Concepts in Programming Languages:
Exam Rehearsal



Concepts & Techniques

Syntax

Context free grammar
Ambiguous grammars
Syntax vs. semantics
Predictive Parsing

Static semantics

Scope rules

Semantics

Natural Operational Semantics
(big step)

Structural Operational Semantics
(small step)

Runtime management

e Functional programming

Lambda calculus

Recursion

Higher order programming
Lazy vs. Eager evaluation
Pattern matching
Continuation

* Types

Type safety

Static vs. dynamic

Type checking vs. type inference
Most general type
Polymorphism

Type inference algorithm



Languages

e QOCaml

Functional, ML family, designed with performance in mind
Strong static typing: Hindley-Milner type inference
Algebraic Data Types (ADT)

Pattern Matching

Recursion

* JavaScript

Widespread use in web-browsers and mobile devices
Also used in server side (node.js)

Dynamic typing

Functional, “lisp in C’s clothing”

Prototype object system — no classes

e Scala

Designed for scalability
Fuses functional and object oriented programming
Fully compatible with JVM — industrial strength to replace Java



Semantics
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The While Programming Language

* Abstract syntax
Sii=x :=a|skip|S;;S,|ifbthenS, elseS, |
while b do S

e Use parenthesizes for precedence
* |Informal Semantics

— skip behaves like no-operation

— Import meaning of arithmetic and Boolean
operations



General Notations

* Syntactic categories
— Var the set of program variables
— Aexp the set of arithmetic expressions
— Bexp the set of Boolean expressions
— Stm set of program statements

* Semantic categories
— Natural values N={0, 1, 2, ...}
— Truth values T={ff, tt}
— States State =Var —> N
— Lookup in a state s: s x
— Update of a states: s [ x+— 5]



Example State Manipulations

x—1, y—7,2—16] y =
x—1, y—7,z2—16] t =
x—1, y—7, z—16][x—5] =

x—1, y—7, 2—16][x—5] x =

x—1, y—7, 2—16][x—5] y =



Semantics of arithmetic expressions

* Assume that arithmetic expressions are side-effect

free

* Al Aexp ] : State > N

e Defined by structural induction on the syntax tree

Al

n]s
z]s
a; + axs

REXE

B oo

a1 — as]S$

L.

= 2

Vin

‘5 + A[[a-g]]S
s x Alas]s
Js — Alas]s



Semantics of Boolean expressions

* Assume that Boolean expressions are side-effect free
 B[Bexp]:State > T
* Defined by induction on the syntax tree:

Bltrue]s = tt
B[false]s = ff

[ tt if AJai]s = Alay]s
Bla, = as]s = o _

| T if Afay]s # Alaq]s

[ tt if Afai]s < Afas]s
Bla; < as]s = 4 lar]s < Ala]

| T if Afa]s > Alas]s

[ tt if B[b]s = fF
B[- b]s =K

| T if B[b]s = tt

[ tt if B[bi]s = tt and B[bs]s = tt
Blby A by]s = o (0] Lb2]

ff if B[b,]s = ff or B[by]s = ff




Natural Operational Semantics

Notations:
— S — program construct (word in the While language)
— s, 8" — states (functions Var — N)

<S, s> — s’ means:
If S is executed on state s, it terminates and the state after
executionis s’

Describe the “overall” effect of program constructs
lgnores non terminating computations



Examples for —

<y =2, s5[x = 1]> = sy[x = 1] [y »2]
<x :=x+1, s;> — sy[x —~1]
<X 1= X+1, so[x 1] > = sy[x »2]

<X = x+1; x:=x+1, 5, > —> sy[x = 2]

So: State which assigns
zero to all variables

<ifx>0theny:=2elsey:=3,s,>— s,y ~3]

<ifx>0theny:=2elsey:=3, s,[x=1] > > sy[x 1] [y »2]

<x:=x+1;if x >0theny:=2else y:=3, s;,> > s [x »1] [y »2]

<while x < 5 do (x:=x+2 ; y:=y+10), s, > — s,[x »6] [y ~30]

<(while x < 5 do (x:=x+2 ; y:=y+10)) ;

(while x > 0 do x := x-5),
<while x 2 0 do x:=x+1, 5,> —> ?

So> —> So[x —-4] [y »30]

NOT <while x 2 0 do x:=x+1, s,> — s’ for any s’




Formally defining —

« — isdefined inductively using inference rules, with both
syntactic conditions on S and semantic conditions on s

[assyg] (z = a, sy = slz—Ala]s]
skipus] (skip, 8) — $
(S1, 8) = 5, (8, §') = §”
[COMPyg]
(51;59, s) — "
y (51, 8) = & .
[if35] if B[b]s = tt
(if b then S; else 59, 8) — &
(S5, 8) — &
i) 2 5 it B[b]s =
(if b then 5 else Sy, s) — &
(§,5) — &, (while bdo S, s’y — §”
[while,] if B[b]s = tt
(while b do S, s) — &"
[whilel] (while b do S, s) — s if B[b]s = ff



pwoN e

Example of Inference

s8] (z := a, s) — s[z—Ala]s]

S1,8) =5, (S, §) = §"
(51 s) (S,

[COMPyg] (51:59, ) — §"
B (S1,8) — & 3
ifte] it B[b]s = tt
(if b then 51 else Sy, 5) — &
| S9, 8) — &
0] (52, 5) it B[b]s = ff
(if b then S, else Sy, s) — &
<y =2, so[x »1]> > s [x »1] [y »2] # by ass,
<if x>0theny:=2else y:=3, sj[x 1] > — s [x »1] [y =»2] # by if " (1)
<X 1= X+1, 55> — sy[x 1] # by ass,

<x:=x+1;if x>0theny:=2elsey:=3,s5,>— s,[x »1] [y »2] # by comp,_,(2,3)



Derivation Trees

A derivation tree is a way to write applications of inference
rules

A derivation tree is a “proof” that <S, s> —>¢’
The root of tree is <S, s> —>¢’

Each node is a conclusion from its children using an inference
rule

Leaves are instances of axioms (rules with no premises)
Non-leaves are instances of inference rules with premises
— Immediate children match rule premises

— The semantic condition is satisfied



Example Derivation Tree

<x:=x+1;ifx>0theny:=2elsey:=3, s;>— sj[x 1] [y »2]

<X 1= x+1, 55> —> sy[x ~1]

ass,,

<ifx>0theny:=2elsey:=3, s;[x~»1]>—> sj[x~1] [y »2]

if M
s8] (z:=a, s) = s|lz—Ala]s]

(compa] (51 8) = 8, (92, 8) = 5" <y =2, s5[x = 1]> = sy[x = 1]y 2]
S ($1;89, s) = §"
ass, .
- (51, 8) = ¢ y
[if] _ i B[]s = tt
(if b then S; else Sy, 5) —

Sy, 8) — &

] (52, 9 it B[b]s = ff

(if b then §; else Sy, s) — &'



Bad Derivation Tree

<x:=x+1;ifx>0theny:=2elsey:=3, s;>— sy[x 1] [y »3]

<X 1= x+1, 55> —> sy[x ~1]

ass,,

<ifx>0theny:=2elsey:=3, s;[x~1]>—> sj[x=1] [y »3]

semantic condition not satisfied: if ff
BIx>0] (s4[x —1]) = tt = ff

<y =3, sy[x =1]> > sy[x »1][y = 3]

dass

’ ns
1] (51, 8) = it B[B[s = tt
" (if b then S; else 59, 5) — &' ‘
(Sq, 8) = 4

[iff] if B[b]s = I
(if b then S, else §y, s) — &'




Back to Exam Question

VoOWNN NIVNWN .id1:=id2++ N11Ixnn VOWN 9'oIn71 While now nx 2'n1n7 n0'xiN .6
TN id2 nanwnn W DIy idl ndNwna id2 nanwnn Y 7Y nnwn XN
7907 1O (Natural Operational Semantics) Nn'vaon np'VINON NX '2'NN .X
.05una
ZNN'RNN N Y NN NDINN 7Y 'R 9'Yon np'uinon NX 'n'aTn A
X:=1; yi=X++; Xi=y++
7907 *1O (Structural Operational Semantics) NanNN NP'VNON NX '2A'NIN .2
.05vuna
.2 9'von N'1DINN 7Y 2 q'yvon np'vinon NX 'aTn LT
NNTANW SOS 2 N'VINO D'71IPYW D'NAN D'UOYNN DN .0
X:=y++
X:=y ; y:=y+l



Solution
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[ass, ] <x := a, s> — s[x »A[a]s]

[ass-inc, ] <x := y++, s> — s[x »A[y][ls][y ~A[y+1]s]

[ass-InC, ] <X :=y++,S> > S[X S Y|y~ (Sy) + 1]



Solution

NN'RNN NI Y ARAN NDINN 7V 'R Q'yon Np'uanon NX 'MnTn .2

X:=1; yi=X++; Xi=y++

<(x:=1; yi=x++) ; Xi=y++, 55> —> sy[x 1] [y = 2]

/ﬂN

<x:=1;y:=x++, 55> —> Sy[x »2][y ~»1]

<X:=y+, So[x 2 2][y »1] > — sp[x 1] [y »2]

comp,. ass-inc,,

<x:=1, s> = Sp[x ~1]

ass,,

<y:i=xX++, So[X = 1]> = s [x =2] [y = 1]

ass-inc,



Solution

T2 (Structural Operational Semantics) Nn*2ann NP'VNON NX '2A'NN .2
09N 790%



Structural Operational Semantics

Emphasizes the individual execution steps
<S,s>=y
— the "first” step of executing S on state s leads to ¥
Two possibilities for ¥
— y=<5,s'>
The execution of S is not completed and, S’ is the
remaining computation to be performed on s’

— }/: S’
The execution of S has terminated with a final state s

’

v is a stuck configuration when there are no transitions



Formally defining =

« =>isdefined inductively using inference rules, with both
syntactic conditions on S and semantic conditions on s

[a8Sgos] ( := a, s) = s|lz—Ala]s]
[skipsgos] (skip, s) = s

(Sla S) = (S!la S!>
(SI;SZa S) = (S!laSZa Sr,)

(§1, s) = &

[compygq|

lcompZ |

(S51;59, sy = (84, &)
[ift ] (if b then S else S5, s) = (81, s) if B[b]s = tt
if ] (if b then S, else Sy, s) = (Sy, s) if B[b]s = ff
(whilegs] (while bdo S, s) =

(if b then (S5; while b do S) else skip, s)



Examples for =

<y =2, sy[x = 1]> = sy[x =1] [y »2]
<x = x+1, 5;> = sp[x ~1]

So: state which assigns
zero to all variables

<X 1= X+2; X 1= X+3, 55 > = <x 1= Xx+3, s5[x »2] >

<ifx>0theny:=2elsey:=3,s,>=<y:=3,5,>

<ifx>0theny:=2elsey:=3, sj[x=1]>= <y:=2, sj[x 1] >

<while x < 5 do x:=x+2, 5, > =

<if x < 5 then (x:=x+2 ; while x < 5 do x:=x+2) else skip, s,>

<while x < 0 do x:=x+2, 5, > =

<if x < 0 then (x:=x+2 ; while x < 0 do x:=x+2) else skip, s,>




Finite Derivation Sequences

Computation is modeled by derivation sequences
A finite derivation sequence starting at <S, s>:
—Yor Y1 V2 s Y
—Yo= <S, s>
—¥i = Yix1
— v, s either stuck configuration or a final state
For each step there is a derivation tree
Yo =K ¥, in k steps
Yo = v in some finite number of steps
Models terminating computation



Infinite Derivation Sequences

* An infinite derivation sequence starting at <S, s>:
—Yor Y1 Vo --- SUCh that
— Yo=<S, s>
—%i = Vin
 Example
— S = while true do skip
— S=5,

* Models non-terminating computation



Solution

T2 (Structural Operational Semantics) Nn*2ann NP'VNON NX '2A'NN .2

.0own1 7904

[ass.. ] <X := a, s> = s[x »A[a]s]

[ass-inC,, ] <X := y++, s> = s[Xx ~»A[y.

Is]ly ~Ally+1]s]

[ass-InC ] <X (= y++, 5> = §[X ~ S Y]

ye(sy) +1]



Solution

X:=1; yi=X++; Xi=y++

.1 9'von NDINN 7V A Qon n'vlNnon NX ‘AT T

(X :=1; y:i=x++) ; X:=y++, s>
= <Y:=X++ ; X:=y++, S[x »1]>
= <X:=y++, s[x ~2][y »1]>
= s[x~1][y »2]



Solution
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X:=y ; y:i=y+l



JavaScript & Runtime

TAN 70 7y f X n7'won ,a 7wnl f n¥aIo n7apn X' tail-recursive NNIXA NAIND ANAN DN'Y7190

NIRXINN DIDO NX NN'TNNI a NA'RN
function mapreduce(f, a) {

function mr(f, a, i, total) {
if (i == a.length) return total;
else return mr(f, a, i+l, total + f(a[i])); }
return mr(f, a, 9, 0);
}
NXPZN JNXNY [ND'TA NIMD ,NXN [ATAW )0 mapreduce N'¥j2190 NX 1TNY [N T¥D N0n WX
.a 1wnn 77122 017N 72 nfnn mapreduce(f, a)

:X'N tail-recursive |"'TY ,MIY NOMA .2
function mapreduce2(f, a) {

function mr2(f, a, i, g) {
if (i == a.length) return g(0)
else return mr2(f, a, i+l, function(x) { return g(x) + f(a[i]); }); }
return mr2(f, a, 0, function(x) { return x; });
}
1'N 'N 'V02 NNIY 120NN VITA L[D OX .MIr2 7 N'2'0NIN ARNZNN ITN? IX 'R DT NN D2
?mapreduce2(f,a) nkpN 7 |N2'TO NDMIX AN DNALLITA NOTAN I 97N



Solution

function mapreduce(f, a) {
function mr(f, a, i, total) {
if (i == a.length) return total;
else return mr(f, a, i+l, total + f(a[i]));
}
return mr(f, a, 0, 0);

}

N2 TR pww TIRD TIpn IR QTAY N2

function mapreduce(f, a) {
function mr(f, a, i, total) {
labell:
if (i == a.length) return total;
else {
f, a, i, total = f, a, i+1l, total + f(a[i]);
goto labell;
}
}
return mr(f, a, 0, 0);

}



Solution

‘X'N tail-recursive |"TY ,NMIY NOMA .2
function mapreduce2(f, a) {
function mr2(f, a, i, g) {
if (i == a.length) return g(o0)
else return mr2(f, a, i+l, function(x) { return g(x) + f(a[i]); });

}

return mr2(f, a, 0, function(x) { return x; });

}

1'K 'N 'V0O1 NNIY 120NN YITA LD DX .MI2 7 120NN NIXMZNN ITAY NIX 'R DT NjpPna DA
?mapreduce2(f,a) nkpN W |N2'TH NDMIX AN DNALLITR NOTAN I 97N



Understanding The Code

function mapreduce2(f, a) {
function mr2(f, a, i, g) {
if (i == a.length) return g(o0)
else return mr2(f, a, i+l, function(x) { return g(x) + f(a[i]); });

}

return mr2(f, a, 0, function(x) { return x; });

}
mapreduce(function(a) { return a*2; }, [1,2,3]);

Calls to mr2:

ra.a*2  [1,2,3] else branch — recursive call

Aa.a*2 [1,2,3] 1 (ﬁg ) ) + f(a[ ) else branch — recursive call
Ag

Aa.a*2  [1,2,3] ( ) 2) +f(\al [']) else branch — recursive call

la.a*2  [1,2,3] 3 ( ‘\( ) w) +F|.]) then branch —returns: g(0), which unfolds to:
(((0 +f(a[0])) + f(a[1])) + f(a[2]))



Solution

‘X'N tail-recursive |"TY ,NMIY NOMA .2
function mapreduce2(f, a) {

function mr2(f, a, i, g) {
if (i == a.length) return g(o0)
else return mr2(f, a, i+l, function(x) { return g(x) + f(a[i]); });

}

return mr2(f, a, 0, function(x) { return x; });

}
'K 'R 9'VO1 NNMIY 120NN YITA 2 DX .MI2 7 N0 RPN TN X 'K 0T NN DA
?mapreduce2(f,a) nkpN 7w |N2'TA NDMIX AN DNALLITA NOTAN I 97N

e Still no need to return from recursive call

* But next value of g gets a closure, that refers to variables in the
current activation record

e Each recursive call creates its own activation record
e Activation records cannot be freed until the last recursive call returns

* Memory consumption linear in the size of a



Lazy Evalutation

:X2N Haskell T2 [a1ama
let fibs = @ : 1 : zipWith (+) fibs (tail fibs)
:Scala noNa IN
lazy val fibs: Stream[Int] =
O #:: 1 #:: fibs.zip(fibs.tail).map { n =>n. 1 + n. 2 }
fibs.take(3) :Scalaa.take 3 fibs nxawn .X

1 1ND eager NMIIX2 D'AVINN I'N fibs 7 D'0IMNIAARN DX NI 0D NN N'0N .2
.C/Java/0Caml



Untyped Lambda Calculus: Non-Deterministic
Operational Semantics

t=>t
(Ax.t,)t, =[x t]t
. Z AX.t=Ax t
t, =t t, =t
b=t tLt,=>tt,

Why is this semantics non-deterministic?



Different Evaluation Orders

t=>t
Ax.t)t, =[x tlt
Ax.t=Ax t
L=t t, >t
LL=t14 t,t,=>tt,

(Ax. (add x x)) (add 2 3) = (Ax. (add x x)) (5) = add 55 = 10

(Ax. (add x x)) (add 2 3) = (add (add 2 3) (add 2 3)) =

(add5(add23)) = (add55) = 10

This example: same final result but lazy performs more computations



Different Evaluation Orders

t=>t
Ax.t)t, =[x tlt
Ax.t=Ax t
L=t t, >t
LL=t14 t,t,=>t1t,

(Ax. Ay. x) 3 (div50) =  Exception: Division by zero
(AX. Ay. X) 3(div50)= (Ay.3) (div50)= 3
This example: lazy suppresses erroneous division and reduces to final result

Can also suppress non-terminating computation.
Many times we want this, for example:

if 1 < len(a) and a[i]==0: print “found zero”



Divergence

AX. ) L=px LY (B-reduction)
(A X.(X X)) (A X.(X X))

Cpply
QX QX

Qpply pply
OO



Divergence

AX. 1) L=px LYy (B-reduction)
(A X.(X X)) (A X.(x X))




Different Evaluation Orders

AX. ) L=px LY (B-reduction)
(A X.y) (A X.(X X)) (A X.(X X))

pply Gpply
(o) ~ G Bpply)
GpplY) Gpply) Gpply pply



Different Evaluation Orders

AX. ) L=px LY (B-reduction)
(A X.y) (A X.(X X)) (A X.(X X))

Qppiy

=B

Qppiy Qpply
OIONOIS®

©



Different Evaluation Orders

AX. ) L=px LY (B-reduction)
(A X.y) (A X.(X X)) (A X.(X X))

@ppip
def f():
m m while True: pass
0 ® @ def g(x):
m m return 2

° ° ° @ print g(f())



Call-by-value Operational Semantics

t= terms
_ V= values
X variable
_ A Xt abstraction values
A Xt abstraction
o other values
tt application
(AX. )V, =[x V]t (E-AppAbs)
t, =t
, (E-APPL1)
t,t, = tt
t, =1t
Z 2 (E-APPL2)

vit, = v, t,



Summary Order of Evaluation

Full-beta-reduction
— All possible orders
Applicative order call by value
— Left to right
— Fully evaluate arguments before function

Normal order

— The leftmost, outermost redex is always reduced first
Call by name

— Evaluate arguments as needed

Call by need
— Evaluate arguments as needed and store for subsequent usages
— Implemented in Haskell



Solution

:XAN Haskell 7172 j212m
let fibs = 0 : 1 : zipWith (+) fibs (tail fibs)
:Scala noha Ix
lazy val fibs: Stream[Int] =

O #:: 1 #:: fibs.zip(fibs.tail).map { n => n. 1 + n. 2 }
fibs.take(4) :Scalaa.take 4 fibs nx"awn .X
.C/Java/0Caml 2 > eager NMI¥a DavINN I'n fibs 7 D'0MIAARN DX NI 0D NN "aon A

 Take 4 fibs returns [0,1,1,2]
* Eager evaluation would not terminate

e Lazy evaluation terminates, as elements in the list tail are only
computed when they are needed

e Note that fibs is an infinite list



JavaScript Scope Rules

e JavaScript does not have block scope even though its block syntax suggests that it does. This
confusion can be a source of errors.

e JavaScript does have function scope. That means that the parameters and variables defined
in a function are not visible outside of the function, and that a variable defined anywhere
within a function is visible everywhere within the function.

function foo ()
{
var a= 3,b= 5;
{
var b= 7,c= 11,
// At this point, a is 3,bis 7,and cis 11
a+=b+g;
/[ At this point, a is 21,bis 7,and cis 11
}
/[ At this point, a is 21,bis 7,and cis 11
a+=(b - ©);
/I At this point, a is 17,bis 7,and cis 11
return;
}




Scope

Rul

function foo () {
var a= 3,b= 5:
alert('a’);
var bar = function ( ) {
var b= 7,c= 11;

alert('a="+ at'.b =+ bt',c ='+c);
/Il At this point, a is 3,bis 7,and cis 11
a+=(b+c);

alert('a="+ at'.b =+ bt',c ='+c);

/I At this point, a is 21,bis 7,and cis 11
}

alert('a="+ at'.b ='+b);

/[At this point, a is 3,bis 5, and c is not defined
bar( );

alert('a="+ at+'.b ='tb);

/I At this point, a is 21,bis 5

}

€ S

Co



Functions Closure

e Closures are functions that refer to independent (free) variables

e function defined in the closure 'remembers' the environment in which it
was created in.

var myObject = function ( ) {

var value= O0;
return {
increment: function ( inc ) {
value +=  typeof inc ==='number' ? inc : 1;

2

getValue : function ( ) {
return value;

}
10




FunctionsC| osur e ( Cor

/I Define a function that sets a DOM node's color
// to yellow and then fades it to white.
var fade = function (node) {
var level = 1;
var step = function ( ) {
var hex = level.toString (16);
node.style.backgroundColor = '#FFFF' + hex + hex;
if (level < 15){
level += 1;
setTimeout (step, 100);

}
2
setTimeout (step, 100);
3
fade( document.body );




—=\/S===

e JavaScript has two sets of equality operators: === and !==, and their evil
twins == and !=. The good ones work the way you would expect.

e The evil twins do the right thing when the operands are of the same type,
but if they are of different types, they attempt to coerce the values. The
rules by which they do that are complicated and unmemorable.

== 0’ /] false
==" /] true
="' 0 /] true

false == 'false' // false
false ==" 0’ /] true

false == undefined // false
false == null /] false
null == undefined // true

\t\r\n'== 0 /] true




Question

//global scope
(function() {
/lanonymous function scope
var foo= 1;
function bar() {
//bar function scope

var foo= 2;
}
bar();
console.log(foo);
if(true) {
var foo= 3;// redeclares foo
}

console.log(foo);

10;




Question

//global scope
(function() {
/lanonymous function scope
var foo = 1;
function bar() {
//bar function scope

var foo = 2;
}
bar();
console.log(  foo ); //outputs 1
if(true) {

var foo = 3;// redeclares foo
}
console.log( foo ); //outputs 3

10;




Questio

(function() {
function foo(x) {
var baz = 3;
return function (y) {
console.log(x +y + (++ baz));

}
}

var moo =foo( 2);// moo is now a closure.
moo(1); //
moo(1); //

10;




Questio

(function() {
function foo(x) {
var baz = 3;
return function (y) {
console.log(x +y + (++ baz));

}
}

var moo =foo( 2);// moo is now a closure.
moo(1); // 7

moo(1); // 8
NO0;




