EECS4302
Compilers and Interpreters

Fall 2022
Instructor: Jackie Wang




Lecture 1 - Sep. 8
Syllabus & Overview of Compilation

Stages of a Compiler:
Lexical, Syntactic, Semantic
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An A+ Challenge: Inferring the DT of a Variable

MyClass. java
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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
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Compiler: Typical Infrastructure (1 G
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Compiler: Typical Infrastructure (2)
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Infrastructure

Example Compiler 1
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Compiler Infrastructure: Scanner, Parser, Optimizer

Lexical Analysis yntactic Analysis Semantic Analysis

Source Program

(seq. of characters) Scanner : seq. of tokens Parser Target Program

1
|
: pretty printed
] >
|
|

Analogy: Compare Compilation to Essay Writing

Introduction

c ies in today’s ion society are not merely an

institutional system, instead, they are a system of material objects designed by those who — Wo l d s

intend to exercise the social requirements and their hegemonic purposes: command,

control, and exploitation. In this essay, one main thesis — contemporary technologies are

not neutral — will be revealed by first looking at how Feenberg’s notions of dialectical -t s e n fe n c e S
technological rationality and technical code provide a generic template for explaining '
how technologies can combine the social and political requirements under a particular

capitalist social context, and then examining two different standings on arguing the “un- Q

neutrality” of technologies: While Margolis and Resnick argue for the ethical ideas, m e a n ' n g
‘Winner, Goodman, McDermott, and Robins and Webster argue against the blamable

messages embedded within technologies.

a
Summaries of Arguments from Sources

In his work, Cressman (2004) describes how Feenberg develops his notions of

dialectical technological rationality and his concept of the technical code based on

Marx’s i i and Marcuse’s ical rationality. Feenberg’s
technical code can be defined as the general rule of integrating social requirements and

the technical advancement into a single technological artifact, which frequently binds

technological applications to hegemonic purposes (Cressman 2004). Based on Marc’s
notion of “design critique” of technology, Feenberg claims that the contemporary social { M .
system of capitalism has shaped the sort of technology we are using and even guides ( 5 fu

what we will have in the future. A capitalist system mainly requires the control over the

majority of the working class, and hence division of the labour force is implemented, and
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Compiler Infrastructure: AST-to-AST Optimizer (1)

QD = /3 (€)= v §J A 2= s
across 1 |..| n is 1
loop / -~
read d
@:= a *5:2*@* cl’« d
end AST of input program:

SeqComp
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Expr Expr Expr Assign
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Compiler Infrastructure: AST-to-AST Optimizer (2)

B 3= cee § &8 B sue £ 8 BE s
temp|:= 2 » b x c {MuZR(
across i |..| n is 1 1> 67
loop
read d
a := a x(temp/x d
and @ AST of output program:




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

Q. How should the various artifacts be connected?

B 2 sie §f @ e ¥ B S s b= ...; c:i= ... a:=..
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across i |..| n is 1 temp := 2 b ¢
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loop 7 O across i |..| n is 1
read d ) loop
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a :=a *« 2 « b x c « d
end a := a x temp x d
end
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Lecture 3 - Sep. 15
Overview of Compilation

Example Compiler: Object-to-Relational
Introducing Scanner



Example Compiler 2: Data Model
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Example Compiler 2: Mapping Data

Attribute-to-Table Mapping

SINGLE-VALUED

MULTI-VALUED

PRIMITIVE-TYPED

column in class table

collection table

REFERENCE-TYPED

association table




Example Compiler 2: Source Program

Account  |-25°0ut Traveller | Tegistered regist

class Account u" class Traveller {
attributes attributes
owner: Traveller . account name: string
balance: iﬂE reglist:.EEE(Hotel . registered) [*]

}

class€Hotel ){
attributes
name: string
registered: set (Traveller . reglist) [*]

method, 7
%éigiler {

s extent(Traveller)l
 CE—

registorad \
t?.reglist \/ {this}




Example Compiler 2: Target Program

Account

account

w1

registered

reglist

Traveller

PRIMARY KEY
CREATE TABLE

PRIMARY KEY
CREATE TABLE

PRIMARY KEY
CREATE TABLE

PRIMARY KEY

‘oid' INTEGER AUTO_INCREMENT,

‘oid' INTEGER AUTO_INCREMENT,

‘oid' INTEGER AUTO_INCREMENT, ‘name‘' CHAR(30),
(toid"));
‘Hotel * (

‘oid' INTEGER AUTO_INCREMENT, ‘name‘ CHAR (30),

(‘oid"));
‘Account_owner_Traveller_account " (
‘owner ' INTEGER,

(toid"));
‘Traveller_reglist_Hotel_ registered(
‘reglist‘ INTEGER,
(toid"));

‘account ' INTEGER,

Soc

‘registered' INTEGER,

Account Traveller Hotel Account_owner_Traveller_account| |Hotel_registered_Traveller_reglist

oid | balance ||oid | name || oid | name || »id owner account oid registered reglist

1 100 || 2 | alan 4 | GLAD 5 3 1 5 5 %

3 | mark
7 3 4

CREATE TABLE ‘Account ‘(

‘oid' INTEGER AUTO_INCREMENT, ‘balance' INTEGER, Table Schemas

PRIMARY KEY (‘oid‘')); m
CREATE TABLE ‘Traveller®(

G- )E

trs. 8
ke

BEGIN

END

CREATE PROCEDURE

‘Hotel_register® (IN

‘this?' INTEGER, IN

_Stored Procedu?;)

‘t?' INTEGER)




Example Compiler 2: Path Transformation

) : ,
Account Trave||< r egls*tered regll;t
Xt

SELECT (VAR ‘reglist?)
(TABLE ‘Hotel_registered_Traveller_reglist?‘)

(VAR ‘registered' = (SELECT (VAR ‘owner‘)
(TABLE ‘Account_owner_Traveller_account ‘)
(VAR ‘owner ' = VAR ‘this?')))
Account Traveller Hotel Account_owner_Traveller_account
oid |balance | |oid | name | | 0id | name oid owner account
1 100 | 2 | alan 4 | GLAD 5 3)
3 | mark

_2 “[Hotel_registered_Traveller_reglist
- F‘ "
ktl : / oid ¢ regls’rergd)' reglist

T TSy




Scanner in Context

Syntactic Analysis Semantic Analysis

|

|

I|  Source Program "

' (seq. of charagcters) seq. of tokens | prety printed .| Target Program
|

|




Kleene’s Construction

Scanner: Formulation & Implementation V/"A m
i

Code for
a scanner

Thompson’s Subset
Construction Convuc QN
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Lecture 4 - Sep. 20
Lexical Analysis

Strings, Languages
Regular Expressions



Announcements
- |Assignmen1' 1|Released
_#yRequired slides already made available
_A7In-class discussion will catch up this or next week
-| Programming Test|date gemi-tonfirmed:
+|2:00pm to 3:20pm| on Saturday, October 29

+ e fo be confirmed ( ZAS)
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
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Regular Language Operations

. Union e L 0
p nie LuME{w|[welvweM} Ié‘t IL,L
bk e, ke, ¢b
2. Concatenation iw\l ' NGLA vV € M 5

ILMI= {xy|xelLnyeM}
Jabla, abth, kebe, beeb, aba, tach 3

3. Kleene Closure (or Kleene Star) Z» { i §
, @ . =z llreld=4L
Az =y | 1<r 1L’

Cardinalities?
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Constructions of REs

Recursive Case: Given that E and F are regular expressions:

o The union E + F is a regular expression.

Oy o oEX

l 35

o The concatenation EF is a regu rexpressnon Lﬁ

L( EF) =

N : |§
o Kleene closure of E is a regular expressfon.

LCE™) = (L(E))”

o A parenthesized E is a regular expression.

L((E)) = L(E)

oA
o LLLE) LLF) | v

a f"mez
L

L&Y ﬂ

)

Base Case:

o Constants e and @ ar regula'%.expressions.
L(e
L

{€}
@

o Aninput symbol a € X is a regular expression.

L{(a) = {a}



Lecture 5 - Sep. 22
Lexical Analysis

RE: Exercises & Operator Precedence
DFA: Basics & Exercise






O (T LT
ot Lulytan

(Bese (o50) @Q@ @

T Se3
(1.4
—1 -
y’ Z, g E‘z (Vl >0>' \c/ezl
(folR) 14l * Aﬂ?%{ w20,

N[
¢ s puveateop] frat
E\ = 22 L& 12









xeN

la= 18R ‘7%7/7 nx 7Y tE S
7

/7 17 |

[~ s AE é L
RV !
5 #s U mm % umug 25

05










RE Specification: Exercise

Write a regular expression for the following language

//15{ W|w has alternating 0’s and 1's}

() X (a= (0 C10)) 4 (1 (01)f)
i«

o| € £
v dde



RE: Operator Precedence

L2
(E_gvs.@

[(0®

| €

|¢éz

lolo &L
[Olo &l

01*% + 1 vs. O(1* + 1)

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

- Are RE, and RE, equivalent?
- A string in L(RE,) but not in L(RE))?
- A string in L(RE,) but not in L(RE)?



DFA: Exercise

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

{w | w# €aw has equal # of alternating 0’s and 1’s }
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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
A




DFA: Formulation (2)

Language of a DFA

8 : (Q X Z*) - Q
We may define ¢ recursively, using 4!

g<§(.g°s 0>31>
|L(M) —{w|weX*Ad(qy,w) e F}I




DFA vs. NFA

Problem: Design a DFA that accepts the following language:

L={401|xe{0,1}" }
That is, L is the set of strings of 0s and 1s ending with 01.

I
A non-deterministic finite automata (NFA ccopts 7
same language: <817O> é 8 '
= vt OFY)




Lecture 7 - Sep. 29
Lexical Analysis
NFA: Tracing & Formulation

NFA to DFA Conversion
E-NFA: Formulation and e-Closure



NFA Behaviour = Alternative Universe

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

Trace: 001

1O

1 " @




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

Read() S(%o O) {_ﬁo 5 %(i

Read (0} Rusi-$4
Read 0: [~ 1ol LS 2
Read 0O:

Read O: Caitid®
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NFA: Formulation
Language of a NFA

5:(QxT)->P(Q)
We may define § recursively, using 4! L ; ;e-(

5(q,e a3 5%
5(&2@1 V{J{é(q a) q)ed(a.x)}

where ge Q, xeX*,and ac X

Given an input string 00101:

7( e Read 0: 6(q0,0)={ qo,q1 }
* Read 0: 6( g0 ,0) Ud(31,0)={ Go.q1 }vz={ g0, }
* Read 1: 6(qo,1)ud(g1,1)={q }v{g}={ q.q}

* Read 0: 6( qo ,0) ud(gz,0)={ qo, g }UQ—- g(€07 a?’o

[k * Read 1: 5(qo, ) ud( @1, 1) ={qo, & }u{a}={d.q1 G }

— A @effg,ﬁi
LIM)={w|weX*Ad(qy,w)nF + )} 8(%.” Ug(f‘
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NFA to DFA: Subset Construction (Lazy Evaluation)

Given an NFA: ()

0, 1

e 0 e 1 I|

Subset construction (with lazy evaluation) produces a DFA with § as:

;.M state \ input O,

0,
See, By | iy
=Mt V |
et fo [ SGooS ] S DS @ D
(efofﬂ?ﬂ’f = {40, 3—&3 = {fo,?zs

ccoﬁcz. N (Gears)



Subset Construction: Algorithmic Specification
INPUT: qp: Qun j OUTPUT: ReachablecP(Qy)
@ | @
ToDiscover := { {qo} }
remove S from /ToDiscover {i’an1} {qo}
Reachable := ReachableU NotYetDiscovered
return Reachable

Given an NFAN = (Qn, X n,0n; Qo, FN):
PROCEDURE:
while ( ToDiscover + @) {ﬁo, qi} | {Got
NotYetDiscoveredI t=
ToDiscover := ToDiscover u NotYetDiscovered
M 5%, % g

ALGORITHM: (ReachableSubsetStates |
CEREEE: - { (g} )
choose S:P(Qy) Auch that S e ToDiscover {9. 1} | {90, %}
( { {on(s,0) | seS} }u{ {on(s;1) | s€S} } )
}
ot e e D (B @ @D - - @D



epsilon-NFA: Motivation Draw NFA

xe{0,1}*
A ye{0,1}*

A K*has alternating 0’s and 1’s

AV has an odd # 0’s and an odd # 1’s




Lecture 8 - Oct. 4
Lexical Analysis

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



epsilon-NFA: Example

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

0,1,.,9




epsilon-NFA: Formulation (1)

An e-NFA is a 5-tuple
M:(Qa za 57 Qo F)

Draw the transition table.

€ +, - . 0..9
D | {q) {;} o %
a1 % @ {q} {91,94}
Q| 2 % % {gs}
g || {gs} @ % {qs}
Qa @ @ {3} %
03 %) %) %) %)



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

An e-NFA is a 5-tuple H‘ ( {
‘ \ ME o
M = (Q, Z, (5, Qo, F) >

we define the epsilon closure (or e-closure ) as a function = {% 3 U R‘L ‘ézl )

ECLOSE: Q—=P(Q)

For any state g€ Q /7 "\ QWI‘;’: 'Z {f SU‘—:aot‘(E[ﬁ {g‘ 3
ECLOSE(Q) = {.q-} u‘ €U ECLOSE(p)\ -{6133 T 'ZZ\ >




5:(QxX*)>P(Q)

We may define § recursively, using ¢! Mﬂ" ¢ qt AfF
ECLOSE(Q) /I é‘

U{ ECLOSE(qQ") |@e 6(q’.a) /\E Sggzx) }

Language of a epsilon-NFA

|L(M) ={w|weX” Ag(qg,w)nthQ}I




epsilon-NFA: Processing Strings

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

S(CIO,C): { 2 ! .
e Read5: X(g’o,f) ) m %

5(90,5) = EfLeSE(4,) v LlialE

e Read .: T

8(C]0,5.) =

e Read 6:

S(C](), 56) =



epsilon-NFA to DFA: Extended Subset Construction

{a
{q1,q4} | @ {q2, 3,05}
{g1,qs} | @ {q}
{g5,05} | @ %
{%,05,65} || {05,05} | @ %)
%)

{@3,05} {@3,05} %)
Wc@) e ¢ DFk-



epsilon-NFA to DFA: Extended Subset Construction

de0..9

S

{q, a1}
{q1,Q4}
{a}

{g:}
{%,03,05}
{3,095}

{q1,Q4}
{q1,Q4}
{g1,q4}
{93,095}
{93,095}
{93,095}

{g2, 3,05}
{g2}
()

A '
U{ ECLOSE(S') | se SAS € iy }" .

Al Lt seater
Leathobl Lo

4o



Regular Expression to epsilon-NFA

Base Cases Recursive Cases (given REs E and F)
AR R@S € e
O0—0) | g @
<! 2
@ RS =7
3 S




Regular Expression to epsilon-NFA: Example

v
©@1*Y6+1)
S 0

O%Moi@i@

£ (S
&
8\b£-7©/5




’ = =2 Mo 7
Minimizing DFA: Algorithm %gﬂ ngﬁ,}ﬂ |@g‘4>l> T & b ZZ?

7 =
ALGORITHM: MinimizeDFAStates P{ﬁue . 9&%7
INPUT: DFA'M=(Q, ¥, 6, q, F) ¢ AM/‘Ay

OUTPUT: M’ s.t. minimum |Q| and equivalent behaviour as M

PROCEDURE : et JF5
P := @ /+ refined partition so far x/ & j" QI/
T := { F,Q-F } /+ last refined partition x/
while (P # T): o

—

find the maximal S c p s.t. splittable(p, S)
if S #J then

T := TuU {S, p-S}
else

T := T U {p}
end

splittable(p, S) holds iff there is c € X s.t.
1. Scp(orequivalently: p- S + @)
2. Transitions via c lead all s € S to states in same partition p1 (p1 + p).



Partitions of States
g
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

@/2 { {&?9 91782’ ‘S”SS
lQ/: '{ iﬁ;s; {5‘15, {91§, '{95?)—&




Lecture 9 - Oct. 6

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




T d Ao a rVA
Minimizing DFA: Algorithm %%‘u TQCﬁ')b I@&Aol) = len ﬁf

ALGORITHM: MinimizeDFAStates F{;\- P Qé//

INPUT: DFA M= (Q, X, 6, qo, F)
OUTPUT: M’ s.t. minimum |Q| and equlvalent behaviour as M ”i'f AM y

PROCEDURE (| Cat
{ fined p#artitlon((? far */ erf’; /

@ = { —F } /* last refined partition =/

ep” Poditad $2( viA-diepn) SEATES) >

P =T wages Mo Wor? optaiciatan cm,te

splittable(p, S)

splittable(p, S) holds iff there is c € X s.t.
1. Scp(orequivalently: p- S + @)
2. Transitions via c lead all s € S to states in same partition p1 (p1 + p).



Partitions of States
g
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

@/2 { {&?9 91782’ ‘S”SS
lQ/: '{ iﬁ;s; {5‘15, {91§, '{95?)—&




Mmlmlzm DFA: Example (1)

S<1a.b, -
@ea ‘F-feel-l}e @fe
. 6,5 , 52,5, . g .
@ O, {se:s ® e

J @ ‘{&&5—9







Minimizing DFA: Example (2)
. 2=1a,b,0%

c S satts

Yoo b sdlh Ay 3 poetens
Go 45 1db, &3 | Tevere - deno "Fél)‘

a:
?3”{.@&533% T d
N ¥ et g K NS {J‘t:dzdg




Minimizing DFA: Example (3)

(Trodse




=

From RE to Scanner (1)

Token Type (CharcCat)

r) 0,102,...,9 (EOF) Other
CDigit > Other Other

Register

Regular Expression: r[0..9]+

NextWord ()

-— Stage 1: Initialization

state := 8§ ; word := €

initialize an empty stack S ; s.push(bad)
——Stage 2. Scapnpning Loop -

v
} Register igit) Other 40

S0 S1 Se Se SZ

s s
s: Cz? s: '9g1

Se Se Se Se
Token Type (Type) bad

invalid inval@ invalid

Transition

So S1

while (state # 29)

Example input{r

Nextha har) ; word':z word + char
if sfate € F then reset stack S end
s.push (state) v

cat := CharCat|[char]

state, cat]

Rollback Loop

state =

C—
-— Stage 3:
while (state ¢ F A state # bad)

state := s.pop ()

truncate word
—-— Stage 4: Interpret and Report
if state € F then return Typel[state]
else return invalid
end

word: & 2

state: (% @

. Lot
cat: Z Vé

&l



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

NextWord ()
LOken Type (M) —— Stage 1: Initialization
state := §y ; word := €
r 055 oo ) EOF Other initialize an empty stack S ; s.push(bad)
) L. -— Stage 2: Scanning Loop
Register Digit Other Other while: (stats 2 S5
NextChar (char) ; word := word + char
Transrhon if state € F then reset stack S end
s.push (state)
o o 0o cat := CharCat|[char]
Register Digit Other BErie v OISR o5
-— Stage 3: Rollback Loop
S0 51 Se Se while (state ¢ F A state # bad)
$1 Se Sy Se state := s.pop ()
truncate word
S> Se AY) Se -— Stage 4: Interpret and Report

if state € F then return Typel[state]
else return invalid
end

Se Se Se Se

Token Type (Type)

So 1 S2 Se Example input: r2 word:

state:
invalid invalid register invalid (C’(e/we) ot
/ - cat:




Context-Free Grammar (CFG): Terminology

The following language that is non-regular
4
{0"#1" | n% 0}

can be described using a context-free grammar (CFG).




Visualization Derivations from CFG
- Shortest Derivation? #

A% QA1 ”
A9> B Spoo#1117
No.

B9, “Bio#10172 ..
# > &mg/w
Q A) Ao

B 0 /Agpl
7> # ol ) 2 “,w\
X >

(AP’ ( @ o/q(g}l

B BO



Lecture 10 - Oct. 18
Syntactic Analysis

CFG: Case Studies
Semantic Analysis vs. Ambiguity



Announcements

- ANTLR tutorial «Qﬁ%?‘ A S
+ RE 2 ﬂaa eﬁ“"zr'
+ CFG 1.

+ OOP and Composite & visitor design patterns
- Project to be released by next Tuesday’s class
(- A possible alternative to ProgTest?
&L( 14:30 to 16:00, Tuesday, November 1
- Programming Test date:
ﬁ" MA D( + 2:00pm to 3:20pm on Saturday, October 29
" + Venue to be confirmed (LAS building)
o & F Practice Test
/I;A‘;i - Quiz 2 on Thursday, October 19




Discussion: Compare Two CFGs

Expression -
|
|
|
|

IntegerConstant  — Digit
|
|

Digit =

TRUE

BooleanConstant —
| FALSE

IntegerConstant
BooleanConstant
BinaryOp
UnaryOp

( Expression )

Digit IntegerConstant
—IntegerConstant

0]1/2|3|4|5/617]|8]|9

I Uz oo

ettt
ot

Z.AIZTZ\IEK
1]
vt o‘omzmk

BinaryOp

—

UnaryOp —

Expression + Expression
Expression — Expression
Expression » Expression
Expression / Expression
Expression s & Expression
Expression | | Expression
Expression => Expression
Expression == Expression
Expression /= Expression
Expression > Expression
Expression < Expression

! Expression

porg o

ArithmeticOp

RelationalOp

LogicalOp

—

ArithmeticOn + ArithmeticOp
ArithmeticOgp - ArithmeticOp
ArithmeticOg = |ArithmeticOp
ArithmeticOg / JArithmeticOp

(ArithmeticG
IntegerConstant
ArithmeticOp == ArithmeticOp
ArithmeticOp /= ArithmeticOp
ArithmeticOp > ArithmeticOp
ArithmeticQpr < ArithmeticOp

9]
(LogicalOp)
RelationalOp
BooleanConstant



s

BinaryOp

al\

|
|
|
|
|
I
z
|

UnaryOp —

Expression + Expression
Expression — Expression
Expression = Expression
Expression / Expression
Expression s & Expression
Expression | | Expression
Expression => Expression
Expression == Expression
Expression /= Expression
Expression > Expression
Expression < Expression

! Expression

ubefitr (7 7

Beal)
/|

(
Bral)
o -

[+2

N

by

243

N

by

3



Context-Free Grammar (CFG): Example Version 1 .

Digit

Expression -
|
|
|
|

IntegerConstant  —

BooleanConstant —

IntegerConstant
BooleanConstant
BinaryOp
UnaryOp
 Expression )

-—

Digit
Digit IntegerConstant
—IntegerConstant

0/1]2]3]4]5/6|7|8]|9

2wt [,

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

mM

Aﬂ,lw?ﬂ

TRUE

ares BinaryOp

2=
o
¥ 14 \

L

b

¥

R

-

Expression + Expression
Expression — Expression
Expression = Expression
Expression / Expression
Expression s« & Expression
Expression | | Expression
Expression => Expression
Expression == Expression
Expression /= Expression
Expression > Expression
Expression < Expression

M
O‘L Z{' - lUnaryOp - ! Expression

oy TR 7

Jhouﬁd

\ Mr 1 73
/L s

ik

(% (@)

“(

r%'/



Context-Free Grammar (CFG): Example Version 1 /+7+¢+23

Expression -
|
|
|
|

—

IntegerConstant

—

Digit

BooleanConstant —

IntegerConstant
BooleanConstant
BinaryOp
UnaryOp

( Expression )

Digit
Digit IntegerConstant
—IntegerConstant

0/1]2]3]4]5/6|7|8]|9

Example:( *5 + IJ
i

WAnPK l
=

of
ﬁ.,,;;?wf / '

TRUE

ares BinaryOp

-

UnaryOp —

Expression + Expression l
Expression — Expression
Expression = Expression
Expression / Expression
Expression s« & Expression
Expression | | Expression
Expression => Expression
Expression == Expression
Expression /= Expression
Expression > Expression
Expression < Expression

! Expression

E"tP_E(_Z

jzp-le

by

' 6 1l
PPl
y a7 ¥



Context-Free Grammar (CFG): Example Version 2

Expression -
|
|
|

IntegerConstant ~ —

Digit -

BooleanConstant —

ArithmeticOp
RelationalOp
LogicalOp

( Expression )

Digit
Digit IntegerConstant
—IntegerConstant

0/1]2]3]4]|5|6]7]8]9

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

,P/ 4)2 g2 o

true  |ArithmeticOp
FALSE
RelationalOp
LogicalOp

—
—
—

ArithmeticOp + ArithmeticOp
ArithmeticOp — ArithmeticOp
ArithmeticOp ~ ArithmeticOp
ArithmeticOp / ArithmeticOp
(ArithmeticOp)
IntegerConstant
ArithmeticOp == ArithmeticOp
ArithmeticOp /= ArithmeticOp
ArithmeticOp > ArithmeticOp
ArithmeticOp < ArithmeticOp
LogicalOp s s LogicalOp
LogicalOp | | LogicalOp
LogicalOp'=> LogicalOp

! LogicalOp

(LogicalOp)

RelationalOp
BooleanConstant

&

( S1/77
AR
gu )



Context-Free Grammar (CFG): Example Version 2

A e Q: No semantic analysis at all
LogicalO -
G resoni for Version 2 grammar?

IntegerConstant  — Digit

|  Digit IntegerConstant Exampl_e: (-]—-#-2-)—:)_(.5‘-_(;_1-__3_»

| -IntegerConstant

Digit ~ 0[1]2]3]4|5]6(7]8|9 ((H—Z)>O> =

. ArithmeticOp ArithmeticOp + ArithmeticOp
BoolsanCenstant | giggE ArithmeticOp — ArithmeticOp
ArithmeticOp  ArithmeticOp 4 C-(z+43)) > O
ArithmeticOp / ArithmeticOp
(ArithmeticOp) -

|
{
|
ev; 1 < | IntegerConstant
y) RelationalOp — ArithmeticOp == ArithmeticOp
|
|
|
|
|
|
|
|
|

ArithmeticOp > ArithmeticOp
ArithmeticOp < ArithmeticOp
LogicalOp s s LogicalOp A,
LogicalOp | | LogicalOp S‘ﬂ’ﬂf/P
LogicalOp => LogicalOp /‘ﬂtp e

! LogicalOp ¥

(LogicalOp) 7 mrt k /’e A'Q'f;(

RelationalOp
BooleanConstant ”Q{% M ﬂéf ﬂ .

L ArithmeticOp /= ArithmeticOp
¢ I._ I > .




Context-Free Grammar (CFG): Example Version 2

Expression

IntegerConstant

Digit

BooleanConstant

—

ArithmeticOp
RelationalOp
LogicalOp

( Expression )

Digit
Digit IntegerConstant
—IntegerConstant

0/1]2]3]4]|5|6]7]8]9

Example:! 3_’_*_5__,;1} )

lreu30 - 2how

rrue  |ArithmeticOp
FALSE
RelationalOp
LogicalOp

—

I
I
I
I
I
I
|
|
|
|
|
|
|

ArithmeticOp + ArithmeticOp
ArithmeticOp — ArithmeticOp
ArithmeticOp ~ ArithmeticOp
ArithmeticOp / ArithmeticOp
(ArithmeticOp)
IntegerConstant
ArithmeticOp == ArithmeticOp
ArithmeticOp /= ArithmeticOp
ArithmeticOp > ArithmeticOp
ArithmeticOp < ArithmeticOp
LogicalOp s s LogicalOp
LogicalOp | | LogicalOp
LogicalOp => LogicalOp

! LogicalOp

(LogicalOp)

RelationalOp
BooleanConstant

14 ﬁq&mwm’ 53
Avibt &Aoas .



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

Design the CFG for strings of properly-nested parentheses. g
»(8)]|38]¢

eg., 0, OO0, (O 0O, et T

Present your answer in a formal manner. f, T

A context-free grammar (CFG) is a 4-tuple (V, X, R, S): m /7 l“/‘f

o Vis a finite set of variables/no1-famma

o ¥ is afinite set of terminals. [VnX-= _S - ( S 2 a.:o/rff

o Ris a finite set of rule‘ss"}M QQVSQZ’( (\I\)i) g
Rc{v-os|veVase(Vux)* }w,\l \lsei’( g’% -SMP
N TOD/PS

o Se Visisthe start variable. 4M

Given strings 21, \?, We (VuX)*, variable Ae V, arule A ='W
o menas that uAv yields uwv.

olu means that u derives v, if:
* L=l 0
U U SW= > U =Y [ a yield sequence ]

w0l -

Givena CFG G=(V, &, R, S), thelan eof G A
ﬁm Y
L(G) - wE)I SO



Context-Free Grammar (CFG): Example Version 3

Example: a * a + a

Ls Dxacne: dew PT.

Expr

Term

Factor

f
Efr’ r m-(— T0/M
J

Tou
J

Tem( % ) Factor’



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

RE CFG
L(g) X S>> ¢
rE ST
E®F S—=>dye) | ofa(E)
tg(g/)j; Sg—a ﬁ):f;C%
, - C
() £ |6 i E)

S—>{ G?@z))



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

YA
(0 + 1)*1f0+1) (00 + 1)* + (11 + O)*

$— TUV C}S‘/ \@'

T=>¢|Th h’\(
lz>011 @'
Ul=17
M=oz




Context-Free Grammar (CFG): from DFA




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

input
semantic domain

/l Syntax of \
Programming
Language
[

i
iconforms to

semantic domain

/

/ Syntax of
Testing

Language

output
semantic domain

/ Syntax of

/ HTML

Language
L]

conforms to

- -

-

opened (

‘ ; Output/Target
Your generates ‘\ > HTM L
Compiler \ File(s)
\
\

"

~

\

Web
Browser

ual Summary of
de Coverage




Project: Example

Example. Say you have two input files (one for program and one for tests): L

/* Input Program */
integer absolute_value_of(integer i)
do

if(i >= 0) then /* Input Tests */

return i. test_1:
else absolute_value of(23)
return -i.
end A / I
end S 1, Wyffw g,n“j a"p

Then the produced output file index.html may be, assuming that your compiler only supports the statem-

net/line coverage:
7
<!-- Output HTML file --> £;§/
Result of statement coverage M !7f

test_1 (5/8 lines covered): -

oxlrl
v/ integer absolute_value_of(integer i) ( 2
v do

heﬂ P g/sP >
v if(i >= 0) then
/ v e return i. _ flb/ ‘f Whﬂe @

return -i.

ent 5
v end /[ h)ﬂm.ﬂd'e/

Overall Coverage: 62.5% l [




v s LU Lsed o1
(&) Yot 4Jyylieo( E‘:(au//@

LB) s Fram’ol 57\/“‘&/7



Context-Free Grammar (CFG): Leftmost Derivation

Parse Tree: a + a * a IMD: a +.a* a
Y
/B?\ bape 2 A+ bax e
| 7 > F_gFg + Tomt .
&/ lem =2 L+ Tty % ooty
75"“4 fé;m%‘%/ ::)FW,(.T&M S £ K Al
1 = - *
R\ gatel D4 + B  AETEEA
Expr + Term Order of evaluation?
Term
Term = Factor A parse tree may correspond to:
Factor ‘ : st .
TExpr) +|multiple derlva’rlong 22+ n
. + a unique LMD DA +F4 A

D4 KL



Context-Free Grammar (CFG): Rightmost Derivation
Parse Tree: a + a * a RMD:a+a*a ( Exg/[i?e)

i

N\
G B
l
Tont T ¥ Tty
l

Expr + Term Order of evaluation?

Term
Term « Factor A parse tree may correspond to:

Factor

+ multiple derivations
(Expr)

+ a unique RMD




Context-Free Grammar (CFG): Leftmost Derivation

Parse Tree: (a + a) *a | LMD: (a + a) * a

Expr

| Expr = Term
Term = Term x Factor
Term/ 1 \Factor = Factor ~ Factor
I 1 = ( Expr ) = Factor
/Fa°|“< a = ( Expr + Term ) « Factor
(" Expr ) = ( Term + Term ) x Factor
VLN = ( Factor + Term ) x Factor
Expr + Term
| | = (a+ Term ) x Factor
Telrm FaTtor = ( a + Factor ) = Factor
Factor a = (a+a) x Factor
| = (a+a)  a
Expr - Expr + Term Order of evaluation?
| Term
Term - Term «x Factor A parse tree may correspond to:
| Factor + multiple derivations
Factor — (Expr) =

- + a unique LMD



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

Expr

| Expr = Term
Term = Term = Factor
Term/ l \Factor = TJerm x a
l | = Factor » a
Factor a
SN = ( Expr ) « a
(" Expr ) = ( Expr + Term ) * a
Expr/ N = ( Expr + Factor ) » a
! | = ( Expr + a) * a
Telrm Fa<l:tor = ( Term + a ) * a
Factor a = ( Factor + a ) = a
| = (a+a) * a
—~ Expr + Term Order of evaluation?
| Term
—~ Term = Factor A parse tree may correspond to:
| Factor + multiple derivations
Factor — (Expr) T
|

o + a unique RMD
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Context-Free Grammar (CFG): Exercise (1)

Is the following CFG _ambiguous?

Expr — Expr + Expr| Expr = Expr| ( Expr ) |a



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

Statement if Expr then Statement
if Expr then Statement else Statement

Assignment

Example: A Possible Semantic Interpretation?
if Exprl then if Expr2 then Assignmentl else Assignment2

Statement

Expr then Statement else Statement

/M l

if Expr, then Statement  Assignment,

|

Assignment,




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

Statement — if Expr then Statement
| if Expr then Statement else Statement

| Assignment

Example: A Possible Semantic Interpretation?
if Exprl then if Expr2 then Assignmentl else Assignment2

Statement

P

Expr4 then Statement

if Expr, then Statement else Statement

| |

Assignment, Assignment;




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

Statement if Expr then Statement

if Expr then WithElse else Statement

WithElse

if Expr then WithElse else WithElse

|
| Assignment
| Assignment

Example: How many possible semantic interpretations?
if Exprl then if Expr2 then Assignmentl else Assignment2

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



Motivation Problem: Recursive Systems

@ CABINET

CHASSIS
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First Design Attempt

equipment
4 4 r N\
4 <abstract> Equipment List<Equipment> children
) abstract double price()
. Equipment e
Client =B .
add(Equipment e)
ensure children[children.size()] == e
w
\ J
V /\

<abstract>

Chassis ch ’ CompositeEquipment

VideoCard crd;
DiskDrive d;

gh.add(crd);
ch.add(d); %

______________________________________________________

i)
Sl ad o) 4(1YYorf'PA b dobsdt ol vesl saucp

-
L S S U U]



Second Design Attempt

equipment

____________________________________________________

:’ ( <abstract> Equipment 1
. Equipmente | . ) .
@ ; .[ abstract double price() e ipment> «:Chlldren
" VideoCard ( <abstract> Compos1teEqu1pment W
C h assis ¢ h i add(Equipment e)
<r [ VideoCard ‘C rd : { ensure children[children.size()] == e
DiskDrive d; ! -
ch.add(crd); 5

\_gg.add(d))( \

R



equipment

<abstract> Equipasones

abstract double price()

r <abstract> CompositcEquipaaent 1

:
:

:

:

H

H

H

.

.

H

H

: ] ]

H

!

: M add(Equipment ¢)
1 e7||re children[children.size()] == e
!

.

.

.

.

.

H

.

.

'

]

.

equipment

<abstract> Equipment

. Equipment e . List<Equipment> children
@ *7| abstract double price() e

:

'

: % A

'

'

:

'

: @ VideoCard ( <abstract> CompositeEquipment

'

E add(Equipment e)

' ensure children[children.size()] == ==
: J
: v,

'

'

'

'

v




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

equipment patterns
ST TS s e e e T e s E e s ee e nnmames ~. 22T oo ommTEs S Sssas s mameEmeeeeme
R . .
" 4 Al ! B
K ” 2 5 ' . ' E r <abstract> Composﬁe(@ )
' Ry Fquipment Yo List<E> children
Equipmente List<Equi > child i add(E e)
. - < >
Client #1 abstract double price() < e IPHICHL= cedien - ensure children[children.size()] ==
Y 5
v A : 1
o
!
1
\

<abstract>
CompositeEquipment
extends Composite<Equipment>

1
1
1
1
1
i
E @ VideoCard
1
1
1
1
1
1
1
1
1

N

3
3

3
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Multiple Inheritance in Java: Diamond Problem

V..(\\?’\ ‘}\,& 2 @absfmcf void doSomething():
\ QS;‘ o

VA 4‘['c\us“qg N
7] i ( dofomeflﬂ;;,q( J
St o> e
\ S bJ = M6 C( )3

& A doﬁ:mwmdz( )s




Composite Pattern: Architecture

equipment patterns
LT T TTTTTTTTEETET T E T E A EEEE T m T m T m s ~a R P . b ~
’ N ’ " .
2 s i ( <abstract> Composite@
1

<interface> Equipment

add(E)e)
ensure children[children.size()] == e

4

List children
1 double price()

— 1

Equi t

N\

_________________________________

—
<abstract>
BaseEquipment

<abstract>
CompositeEquipment
extends Composite<Equipment>

Chassis ch;
VideoCard crd;
DiskDrive d;

ch.add(crd);
| ch.add(d): ] ideoCar }
crd.add(-L7d) VO

N e e m e m e ——————



Composite Pattern: Architecture

equipment patterns
K . Ss l’ A
K ;4 ( <abstract> Composite<E> )
' s s . )
<interface> Equipment List<E> children
add(E e)

I o pi
ListEanipment> children ensure children|children.size()] == e

4

| double price()

Equi t

N\

N e e m e m e ——————

_________________________________

<abstract>
CompositeEquipment
extends Composite<Equipment>

Chassis ch;
VideoCard crd;
DiskDrive d;

ch.add(crd);
ch.add(d):;

crd.add(d) N 2 N—,{lf 2

Why is Composite a separate, generic class?




Composite Pattern: Architecture

Composite class is reusable by instances of the composite pattern.

patterns

r <abstract> Composite<E> ]

List<E> children
add(E e)
ensure children[children.size()] = e

equipment

N

| J

<interface> Equipment <interface> Furniture

™)

X List<Equipment> children List<FRammitire> childrer
double price() <

P> double weight()
-

<abstract>
CompositeFurniture
extends Composife<Furniture>
& —

<abstract>
CompositeEquipment

extends CompositgSFquipment>

<abstract>
BaseFurniture

<abstract>
BaseEquipment




public abstract class Composite<E> {

Composite Pattern: Implementation

public interface| Equipment | {

public String name();

public double price(); /* #niform access =/
}

public abstract class BaseEquipment implements Equipment {
private String name;
private double price;
public BaseEquipment (String name, double price) {
this.name = name; this.price = price;
}
public String name() { return this.name; }
public double| price()] { return this.price; }

public class VideoCard extends BaseEquipment {
public VideoCard(String name, double price) {
super (name, price);

}

protected List<E> children;

public void add(E child) {
children.add(child); /* polymorphism */
}

}

public abstract class CoﬁbositeEquipment
extends Composite<Equipment>
implements Equipment
{
private String name;
public CompositeEquipment (String name) {
this.name = name;
this.children = new ArrayList<>();
}

public String name() { return this.name; }
public double price() { D ‘ot e’f“e
double result = 0.0; T( “&‘e da W
.children) { ’

for (Equipment child :
result = result +¢childfprice(); /* dynamic binding |*/
}
return result;
}
}

public class Chassis extends CompositeEquipment {
public Chassis(String name) {
super (name) ;

}




ComPOSife paf.l'ern: TeSfing public abstract class BaseEquipment implements Equipment {

private String name;

@Test private double price;
public BaseEquipment (String name, double price) {

public void test_equipment () {
{ Equipment card, drive; }

Bus bus; public String name() { return this.name; }
Y public double price() { return this.price; }

this.name = name; this.price = price;

Cabinet cabinet;
Chassis chassis;

., . Rlic abafTdct class CompositeEquipment
= 1% L Ring", 200); 1.6
card new VideoCard("1lé6Mbs Token Ring", ); ", :,._,Ly” oSt e<Equipment>

drive = new DiskDri've("SOO GB harddrive", 500
bus = new Bus("MCA Bus");

3 (L : — R
= # implemepts Equipment
=)
: | 253 '

chassis = new Chassis("PC Ch W ; 2 phlivate String name;
cabinet = new Cabinet ("PC CaPyinet"); public CompositeEquipment (String name) {
bus.add(card) ; ‘ this.name = name;

n chassis.add(bus) ; 700 this.children = new ArrayList<>();
cha5‘31s.add(drlve).; - e( ;}aublic String name() { return this.name; }
cabinet.add(chassis) ; w& public double price() {

~7 . double’ result = 0.0;
assertEquals (700.00, cabinet.price(), 0.1); S for (Equipment child : this.children) {
} result = result + child.price(); /* dynamic binding */
" }
o - ’Icablnef =N return result;
cabinet o4 )
— |children| ~ }

DiskDri

VA.
~ Chassis |
chassis
e “Jlchildren pri
= 7%
/~)| VideoCard

bus O_ card .
= children /"')@_/l price| 300




Design of Language Structure: Composite Pattern

(<interface> Expression] (<abstract> CompositeExpressiorq

abstract Expression /eft()
int value() abstract Expression right()

( Constant w ( Addition ]

L

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

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




Design of Language : How to Extend the Composite Pattern?

(<interface> Expression (<abstract> CompositeExpressiorq

| abstract Expression left() Structure
int value() J

abstract Expression right()

& =
/ i mﬁt\) :g?&/? MPPM?

( Constant ] [, Addition )
@) hats e
X Foso -
{ J { 1* 1, O(féJ ng 1 fet/m?A
evaluate (0] C Jwrtj/\wﬂ dQS‘S)

print_prefix Nld Addgtion _/ -1&&12 T
print_postfix bft | — | [ongtant o ulc\‘(f
type_check @_ V@Tb AJW 2 " J




Design of a Language Application: Open-Closed Principle

(<1nterface> Expression] (<abstract> CompositeExpressiorq

tbstract Expression lefi() J Structure

1nt value() abstract Expression right()

( Constant

|

evaluate (0) Structure
A Alernaive 1] (Oper) | Cclosed 2> /5 o

type_check Alternative 2| Closed Open 4«/7P’f 7 ‘

Addition

— 1




Design of a Language Application: Open-Closed Principle

| 7(<interface> Expression] (<abstract> CompositeExpressiorq
abstract Expression /eft() Structure
int value() abstract Expression right()
( Constant ] ( Addition w
No ;4&-)
/ SvinfRA”
SZLI Operations Structyire
Pr!n:_Pref;( Alternative 1| Ope Closed 5 A’/Jy
print_postfix -
type_check Alternative 2| Closed /[{’f/’
= | Y 7’ .



Visitor Design Pattern: Architecture

<interface> Visitor

structures operations
<interface> Expression ’/'
Y ,
@ ' Visitor v .
d D [} »
' 4 7 >
Y ' ’
= - .
'
r<abslract> CompositeExpression} 1 '
'
abstract Expression left() : :
abstract Expression right() ' ’
'
! . ( Evaluator 1
. 1 | void visitConstant(Constant e)
' 1 | void visitAddition(Addition e)
r Constant r Addition+ \ ( Subtraction+ : 1 | void visitSubtraction(Subtraction e)
H + Lint resuit()
'
'

void accept(Visitor v)
int value()

void accept(Visitor v)

void accept(Visitor v)

void yigitConstant(Constant e)
Pevoid yigifAddition(Addition e)
void visjtSubtraction(Subtraction e) )

PrettyPrinter

(

TypeChecker

void visitConstant(Constant e)
void visitAddition(Addition e)
void visitSubtraction(Subtraction e)

\_String result() )

void visitConstant(Constant e)

void visitAddition(Addition e)

void visitSubtraction(Subtraction e)
boolean result()

Pl

ot




Visitor Design Pattern: Architecture

P e S Sl =

7 %
H r <abstract> Composite<E> w H
'

. List<E> children E
i add(E e) '
' ensure children[children.size()] == e 5
H H
' '
' '
' '
' '
' '
' '
\ '

structures

(@D
. <interface> Expression

. \ - [
T Ewpressione ! Vo Visory ! ( <interface> Visitor !
'
Chen! 3 vold accepi(Visitorv) i H void visitConstant(Constant e) [
' '
& ' . void ws:tAdmtlon(Addleon e) [
' ) ' \_void visitSubtraction(Subtraction e) !
' H = '
H dw <abstract> CompositeExpression : E H
' ' '
‘ abstract Expressmn lefi() ! . !
' abstract Expressmn right() i 0 - h
' 5 '
' : - ( Evaluator PrettyPrinter w ( TypeChecker w !
- : 1 | void visitConstant(Constant e) void visitConstant(Constant e) void visitConstant(Constant e) !
J ' 1 | void visitAddition(Addition e) void visitAddition(Addition e) void visitAddition(Addition e) '
' Constant Addition+ 1 ( Subtraction+ 1 H 1 | void visitSubtraction(Subtraction e) void visitSubtraction(Subtraction e) void visitSubtraction(Subtraction e) {
H 5 X int result() \_String result() boolean result() J
' A /
' void accent(VISItor v) void accept(Visitor v) void accept(Visitor v) 1 N s S S eSS e S S R S SR S S S S S SR S R S S AR R SR e -
\ int value() ot
0y

public void test_expression_evaluation()
Comp051teExpre551on add; 7

—
O 0O NOOTA~,WN =

assertEquals (3, ((Evaluator) v).result());




Visitor Design Pattern: Implementation

@Test
public void test_expression_evaluation() {
CompositeExpression add;
Expression cl, c2;
Visitor v;
cl = new Constant(l); c2 = new Constant (2);

add = new Addition(cl, c2);

v = new Evaluator();

add. accept (v) ;

assertEquals (3, ((Evaluator) v).result());

LW oo~NOOOTRA~WN =

— —h

Visualizing Line 3 to Line 7



o1
|

Consta
public interface Visitor { A € f?
c2 public void visitConstant (Constant e)
public void visitAddition(Addition e);
public wvoid visitSubtraction(Subtraction e)

cl

public class Constant implements Expression { }
public class Evaluator implements Visitor {

public void.Iaccega (Visi tor@
V. vidadrgonstant <th7_i5> i
L’ . publlc void visit (Constant e) {
this. result = alue (
7'/
. . n @ {

P 11c 01d VlSltAddlth

{
private int result;

C ‘extends CompositeExpression {

public class 2
PUbl:Lc v _7_tor V) QA d’s m

v. VlSlt‘Odltlon CF r

00 ot

valuato
e.getLeft ()

S = e,
e.getRight (). accept (evalR) df‘p
t() + evalR.result (

this.re = evallL.res
}
}




Lecture 14 - Nov. 1
Visitor, Syntactic Analysis
Visitor: Double Dispatch

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



() .
Announcements /2 7

- Assignment 2 released
+ Python script F@eshnﬂ
V

. - i 7
- Project Milestone 1 due next week Cov vert1Pss
+ Sign-Up sheet activated tomorrow (Wednesday) at 6pm




Executing_ Composite and Visitor Patterns at Run’rime/ vl
f' Addition .
add~/ [Foht] = TmCIng(adE).accep

—L Double Dispatch — of
_ﬂ EVALUATOR \_}
v value Constant Constant
value | 1 value | 2

,—;:Ei ’,-_,;i public interface Visitor {
cl c2 public void visitConstant (Constant e);

public void visitAddition(Addition e);
public wvoid visitSubtraction(Subtraction e);

public class Constant implements Expression { }
public void_accept (Visitor v) { publ_ic cla.ss Evaluator implements Visitor {
v.visitConstant (this) ; private int result;
} public void visitConstant (Constant e) { ‘_‘,
} this.result = e.value(); e /
}
_ — ‘ , public void visitAddition(Addition@ { /LS Aﬁ
public class Addition extends CompositeExpression { Evaluator evall = new Evaluator();
oo i Lo Evaluator evalR = new Evaluator();
public void, agocps (hV_lSl'tor v) A e.getLeft () .accept (evall) ;
} Ve o thad o o] (t___/l;s’)/’ e.getRight () .accept (evalR) ;

) this.result = evalL.result() + evalR.result();




Visitor Pattern:

Structures

r———vOid accept(Visitor v)

<interface> Expression

operatxons

Visitor v

<interface> Visitor

~

1 void visitConstant(Constant e)
void visitAddition(Addition e)
void visitSubtraction(Subtraction e)

Open-Closed and Single-Choice Principles

Evaluator

PrettyPrinter

'
'
'
:
'
(<nbstrnct> CompositeExpression : H (. Y o) .
'
abstract Expression lefi() ' H
abstract Expression right() ' H

TypeChecker

r Constant w (

Addition+ w ( Subtraction+ 1 f

void visitAddition(Addition e)
void visitSubtraction(Subtraction e)
int result() e

void visitAddition(Addition e)
void visitSubtraction(Subtraction e)
String result() nd

i {void visitConstant(Constant e) J {void visitConstant(Constant e)

I

void visitConstant(Constant e)
void visitAddition(Addition e)

void visitSubtraction(Subtraction e)
boolean resu/t() e

,
1 ,
] s
1| void accept(Visitor v) void accept(Visitor v) | | void accept(Visitor v) m __________________________________________________________ BT oo s o
' int value() /
/
S VS o—

What if a

o
/ (ﬁ"w‘ipc;’;rw

new Ianguage construct

is added?

I-—§ M"de'élf 7C’

S"fa/fn‘ﬁ‘em

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

|



Visitor Pattern: Open-Closed and Single-Choice Principles

R nle ISR i oSSR s SISl s SIS oS e i 1 i o 3 i e S 1 1 S 1 S L 2 S B ST S SIS
'/ <interface> Expression . ,’l R
\ y v
/ 1 Visitor v H r <interface> Visitor \ !
f i i o i
' void accept(Visitor v) ' : »’| void visitConstant(Constant e) !
! ' i void visitAddition(Addition e) '
! V\ H ! \_void visitSubtraction(Subtraction e) !
' '
E r <abstract> CompositeExpressionw : E 1
' '
' abstract Expression left() ' H :
! abstract Expression right() ' ! e '
! H H Evaluator w r PrettyPrinter Tychhecker ] i
' '
] / \ ! + | void visitConstant(Constant e) void visitConstant(Constant e) vmd visitConstant(Constant e) i
] ' 1 | void visitAddition(Addition e) void visitAddition(Addition e) void visitAddition(Addition e) '
} ( Constant w ( Addition+ w r Subtraction+ w E 1 | void visitSubtraction(Subtraction e) void visitSubtraction(Subtraction e) oid visitSubtraction(Subtraction e) ’:
: :
' '
' '
v

DF int result() String result() bYolean result() A
void accept(Visitor v) void accept(Visitor v) void accept(Visitor v) I -
int value() .
\ B
Al ’

N .

What if a|new language opera’rion is added?

7 WS
P w,

If the visitor pattern is adopted, what should be open? ,7/ |

z»; &C? sateu]



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 fo 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

Milestone 1: Show 3 Example Runs [1% |

— On the week of November 7 (about 3 weeks after the project is released), your team is required to meet
with Jackie and demonstrate:

e 3 example runs of your compiler. Each example run consists of the input files and the automatically
generated output files.

e Your example input files should cover (some of the) basic programming features (written in sytax of
your own design):

¢ class/module declarations
variable declarations
variable assignments

variable references (i.e., referring to declared variables in expressions)

o 0O O 0

arithmetic, relational, and logical expressions
¢ conditionals
e The corresponding produced outputs should cover at least one control-flow coverage criterion and at
least one data-flow coverage criterion.

— In this meeting, Jackie may suggest specific tasks that your team should complete and will
be included in the evaluation of Milestone 2.



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

- Expr + Term
| Term

- Term « Factor
|

|

Factor
(Expr)

a

Factor

( Expr )

/7 1X

Expr + Term
| I
Term Factor

Factor a




Discovering Derivations: Top-Down vs. Bottom-Up

Input Grammar G e L
Expr + Term TOP: (a+4a) " a %‘) ¢

-
| Term

— Term « Factor

| Term
9

|

Factor 1

(E X r) Term Factor
£ l I
a Factor a
/X
( Expr )
/1N
Expr + Term
| |
Term Factor

Factor

Expr
|

Term

N
Term * Factor
I l

Factor a




(
Top-Down Parsing: Algorithm 7 Input Grammar G

- Expr + Term

ALGORITHM: TDParse | Term

INPUT: CFG G=(V, X, R, S) 4 — Term * Factor

OUTPUT: Root of a Parse Tree or Syntax Error

NOCED |  Factor

root :=|a new node for the start symbol S II — (Expr)

focus :="Troor

initialize an empty stack trace | a

trace. push (null)

word := NextWord() Ez
while (true): kox
if focuse V then

if Junvisited rule focus - B1B2...Bn € R then
create (31,85 ...0n as children of focus
trace.push (ﬁnﬁn—1 s 301

focus := 4 -ﬁw:/’
A

else
if focus = S then report syntax error
else backtrack
‘/elseif word matches focus then

word := NextWord() wp,‘
| [

v focus :=_trace.pop ()
elseif (Worg/ EOF A focus = null th€p return root
else|backtrack |
Term Factor

backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren Facltor I

a

Factor

/TN

( Expr )

/1IN

Expr + Term




Egr > ®

Top-Down Parsing: Discovering Leftmost Derivations (1)f f= 23

ALGORITHM: TDParse Parse: (a) + a i a
INPUT: CFG G=(V, ¥, R, S) ———
OUTPUT: Root of a Parse Tree or Syntax Error

PROCENURE :
root /:= a new node for the start_svmbol S
focus := root Term « Factor
initialize an empty stack lrace
trace. push (null) Factor
word := NextWord() (EXpr)

while (true):
if focus € hen ‘ /Mf’ Ym%

if @ rule focus —~ BBy ...Bp € R then
—
~>create By, B, ...0n as children of focus

trace.push (BnBp_q - - - B2
focus %’1 ! /{ ( p\‘f‘“g

else .
if focus = S then report syntax error

else backtrack
elseif word matches focus then TQ’M
word := NextWord()
focus := trace.pop ()
elseif word = EOF A focus = null then return roo ‘f
else backtrack

backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren

(w-famm@@ .




Left-Recursions (LRs): Direct vs. Indirect

Direct Left-Recursions:

- Expr + Term
| Term

- Term = Factor
|

|

Factor
(Expr)

a

Factor

Indirect Left-Recursions:

A - Br

B - Cd
C - At

Expr + Term
Expr - Term

Term
Term x Factor
Term / Factor
Factor




CFGs: Left-Recursive vs. Right-Recursive Example: a + a * a
CFG with Left Recursions CFG with Right Recursions

Expr + Term Expr - Term Expr
Term Expr' — + Term Expr’

Term « Factor G
Factor Term — Factor Term’

Term’ — « Factor Term’
G

Factor — (Expr)
|

(Expr)

T &Y
Term Term * Factor ’ / \ \
| I 4
Factor Factor l A e‘ rﬁ‘tbl T;CM\%
| | o *



ALGORITHM: TDParse M a
INPUT: CFG G=(V, X, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE :
root/:= a new node for the start symbol S
rocus/ := root
initialize an empty stack lrace | e
trace.push (null) Factor — (Expr)y/
word- := NextWord()

. | a v
while (true):
if focuse V then x
°if 3 unvisited rule focus — B1Bs...Bn € R then

W
3D 2S5 creaté 'B1,Bz...Bn as children of focus f/ & ie
25> =» = trace.push (BnBp_1 - - - B2) k)@ @ /e"(armo
> = focus := B4 7&‘5 t / -
-?-’ 9 else : ‘ / \
if focus = S then report syntax error J r ;
else backtrack ,PD" 2 " -
elseif word matches focus then
= word, := NextWord() '
= focus := trace.pop() 46
elseif word = EOF A focus = null then return root L%" E
else backtrack
X '
backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren mfd\

o s t
K + Lt g o/\g"\{ﬁgs\[ﬂﬁ\ﬂ’

Exor — Term Expr' Vv
Expr' - + Term Expr
.ol e
Term - Factor Term'
Term’ - « Factor Term'




Top-Down Parsing: Discovering Leftmost Derivations (3)

ALGORITHM: TDParse parse: (a + a) %* a

INPUT: CFG G=(V, X, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE :
root := a new node for the start symbol S
focus := root
initialize an empty stack lrace
trace. push (null)
word := NextWord()
while (true):
if focus € V then
if 3Junvisited rule focus - B1B>...Bn € R then
create B1,B>...0n as children of focus
trace.push (BnBp_q - - - B2)
focus := 4
else
if focus = S then report syntax error
else backtrack
elseif word matches focus then
word := NextWord()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack

Term Expr’
+ Term Expr’

€
Factor Term'
~ Factor Term’

€

(Expr)

backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren
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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 Q > ¢

1 JALGORITHM: RemoveLR

2 INPUT: CFG G=(V, X, R, S)

3 ASSUME: G has no e-productions

4 OUTPUT: G’ s.t. G'=G, G has no

5 indirect & girect ft-recursions

6 | PROCEDURE : . eb

7 impose an orgéf on V: ((Aq,As,...,An))

8 for i:

9 -

10 i / AY e R A A »d1]62]...|dme R then

11 3 ,'—>Aj’y. with Aj > 01y |doy|...|dmYy
12 . - 2P z
13 )~ (¢ |ﬂeR:J et gt Rt 2R

14 0 it with: A;i - BA], Al - oAl | e




Removing_Left-Recursions (1a)

1 JALGORITHM: RemovelLR

2 | 1IneuT: crGe G=(V, ¥, R, S) CDE[ X

3 ASSUME: G has no e-productions r{ -

4 OUTPUT: G’ s.t. G’ =G, G has no

5 indirect & direct left-recursiofs @T&M @ )<

6 J PROCEDURE:

7 impose an order on V: ((Aq,Az,...,An)) @

8 for j: 1 W% @EC@/

9 for j: 1. .. i=]: T

10 if J(AANER A A —>61]62]...|0meR then &\

11 replace Ai— Ajy with A; -1y |dav|...|dmv

12 end = 4

13 for Aj—> Aa|BeR: \L ' AL—”

14 replace it with: A;— Al Al —» aAl|e 7— LAJ
e — yy

) - Ls olo viofiw

: ; Expr + Term Y&

" e ;Z:m « Factor @EM%TAM ¥ BC&/‘?
oo | Tattor




Removing_Left-Recursions (1b)

1 JALGORITHM: RemoveLR

2 INPUT: CFG G=(V, X, R, S)

3 ASSUME: G has no e-productions

4 OUTPUT: G’ s.t. G’ =G, G has no

5 indirect & direct left-recursions

6 § PROCEDURE:

7 impose an order on V: ((Aq,Az,...,An))

8 for i: 1 .. n:

9 for j: 1 .. i-1:
10 if 3 Ai-AveR A A »61|d2|...|dme R then
11 replace Aj— Ajy with A; -1y |dav|...|dmv
12 end
13 for Ai—- Aia|BecR:
14 replace it with: A;— BAl, Al - aAl|e

Directly Left-Recursive CFG:

Expr + Term ' > '
Expr - Term Exel&&

Term

Term = Factor
Term / Factor
Factor




Removing_Left-Recursions (1b)

ALGORITHM: RemoveLR
INPUT: CFG G=(V, X, R, S)
ASSUME: G has no e-productions
OUTPUT: G’ s.t. G’ =G, G has no
indirect & direct left-recursions
PROCEDURE:
impose an order on V: ((Aq,Az,...,An))
for i: 1 .. n:
for j: 1 .. i-1:
if 3 Ai-AveR A A »61|d2|...|dme R then
replace A — iy with Ai = 61y | day | ... | dmy
end
for Ai—- Aia|BecR:
replace it with: A;— BAl, Al - aAl|e

©CoOoNoOCOPA~WN =

Expr + Term
Expr - Term
Term
Term x Factor
Term / Factor
Factor



ALGORITHM: RemoveLR
INPUT: cFG G=(V, X, R, S)
ASSUME: G has no e-productions
OUTPUT: G s.t. G'=G, G has no
indirect & direct left-recursions
PROCEDURE :

A A A 6. | ome R then
replace A, — Ayy with A; - 5617 67| ... | Smy
end
for A - Aia|BeR:
replace it with: A;— Al Al - aAl|e




Removing Left-Recursions (2b) Poes the order of variables matter?

1 JALGORITHM: RemoveLR

2 INPUT: CFG G=(V, X, R, S)

3 ASSUME: G has no e-productions

4 OUTPUT: G’ s.t. G'=G, G has no

5 indirect & direct left-recursions

6 § PROCEDURE:

7 impose an order on V: ((Aq,Az,...,An))

8 for i: 1 .. n:

9 for Js 1 .. =12

10 if 3 Ai-AveR A A »61|d2|...|dme R then
11 replace Aj— Ajy with A; -1y |dav|...|dmv
12 end

13 for Ai—-> Aia|BecR:

14 replace it with: A;— Al Al - aAl|e




Removing_Left-Recursions (2b) Poes the order of variables matter?

1 §JALGORITHM: RemoveLR ‘l': i

2 INPUT: CFG G=(V, X, R, S) = -3—

S ASSUME: G has no e-productions

4 OUTPUT: G’ s.t. G'=G, G has no @C |

5 indirect & direct left-recursions

6 J PROCEDURE: @B @C

7 impose an order on V: ((Aj,

8 for J: 1 .. M

9 for j: 1 .. i-1: @A @,@
10 if 3 Ai-AveR A Ai=61|62]...|dme R then L E
11 replace Aj— Ajy with A; -1y |dav|...|dmv

12 end - ‘

13 for A - Aja|BeR: s (= Zgl

14 replace it with: A;— Al Al - aAl|e J

B>ld, (>l
(2 > [B> Atd

':T_‘a!.as_d
4 > Br, B->Aed

L |4 5 Aedy




750
Removing Left-Recursions (2¢) k@ '

ALGORITHM: RemoveLR

INPUT: CFG G=(V, X, R, S)
ASSUME: G has no e-productions
OUTPUT: G’ s.t. G'=G, G has no
indirect & direct left-recursions
PROCEDURE:
impose an order on V: ((Aq,Az,...,An))
for J: 1 .. M

for s . i—1:
10 i£ 3@‘@-765’/\Aj—>61|62|...|6meR then
11 repléce Aj— Ay with A; -1y |dav|...|dmv
12 eng
13 for—»A,-g_|,36R:
14 replace It with: A;— Al Al —» aAl|e (g
A1 AT

Indirectly Left-Recursive CFG-@_)© {e-?; ’\;9:/;; , poa { Za (7/' gg

©CoNoOCOPA~hWN =

D= %o | bald ng



P> lPMm‘(?o(aat’ ém“awg
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Eliminating_epsilon-Productions

Q: Nullable variables?

L, S—=B|n14B
A= Mo |a
B> LBB|bB [}




Top-Down Parsing: Backtrack

Expr
ALGORITHM: TDParse
INPUT: CcFG G=(V, X, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE :
root := a new node for the start symbol S
focus := root
initialize an empty stack lrace
trace. push (null)
word := NextWord()
while (true):
if focuse V then
if Junvisited rule focus - B1B2...Bn € R then
create (31,82 ...08n as children of focus
trace.push (BnBp_q - .- B2)
focus := 4
else
if focus = S then report syntax error
else backtrack
elseif word matches focus then
word := NextWord() I
focus := trace.pop () i
elseif word = EOF A focus = null then return root 1
else backtrack ‘

Term Expr’

+ Term Expr’
- Term Expr’
€

Factor Term’

@ Factor Term’

+ Factor Term’

€

( Expr )
num
name

backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren Term'’




FIRST Set

ifaeT

Expr x Factor Term’
Term Expr’ + Factor Term’

+ Term Expr’ €

- Term Expr’ ( Expr )

€ num
Factor Term’ name “M z‘/'\;
Tarlr — £

num name + - X += () eof e
FIRST num name + - x =+ () eof €
Expr Expr’ Term Term’ Factor

FIRST (,name,num +, -,€¢ (,name,num x,~,e (,name, num




Lecture 17 - Nov. 15

Syntactic Analysis

FIRST Set: Algorithm



Announcements

- Assignment 3 released

- Project lKAilesfone 2 eeting signup starting épm on Wednesday

p—




Project: Milestone 2

Milestone 2: Show Additional 5 More Advanced Example Runs [2% |

— On week of November 21 (about 5 weeks after the project is released), your team is required to meet
with Jackie and demonstrate:
e 5 example runs (with no overlap from those in Milestone 1) of your compiler.

e Though not required, you should aim at showing some of the more advanced features that are outside
the above list (see Section 9).

e The corresponding produced outputs should cover at least two control-flow coverage criteria and at
least two data-flow coverage criteria.

— These example runs are meant to be a clear indication of progress from Mile Stone 1 (e.g., more programming
features and coverage criteria supported, more sophisticated scenarios such as nested conditionals).

— In this meeting, Jackie may suggest specific tasks that your team should complete and will
be included in the evaluation of the final submission.



>

Assignment2? Variable Arguments

* Each ASTNode corresponds to some non-terminal in the

* context-free grammar in question.

* @param label name of the non-terminal which this ASTNode represents

* @param children zero or more child nodes of this ASTNode

e

public ASTNode(String label, ASTNod ildren) {
/* Your Task */

}

by

7
Ter

N
for/

ASTNode [r_Q_Qj;LL

new ASTNode("Expr",
new ASTNode("Term",
new_ASTNode("Factor",
new ASTNode("a")
s
new ASTNode("Term'",
new ASTNode("epsilon™)

)
),
new ASTNodea
= new ASTNode@7™),
~Snew ASTNode("Term",
new ASTNode("Factor",
new ASTNode("a™)
D>
new ASTNode("Term'",
new ASTNode("epsilon™)
D)

),
ew ASTNode("Expr'",

new ASTNode("epsilon")

J;



FIRST Set: Algorithm

{0‘} gt ;ls L
{@ﬂw@/\gé é/\ﬁe(VuZ)*} ifaeg VA;?A‘[@

ALGORITHM: GetFirst

INPUT: CFG G=(V, X, R, S) (fu""(bA
TcX* denotes valid termiz;a(lgg
ouTPUT: [First} VU T u{e, eof e (T u{e,eof})

P E.
for ac (Tu{eof,e}): First(a) := {a}
for AcV: FirsT(A) := O
lastFirst_:=_& Q kj

lastFirst X w W‘&,[
while|/astFirst + FIRST -
e —— Ffiﬁ‘o{' : e}?{«ua.(

B is nullable

B ... Bt are nullable
> greq & veld]  (on-ytawanl,
Vol A
e : Smbols Y{‘7

_Wm&(.m::(ﬁm) {e})
‘ if(i=kh ecFirsT(SK) 'then
Wil 777 =75\ o) &

end

FrrsT(A) :— Frrsr(A)U rhs °E € BRT(B) (L2 € & r(é)



Right-Recursive CFG:

: FIRST Set: Tracing
0 Goal — Expr 6 Term’ — X Factor Term

, X First choose rules
2 Expr' — T¢m Expr 8 gz ﬁ}
3 | ¢ oo Expr’ 9 Factor — éExpr ) whose RHS starts

4 | - 10 with a terminal

5 Term —  Factor Term’ 11 . name

/

1 Expr — Term Expr’ 7 + Factor Term’

eof | €

(
ALGORITHM: GetFirst
INPUT: cFG G=(V, ¥, R, S) —|¥ %I@) f4\ &g
T cXY* denotes valid terminals

OUTPUT: FiRst: VU Tu {e eof} — P(T U {e, eof})
P C g 4 « Term ‘Term’ Factor

R b & 2| &

|\_/

lastFirst := &

while (/astFirst iFIRST/ Fa[ﬁ,/ 9( EKP

lastFirst := FIRsT

for A—>B1,82 BkeR s.t. VBj:Bie(TuV): .[,'_
rhs :: FIRST —ﬁ -13 { S
| s (, Muef

for(i := 1; ecFirsT(B)Ai<k; |

rhs :=|r_hsu (FirsT(Bjr1) - {¢

if j=KkAe€€FIRST(Dk) then -7q'3 {( ) N“B WME

rhs := rhsu {¢}

end
FirsT(A) :@urhs (W4
oS AX Lafom &




FIRST Set

Right-Recursive CFG:

Goal —  Expr 6 Term’ — x Factor Term'

ALGORITHM: GetFirst

INPUT: CFG G=(V, £, R, S)

TcX* denotes valid terminals

OUTPUT: FirsT: VU TuU({e eof} — P(T U {e, eof})
PROCEDURE :

for ae(Tu{eof,e}): First(a) := {a}

for AcV: First(A) := @

lastFirst := &

while (/astFirst + FIRsT) :

Expr —  Term Expr’ 7 | = _Factor Term'

+) Term Expr’ 8 eI
Term Expr’ 9 Factor — ( Expr )
10 | num
| name

lastFirst := EFIRST
for A@...BKER s.t. VBB e(TuV):

rhs := FIRST(S) - {€}

for (i := 1; ecFIrsT(Bj)Ai<k; I++):
rhs := rhsU (FIRST(Sj 1) —{€})

if i=kAneeFIrsT(f) then
rhs := rhsu {¢}

end

Firse(A) := First(A)u rhs i ‘I%LS‘UWO € c FI@T( et)

Q. Will FIRST(Expr’) change if we ddd another rule?
[Expr’ — Term’ Factor). m(g(GAC(OO




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

num name + e k'l X -..{?A
FIRST num name + ; %M[ﬂe ¢ﬂ(
‘ Term’ Factor

" ion- propTy Frm@gg)

FIRST(/952... D) = ALY [
o ;p@'\lbf‘cw of Fo Vi: 1</<kc@F ST(.@.L) /; ’, AX
{ FIRST(R)) U FIRST(B2) U...FIRST(Q) | A Z&@ }

e ¢ FIRST(8¢)

Expr Expr’

FIRST (, name, num +,

Right-Recursive CFG:

Expr 6 Term’ X Factor Term'

Term Expr’ + Factor Term’
+ Term Expr’ | €

/

- Term Expr Factor — ( Expr )

€ 10 | num

Factor Term’ 11 |  name



Is the FIRST Set Sufficient?

usgld f

we (24 frod WVt

Shnbols Folloes Gap’

Top-Down Parsing: Discovering Leftmost Derivations (2)
FIRST(+ Term Term®) ={&S /

B *
ALGORITHM: TDParse Lrse' GQG a
’ INPUT: CFG G=(V, X, R, S) Expr — Tem Expr V
- OUTPUT: Root of a Parse Tree or Syntax Error Expr' — + Term Expr'
— e e -— - PROCEDURE : . | e .
— root/:= a new node for the start symbol S Term - Faél‘ar Term’./ T /
Tocus/ : = root Term' - « Factor Term' )/ M
Q inftialize an empty stack trace | e .
e sl on pg trace.push (null) Factor — (Expr) v
word- := NextWord() | a
while (true):
if focuse V then x

«if 3 unvisited rule focus — 1Bz ...Bn € R then

3> = <) creaté 'B1,B;...Pn as children of focus J & ie

35 > ;race.puyxﬁwnﬂnq ... Ba) T &’,, /QM ,ﬁrg

= focus := B4 7&6 } 5

'7 > i else = : / \ / Z
if focus = S then report syntax error J’ ; ﬁ(
else backtrack M E " =

elseif word matches focus then (N 7 =

= word, := NextWord()

= focus := trace.pop ()

elseif word = EOF A focus = null then return root r E
else backtrack

o M
\ a et
backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren 90 E /

K “{'u Mﬁ Ms;/\ow&ﬁgﬂ'm




| - TermExpr' -

| €

6 Term’ — x Factor Term’

Term —  Factor Term’

+ Factor Term’

Factor — (

\)

Bor L% m |
—
eot.) o -

= o tam)



FOLLOW Set: Algorithm

ALGORITHM: GetFollow
INPUT: CcrG G=(V, ¥, R, S)
OUTPUT: Foriow: V(—)P(T u{eof})

PROCEDURE :
lastFollow := @
for A = 51 52 : A

for Ac V: Forrow(A) := &
while (/astFollow + FoLLg
P T Wy '57“‘ éé/(wﬂ"/ o gWhen € € FIRST(B)
\4

’ ForrLow(S) := {eof}
| 3, 2
: m ﬂb W 2 \é \QQ
lastF “"JE ¥ o) F‘EOLLOW(BK) = 2 Jacan (D
(i
if Bie V then FOLLOW(ﬁk-l) =?

Forrow((B;) :=.Forrow(f3;)uU trailer

if eeF1irsT{3;)

?}d"
then trailer :=|traileru (FIrsT(f;) — €] When € ¢ FIRST(BK)

else trailer :§ FIRST([; LA LL

¢VFOLLOW(BK-1) = 2

elise
trailer := FIRsT([;)



Computing the FOLLOW Sets: Trailers

A — BiB2Bs plos 7 52
' e

Case 1: € ¢ FIRST(B3), € ¢ FIRST(Bz2) [ il
+ FOLLOW(B3) = et ) A @( [3_2‘,@

+ FOLLOW(B2) = TarsT (Bs) y J%%(W
+ FOLLOW(B1) =

wMQ m'wf
Case 2: € € FIRST(R3), € € FIRST([Bz)

+ FOLLOW(B3) = Foon(4) ‘ E
+ FOLLOW(RBz)

+ FOLLOW(BY) =T (£ u Tk (&) U Foltowl( )




Right-Recursive CFG:

G E(E/T/T/

ALGORITHM: GetFollow
INPUT: CFG G=(V, X, R, S)
OUTPUT: Foriow:V — P(T u{eof})

| for A %FOLLOW(A) %]
ForrLow(S {eof}—

lastFollow ™ : =
while ( lastFo/low +FOLLOW) :
lastFollow := FoLLow
for A— B1B2...B8k€R:
trailer := FoLLow(A)
for iz & «: 17
if BjeV then
ForLow(fj) := ForLow(f;)U trailer
if eeFIrsT(f))
then trailer := trailerU (FIrsT(S;)—¢)
else trailer := FirstT(f))
else
trailer

:= First(5))

0 Expr ﬁw‘) 6 Term’ —

1 Epr\ —> @ foL 7 |

2 Expr — + Term Expr’ CE> 8 | 6‘ 39
3 | - Term Expr’ 9 Factor _— ( Expr_)

4 | € 10 num

5 Term - Facto rm’ 11 |  name

alodle

FOLLOW Set: Tracing

FIRST (, name, nu

Expr

First choose rules whose

LHS is processed.

Then rules whose

RHS ends
wu’rh a terminal.

Term’

(, name, num

Factor

Goql Expr Expr Term Term’ Factor
ot ef [of] 4[]
DA | — -+

2 >

aire: ;




Backtrack-Free Grammar

A backtrack-free grammar has each of its prodtd,cno

A=yl ..

Vijgj:1<i,j<nnai qtjolSTART('y,) N START(vj) =

Expr

Term Expr’

+ Term Expr’

- Term Expr’

€

Factor Term’

.| vn satisfying: et y‘ll ‘f'

o o

6 Term’ — x Factor Term’
| =+ Factor Term'
| €

Factor — ( Expr )
10 | num
11 | name




Top-Down Parsing: Algorithm with lookahead

ALGORITHM: TDParse
INPUT: CFG G=(V, X, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE:
root := a new node for the start symbol S
focus := root
initialize an empty stack lrace
trace.push (null)
word := NextWord/()
while (true):
if fopusel then
if| 3 unvisited rule focus — B1B2...Bn€ R A| word € StarT(3)

create B31,B2...08n as children of foci
trace.push (BnBp—1 - .- B2)
focus := 34
else
if focus = S then report syntax error
else backtrack
elseif word matches focus then
word := NextWord()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack

Goal
Expr
Expr’

Term

‘ Term’

Factor

—— -4 I-—=11

Term’

Expr

Term Expr’

+ Term Expr’
- Term Expr’
€

Factor Term’
X Factor Term’

= Factor Term'




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

A backtrack-free grammar has each of its productions
A- 1|y ... |~n satisfying:
Vi,j:1<i,j<nni+jeSTART(vy;) NSTART(v;) =2

FIRST(3)
F F A therwi
IRST(S) u FOLLOW(A) otherwise ,,{Wi

START(A > 3) = {

FIRST() is the extended version where 3 may be 3182...8n Z-IR‘YM
Is the following CFG backtrack free? AL% SHURT (Tt > powe
: = P
(\.' V\M 11 | Factor name X {MMPS
Koy 12 SrART k name [[ ArgList g\> = ‘;‘MWOS
13 name | ( ArgList ) |

16 MoreArgs , Expr MoreArgs

=
|

|

15 Arglist — Expr MoreArgs
—

17 | €




Left-Factoring: Removing Common Prefixes

|dentify |a common prefix «:

A5, 1@52 | - 108l | 12 - |y

[ each of v1,72,...,7; does not begin with «a ]

Rewrite | that production rule as:

11 Factor
12 name |L‘ArgList i
13 name [[CArgList l|p ,
15 ArgList Expr MoreArgs

16 MoreArgs , Expr MoreArgs

17 €




Implementing_a Recursive-Descent Parser

SWKT

Production

2 Expr’ — ‘{ Term Expr’
3 | v Term [Expr’

4 | Y€

Expr
=@V @nthen /> Rules 2, 3 */

worgd_—=NextWord() °
. then return ExorPri:)
else return
elseif wora —v word —<eof }:hen /* Rule 4 */
N retur

else

report a ntax erroJ
return( false

end -

Term()




Discovering Derivations:

—OOro(e/ o el ong

ARLOTF
M“@Siife @@ Rip:
o B FED(LBA

b vetltt Q @

scanner
JB[F T T-T-T°T-1




Lecture 20 - Nov. 24
Syntactic Analysis

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



Bottom-Up Parsing: Algorithm

ALGORITHM: GJ?}Parse - W"e °
cFG G=(V, £, R, S), |Action| s |Goto]|Tables
OUTPUT: Report Parse Success or Syntax Error
PROCEDURE:
nitialize an empty stack trace
trace) push(0) /x start state */
word _:= NextWord()
while (true)
state := trace.top()
act := Action][state, word]
if act = ‘‘accept’’ then
succ_eed()

trace.pop() 2x|B| times /» word + s

State := trace.top()

trace . push (A)

next := Goto[state, A]

lrace nush (next)

elseif ggl = ‘‘shift to ’ then
trace . pish (word)
trace . push (i)
word := [NextWord /()

else
fail()

B Goal — List
2 List — List Pair
3 | Pair
Pair )

4  Pair —

(
® 12

Action Table

st | Pair |
2
4
5
9

H

[Z )
w w

Y o
ﬂe‘a

-
N o

Y]

CNOU A~ WN)- o
= = -
N}

—_ =
- O




Bottom-Up Parsing: Discovering Rightmost Derivations (1)

ALGORITHM: BUParse
INPUT: CFG G=(V, X, R, S), Action & Goto Tables parse ( )

OUTPUT: Report Parse Success or Syntax Error "\
PROCEDURE : \,Q . Eof—

initialize.an empty stack trace

. 1  Goal — List
Z,ifs'fzsf,@mwg;dffart SRS 2 Ltst — List Pair é-l'afle E g% * ‘a. g al

(true) Cu lt 4” @ | Pair
> : trace.tép “C ) B Pui )
27 ol = . V_Vo__rd air — ( Pair ) BAI(
> : ,@é; T[w ] () h
cceed ()

word := NextWord ()
else
fail()

O 0O NGOV A WN =

= accept”’] then [ & 2 / 1’
} Vb s Z_
elseif act = ‘‘reduce based on A— (3’’ then c(’t
)@ strace.pop () 2 x || timeS /* word + ’ é
tate := trace. top v
Y‘)"a ;Strace push(A c( u-mm %
_hext := .= Gofol state, o
> trace. push (next) - %
32 elseif act = ‘‘shift to §;’’ then |° >§'
trace. push('word vv : .
91 trace. push (i) V/ / g
-0

_ -
- o



Bottom-Up Parsing: Discovering Rightmost Derivations (2)

ALGORITHM: BUParse Parse: ( ( ) ) ( )

INPUT: CFG G=(V, ¥, R, S), Action & Goto Tables
OUTPUT: Report Parse Success or Syntax Error
PROCEDURE:
initialize an empty stack trace .
—
trace.push(0) /x start state =*/ ) Gadl S
while (true) 3 | Pair
4
5

state := trace.top()

act := Action][state, word]

if act = ‘‘accept’’ then
succeed ()

elseif act = ‘‘reduce based on A— (3’’ then

frace.pop () 2x|B| times /x word + ActionTable N Goto Table

state := trace. top ()

Pair — ( Pair )

1 C)

trace. push (A)
next := Goto[state, A]
trace. push (next)
elseif act = ‘‘shift to S;’’ then
trace . push (word)
frace. push (i)
word := NextWord /()
else
fail()

O 0O N OV A WN = O

_ -
- o



Bottom-Up Parsing: Discovering Rightmost Derivations (3)

ALGORITHM: BUParse Parse: ( ) )

INPUT: CFG G=(V, X, R, S), Action & Goto Tables

OUTPUT: Report Parse Success or Syntax Error
PROCEDURE:

initialize an empty stack lrace 1

trace.push(0) /x start state =*/

word := NextWord () 2 List — List Pair
while (true) 3 | Pair
4
5

Goal — List

State := trace.top()

act := Action|state, word]

if act = ‘‘accept’’ then
succeed ()

elseif act = ‘‘reduce based on A— ('’ then

trace.pop () 2x|B| times /* word + &

state := trace. top ()

Pair — ( Pair )

| C )

trace.push (A)
next := Goto[state, A]
trace . push (next)
elseif act = “‘shift to S;’’ then
trace. push (word)
trace. push (i)
word := NextWord /()
else
fail()

O O NV A WN = O

—_
- O



Exercise: LL(1) Parser

Consider the following grammar:

L - R a R - aba Q - Dbbc
| Q ba | caba | bc
| R bc

Q. Is it suitable for a top-down predictive parser?

o If so, show that it satisfies the LL(7) condition.

o If not, identify the problem(s) and correct it (them). Also show that
the revised grammar satisfies the LL(7) condition.



e Given an arbitrary CFG as input to a top-down parser

o Q. How do we avoid a non-terminating parsing process?
A. Convert left-recursions to right-recursion.

o Q. How do we minimize the need of backtracking?
A. left-factoring & one-symbol lookahead using START

e Not every context-free language has a corresponding
backtrack-free context-free grammar.

Given a CFL /, the following is undecidable:

Jcfg | L(cfg) = | A isBacktrackFree(cfg)
e GivenaCFG g=(V, ¥, R, S), whetherornot g is
backtrack-free is decidable:
Foreach A— 1 |v2|...|vn € R:

Vi,j:1<i,j<nnai+jeSTART(;) N START(7)) = &




O X
o o
D

@ 2ba
ba
B

Q — Dbbc
I be

10348 (&
it

m@;kb be be

R = adaW
| caboRR”

]7\'—9 L R,
| €

dﬁtt( wDM‘SM Foreach A— v |v2|...|vn€R:

Vi,j:1<i,j<nni#jeSTART(v;) N START(v)) = @

[ > Ka ¥

| QLo i
R = abaR’

l (abaR"
R'> LR’ ot

l 2 /T"UM

AR
1




(> RKa

| 4}
K -7&)30\ / : le{:t ks
R / @ Lowon r«efwc
/l [\ALAR @ Foreach A— vy |72 |
R _b LCR/ Vi,j:1si,jsn./'\.i|:/r'1oegr:ART(7') S (
i) N START(v)) =@

0 btk 1otk
> UEQl P& "[m(;""’g% 9»"5’99\/
0= bt

| ¢



B
- pboR ! :
[ taba R B oL 1§
R’ kR’ RE 100 2

| & .
0> bt o | 16 | 7

l C é Foreach A~ y | 2|...|meR:

/ IR L Gs RT(7;) 0 START (%)) =
5 ¥

'[;M? MJ{A‘(d



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

& Goto Tables Parse: ( ) a Parserls state fhaf's

ntax Error /3 \lg . .
- X : eof}- ready for reduction.
1 Goal — List
2 List — List Pair : ‘ K X &'

| Pair. 1

Pair — ( Pair )

I C ) {e
«aj/,c,

= 0
2 KO Iteration State word Stack
3 >
M H (@) initial  —  ( $0
’ ﬂ ) C 1 0 ( $o none =  shift 3
8 | 2 3 ) $0C(C3 none —  shift 7
90 I 3 7 eof $0(3)7 -() reduce 5
1 4 2 eof $ 0 Pair 2 Pair reduce 3
& 5 1 eof $ 0 List 1 List accept




Bottom-Up Parsing: Right-Most Derivation 1 Goal - List

Parse: (()) ()

Iteration State

initial
1

2
3
4
5
6
7
8
9

word

@ Lisc — List Pair

The BUP process corresponds to 3 | Pair
4 Pair — ( Pair )

the revserse of a RMD.

$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0
$0

3
306
3(6)10
3 Pair 5
(3 Pair5) 8
Pair 2
List> 1
List 1 (3
List 1 (3 )7
List 1 Pair 4

$ O duise 1

Handle Action

— none — —

— none — || shift 3

— none — | shift 6
— none — | shift 10
) reduce 5

— none — | shift 8
( Pair )  reduce 4
Pair reduce 3

— none — || shift 3
— none — | shift 7
) reduce 5
List Pair

List  accept)

Owles of RM7:



LR(1) Items

c
_we hee Al«(w( reyw’?(’ /§
y v

L >S- o8 we vPeaurel

& m&}mol/P M}/

S veabtraa o 4



LR(1) Items: Scenarios

Possibility: [A— By, a]

Ly, mazal sate of Ya«;a4 tounvdk yedutan & 4

Partial Comple’rion [A—PBey, a]

1 A;Vmgi ol B
(}-t?l rppr?/\ R Y
Completion: [A —PBye,

o (Q)
;ouau
\il zFe wotl wotes &, vee ¢ 4




LR(1) Items: Exercise (1.1a)

Goal — List
List — List Pair

1
2
.3 | Pair
4
5

Pair — ( Pair ) L ﬁdd&(é‘dl()

()

0l

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

[éoal—ﬁl BO]P— :l

Q. LR(1) |’rew noting the deS|red final state of parsing?

ﬁ*“‘ x| Wow > ( e, JCCA > (nte_ 8}




LR(1) Items: Exercise (1.1b)

Q. Derive all LR(1) items for the production rule A — By

— UTor] er : *Floﬁ'fad ’}Z?{(f‘?oﬂ$ °F .
— $ot tagehersin > AQ —>:./3(g ‘2\’(
— Hostuq "pont” >[50 -,4.3. ,}/’G_( Fetion
9P S@- ‘EL R, &7 |a¢ %
Y FDL@MCQ) é[ﬂeﬁf-’)’,@]\ae%%,

49 0,0 |4y
108> gve, L] (Acfju



LR(1) Items: Exercise (1.2)
(&)

1 Goal — List q ﬂ{
List — List Pair Q) 'ff;'lis(pi 70 W(VTV) | @

| Pair « ue -
Pair — ( Pair ) ),\0‘4, MD i - 3 6' 0 [767")\
' ,Y:ﬁvlf" IR e ®.

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

FoLLow(List) = {eof, (} FoLLOW(Pair) = {e_o.f,_:(, ) }

[Tew >+ (T, et [ Tew > () ot ) [T > (Tod,eb) (T > (T, o]
[ Tew —9'(7ATV>, ) [T (-77A7v>, () (T (7&?-), ¢ ] ['_72-9 (77&7‘02&?&3
[T >+ (50,5 3 Ul > Cled, 3 V[T > (oo, > ) [T (B>, 3



LR(1) Items: Exercise (1.3)

FoLLow(List) = {eof, (} FOLLOW(Pair) ={eof, (,)}

Goal — List

List — List Pair )
_ [Goal — e List,eof]
| Pair
[Goal — List e,e0f]

Pair — ( Pair )

[List — e List Pair,eof] [List— e List Pair,( ]
[List — List @ Pair,e0f] [List — List e Pair,( ]
[List — List Paire,e0f] [List— List Paire,( ]

)

[List — e Pair,eof ] [List — e Pair,( ]
[List — Pair e,e0f | [List — Pair e,( ]

[Pair — e ( Pair ),eof ] [Pair — e ( Pair),)]  [Pair — e ( Pair),(]
[Pair — ( e Pair ),eof | [Pair — (e Pair),)] [Pair — ( e Pair),(]
[Pair — ( Paire ),eof | [Pair — ( Paire),)] [Pair — ( Paire ),(]

[Pair — ( Pair ) e,e0f ] [Pair — ( Pair)e,)] [Pair — ( Pair) e,(]

DB
),

[Pair — e ( ),eof] [Pair — o ( ),(] [Pair — o ( ),)]

[Pair — (e ),e0f] [Pair — (  ),(] [Pair— (e ),)]
[Pair - ( ) e,e0f] [Pair > () o,(] [Pair — ( ) e,)]




LR(1) Items: Exercise (2)

Expr Factor Term’

Term Expr’ = Factor Term’

+ Term Expr’

- Term Expr’ Factor — ( Expr )

€ | num
Factor Term’ |  name

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

FOLLOW Set

Expr Expr’ Term Term’ Factor

FOLLOW eof,) eof,) eof,+,-,) eof,+,-,) eof,+,-,x,+,)



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?







CC Construction: closure

ALGORITHM: closure
INPUT: CFG G=(V, ¥, R, S), a|set|s of LR(1) items
OUTPUT: a set of LR(1) items

PROCEDURE H t,.‘(f'

IastS (7 ﬁ&\"e J/d

—
O W O NOUODWN =

“Analogy: E-NFA to DFA

Subset construction (with lazy evaluation and
epsilon closures ) produces a DFA transition table. C >_ ) 'Y
| de0..9 | se{+-} | . 2
{qo, ¢ {g1,9s} | {a1} {2}
445'5 Jj L(W}'I thq@ %Ck,}qs:qs} _
ai} a1, 9 q
O & yed CRCY) B fo

{q} {Gs, 05}
@

{92,05,G5} || {96, 05}
o e e added to 1

[N

{g,05} || {qs, 05}
For example, 6({qo, g1}, d) is calculated as follows:

U{ECLOSE(q) | g € 6(qo,d) ud(ar, d)}
: Llosart -



¢et oF [alRt Satdp—> = 1) ¢
Cg Co:lFsrrucnon: CCo e F R toots

Calcula’rof the following grammar.

7 Closure of the singleton set containing the parsers initial state.

ALGORITHM:
INPUT: C 7, X, R, S), a set § of LR(1) items
OUTPUT: a set of LR(1) items
PROCEDURE :
lastS := @
while (/astS = s) :
lastS := s

Goal — List
List —> List Pair

| Pair

0O NO O~ WN =

for [A—>.--e C §, a]es:
9 for ¢ - ~v€eR:
10 for b eFIrsT(da):

11 s:=su{[C —ey, b] }
12 return S

Pair — ( Pair )

@ 5 witel -
[&OA[ %'Z'(S'('a 3’%]



CC Construction: cco Step 1

1 Goal — List
2 List — List Pair

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

Hint 1. How is [(:)—> “ instantiated? 3 | FPair
C‘Oﬁ] @ @g% 4  Pair — ( Pair )
HlanWha’rareC—>yeR’? . > )
-

Hint 3. FIRST(3a) = FIRY{ ( & &) = FrpTC ef) - § o §

Too voa LRCD) ctoms -
How should s be extended? / [ [‘Kt e [;gt E{r ,oo)l:]

2. E&ﬁé'&rr,g,é]

for (€ — v € R:

for b eFirsT(da):

s :=su {[c -G,




CC Construction: cco Step 2

(0) [ Goal — e List, eof ]
(1) [ List — e List Pair, eof ]

(2) [ List —_e Pair, eof ]

ket & 7‘(( P
Hint 1. How is [A—>E- C 6 a] nstantiated?

Hint 2.What are C — y € R?

Goal — List

List — List Pair

Pair — ( Pair )

1
2
3 | Pair
4
5 )

Hint 3. FIRST(3a) = T4y (£ &P )= [RST(e}) = Tef ]
How should s be extended? [Zw->0 ( Kﬁr) 3 &PJ
for [A—>-.-e C &, a]es: [Vm;,_).(), & 3

for (€ — v €R:
iy

for b e FIRsST(da):
su{|[ € —ey, b]|}

0 =1 [List — e Pair, eof] [List — e Pair, (] [Pair — e ( Pair ), eof]
[Pair — o ( Pair ),(] [Pair — e ( ), eof] [Pair — o ( ),(]

l[Gaal — e List, eof] [List— e List Pair, eof] [List — e List Pair, (] l
CC




CC Construction: cco Step 3

Goal — List
) [ G.Oal — e List, eof ] List — List Pair
(1) [ List — e List Pair, eof ] | Pair_
(2) [ List — e Pair, eof ] Pair — ( Pair )
(3) [ Pair — e ( Pair ), eof ] L)
(4) [ Pair — .é) eo{]t 7o
Hint 1. How is A—>.B_ C 0, a | instantiated?

Hint 2 What are C —ycR? “T¢ ¢ Fiﬂﬂ%")’ T 3
Hint 3. FIRST(5a) = Lim(@&P,{ ( 3 LZ(C{’ = o Z(ci %‘6’3 C]

How should s be extended? — [Z‘(S{'*? o FN( s ( ]

for [A—>---e¢ C 6, a]es:
for C —> veR:

for b eFirsT(da):




CC Construction: cco Step 4

(0) [ Goal — e List, eof ] (5) [ List — e List Pair, (] List > List Pair
(1) [ List — e List Pair, eof ] (6)-[ List — e Pair, (] \ Pair
(2) [ List — e Pair, eof ] Pair — ( Pair )
(3) [ Pair — e ( Pair ), eof ] )

(4) [ Pair — o %’)é‘egf wE (
» Hint 1. How is [A — p *C 9, a ] instantiated?

, Hint 2 What are C — y € R? { CS ﬁuo ﬁdd?'l"/;d&[ 42([) (oS-
Hint 3. FIRST(5a) = FIRY( ( € ( ) = = 5
How should s be extended? AR X GZ”) Q

for [A—>---e¢ C 6, a]es: Z- C)%((9 () C J

for C —> veR:

Goal — List

for b eFirsT(da):
:=suU{[C —ey, b]}




CC Construction: goto @

1 N ALGORITHM: [goio |

2 INPUT: |a set 8 of LR(1) items,| a symbol

3 OUTPUT:|a set of LR(I) items

4 N PROCEDURE? P I we{'
5 moved := & (ql*"q,eod it
6 for ijteme s: o x

7 if jtem=[a — BelXp, a] then

8 moved := movedu { [a —

9 end

10 return closure(moved)

: E-NFA to DFA

-
Subset construction (with lazy evaluation and f/wf
epsilon closures ) produces a DFA transiti
St (:}‘g |Fef+-) | .
i%%’: &} {ai} {2}
G1,Gas 4 2 {2, 05, 05} 8 ( )
{a} @ {q} g ()] >
{qe} @ @ =
A p HolH U
{Gs, 5} & ]

{%, 3, G5}
For example, 6({qo, g1}, d) is calculated as follows: [d€0..9] (?l d >
3

U{ECLOSE(q) | g € (g0, d) ud(qn,d)}



CC Construction: goto

Goal — List

1

2 List — List Pair
3 | Pair
4
5

Calculate goto( cco, ()
i.e., "next subset state” from cco taking (

[l > (B, ()

[Yﬁ/*b’()q&’pj Vr,_‘\ o
[« (B, ed] Y
[T > ), (1] #

Pair — ( Pair )

O )

[List — e Pair, eof] [List — e Pair, (] [Pair — e ( Pair ), eof]

[Goal — e List, eof] [List— e List Pair, eof] [List — e List Pair, (]
CCo =
[Pair — e ( Pair ),(] [Pair — o ( ), eof] [Pair — o ( ),(]

¢
o A CBr) L (C
[Vt ), o]
[\ (), ef]
['—Fﬁrf > (‘)1 ( ]

K\
LS

ALGORITHM: gofo
INPUT: a set S of LR(1) items, a symbol X
OUTPUT: a set of LR(1) items

PROCEDURE :

moved := @ / .d"g o ‘f”"ﬂol

for iteme s:
if item=[a — p 0@5, a] then
moved := movedu { [aa — Bxed, a] }
end
return closure(moved)

SQOwWwoo~NoOOOa~WN

—_

[Pair — e (), )] [Pair — (e ), eof] [Pair — (o), (]

[Pair — o ( Pair), )] [Pair = ( e Pair ), eof] [Pair—>£oPairl,£]]



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 - Goal — List
List — List Pair
Calculate goto( cco, List ) . | f‘”}: .
i.e., “next subset state” from cco taking £ (rst 1)

, e Laml - [1St ¢ ] 4 [Goal — e List, eof] [List— e List Pair, eof]  [List — e List Pair, (]
C oS C [;g(' > [Kt by /% 3‘* ] cCo = | [List— e Pair, eof] [List— e Pair, (| [Pair— e ( Pair ), eof]
4 3 [Pair — e ( Pair ),(] [Pair — e ( ), e0f] [Pair — o ( ),(]
(lrst >t~ Yar , ¢ ] )

ALGORITHM: goto
INPUT: a set S of LR(1) items, a symbol X

OUTPUT: a set of LR(1) items . T
PROCEDURE : h ,‘ 1 AI

moved := & [{,9( 2. Vonelp

for iteme s:
if item=[a —» Bekd, a] then
moved := movedu { [a — ﬂ{o 5, a] }
end
return closure(moved) st

SQwWwoo~NOOOWN =

—_

"(Goal — List e, e0f] - [List — List e Pair, eof] [List — List e Pair, (]

CCy1 = { [Pair — e ( Pair ), eof]  [Pair — e ( Pair ), (] [Pair — e ( ), e0f]
[Pair — o (), (]




CC and & Construction: Algorithm and Exercise

ALGORITHM: BuildCC siee{ dar.
INPUT: a grammar G=(V, X, R, S), goal production s’ 1 |(}0al-—> List I
OUTPUT:
(1) a set CC={ccy,cCq,...,CCn} where ccjc G's LR(1) items 2 List — List Pair
(2) a transition function .
PROCEDURE : | Pair
ccy := closure({[S* — oS, eof]}) Pair — ( Pair )
CC := {ccy} - =
processed := {ccy} | C )
10 lastCC := &
11 while (/astCC = CC) :

Co~NOoOCGOPR~rWN =

12 lastCC := CC

13 for cc; s.t. ccj e CC Accj ¢ processed:
14 processed :=

15 for x s.t.|[---—---

16 temp :=[goto(cc;, x)

17 if temp ¢ CC then

18 cC :

19 end

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

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



CC and & Construction: Output 1
st

[Goal — e List, eof] [List— e List Pair, eof]  [List— e List Pair, (] [Goal — List e, e0f]  [List — List ® Pair, eof] [List — List e Pair, (]
CCo = { [List — e Pair, eof] [List — e Pair, (] [Pair — e ( Pair ), eof] cCy = { [Pair — e ( Pair ), eof]  [Pair — e ( Pair ), (] [Pair — o ( ), eof]
[Pair — o ( Pair ),(] [Pair — o (), eof] [Pair — o ( ),(] [Pair — o (), (]

CCy = {[List —> Pair e, eof] [List — Pair e, L]}SCQ: [[PairaoLPairl,l] [Pair — ( e Pair ), eof] [Pair-»L.Pairl,g}

[Pair — o (), )] [Pair — (e ), eo0f] [Pair — (e ), (]
ocy = {[List > List Pair e, eof] [List — List Pair e, ( ]} ces = {[pa,-r s ( Paire ), eof] [Bair— [ Paire ), ]}

{[Pair—> e ( Fair ),)] [Pair — ( e Pair ), l]}
CCq = - N -

[Pair — e (), )] [Pair — (e ),)] CC7 = {[Pair—> ()e,eof] [Pair— ()oe, L]}

CCq = {[Pair —> ( Pair e ),

CcCg = {[Patr—) ( Pair ) e, e0f] [Pair — ( Pair) e, i]} N
l]}

CC1o = (|[Pair — () e, )] CCi] = {[Pair—> ( Pair ) e,



CC and & Construction: Output 2

DFA of the LR(1) Parser

Transition Function

Iteration

0
1

Item Goal List

CCo

CCqy
CCy
CCj3

CCy
CCs
CCgq
CCy

CCg
CCo
CCqo

CC11

=

[SSEEECSEECSER IR SIS IS IS IR S ISR

CCqp

[SIERCSEECS I SRR SSRGS RSB CS IR SS IR G IR N

Pair
CC)

CCyq
@
CCs

@
Y/
CCo
@

[SSEERSSEICSERGN]

¢
CC3
CC3

CCg

CCg

SIS SIS

eof

[SEERCSEECSERCSEEE CSERCSEECS BRGSO I GSERGS IR GS IR G|




Table Construction: Algorithm

-'o-m

1 | ALGORITHM: BuildActionGotoTables

2 INPUT: M y

3 (1) a grammar G=(V, I, R S) Ypd ’b(cc
4 (2) goal production S—> P

5 (3) a canonical collection CC = {ccy,CCq,..., ccn1
6

7

8

9

(4) a transition function 6 :CCxX — CC
OUTPUT: Action Table & Goto Table

e Dcc,m-REe cc: (F @, (> CC@

10 for iteme cc;:
11 if jtem= [/i—>,80x7, a]ad cc o4 —c‘&! then
12 Action = s M
18 elseif| item = [A—> ) a]1then
14 Action[i, a] := reduce A— 3 e
15 elseif item=[S —» S’e, cof] then
16 Action[i, eof] := accept
17 nd
18 for veV:
19 Eia’ V)= cCj then _Fl( 7A
20 Goto[j, v] = j L
21 end 400)
R
({7
CCg = {[Pair—> ( Pair ) e, e0f] [Pair — ( Pair ) e, L]}




Bottom-Up Parsing: Discovering Amblgul’rles or O 5

vedocP
[Stmt — if expr then Stmt {eo e_Ls__ef “ \Qa“f
M:@ [Stmt — if expr then Stmy(e)else Stmt,{eof,else}]
D&f? S Ly \veadwne oke , we Pt
4’56/ What if the current word to match’is £o
r ot Dl*e m‘Q sheft o vedie £
Ao, & Ly(Gh wdee. sotfint
CCi = lall refe
‘[B —|y0le, a] l—) i F/ﬁ”/(lo, C
arell o dlonf.
What if the current word to match is a? Tt fir i

onvar
s vedare veolae A‘ow)[)'frf fl
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7. Yo AM'& sheets ( Al(?oratkm mﬁ/c//a/ )
2 -):»YMKE smiley 4o gﬂl‘l—%
Y. DAleA‘(’fdP.
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