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SML Programming VI

In this lecture we will look at:

e Higher-order functions

This is a very important topic, one of the keys to functional
programming.
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Functions as Expressions

Recall that we could write len as

val rec len = fn
[] => 0
| (x::x8) => 1 + len xs;

Notice that fn P1 => E1 | P2 => E2 | | Pk => Ek is
an expression — it is an anonymous function.

As far as ML is concerned function definitions are just ex-
pressions and so, like any other expression they do not need
a name.

- (fn x => x+1)(3);
val 1t = 4:int

- fn x => x+1;

val 2t = fn : int -> nt
- it 3;

val 1t = 4 : int
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Higher Order Functions

Like any other expression, functions can be used as arguments
to functions.

Functions that take functions as arguments are said to be
high-order.

Higher-order programming is easy to do in ML.

Recalling CSE2304 Alg. and D.S., one way to compute the
integral of a function is to use the trapezoidal rule:

f1 2

a d b

The area of the ith trapezoid is

fla+(i—1)xd6)+ fla+1ix9)
2

0 X

where § = Z’_T“
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Higher Order Functions

(* function for integration using the trapezoid rule *)

fun trap(a,b,n,F) =
if n<=0 orelse b-a <= 0 0 then 0 O

else

let
val delta = (b-a)/real(n)

in
delta * (F(a)+F(a+delta))/2 0 +
trap(atdelta,b,n-1,F)

end;

fun square T = z*x : real;
Use this to compute /] 2%dx.

- use 'trapezoidal.ml";

[opening trapezoidal.ml]
val trap = fn:real * real * int * (real -> real) -> real

val square = fn : real -> real
val tt = () : unit

- trap(0.0, 1.0, 10, square);
val 2t = 0.335 : real

- trap(0.0, 1.0, 10, (fn x => x*x));
val 2t = 0.335 : real
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Another Example

Last week you were asked to write a polymorphic function to
find the largest item in a list.

(* finds the maximum element in a list *)
exception EmptyList;
fun max [] = raise EmptyList
| max [x] = x
| max (x::xs8) =
let val xsmax = max Xs 1in
if x > xsmax then x else xsmax
end;

val maxz = fn : ant list -> int

- max [4,6,3,2,6,8];
val 2t = 8 : nt

This is not possible since > is not polymorphic. However...
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Another Example (Cont.)

...we can get around the problem by writing a function which
takes a comparison function gt as an argument.

fun max (gt, []) = raise EmptyList
| max (gt, [x]) = x
| max (gt, (x::xs)) =
let val xsmax = max (gt, xs) in
if gt (x,xsmax) then x else xsmax
end;

val maz = fn : (Pa * ’a -> bool) * ’a list -> ’a

- val igt = fn (x:int,y) => x>y;
val 19t = fn : int * wnt -> bool
- val sgt = fn (x:string,y) => x>y;
val sgt = fn : string * string —> bool
- max (igt,[4,6,3,2,6,8]);
val 2t = 8 : wnt
- max (sgt,["abc","def","ghi"]);
val 1t = "ght" : string
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The Simple Map Function

The simple map function (Ullman s5.4.2) takes a function F
and a list [ay, ..., a,] and returns the list [F(a,), ..., F(a,)].

(Similar to mapcar in Lisp).

fun simpleMap(F,[]1) = [
| simpleMap(F,x::xs) =
F(x)::simpleMap(F,xs);

val simpleMap = fn : (’a -> ’b) * ’a list -> ’b list

- simpleMap(square,[1.0,4.0,3.0]);
val 2t = [1.0,16.0,9.0] : real list

- simpleMap(~,[1,2,3]);
val 2t = [T1,72,73] : int list
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The Simple Map Function (Cont.)

How does simpleMap(™,[1,2]) execute?
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Reduce

The reduce function takes a binary function I and a list
lai, ..., a,] and returns

F(ay, F(ag, F(..., F(ay-1,a,)))).
exception EmptyList;

fun reduce(F,[]) = raise EmptyList
| reduce(F,[a]) = a
| reduce(F,x::xs) = F(x,reduce(F,xs));

fun plus(x,y) = x+y;

exception EmptyList
val reduce = fn : (’a * ’a -> ’a) * ’a list -> ’a
val plus = fn : int * int -> int

- reduce(plus, [3,4,7,10]);
val 2t = 24 : int

- reduce(+,[3,4,7,10]);
stdIn:39.8 Error: expression or pattern begins with
infix identifier "+

- reduce(op +,[3,4,7,10]);
val 1t = 24 : int

- reduce(fn (x,y)=>x+y, [3,4,7,10]);
val 1t = 24 : int
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The Reduce Function (Cont.)

How does reduce(plus, [3,4]) execute?

reduce first(?) appeared in APL (lverson c1960).

reduce is similar to foldr — see later.
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Filter

The filter function takes a Boolean function P and a list
lai, ..., a,] and returns the sublist whose elments satisfy P.

fun filter(P,[]) = []
| filter(P,x::xs8) =
if P(x) then x::filter(P,xs)
else filter(P,xs);

val filter = fn : (’a —-> bool) * ’a list -> ’a list

- filter(fn(x)=> x>10, [1,10,23,45,8]);
val 1t = [23,45] : int list
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Example

Exercise: Consider a function concat which takes a list of
strings and concatenates them all.

- concat ["abc","def","ghi"];
val 1t = "abcdefghi" : string

Write a version which is recursive and write another which
uses reduce.
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Returning a Function

Since functions are “first class values”, a function can also
return a function!

Such functions are also said to be high-order.

For example we can have a function which takes a number z
and returns a function to add z on to its argument:

fun add x = (fn y => x+y);
val add = fn : int -> int -> int
Or if x is positive adds it and otherwise subtracts it:

fun strange x = if x > 0 then (fn y => x+y)
else (fn y => y-x) ;

val strange = fn : wnt -> int -> int
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Returning a Function (Cont.)

How do we use these?

- add 3;

val 1t = fn : int -> nt
- it 4;

val 2t =7 : int
- (add 3) 4;

val 2t = 7 : ant

Since function application is considered left-associative we
can even leave out the parentheses —

- add 3 4;
val 2t = 7 : int

104



Currying of Functions

Consider a function with a pair as argument:

- fun add’ (x,y) = x + y : int;
val add’ = fn : int * int -> int

But add x y = add’ (x,y)!
What is the difference?

add’ requires both x and y before it can be evaluated while
add only requires x, the other “argument” y can be given
later.

E.e. add 1 is well defined but add’ (1,?) is not.

Thus add is more flexible.

add is the curried version of add’.
(Named after the logician Haskell Curry, although he (1980)
attributed the technique to Schonfinkel.)

It is often possible to avoid tuples as arguments to functions,
through currying.
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Currying of Functions (Cont.)

ML makes it easy to define curried functions.

We can define add by

fun add x y = x+y;
val add’ = fn : int -> int -> nt

This is just shorthand for

fun add x = (fn y => x+y);

Which is just shorthand for

val add = (fn x => (fn y => x+y));

“Real” ML programmers generally use curried functions rather
than tuples.
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Realistic Example: Binary Search Trees

datatype ’label btree =
Empty |
Node of ’label btree * ’label * ’label btree;

fun lookup 1t Empty x = false
| lookup 1t (Node(left,lbl,right)) x =
if 1t(x,1bl) then (lookup 1t left x)
else if 1t(1bl,x) then (lookup 1t right x)
else (* x=1bl *) true;

fun insert 1t Empty x = Node(Empty,x,Empty)
| insert 1t (T as Node(left,lbl,right)) x =
if 1t(x,1bl) then Node((insert 1t left x),1bl,right)
else if 1t(1bl,x) then Node(left,lbl, (insert 1t right
else (*x x=1bl *) T; (* already in tree *)

val lookup = fn :
(’a * ’a -> bool) -> ’a btree -> ’a -> bool
val insert = fn :
(’a * ’a -> bool) -> ’a btree -> ’a -> ’a btree
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Binary Search Trees (Cont.)

- val tree = Node(Empty,"harald",Node (Empty,"peter" ,Empty))
val tree =

Node (Empty, "harald",Node (Empty,"peter”,Empty)) : string
- val tree = insert (op <) tree "karen";

val tree =

Node (Empty,"harald"”,Node (Node #, "peter",Empty)) : strin
- lookup (op <) tree "karen";

val 2t = true : bool
- lookup (op <) tree "carine";

val 1t = false : bool
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Built-In Higher Order Functions

Function Composition. Recall

(Go F)(z) = G(F(x)).

We can define this by

fun comp F G x = G(F(x));
val comp = fn : (Pa -> ’b) -> (’b -> ’¢c) -> ’a -> ’c

- val mystery = comp square square;
val mystery = fn : real -> real

- mystery 5.0;
val 1t = 625.0 : real

ML provides the infix operator “0” to compose two functions.

- val mystery = square o square;
val mystery = fn : real -> real
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Built-In Higher Order Functions (Cont)

Map. ML provides a curried version of map.

- map;
val it = fn : (’a -> ’b) -> ’a list -> ’b list

- val mystery = map square;
val mystery = fn : real list -> real list

- mystery [1.0,16.0,9.0];
val 2t = [1.0,256.0,81.0] : real list

Foldr and Foldl. More powerful curried versions of reduce.
The definition of foldr is:

fun foldr Fy [1 =y
| foldr F y (x::xs8) = F(x, foldr F y xs)

- val sumlList = foldr op + O;

val sumList = fn : ant list -> int
- sumList [2,4,7];

val 1t = 13 : int
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Summary

We have looked at:

e Higher-order functions

Homework

e Read the rest of Chapter 5 of Ullman.

e Consider the following definitions for a function to con-
catenate three lists

fun concat3a (xs,ys,zs) = xsQysQzs;
fun concat3b xs ys zs = xsQ@ys@zs;
fun concat3c xs (ys,zs) = xs@ys@zs;

What are the types for each and what is the difference
between them?

e Using simpleMap, filter and reduce write a function
nnsqsum which sums the squares of the non-negative num-
bers in a list. Now write a version which is recursive and
does not use any high-order predicates.

e The variance of a list of reals is a measure of the “spread”
from the mean. More precisely, the variance of [a4, ..., a,]
is

(Ziia) _ ( i=1 @i

n n

).
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Write a function variance which uses reduce and simpleMap
to compute the variance of a list of reals.

You can use len to compute the length of a list. Now
write version of variance which does not use higher order
programming. Again you can use len.

e Using ML’s higher order built-ins write a function which
takes a list of strings and concatenates them all.

e Using ML’s higher order built-ins write a function which
converts a list of integers into the corresponding list of
reals.

112



Extended Homework

Boolean expressions have form
y and ( (not z) or (not (y and false)))

Note that z and y are variables: In general variables can be
arbitrary strings of characters.

Given a valuation, i.e. a function from variable names to
Boolean values, we can evaluate a Boolean expression. For
example, if we evaluate the above expression with the valu-
ation

fn s => if s="x" then false else true

we obtain true.

A Boolean expression for which there is a valuation which
makes it true is said to be satisfiable,
€.8. S€€ www.csse.monash.edu.au/~lloyd/tildeAlgDS /Wff/Wff/

Your job is to write a data type and functions in Standard
ML for representing and manipulating Boolean expressions:

e A datatype definition for BoolExp, a data type represent-
ing Boolean expressions. This should have different data
constructors for the different kinds of Boolean expres-
sions: true, false, not, and, or and variables.
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e Functions for constructing a Boolean expression:

const: bool -> BoolExp

var: string -> BoolExp

Inot: BoolExp —-> BoolExp

land: BoolExp * BoolExp -> BoolExp
lor: BoolExp * BoolExp -> BoolExp

The function bool takes a Boolean constant true or false
and returns the corresponding Boolean expression, var
takes the name of a variable and returns a Boolean ex-
pression variable with that name, while 1not, land and
lor combine Boolean expressions with the operators not,
and and or respectively. For instance,

val b = land( (var "y"), lor( (var "x"),
lnot( land((var "y"), (const false)))));

binds b to the Boolean expression corresponding to the
example above.

e A function BoolExpToString: BoolExp -> string for re-
turning a string describing a Boolean expression. For in-
stance BoolExpToString b should return the string

"(y) and ((not(x)) or (mot((y) and (false))))"

e A function evalBoolExp: (string -> bool) -> BoolExp
-> bool for evaluating a Boolean expression with a valu-
ation. For instance,

evalBoolExp (fn s => if s="x" then false else true) b;

should return true.
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e A function vars: BoolExp -> string list for returning
a list of the variables occurring in a Boolean expression.
Each variable should occur exactly once in the list. For
instance, (vars b) should return ["x","y"] or ["y","x"].
[Hint: You may want to use a slightly modified merge
function from the lecture].

e A function satisfiable: BoolExp -> bool which deter-
mines if a Boolean expression is satisfiable. For instance,
(satisfiable b) should return true. [Hint: You may
want to use vars and eval].
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SML Programming VII

In this lecture we will look at ML’s module system. This has
three building blocks:

e Structures are collections of types, datatypes, functions,
exceptions, etc. which we wish to encapsulate, i.e. a
module.

e Signatures describe the types and elements in a structure,
ie an interface.

e Functors are operations that take structures etc as argu-
ments and produce new structures (!), ie a super tem-
plate.
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Structures

The general form of a structure definition is:

structure <identifier> = struct
<elements of the structure>
end

Structures may be nested.
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Example Structure

structure StringBSTree = struct
datatype ’label btree =
Empty |
Node of ’label btree * ’label * ’label btree;

val create = Empty;
fun 1t (x:string,y) = x < y;

fun inorderTraverse Empty = []
| inorderTraverse (Node(lt,l,rt)) =
inorderTraverse(lt) @ (1::inorderTraverse(rt));

fun lookup Empty x = false
| lookup (Node(left,l,right)) x =
if 1t(x,1) then lookup left x
else if 1t(1,x) then lookup right x
else (* x=1 *) true;

fun insert Empty x = Node(Empty,x,Empty)
| insert (T as Node(left,l,right)) x =
if 1t(x,1) then Node((insert left x),l,right)
else if 1t(1,x) then Node(left,l, (insert right x))
else (x x=1 *) T; (* already in tree *)
end;
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- use "bstree.ml'";
[opening bstree.ml]
structure StringBSTree :

519

datatype ’a btree = Empty |/

val
val
val
val
val
end
val 7t

Node of ’a btree * ’a * ’a btree
create : ’a btree
inorderTraverse : ’a btree -> ’a list
insert : string bitree -> string -> string biree
lookup : string biree -> string -> bool
lt : string * string —> bool

() : untt
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Signatures

A signature is like a type for a structure, its general form is:
sig <specifications> end
Specifications can be

e datatype followed by its definition.

e type followed by an identifier, possibly with type param-
eters. Eg type foo or type (a’,b’) tuple

e eqtype. As above except the identifier is an equality type.
e exception followed by an exception name.

e val followed by an identifier, colon and type expression.
Note that functions are listed as vals.

structure StringBSTree :

514

datatype ’a btree = Empty |/
Node of ’a bitree * ’a * ’a btree

val create : ’a btree
val inorderTraverse : ’a biree -> ’a list
val insert : string biree -> string -> string biree
val lookup : string biree -> string -> bool
val 1t : string * string —-> bool

end
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Information Hiding with Signatures

We can bind an identifier to a signature by

signature <identifier> =
sig <specifications> end

We can use the signature to restrict the types or hide objects
in a structure.

signature STRINGDICT =
sig
type ’a btree
val create : string btree
val insert : string btree -> string -> string btree
val lookup : string btree -> string -> bool
end

- structure StringDict: STRINGDICT = StringBSTree;
structure StringDict : STRINGDICT

This has hidden the data constructors Empty and Node and
the functions 1t and inorderTraverse as well as making the
type information for create more precise.
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Accessing Elements in a Structure

There are two main ways to access elements in a structure.

The first is to use explicit module qualification.

- val dictO = StringDict.create;
val dictO = Empty : string StringBSTree.biree
- val dictl = StringDict.insert dictO "harald";
val dictl = Node (Empty, "harald",Empty)
string StringBSTree.btree

The second way is to open the structure:

- open StringDict;
opening StringDict

datatype ’a btree

= Empty | Node of ’a StringBSTree.btree *

’a * ’a StringBSTree.btree

val create : string biree
val insert : string biree -> string -> string biree
val lookup : string biree -> string -> bool

- val dict0 = create;
val dictO = Empty : string biree
- val dictl = insert dictO "harald";
val dictl = Node (Empty,"harald",Empty) : string btree
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Notice that when you open a structure, you get a list of its
contents.

Opening a structure shields from view all other named with
the same identifier, but it is still possible to refer to them
through module qualification.

Once you have opened a structure there is no easy way to
close it again!

Risk: the structure might contain declarations you are not
aware of and which shield yours. Safer alternative, redefine:

val create = StringDict.create;

val insert = StringDict.insert;

val lookup = StringDict.lookup;

The rest of elements in the structure still need to be referred
through module qualification.
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Functors

Structures are much like any other ML values —
You can write “meta-functions” which take structures and
build new structures. These are called functors.

Their general form is:

functor <identifier> = (<structure name>:<signature>) [:

sig

end |
= <structure definition>

Ideally, we should be able to define a general version of BSTree
structure which is parametric in the choice of 1t and yet does
not require the user to always pass 1t as an argument.

Really we want it to be parametric in the element type and
in 1t —
First we encapsulate this in a signature:

signature TOTALORDER = sig

type element;

val 1t : element * element -> bool
end;

Which is used to define different structures (one per type):
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structure String: TOTALORDER =
struct
type element = string;
fun 1t(x:string,y) = x < y;
end;

structure Int: TOTALORDER =
struct
type element = int;
fun 1t(x:int,y) = x < y;
end ;

Now we define the functor which takes a TOTALORDER struc-
ture and produces a binary search tree based on the structure.

functor MakeBST(Lt: TOTALORDER) :
sig
type ’label btree;
val create : Lt.element btree;
val inorderTraverse : Lt.element btree ->
Lt.element list
val insert : Lt.element btree -> Lt.element ->
Lt.element btree
val lookup : Lt.element btree -> Lt.element ->
bool
end
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struct
open Lt;

datatype ’label btree =
Empty |
Node of ’label btree *x ’label * ’label btree;
val create = Empty;
fun inorderTraverse Empty = []
| inorderTraverse (Node(lt,l,rt)) =
inorderTraverse(lt) @ (1::inorderTraverse(rt));
fun lookup Empty x = false
| lookup (Node(left,l,right)) x =
if 1t(x,1) then lookup left x
else if 1t(1,x) then lookup right x
else (* x=1 *) true;
fun insert Empty x = Node(Empty,x,Empty)
| insert (T as Node(left,l,right)) x =
if 1t(x,1) then Node((insert left x),l,right)
else if 1t(1l,x) then Node(left,l,(insert right x)
else (x x=1 *x) T; (* already in tree *)
end;

functor MakeBST : <sig>
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Finally, we can “make” our binary search tree for strings
by applying functor MakeBST to structure String to obtain
StringBST.

structure StringBST = MakeBST(String);
Or we can make one for integers
structure IntBST = MakeBST(Int) ;

The general form is:

structure <new structure name> =
<functor name>(<structure argument>)

with an optional colon and signature before the equal sign
to describe the new structure. Note that the parenthesis for
the structure argument are not optional.

Exercise: How do we make a binary search tree for customer
records?
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Information Hiding

The ML module system facilitates the design and reuse of
software. It also allows us to hide implementation details.

Some ways to hide information:

e Define a signature which does not mention the hidden
elements.

e Use an opaque signature to hide certain elements.

e Use an abstract type in place of a datatype to make its
data constructors invisible.

e Use of local definitions within an abstract type or struc-
ture.

We have already seen the first method and will now look at
the last two.

Read the ML documentation for more details on opaque sig-
natures.
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Abstract Types

As well as hiding functions and procedures it is also important
to be able to hide types.

In ML this is achieved with the abstype. The difference from
a datatype is that the representation is hidden.

Suppose we want to support arbitrary precision rational num-
bers. One implementation is

datatype rat = Rat of (int*int);

val zero = Rat(0,1);

val one = Rat(1,1);

fun ++ ( Rat(ml,nl), Rat(m2,n2) ) =
Rat (m1*n2 + m2*nl, ni*n2);

fun == ( Rat(mil,nl), Rat(m2,n2) ) =
ml*n2 = m2*ni;

However this type also includes pairs which do not correspond
to rational numbers such as (1,0) and the data constructors
are visible to everyone.
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Abstract Types (Cont.)

A better way is:

exception DenominatorIsZero;
abstype rat = Rat of (int*int)
with
fun // (m,n) =
if n=0 then raise DenominatorIsZero
else Rat(m,n);
fun ++ ( Rat(ml,nl), Rat(m2,n2) ) =
Rat (m1*n2 + m2+*nl, nl*n2);
fun == ( Rat(ml,nl), Rat(m2,n2) ) =
ml*n2 = m2*ni;
fun ratToReal (Rat(m,n)) = real(m)/real(n);
end;
infix 4 ==; infix 6 ++; infix 7 //;

- use "rat.ml";
[opening rat.ml]
exception DenominatorIsZero
type rat
val // = fn : int * int -> rat
val ++ = fn : rat * rat -> rat

val == = fn : rat * rat -> bool
val ratToReal = fn : rat -> real
infir 4 ==
infix 6 ++
infiz 7 //

val 2t = () : unit

130



Values of type rat can only be accessed and displayed using
the functions declared in the abstract type declaration.

- 3//4 ++ 5//6;

val 1t = - : rat
- ratToReal it;

val 2t = 1.58333333333 : real
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Local Definitions

Local definitions are a little bit like let definitions. They
allow nested definitions of functions inside abstract types or
structures.

local
<definitionsl>
in
<definitions2>
end

The values declared in <definitions1> are not visible outside
of the declaration.

local
fun itfib (n,prev,curr): int =
if n = 1 then curr
else itfib (n-1,curr,prev+curr)
in
fun fib n = itfib (n,0,1)
end;

In the above example, fib, but not itfib will be available
after this.
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Summary

We have looked at:

e Structures
e Signatures
e Functors

¢ Information hiding

Homework

¢ Read Chapter 8 of Ullman.

e Define a signature for a generic Mapping structure. The
mapping is a list of pairs (°’d, ’r) where ’d is the domain
type and 'r the range type. For any domain value there
is at most one pair in the list with the value as the first
component in the pair. The structure should provide 3
functions:

— create to produce the empty list;

— lookup to find the range value associated with a given
domain value, it should throw the NotFound exception
if there is no associated value;

— insert which takes a domain and range element d
and r and makes r the unique range value associated
with d.

e Modify your answer to the extended homework so that
it makes use of local function definitions and makes the
Boolean expression data type an abstract data type.
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SML Programming VIII

In this lecture we will look at practical programming in ML.
We will look at:

e Built-in Library structures.
e Input/Output.

e Destructive update of value bindings.

Review the functional programming paradigm.
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Library Structures

ML provides a large number of built-in library structures.
They include:

e Int

e Word

e Real. This has a substructure Math:

Real.Math.sqrt(4.0);
val 1t = 2.0 : real

e Char

e String

e Substring

e List

e Array

e Vector

e 0S

e Time and Timer
e General

e TextIO

Open them to find the functions they provide.
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Advanced 1/0

ML provides functions for opening and closing files and read-
ing and writing to files that are similar to those provided in

C.

They
Is:

type
type
type
type
val
val
val
val
val
val
val
val
val
val
val
val
val
val
val
val
val
val
val
val

are in the structure TextI0. A partial list of the functions

vector = string

elem = char

instream

outstream

input : instream -> vector

inputl : instream -> elem option
inputN : instream * int -> vector
inputAll : instream -> vector
canInput : instream * int -> int option
lookahead : instream -> elem option
closeln : instream -> unit
end0fStream : instream -> bool
output : outstream * vector -> unit
outputl : outstream * elem -> unit
flushOut : outstream -> unit
closeOut : outstream -> unit
inputLine : instream -> string
openln : string -> instream
openString : string -> instream
openfut : string —-> outstream
stdIn : instream

stdOut : outstream

stdErr : outstream
print : string -> unit
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Destructive Update of Value Bindings

In ML the “assignments”

val x = 2;
val x = 1;

create bindings to two different variables, each called x.

However sometimes for efficiency we really want to change
the value of a variable. l.e. perform destructive update.

ML allows this in two ways:

(1) The Array library module.

- open Array;

- val A = array(5,0.0);
val A = prim? : real array
- update(A,0,1.0);
val 1t = () : untt
- sub(4,0);
val 2t = 1.0 : real
- sub(A,1);
val 2t = 0.0 : real
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Destructive Update of Value Bindings (Cont.)

(2) Use of references. These are like references in C++.

- val x = ref 0.0;
val ¢ = ref 0.0 : real ref

- Ix;

val 1t = 0.0 : real
-x = Ix+ 1.0;

val it = () : unit
- Ix;

val 2t = 1.0 : real
You also have while loops to work with destructive update.

- val 1 = ref O;
val © = ref 0 : int ref
- while !'i < 5 do (
= print(Int.toString(!i));
= print(" ");
= i :=11+1
=);
01234 wval it = () : unit

However, use arrays and references sparingly—they are against
the spirit of functional programming!
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The FP Paradigm

Functional languages have the following characteristics:

e Everything is a function or a value (in fact a function is
a value).

e First-class high-order functions.
e The underlying conceptual model is the A-calculus (lambda).

e They are high-level languages with implicit memory man-
agement.

ML has the following characteristics:

e Strict functions (call by value).
e Pattern matching.

e Polymorphic static typing.

e A sophisticated module system.
e Exception handling.

e Provides destructive update.
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Strictness

An ML function is usually strict, that is, if its argument is
undefined (i.e. does not terminate), so is the resulit.

While strictness is natural, the eagerness to evaluate can be
troublesome, e.g.:

fun £f x = f x : int;
val f = fn : ’a -> int

fun k x y = x;
val k = fn : ’a -> ’b -> “’a

Evaluation of k¥ 7 (f 5) “should” return 7 but in fact it will
not terminate.

Pattern matching and its variants if-then-else and case are
non-strict though.
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Laziness

Many modern functional languages (starting with Miranda)
use lazy evaluation instead.

In lazy functional languages

— arguments to functions are only evaluated when needed,
and

— arguments to data constructors are only evaluated when
needed.

As an example, in Haskell and Lazy ML (LML) we can define
a function which computes the infinite list [n,n+1,n+2,...],
however only as much of the list as is needed will be com-
puted.

fun fromn =n :: from (n+1);

We can use this to lazily compute the first prime not less
than m:

val firstprime = hd o (filter prime);

firstprime (from m)

Laziness is very powerful but sometimes does not fit well with
side-effects like 10.
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Simulating Laziness

Lazy (actually “normal order”) evaluation can be simulated
in ML by using high-order functions.

In our example, the trick is to use a function to model a lazy
list. When the function is called it returns the next element
in the list and a function to compute the rest of the list.

datatype ’a lazylList =
Nil |
Cons of ’a * (unit -> ’a lazyList);

fun head (Cons(x,_)) = x;
fun tail (Cons(_,xs)) = xs();

val head = fn : ’a lazyList -> ’a
val tatl = fn : ’a lazylist -> ’a lazylList

fun from n =
let fun next(x) () = Cons(x,next(x+1)) in
next (n) ()

end;

val from = fn : int -> wnt lazyList
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Simulating Laziness (Cont.)

fun firstprime ns =
let val n = (head ns);
in
if (prime n) then n
else (firstprime (tail ns))
end;
val firstprime = fn : int lazylList -> int

- firstprime (from 2);
val 2t = 2 : wnt

- firstprime (from 6);
val 1t = 7 : int

- firstprime (from 8);
val 2t = 11 : int

A more efficient lazy strategy, call be need, can be imple-
mented with the aid of a ref type,
S€€ www.csse.monash.edu.au/ lloyd/tildeFP/SML /1997 /Lazy/
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Summary

We have looked at:

e Built-in libraries

e Input/output

e Destructive update of value bindings
e The FP paradigm

e Laziness

Homework

¢ Read Chapter 4 and Sections 7.2, 7.3 and 9.4 of Ullman.

e Can you use while loops without using destructive up-
date? For instance consider

- val 1 = 0;

- while i < 5 do (

= print(Int.toString(i));
= print(" ");

= wval i=1i+ 1;

= );

e Name an application for which you would prefer to use
ML to C.

e Do the assignment!

144



