
EECS4302 
Compilers and Interpreters

Fall 2022
Instructor: Jackie Wang



Lecture 1 - Sep. 8

Syllabus & Overview of Compilation

Stages of a Compiler: 
Lexical, Syntactic, Semantic



What is a Compiler?
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MyClass.java

s last DT of s

An A+ Challenge: Inferring the DT of a Variable

Your Program

class MyClass {
   main (...)
      Student s = ...;
      ...
      s = new ResidentStudent(...);
   }
}
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Modularity Regression
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Lecture 2 - Sep. 13

Overview of Compilation

Components of a Compiler: 
Frontend, Optimizer, Backend

Introducing Scanner



- Survey on Programming Test Time
- Office Hours



Compiler: Typical Infrastructure (1)

Q. How many IRs are necessary to build a number of compiler?
- Java-to-C
- C#-to-C
- Java-to-Python
- C#-to-Python

Concrete Syntax vs. Abstract Syntax

Jaualtt

%%Ñ;¥pss.be

input

class At ☐

parse tree
-1 gates → ¥"¥

,,
Java syntax

name attributes

IRI : Java - to - machine
J→⑨IR

IRZ : machine - to -Java
IR⑦



Compiler: Typical Infrastructure (2)

Q. What does the behaviour of the target program depend upon?

"⇔"ᵈ,,"É
I[ t.in/p-ama-e1y encoded in IR 3. optimized IR

accurately encoded"

2 . un- optimized IR accurately encoded in optimized IR
T1 output



Example Compiler 1: Infrastructure
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Compiler Infrastructure: Scanner, Parser, Optimizer

Analogy: Compare Compilation to Essay Writing

- words
- sentences
- meaning

-

☐→ lexical
Cspellings I

syntactic
( grammar)

IT-tenn-I-fa-p.rser .



while-Loop: Context-Free Grammar (CFG)$?
a234
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Input :D whiten true { print. _ .> s }
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Compiler Infrastructure: AST-to-AST Optimizer (1)

AST of input program:
SeqComp
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SeqCompVarRangeVar
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AST of output program:

Compiler Infrastructure: AST-to-AST Optimizer (2)

→ optimized
§ version



Compiler Infrastructure: AST-to-AST Optimizer (3)

Q. How should the various artifacts be connected?

Ñ→ art
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transformation



Lecture 3 - Sep. 15

Overview of Compilation

Example Compiler: Object-to-Relational
Introducing Scanner



Example Compiler 2: Data Model



Example Compiler 2: Mapping Data
Attribute-to-Table Mapping

Example Transformation
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Example Compiler 2: Source Program
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Example Compiler 2: Target Program

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

Table Schemas

Stored Procedures

-
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Example Compiler 2: 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
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Scanner in Context
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Scanner: Formulation & Implementation '
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set comprehension
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d- lengthK
w is a string over E
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Lecture 4 - Sep. 20

Lexical Analysis

Strings, Languages
Regular Expressions



Announcements
- Assignment 1 Released

+ Required slides already made available
+ In-class discussion will catch up this or next week

- Programming Test date semi-confirmed:
+ 2:00pm to 3:20pm on Saturday, October 29
+ Venue to be confirmed

- Quiz 1 next Tuesday

Is there any reason I need to wait to go through the 
ANTLR4 tutorial series on YouTube over reading week? 
Will I need the lecture right before to understand it? 

- RE
- CFG
- OOP and Composite & visitor design patterns

I

%As>
o



Formulating Strings

Set of Strings of Length k

Set of Nonempty Strings

Set of Strings of All Possible Lengths

/
alphabet
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E = { 0s I }

simplest, RE : 0
"

non- empty
"
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-2k all
stings with length k

Lk k concatenations of strings
chosen from L

.



Regular Language Operations

Cardinalities?

L = {ab, bc, ca}
M = {ba, cb}=:

1- - -1
✓

{ absk.ca , sa , as }
/ É / = KF

{will we Lav c- 1131 I

{abba , abcbsbcba , bccb , Caba , cacb }
2° = { E }

I / Mgm b' = {✗ I ✗ c-63=1
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= {☒g. HE YEL }



≤ = {03.*
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Constructions of REs
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Lecture 5 - Sep. 22

Lexical Analysis

RE: Exercises & Operator Precedence
DFA: Basics & Exercise
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D2⇒ E.
*
≤ EE

Mathematical Induction

(Base Case) ?⃝≤④ ⊕.
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RE .

0+6 = ∅uÉÉ?⃝
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RE Specification: Exercise

4-_

DX ↳ = (0110171-111014)
7- ×

◦ I ✓
° / C- 4

10 ✓ 0166

0 10 ✓

I ◦ I ✓



RE: Operator Precedence

10* vs. (10)*

01* + 1 vs. 0(1* + 1)

0 + 1* vs. (0 + 1)*

- Are RE₁ and RE₂ equivalent?
- A string in L(RE₁) but not in L(RE₂)?
- A string in L(RE₂) but not in L(RE₁)?¥

I c- 4 101004
110*7 1¢a 1010 C- C2



DFA: Exercise

Draw the transition diagram of a DFA which accepts/recognizes 
the following language:

{ w | w ≠ ε ∧ w has equal # of alternating 0’s and 1’s }



{ w I w contains 01 as a substing }
A ✓

.

% ⑧Go
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Lecture 6 - Sep. 27

Lexical Analysis

DFA: Formulations
NFA: Non-Deterministic Transitions
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DFA: Formulation (1)
Language of a DFA

e.g., 0101

→
if

4.
I ≤ [ ≤ n AGNEF↓

e.g. O≤ In A8(f¥,de*)=%*
☆☒KNIN 8(go.at) --81
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DFA: Formulation (2)
Language of a DFA

e.g., 010

-

G
'

÷*⇒¥¥%******;"?qx.ge>☐
860,0-18)
= 8186%0-1=-0,0) É¥÷dµg
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DFA vs. NFA

l
01111101

'

(51,0) c- 8 ?

→ ?⃝
⇒ E' DEA



Lecture 7 - Sep. 29

Lexical Analysis

NFA: Tracing & Formulation
NFA to DFA Conversion
ε-NFA: Formulation and ε-Closure



NFA Behaviour ≈ Alternative Universe

Trace: 00101

Obviously the time continuum has been disrupted, creating this new 
temporal event sequence resulting in this alternate reality. - Doc Brown

At
go -0>9. %±EÉ%÷¥;☐ →

=
→
_

-

Gi#
Gay ⑧q*

b- - _ Fl To

↓

Try :
00111 "

97¥
state



NFA: Processing Strings
How an NFA determines if an input 00101 should be accepted:

Read 0:
Read 0:
Read 0:
Read 0:
Read 0:

☒ 8 ( Go ,D= {④④}
T S (8-0) U 8 ( ,e) = {9%3 u { } = {Go}

Exercise
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§ :( d , E)④Q is , ,1) undefined((S2 , 1) } ∅ ) c- 8



NFA: Formulation
Language of a NFA

q-7%0
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÷:* ✓
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8% , y
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after

processing
set of
states atset

✗ of states
.
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Every DFA is an ÑTA .

Not necessarily every NFA is a DFA .

I
has some

missing transition



NFA to DFA: Subset Construction (Lazy Evaluation)

= -

Osubset
state { Go} 8180,0> = 8180,1 )
"

each state {go.fi} = { go}
→ discovered

in the DFA - - already.
corresponds {go.qigscqg.duscqi.SK#?-)u8(G-isl?to a

set of states
e- ←

= {90.8-1} = { go.fr }
" NFACEO)%ffB (Exercise)



Subset Construction: Algorithmic Specification

:&:%¥yoai
.

should contact
.
✓

a

¥Eiñ
→ {go} {G.%} {Gsk}
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.NIA : So
,
S1
,
S2 2101 = f
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epsilon-NFA: Motivation Draw NFA

•
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→•8•¥
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Lecture 8 - Oct. 4

Lexical Analysis

ε-NFA: ε-Closure & Conversion to DFA
From Regular Expressions to ε-NFA
Minimizing DFA



epsilon-NFA: Example

Is this a DFA?
Is this an NFA?
Is this an ε-NFA?

N .

÷



epsilon-NFA: Formulation (1)

Draw the transition table.⇔



Derive ECLOSE(q0).epsilon-NFA: Formulation (2)

☐
= {Go} uE¥¥uEWE#
""%)

{&}uÑ¥ £8B
{Gs}uÉfI)

① ☐

☐→•
f E

answer : { qs}
?⃝

{ Go } Gi , 93 , % ,%}



Language of a epsilon-NFA

epsilon-NFA: Formulation (3)

f.
¥kq}

ⁿP¥¥¥A q-ai-a.si
.



epsilon-NFA: Processing Strings

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

Exercises⑦
D. 6

② + 23

-
{ 90=>8 , }

SF-i.GS#-q---q3E.lw5tCGi)UECLoIE(fa)--{ G ,} u {Gis = {& >84}

Exercise



epsilon-NFA to DFA: Extended Subset Construction

E-Wtf

② FILOSE of DFA .

4b¥-ie peng;

"do scads
= :

- :

(
E
transition )

¥-400 Mara

state
of DFA

-

↳ accepting (subset states of DFA .



epsilon-NFA to DFA: Extended Subset Construction

ε-NFA

DFA

(
each DFA

state

is a
subset

of

states
Er E-

NFA

> w TS a string.( "
•

•
-

t
all subset states
reachable ton

go



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

∅

a    (a ∈ Σ)

R + S

RS

R*

→→¥¥¥
R S

⇒ • *◦ •⇒• •⇔
e-

→ →O-⑧É



Regular Expression to epsilon-NFA: Example

(0 + 1)*1(0+1)O
✓

⇔¥É⇒⇒⇔⇔⇔
Exercise?



 Minimizing DFA: Algorithm D What if M' = II ⇒ me optimization
② Is 104451 > 10am can be done

possible ? ⇒ dgo.
n°-1 achieving
what it's

supposed
to

.



Partitions of States

e.g., Q = {s0, s1, s2, s3}

- Smallest number of partitions
- Largest number of partitions
- Partitions somewhere in-between
- Analogy from Software Testing: Equivalent Classes

input

- 7single partition
= { {So , 51,5453} }
Q'= { {⑧, ,

s{④ }
no optimization



Lecture 9 - Oct. 6

Lexical Analysis, Syntactic Analysis

Minimizing DFA
Implementing a Scanner
Context-Free Grammar (CFG): Basics



Announcements
- Reading week study item: ANTLR tutorial
+ RE
+ CFG
+ OOP and Composite & visitor design patterns

- Assignment 1 due tomorrow (Friday) at 2pm
- Programming Test date reminder:

+ 2:00pm to 3:20pm on Saturday, October 29
+ Venue to be confirmed

- Quiz 1 to be returned in class on October 17
- Quiz 2 postponed to Thursday, October 19



 Minimizing DFA: Algorithm D What if M' = II ⇒ ne optimization
② Is 104451 > 10am can be done

possible ? ⇒ dgo.
n¥ achieving

partition# 1 ( accepting states) what it's
supposed

partition#2( non-accepting states) to
.↳

P
-

- T means ne more optimization can beed = done
point.



Partitions of States

e.g., Q = {s0, s1, s2, s3}

- Smallest number of partitions
- Largest number of partitions
- Partitions somewhere in-between
- Analogy from Software Testing: Equivalent Classes

input

- 7single partition
= { {So , 51,5453} }
Q'= { {⑧, ,

s{④ }
no optimization



 Minimizing DFA: Example (1)
E- {dabs - -.it} fee / fee ③ .

D.
. .

'

f : "

{Soft steaks %Se
.

Se} -4
U e :{5,5434 f :
E {Sis -4

{se.soa.SI} -4 {Se} -4

② ④ .

. .

'

e :
. .

/

se,%}→{So,Se3→ Se



. . .

'

input :
'

Tstates
→

Se

75-ia-es.ru↓
→

✓- output :5 partitions 5- states
.

Se
.

- ÷

I

er
→ { So}# {Sis → {52,543

{ Se } {Ss.S?⃝↓e



 Minimizing DFA: Example (2)
D E = {asbsc}

↳

,
partition .

5 states

↓

dido ↳ {di , de .dz} 3 partitions
Se ↳ {dosSe3TxerciseidrawDFIl.Z@a.fdisdz.d}3→ʰ {Se}

{duck}d}3→b {disdz.dz}Se
{dis.dz }ds3→ᵈ {disdzsd}}



 Minimizing DFA: Example (3)
( Exercise )

.



From RE to Scanner (1) Regular Expression: r[0..9]+

Token Type (Type)

Token Type (CharCat)

Transition

Example input: r24 word:
state:
cat:

✓✓

I fg
.

0
=

✓
'

se =

•20
☐

.

→Sz -1
→⑤ →G-

So

bad

* v2

E¥ E¥⑤
.

Reif.EE



From RE to Scanner (1) Regular Expression: r[0..9]+

Token Type (Type)

Token Type (CharCat)

Transition

Example input: r24*3 word:
state:
cat:

☐
(Ex .

€F
.



Context-Free Grammar (CFG): Terminology

I

DO 0-0-7
Stat product

'M

variable - gminas will
I

non-
terminals

(
variables )



Visualization Derivations from CFG

- Shortest Derivation?
- 000#111?
- 010#101?

#
-

②:-.③ ¥13T
"

theories:
Modify/

extend
(A) Ap the

grammar②
⇒ B ¥ *

allow #

③
⇒ * et!
(devotion

"'d"
my& 0 AM

B '

¥
'3¥



Lecture 10 - Oct. 18

Syntactic Analysis

CFG: Case Studies
Semantic Analysis vs. Ambiguity



Announcements
- ANTLR tutorial
+ RE
+ CFG
+ OOP and Composite & visitor design patterns

- Project to be released by next Tuesday’s class
- A possible alternative to ProgTest?

14:30 to 16:00, Tuesday, November 1
- Programming Test date:

+ 2:00pm to 3:20pm on Saturday, October 29
+ Venue to be confirmed (LAS building)
+ Practice Test

- Quiz 2 on Thursday, October 19

QuizE"no petis

to be

or

jfinallyfirmed
Thus,
class



Discussion: Compare Two CFGs

v1

v2

1.U2 does
5)mantic O

<evators grouping of
a

I ItIt
3?(

expectedtowers,XP-

2. N2 is less

ambiguous
- it does not

accept 2-8
I acceptedbyinneed Oonly1partea



-I-
ambiguitity?

BinOp

o Exp 7 Exp.
I It3

BinOp

Exp!f Expe



Context-Free Grammar (CFG): Example Version 1
Example: (1 + 2) => (5 / 4)

contains
:--> )mantic be

error todiscovered

an
AST/PT Notalropneaand

Is this
valid meaning?

--

with " Exp showgateapitare
ExpE Exp semantless.
/ll

5 -
b witness <Exp> <p>-ciate
100l

↳ allmoving BilOx BstOp
for I biguity ExpHLRseriesanaw<exercises-



Context-Free Grammar (CFG): Example Version 1
Example: 3 * 5 + 4

H]+3.
1)
-

↳
ITI

witness
is EVR KiLEs,

ambiguitif Ep *ExP Exp t"E
-til Stop sing

a It/17

MDTEnDr,zi



Context-Free Grammar (CFG): Example Version 2
Example: (1 + 2) => (5 / 4)

1
for
NIs cause

error

it's
a STPT
(no by

can
built).

↳ not preferred
as the user of compiler
needs more feedback

(e.g. Eclipse)



Context-Free Grammar (CFG): Example Version 2

Q: No semantic analysis at all 
for Version 2 grammar?

Example: (1 + 2) => (5 - (2 + 3))

T0) E

14thAus
c 03

Person P, devisionsan↑
P. Set Name ("Fin"); or simple

cases,
it might be worth
checking it's 0.



Context-Free Grammar (CFG): Example Version 2
Example: 3 * 5 + 411.

Exercise: show we grammar is

ambiguous.



Lecture 11 - Oct. 20

Syntactic Analysis

CFG: Formulation
From RE or DFA to CFG
Ambiguity, Dangling else



Announcements
- Programming Test

+ 2:00pm to 3:20pm on Saturday, October 29
+ Venue to be confirmed (LAS building)

- Project teammates (gather at the end of the class)



CFG: Formal Definition

Sx (s)/SS19
- N.T.

F IT Rules.

⑱

/non-terminals
St Lymit. andnot.

7
var

SEVEX (WUE)* S -> Soviables↳

string. SENFUSEE*X
-

A->W -- -
-

8 I
-- --

O
--

---

- -- - -

->no
non-terminals.

& I
=



Context-Free Grammar (CFG): Example Version 3
Example: a * a + aI

-

of
different

> Exercise: draw PT.

L precedences.

Exp ->R+'Term
temthigherprecedein



Context-Free Grammar (CFG): from RE (1)

RE CFG
SxS

- aFI

- S-> a

- I- St AgSE) / sfgLF)
&

=>> CfgCE) sg (F)
S-> 2lSIg(E)

--- St (Ifg(E))



Context-Free Grammar (CFG): from RE (2)

(0 + 1)*1(0+1) (00 + 1)* + (11 + 0)*"Ten
S- TUV CNF arcist

↳T = 2 ITTe housky-Tz - 01]
I
Normal-

U- 1 Fr

v - 01I



Context-Free Grammar (CFG): from DFA

L
-

--> fr
⑱

-I

"So -> 0S,11So
S-21IS,10S tise,



Lecture 12 - Oct. 25

Syntactic Analysis

Derivations vs. Parse Trees
Ambiguity, Dangling else



Announcements
- Project teammate: Jovan
- Programming Test

+ 2:00pm to 3:20pm on Saturday, October 29
+ Venue: LAS1006 (the large lab)

- Exam confirmed by the registrar office:
+ 2pm to 5pm, Saturday, December 10
+ Last Class: Tuesday, December 6
+ Review session?

- Updated Calendar
- Quiz 3
- Project Specification



Project: Roadmap
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Project: Example

for(intiff 20
-

AST2
ASTEinterprie/simulate

uments

-variable assingsessions)
seX Ist

-> - o-themeileCof?
-" bounded
↳ loop.



- GradingPart Stupiler
0 run examples supplied if you
&

modify/create examples based on
ca) your supplied examples
bb, supported syntax



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

A parse tree may correspond to: 
+ multiple derivations
+ a unique LMD

Order of evaluation?

-

can
be applied,
Term must beevaluated first

>Expr # fore t
=>a + mA Factor

= in t TermExp1Term EY E a t Easter & Factor=>

I E Term + Terns
~

-

Tern = Factor t Terms
I a t a f For

Faster formFactor f = a -> a X G
-

= a + Fam
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# -Ea + F*E
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-

=>a +A G
=>a +a *G



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

A parse tree may correspond to: 
+ multiple derivations
+ a unique RMD

Order of evaluation?

(Exercise)

AsTerm

a

F
infini



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

A parse tree may correspond to: 
+ multiple derivations
+ a unique LMD

Order of evaluation?

-



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

A parse tree may correspond to: 
+ multiple derivations
+ a unique RMD

Order of evaluation?

-



Q. A grammar is ambiguous
if there's a string
for which there are two or more

derivations.

A.?



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

Is the following CFG ambiguous?

&



Context-Free Grammar (CFG): Exercise (2.1.1)
Is the following CFG ambiguous?

Example: A Possible Semantic Interpretation?
if Expr1 then if Expr2 then Assignment1 else Assignment2

-

-> Exercise: distinct
Use two

to show,- LNTs



Context-Free Grammar (CFG): Exercise (2.1.2)
Is the following CFG ambiguous?

Example: A Possible Semantic Interpretation?
if Expr1 then if Expr2 then Assignment1 else Assignment2

&

&



Context-Free Grammar (CFG): Exercise (2.2)
Is the following CFG ambiguous?

Example: How many possible semantic interpretations?
if Expr1 then if Expr2 then Assignment1 else Assignment2

Can a derivation starting with Statement work?
Can a derivation starting with WithElse work?

&



Motivation Problem: Recursive Systems

&
&composite
&

&
barmoments

ofe



-> client
class Student S

Card yucard;
i

sE
supplieratland



First Design Attempt

Chassis ch;
VideoCard crd;
DiskDrive d;
…
ch.add(crd);
ch.add(d);

Yed.addsd)· supported but doesn't make real sense



Second Design Attempt

Chassis ch;
VideoCard crd;
DiskDrive d;
…
ch.add(crd);
ch.add(d);
crd.add(d)

-

> ->

ST be<

cannotand
directlyother

-

X for

compilationo posite
cou type e.g. furniture.



#

rniture
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Furniturt
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#Sitara
deplicated

code
the design
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Lecture 13 - Oct. 27

Composite & Visitor

Composite: 
Architecture, Implementation, Tests

Visitor:
Architecture, Double Dispatch



Announcements
- Programming Test

+ 2:00pm to 3:20pm on Saturday, October 29
+ Venue: LAS1006 (the large lab)

- Quiz 3
- Project team.txt file due today
- Project Milestone 1



Third Design Attempt

&

It is not supported
ingeneral



-class-aclass cat mostpass (abstract
↳ method: abstract vs. non-abstract

or

not,

↳ non-static attribute

-that implementmultiple interface

↳ all methods are abstract

↳ Is non-static attributes

↳)
may declare static variable



Multiple Inheritance in Java: Diamond Problem

S abstract void doSomething();&te! Wesolve
LT

o

dosomethingones of ethings-

I ↑ ↑ obj = ne(K
S obj.dosomething31;



Composite Pattern: Architecture

Chassis ch;
VideoCard crd;
DiskDrive d;
…
ch.add(crd);
ch.add(d);
crd.add(d)

↳
I

->
inform B

access

optionalared angmegrip
↳

↓instantiating
E bi
Equipment

-
&



Composite Pattern: Architecture

Chassis ch;
VideoCard crd;
DiskDrive d;
…
ch.add(crd);
ch.add(d);
crd.add(d)

Why is Composite a separate, generic class?
t

Comparefamily
at
12.

-



Composite Pattern: Architecture

Composite class is reusable by instances of the composite pattern.-

-m
---



Composite Pattern: Implementation

- uniformess

~

2

access (
- DT

can be eithe
Base or Composite

&
uniforms
access



Composite Pattern: Testing

Cabinet
children

Chassis
children

Bus
children

0

0 1

0

cabinet

chassis

bus

DiskDrive
price

drive

VideoCard
price

card

T -

·

sw"de
"

->
S

~ binst.
s[O]pritsA ca

T
⑧

cabinetprices) I-

E--
⑧ ⑤
-

↳
--

G# *-

= ↳ 200



Design of Language Structure: Composite Pattern

Q: How to construct a composite object representing “341 + 2”?

Q: How to extend the design to include variables and subtractions?



Design of Language Operation: How to Extend the Composite Pattern?

Structure

Operations evaluate
print_prefix
print_postfix
type_check

ope
opI
op3 ope

① What if a
↳ new up is needed?

of oph ② What's the

pops ope op" op3 op4 very purpose of a
class?

I superman class)
Constantop↓ add<Additionvalue I

op3 op right ->
Constant modularity

op4 value 2



Design of a Language Application: Open-Closed Principle

Structure

Operations evaluate
print_prefix
print_postfix
type_check

Structure Operations
Alternative 1
Alternative 2

Open
Open
Closed

Closed- Frittago



Design of a Language Application: Open-Closed Principle

Structure

Operations evaluate
print_prefix
print_postfix
type_check

Structure Operations
Alternative 1
Alternative 2

Open
Open
Closed

Closed↓ #nospenixaspdg



Visitor Design Pattern: Architecture

&
↓optiontip-

↓L
composite DT.

Expression & =

2. accept (
Ito (



How to Use Visitors

Visitor Design Pattern: Architecture

ST of U.

↳ *
defineda

r
static Type

can I
write

wotst ->
... aEynaMistpelEI ·resultsas Visitor

to

saisessing which doesnotactresults).



Visitor Design Pattern: Implementation

Visualizing Line 3 to Line 7-



Executing Composite and Visitor Patterns at Runtime

Tracing add.accept(v)
Double Dispatch

Addition
right
left

Constant
value 1

Constant
value 2

c1 c2

add

v
EVALUATOR

value

->
DT

PT &
T&dispatch: DT ofadd is Addition

↳) version of accept
in Addition is

joked.
-
-

-
I &

->--T↳ Evaluatorversion -
& add --

~ ↑T
constant ⑧

& AA-& - &-

* end dispatsh: &a->double-dispatchS a- ·
DT of is Evaluator -> double-dispatstadd -

I↳ version of ③ & ③
visitAddition in Evaluator is invoked



Lecture 14 - Nov. 1

Visitor, Syntactic Analysis

Visitor: Double Dispatch
Visitor: Open-Closed Principle
Visitor: Single-Choice Principle



Announcements
- Assignment 2 released
+ Python script for Regression Testing 

- Project Milestone 1 due next week
+ Sign-Up sheet activated tomorrow (Wednesday) at 6pm

&Mclag
e

"Correctness"



Executing Composite and Visitor Patterns at Runtime

Tracing add.accept(v)
Double Dispatch

Addition
right
left

Constant
value 1

Constant
value 2

c1 c2

add

v
EVALUATOR

value

->
DT

We
*F
->

-
-

-

-

T
e+-

~ 8 AA
-

--

-



Visitor Pattern: Open-Closed and Single-Choice Principles

What if a new language construct is added?

If the visitor pattern is adopted, what should be closed?

void visitMy.(...).

Triplication - -

- a

->
structure: open

operation:
closed I volate

sep
↳ unsuitable for visitor pattern



Visitor Pattern: Open-Closed and Single-Choice Principles

What if a new language operation is added?

If the visitor pattern is adopted, what should be open?

S ↑
operations:oneelses: closed #ably-cia

in this

single places

all inflementrethods
↳ SCP satisfied



Lecture 15 - Nov. 3

Syntactic Analysis

Identifying Derivations: TDP vs. BUP
Top-Down Parsing: Algorithm
Left-Recursive CFG



Announcements
- Assignment 2 released

- Project Milestone 1 next week
+ Source project due at 11:59 PM on Tuesday
+ A simple readme.txt file explains how to run your tool: e.g.,

java -jar compiler.jar prog.txt test.txt
(and where to find the output HTML file)

+ Example files you supplied are supposed to work automatically
+ Jackie will share his screen to build, run, and explore your code.

- Visitor Pattern source code: Type Casting



Project: Milestone 1



Discovering Derivations

AST: (a + a) * a Input Grammar G

-
=

tokens)
terminals



TDP: (a + a) * a 
Input Grammar G

Discovering Derivations: Top-Down vs. Bottom-Up

BUP: (a + a) * a&o

-/
possibilitywalk.



Top-Down Parsing: Algorithm

TDP: (a + a) * a 

Input Grammar Gtransforming
↑alinearletestring. seg.*

tows- ⑳000O

focus-
-

success
~ X- -



Top-Down Parsing: Discovering Leftmost Derivations (1)

Parse: a + a * a

Expressoffere
&

Uz
-

&
- &⑧

S

- --
-> left-recursive
- &

· - - * focusI

----

-E - B, missing
root-> EXpr=-. Levelo

S

focus / I fattempts
->

*Expr + Term
Term---

Ind certii) 1erm f

LMT fockExprI_ Terms
null

word: "a"Aminating trace



Left-Recursions (LRs): Direct vs. Indirect
Direct Left-Recursions:

Indirect Left-Recursions:

*N

*W



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

Example: a + a * a
CFG with Right Recursions

*
EXPr taxa
93 +9*92S

Term Expr
Factor Term'fenExpr
as FaltorTom's

A 'EarTerm'
a ly



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

↑

⑨
- 8...ETen-. v

- 2

not+(Xfocus
-EA fausTern Expr

-

+oracayRteExprE fac ⑤ I

⑱m
- Expo

word: """+" doesn'tmatch,It"effectreser



Top-Down Parsing: Discovering Leftmost Derivations (3)

Parse: (a + a) * a

*
I



Expr
E Term <Term + TarmExpr)* a

E Im E
=> (Term + Term 2) * G

=>Factor Iam
=>(Term + FactorIam9) x G
=>[Term +Factor (2)* G

=>Factor * Factor Com
=>(Tan + a <2)* a

=>Factor *Fastor E =>(Factor [n'+ a 59)* a
=>actor * a =>(Factor E+a <EL*a
=>(EXP) * a =>(aa + ac2)+ a
=>(TenExpr) * a



Lecture 16 - Nov. 10

Syntactic Analysis

Removing Left-Recursion from CFG
Computing the FIRST Set



Announcements
- ProgTest marks and results released

- Assignment 2 due next Monday

- Quiz2 and Quiz3 papers ready for pick-up on Monday



Removing Left-Recursions: Algorithm 8 -> E
&

Action

AT -
-diff,

variables

D -E-rasiveAl
E B

·I eliminate indirect left (R *AT
-I right-recursivetAFERasTresame variablereset recursion



Removing Left-Recursions (1a)

Directly Left-Recursive CFG:

I I

DExpr-XXond*
& 3 &FactordiOpl N
. T in Term

Be EEAapr noPIN - -0 =
... f

↳ do nothing.
· D. Term -> Fastor Terms I⑭

Ai AT 2 Yes

& Term ->Term * Factor?
-.-

- -
- --

Term' ->A Fastor Term I Factor· - B
1 E

...



Removing Left-Recursions (1b)

Directly Left-Recursive CFG:

#cise



Removing Left-Recursions (1b)

Directly Left-Recursive CFG:

Expr-Term Expr
Expr'->+ Term Expr
1- Term Expr
1 E

Term -> Factor Term

Term-> * FactorTerm

1 FactorTerm

I E



Removing Left-Recursions (2a)

Indirectly Left-Recursive CFG:

E I

AD I

B
②fi A DAj

L
⑬ A-

&171.. -- -tes... -

---

3 -A? No
↳ do

nothing
TBs

⑤
C-> But C->At

TEsZ fi
⑨

- sz7++Br&
-

&exelist. As -> Br81 8,8



Removing Left-Recursions (2b)

Indirectly Left-Recursive CFG:

C → At
B → Cd
A → Br

Does the order of variables matter?

i



Removing Left-Recursions (2b)

Indirectly Left-Recursive CFG:

C → At
B → Cd
A → Br

Does the order of variables matter?

I F
&C --

&B DC

(1)
③A DoB
BEIsI
B->(d. C+ At

D (z)
↳ B-Atd

&
t -> Atd II3sZ
A-> Atdr A -> Br, B-Atd

④ ↳ A -> Atdr



Removing Left-Recursions (2c)

Indirectly Left-Recursive CFG:

ttcit

&

&=

PalatalbaIfg
& -

1

> Idaalecalbalf 1Cg
↑

& D-> BaalbaIf ICg- -



D-> f(DfdaalgdaaleaaldalDog



B->CHAcable
A - B, BBs

·iB1 is nullable Bit b/E EdaalX
B2, Bs are nullable

Bs >d1s Btr



A - 1,12 ... Yo
-

↳ What if all 10 variables
unllable

What if Rs 14 are unlable

How many versions of A to producetheall
variables

⑬ producet
A - x1.--x5..No

x3X4
x2 x4
x2Xg
j



Eliminating epsilon-Productions

Q: Nullable variables?

-..

=

↳ S ->BIA/AB

Staffarere



Top-Down Parsing: Backtrack

. . 
. . .

 .

Term’

E
W
-
W

W
12
11 I 1



FIRST Set

Right-Recursive CFG:

-

W
-> what if:

Factor->&



Lecture 17 - Nov. 15

Syntactic Analysis

FIRST Set: Algorithm

&



Announcements

- Assignment 3 released

- Project Milestone 2 meeting signup starting 6pm on Wednesday17
-



Project: Milestone 2



Assignment2: Variable Arguments
3
&

11
---

-..

-

&
--

--Expr E
&

/ &
Term Expr
Factor Tem -



FIRST Set: Algorithm

is nullable

are nullable

&mialsfordsstarbols Eterminate
X
function Bi
S

as soon as, FIRST given a valid (non-terminals↓ v K

B1 ... BK-

FIRStmaI growterminals
asa 0 exit when FIRST(BI)

-AEEEPElPE
IN
&

->I everyiteFureEengSymbolspagethe
-=AnullabIEEIRST(B1) (C2) E & ENST(B1)



FIRST Set: Tracing
Right-Recursive CFG:

First choose rules 
whose RHS starts 
with a terminal

F, E’, T’, T, E

*cassI
:

⑱
tx=o10of1s

↑FrsEEPiridoistrans
&



FIRST Set

Q. Will FIRST(Expr’) change if we add another rule?
Expr’ → Term’ Factor

Right-Recursive CFG:

*To
o

I &

--FIRSTLEnpYNO
TE
ENR

fresiITan)EE FIRST(Term
U

1-
T FIRST (FACTOR)



Lecture 18 - Nov. 17

Syntactic Analysis

Extended FIRST Set Computation
FOLLOW Set, START Set, Left Factoring
TDP: Terminating & Min. Backtracking

&



Announcements

- Assignment 3 released

- Project Milestone 2 submission due at 11:59pm on Tuesday, Nov. 22

- Project Report Template to be walked over on Tuesday’s class



Extended First Set

Right-Recursive CFG:

Q. How about FIRST(Expr’ → Term’ Factor)?

- A - 8,12...RNE..On
-
#FIRSTHabEurlobeat FIRSTT

=FIRSTIMS I
- tOvariable or

terminal x+ B1,82,...Bx- 1 91,1,n3
& &

* -Pullable
R first component that's not nullable

=>no need to collect

W FIRST further.



Is the FIRST Set Sufficient?

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

useful if

Tweraknowaparts
= it



FOLLOW Set

Right-Recursive CFG:

terminals
↑ only.EXPFExpo, start variable

o
T 0

- 0 0a
derived

a string
that

. followsthe
profe

- EX
FOLLOWCEXpr)" FIRST (Expr) contains &

-- 1 --18 C O
~

FOLLOW (Expr)



FOLLOW Set: Algorithm

When ε ∈ FIRST(βk)
   FOLLOW(βk-1) = ?

FOLLOW(βk) = ?

When ε ∉ FIRST(βk)
   FOLLOW(βk-1) = ?

Tocrow?

totoTocLOW (A)

futrifs
->go from right to left

⑥
1
I

if Bi is not reliable, then don't includet



A → β1β2β3

Case 1: ε ∉ FIRST(β3), ε ∉ FIRST(β2)
+ FOLLOW(β3)
+ FOLLOW(β2)
+ FOLLOW(β1)

Case 2: ε ∈ FIRST(β3), ε ∈ FIRST(β2)
+ FOLLOW(β3)
+ FOLLOW(β2)
+ FOLLOW(β1)

Computing the FOLLOW Sets: Trailers
not

nullable

follow of
B2

-

--

=

--

If nofillable
F

-

⑭-FoLCOw (A) A -> B-BB3-

E

=

-

FIRSTBsLv Totow,TI

&

nullable nullable
&

↑X
~

=FOLLOWCA) E-s.MEME--

-

I
= FIRST(Bs) vFoccow(B3)

·manuFIRST(Bs)wFooBs)



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’

Goal

~

"Motorsound
e

adodd

*PootrotaS



Backtrack-Free Grammar

betweenany twoproduction milescan alwayscubi
guousty
Choose
onf.

& is not
--
T

nullable
1i.._
->B is nillable



Top-Down Parsing: Algorithm with lookahead

. . 
. . .

 .

Term’

r -
W
-
W

W



Lecture 19 - Nov. 22

Syntactic Analysis

Left Factoring
TDP: Terminating & Min. Backtracking
LL(1) vs. LR(1) Parser
Bottom-Up Parsing, RMDs

&



Announcements

- Project Milestone 2 due tonight

- Assignment 3 due soon

- Project Report Template



Backtrack-Free Grammar: Exercise

no ambiguity
↑in choosing

production
-- - = "I mle using
-

P
- a lookcheadsymbol.-

sname]
FIRST(name)

No START (Factor ->name]common -

* =c.Sname3
word: name. START ) = Suams]



Left-Factoring: Removing Common Prefixes

⑳
o PFE
&
1981 Bz Factor -> name Arguments
-

- B3 Arguments -> E
d

satisfytheprofilEAgITTHERE



Implementing a Recursive-Descent Parser
-> START

- -

word

*EEE
i

&



Discovering Derivations: Bottom-Up Parsing

scanner

ABCDEF.

productione TEAOBEOPEOFOrdaofreduioitsA- 2B
-



Lecture 20 - Nov. 24

Syntactic Analysis

Bottom-Up Parsing: shift vs. reduce
Exercise: LL(1) Parser

&



Bottom-Up Parsing: Algorithm

- aSSUme.
-

init Part
- & gridir
only when shiftingtall*



Bottom-Up Parsing: Discovering Rightmost Derivations (1)

Parse: ( )
v

word: "X" "X"of
I &

I

state:******
->
>

-
2

-
- ....

.

F v3X

- -E
&

->T &

vE List->Pair ⑨

rf- &

↑airt ==

- :T

-

(L
- =>0 Pair

· oot:vX
- Cs X vr *vr ·3
-

o



Bottom-Up Parsing: Discovering Rightmost Derivations (2)

Parse: ( ( ) ) ( )

#



Bottom-Up Parsing: Discovering Rightmost Derivations (3)

Parse: ( ) )

#



Exercise: LL(1) Parser





d.
-

T
-5

↓

dirtrecursion LtRa --

tobe bad laba
1: Left R ->abaR'Fix R tabaR

Removerecursion I cabath' I labaR' A
R-> beR'

R'-> bCR, problematic1 S
1 E &->AbE



LtRa
& left ofcursion

laba

R ->abaR'
&Common prefix

I labaR' &
R'-> bCR'

1 S
&->b

left factoring a 0 -> be
'

&-bC
I C



LtRa
laba ↓on-Terminal Alternative START Set Intersection

R -abaR' a 6 - 9630I labaR'
R'-> bCR' 6 - 413

1 S abaR' 993R Cabath' 9c3 p
..

&-bC
L

I C
7 &

12 --

F
0. true trivially



Lecture 21 - Nov. 29

Syntactic Analysis

Bottom-Up Parsing: Handles
Bottom-Up Parsing: Reverse RMD
LR(1) Items: Definition & Exercises

&



Bottom-Up Parsing: Handles
A handle denotes 
a parser’s state that’s 
ready for reduction.

⑥-
starta for

&

C

⑰ C ↑reduction
o

&



Bottom-Up Parsing: Right-Most Derivation
The BUP process corresponds to 
the revserse of a RMD.Parse: ( ( ) ) ( ) W

&

⑤ List
- &

&List Pair
I /

③Pair (<

-

XV
& pPairC
V
C 8-

⑤ Order of reductions:&

Order of RMD: reuse,



LR(1) Items: Definition 

[ A → β • γ, a ]
->
poductionis - Br

ifit d of
look-aheadrow (A)

currenttorece -we have already recognize B
->-once we recognize v③ ↳ in a handle ready

for reducing into b



LR(1) Items: Scenarios 

Possibility: [ A → • β γ, a ]

Partial Completion: [ A → β • γ, a ]

Completion: [ A → β γ •, a ]

↳initial state of parsing
towards reduction to A

5.XVLalreadyrecognizedorequite
= -- &

p f FOLLOW (A)
B if word matches as reduce to b



LR(1) Items: Exercise (1.1a)

Q. LR(1) item denoting the initial state of parsing?

Q. LR(1) item denoting the desired final state of parsing?

I

J

&

-

- =Followk·

[Goal-List, eof]
necessari

rfirgate [Pair->) )., y [Cal
-> Listos tof].



LR(1) Items: Exercise (1.1b)

Q. Derive all LR(1) items for the production rule A → βγ 

- Union
#: floating positions of

- set comprehension ->A-BV

- floating "point"
A -> soU 9[8-Sr,2]IatFor,853A -> BVo y

<12: FOLLOW (A) SIA->BoUca]IatFocowCAL]
STA ->Bre,aJacTo



LR(1) Items: Exercise (1.2)

Q. Derive all LR(1) items for the production rule Pair → ( Pair )

How many Possibletems? Joint
positions

floating (ToLLow(Pair)
·

I Tolow(Pair)
"@

-

sardinality
f

⑫.
....

-

-..

[Hair> (Pair), Cof] (Hair-> (Fair), Cof] (Hair->(Pairs), Cof] (Hair - (Pair), eof]
[Pair> (Pair), (J [Par -> CoPair), J [Pairt (Paire), JS (Pairo), by ELlarE (TaroEI[Par> (Pair)s(J [Par> CoFair), J [Pairt



LR(1) Items: Exercise (1.3)



FOLLOW Set

LR(1) Items: Exercise (2)

Q. Derive all LR(1) items for the the above grammar.

-



Lecture 22 - Dec. 1

Syntactic Analysis

Canonical Collection vs. Subset States
Algorithms: closure, goto

&



Announcements

- Project final submission guideline to be released on Friday 

- Review session on Thursday, December 8?



input 3-478:
->o
-

0 closure
↑

output DFA:as
stateT

subset



CC Construction: closure

Analogy: ε-NFA to DFA

bE
FIRST(89)

&EFIITST

Ikeepthegrowingthe out
there

O.WhyTNOtsTCOE-
>

#Ol nothingnewbe
added

↑
(8)

all O-
·

- 1. What has been recognized? ...alternat 2. What's expected to be
for reducing =F recognized next?O
to m

starting. Fimir,6]
set new (RL1) item to

be added to the
closure.



Calculate cc0 of the following grammar.

Hint: Closure of the singleton set containing the parser’s initial state.

CC Construction: cc0&
set of subset Statesa set of <R(1) items

&C
3-NFA

initial ->B > (Co parser's initial state:

f the & [Goal - Lists of 33subsecrate parser (90) input to
closure= .



Hint 1. How is [ A → β • C δ, a ] instantiated?

(0) [ Goal → • List, eof ]   initial parser state

Hint 3. FIRST(δa) = 

CC Construction: cc0

How should s be extended?

Hint 2.What are C → γ ∈ R?

Step 1
() ((x) (K(()

W
&

I -

W

Goal is wife of
w

->List->/LStPair List->"Pair

·
FIRST (E eof) = FIRST(eof) = Gef]

Two new (RC1) items:
1. [List-> List Pair, tof]
2.[[ist->. Pairs tof]

8
-



Hint 1. How is [ A → β • C δ, a ] instantiated?

(0) [ Goal → • List, eof ]
(1) [ List → • List Pair, eof ]
(2) [ List → • Pair, eof ]

Hint 3. FIRST(δa) = 

CC Construction: cc0

How should s be extended?

Hint 2.What are C → γ ∈ R?

Step 2

-.
-

Lista Pairs of
- -2 = x

-

Pair> (Pair) Pair->(

-
-

FIRST (E of).= FIRST (ef) = Seof]=F

[Pair ->· (Pair), 2of]
IPair- ()> of]

w



Hint 1. How is [ A → β • C δ, a ] instantiated?

(0) [ Goal → • List, eof ]
(1) [ List → • List Pair, eof ]
(2) [ List → • Pair, eof ]
(3) [ Pair → • ( Pair ), eof ]
(4) [ Pair → • ( ), eof ]

Hint 3. FIRST(δa) = 

CC Construction: cc0

How should s be extended?

Hint 2.What are C → γ ∈ R?

Step 3

f -

C

-

-x

T

J[staListRaAEC FIRST(Pai).
FIRSTCreoD=913

[List>. List Pairs (J

[List->· Pairs (J

-



Hint 1. How is [ A → β • C δ, a ] instantiated?

(0) [ Goal → • List, eof ]
(1) [ List → • List Pair, eof ]
(2) [ List → • Pair, eof ]
(3) [ Pair → • ( Pair ), eof ]
(4) [ Pair → • ( ), eof ]

Hint 3. FIRST(δa) = 

CC Construction: cc0

How should s be extended?

Hint 2.What are C → γ ∈ R?

Step 4
(5) [ List → • List Pair, ( ]
(6) [ List → • Pair, ( ]

-

↑ List a Fair
S Two additional (RC1) items:
- FIRST(5() = 9(3

1.[Pair -->· (Pair), (J
2. [Pair>-(>s(J



CC Construction: goto

Analogy: ε-NFA to DFA

->O
source subset state

>expertingood
target syste

f
x alreadycognized.

Outoutput
source "gsyah.-
FIL

FCLoSE(r8god



CC Construction: goto

Calculate goto( cc0, ( )
i.e., “next subset state” from cc0 taking (

[Pair ->o (Pair), (J
[Pair - (), of]
[Pair-o (Pai), eof]
IUair->oCeCL [PairedAgronates.closure 1 [Pair - (0), oof] -musta terminal

[Pair-> CoPair), eof]

Exersiignlighted
↓Pair -> (0), (7

why
items triggertwoadditional items.



Lecture 23 - Dec. 6

Syntactic Analysis

Algorithms: BuildCC, BuildTables
Conflicts: shift-reduce vs. reduce-reduce

&



Announcements

- Project final submission tonight!

- Review session at 1pm on Thursday, December 8



CC Construction: goto

Calculate goto( cc0, List )
i.e., “next subset state” from cc0 taking (

-DD
&

x (ist

closure([[Goal->Cistosof]I S&
Ilist - List. Pairs 2of]
[Cist->CistoPairs 1] "(

Dimension 1: Two altfor Fair
↳> 1. terminal

List 2. Variable4air>(Pait Dimension]: ↑

4cir->() FIRST(89) dist
- -

-



CC and δ Construction: Algorithm and Exercise

Ex1. Calculate CC (i.e., all reachable subset states).

Ex2. Calculate δ (i.e., relating members of CC by terminals and non-terminals).

r
*art rar o

x

X I CCt*1

-Find
for

thing

soc state targetready toraguitobring
↓transition



CC and δ Construction: Output 1
↓List

⑮



CC and δ Construction: Output 2

DFA of the LR(1) Parser

Transition Function



Table Construction: Algorithm

-> -3 ·H=j
⑧ Staff,=>coisalreadyreadingof will reduce

⑨

& fill in
00gotable.



Bottom-Up Parsing: Discovering Ambiguities

What if the current word to match is else?

What if the current word to match is a?

- to Stuct

state BugeadigatorestrotrGeotaid

of
pastr ↓ofalreadysized shift or reduce to Stunt

↳ shift-reduce conflict
&

T ⑨I
by readin as

in practices shift
will be done.

must fix the
some reduction

↳ reduce
- reduce conflicta grammar.



Iam
↓no multiple choice questions
2. no data sheets ( algorithms included

3. format similar to quizTS
4. Cumulative



That's all!

I hope you enjoyed the learning journey with me.
Best of luck with your future endeavours?

JackTE
Dec. 7, 2072


