D)

o FE&(chv\¥Aqaa. el | | | |
# iter (+) 0 5;; -
% - : int = 15
# mul;; I & 2
- : int -> int -> int = <fun>
# iter mul 1 5;;
- : int = 120

# let divx y =y /. (float of int x);;
val div : int -> float -> float = <fun>
# (* 1/!ln *)

let factmone x = iter div 1.0 x;;
val factmone : int -> float = <fun>
# factmone 2;;

-,

- : float = 0.5
# factmone 5;; )
- : float = 0.00833333333333

'© P. Cousot
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=< # let nconc x s = (string of int x) "s;;
val nconc : int -> string -> string = <fun>
M # nconc 55 "ab";;
Bl - : string = "55ab"

- € # iter;;
_ - : (int -> 'a -> 'a) -> 'a -> int -> 'a = <fun>
L {[€ # iter nconc "abe" 0;;
= - : string = "abec" =
# iter nconc "abe" 1;;
- - : string = "labe"
L€ # iter nconc "abc" 2;;
- ~ : string = "2labc"
== # iter nconc "abe" 3;;
- : string = "32labc"
L9 # iter nconc "abc" 4;;
-, - : string = "4321labc" -
# iter nconc "abc" 5;;
5. - : string = "5432labc"
WA
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Defining Functions

A single argument: let £ x = expression
Several arguments: let £ x y = expression
With matching: let £ = function matching
Recursive : let rec £ x = ...

Special cases: a procedure is a function with no
mathematically sound result, it returns ().
For instance, assignment functions return ().

Calling Functions

Using parens: £ (x)
Using a space: £ x
More than one arguments: £ (x) (y)Oorf x y

Warning: if an argument is complex you must enclose it
between parens.

For instance £ (x + 1) (and not £ x + 1, which means f
(x) + 1,thatis1 + £ (x)).

Special cases:: functions with no argument get ( ) as
argument. ¢
For instance print_newline is called with print newline

().
Using parentheses

In Caml, parens are significant and use the mathematical
rules of trigonometric functions.

InCaml,1 + 2 * xmeans 1 + (2 * x)
as in math.

In Caml, £ x means £ (x)
as in math sin x means sin (x).

InCaml, £ x + g xmeans (£ x) + (g x)

as in math sin x + cos x means (sin x) + (cos X).
Hence, f x - ymeans (f x) - y

as in math sin x - 1 means (sin x) - 1.

In Caml, this rule is generalized to any infix operator:
£ x :: g xmeans (£ x) :: (g x).

e e e e | . Ll et S [T} gy
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B
% ocaml
Objective Caml version 3.06
# function x -> x + 1;;
- : int -> int = <fun>
# (function x -> x + 1) 17;;
- : int = 18
# fun x -> 2. *. X;;
- : float -> float = <fun>
# (fun x -> 2. *. x) 50.;;
= - : float = 100.

# 2D
%

b

<
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| [ [N | = TN
# let x = 2;;
val x : int = 2
# match x with
| 0 ->0

[ 1 -> 2 i
| 2 -> 4
| 3 ->6
|

S5 o1 — c,Le?c,uu_Le} case

-~

- : int = 4
# match x with P
0 = )
| 1 =>
| 2 >
«| 3 => 657 :
Warning: this pattern-matching is not exhaustive. < ' Same Pbbl\ IOL&

Here is an example of a value that is not matched: CMQQ M mj-\\ (8

= MO

== 4
- : dnt = 4

ﬂne, R RN g A OCAML 4 a %mwe_mt;' ]

o 5‘101\’0"\ A C) o | tene rademerr Pmccu-a) |
'e/c;ﬁlﬁ Yo volue motch o cose | e
Lonees oncsz_s volue o retusned . Iﬁ ne  malkeh ,s' |
?cm \o\.L '\'\L O\JEGA_LE}' (‘Mc P O\I\é ",w mawr’*a
_Ia n«:.mcdrd\ v ‘ooml: -Hnu\ -Hwa Do efror
bvgnaﬁ?z} %a L eun | QKZCC{JT\DA |

)

# let x = 7;;
~wval x : int = 7
# match x with
0 ->0
| 1 > 2
| 2 —> 4
| 3 => 6;;
© Warning: this pattern-matching is not exhaustive.
- Here is an example of a value that is not matched:
4
.~ Exception: Match_failure ("", 0, 62).
#
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# let x = 2,,
val X : int = 2
# match x with
0 -> 0 | | |
e SRS oo ] S _ . = ! L s
|2|_2_>4 | S S | S = ! !
| 5= -> -1;;

[ 4 | Tn .o\. md\\d‘uﬂa > cx umoJoLL con .Lje__ used o
[ [ analrdn e | wbwme/\"r uaeu-e 'wL‘\;c)rS con \oe_'

el "}‘o dense 'W\m uc,LRu-t A *’h rﬂ‘rumed_,
_Qppm\@h :

# let x = 2;;
val x @ int = 2
# match x with
0 -> 0.
Bz == e i (float_of in t x);;
- ¢ float = 0.5

# let rec fact = function
0 -=> 1
| n => n * fact (nge 1);;
val fact : int -> int = <fun>
# fact 5;; '
- : int = 120 i ==

;.-Pr pnj;tefr\ can Jﬁa o rmge."

# let y = 'A';;
val y : char = 'A'
# match y with

Hadinotigie e
I IAI 'ZI > 1
I ] ‘g =3
I iy = 4;1'
= : int =1
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# let x = 2;;

(@ @ val x: int = 2 i
_Ji # match x with

@ ' | ywheny >0 ->%

i‘—-- —— 1 0 ->0

%£:| [Frawhen oy < 0 => =¥;

—matchlng is not exhaustive.

Warning: this pattern
lue that is not matched:

Here is an example of a va

1
(However, some guarded clause may match this value.)

""" - ¢ int = 2
#

N \\(.1 'H*& 'H\e Comn ¢ \\e)” v .ﬂ::‘ oLLLL V) C)—Q
Aa dhock skakicalBy Hhat the pmnaiz;m

> m> .LU\\QACL He wwr\mcé _{_3_ wwmé
ouemw

# let x = -2; o
val x : int = —2
# match x with
— | y when y > 0 -=> y
| | 0 ->0
| y when y < 0 => (- Y)
[ -> failwith "impossibl e"j;;

.o. po«-«bt@‘ _can Gk«f/ra be \woed - ‘h:: | ﬁ f
mcdfcj'\ Sheudd wred  uePues (pours EUJH
o r&) ok .. }) ree Gui}.?

WA A R A Tl R ’_,!;,\‘r— .!..!11_;! 1S |J’L JFJL' A

\-.

B B @ -'J,.!;t |

B
A

lv-

TN

oy o) LN r
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-- 'chs:a)i H‘-‘L i.;ﬁvhd’ui,
r:._. .
I Matching
=
= A pattern matching appears after the keywords function, or
D with ) ]

B (in function matching, try ... with matching, or match
=S with matching).
Warning: a pattern matching which is nested inside another
- one must be enclosed by begin end keywords.

=S A pattern matching is a list of clauses pattern ->

7 expression: each clause is tried in the order of presentation:;
the first clause for which the pattern corresponds to (is
-

m__/

more general than) the value is selected; the corresponding
expression is then returned.

There are constant patterns, variable patterns or compound

= patterns.

e

| | ‘constant_pattern -> expression

.= | variable pattern -> expression

. | compound_pattern -> expression;;

=% Constant pattern: the constants of the language, such as 1,
<ol "poi", true, Or constants constructors.

= For instance ;

= let rec fact = function

- | cor==

£ | n => n * fact (n - 1);;

- & Variable pattern: identifiers or the character

% For instance

mC let rec fib = function

i | 1T =31

- | n => £ib (n - 1) + fib (n - 2);;

y

| Compound pattern: a constructor applied to a pattern
- Constructor pattern,lists x :: 1,tuples (patternl,
e pattern2), records {labell=patternl; ...;

= labeln=patternn}.

=

o (

-

~ ©P. Cousot




Complex patterns: _ - | 57

e tuple pattern: | (pattern, pattern) ->
expression
alias pattern: | pattern as ident -> expression
or pattern: | constant pattern |
constant pattetrn -> expression

® range pattern: | character pattern .. character
pattern -> expression
Example:

let letter = function-

| ~ -~ -~ -

a Loz | RN e T2 =5 true
| _ -> false;;

"o (Clause with guard: | pattern when condition -> .
expression
Example:

let letter = function

| ¢ when ¢ >= “a” && c <= "z~
|| ¢ >= "A° && ¢ <= "2 -> true

| _ -> false;;

Explicit call to the pattern matching

match expression with matching

%

For instance:

match £ 2 with
| 1 -> expression
| n => expression

Anonymous function

With a single argument: function x -> expression

With pattern matching on this argument:

function
| pattern -> expression

| pattern -> expression

With several arguments: function x -> function y ->
expression

© P. Cousot
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# let £ = function x —> match x with ] |
| true -> 1 |
| false => 0;;
val f : bool -> int = <fun> . =}
# let £ x = match x with it T (W |1 S
| true -> 1 =t =2 | |
| false -> 0;; e L [ .

val f : bool -> int = <fun> L el [ ] .
# let £ = function I
| true -> 1

| false -> 0; i
bool —> hote = <hosunr R T 7 () I 1 —-—--l~'
— LSS e e | |

! val £ :
| #
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# let x = ref 0; L
val x : int ref = {contents = 0} 1
# 1x;
== % J.nt =0
ot LD e
L st ER =i ()
# lx;;
- : int = 1
#
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References

Definition: let x = ref 0 in ...
Access: operator ! (! reference)
Assignment: operator := (reference

For instance: x := !x + 1

60
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excephon 0

L | # 1/0;; :
Exception: Division by zero.

IR on exprewon @ oy cause an exaflan,
& con be  caught Yo prouvecle an allenatle
LR e e

T

921

| *r_ré_ el [N (e Lol N Eg2 La e, [T

e, v

...... # try 1/0I L . | 1 |

with Division_ by zero -> 0;;
L~ 3 int = 0 &

| # exception Positive;;
exception Positive
# exception Negative;;
exception Negative
# let x = -1;;
val x : int = -1
# try -
if x > 0 then raise Positive else raise Negative .
with '
| Positive -> 1
| Negative -> -1;;
- : int = -1

#

b
D i Brworded Yothe onclosin  kGsch UPhaale
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# exception Errorj;
exception Error
try 1/0 with
| Exrror -> 0;;
Exception: Division by zero.

# exception Error of string;;
exception Error of string

# Xi; i
- : int = -1 =
# try
if x > 0 then raise (Error "positive")
= else raise (Error "negative")
with ?
| Error s -> print_endline s
H
negative

- : unit = ()

¢ \Qr ca,\c)r\ma ‘g CLr\ E)Cpr-t’mro/\ CON  tyaaye moHﬂU\

of +he  salrne esﬁ'&phaq -

# exception Error;;
exception Error
# try 1/0 with
Division by_zero -> raise Error;;
Exception: Error.
# try 1/0 with &
Division by zero -> raise Division by zero;;

Exception: Division_ by_zero.
#
Exceptions

Handling: try expression with matching

Throwing: raise constant_exception Or raise
(exception_with _argument expression)

Defining exceptions

exception Constant_ Exception;;
exception Exception with argument of
type expression;;

© P. Cousot
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# let x = 1;;

val x : int =1

# print_int x; x+1;;
l1- : int = 2

#

# exception Error;;
exception Error

# raise Error; 17;;
Exception: Error.

#

s
y

Sequence

&

Syntax: expression; expression
Warning: must be enclosed by begin end in the arms of a
conditional if then else.
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# if true then 1 else 2;;

| #

#

This expression has type int but is here used with type unit

s int = 1
if false then 1 else 2;;
: int = 2

if true then 0;;

# if then then (); 1 else (); 2;;
Syntax error
# if true then (); 1 else (); 2;;
Syntax error

SLCe

# if ttrue then begin (); 1 end else begin (); 2 end;;

=rdnt = Sy

# if false then ((); 1) else ((); 2);;

- 3 dint = 2
A I
( -/
L L]

Conditional

Syntax: if condition then expression else
expression

Warning: if condition then begin el; e2 end else
begin e3;

ed4d end

Standard comparison operators: <, >

Physical equality: ==

é
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# for i = 0 to 10 do print_int i done;;
012345678910~ : unit = ()

# for i = 10 downto 0 do print int i done;;
109876543210~ : unit = ()

H o

; -wL\lQe 630(3(:

# let j = ref 10;;

val j : int ref = {contents = 10}
# while !3j > 0 do print_int !j; J
10987654321~ : unit = ()

!5 - 1 done;;

! .Excﬁp?m can be LL/G(?J 15| _‘Q_)Ci'[__ 6:3066‘

# exception Exit of int;;
exception Exit of int
# try
for i = 0 to 10 do
if i = 5 then raise (Exit i) else print int i
done N
with
Exit i -> print dnt i;;
012345- : unit = ()

& &

Loops

HE el G

0 to 10 do print int i done
Eor i 10 downto 0 do print int i done
while !j > 0 do j := !j - 1 done

for i

BE
|

A

‘© P. Cousot
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Lng)u}/oujp\«t} n. OchAML

% ocaml
Objective Caml version 3.06

# let file = open out "file.txt";;
val file : out_chamnel = <abstr>
# output_string file "abe\n";;
- : unit = ()
# output_string file "efg\n";;
- : unit = () -
# °D =
% cat file.txt
abc
efg
% ocaml
Objective Caml version 3.06

# let file = open_in "file.txt";; &)
val file : in_channel = <abstr>

# input string;;

Unbound value input_string

# input_line file;;

: string = "abc"

input_line filej;

: string = "efg"

input line file;;

#
#

_Exception: End_of_ file.

# °D
%

/
/!

N

_Input-outi)ut

e Screen:

Printing: print_string, print_int, print_float, ...

or encore printf "%d\n" 1
e Keyboard: read_line
e Files:
o for reading: open_in, close_ in,
input line, input_string, input_char
o for writing: open_out, close_ out,

output string, output_char (struétured data:

input_value, output_value)

67
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# Printf.fprintf stdout "(%i)-[%s]-[%c]\n" 123 "abc" 'X';;
(123)-[abc]-[X] =

- : unit = ()
#

Module Printf

Formatted output functions.

|
|

IR IRS

1
|

val fprintf : Pervasives.out_channel -> ('a, Pervasives.out channel, unit) format -> 'IN

fprintf outchan format argl ... argN formats the arguments argl t0 argN
according to the format string o rmat, and outputs the resulting string on the
channel cutchan.

The format is a character string which contains two types of objects: plain characters, which
are simply copied to the output channel, and conversion specifications, each of which causes

conversion and printing of one argument.

Conversion specifications consist in the  character, followed by optional flags and field
widths, followed by one or two conversion character. The conversion characters and their
meanings are:
e ¢ OF i:convert an integer argument to signed decimal.
o u:convert an integer argument to unsigned decimal.
o -: convert an integer argument to unsigned hexadecimal, using lowercase letters.
o x:convert an integer argument to unsigned hexadecimal, using uppercase letters.
- convert an integer argument to unsigned octal.
. insert a string argument.
: insert a string argument in Caml syntax (double quotes, escapes).
e c:insert a character argument.
o C: insert a character argument in Caml syntax (single quotes, escapes).
o ¢:convert a floating-point argument to decimal notation, in the style dddd. ddd.
o © or &: convert a floating-point argument to decimal notation, in the style d . ddd
=+-dd (mantissa and exponent).
e o or c: convert a floating-point argument to decimal notation, in style £ or <, &
(whichever is more compact).
e b: convert a boolean argument to the string true or false
e 1d,11i,1lu,1x, 1%, lo: convert an int 32 argument to the format specified by the

second letter (decimal, hexadecimal, etc).

o
0

e nd, ni, nu, nx, nX, no: convert a nativeint argument to the format specified by the
second letter.
e Ld,Li,Lu,Lx, LX, Lo: convert an int 64 argument to the format specified by the

second letter.

o =: user-defined printer. Takes two arguments and apply the first one to outchan (the
current output channel) and to the second argument. The first argument must
therefore have type out channel -> 'b -> unit and the second 'b. The output
produced by the function is therefore inserted in the output of tprint £ at the current

YOO ECLLULReUULTUUEYOETIE
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point. - .
e Lisameas ‘=, but takes only one argument (with type o+ _channel -> unit)and
apply it to cutchan.
o < take no argument and output one - character.

The optional flags include:

o - left-justify the output (default is right Justification).
e 0: for numerical conversions, pad with zeroes instead of spaces.
o +: for numerical conversions, prefix number with a sign if positive.

space: for numerical conversions, prefix number with a space if positive.
t: request an alternate formatting style for numbers.

The field widths are composed of an optional integer literal indicating the minimal width of
the result, possibly followed by a dot . and another integer literal indicating how many
_ digits follow the decimal point in the * 1 , te, and *E conversions. For iqstance, “6d prints an
- integer, prefixing it with spaces to fill at least 6 characters; and « . 4 f prints a float with 4
fractional digits. Each or both of the integer literals can also be specified as a *, in which
case an extra integer argument is taken to specify the corresponding width or precision.

Warning: if too few arguments are provided, for instance because the »+int ¢ function is
, Partially applied, the format is immediately printed up to the conversion of the first missing
argument; printing will then resume when the missing arguments are provided. For example,

List.iter (printf "x=%d y=%d " 1) [2;3] prints <=1 -2 3 instead of the expected
x=1 y=2 x=1 y=3. To get the expected behavior, do List.iter (fun v =>
printf "x=%d y=%d " 1 y) [2:3].

val printf : ('a, Pervasives.out channel, unit) format -> 'a

Same as Print'f. fprint £, but output on st dout,

&

val eprintf : ('a, Pervasives.out channel, unit) format -> 'a
Same as Printf. fprint £, but output on =tderr.
val sprintf : ('a, unit, string) format -> 'a

Same as printf. fprifit £, but instead of printing on an output channel, return a string
containing the result of formatting the arguments.

val bprintf : Buffer.t -> ('a, Buffer.t, unit) format -> 'a

Same as printf. fprint f, but instead of printing on an output channel, append the
formatted arguments to the given extensible buffer (see module Buffeh).

val kprintf : (string -> string) => {('a; unit; string) format -> 'a

kprintf k format a rguments 1s the same as = printf format arguments, exccpt that
the resulting string is passed as argument to «; the result of « is then returned as the result

of kprintf.

© P. Cousot
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A on @Jagsedr 'a? *d Hen a, b Lloﬁ
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¢ 04,0, ,dn ez %rg((q,,) qL) qs) %)
°f E’e' C ( A* £2,)* tg,) t—n |

# 5, 6:r -

- : int * int = (5, 6)

# 5; uabctl;; -

: int * string = (5, "abc")

# 6, "abc", true, 1.5;; ' 4

- : int * string * bool * float = (6, "abc", true, 1.5)

@

Pair operations
val fst ¢ 'a * 'b —> 'a Return the first component of a pair.
val snd : 'a * 'b -> 'b Return the second component of a pair.

# fst;;

‘a * 'b -> 'a <fun>
fst (1, 2);;
H atihs ol
snd; ;
:t 'a * 'b > 'p
and L8005
: int = 2
fst 5, 6
i
This expression has type int but is herée used with type 'a * 'b
# Est (5,76);;
- : int = 5

# let palr X y = X, Yi; = .

val pair : 'a -=> 'b => 'a * 'b = <fun>

# pair 5, 6;; ||
L - ? (' a'—>'int * ' a) * int = (<fun>, 6) ol
| # pair 5 6;;

— : int * int = (5, 6)

<fun>

Il

&

#
¢
v
v

A
4
;
o
L
B
o
.

# pair;;

- : 'a->"'b ->"'a* 'p <fun>
# fst;;

- : 'a * 'b -> 'a = <fun>

# snd;;

- 'a * 'b => 'b = <fun>
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— T -> T’ est le type des fonctions de T dans T’ ;

— T * T? est le type des paires de premier élément de type T et
de second élément T’ ; ' |

— -> et * sont associatifs a droite; »

— Types polymorphes: les ’a, ’b, ’c, ...dénotent un type mon-
omorphe (int, (int * string), ...quelconque.

e b—

Exa.me\e,o | oF mc‘_o(reor f}eépeu .|

. # pair pair 4 5 6;;
This function is applied to too many arguments
# pair (pair 4 5) 6;;
- : (int * int) * int = ((4, 5), 6)
# fst pair 5 6;;
This expression has type 'a -> 'b -> 'a
(g =3 d == e EEE
«# fst (pair 5 6);;
I—-:int=5

ExcngLﬁo oP ,P\,man_o ﬂctCa

* 'b but is here used with type

'I.E .EQ ._,a AN RMC/t’—‘:h um,l'k N ‘oo\rame‘tﬁh

“hen (P a> D o %.Mdmo/\ t.uLHh m- i loafamebf&
yuch +h el

L,? 3] dL--, 19& Q- O -
or 'exam& EEEENEREE | - r

# pair;;

- & a => 'hi—-> 'a xtbi=ssEun-

# let pairb5 = pair 5;;

val pair5 : '_a -> int * '_a = <fun>
# pair5 6;;

- : int * int = (5, 6)

# pair5;;

- : int ->» int * int = <fun>

"© P. Cousot
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.# let prod x y = X * Yi:

val prod : int -> int -> int = <fun>
# prod 10 15;;

- : int = 150

# prod 10;;

- : int -> int = <fun>

# .

# let timesl0 = pf&d 10;;
val timesl0 : int -> int = <fun>
# timesl0 20;;
- : int = 200
# timesl0 timesl0 20
rr
This function is applied to too many arguments
# timesl0 timesl0 20;; <
This function is applied to tco many arguments
# timesl0 (timesl0 20);;
- : int = 2000
#

\..U\PT\ o ?U‘\%Q !paﬁ o {QUH

‘# let sigma Xy = X t* ¥Yii

val sigma : int -> int -> int = <fun>
# let sigma' (X, y) = X + ¥i:

val sigma' : int * int -> int = <fun>
# sigma 10 20;;

- : int = 30

# sigma' 30, 20;;

This expresslon has type int but is here used with type int * int
# sigma' (10, 20),,

- : int = 30

_ L G v\{;co}'of\ /'De cutu\%co&»:n

)
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# let curry £ x y = £ (X, ¥)i;

val curry : ('a * 'b -> 'e¢) => 'a -> 'b -> 'c = <fun>
# let uncurry £ (x, y) = £ x y;;

val uncurry : ('a -=> 'b -> 'c) => 'a * 'b -> 'e = <fun>
# mul;;

- int -> int -> int = <fun>

# uncurry mul;;

- int * int -> int = <fun>

# (uncurry mul) (2, 3);;

- : int = 6

# let add (%, y) = x + ¥;;

val add : int * int -> int = <fun>

# curry add 4 5;;

- & int =9

73
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Vedors & OCAML
SIS ' § .
Py ﬂ{rcué; 6.V, uec’x;r‘.s o£ m\,d' &F&‘& (JCA»--QL%‘
— - # & 1; 2; 3|17 "
| o De%-ﬂ\ﬁ-’\ 12 ~ ¢ int array = [|1; 2; 3|1
. # Array.make;; i
- : int -> 'a -> 'a array = <fun>
# Array.make 10 0;;
~ ¢+ int array = [|0o: @; 0y 0 07 07 0% Op 07 0]}
# Array.length [| 1; 2; 3|1;;
- : int = 3
| | | A ! } |
o Prcexn o o Creuy ebipnelr (lake cae do ours F bawad
W&K@&) _\
1 # 0] I; 25 3|1-(0);5;
- : intg = 1 -
# 0 T 25 3
- : int = 2
# [ 13 25 3]1.(2)::
J - : int = 3
' # Arrayv.get [| 1; 2; 3|1 2::
- : int = 3
# 0| o283
Exception: Invalid_argument "Array.get".
. Hmicﬁnme«d( :
" # let £t = [| 1; 2; 3|17
val t : int array = [|1l; 2; 3]|]
# tU(0) <- 10;;
- : unit = ()
# ti;
- : int array = [[10; 2; 3]|]
o Tterafon :
. # ti; | 217 |
- : int array = [|10; 2; _ ) b G
# for i = 0 to Array.length t - 1 do t.(1) <- t.(i)+1 done;j; :
- : unit = ()
# ti;
- : int array = [|11; 3; 4]]
© P. Cousot
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Module Array

module Array: sig end

Array operations.

val length : 'a array -> int

Return the length (number of elements) of the
given array. =~

1

val get : 'a array -> int -> 'a

Array.get a nreturns the element number n
of array a. The first element has number 0.
The last element has number Array.length a
= 1y

‘ Raise Invalid argument "Array.get" if n
is outside the range Q to (Array.length a -
1). You can also write a. (n) instead of
Array.get a n.

val set : 'a array -> int =-> 'a -> unit

Array.set a n x modifies array a in place,
replacing element number n with x.

Raise 1nvalid argument "Array.set" ifn
is outside the range 0 to Array.dength a -
1. You can also write a. (n) <- x instead of

Array.set a n =
val make : int -> 'a -> 'a array

Array.make n x returns a fresh array of
length n, initialized with x. All the elements of
this new array are initially physically equal to
% (In the sense of the == predicate).
Consequently, if = is mutable, it is shared
among all elements of the array, and '
modifying x through one of the array entries
will modify all other entries at the same time.

Raise Invalid_argument ifn < o0oorn >
Sys.max array length. If the value of x is a
floating-point number, then the maximum size

=
=)
e
I
|
=)
i
3
Ee=g
o
=
il
=
=
=
=
-
>4
s
:z:
=
=:
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val

val

i i i i O .

is only sys -max array_length / 2,

'

create : int -> 'a -> 'a array

Deprecated. Array.create is an alias for
Array.make,

init : int -> (int -> 'a) -> 'a array

Array.init n f returns a fresh array of
length n, with element number i initialized to
the result of £ i.In other terms, Array.init
n f tabulates the results of ¢ applied to the
integers 0 to n-1.

Raise Invalid argument ifn < 0oorn >
Sys.max_array_ length, If the return type of
f 18 float, then the maximum size is only
Sys.max array_ length / 2,

val make matrix : int -> int -> 'a -> 'a array array

val

val

val

val

Array.make matrix dimx dimy e returns a
two-dimensional array (an array of arrays)
with first dimension dimx and second
dimension dimy. All the elements of this new
matrix are initially physically equal to e. The
element (%, v) of a matrix m is accessed with
the notation m. (x). (v).

Raise Invalid argument if dimx or dimy is
negative‘or greater than

Sys.max array length. If the value of  is a
floating-point number, then the maximum size
18 Olﬂy Sys.max array length / 2.

create_matrix : int -> int -> 'a -> 'a array array

Deprecated. Array.create matrix is an
alias for Array.make matrix.

append : 'a array -> 'a array -> 'a array

Array.append v1 v2 returns a fresh array
containing the concatenation of the arrays v1
and v2.

concat : 'a array list -> 'a array

Same as Array.append, but concatenates a
list of arrays.

sub : 'a array -> int -> int -> 'a array

Array.sub a start len returns a fresh array

76
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I
i

of length 1en, containing the elements number
start to start + len - 1 of array a.

I
|

|
|

Raise Invalid argument "Array.sub" if
start and len do not designate a valid
subarray of a; that is, if start < 0, 0r len <
0,0r start + len > Array.length a.

val copy : 'a array -> 'a array

Array.copy a returns a copy of a, thatis, a
fresh array containing the same elements as a.

val fill : 'a array -> int -> int -> 'a -> unit

Array.fill a ofs len x modifies the array
a in place, storing x in elements number of s
0 ofs + len - 1,

_RaBeInvalid_argument "Array.fill" if

ofs and len do not designate a valid subarray
of a.

val blit : 'a array -> int -> 'a array -> int -> int -> unit

Array.blit vl ol v2 02 len copies len
elements from array v1, starting at element
number o1, to array v2, starting at element
number o2. It works correctly even if v1 and
v2 are the same array, and the source and
destination chunks overlap.
RaBeInvalid_argument "Array.blit" if
ol and len do not designate a valid subarray
of v1,orif o2 and 1en do not designate a
valid subarray of v2.

val to_list :,'a array -> 'a list

Array.to list a returns the list of all the
elements of a.

HE U000 CCUEUENUEEUL

val of list : 'a list -> 'a array

I
()

Array.of list 1 returns a fresh array
containing the elements of 1.

1

l
J

val iter : ('a -> unit) -> 'a array -> unit

Array.iter f a applies function f in turn to

all the elements of a. It is equivalent to £
S (0 e EUSH 0 P SR ¢

r

|l | !
H U
| G | L

-
|

a.(Array.length a - 1); ().

val map : ('a -> 'b) -> 'a array -> 'b array

5 © &

© P. Cousot
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Array.map f a appﬁesfuncﬁon f to all the
elements of a, and builds an array with the

results returned by £: [| £ a.(0); £ra.(1);
.» f a.(Array.length a - 1) |1.
val iteri : (int -> 'a -> unit) -> 'a array -> unit

Same as Array.iter, but the function is
applied to the index of the element as first
argument, and the element itself as second
argument.

val mapi : (int -> 'a -> 'b) -> 'a array == 'b array

Same as Array.map, but the function is
applied to the index of the element as first
argument, and the element itself as second
argument.

val fold left : ('a -> 'b => 'a) -> 'a - 'b array -> 'a

Array.fold left £ x acomputes £ (...
(B (S 2 a0 AR a.(n-1),
where n is the length of the array a.

val fold right : ('a => 'b —=> b)) -= 'a array -> 'b -> 'b

Array.fold_right f a x computes £ a.(0)
(F a2 ()l (Snnie  iE AR =E )l . )l
where n is the length of the array a.

Sorting

val sort : (fa -> 'a -> int) -> 'a array -> unit

Sort an array in increasing order according to
a comparison function. The comparison
function must return 0 if its arguments
compare as equal, a positive integer if the first
is greater, and a negative integer if the first is
smaller (see below for a complete
specification). For example,
Pervasives.compare is a suitable
comparison function, provided there are no
floating-point NaN values in the data. After
calling Array. sort, the array is sorted in
place in increasing order. Array.sort 18
guaranteed to run in constant heap space and
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(at most) logarithmic stack space.

The current implementation uses Heap Sort. It
runs in constant stack space.

Specification of the comparison function: Let
a be the array and cmp the comparison
function. The following must be true for all x,
Y Ziina;

o cmp x y>0ifand only if cmp y x<0
o ifcip x y>=0and cmp y z >= 0 then
cmp X z >= 0

When Array.sort returns, a contains the
same elements as before, reordered in such a
way that for all i and j valid indices of a :

1]

® cmp a. (i) a.(4)>=0if and only if i

>=]

val stable sort : ('a -> 'a -> int) -> 'a array -> unit

Same as Array.sort, but the sorting
algorithm is stable (i.e. elements that compare
equal are kept in their original order) and not
guaranteed to run in constant heap space.

The current implementation uses Merge Sort.
It uses n/2 words of heap space, where n is
the length of the array. It is usually faster than
the current implementation of Array.sort.

val fast.gorty: (la == 'a -> int) —= 'a array -> unit

Same as Array.sort Or Array.stable sort,
whichever is faster on typical input.
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B Lk o amubable | enuiies o sk of

«ht:[O;S] ua || Lo--——-shoka‘{ AREEENEE

' | cmequ,& [ iids efcky S e el

T Y poquuen wndenterdable . Usaccemb@ cefba
5 ore | oorhoge collocked owdornahcalln .

[ LisY _ang\_gu\Va_‘._ R [ [ ] ] ]
L # [152;3;4]5; .
- ¢ int list = [1; 2; 3; 4]
| ,# ["a","ab","abc"];; )
| = 3 (string * string * string) list = [("a", "ab", "abc")]
i Ol = P
: 'a list = []
[[17;2]; [1; [3;4:51; [611;:; :
_ : int list list = [[1; 2]; [1; [3; 4; 5]; [6]]
# [true; 1]1;; 4
- This expression has type int but is here used with type bool
# [1;01]1:; :
~ This expression has type 'a list but is here used with type int

; 9 Note : oM efecnents  nude be QJ@ +Le MAE ﬁ-‘BPé.; f

[ |

s

= N || 1E2 A6 A DO 1S (F | e g S| | ; ? | | Bl
=) <] int_list = [1; 2] - e L - . Z. ISEIEEIE
#[1 2];; | | ! 11 ] S O [ I A ) I | | 1
" . (int * int) list = [(1, 2)] 15 Y (Y ! _ L |
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f- fj(xjgi% .S\‘Sa!\j /) ;{jz;- (FAJ{1{?{cyiQ\}-bl{-(/;; C)(Qﬁ4hf.L;fl

AEREReR S ERsnaREErnaes

#3000 =
- : int list = [3] i I
# 2183l 05 ' ' ' S o =
- : int list = [2; 3] T E La BIIEZ e
# o la2ei 3 - S A
- : int list = [1; 2; 3] . -— ’]‘ _5)2 m DBZ |
— Lkroth of & Bl
| o INJT ] B A
i
# List.length [];7
=k int=0 b

# List.length [1; 2; 31i:
= 2 dnti= 3

il end 40P o B (oo o de G LiP)

# List.hd [1; 2; 31:i:

| - ¢ dng =1
# List.hd [1:7
Exception: Failure Yhdid.

| # List.tl [1% 26 317
- ¢ int list = [2; i]
# List.tl [1;;
Exception: Failure St

b ot ol

. # List.nth [1; 2; 3] 0;;
- ¢ ing = 1
# List.nth [1; 2; 3] 10;;
' Exceptlon. Failure "nth".

__, ‘P(pp&\A ( ______ AQO»LE"\GJCD/‘! of ewb)

# List.append L 2; 31 (47 51:;
_ . int list = [1; 2; 3; 4; 3]
# List.append [1; 2; 31 [lii

_ : int list = [1; 2; 3]
#

[1; 2; 31 @ [4; 5]ii

s int 1ist = [17 25 3; 43 5]
# 11 @ [1; 2; 31:i
_ : int list = [1; 2; 3]

© P Cousot
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# List.rev [1l; 2;-3; 4; 51;;
~ & dnt list = [57 45 3; 2 1]
# List.rev_append [1; 2; 3] [4; 51i;

- : int list = [3; 2; 1; 43 5]

’Feodﬁvxo\ GAh '

21; [1; [3; 4; 51; [611:;

# List.concat [[1l;
3' 4: 5? 6]

| | ="iiint list = [1i 2;
L I\-&Fa}lhg\ on EBAr :_:H
- J iE -

=

# let out x = print_int (x + 1)ii = =
val out : int -> unit = <fun>

# List.iter out [1; 2; 3; 4; 5; 61;;

234567- : unit = ()
# let out2 x y = print_int (x - ¥)ii

val out2 : int -> int -> unit = <fun>

# List.iter2 out2 [10; 9; 8] [1; 3= 5ii=l
963— : unit = (}

E\emex\\(wme %nm CLGO’OG‘ c,oJf\a« (m_a‘g )

# let incr x = X+1;;
| val iner : int -> int = <fun>
# List.map incr [1; 2; 3; 4; 5; 61ii
. int list = [2; 3; 4; 5; 6; 7]
List.rev_map inc¥ [1; 2; 3; 4; 5; 61;:;
. int list = [7; 6; 5; 4; 3; 2]
(=)ii
: int -> int -> int = <fun>
List.map2 (-) [10; 9; 8] [1; 3; 5]i7
: int list = [9; 6; 3]
List.rev_map2 (-) [10; 9; 8] L 3 5]
: int list = {3; 6; 9]

g 7& [x,,)... o =l LT T (f )]
_;.s:‘ceeu.u,a\ Gy T
- REGPE P T, -,)i&j_:z
S AGE @@&%) ) s 2|
f:@ %H @ [’,7.4 st la =
@pc;ousot ?("“ £ ('x.»..) ﬁ(zn) a)--)

o3 31 %1 30
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# (+)i;
- : int -> int -> int = <fun>
# List.fold left (+) 0 [1; 2; 33 4; 5; 61;5;

- int = 21 :

# List.fold left (-) 0 [1; 2; 3; 4; 5; 61;;

- int = =21

# List.fold right (=) [1l; 2; 3; 4; 5; 6] 0;;

- int = -3 - | v

S&\'-%EDFQL_C a()Ua_}'(D;)B (SYal GAFB‘.

# let pos x = x >= 0;;

val pos : int -> bool = <fun> .S
# List.for_all pos [1; 2; 31:;

- : bool = true

# List.for all pos [1; -2; 3];:

# List.exists pos [=1; 2i; =3]1:3

i bool = true

# List.exists pos [-1; =2; =-3]1;:;

- : bool = false

# List.for all2 (=) [1: 25 3] [07 X3 2]:;

- : bool = true

# List.for all2 (Z=) [ids 20 3] N[00
Exception: Invalid argument "List.for all2".
# List.exists2 (>=) [1; 27 31 [3 4: 5]::

: .bool = false

# List.mem 0 [1; 2; 3];;
- : bool = false
# List.mem 1 [1; 2; 3];;
- 1 bool = true

# pos;; -
- int -> bool = <fun>
# List.find pos [-1; =25 3 A;;

int = 3 .

List.filter pos [-1; -2
int list = [3; 4]

List.partition pos =17 =20 38 g iats

- ¢ int list * int list = ([3; 4], [-1; -2])

H#1

i 3; 4]1;:;

HH

el Ty (36 peiape Shiblea | a4 O w7
| ()aufsﬁ (ehhbj uos-@\.x.en - |

#.Tdstrassoc 2REDr Yalts 1 e 2 Yotns 3o Nat T

- : string = "c" .

# List.sassoc 50 [0"a": 1p"b"s 2. "ct: 3,d s,
Exception: Not_ found. e

# List.mem assoc 2 [0,"a"; 1,"b"; 2,"c"; 3,"d"1;;
- 1 bool = true S

# List.mem assoc 5 [0,"a"; 1,"b"; 2,"c"; 3,"d"];;
- : bool = false

o - © P. Cousot
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# List.remove assoc 2 [0,"a"; 1 bl 2 et 3 tdi) h
- (int * string) list = [(0, ratye Ly "BY); (3 d¥)] .
# List.remove assoc 5 [0,"a"; 1 plan e lte s Jitd i fee

won

(int * string) list = [(0, "a"); (1, "By (25 et) i (3 Mdl)]
# List.split [0;"a"; 1,"b"; 2,"C"; Rt jit e
~ : int list * string list = ([0; 1; 2; 3], ["a"; SR p e S STe LA [)
# List.combine [0; I3 2; 3] ["a"; "b"; "c¢"; Uigite]iete
- : (int * string) list = [(0, "a"); 1, B2 te s (34 Yd A

Sor‘}u‘\o\ eikt 2 |
W)

bbb EEEEEEEEEES & &

# let cmp x y = if x < y then -l.élse if x > y then 1 else 0;;
val cmp : 'a -> 'a -> int = <fun>
# List.sort ecmp [1l; 2; 3; 5]:;

: int list = [1; 2; 3; 5] :

T'ter@/\& SDr\'ecg Bisks -

# List.merge cmp [1; 3; 5; 6 25 diy Tl
. int list = [1; 2; 3; 4; 5; 6; 71

fL _7I
s Lists
-
— Definition: [1, [ 1; 2; 3 1,0rx =: 1
Access:
- match 1 with
I | 11 => ...
i [Bzx i L == e
| Assignment: a list is immutable.
= [teration: do_list, map
— Functions: 1ist_length
R J
/ r}
=g

© P. Cousot
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Module List

module List: sig end

List operations.

Some functions are flagged as not tail-recursive. A tail-recursive function uses constant
stack space, while a non-tail-recursive function uses stack space proportional to the length
of its list argument, which can be a problem with very long lists. When the function takes
several list arguments, an approximate formula giving stack usage (in some unspecified

constant unit) is shown in parentheses.

The above considerations can usually be ignored if your lists are not longer than about
10000 elements.

val

val

val

val

val

val

val

© P. Cousot

length : 'a list -> int

Return the length (number of elements) of the given list.
hd @ la diast ==8ilE

Retuin thé first element of the given list. Raise railure "na ifthe list is empty.
ElSna Tiet =BTt

Return the given list without its first element. Raise railure "t1 if the list is empty.
nEesla it = . =

Return the n-th element of the given list. The first element (head of the list) is at position 0.
Raise Failure "nth" if the list is too short.

rev : 'a list -> 'a list
List reversal.
append : %a list —-> 'a list -> 'a list

Catenate two lists. Same function as the infix operator ¢. Not tail-recursive (length of the
first argument). The ¢ operator is not tail-recursive either.

rev append @ Ualast —> 'a list => "a: list

List.rev_append 11 12 reverses 11 and concatenates it to 12. This is equivalent
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toList.rev 11 @ 12, but rev_append is tail-recursive and more efficient. -

val-concat : Ya list list == "a list

Concatenate a list of lists. The elements of the argument are all concatenated together (in the
same order) to give the result. Not tail-recursive (length of the argument + length of the
longest sub-list). -

val flatten : 'a list list -> 'a list

Same as concat. Not tail-recursive (length of the argument + length of the longest sub-list).

[terators
= i
val iter : ('a -> unit) -> 'a list -> unit
List.iter £ [al; ...; an] applies function f intumtoal; ...; an.ltisequivalent
tobegin £ al; f a2; ...; f an; () end.
val*map : (a -> 'b) => 'a list -> 'b list
List.map f [al; ...; an] applies function £ to a1, ..., an, and builds the list [ £
al; ...; f an] with the results returned by ¢. Not tail-recursive.

val rev map : (Maires ) =ss el gk = U s

List.rev_map f 1 givesthe sameresultas List.rev (List.map £ 1), butis
tail-recursive and more efficient.

val fold left : (Ya > 'B —> #a) —> Ya — 'p st —> 'a
List.fold_left 2 = M [l e e hn:iSf (e (S e ) S 2 e T

val Eoldivdghts: (Vg == 'b == Yh) =% 'a list =z Y => b

Eisitealdl Sidhe e (Bl ke anll DUSEE A1 (ErEe N e En Bl sniINGet
tail-recursive.
[terators on two lists .+
val item2ieil(lalt—ath —> nndt) —> Ya list —> My st —> unit
Sitaea 2 aEls s o s vanil] Bl st hn]Ca“Sh]nHﬂ i Al e s a0l o) ik

Raise Tnvalid arqument if the two lists have different lengths.
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val map2 : ('a —-> 'b => '¢) => 'd list => 'b list => & list

Bt anerp e i llasfieli s e [ s e bRlCSTHE @l bl .0 3t bl
Raise 1nvalid argument if the two lists have different lengths. Not tail-recursive.

val rev map2 : ('a ~>“'b => Yo) => 'z Jist => 'b list => '@ list

IRIRIRIRIE

List.rev _map2 f 1_gh@sthesmneremﬂtaSList‘r@u (List.map2 £ l),butﬁ
tail-recursive and more efficient.

val fold. Lefe?, & (Na, == 'bi =& lig == Yayi=s Ia == I ligk == ‘e list -> 'a

Tist.fold left? £ a [Bis ... bnl [€lz ...; enl iSE (s v f (£ a birel)
b2 c2) ...) bn cn.,Raise Invalid argument if the two lists have different lengths.

val fold rightZ : ('a -> 'D -> 'c -> 'e} -> 'a list => !'b list -> 'e -> 'c

Iilst Fold right2 & [aly - ..7 an bly +..; bn] clSf al bl ((f aEWbE {lar it
(f an bn ¢) ...)).Raise Invalid argument if the two lists have different lengths. Not
tail-recursive.

List scanning

val for all & (Tal =>"bool) => Ya/ list > bool

for all p [al;*...; an] checks ifall elements of the list satisfy the predicate p. That is,
itretums (p al) &é& (p a2) && ... && (p anj.

e b dUEEUUUE W YU

val exists : ('a -> bool) -> 'a list -> bool

exists p [al; ...; an] checks if at least one element of the list satisfies the predicate p.
That is, it returns®(p al) || (p a2) || ... || (p an).

val foxr alld = ('a => !Ibi== bheel) => 'a list > lbilist = bool

Same as List.for all, but for a two-argument predicate. Raise 1nvalid argument if the
two lists have different lengths.

SR REE

val exists2 : ('a -> 'b -> bool) -> 'a list -> 'b list_:=% bool

E

Same as List.exists, but for a two-argument predicate. Raise 1nvalid argument if the
two lists have different lengths.

val mem : 'a -> 'a list -> bool

mem = 1 is true if and only if - is equal to an element of 1.

© P. Cousot




val memg : 'a -> 'a list -> bool

Same as 1.ist . mem, but uses physical equality instead of structural equality to compare list
elements. '

List searching

val find ¢ ('a => bool) => "a list -> T'a

find p 1 returns the first element of the list 1 that satisfies the predicate p.
Raise Not_found if there is no value that satisfies p in the list 1.

val Tilter : ('a -> boel) -> 'a list -> 'a list v

filter p 1 returns all the elements of the list | that satisfy the predicate . The order of the
elements in the input list is preserved.

val find all : ('a -> bool) -> 'a list -> 'a list

find all is another name for List.filte
val partitien : [('a —> bool) => 'a list -> 'a list * 'a list
partition p 1 returns a pairoflists (11, 12), where 11 is the list of all the elements

of 1 that satisfy the predicate p, and 1 2 is the list of all the elements of 1 that do not satisfy .
The order of the elements in the input list is preserved.

CHEEHEEEEEEEEE &EEE & &

Y

- Association lists
- val assoc : 'a —> ('a *M'b) list => 'b
assoc a | returns the value associated with key - in the list of pairs 1. That is, assoc a |
- (a,b); ...] = bif (a,b) is the leftmost binding of a in list 1. Raise Not found if
' there is no value associated with = in the list 1.
e val assq : 'a -> ('a * 'b) list -> 'b
-
Same as List.assoc, but uses physical equality instead of structural equality to compare
keys.
.
i val, men asisoc i aREEE (g A ) dlhisE == Shooil
Ci
-, Same as List.assoc, but simply return true if a binding exists, and false if no bindings
i exist for the given key.
Wi
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val mem assq . 'a —=> ('a ¥ 'b) list =2 bool

Same as List.mem assoc, but uses physical equality instead of structural equality to
compare keys.

val remove assoc : 'a -> ('a * 'Hy list => (%a * Th) List

remove assoc a 1 returns the list of pairs 1 without the first pair with key a, if any. Not
tail-recursive.

val remove assq : 'a -> ('a * 'b) Tist => ('a * 'b) list

Same as List.remove assoc, but uses physical equality instead of structural equality to
compare keys. Not tail-recursive.

= “

Lists of pairs

val split @ ('a & 'b) Llist —> ta list > 'b laist

Transform a list of pairs into a pair of lists: split [(al,bl); ...; (an,bn)]is ([al;
.; anl], [(bl; ...; bn]).Not tail-recursive.
val combine : 'a list -> 'b list -> ('a * 'b) list
Transform a pair of lists into a list of pairs: combine [al; ...; an] [bl; ...; bn]is
((al,bl); ... (an,bn)].Raise Invalid argument if the two lists have different

lengths. Not tail-recursive.

Sorting

val sort : ('a -> 'a -> int) -> 'a list -> 'a list

Sort a list in increasing order according to a comparison function. The comparison function
must return 0 if it arguments compare as equal, a positive integer if the first is greater, and a
negative integer if the first is smaller (see Array.sort for a complete specification). For
example, Pervasives.conpare is a suitable comparison function. The resulting list 1s
sorted in increasing order. T.ist . sort is guaranteed to run in constant heap space (in
addition to the size of the result list) and logarithmic stack space.

The current implementation uses Merge Sort. It runs in constant heap space and logarithmic
stack space.

val stable sert : (j'a i—> 'a —> dAnt) -> 'a list => 'a list

© P. Cousot

55—




90

Same as List . sort, but the sorting algorithm is guaranteed to be stable (i.e. elements that
compare equal are kept in their original order) .

The current implementation uses Merge Sort. It runs in constant heap space and logarithmic
stack space. ' o

val tast sort ¢ (Ya-=> 'a —> int) = 'A -list -> 'a list
Same as List.sort Or List.stable sort, whichever is faster on typical input.

val merge ! ('a => 'a => int) ->‘____‘a ligt => %a ldst -> 'a list
I\;Ierge two lists: Assuming that 11 and 1 2 are sorted according to the comparison
function cmp, merge cmp 11 12 will return a sorted list containting all the elements of 1 1

and 12. If several elements compare equal, the elements of 1 1 will be before the elements of
12. Not tail-recursive (sum of the lenghts of the arguments).
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Nesioat /Sum Jypey u OCAML
T %Q,Q&MOG | -’3%- Yha Ou.).’jfomcmw; j}-{; Pe .. m Qef(‘;tlncp_
CL/\ ofdﬂnm woed toa e O(Lﬂ ML c.om‘azf.p_f

JC 22 LN\PDM\BQ_ :KO' )"\ME- ObAﬂCPJ D}e-

U Oonenl 'Mpe@ Slkeh [ as | [etiner| boolemnl
Lor| u\F}ESQf".; | | | |

e \’\Qf‘c}e.ﬁ such uq/:mk(a-) one r\n\m\r cua(.c]

& ‘t’s% 5 which auar e Heied. ak
.%ec@"h Yo cdreck b which caoe o doda

og | “Hr(’ .gc}mm'&‘ bPC oLOeé wI\MkovoJ 4

- % ame\t ", # type boolorint = BOOL of bool i INT of intj;;
' - . type boolorint = BOOL of bool | INT of int
# let x = BOOL truej;
val x : boolorint = BOOL true
# let y = INT 10;;
val y : boolorint = INT 10
# let print_boolorint = function
| BOOL b -> if b then print_ strlng "true"
else print_string "false";
4 INT i -> print_int i;;
val print boolorint : boolorint -> unit = <fun>
. # print_boolorint X;j;

true- : unit = ()

- # print_boolorint y;;
- 10- : unit = ()
#

S Su,m ‘3\6 COA C«Lﬁou be M&J ’}O recoro‘ cME/J
(a gene_ro.,e(tcdti ge Yhe '}wo-caaﬁa boaepcmrj

# type case = AL|IB ] (ei
type case = A | B | C

# let current_state = Aj;
val current state : case = A

ek
./. ]

SEe

Sum type:

type name  =
| Constant_constructor
' | Constructor with_argument of expressi e
©P Cousot 2 _arg pression de type;;
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Recordo Yhak muCLUL(P,Q Wil | laoded)

-ﬁep-i con be deRied A ocAML dﬁfmg
G P,c&l R t @jul,c_ - Gas c\l@ c% ared
wu‘)e\l)\c RV E cowe | new ovofuse  can be
cmmmo:l e ,Qc@é}_

# type recordl = {b:bool; mutable i:int};;

type recordl = { b : bool; mutable i : int; }

# let x = {b = true; i = 5};;

val x : recordl = {b = true; i = 5} 1
# X ’
- : recordl = {b

true; i = 5}

# x.1i <= =10;;

= £ unit = ()

# Xj;

- : recordl = {b = true; i = -10}
r

#

I

# let add recordl rl r2
{ b= risb || x2.b; i = rl.di & r2.1}5;

val add recordl : recordl -> recordl -> recordl = <fun>

# let vy = {b = false; i = 5};;

val y : recordl = {b = false; i = 5}

# X;;

- : recordl = {b = true; i = -10}

# add_reéordl Ry =

- : recordl = {b = true; i = -5}
#
/ ' '}

.{ /7
Record type:

type name = {labell : type of the_field; label2
type of the field};;

A field may be mutable, if declared as: mutable label
type of the mutable field 3
Assignment: record.label <- new_value

© P. Cousot
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# type inttree = Null | Rec of (int * inttree * inttree);; — I//[o \/\

type inttree = Null | Rec of (int * inttree * inttree)
# Rec (0, Null, Null);;

- : inttree = Rec (0, Null, Null) <
# Rec (1, (Rec (0, Null, Null)), (Rec (2, Null, Null)));;

- : inttree = Rec (1, Rec (0, Null, Nully), Rec (2, Null, Null))<§”
#

 # type 'a btree = Empty | Node of 'a * 'a btree * 'a btree;;

type 'a btree = Empty | Node of 'a * 'a btree * 'a btree
# let rec member x btree =
match btree with
Empty -> false
| Node(y, left, right) ->
if x = y then true else
if X < y then memb er x left else member x right;;
val member : 'a -> :'a btree -> bool = <fun>
# let rec insert x btree .
match btree with
Empty -> Node(x, Empty, Empty)
| Node(y, left, right) -> ¢
if x <= y then Node(y, insert x 1 eft, right)
else Node(y, left, in sert x right);:
val insert : 'a -> 'a btree -> 'a btree = <fun>
# insert 1 (insert 0 (insert 2 Empty));;

- - : int btree = Node (2, Node (0, Empty, Node (1, Empty, Empty)), Empty)

# insert "bc" (insert "a" (insert "cde" Empty));;
- : string btree =
Node ("cde", Node ("a", Empty, Node ("bc", Empty, Empty)), Empty)‘fu

%
van%

Ocdased  Hreey -

+ The | reousaive q[‘ldpc, @Lﬁtﬁe};‘\@n can be _kmedppaiégla:c; .

s
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Ex&mp\m. P mmp\.z, g ramd. wvi OCAML

e —————

et et o

Examplzo a£ emy MM1[JWQthBn WA OCP\'HL ..

i a-ppea&w\ *\wo GAks

# List.append [0; 1; 2] [3; 4];:;
—. & amE ddge = [0 1; 23 3% 4
# let rec append x y = match x with
[] == ¥ ¥

| h::t -> h::(append t y);;
val append : 'a list -> 'a list -> 'a list = <fun>
# append [0; 1; 2] [3; 4];;
= sodme bdstl = 05 1l 2E 35 4] =1

= T !
Revennt, o it
o
# List.rev [0; 1; 2; 3; 4];;:
=% int list'= [4; 3+ 2: 12 0]
# let rec rev = function
[l ¥ ==8T]
| h::t -> append (rev t) [h];;
val rev : 'a list -> 'a list = <fun>
# rev [4; 3; 2; 1; 0];;
- s int list = [0; 1; 2; 3; 4]
# .

i more efficied  (HoiP eauiive) Uension s

# let rev 1 =
let rec reverse x y = match x with
==
| h::t -> reverse t (h::y)
in reverse 1 [];;
val rev : 'a list -> 'a list = <fun>
# rey [0 ] -Ra i3] .
— 3 int liisE = [47 3; 2; 17 0]
#

o n_y._@ﬁaﬁ

# let double x = 2 * X;;
val double : int -> int = <fun>
# List.map double [0; 1; 2; 3; 41]1;;
- 3 ant last = [0 2; 4; 6; B8]
# let rec map £ = function
Gl == 10

| h::t -> (£ h)::(map £ t);;
val map : ('a -=> 'b) => 'a list -> 'b list = <fun>
# map double [0; 1; 2; 3; 4];;
- @ int list = [0; 2; 45 6; 8]
#

i

© P. Cousot
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# let square 1 = let Sq X = X * x in map sq 1;;
val square : int list -> int list = <fun>
# square [0; 2; 4; 6; 81]1e0 . wh
- : int list = [0; 4; 16; 36; 64]
#
= qmejCU(U“\,__@\ a efua}’
N ! LU,
# let rec generate f p X =
if not (p X) then [] else x :: generate f p (f x);; :
7 val generate : ('a -> 'a) == ('a=> bopl) —> 'a => ‘a list Y <fun>
# let suce x = x + 1l;;
val suce : int -> int = <fun>
# let interval m n =
let p X = (x <= n) in
generate succ p m;;
val interval : int -> int -> int list = <fun>
# interval 5 10;;
-1 int list = [5; 6; 7; 8; 93 10]
# interval 5 0;;
- : int list = []
#
=
© P. Cousot




Liar cedua (ﬁﬁﬁ} W e arcecknes ‘QG\QQ?

# let rec reduce f a = function

1 ->a
Wt -> reduce £ CF hoa) &) ;

reduee « @Za == b => ’b). => b => ’a list -> ’b = <fun>

o Grrecknesy prof :

reduced fh@ iy, @y .oy Tal =T 2ol 2o f ). ..

reduce . f a2 []

=a par définition
reduce st 3> [y, ..., Znl

= (o otey (. ..(f21 8")...)) hyp. ind.
reduce £ a lzg: ... Znl

= reduce £ (f zg.2a) [z1; ...; zpl par définition

(f 2y (£ “'“”—1('; (fz1 (fzg a))...)) par hyp. ind.

C.Q.F.D. par induction sur la longueur de la liste.

> Exmmp]e .

© P. Cousot

# let rec reduce f a = function

[1 -> a

| h::t -> reduce £ (f h a) t;;
val reduce : ('a -=> 'b -=> 'b) -> 'b -> 'a list -> 'b = <fun>
# let sigma = reduce (+) 0;;
val sigma : int list -> int = <fun>
# sigma [1; 2; 3; 4; 5]1;; '
- : int = 15
# let prod = let £ x y = x
val prod : int list -> int
# prod [1; 2; 37 4; 5];;
- : int = 120
#

* y in reduce f 1;;
= <fun>

# let o £ g x = (f (g x)):;

val o : ('a -> 'b) -=> ('e -=> 'a) -> 'e¢ => 'b = <fun>
# let fact = o prod (interval 2);;

val fact : int -> int = <fun>

# fact 7;;

- : int = 5040

))-
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(T8
pwh 90
i # let rec reduce £ a = function
EC [ == a
J1g. | h:st - > reduce £ (f h a) tj;
. 18 val reduce : ('a -> 'b -> 'b) -> 'b -> ‘a list -> 'b = <fun>

# let partition p =
. let aiguiller x (pos, neg) = .
= if p x then (x::pos), neg else pos, (X::neg)
L& in reduce aiguiller ([1, [1)::
L val partition :
!Ei_ | # let p x = x <= 5 in
-
C 0%

('a -> bool) -> 'a list -> 'a list * 'a list = <fun>

partition p [1; 10; 2; 9; 3; 8; A Fa B 6] :
% e int list % int list = ([5; 4; 3; 23 11, [6; 77 8; 9; 101])

¥

Quich Soit -

gﬂ4 ' # let quicksort le 1 =

- let rec sort = function

1 il ===

— | hi:t ->

—— 2| let p x = (le x h) in

let (left, right) = partition p t in

T append (sort left) (h :: (sort right))

o Inesont L

) b xam E\a N

L L=
I val quicksort : ('a 2> 'a -> bool) -> 'a list -> 'a list = <fun>

. # quicksort (<) [1; 10; 2; 9; 3; 8; 4; 7; 5; 6]:;

I - : int list = [1; 2; 3; 4; 5; 6; 7; 8; 9; 10]

=

: .Eroo.E Akejrbh;

QUICKSORT

- 3 — PRINCIPE DU TRI
= TRIER-

- h | t

[

. PARTITIONNER

left | right
- < h [h]  >n
TRIER- TRIER-
- # triel RicE =

# let (left, right) = partition le(x, h) t in
— # append (trier left) (h :: (trier right) )5
- ©P. Cousot
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- # Array.lengthj; s :
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= f—— # function x -> x;;
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. # function o -> function £ -> function g -> function x -> (f (g x));;
-t 'a->('b->'"¢e) -> ('d -> 'b) >
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— Un type polymorphe peut avoir des instances monomorphes
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# 1if true then 0 else 1/0;

ﬂ;' | = % int =0

e # if true then 0 else 0.
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Cor zxamgs@.
# let x = 1 in 1;;

=~ & int = 1

#

A 5\3@‘3"\ @ %uow.si

(A [T e e R 1 | | (cDNsT,,)
‘\z,> _q['x = D\"j Nt - 120 ‘L'\l" (Vﬂﬂp)
()T \- @ ol Al al lad CnV Qt.)) I_a))(LEJP)
o % 6 €, »w o cseomQ gl d..o 'ékowﬁ .)':eem]:_l

val x @ 1nt =1
# let x = X in x;
== Al

4 ‘“ﬂm/g, D %?ecs oL FOUQ\»:;
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# let o £ g x = (f (g x)}
val o : ('a -> 'b) -> ('e -> 'a) => 'c -=> 'b = <fun>

g

@

 # let succ x = x + 1lj;
val succ : int -> int = <fun>
# 0 succ succ;; 1
- : int -> int = <fun>
# (o succ succ) 0;;
- 1 int = 2

G EHEEEEEEEEH

# not;;
- : bool -> bool = <fun>
# o not not;;
L - : bool -> bool = <fun>
= # (o not not) truej;;
iﬁi - : bool = true
;;_ o #let invy X= 1. /s Xo;
= val inv : float -> float = <fun>
= # (o inv inv);;
= - : float -> float = <fun>
- # (o'inv inv) 3.;;
- 3 float =‘_‘3-
: Po%mwp\'\mm' A Ef‘ah‘f’/\\ﬁO\e o | wnl" mu&&b\g meﬂa‘_
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— En combinant les regles de généralisation (GEN,,) et instantia-
_ tion (INSTp), on peut, au cas ot o € FV(w) et o ¢ FV(I),
istancier :
L =le

en: :
Petlos =7

’O\oaﬂue ok He role  how o restnchisal
ol £ F\JOP) Aok g [ ] should [ndr bel oo
?ﬂx uﬂndlaee. o “)‘?—t emu\renme«\f LI
‘__(\/\m A olo@we.:l o0 ﬁ‘:@ow | |

i i -nj) t-‘d"(r‘) v F\J‘(ﬂ)
FU'(V{\Y) f;é |

FT(a) = H’s |
Al (t =5 Lz) = Fu-(t“‘) - F(J‘(lz.)
o (% ) = W"C’T\‘) N ddd

-~ © P. Cousot

10€

W& | _\g_ 3O calﬂmd | %@nemﬁzgi‘f;:w&i& __”_:_ 1]

- - - | (GEN,) H

L0 Vs W e,mp“g' eau'fomm'v : 



_Exaum\?ﬁf oQ( wreck g@_e;a,aefam-? T

(a) + {lzpa)} =1 ot constante
(b)) OFAz.l: a->int R (a), abstraction
(c) OFEAz.l @ Va.a->int . (b), généralisation

qui signifie, par la regle d’'instantiation:

D Az.1 - booll e>iimt
DXzl - int=>int
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we howe K € FU’(F’) Ao Ye e‘g@ﬁr%@%&fﬁ\d
| cuke | conrel ve “a,@fﬂ@s\) Aine Fh A
“wooukd he d\c_oﬂriecfj os  showa belw :
_ La variable libre a dans ’environnement :
flzia)ffz o
i isigni_ﬁe: Az intlrSse ot

{(z : bool)} =z : bool

— La régle de généralisation est inapplicable. Contre exemple :

{lg: ez« variable
Iz )2 : Vao.a généralisation incorrecte
{2 ine instantiation

qui conduit a la conclusion incorrecte, pour o = bool:

{(z: bool )Fi=z" S e
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A2 %
LT Y
{(z:V
{(z:v
Wz Y

bilet o=y infz z) » o->o

Vo (o

a. (o

Q

Q

s

a.(
a.(o -
a.(a
va.(
a.(

Gt~

let ¢ = Xy in (z z)

>ajl(yia)rby: a

>a))}FAyy : a->a

~>a))JFE Ayy : Yeule>a)

a))}Fz : Vafa->a)

a@lltEr o>

>a))tFz o (a->a)->(a->a)
o))tz g) o>

V

(VARy)
(ABSy)
(GENy)
(VARy)
(INSTp)
(INSTp)
(APPp)
(LETp)
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Z '_\Q.e (;u,( _9"?;’1 | W ‘___un.o)r @Oe&n'\orel\?c' A L
:.:'L\_NL) we Rone seen Yhak a &l can be |
: | ;Poeomofrp\r\}c: The ame ujﬂéj )' a ec}rcc X = euc&'
: con hane  a ebmofp\r\\c. }nﬁ?c_ t.,('“ i [ (ke
u\.\ﬁﬁqa. VON (JOJ‘\T PR Howeuer X carnsr hane

' ff’e\o%pe A e 'ﬂw& @ u\'\au.m b& %

= %Qeﬁwwa Qxampea 4

# let z = function x -> 0 in
= function x -> true in
let rec o = function f -> funection g -> function x -> (£ (g %))
in (((o 2z) t) ((o t) 2))i;
- 2 dint = 0

= function x -> 0 in
let t = function X -> true in
let rec o = function £ -> function g -> function x -> (£ (g X))
in (((o t) z) ((o z) t))ii '

- : bool = true

# let rec z = function x -> 0
and t = function x -> true
function £ -> function g -> function x -> (f (g X))

(((0 z) t) ((ot)_2))

o))

o]

joh

1]
nnn

and b = (((o t) Z)w{(o?l t)

in ()i
This expreSSLOn-ﬁas type bool -> bool but is here used with type bool -> int
# ¢

—Y\'\\)S Qxf‘ﬁi}'cd::dh o EQ 'ﬁ'am *He.' 53( mﬁe@cg
orinm u-J\r\ c]'\ w m/\oubLL $"<> han +‘O recwg‘\.)g_
%urck'ér\s O\ @Lﬁ/\‘(‘\&%. mf\m\'}t‘a ey Ne Cﬂ;”a
whidch con be each With a cl,z]@fcmnk wﬁmﬁr

'\'%@c. ot ._\O\e&l_. Lofion e B.‘oea) YRS

# let rec f = function x -> (X f) in £;
This expression has type ('a => 'b)

._ w\mdﬂ thjpe =4 S\Wc:-u.ﬁt:) Scd:ﬁf&
<= X2 8

o ek o= ((( ~-~-=ﬁ)—=";6)—>d@)-=dﬁ)~>d$)
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ML W“‘“& (wle  for e GF e mmple HE

| Nz = llene 5 i
T =VaVBYy - A aBy,... € FV(IT) A
' =

3 - REC,)
I'klet rec £ =ej.iney : T (BECH

— ¢ peut apparaitre dans e;, mais avec un type monomorphe a
instance unique (récursivité possible);

— z peut apparaitre avec un type polymorphe dans ez (pas de
récursivité). -

1 Se |-d -}-t)eg W fo%maﬁpi\e_ WA olbience a}_mu.u:.\mta _
~buk w oon omar@ne_ N cone o€ P%hm@ ffcw;iu'\tg .

L Emm,ﬂ © . Puume A & FV(PB (E‘%‘ W=l em‘ﬁg)' |

N IRV ES AT FUETE N S S | (AR)

) TP EEFI E TN S AT Y=Y (VAR)

OHUEERERSIETEEGE A CAEDRT GERE IR N AN
UM BERE ST D o NEE NN AN (ot

b’) p_.tf,_z-—.o(-)&\r 3[1';0(3 bl ! dnlt >Rk —b iR (Q\i_) |
) O Redsmilara] -4+ o)t Wi e
(@) T [P el d x4 df ) oot (6) (v@&s) |
@) M@k ec £odadse (Ra) b f oo (3)(2) REC)
(2) M lh e P=adAs (Pa)w po Waswr  (3)Gen)
% %:vumci b‘é%‘ c‘ompi.‘er.; s

# let rec £ = function x -> 1 + (£ X) in £
“—. = la —> int = <fun>

JOCOVEECUTIUEIETOUTOTUTOOUOUEEEdTE

30. La régle donnée par J. TIURYN (Type Inference Problems: A Survey, MFCS 1990, B. Rovan (ed.), LNCS 452, Springer-Verlag,

© P. Cousot
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CONSTITUTION DE L'ENVIRONNEMENT [’

L’environnement I" contient : _

— Le type des variables prédéclarées :
— monomorphes : +: num -> (num -> nuf)
— polymorphes : map: Vo.VB.(a ->8) -> (o 1ist -> 3 list)
= pas de variables de type $oc, - <lipres dams I*;

— le type 7 des variables locales z, qui est:

— un type polymorphe 7 pour vérifier le type de e; dans let = =
e1 in eg ou let rec T = ey in eg; "
= pas de variables de type a, ...libres dans I" *;
— ou, avec un type monomorphe 7 pour vérifier le type de e;
_dans let rec £ =ej in ey ou Az.ej;
= il peut y avoir des variables de type «, ...libres dans I".

INTERDICTION DU POLYMORPHISME EN CAS DE RECURSIVITE
POTENTIELLE

— Conséquence pour les variables de type «, ...figurant dans
I’environnement [":

— Si a ¢ FV(I') alors o n’est pas impliquée dans une défi-
nition potentiellement récursive. Dans ce cas a peut avoir
des instances multiples différentes (par les régles de géné-
ralisation et d'instantiation); |

— Si a est impliquée dans une définition potentiellement ré-
cursive (let rec ou A) alors o € FV(I'). Dans ce cas, o
ne peut donc pas avoir d’'instances multiples différentes.

28. S'il y en a dans 7, elle proviennent d'un let rec ou d'un A englobant et correspondent donc au cas suivant.

Cousot
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D fin . ex p’ar\e/\\’iaq@ Mene, P;{admﬁlﬁ_
i ) G i
= = - -
: e Dans le pire des cas, le temps de calcul et ’espace mémoire
— occupé sont exponentiels en fonction de la taille du programme .
; Par exemple:
Zé; 1 let palr Xy z = Z X i
S| 2
3 let it_be =
= 4 let %1 y = palE ¥ ' 1R.*
5 let x2 y = x1(x1(y)) in
— 6 let x3 y = x2(x2(y)) in
= 7 let x4 y = x3(x3(y)) in »
té? 8 let x5 y = x4(x4(y)) in
9 let 1d z = Zz 1n
= 10 x6(id);;
=5  En pratique, polynomial (en le degré d’imbrication des let).
o '
i 1d1 ability is Complete for Deterministic B onential Time, Conference Record of the Seven-
Q A ::eﬁh T&Eiﬁk%ﬁcg;i:ﬁuginb}jrﬁiciplfs ofpliri)grfamrfmtg Langu:gesa ﬂéi:n Francisco, California, January 17-19, 1990, pp-
382-401.
=
=
=
=)
==
=)
=)
-
o=
=3
=
=
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| SeP o OAL cocop LadSE 4 DCAHL
W i :
i ﬂoO\MEQb .
[ A module is a named structure which fields define types, data and operations
on data: '
1 module B_implementation = o
- 2 [+ struct
e 3 type entier = int
= 4| let.c = ref 1
5 let i () = ¢ = lle £ Mg ; e '
6 let p v = print_int v; print_newline ()
7| end;;
o The type of a module is a signature indicating the types of the fields of the
= structure:
-
L 1| % ocaml
L 2 Objective Caml version 3.06
-
i 3
4| # module B_implementation =
iiJ 5 (" struct ,
L & 6 type entier = ing
7 let ¢ = ref 1
T 8 gl ) Sicl = e * e e )
- 9 let p v = print_int v; print_newline ()
i 10 end;; :
11 module B_implementation
_— 12 sig
i 13 type entier = int
- 14 el (e 3 iliahe elthi
15 Vel el iiebbn = Al
i 16 vallE Pl e >
- 17 end
L 18 # #quit;;
-
i{' . .
= The fields of the structure are accessed by its name, followed by a dot and the
- name of the field:
-

© P. Cousot
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# B_implementation.c;;

= ¢ int ref = {contents = 1}
#1 O,

Unbound value i

# B_implementation.i ();;

= Sinti =2

The scope of a structure can be opened to access its fields directly:

1 # open B_implementation;;

- B O

3 = = dmt= 4

i G '
5 = : int ref = {contents = 4}
6| #3005

7 = { int = '8

gl # pd O)i;

9 16
10 = ¢ it = ()
1. #p @G Q)i
12| 32
13 =N TR =)

iR
© P. Cousot

11¢€



© P.

Signatures

A signature specifies which components of a structure are accessible from the
outside, and with which type. It can be used to hide some components of a

structure (e.g. local function definitions) or export some components with a
restricted type:

# module type A_signature =
sig
type entier
val i : unit -> entier
val p : entier -> unit .-
end; ;
module type A_signature =
_sig type entier val i : unit -> entier val P : entier -> uynit end
e

A signature can be used to make a module “abstract” in the sense that some of
its fields and its actual representation as a, “concrete” type and can b is hidden:

# module B = (B_implementation:A_signature);;
mpduie B : A_signature
# B.c;;

Unbound value B.c

# B.i Qs

- : B.entier = <abstr>
#E BB (D

128 f

=4 unit = () S
# open B;;

#Bpid Q);;

256

— s apiti= ()

One can write either:

module B = (B_implementation:A_signature);;

or equivalently:

module B : A_signature = B_implementation;;

Cousot
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=
1 # module type C_signature =
2 functor (A: A_signatur e) ->
3 : sig
4 val i : unit -> A.entier
5 . val p : A .entier -> unit
6 end; ;
7 module type C_signature =
8 functor (A : A_signature) -> \
9 sig val i : unit -> A.entier val P : A.entier -> unit end
to | # module C_implementation =
11 functor (A: A_signatur e) ->
12 struct
13 type ent = A.entier
14 let £ 1 = ( )
15 : let 4 O = WAL G T ()
16 = let p = A.p
17 end; ;
18 | module C_implementation :
19 functor (A : A_signature) ->
g 20 sig
= 21 , Type ent = A.entier
22 val £ . la => unit
23 val i : unit -> A.entier
24 val p : A.entier -> unit
25 end
26 | # module C = (C_implementaticn:C_signature);;
27 | module C : C_signature
28 | # module D = C(B);;
20 module D : sig val i’: unit -> B.entier val p : B.entier -> unit end
30 #D.p (D.i- O);;
31 1024
32 = I Uniti=NE)
33 | # open D;;
gl | # p (G Ovss
35 4096
36 L* Iounit o= 0
—1

12C
Functors

e e ————

A functor maps structures to structures. More precisely, a functor F' parame-
terized with a formal parameter A (along with the expected signature for A)
maps any actual implementation B (B’, B”, ... ) of the expected signature for
A to a structure F(B) (F(B') HBLLE S
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Example modular program

In summary, the modular program is:

module type A_signature =
sig
type entier
val i : unit -> entier
val p : entier -> unit
end; ;

-

module B_implementation =
struct
type entier = int
let ¢ = ref 1 "
Lot 1. () =/c = lc ¥ lg ; le
let p v = print_int v; print_newline ()
end;; ’
module B = (B_implementation:A_signature);;

module type C_signature =
functor (A: A_signature) ->
sig
val i : unit -> A.entier
val p : A.entier -> unit
end; ;

module C_implementation =
functor (A: A_signature) ->

struct
type ent = A.entier
let £ i = ()
Tetii @ = £ CAde ()i A i 0
let p = A.p
end; ;

module C = (C_implementation:C_signature);;
@

module D

C(B);;

D.p (D.i O));;

The program p.ml can be interpreted as follows:

ocaml p.ml
4

a i o i
The program p.ml can also be compiled and executed as follows:

% ocamlc p.ml -

% ./a.out
4

- e —— 4 5 2 > . e A . i
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Separate Compilation
The modules Name of the program can be organized into separate files:

e name.mli, analegous to the inside of a sig ... end construct, for signatures
specifying the module interface;

e name.ml, analogous to the inside of a struct ... end construct, specifying
the module interface.

So a pair of files name.mli and name.ml is equivalent to the definition of a mod-
ule Name (same name as the base name of the two files, with the first letter
capitalized) that would be defined as follows:

1 | module Name: sig (¥ contents of file name.mli *) end
2 = struct (* contents of file name.ml *) end;;

VR R R R R R R

A single file name.ml (without corresponding name.mli) is equivalent to the fol-
lowing definition:

1 module Name = struct (* contents of file name.ml *) end;;

The program p.ml can be decomposed into the following separate files:

e a.mli

i
1| module type A_signature =
2 s51g
3 type entier
4 val i : unit -> entier
5 val p : entier -> unit
6 end; ; L e
® b.mli

1 open A;;
2 module B : A_signature;;

© P. Cousot - [
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3 e b.ml
3 1 open A;;

' 2 | module B_implementation =
; 3 struct -
4 type entier = int

5 let ¢ = ref 1

6 let i () = c := lc + lc ; lc
3 7 let p v = print_int v; print_newline ()
| 8 end; ;
? 9 module B = (B_implementation:A_signature);;
=3
@ e c.mli
E 1 open 4;;
- 2 | module type C_signature =

' 3 functor (A: A_signature) ->
2 4 sig
= 5 val i : unit -> A.entier
e SN - val p : A.entier -> unit
7 end; ;
N 8 module C : C_signature;;
-—
—
bl e c.ml
-
C i 1 open A;; »

' 2 | module type C_signature =
3 functor (A: A_signature) ->
4 sig
i 5 val i : unit -> A.entier
6 val p : A.entier -> unit

7 end; ;
s | module C_implementation = L
9 functor (A: A_signature) -> T
i 10 struct
11 type ent = A.entier
— 12 let £i= 0
T 13 let M@= (K31 O Aui ()
14 let p = A.p
il 5 15 end; ;
16 | module C = (C_implementation:C_signature)
i
e d.ml
-l
1 open B;;
L 2| open Cj;; E
— 3| module D = C(B);;

© P. Cousot
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® e.ml

1 open D;;
2 D.p (D.d ());;

-

The files defining the compilation units can be compiled separately using the
ocamlc -c command (the -c option means “compile only, do not try to link”).
The compilation of a .mli produces a compiled module interface file .cmi while
that of a .mlo produces a compiled module object file .cmi. When all units have
been compiled, their .mlo files must be linked together using the ocaml -o exec
command to produce an executable file exec (a.out by default):

1 ocamlc -c a.mli
2 | ocamlc -c b.mli
3 ocamlc -c b.ml
4 ocamlc -c c.mli
5 ocamlc -c c.ml
6 ocamlc -c¢ d.ml

7 ocamlc -c e.ml

8 ocamlc b.cmo c¢.cmo d.cmo e.cmo
9 ./a.out ’

10 4 =




ng uleice  belkueen b JaloVs CLXQKU\ mr"‘puee&

modules  ond o awv\ep. pmp\(‘m

d.ml and e.ml are equivalent to the following single file:

Notice that only top- level structures can be mapped to separately-compiled files,
but not functors nor module types. So the functors or module type signatures
have to be included inside a top-level structure defined in a separate file.

For example, the separately compiled files a.mli, b.mli, b.ml, c. mli, c.ml,

2| module A = struct
3 | module type A_signature =

4 sig

5 type entier

o | val i : unit -> entier
7 val p : entier -> unit
8 end; ;

9 end; ;

10 | module B : sig

11 | % open; A

12 | . module B : A_signature;;
13 end = struct

14 open A;;

15 | module B_implementation =
16 struct

17 type entier = int

18 let ¢ = ref 1 4

19 let 4 O =¢ = lc + lg 3 lc

20 let p v = print_int v; print_newline ()
21 end; ;

22 | module B = (B_implementation:A_signature);;
23 end; ;

24 | module C : sig
25 open A;;
26 module type C_signature =

27 functor (A: A_signature) ->

28 sig

29 val i : unit -> A.entier
30 val p . A.entier —> unit
31 end; ;

32 module C : C_signature;;
33 end = struct

34 | open A;;

35 | module type C_signature =

36 functor (A: A_signature)

a7 sig

38 : val i : unit -> A.entier
39 val p : A.entier -> unit
40 end; ;

CTEOE I UU U UMV EEEC U EEUETIUEUUEUUEUE
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41 | module C_implementation =
42 functor (A: A_signature) ->
43 struct
44 type ent = A.entier
45 let £ i = () X
46 letia () =% (A4 ) A0
47 let p = A.p
48 end; ;
49 | module C = (C_implementation:C_signature)
50 end; ;
51 | module D = struct :
52 open Bj;; ’
53 open C;;
s¢ | module D = C(B);;
55 end; ;
56 open D;;
s7i(SS DR (DI ) s
o

© P. Cousot
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Example script

The following script summarizes the OCaml module system.

1 Script started on Tue Jul 29 11:30:48 2003

2 % 1s - -

3 -

4 a.mli c.ml e.ml p.-ml .

5 b.ml c.mli makefile scriptfile.ml

6 b.mli d.ml makefile.depend typescript

(Ne 'a}\om Yhe _mcthegej \35 POJ}S) and &)f each
ymﬁf He @ooulk m% dn exeanon | F\o\\(efZez:

- HHRHHAHAH AR A4 Documentation S e
#
# To use this Makefile you must create a file makefile.depend,
# using "touch makefile.depend" {
#
#

L Y L VN T T T T T I W R TRV T L L) YT ) 80 0 )| T VR 1LY G 0 S0V T 1 S0 S T Y
L L A L L e 0 e 0 (0 e 1 e

SHELL = /bin/tcsh

.PHONY :all
all : clean original generic compilesep script compile listing interactive

LT
-
-
-
=l
-
= -PHONY : intéractive
L@ interactive “
@echo "*** interactive mode, type:"
- @echo " ocaml"
- @echo "and then:"
- @echo ' #use "scriptfile.ml":;'
@echo " #quit;;"
L1 €echo 'to use "ocaml" interactively with "scriptfile.ml"'
=
1
-

.PHONY : original

original
fecho "*** execution of the original program p.ml:"
ocaml p.ml ;

d Ll
L=  Execitnia

v % make

o 1rm: No match.

10 make: [clean] Error 1 (ignored)

11 *%* execution of the original program p.ml:
12 ocaml p.ml

13 4

© P. Cousot




= b R [ i
- n.&k&& CDQ& ’r\H.p /cam@, mr\a.%‘ /FﬂQ/Ma\(L%‘w _vCamb- eqo\.\‘\ﬁse
A4

— SOURCES = a.mli b.ml b.mli c.ml c.mli d.ml e.ml '__F:f duch o
- OBJS = $(SOURCES:.ml=.cmo) : -
= erenc
- .PHONY : generic : ' )
= generic : message $(OBJS) mﬂkfﬁ&
— ocamlc $(0BJS) (i
-
== €echo "*** execution of the compiled code:" § OCQ_ME_
i: ./a.out
i;_: -PHONY : message
= message :
—= fecho "*** generic separate compilation of the modules:"
— .SUFFIXES: .
T .SUFFIXES: .ml .mli .cmo .cmi
C T
== . -ml.cmo: \
ocamlc -c §<
i—- -mli-cmi:
e ocamlc -¢ S$<
= ,
. makefile.depend: $ (SOURCES2) |
=y $ (CAMLDEP) *.mli *.ml > makefile.depend
= depend: $(SOURCES2)
e $ (CAMLDEP) #*.mli *.ml > makefile.depend
= include makefile.depend
=
— : e Py 5
ma\,(eﬁeg_. Cl.t{_‘ﬁ/\d\ (Q’“QCL} Qa‘ GU.;R m‘c;l«’hcw@e&%

_ g L
: b.cmi: a.cmi .

c.cmi: a.cmi
= b.cmo: a.cmi b.cmi
‘ b.cmx: a.cmi b.cmi
= c.cmo: a.cmi c.cmi
- c.cmx: a.cmi c.cmi
= d.cmo: b.cmi c.cmi
= d.cmx: b.cmx c.cmx
L e.cmo: d.cmo
- 3
— e.cmx: d.cmx ;
-1 +
- L EK = ey
;%7 14 %% generic separate compilation of the modulgé:
= 15 ocamlc -c¢ a.mli
il 16 ocamlc -c b.mli

17 ocamlc -c¢ b.ml

Al
19  ocamlc -c c.ml
20 ocamlc -c d.ml

— 18 ocamlc -c
-
T 21 . ocamlc -c e.ml
"f

a0 a0 oo

22 ocamlc a.mli b.cmo b.mli c.cmo c.mli d.cmo e.cmo
23 k%% execution of the compiled code:
24 ./a.out

95 4 | © P. Cousot
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N

. - 26
ED  Mokefle {\S\muume) hoad-made seporatt tom pilafinn)
— -PHONY : compilesep s
=3 compilesep :
= fecho "*** customed separate compilation of the modules:"
- ocamlc -c a.mli )
ocamlc -c b.mli - | i
=15 ocamle -c b.ml
= ocamlc -c c.mli
3 ocamlc -c c.ml
e ocamle -c¢ d.ml
- ocamlc -c e.ml.
e ocamlc b.cmo c.cmo d.cmo e.cmo
= @echo "#** execution of the compiled code:"
./a.out .
-
5 Ex-e s | ¢ .
=
0 26 %% customed separate compilation of the modules:
27  ocamlc - .mli

C® | g
[ 28 ocamlc -c b.mli
) | 20 ocamlc -c b.ml

' 30, ocamlc -c¢ c,mli
-~ 31, ocamlc -¢ c.ml
== a2 ocamlc -c d.ml
B 33 -ocamlc -c e.ml
C ) 34 ocamlc b.cmo c.cmo d.cmo e.cmo
- 35 **% execution of the compiled code:
-
B 36 ./a.out
= ar 4
| i -
5
e
=
L 4 F3 )
-
- 6
|
-y
-
-
=
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. PHONY
script

: script

@echo "*** creation of a script file:"
@echo "" > scriptfile.ml

€echo "module A = struct" >> scriptfile.ml
fcat a.mli >> scriptfile.ml

@echo "end;;" >> scriptfile.ml

@echo "module B : sig" >> scriptfile.ml
@cat b.mli >> scriptfile.ml

€echo "end = struct" >> scriptfile.ml

@cat b.ml >> scriptfile.ml

fecho "end;;" >> scriptfile.ml

fecho "module C : sig" >> scriptfile.ml
@cat c.mli >> scriptfile.ml

@echo "end = struct" >> scriptfile.ml

@cat c.ml >> scriptfile.ml

@echo "end;;" >> scriptfile.ml

€echo "module D = struct" >> scriptfile.ml
@cat d.ml >> scriptfile.ml

@echo "end;;" >> scriptfile.ml
fcat e.ml >> scriptfile.ml

Gecho "*** ocaml in script mode:"
ocaml scriptfile.ml

. PHONY
compile

compile

@echo "*** compilation of the scriptfile:"
ocamlec scriptfile.ml

€echo "*** execution of the compiled code:"

./a.out

'_'L Execufin |
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**¥% creation of a script file:
*** ocaml in script mode:
ocaml scriptfile.ml

4

**%* compilation of the scriptfile:
ocamlc scriptfile.ml

**%*% execution of the compiled code:
./a.out

~
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