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Course Learning Outcomes (CLOs)
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What is a Compiler?

...



Compiler: Typical Infrastructure (1)

.
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Q. How many IRs are necessary to build a number of compiler?
- Java-to-C
- Eiffel-to-C
- Java-to-Python
- Eiffel-to-Python I④÷÷a%"and .

a→3→IIh→CIREn
Eiffel → IRE -sIRc→fIRc

IRP



Q. How many IRs are necessary to build a number of compiler?
- Java-to-C
- Eiffel-to-C
- Java-to-Python
- Eiffel-to-Python
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Compiler: Typical Infrastructure (2)

Q. What is the behaviour of the target program predicated upon?

to
IR, must be

accurate

⑦ on see
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Example Compiler One: Infrastructure



Example Compiler One: Scanner, Parser, Optimizer

÷÷÷subject verb
noun
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Example. Java compiler
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Example Compiler One: Scanner, Parser, Optimizer

class A ' pie. IR!!!?. presentIi④'→c↳aeBb
.
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CFG for white - loop
-
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while-Loop: Context-Free Grammar (CFG)
#

(
searing

ton Impl , how many possible
⑧ ② ways to proceed with a

Impl Impl single- step of derivation ?
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Example Compiler One: AST-to-AST Optimizer (1)

AST of input program:
SeqComp

Assign Assign Loop

SeqCompVar BoundsVar
 
Expr Var

 
Expr

Assign

Var
 
Expr

Assign

Var
 
Expr

 
Expr
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AST of output program:

Example Compiler One: AST-to-AST Optimizer (2)

SeqComp

Assign Assign Loop

SeqCompVar BoundsVar
 
Expr Var

 
Expr

Assign

Var
 
Expr

Assign

Var
 
Expr

 
Expr

-

Ext:
• reef

( var HY
b : =
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Example Compiler Two: Data Model

class Accused class travellers
owe : traveler Et] account : Account .

owner -6.17

3 }



Example Compiler Two: Mapping Data
Attribute-to-Table Mapping

Example Transformation

T
Is

Et¥.



Example Compiler Two: Source Program



Example Compiler Two: Target Program

Stored Procedures

Table SchemasEEE



Example Compiler Two: Path Transformation

Object Path

Table Queries

Account_owner_Traveller_account

Hotel_registered_Traveller_reglist

owner account

registered reglist

Account
oid balance

Traveller
oid name

Hotel
oid name

1 2
3

4100 alan 
mark 

GLAD 
oid

oid

3 15

6
7

4
4

2
3



Scanner in Context

Tf



Scanner: Formulation & Implementation
-

••
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Scanner: Formulation & Implementation
-

¥-8.00
E -NEA



Set comprehension

{ nil # x'④ 3
- -

term condition

= { 2 , 4 , b
g
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s
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Regular Language Operations
Cardinalities?-

HE←

LM L -- la
,
b}

H = { Is 2,33
= 0 lull -- b
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0 a Loud vivo .
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Constructions of REs

¥7
I .

jyx⇒aytLEtDRE.pe#0DQope operator
I
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RE: Exercise
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RE: Operator Precedence

E



DFA: Exercise
-
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DFA: Formulation (1)

Language of a DFA

-

-
¥
.
?.÷÷÷:*.

Stay
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DFA vs. NFA

-0



NFA: Processing Strings
-

ok

-
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DFA: Formulation (1)

Language of a DFA

-To
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ape string
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DFA: Formulation (2)

Language of a DFA

-T

""""""iii ""



NFA: Processing Strings

€
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NFA: Formulation

Language of a NFA

EE



NFA to DFA: Subset Construction (Lazy Evaluation)

I

⑦ o t
⑨ a

¥¥f:÷÷÷¥¥¥Ti¥.-T {Go 3GB
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epsilon-NFA: Motivation Draw NFA

*⇐¥i±
0





epsilon-NFA: Example

-so ¥ . - -⇒



epsilon-NFA: Formulation (1)

Example epsilon-NFA

-o

⇒÷÷¥÷÷e¥t



epsilon-NFA: Formulation (2)

Example epsilon-NFA

ECLOSE(q0) ?

-0

iiiiiiiiii:



epsilon-NFA: Processing Strings

Read 5
Read .
Read 6

How an epsilon-NFA determines if input 5.6 should be processed-
ME . 6

starring state :

¥¥÷i÷÷:÷⇒



epsilon-NFA: Formulation (3)

Language of a epsilon-NFA

-T

t¥¥¥%%¥
-



epsilon-NFA to DFA: Subset Construction

ECLOSE(q0) ?

F#¥e÷dy scads



Regular Expression to epsilon-NFA
Base Cases Recursive Cases (given REs E and F)
-

Ia. "Io¥g¥⑧
a

E*⇒¥⇐⇒⇒e
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→
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Regular Expression to epsilon-NFA: Example

(0 + 1)*1(0+1)⇒
→o⇐oos¥o⇒
←
o⇒to ?
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 Minimizing DFA: Algorithm

⑤



 Minimizing DFA: Example (1)
-

feel He
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.
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 Minimizing DFA: Example (2)
-

a → all dead stateera .""

Edda;¥¥dI
→⑨¥¥¥d÷¥¥D
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 Minimizing DFA: Example (3)
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true + false

3 ⇒ 4



Context-Free Grammar (CFG): Example Version 1

Example: 3 => 6

Example: 3 * 5 + 4

-

¥.io?*.it
l l
IC IC

exercise
:#ambiguous

draw at possible pause
trees for

it .



Context-Free Grammar (CFG): Example Version 1

Example: 3 * 5 + 4

Jo



Context-Free Grammar (CFG): Example Version 2

Example: (1 + 2) => (5 / 4)

¥
b- 5



Context-Free Grammar (CFG): Example Version 2

Example: (1 + 2) / (5 - (2 + 3))

-

① ↳ a valid se

do:*.
/

as

"Inria::



Context-Free Grammar (CFG): Example Version 2

Example: 3 * 5 + 4

-



UAA Wawa
S-scdl.sk

SB
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# transitions

fo :$ > Gi
E
Fbi:$ > 9 . X

§



Runtimecamphene ) abg¥ , mediate format )
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From RE to Scanner (1)
Regular Expression: r[0..9]+

Token Type (Type)

Token Type (CharCat)

Transition

Example input: r241

I
-

O ⇒⇒ s
- -¥¥⇒¥¥¥¥⇒¥

-

I
- O

⇒
*±
-

⇒ E
- -↳ :@
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s → E l G
E → e t F E

HEE B

B → I

C → l l

D → O



Context-Free Grammar (CFG): from RE 

(0 + 1)*1(0+1)←
I 5¥ I

s → C A

1C→£ICAI
A- → 011
Beam



Etd
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Context-Free Grammar (CFG): from DFA
-

i÷÷÷÷"÷:::"



Context-Free Grammar (CFG): Leftmost Derivation
Derivation: a + a * a

Parse Tree: a + a * a

⇒Forth
⇒ I± Itami

Expr ⇒ a t Lam * Factor

t.fr ITEM ⇒ at Facer * Factor

⇒ at a * Factor
⇒ a e a * a



Context-Free Grammar (CFG): Rightmost Derivation
Derivation: a + a * a

Parse Tree: a + a * a

LT



Context-Free Grammar (CFG): Leftmost Derivation
Derivation: (a + a) * a

Parse Tree: a + a * a

D-



Context-Free Grammar (CFG): Rightmost Derivation
Derivation: (a + a) * a

Parse Tree: a + a * a

LT



given input string W E Z
't

da
dasWH
Giambi



Exercise
"It * ⑥

end .At a * a ]y)→ mean.gl
exc .at (a *a)

y→
mean

.
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- Quizzes will be on Wednesdays
- Office Hours this Friday: 2:30pmI
RE



Context-Free Grammar (CFG): Exercise (1)

Is the following CFG ambiguous?=



Context-Free Grammar (CFG): Exercise (2.1)

Is the following CFG ambiguous?

-

o
iftxprteh ¥IxprtheAI

Assignment



Context-Free Grammar (CFG): Exercise (2.2.1)
Is the following CFG ambiguous?

Example:
if Expr1 then if Expr2 then Assignment1 else Assignment2

⇒



Context-Free Grammar (CFG): Exercise (2.2.2)
Is the following CFG ambiguous?

Example:
if Expr1 then if Expr2 then Assignment1 else Assignment2
i0



TE

D II Expel thee I Exprz then Assignment '#
s I Exprs the Assignment*Ether
-Inga fftthatwe
*pie tssgnmenti ¥¥hh\Elxpr 3 'Assignment 2



I Fxpr , then I Fxpr , then

if Exprz then if Exprz then

Assignment I Assignment I

Assignment Assignment
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Top-Down Parsing: Algorithm

D-



Top-Down Parsing: Discovering Leftmost Derivations (1)
Parse: a + a * a
-

Z

l
-
E

⇒
¥
.

word : a focus : Et # E ¥4 want
"
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Top-Down Parsing: Algorithm

D-



Top-Down Parsing: Discovering Leftmost Derivations (1)
Parse: a + a * a
-

Z

l
-
E

⇒
¥
.

word : a focus : Et # E ¥4 want
"



Left-Recursions (LRs): Direct vs. Indirect

Direct Left-Recursions:

Indirect Left-Recursions: f
② A→Ba

,
B⇒A afd

O O
D
A → Er

② BE Atd



CFGs: Left-Recursive vs. Right-Recursive
CFG with Left Recursions CFG with Right Recursions

Example: a + a * a

-

O
e-¥ .@

ae

::::a

¥÷÷:*..
. ¥÷÷÷÷÷÷÷

.



Top-Down Parsing: Discovering Leftmost Derivations (2)
Parse: a + a * a→

1-

→
-

-
-÷÷⇐¥÷¥÷⇒⇐-

fee,
ad

→
a e E't

' ¥U→ - T
'

→
E '

word :@ focus : ¥ # EX # F trace
m"



Top-Down Parsing: Discovering Leftmost Derivations (3)
Parse: (a + a) * a

÷



Top- Down Parsing
↳aelef-tmostda-nattodmvo.de:&:* ."
"ftp..no; "

mama
"

'
a:*:p:

I:c:



A → B

B → C

( → A



Removing Left-Recursions: Algorithm
- SHE - -I

A. →⑧r

÷÷¥÷÷¥÷iF¥i÷÷f-red:Tears
.

re

annua



Removing Left-Recursions (1)

Indirectly Left-Recursive CFG:

-

÷ *÷÷s
.

⇒iii. ÷: ÷÷÷÷÷¥÷i÷



ET E¥
I F B
l G B

ftp.t.EE
E' → + T E

'

l E



Removing Left-Recursions (2)

Indirectly Left-Recursive CFG:F



Removing Left-Recursions (3)

Directly Left-Recursive CFG:o_0



Removing Left-Recursions (4)

Directly Left-Recursive CFG:F



A TV not willable
=

A → e mailable

B →€
B. c. p namable

( → D =

D → E willable
B. → did ? - dn BII!.my; - able



A → 2 , L, y,
known : g:
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Eliminating epsilon-Productions

Q: Nullable variables?

- ht ¥ Gz
→ hi

ii.
"

s

"

sa : Bain:pB → b Bl b BB I b
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Removing Left-Recursions (1)

Directly Left-Recursive CFG:

-

¥÷i÷a-



I I

i⇒÷÷÷:÷÷÷ .
⇒

Exercise. .



Removing Left-Recursions (2)

Directly Left-Recursive CFG:

⑦
#erase .



Removing Left-Recursions (3)

Indirectly Left-Recursive CFG:

Ifi:÷÷÷: ÷i⇒.'

drei le



Removing Left-Recursions (4)

Indirectly Left-Recursive CFG:

-

÷÷¥""±⇒
O



Top-Down Parsing: Algorithm
-

÷÷÷÷÷÷÷.



FI
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. ha:
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word

⇒ Granma'S, adc free



FIRST Set

Right-Recursive CFG:

Efi
O B

alan

O O



focus -71€ A
I⇒v2

word : x I

It"T⇒a÷i::¥.XEFZ
XEFS Fintan

't -_ 0.
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D-
→E%a¥g...
ASTNode children↳

children - length

q±÷÷:÷÷÷÷*i¥qnee ASTNode (
' '

LIASTNodev-ttsnw-ASTNodec.la#
.



Top-Down Parsing: Backtrack

. . 
. . .

 .

Term’

-



FIRST Set

Right-Recursive CFG:



FIRST Set: Algorithm

is nullable

are nullable

if
A
⑧ I

÷i÷¥¥÷÷÷i÷÷÷i÷÷÷÷÷:I



- eye
First

E E First(BD E E FAHRk-I,↳ fFCuHedo---HB#
-



FIRST Set: TracingRight-Recursive CFG:

First choose rules 
whose RHS starts 
with a terminal

F, E’, T’, T, E÷:¥¥¥÷Ei÷:



O
→tTano
~

intern) :

t-itawrdye.sk't



A ??÷fAf
rn! HAI

HBD



A → A B

÷÷÷÷÷÷÷÷÷÷.



✓ → k¥1 Factor

first Lv) : -- First ( Term ) * ke

First CD
-

- FeEg u Firstly u
Fastened



tIstB
= HIS
First (E) u First (E)u - v.First (AI

En Ent
-

" B"'m An
:*



Extended First Set

Right-Recursive CFG:⑤



Is the FIRST Set Sufficient?

FIRST(+ Term Term’) =
FIRST(- Term Term’) =
FIRST(epsilon) =

. .
 .. . 

.

Expr’

. .
 .

÷...

.. :*
→ a



FOLLOW Set

Right-Recursive CFG:

C C
O

O

°
C

-

O O O



FOLLOW Set: TracingRight-Recursive CFG:
First choose rules whose 
LHS is processed.
Then rules whose 
RHS ends 
with a terminal.G, F, E, T, T’



n¥:÷¥÷÷¥3
.
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Is the FIRST Set Sufficient?

FIRST(+ Term Term’) =
FIRST(- Term Term’) =
FIRST(epsilon) =

. .
 .. . 

.

Expr’

. .
 .

-

¥
0

focus
:-#
" ' PP
"

y¥¥÷¥¥¥¥d¥f



to H

A →BIBB
4.
E

First (A) = First (BD u First



First Follow
d d

rhs trailer

rhs → ← trail



FOLLOW Set

Right-Recursive CFG:



FOLLOW Set: Algorithm

When i = k
When i = k - 1

-
-

¥÷⇐÷÷÷÷



I⇒z¥a⑨*IFi÷÷÷÷ .

Calculate Follow of f.B . fs , and Be

Tallow led -

- Follow CANETTI
to it::*.*i¥¥i÷iiii¥



iie ""

y:±÷iie④÷÷¥÷÷÷÷÷÷÷:&:*Follow( Ba) -- Follow CA) . :p, not
nibble

tint insane .



FOLLOW Set: TracingRight-Recursive CFG:
First choose rules whose 
LHS is processed.
Then rules whose 
RHS ends 
with a terminal.G, F, E, T, T’÷ iiioi.
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7¥ Fa

Eor) = First Hem's
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T E



t -- Follow

¥¥?±÷¥÷÷÷a÷÷i÷:÷!
"

axis



to tomas a Bit

④
*¥÷÷*i¥÷÷÷¥¥÷÷¥÷*

FAN Expo
=

trailer
" 's "÷:÷::?



÷÷÷÷÷÷÷÷÷"Compute
now :

follow( Expo
)



Firstly ) Feat )

ten:::#mind #-)

First ( ta?a⇒ , some prod"""
follow l -1, variable



Backtrack- freeGranta; s*As

a .i¥¥¥¥ . . .
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Project: Problem
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Project: Milestones⇒ -

.



Project: Verification Tool
=

-7µA .

⑦→ most u. f. T .

Cambridgepig .



 Paradigms of Verification (1)
Model Checking
   - A transition graph is built based on all possible states.
   - An algorithm is run to ensure 
     that certain properties are satisfied
   - Automated
   - State Explosion: 
         not terminating if the state space is huge 
         (combinatorial on sizes of variable domains)

Example:
inc
   require
      x < 5
   do
      x := x + 1
   end

dec
   require
      x ≥ 0
   do
      x := x - 1
   end

: :

→ia n.org.
µg examples

oo¥'a¥aw%÷i÷÷oIT A ⇒ def )j
.ci#l??...deaddeda



 Paradigms of Verification (2)
Theorem Proving
   - System is encoded as predicates (e.g., Hoare Triples in EECS3311)
   - A proof system of deductions (axioms, lemmas)
        is used to prove that the system entails
        certain properties.
   - Manual (EECS1090 proofs on a computer)
   - Complete input domains of variables can be encoded.

Example:
Given    ¬ ( ¬ p ) ≡ p
         p ⇒ q ≡  ¬ p ∨ q

Prove:  ¬ p ⇒ q ≡ p ∨ q

Example:
swap
   require
      x > y
   do
      temp := x; x := y; y := temp
   ensure
      y > x
   end

-

=?pcs"
Dxsy⇒ I
5¥ I

def. of ⇒s



 Paradigms of Verification (3)
Constraint Solving
   - System is encoded as predicates (e.g., Hoare Triples in EECS3311)
   - Given predicate p(x), an algorithm is used to either:
           (1) find a witness x s.t. p(x) is true.
           (2) report that no such witness exists
   - Automated
   - How do we then use a solver to prove that p(x) is a tautology?
   - Combinatorial Explosion on Variable Domains

Example:
Prove that p ∧ q ≡ q ∧ p

¥
.

youfinesse.
a

"

m.
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ANTLR (ANother Tool for Language Recognition)

ANTLR

- Parser.java
- Lexer.java
- Visitor classes

- Parser.java
- Lexer.java

Your 
Java Classes

uses

uses

generates

generates

input file

output

Compiler
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Composite Pattern of Model Classes

Number

VariableDeclaration

Variable Multiplication

Addition

ExpressionProgram expressions: List<..>



Building Model Objects from Parse Trees

i : INT = 5
j : INT = 7
i + j * 3

Variable

id

VariableDeclaration
id
type
value

Multiplication

left
right

Addition
left
right

Number

num

VariableDeclaration
id
type
value

Variable

id

expressions
Program 0 1 2

prog00
'

EEFEEFEEE:*'



Backtrack-Free Grammar

of



Top-Down Parsing: Algorithm
with lookahead

. . 
. . .

 .

Term’



Backtrack-Free Grammar: Exercise

E



Left-Factoring: Removing Common Prefixes

÷÷¥÷÷÷
.



Implementing a Recursive-Descent Parser
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- Assignment 3: Automated Regression Testing

I↳



Regression Testing

Your Program

oracle programinputs

at01.expected.txt
at02.expected.txt
...
at99.expected.txt

expected outputs

actual outputs

identical?

at01.actual.txt
at02.actual.txt
...
at99.actual.txt

at01.txt
at02.txt
...
at99.txt
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Asap,
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Bottom-Up Parsing: Algorithm"""
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Bottom-Up Parsing: Discovering Rightmost Derivations (1)
Parse: ( )→
List → BE

=

IPad t

* d 2X I
''

'"

E.To *÷÷÷÷÷÷÷÷i:"
*

0
→

* A
* 3¥# ox *④ Pair →④ " ""



q
initial

IA → •fr.
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Bottom-Up Parsing: Discovering Rightmost Derivations (2)
Parse: ( ( ) ) ( )



Bottom-Up Parsing: Discovering Rightmost Derivations (3)
Parse: ( ) )

¥7
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LL(1) vs. LR(1): Performance

E
re:*:9

4241 T

I"ki¥a¥. " ''Else
First i¥r
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lookahead
symbol
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Bottom-Up Parsing: Discovering Rightmost Derivations (1)
Parse: ( )→
List → BE

=

IPad -4

¥*d O 2X I
''

"t

EF o c- ④ C )
.¥i÷÷÷÷÷÷*¥¥*U

*④④
00$

⇒O

* face
i # 3¥# ox *④ Pair →④ " ""



LR(1) Items: Exercise (1.1)

⇐
•

[ • ( Pair ) , of ]
[ . ( Pair ) , C ]
[ . ( Pair ) , D



LR(1) Items: Exercise (1.2)

-8



FOLLOW Set

LR(1) Items: Exercise (2)

O

I 4241 items of



CC Construction: closure
→
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CC Construction: closure
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o
[ A → B. Is , a] ⑦

⑧ [ Goal → ←Lists of ] initial

FIRST ( Sa) = FIRST ( E of) = left} ftepz
D

[Lists . Last Pair , of]

It.see . Pair



⑥ [ Goal → . Lists of ]
D

o : ::: sis:*:*. Do
[ A → ⑨Cs , a5

E "pa.EE Steps
FIRST ( Sa) = FIRST (E eofj = { eff}

③[ Pair → . ( Pair ) , of]
④ [ Pair → . C ) , of]



[ A → B. CS , a]
⑧ Goal → . Lists of ]

*÷: : :*:*:*
D

⑨
⑧ [Pair → . ( pair ) , oof ]

Steps
④[ Pair → . C ) s oof ]

FIRST ( Sa) =



[ A → B. CS , a]

¥ii÷÷÷÷÷÷÷÷:* O
②

③ [Pair → . ( pair ) , oof ]
Steph

④ [ Pair → . C ) s oof ]
⑤ [ List →•List Pair , c ] lad = 9
⑥ [ List → . Pair

,
C ]

FIRST ( Sa) =



CC Construction: goto
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CC Construction: goto
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CC Construction: goto



CC Construction: goto 124 :[ P→.C Pair )
,

- 125 :[ lexe
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-
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CC Construction: Algorithm
•
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CC Construction: Algorithm
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CC Construction: Algorithm
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closure (Tilt
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CC Construction: Algorithm
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Table Construction: Algorithm
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ref . CC Epossibk States of NFA)

LRCD f
j backtrack E -
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free transition
+
Actions,Ef
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deterministic
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w¥P[ Stoner? ¥ expr then
Start .

,
of ]

[ Start → if exp the Ants else ]

⑧[ fine → If expr the Amt • else time, of]
④KStmt→¥exprthaIµe]
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