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A shorthand for function binding

# let neg = fun £ -> fun -> not (f =);
# let neg £ = not (f x);
val neg : int —-> int -> bool = fn

# let isbgte = neg is5lt;

val 1sbgte : 1int —> bool = fny;
# isSgte 10;
val 1t : bool = false;

# isbSgte 2;
val 1t : bool = true;



Put it together: a “filter” function

If arg “matches” ...then use
this pattern... this Body Expr

— let rec filter £ 1 =
match 1 with
| [] -> []
| (h::t)-> 1f £ h
then h:: (filter £ t)
else (filter £ t);;

val filter : (‘a->bool)—-—>‘a list—>‘a 1isi) = fn
# let listl = [1;31;12;4;7;2;10];;

# filter isb51lt listl ;;

val 1t : int list = [31;12;7;10]

# filter isbSgte 1listl;;

val it : int 1ist = [1;4;2]

# filter even listl;;

val it : int 1ist = [12;4;2,;10]



Put it together: a “partition” function

# let partition £ 1 = (filter £ 1, filter (neg f) 1);

val partition

# let 1listl = [1,31,12,4,7,2,10];

# partition isb51lt listl ;

val 1t

(int 1ist * int 1ist)

# partition even listl;

val 1t

(int 1ist * int 1ist)

:('a—>bool)—>'‘a list—>‘a 1isi * ‘a 1ist =

((31,12,7,10],[1,2,10]

((12,4,2,10],[1,31,7])

fn



A little trick ...

# 2 <= 3;;

val 1t : bool = true
# Ilball <: Ilabll; ;

val 1t : bool = false

# let 1t = (<) ;;

val it : ‘a —> ‘a —-> bool = fn
# 1t 2 3;;

val 1t : bool = true;

# lt llball llabll ; ;

val 1t : bool = false;

# let isbLt = 1t 5;

val 1isblt : int —-> bool = fn;
# 1is51t 10;

val it : bool = true;

# 1isb51lt 2;

val it : bool = false;



Put it together: a “quicksort” function

let rec sort xs =
match xs with

| [1 —> T[]

let (1,r) = partition ((<) h) t in
(sort 1)@ (h:: (sort r))

Now, lets begin at the beginning ...



News

e PA 1 due Fri 4/8 5pm

e PA 2 out today or tomorrow



Begin at the beginning ...

Exec-time
“Dynamic”
Expressions (Syntax) | > Values (Semantics)

Compile-tim& J

“Static” Types

1. Programmer enters expression

2. ML checks if expression is “well-typed”
e Using a precise set of rules, ML tries to find a unique
type for the expression meaningful type for the expr

3. ML evaluates expression to compute value
e Of the same “type” found in step 2



Base Types




Base Type: int

2 ’ 2 1 i: ’nt 1=>1
2+3; 5 el + e2 Eit int_e,:int el=>v1 e2=>v2
. e1+e2:int el+e2=>vi+v2
T7—4 - 3 el — e2 Ei: int e,:int el=>v1l e2=>v2
, e;—e,int el-e2=>v1-v2

(243) % (T=4) ; 15 o] * ez S1:nt exint el=>v1 e2=>v2

e, * e,int el*e2=>v1*v2

pressions built from sub-expressions
pes computed from types of sub-expressions

lues computed from values of sub-expressions



Base Type: bool

true true b b: bool b =>b
e : bool e => V
not (2<3) false not e
not e : bool not e =>notyv
not (2<3) e, :bool e,:bool el=>v1 e2=>v2
false el && e2 -— |
&& e, &&e,.bool elsse2 =>v1 && v.

( llabllzllcdll)



Base Type: bool

o Comparison is built-in for all expr,values,types
- but compared expressions must have same type

e ...except for?
- function values ... why ?

e,:T e,:T el=>vl e2=>v2

Oi el=e2 =>vi=v2
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(“ab"”"="cd") false el ' :
e;=e,: bo

e, :T e,:T el=>vl e2=>v2
[1;2] < [3] false el < e2 — .. —
e,<e,: bool el<e2 =>vi<v2




Type Errors

pg” 9 .......

44

(2 + “a”);

e Expressions built from sub-expressions
e Types computed from types of sub-expression

o |f a sub-expression is not well-typed then whole
expression is not well-typed

0 * (2 + “a”);



Complex types: Tuples

e Can be of any fixed size

(9-3, “ab”"~*“cd”, 7>8) (6, “abcd”, false)

(int * string * bool)

el T1 e2T2 en: Tn el=>vV1 e2=>V2.. en=>Vn

(el,e2,..,en): T1*T2%..*Tn (el,e2,..,en)=>(v1,v2,...,vn)

e Elements can have different types
e Tuples can be nested in other tuples



Complex types: Records

{ name="“ranjit”

; age=33 { name : string,éage : int?, pass : bool}

; pass=false }

Records are tuples with named elements...

{name=“ranjit";age=31;pass=false};ageé 31 int

éage=31éname=”ranjit";pass=false}.age 31 int

{age=31;name=”ranjit";pass=falseE.pass E false bool



Lists: Construct

Nil operator

[] [1:’alist [1 =>]]
Cons operator 1::[2;3]
int list
el: T. e2. Tllst el=>v1 e2=>v2

el ez : Tlist el::e2 =>



Lists: Deconstruct

Head e :T list e =>v1::v2
hd e : T hd e =>vI1

. e :T list e =>v1::v2
Ta]l tl e :Tlist tl e =>V2

int list e:T e,:T string list

e,;=e,: bool



Recap

Exec-time
“Dynamic”
Expressions (Syntax) | > Values (Semantics)

Compile-tim& J

“Static” Types

1. Programmer enters expression

2. ML checks if expression is “well-typed”
e Using a precise set of rules, ML tries to find a unique
type for the expression meaningful type for the expr

3. ML evaluates expression to compute value
e Of the same “type” found in step 2



Recap

e Integers: +,-,”

o floats: +,-,"

e Booleans: =,<, &&, ||, not
e Strings: ”

e Tuples, Records: #i
- Fixed number of values, of different types

o Lists: ::,@,hd,tl,null

- Unbounded number of values, of same type



If-then-else expressions

if (1 < 2) then 5 else 10 5

int

lf (1 < 2) then [”ab”,“cd”] else [an] [“ab”,“Cd”]
string list

If-then-else is also an expression!
Can use any expression in then, else branch

if el then e2 else e3

el : bool e2: T e3: T
if el then e2 else e3 . T

el => true e2 =>v2 el => false e2 =>v3

if el then e2 else e3=>V2 if el then e2 else e3=>Vv3




If-then-else expressions

o then-subexp, else-subexp must have same type!
- ...which is the type of resulting expression

el : bool eZ:é T e3: T

....... o



If-then-else expressions

el : bool eZ:g T e3: T

Sooo000T CSoocoool

e Then-subexp, Else-subexp must have same type!
- Equals type of resulting expression

if 1>2 then [1,2] else [] [] if 1<2 then [] else [“a”] []

int list string list



Next: Variables




Variables and Bindings

Q: How to use variables in ML ?
Q: How to “assign” to a variable ?

# let x = 2+2;;
val x : 1nt = 4

let x = e;;

“Bind the value of expression €

to the variable x”



Variables and Bindings

# let x = 2+2;;

val x : 1nt = 4
# let v = x * X * x;;
val y : 1nt = 64
# let z = [x;y;x+V];;

val z : 1nt 1list = [4,64;68]

Later declared expressions can use X

- Most recent “bound” value used for evaluation
Sounds like C/Java ?

NO!



Environments

How ML deals with variables

e Variables = “names”

e Values = “phone number”
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'w, Queensbury 01274 881373

- Road, Bradford 01274 603920
{, Brighouse 01484 722933

ster Rd, Linthwaite 01484 844586
1, BDAE 01274 679404

Slaithwaite 01484 843163
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Slaithwaite 01484 843681
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Environments and Evaluation

ML begins in a “top-level” environment
e Some names bound

let x = e;;

ML program = Sequence of variable bindings

Program evaluated by evaluating bindings in order
1. Evaluate expr e in current env to get value v : £
2. Extendenvtobindxtov:t

(Repeat with next binding)



Environments

“Phone book”

e Variables = “names”
e Values = “phone number”

1. Evaluate:
Find and use most recent value of variable

2. Extend:
Add new binding at end of “phone book”



Example

# let x = 2+2;;
val x : 1nt = 4

# let v = x * x * X;;
val y : 1nt = 64

# let z = [x;vV;x+V];;

val =z

# let x = x +
val x ]

New binding!

int 1ist = [4;64,;68]

I T A
ES
v 64 : int
x  l4:int
y...le4zint oo,
z [4;64;68] : int list
x l4:int
vy .\ed:mt
z_..|[4:64;68] : int list
X 8 :int




Environments

1. Evaluate: Use most recent bound value of var
2. Extend: Add new binding at end

How is this different from C/Java’s “store” ?

# let x = 2+2;; il T
val x : 1int = 4 x 4 :int

# let £ = fun y => x + yi [ i e
val £ : int -> int = In RS b AL Y N
f fn <code, T >: int->int

# let x = x + x ;

1 > int = 8
e s \ New binding:

# £ 0; « No change or mutation
val 1t : int = 4 R .
e Old binding frozen in £




Environments

1. Evaluate: Use most recent bound value of var
2. Extend: Add new binding at end

How is this different from C/Java’s “store” ?

# let x
val ]

# let f
val £ :

# let x
val x :

# £ 0;
val it

: 1nt

= 2+2;
x = 4

= fun vy -> x + vy;
int —> int = fn

X ’
int

I+

X
8;

int = 4

e
S L
f fn <code, T >: int->int
koAt
f fn <code, T >: int->int
e




Environments

1. Evaluate: Use most recent bound value of var

2. Extend: Add new binding at end

How is this different from C/Java’s “store” ?

# let x
val x :

# let f
val £ :

# let x
val x :

# £ 0;
val 1t

fun vy —> x + v;;
int —> 1nt

Binding used to eval (£ ..)

X + X ;

Binding for subsequent x



Cannot change the world

Cannot “assign” to variables
e Can extend the env by adding a fresh binding
e Does not affect previous uses of variable

Environment at fun declaration frozen inside fun “value”
e Frozen env used to evaluate application (£ ...)

Q: Why is this a good thing ?

4 let x = 242;; Binding used to eval (£ ..)
val x : int = 4 .

# let f =' fun y | _> X + y ; ; ....}.{. ............. 2....:...’:;‘;.5 ...............................................................
val f : 1nt —-> 1int = fn T .................... . ............ . ........
#let x = x + x ;; f fn <code, >: int->int
ol e Amt = 5 B
# £ 0;;

val it : int = 4 Binding for subsequent x



Cannot change the world

Q: Why is this a good thing ?
A: Function behavior frozen at declaration

e Nothing entered afterwards affects function
e Same inputs always produce same outputs

- Localizes debugging

- Localizes reasoning about the program

- No “sharing” means no evil aliasing



Examples of no sharing

Remember: No addresses, no sharing.
e Each variable is bound to a “fresh instance” of a value

Tuples, Lists ...

o Efficient implementation without sharing ?
e There is sharing and pointers but hidden from you

o Compiler’s job is to optimize code
o Efficiently implement these “no-sharing” semantics

e Your job is to use the simplified semantics
o Write correct, cleaner, readable, extendable systems



Function bindings

Functions are values, can bind using val

let fname = fun x -> e ;;

Problem: Can’t define recursive functions !
- fname is bound after computing rhs value

e no (or “old”) binding for occurences of fname inside e

let rec fname x e ;;

Occurences of fname inside e bound to “this” definition

let rec fac x 1f x<=1 then 1 else x*fac (x-1)



Local bindings

So far: bindings that remain until a re-binding (“global”)

Local, “temporary” variables are useful inside functions
e Avoid repeating computations
e Make functions more readable

Let-in is an expression!

let x = el in Evaluating let-inin env E:
P 1. Evaluate expr el inenv E to
< get value v : ¢
;7 2. UseextendedE [x—> Vv : ]

(only) to evaluate e2



Local bindings

Evaluating let-in in env E:

1. Evaluate expr el inenv E to get value v : ¢
2. Use extended E [x+— v : f] to evaluate e2

let

x = 10

in




Let-in 1s an expression!

Evaluating let-in in env E:
1. Evaluate expr el inenv E to get value v : ¢
2. Use extended E [x+— v : f] to evaluate e2

let y =
let
x = 10

in




Nested bindings

Evaluating let-in in env E:

1. Evaluate expr el inenv E to get value v : ¢
2. Use extended E [x+— v : f] to evaluate e2

let

x = 10
in

(let

X
K 1QINE
N 20 : int
T Ty




Nested bindings

Correct Formatting




Example




Nested function bindings

let a = 20;;

let £ x = . .
_ Env frozen with function
let v = 10 in o
.+ Used to evaluate fun application
let gz =v + z in . o
., e Values in application are those
= (g x) frozen in env at definition

r 7

£f 0O;



Recap

e Variables are names for values
- Environment: dictionary/phonebook
- Most recent binding used
- Entries never changed, new entries added

e Environment frozen at fun definition
- Re-binding variables cannot change a function
- Same |/0 behavior at every call



Recap

e Build complex expressions with local bindings
— let-in expression
- The let-binding is visible (in scope) inside in-expression
- Elsewhere the binding is not visible



Static/Lexical Scoping

e For each occurrence of a variable, there is a
unique place in program text

where the variable was defined
- Most recent binding in environment

o Static/Lexical: Determined from the program text
- Without executing the programy

e Very useful for readability, debugging:
- Don’t have to figure out “where” a variable got assigned
- Unique, statically known definition for each occurrence



Next: Functions

E L > Values

N4

Types

Q: What’s the value of a function ?



