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Compilers and Interpreters
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Course Learning Outcomes (CLOs)

Upon completion of the course, students are expected to develop their:

Compare and contrast General-Purpose Languages (GPLs) and Domain-
Specific Languages (DSLs).

Apply the theoretical understanding of, and use the relevant tools to

generate, a lexical scanner.

Apply the theoretical understanding of, and use the relevant tools to
generate, a grammatical parser.

CLo4 | Construct an abstract syntax tree and perform various semantic opera-
tions on it.

Communicate the design and implementation of a DSL and its associated
tools.
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Compiler: Typical Infrastructure (1)
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aow many IRs are necessary to build a number of compiler?










Compiler: Typical Infrastructure (2)

e
<. . oo Y
- V)’
/) CEM optimizer [ Back End< (| reroet |
Progra "/ ‘V/ \ Program
N~ ' — Como N
= e ompiler
<\ o‘
L 02

Q. WAT is ’rlrf beliaviour of the target program predicated upon?

A{ 1R
J «/ﬂﬁq . ) & ’Lg\ Y'Mf( LP'LRV\
th \Wﬁﬁé 2

D/ / (k
i | (= 1 - {’0’
QW XL/ o o






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

bgpdﬁ,s& A{k L CC;S










Mr .—00'7 a,,,,,né’
CM A whilp ﬁ“’vew"’{ 1)
(Allfrle[«? TWHE T Lmzw Rmm) 708

‘" i v
IAS Lueter
L RB

« v



while-Loop: Context-Free Grammar (CFG)

WHILE LPAREN Boo/Expr RPAREN LCBRACBRAC
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Example Compiler One: AST-to-AST Optimizer (1)
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Example Compiler One: AST-to-AST Optimizer (2)
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Example Compiler Two: Data Model

mentor mentee
0..1 0..1

Staff employees License
*seq

permit

consultants 1

*seq
employers _
*seq licensee
1
clients reglist
. * * .
Reservation - Hotel - Allocation
reservations host host allocations
* *
seq

reservations

host allocations
*seq *
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Example Compiler Two: Mapping Data

\

Attribute-to-Tab >ping
SINGLE-VALUED MULTI-VALUED )
PRIMITIVE-TYPED || column in class table | collection table
REFERENCE-TYP g association table




Example Compiler Two: Source Program

Account agcoqm t Traveller | 1edistered reglist

class Account { class Traveller {
attributes attributes
owner: Rraveller . account name: string
balance: int reglist: set (Hotel . registered) [x]

class Hotel {
attributes
name: string
registered: set (Traveller . reglist) [*]
methods
r}egister {
t? : extent (Traveller)
& t? /: registered
==>
registered := registered \/ {t?}
t?.reglist := t?.reglist \/ {this}




Example Compiler Two: Target Program

- h
/_\ account owner | Tegistered regl

Account % 1 Traveller () * *
\ : S ——

CREATE TABL

K\ Hotel

o~ _
N

‘oid' INTEGER Al INCREMENT, ‘balance' INTEGER,

Table Schemas
PRIMARY KEY fiii?;i:;::::
CREATE TABL ‘Traveller(
‘oid' INTEGER AUTO—TINCREMENT, ‘name‘' CHAR (30),
PRIMARY KE ©Ed M) 7
CREATE TABL ‘Hotel®

‘oid' INTEGER AUTO_INCREME
PRIMARY

CREATE TABL

14

‘Account_owner_Traveller_account®
‘oid' INTEGE

— MENT,
PRIMARY KEY

R,
(‘i:::i;:
CREATE TAB Traveller_ reglist_Hotel_ registered™(
Yoid® I —TNCREMENT,
PRIMARY KEY (‘oid?'));

‘own

‘account ' INTEGER,

‘reglist' IN

r

‘registered‘ INTEGER,

CREATE PROCEDURE ‘Hotel_ register ' (IN
BEGIN

‘this? ' INTEGER, IN
END

‘t?' INTEGER)

Stored Procedures




Example Compiler Two: Path Transformation

Account agcoel'nt Traveller I egls*tered reg*//st

Object Path

this.owner.reglist

Table Queries

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 lbalance | loid | name oid | name oid owner account
1 100 | 2 | alan 4 | GLAD 5 3 1
3 | mark
Hotel_registered_Traveller_reglist
oid registered reglist
6 2 4

7 3 4




Scanner in Context

Semantic Analysis
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Scanner: Formulation & Implementation

Kleene’s Construction
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Scanner: Formulation & Implementation

Kleene’s Construction

Code for
a scanner

Subset
Construction
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Reqular Lanquaqe Operations

M: {WQE L\ﬂv)e M}

/= 14,55
Mo U153

_L_I\_ﬂ_z{@|xeL/\yeM}

-[ Al > 9y ¥ * l?,lﬁ
. Kleene Closure (or Kleene Star)
O 2 LB =
i>0

Cardinalities?

1. Union

2. Concatenation



Base Case:
o Constants ¢ and @ are regular expressions.

L@L}_
L)) %)

o An input symbol a € ¥ is a regular expression.

L(@)={a}

Constructions of REs

e ¥

Recursive Case Given that E and F are regular expressions:
o The union E + F is a regulgr expression.

QIR = wE) v LF)

Tt

o The concatenation EF is a regular expression.

@i@gp < ‘[_7_63 | 2<{[B) 4 ﬂéé@)j
o Kleene closure of E is a regular expression.
q5<0 *{”m - (B a OY”[‘M

o A parenthesized E is a regular expression.

L(B) - L(E)
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RE: Exercise C[_ + ﬁ>% SRR ( 7r€-‘(-§>

Write a regular expression for the following language {a [ Te pj
P
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RE: Operator Precedence

10* vs. (10)*

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

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



DFA: Exercise o) o]

The transition diagram below defines a DFA which accepts
exactly the language

W+e /.
w .
{ | A W has equal # of alternating 0’s and 1’s }







DFA: Formulation ( l) A deterministic finite automata (DFA) is a 5-tuple

Language of a DFA







DFA vs. NFA

Problem: Design a DFA that accepts the following language:

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




|
NFA: Processing Strings om

How an NFA determines if an input 007017 should be processed:

e Read 0: )

e Read 0: N o
e Read 1: X
e Read O: f_"

Read 1:
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DFA: Formulation (1)

Language of a DFA







DFA: Formulation (2) |A deterministic finite automata (DFA) is a 5-tuple
M: (07 Z? 57 q07 F)

Language of a DFA

5:(QxI)->Q
We may define ¢ recursively, using 0!
0(q,€)

where ge Q, xe¥X*, andae X




NFA: Processing Strings

How an NFA determines if an input 007017)should be processed:

0 Reag g(%o, 1)20 SC%D« {.@’

e Read 0: M )ﬁ D 8(4243} 13>
o Rea@ 5(%@1) gcﬁb D HO%‘/



NFA: Formulation A nondeterministic finite automata (NFA) is a 5-tuple

M=(Q, ¥, 6, qo, F)
Language of a NFA

5:(QxIN)>P(Q)
We may define 4 recursively, using ¢!
6(g.€) {a} X
0(q,xa) u{o(q’.a) | q'€d(q,x)}
where ge Q, xeX*, and ae X

LIM)={w]|weX*Ai(qy,w)nF =2}




NFA to DFA: Subset Construction (Lazy Evaluation)

Given a@\vl-l—‘:) | @MQ&
)

140,43 w 503@)
= 13,43 = 14,,45%













epsilon-NFA: Example




epsilon-NFA: Formulation (1) JAn eNFA is a 5-tuple
M: (07 Z? 57 q07 F)

Example epsilon-NFA




1 ] An ¢-NFA is a 5-tuple
epsilon-NFA: Formulation (2)
M = (Q, Z, 5, Qo, F)

we define the epsilon closure (or e-closure ) as a function E L E O ‘
- O*M CLOSE(q0)
Bagt Cga )
14,5 oJts )
ff&) é

For any state g Q

ECLOSE!ZC/) —O

o} st
E(p)




epsilon-NFA: Processing Strings

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

Storti  Sate -

( AT
2y 4 05 &,
\Read 9 $%os &)y 8%»@ m a
Read . gaag(g( U ECLaSC("@'u)
Read 6 6\ =




An e-NFA is a 5-tuple
epsilon-NFA: Formulation (3)
M:(07 Z) 57 Qo, F)

Language of a epsilon-NFA

6:(QxT) >P(Q)
We may define § recursively, using 4!

5(q,¢)
0(q, xa)

LIM)={w|weX*Ai(qo,w)nF +g

ECLOSE(Q)
U o <(d.a)rnq <6(q,x) }




epsilon-NFA to DFA: Subset Construction

ECLOSE(qO) ?

Subset construction (with lazy evaluation and epsilon closures )

produces a DFA transition table.
de0..9 fse{+,-}

! Sy 868




Regular Expression to epsilon-NFA

Base Cases Recursive Cases (given REs E and F)
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Reqular Expression to epsilon-NFA: Example
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Minimizinqg DFA: Algorithm

ALGORITHM: MinimizeDFAStates
INPUT: DFA M=(Q, X, §, qo, F)
OUTPUT: M’ s.t. minimum |Q| and equivalent behaviour as M
PROCEDURE :
P := @ /+ refined partition so far x/
T := { F,Q-F } /# last refined partition x/
while (P # T):
T2 T
T := g
for(p e P s.t. |pl > 1):
find the maximal S € p s.t. splittable(p, S)
if S #J then
T :=Tu {S, p-S}
else
:= T U {p}

splittable(p, S) holds iff there is c € ¥ s.t.
e Transition c leads all s € S to states in the same partition p1.
o Transition ¢ leads some s € p— S to a different partition




Minimizing DFA: Example (1) fee l :‘\Te
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Minimizing DFA: Example (2)




Minimizing DFA: Example (3)
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Context-Free Grammar (CFG): Example Version 1

Expression

IntegerConstant

Digit

BooleanConstant

IntegerConstant
BooleanConstant
BinaryOp
UnaryQOp

( Expression )

Digit

Digit IntegerConstant

- IntegerConstant ' o — IExpression + Expression
| ZCExpression - Expression
| | Expression » Expression
| € Expression / Expression
|

|

|

|

|

|

|

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

TRUE . :
| Expression s s Expression

Expression | | Expression
Expression => Expression
Expression == Expression
Expression /= Expression
Expression > Expression
Expression < Expression

UnaryOp — ! Expression



Context-Free Grammar (CFG): Example Version 1

Expression

IntegerConstant

Digit

BooleanConstant

IntegerConstant
BooleanConstant
BinaryOp
UnaryQOp

( Expression )

Digit
Digit IntegerConstant
—IntegerConstant

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

TRUE
FALSE

Example: 3 * 5 + 4

BinaryQOp

—

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



Context-Free Grammar (CFG): Example Version 2

Expression
CEEE——

—  ArithmeticOp
RelationalOp

|
| LogicalOp
|

( Expression )

IntegerConstant  — Digit
| _Digit IntegerConstant
| -IntegerConstant

ArithmeticOp

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

BooleanConstant — TRUE

FALSE RelationalOp

LogicalOp

Example((1 2XIE/

ArithmeticOp + ArithmeticOp
ArithmeticOp — ArithmeticOp
ArithmeticOp = ArithmeticOp
ArithmeticOp / ArithmeticOp
(ArithmeticOp)
IntegerConstant
ArithmeticOp == ArithmeticOp
ArithmeticOp /= ArithmeticOp

ArithmeticOp > ArithmeticOp
ArithmeticOp < ArithmeticOp
LogicalOp s & LogicalOp

L | | LogiealQp
LogicalOp —>(ogicalOp)
! LogiCalOp

(LogicalOp)
RelationalOp
BooleanConstant



Context-Free Grammar (CFG): Example Version 2
o

Expression — ArithmeticOp
|
|

RelationalOp Exampl_e: (l + 2) /l(5 - (2 + 31)
LogicalO, 3 —-
(ongf(:)aresgion) @ Y/ | Vd/’J {ﬁfP,

IntegerConstant  — Digit . ; : .
- | D,-g,-t IntegerConstant ArithmeticOp —  ArithmeticOpA ArithmeticOp

| —IntegerConstant Arithmeticdp — ArithmeticOp
eficOp « ArithmeticOp
Digit - 0]1|2|3|4|5|6|7|8]9 Api#imeticOp / ArithmeticOp
(ArithmeticOp)
| IntegerConstant
—  ArithmeticOp == ArithmeticOp
| ArithmeticOp /= ArithmeticOp
| ArithmeticOp > ArithmeticOp
| ArithmeticOp < ArithmeticOp
LogicalOp — LogicalOp s s LogicalOp
|
|
|
I
|

BooleanConstant — TRUE
| FALSE

GieTationalOp

LogicalOp | | LogicalOp
LogicalOp => LogicalOp
! LogicalOp
(LogicalOp)
RelationalOp
BooleanConstant

dﬂoll(e‘ {[(5 j;/\
g 165 |A7"
"ero‘pé B !



Context-Free Grammar (CFG): Example Version 2

RelationalOp Exam_ple: 3*5+4

LogicalOp

Expression — ArithmeticOp
|
|
|  ( Expression )

IntegerConstant  — Digit . .
| Digit IntegerConstant ArithmeticOp
| -IntegerConstant

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

BooleanConstant — TRUE

| FALSE RelationalOp

LogicalOp

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

! LogicalOp

(LogicalOp)

RelationalOp
BooleanConstant
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From RE to Scanner (1)

NextWord()
-— Stage 1: Initialization
state =[Sy ; word := €

initialize an empty stack S ; s.push (bad)

-— Stage 2= canning Loop
>Swhile tate S9)
=NextChar(chary ; werd := word + char

EQF
Other

Other
Other

s.push (

|

y7,
17/&

S

TToken Type)(Type)

So S1

Linvalid invalid( registe

Se

invalid

oush (state)
cat := CharCat
l;tate := d[state, cat]
‘9—— tagem3s lback Loop \E
p CF
&

whi%e (state ¢ F A state # bad)
state := s.EoEg)

truncate word

' Sf;age 4: Interpret and Report

Pif state € E_then return Type[state]




Expr - Expr(+) Term
Term

Term — Term x Factor
Factor

Factor — (Expr)
a

A+ & ¥ Q







Context-Free Grammar (CFG): from RE
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Context-Free Grammar (CFG): from DFA
R ad




Context-Free Grammar (CFG): Leftmost Derivation

Derivation: a + a * a

Expr - Expr + Term
Term Loy = Ecg t  lovm
lerm - Term x Factor 117}, 7
Factor = B T B
Factor - (Expr) D\ Farer + [form '
Parse Tree: a + a * a = A4 i (L?’M
[1)7(\ D Kt Jam ¥ fopter
f1{}7/( & Tem D+t Lobr % laty,

Dat A& * feos
D4+ L ¥ O



Context-Free Grammar (CFG): Rightmost Derivation

Exor - Expr + Term | Rerivafion: a +a *a

Term
Term — Term x Factor

Factor
Factor — (Expr)

&l

Parse Tree:a +a * a




Context-Free Grammar (CFG): Leftmost Derivation

Exor - Expr + Term Derivation: (a + a) * a

Term
Term —~ Term « Factor

Factor
Factor — (Expr)

&l

Parse Tree:a +a * a




Context-Free Grammar (CFG): Rightmost Derivation

Exor - Expr + Term Derivation: (a + a) * a

Term
Term —~ Term « Factor

Factor
Factor — (Expr)

&l

Parse Tree:a +a * a
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Expr %

Term
Term « Fa@/tgf >

Factor

197 o5
(Expr) / A f
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Unique leftmost derivation for the string (a + a) « a: Unique rightmost derivation for the string (a + a) = a:

Expr = Term Expr = Term
= Term = Factor = Term x Factor
= Factor = Factor = Term x a
= ( Expr ) = Factor = Factor « a
= ( Expr + Term ) « Factor = ( Expr ) » a
= ( Term + Term ) =« Factor = ( Expr + Term ) x a
= ( Factor + Term ) = Factor = ( Expr + Factor ) « a
= (a+ Term ) « Factor = ( Expr + a) x a
= ( a + Factor ) = Factor = (Term + a) = a
= (a+ a) = Factor = ( Factor + a ) * a
= (a+a) ~ a = (a+a) ~ a
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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)

Is the following CFG ambiguous?

Statement if Expr then Statement
if Expr then Statement else Statement

Assignment

d bpl dn o B g bomett ot
V z@«ff}mﬂwl
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Context-Free Grammar (CFG): Exercise (2.2.1)
Is the following CFG ambiguous?

Statement if Expr then Statement
if Expr then Statement else Statement

Assignment

Example:
if Exprl then if Expr2 then Assignmentl else Assignment2

tatement .

—
Expr, then Statement
|

Assignment,



Context-Free Grammar (CFG): Exercise (2.2.2)

Is the following CFG ambiguous?

Statement —P 13 r then Sta ]
@\if Expr then Statement else Statement

| Assignment

Example: I
if Exprl the C




if Expr then Statement
if Expr then WithElse else Statement

Assignment
if Expr then WithElse else WithElse

Assignment
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Expr + Term
Term
Term = Factor
Factor
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Top-Down Parsing: Alqorithm

¢ backtrack = pop focus.children; focus := focus.parent; focus.resetChildren

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 focuse V then
if 3Junvisited rule focus — 318> ...08n € R then
create f4,082...08n as children of focus

trace.push (BnBp_q - - . B2)
focus := 4
else
if focus = S then report syntax error
else backtrack

end

end
elseif word matches focus then

word := NextWord /()

focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack
end




Top-Down Parsing: Discovering Leftmost Derivations (1)
backtrack = pop focus.children; focus := focus.parent; focus.resetChildren Parse; a+a * a
T—T 1| -

ALGORITHM: TDParse
INPUT: CFG G=(V, ¥, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE :
foot := a new node for the start symbol S
focus := root
ynitialize an empty stack trace
trace. push (null)
word := NextWord /()
while (true):
if focuse Y then
yxf 3 unvisited rule focus — 3182 ...Bn € R then
-jcreate B1,B2...08n as chlldren of focus
trace.push (BnBnp_1 - - - B2)
focus := 34
else
if focus = S then report syntax error
else backtrack
end
end
elseif word matches focus then
word := NextWord()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack
end

(Exor& -~ Expr + Term
|  Term

lerm | — Term = Factor
|  Factor
Factorf-—~  (Expr)
|

+rarP



Letire ¢
Monvay Feeruany >



Top-Down Parsing: Alqorithm

¢ backtrack = pop focus.children; focus := focus.parent; focus.resetChildren

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 focuse V then
if 3Junvisited rule focus — 318> ...08n € R then
create f4,082...08n as children of focus

trace.push (BnBp_q - - . B2)
focus := 4
else
if focus = S then report syntax error
else backtrack

end

end
elseif word matches focus then

word := NextWord /()

focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack
end




Top-Down Parsing: Discovering Leftmost Derivations (1)
backtrack = pop focus.children; focus := focus.parent; focus.resetChildren Parse; a+a * a
T—T 1| -

ALGORITHM: TDParse
INPUT: CFG G=(V, ¥, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE :
foot := a new node for the start symbol S
focus := root
ynitialize an empty stack trace
trace. push (null)
word := NextWord /()
while (true):
if focuse Y then
yxf 3 unvisited rule focus — 3182 ...Bn € R then
-jcreate B1,B2...08n as chlldren of focus
trace.push (BnBnp_1 - - - B2)
focus := 34
else
if focus = S then report syntax error
else backtrack
end
end
elseif word matches focus then
word := NextWord()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack
end

(Exor& -~ Expr + Term
|  Term

lerm | — Term = Factor
|  Factor
Factorf-—~  (Expr)
|

+rarP



Left-Recursions (LRs): Direct vs. Indirect

Direct Left-Recursions:

Expr|+ Term

ﬁ - Term

erm

Term = [Factor
Factor




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

CFG with Left Recursions

- Term Expr’

Expr + Term 7 o
Term + Term Expr E,’
; K

—

|

= Bl & el Factor Term’
| Factor » Factor Term'

- (Expr) .

| a (Expr)

Factor

«f



Top-Down Parsing: Discovering Leftmost Derivations (2

‘backtrack = pop focus.children; focus := focus.parent; focus.resetChildren Pars —(Q +a*a

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

PROCEDURE :
00t := a new node for the start symbol S

focus := root
initialize an empty stack trace

trace. push (null)

word :5 NextWord()
while (true_):

ed = E— ..
trace.push (BnBn_1
focus := By
else
if focus = S then report syntax error

else backtrack

... B2)

end
end
elseif word matches focus then
word := NextWord/()
focus := trace.pop ()

2lseif word = EOF A focus = null then return root

else backtrack
end

Zuwo{'.@ -fow.S’ EX

K

»
L

Term Expr’
+ Term Expr’

€
Factor Term’

X F Py 5.2 1l



Top-Down Parsing: Discovering Leftmost Derivations (3)
backtrack = pop focus.children; focus := focus.parent; focus.resetChildren parse: (a + a) * a

ALGORITHM: TDParse /
INPUT: CFG G=(V, ¥, R, S) Term Expr p
OUTPUT: Root of a Parse Tree or Syntax Error + Term EX,Df

PROCEDURE : €

= r mbo 1
)r‘gglzs :=aronoiw node for the start symbol S Factor Term!
initialize an empty stack trace = [Factor Term'
trace. push (null)
word := NextWord() £
while (true):
if focuse V then
if 3Junvisited rule focus — B1B2...Bn € R then
create f31,B2...8n as children of focus
trace.push (BnBnp_1 - - - B2)
focus := 34
else
if focus = S then report syntax error
else backtrack
end
end
elseif word matches focus then
word := NextWord/()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack
end

— =4 =4










Removing Left-Recursions: Algorithm
° S| (&4

indirect & dJ.rect left—-recursions
PROCEDURE:
impose an order onl l (A1, Az, ..., An))

for i:

rfor
10 if 3@ @eRAA OB @< R then | &v
1 AT ze aa 15557 om0 :
P 17 ] 027 1 4
13
14 1Pt




Removing Left-Recursions (1)

ALGORITHM: RemoveLR

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

ASSUME: G acyclic A with no e-productions
OUTPUT: G s.t. G'=G, G has no

indirect & direct left-recursions

PROCEDURE :

Simpose an order on V: ((A1,Az,...,An))

for: s 1 .. hs

coooﬂoum.hoor\)—n

oi=1:

@yeﬁ AN A =0 |0]...|9meR then
; > Ay with A > o4y dov | ... [dmy

no
A &

13 [for @eF?:

for J:

E 5%

10
11
12

replace

14 replace it with: iﬁﬁA'a@—’Q&I

(]

C |\
{3
>
W
[ -
J
(\
N

—
2B\ —
ST

/
2l L[ﬁﬁeédyt_{_s\
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Removing Left-Recursions (2)

1 NJALGORITHM: RemoveLR

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

3 ASSUME: G acyclic A with no e-productions
4 OUTPUT: G’ s.t. G'=G, G has no

5 indirect & direct left-recursions

6 JPROCEDURE:

7 impose an order on V: ((A1,Az,...,An))

8 for = | .. #s

9 For J: 1 .. T=lz

10 if3A;—)Ajfyer’/\Aj—>51|52|...|6m€l:1’then
il replace A; — Ajy with A;i— 41y |y |...|dmy
12 end

13 for A — Aja|BeR:

14 replace it with: A > A, A - oA |e
Indirectly Left-Recursive CFG:

TO>™] o




Removing Left-Recursions (3)

1 NJALGORITHM: RemoveLR

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

3 ASSUME: G acyclic A with no e-productions
4 OUTPUT: G’ s.t. G'=G, G has no

5 indirect & direct left-recursions

6 JPROCEDURE:

7 impose an order on V: ((A1,Az,...,An))

8 for = | .. #s

9 For J: 1 .. T=lz

10 if3A;—)Ajfyer’/\Aj—>51|52|...|5m€F|’then
1 replace A; — Ajy with A;i— 41y |y |...|dmy
12 end

13 for A - Aja|BeR:

14 replace it with: A > A, A - oA |e

Expr + Term
Term

Factor
(Expr)

a

Factor

_)
|
- Term = Factor
|
=
|




Removing Left-Recursions (4)

1 NJALGORITHM: RemoveLR

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

3 ASSUME: G acyclic A with no e-productions
4 OUTPUT: G’ s.t. G'=G, G has no

5 indirect & direct left-recursions

6 JPROCEDURE:

7 impose an order on V: ((A1,Az,...,An))

8 for = | .. #s

9 For J: 1 .. T=lz

10 if3A;—)Ajfyer’/\Aj—>51|52|...|5m€F|’then
1 replace A; — Ajy with A;i— 41y |y |...|dmy
12 end

13 for A - Aja|BeR:

14 replace it with: A > A, A - oA |e

Expr + Term
Expr - Term

Term
Term = Factor
Term / Factor
Factor







kion: ol

Q > ol ol ol ;(;
e
l :

(e_o_ o)

—>0<\0(z,0<5

| ot d2

o(z—>g 1

\ols%E ><




Eliminating epsilon-Productions
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ALGORITHM: RemoveLR
INPUT: CFG G=(V, X, R, S)

ASSUME: G acyclic A with no e-productions
OUTPUT: G’ s.t. G'=G, G has no

indirect & direct left-recursions
PROCEDURE :

@e an order on V: ((Aq,As,...,An))
1

o 1%

[- 4

_WA AT |6melilthen
' ce

= "‘/’Y with A: = 01 7{’27 Jleess 1Y

™ T

Expr + Term
Term

Term x Factor

Factor
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ALGORITHM: RemoveLR
INPUT: CFG G=(V, ¥, R, S)
ASSUME: G acyclic A with no e-productions
OUTPUT: G s.t. G'=G, G has no
indirect & direct left-recursions
PROCEDURE :
impose an order on V: ((A1,Az,...,An))
for: [ 1 .. iz
for j: 1 .. i-1:
if 3 Ai-AveR A Ai—61]d2|...|dme R then
L replace A,- — Ay with Aj— 41y |b2v]|...|dmy
end
for A —>A,o¢|BER
reelace i€ with: A; > BA A > gA

erm « Factor

Fa_cEr




Removing Left-Recursions (2)

1 NJALGORITHM: RemoveLR

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

3 ASSUME: G acyclic A with no e-productions
4 OUTPUT: G’ s.t. G'=G, G has no

5 indirect & direct left-recursions

6 JPROCEDURE:

7 impose an order on V: ((A1,Az,...,An))

8 for = | .. #s

9 For J: 1 .. T=lz

10 if3A;—)Ajfyer’/\Aj—>51|52|...|6m€l:1’then
il replace A; — Ajy with A;i— 41y |y |...|dmy
12 end

13 E’:‘or A - Aja| B < R:
14 replace it with: A > A, A - oA |e

Eer + Term
Expr - Term
Term

=
|
|

Term — Term « Factor
|
|

Term / Factor
Factor



ALGORITHM: RemoveLR
INPUT: CFG G:(V, Y, R, S)

OUTPUT: G s.t. G'=G, G has no
indirect & direct left-rdg
PROCEDURE :

E’mpose an order on V: ((A1,As,...,
£

or i: 1 E
i A—>A GR/\ -—>51|?2| |5m€;'then
relace |Zj Eﬁ with Ai— 517 | 527 .. 7] Omy

e it WJ.th A —=({BA, A -

—

OO0 oONOOOTPA,WN —

— ]
N




Removing Left-Recursions (4)

1 NJALGORITHM: RemoveLR

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

3 ASSUME: G acyclic A with no e-productions

4 OUTPUT: G’ s.t. G'=G, G has no

5 indirect & direct left-recursions

6 JPROCEDURE:

; : : (A1, Az, ..., An)) 5

9 1 . i-1: Mt ll. ¢

19' . if3A;—)Ajfyer’/\Aj—>51|52|...|5m€F?then
1 replace A; — Ajy with A;i— 41y |y |...|dmy

12 end
1&J . or A - Aia|BeR:
“| replace it with: A;—> A, A > oA |e




Top-Down Parsing: Alqorithm

( backtrack = pop focus.children; focus := focus.parent; focus.resetChildren

ALGORITHM: TDParse
INPUT: CFG G=(V, X, R, S) W > Term By
OUTPUT: Root of a Parse Tree or Syntax Error 2 Exor' — + Term Exor'
pr erm Expr
PROCEDURE : ,
root := a new node for the start symbol S | = lomeigr
focus := root
initialize an empty stack lrace
trace. push (null)
word := NextWord /() [ /"”'J
while (true):
if focuse V then V
if 3J unvisited rule focus — 3182 ...03n € R then
create 31,82 ...08n as children of focus
trace.push (BnBp_q - - . B2)
focus := 4
else

0 Goal — Expr

if focus = S then report syntax error
else backtrack
end

end
elseif word matches focus then
word := NextWord /()
focus := trace.pop ()
elseif word = EOF A focus = null then return
else backtrack
end







FIRST Set

Goal — Expr
Expr —  Term Expr’
Expr' — 4+ Term Expr’

- Term Expr’

_}/,;f »e ifaeT

ABe(VUE)*) iffac V]

Q) 2,J dm

@name+-x+£leofs
FIRST num name + x = () eof €
@p) @(pD Term Term’ Factor
A &
FIRST (,name,num +,-,€e (,name,num x,+,e (,name, num
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public ASTNode(String label, ) { 7"%‘(
¥ YOUr Task */
M &Tﬂ%t] ch/a/m

[Ir’plvﬁﬂ l l‘,
ﬂ‘l’l/m [:f

ros ASTAde(E

4STA (77 T, —_—
[‘m dsubde
e Gk ('E 7, ) ASU(G)) |




Top-Down Parsing: Backtrack

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

ALGORITHM: TDParse Expr
INPUT: €Fe G=Y{V, E, H, 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 trace Factor Term'
trace. push (null)
word := NextWord()
while (true):
if focus e V then
if 3Junvisited rule focus — 318> ...08n € R then
create B31,082...08n as children of focus
trace.push (BnBp_q - - . B2)
focus := 4
else
if focus = S then report syntax error

Expr Term Expr’
Expr’ + Term Expr’
- Term Expr’

else backtrack
end

end
elseif word matches focus then
word := NextWord /()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack
end




FIRST Set
w /0 ifoeT

FIRST () = "
wlweX*ra=wpgarpe(Vui)} ifaeV

Right-Recursive CFG:

Expr
Term Expr’ =) Factor Term’

Factor Term’

+ Term Expr’

- Term Expr’ ( Expr )
€ num

Factor Term’

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

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




FIRST Set: Algorithm

{a} ifaecT

F =
IRST{a) {{W| WeS*Aa=>wBaBe(VuX)) ifaecV

ALGORITHM: GetFirst
INPUT: CFG G=(V, X, R, S)
TcX* denotes valid terminals
OUTPUT: FirsT: VU T u{eeof} — P(T u{e, eof})

PROCEDURE : w
for ae(Tu{eof'Il&% EirsT := {o}

for AcV: Firs

lastFirst -

while ( tFII’St:/:FIRST -

for A—>/51/52







Right-Recursive CFG: FIRST Set: Tracing

First'choose ru
whose RHS(star

2S

+ \Term xpr/ 8

= |Term Expr’

v
FIENTATAE)

ALGORITHM: GetFirst

INPUT: CFG G=(V, ¥, R, S)
T cX* denotes valid terminals Yiv | AGmMR ail B X I( C/I > &’/l g
OUTPUT: FirsT:V U T U {e e0f} — P(T U {e, eof}) \-/
PROCEDURE : - @ - 7
for ac(Tu{eof,c}): FIrst := ‘Lo‘.i SC_F(@ Expr Expr Term Term (Factor
or AeV: First (&
lastFirst := FirsT :O@_; --.@éﬂ < + ( %
while (/astFirst + FIRST) : - Bt 1
for G -t V3 :5e(TuV): WLJJI] | — Q
rhs := First(8q)—{e} W(_/(u/( VUM
for(i := 1; eeFirsT(B) Ai<k; i++): E 2
2 - a0 e o) ) yicvg) ViewP AP

if i=kAeeFIrsT(Bk) then
rhs := rhsu{e}
end
FirsT(A) := FirsTt(A)U rhs
lastFirst := FIRsT













0 Goal — Expr — ( x JFactor Term’

1 Ex —  Term Expr’ | < Factor Term’
@—) + Term Expr’ | Q
3 | - Term Expr’ 9 Factor — ( Expr )

| num







Extended First Set

num name +

FIRST num name +

Expr Expr’ Term Term’ Factor

FIRST (, name,num +, -,€ (,name,num X, ~,e (,name, num

FIRST(5162...5n) =
Vi:1<i<keeecFIRST(S))
FIRST(51) UFIRST(B2) U...0k| A

e ¢ FIRST(Bx)

Right-Recursive CFG:

Expr 6 Term’ Factor Term'
Term Expr’ 7 = Factor Term’

+ Term Expr’ 8

- Term Expr’ 9 Factor — ( Expr )

€ 10 | num
Factor Term’ 11 | name




Is the FIRST Set Sufficient? QP"

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

FIRST(ePS|loi)1-7&
Lo




mmmagm =20

Expr 6 @ — X Factor Term’

Te | = Factor Term’
+ Term Expr’ | @
Factor — ((Expr )

10 | num

| name

Expr Expr’ Term Term’ Factor

FIRST (, name, num +,-,e (,name,num x,+,e (,name, num

Expr  Expr’ Term Term’ Factor

FOLLOW eof, ) eof,) eof,+,-,@ GO Ty “a eof,@,x,+@




Right-Recursive CFG:

=
To) ] I
1 Expr — Termtxpr’ 7 | =+
2 Expr' — + Term Expr’' 8 | €
3 | - Term Expr’ 9 Factor — (
4 | e 10 |

Term —  Factor Term’

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

while (/astFirst + FIRST) :
for A— B1Bs...8k € R:
trailer := FoLLow(A)
for i: k .. 1:
if BjeV then
Forrow(B;) := Forrow(B;)Utrailer
if eeFIRrsT(f))
then trailer :
else trailer :
else
trailer :=
lastFollow := ForLLow

traileru (FIRsT(S;) —¢€)
FirsT(f;)

First(f;)

name

Factor Term’

Factor Term’

num

FOLLOW Set: Tracing

L Expr )

First choose rules whose

LHS Jis processed.
Then rules whose
RHS ends

with a terminal.

Expr Expr’ Term Term’ Factor
FIRST (, name,num +,-,e (,name,num x,+,e (,name, num
Expr Expr’ Term Term’ Factor







Letime 12
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Is the FIRST Set Sufficien

1?2

Term Term’
Term Term’

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

g
[ Y,
Y

ot

A




=]
A — |01 52 [¢3
et

fit(R) = Fse(B) o Fsc(8)
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FOLLOW Set

FoLLOW(V) = {W | W, X,y e Z* AV = XA S = xwy}

Right-Recursive CFG:

Expr 6 @ — X Factor Term’
Te | = Factor Term’
+ Term Expr’ | @
- Term Expr’ Factor — ( Expr )
10 | num
| name

Expr Expr’ Term Term’ Factor

FIRST (, name, num +,-,e (,name,num x,+,e (,name, num

Expr  Expr’ Term Term’ Factor

FOLLOW eof, ) eof,) eof,+,-,@ i Ty Tl eof,@,x,+@




FOLLOW Set: Alqorithm

FoLLow(v) = {w| W,x,yeZ AV = XAS = xwy)

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

PROCEDURE :

for AeV: Forrow(A) :=

ForLow(S) := {eof}

plastFollow :=( 2

while (/astFollow + FoLLow) :

A— b1 B2 - | Br=1|Bk

-—
FoLLow(/3; OLLOW ,)utrall
->yi eeFIRST(,B,) -

then trailer : ra:LlerU(FIRST(B,) €)

else trailer := FirsT(f)) When | = k
else 1 1 |
trailer := FIRsT(f;)

Wheni =Kk -1



=

O eLAH

falt»\lm? Follow of (gt,(g [297 éﬁﬂ(ﬁf

> Fpeke Jom
Tolbuw (84) - //v“wm) r-(rw Fcremz_)

&
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Right-Recursive CFG:

—  Expr
I Expr — Term Expr’
2 Expr' — + Term Expr’ 8 | €

/

- Term Expr

10 |
11 |

nu

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

PROCEDURE :
or Ac)4: FoLLow 1= @]
FOLLOW := {eof} =

astFollQy .=_o
while 0
lastFollow := FoLLow #
for A— B1f2...BxeR:
trailer := FoLrLow(A)

fo s 13
OLLOW(3j) := Forrow(fj)U trailer
if EGFTP,
th trailer #/l= t
lse trail€®r := F

ielse’

trailer :

raileru (FIrsT(S)) —¢€)

1rsT(f)

9 | Factor — E*prl!)]

name

J/ FOLLOW Set: Tracin

First choose rules whos

LHS is|éroce§§gg1
Then rules whose
IRHSI_ ends

-with a!terminal.

m

N,

Expr Expr’ \ Term 4 Factor
FIRST  (, name, num q’/ '(, name, n x, +,of (,name, num
froal 1 oof v
Expr Expr’ ' Factor

et
B

%
L
¢

Z
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R |+
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Milestones.ef-the Project

1. | Conlirm Team Member(sdand g, Target Verification Tooll

By the enfi of Tuesday, March 3, siibmit a plain text file team. txt for your team via the Prism account of a

memer:

submit 4302 Projeciyteam.txt

=

2. | Demonstrate Proficiency with the Chosen Target Verification Tool [3% | I

~ (5, Thursday March 5 o Friday#Vlarch 6 (about 2 weeks after the project is released), your team is
required tastiieet with Jackie and demonstrate that you are familiar with the verification tool (and its
specification language) you choose.

— During the meeting, you must demonstrate (using your computer) 5 non-trivial examples (ones that
show the various target language features that are relevant to your compilation) of verification. For each
example, you will demonstrate how to verify it using the tool.

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

[5%]

3. | Demonstrate Satisfactory Progress on the Comniler |

— On ThursdajyMarch 1960r Friday March 20 _(fbout 1 month after the project is released), your team
is required % meet witil Jathie and dewiSismast a working version of your compiler on the following basic
featurgsof the sourge language 1egtures (of syntax of your own design), including:

ovariable declarations

» variable assignments !
e variable references (i.e., referring {» declared variables in expressionsy

e arithmetic, relational, and logical/expressions

e conditionals

s\specification (e.g., preconditighs, postconditions, invariants, property assertions\=iii*Hipat programs

tifat guide the target verification
During the meeting, you must demonstrate (using your compfter) 5 non-trivial examples { nes that
show the above source language features) of verification. For each éX&mpe, you will®desSlistrate how to
verify it using your compiler (e.g., given an input file, your tool will compile it into another file which can
be taken as input by the target verification tool).
— In this meeting, Jackie may suggest specific tasks that your team should complete and will
be included in the evaluation of the final project in April.

These two milestones are meant to make sure that you are on the right track. Based on your demo, Jackie will

give you feedback.

Project: Milestones




Project: Verification Tool

You must use the ANTLR4 Parser Generator (for Java) to build your compiler.
[ —————1

For the target verification tool, you must choose from one of the following (and confirm by the due date; see
Section 7)., where a T&ested starting point is provided for each tool:

https://pvs.csl.sri.com/

his tool is available in Prism and used by EFECS4312 Software Engineering Requirements.
o More info here: https:rwj}i.eecs.yorku.ca/proj ect/sel-students/p:tutorials:pvs:start

lﬁ- ¢ ( ° https://coq.inria. fr/

J ° https://isabelle.in.tum.de/
[ Mqu https://alloytools.org/
‘ )"b - https://pat.comp.nus.edu.sg/

http://spinroot.com/spin/whatispin.html

i https://rise4fun.com/z3/tutorial

Nonetheless, if there is a particular verification tool which you prefer to working with but it is not
in the above list, speak to Jackie by the due date of submitting the team.txt file (See Section
for the due date).
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Paradigms of Verification (2)

Theorem Proving” , —~
[ Ln
-1 st’rea is encoded as redlca’re (e.g., Hoare Triples in EECS3311)

- A proof system of deductions (axioms, lemma
is used to prove that the system entail
0 properties. v «'X‘F
= ManyalAEECS1090 proofs.on.a computer)

> ete input domains of variables can be encode

Example: 7')(7 Example.
] N(S\’\l Given -l(-lp)EP

G:qE PR

Prove: ~p = pvq

d’f

swap




Paradi-gm§ of Verification (3)
onstraint Solving

-,Systemis encoded redicatg#(e.g., Hoare Triples in EECS3311)

s,
= Given predicate p(x), an algorithm is used to either: y‘
(1) find a witness x s.t. p(x) is true. -1 .S /7
(2) report that no such witness exists | T r‘gl
——

- Automated
- How do we then use a solver to prove that p(x) is a tautology? ﬁ

- Combinatorial Explosion on Variable Domains

e, P‘(
Example: ZN;’:MS"

m
Prove thatlp Arq=qAp a MNrneése







ANTLR (ANother Tool for Language Recognition)

input file
Compiler
L

- Visitor c

- ‘ \ \
',"i #Z Parser.java .
generated\| - Lexer.j
\ N4

T p——




-




Composite Pattern of Model Classes

@ expressions: List<..>

(Expression’
b @

@leDeclaraﬁon ‘m




Building Model Objects from Parse Trees

R

INT = 7 exIpr +}(wa

i expr * expr

prog
j 3
Program 01 2
expressions ’\)l\ , Addition j Variable
left -~ id
right - I,
) Variable
VariableDeclaration VariableDeclaration Hluttiplication id
left -~

id id
Type type right -~ \2' Number

value

value




Backtrack-Free Grammar

FIRST(() if ¢ ¢ FIRST(3)
FIRST(3) u FOLLOW(A) otherwise

FIRST (A— 3) = {

FIRST(3) is the extended version where 5 may be 5162 .. (n

A=y |v2]...|vn satisfying:
Vi,j:1<i,j<nni#jeFIRST (v;) nFIRST (v;) =@




Top-Down Parsing: Alqorithm

backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren W|‘|‘h |OOkdhedd

ALGORITHM: TDParse
INPUT: CFG G=(V, ¥, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE : + Term Expr’
root := a new node for the start symbol S
focus := root
initialize an empty stack lrace
trace . push (null) Factor Term’
word := NextWord()
while (true): ) ,
if focuse V then % use FOLLOW set as wellf: = Jactor Temm

Expr

Term Expr’

- Term Expr’
€

x Factor Term’

€
if 3J unvisited rule focus - B1Bo...Bne R CExpr)
create B31,B2...Bn as children of focus
trace.push (BnBp_1 - .. B2)
focus := B LENE
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

num

Term’




Backtrack-Free Grammar: Exercise

FIRST(3) if ¢ ¢ FIRST()
FIRST(5) u FOLLOW(A) otherwise

FIRST (A- ) = {

FIRST(3) is the extended version where 5 may be 51062 .. 6

A=y |72 |...]|vn satistying:
Vi,j:1<i,j<nnai+jeFIRST (v;) nFIRST"(7;) = &

Is the following CFG backtrack free?

11 Factor name
12 name [ ArgList ]
13 name ( ArgList )

16 MoreArgs
17

N
|
|

15 ArgList —  Expr MoreArgs
— , Expr MoreArgs
|

5




Left-Factoring: Removing Common Prefixes

Identify |a common prefix a:

il as o) lan G- [].

[ each of 1,72, . .., does not begin with « ]

Rewrite |that production rule

\V1|72|

11 IFactor‘

[ ArgList ]
| Jame ( ArgList )

12

13

15 :' Expr MoreArgs
16 — , Expr MoreArgs
7




ExprPrim()

'TF'W__O_W=®V word {):hen /+« Rules 2, 3 x/
—) word := NextWord/()
if (Term())
tﬁaﬁ-?éturn ExerPrim()
else return false
slseif word =jv word = eof then /+ Rule 4 */

return true e

else
report a syntax error
return false

end

lTerm() -
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- Assignment 3: Automated Regression Testing




Regression Testing

expected outputs

!-a"rOI .expec’red.’rx’r\
) i atO2.expected.txt

pids /\{oracle program

|-a’rOI Axt at99.expected.txt

Latoz.txt /~ Y/ TN
riden’rical?
at99.txt B 4 _

© at01.actual. txt
4 _’ at02.actual.txt

Your Program

I_cfr99.ac’rual.’rx1‘

actual outputs







ALGORITHM: BUParse

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

OUTPUT: Report Parse Success
PROCEDURE :

initialize an empty stack trace
/* start state x/

trace.push (S)
word := NextWord()
while (true)
state := trace.top ()
act := Action|state,
if act = ‘‘accept’’
succeed ()
elseif act =

word]
then

state := trace.top ()

trace.push (A)

next := Goto[state,

trace.push (next)
elseif act = ‘‘shift §;’’

trace.push (word)

frace.push (S;)

word := NextWord/()
else

fail()

Al

‘‘reduce A— 3’’ then
trace.pop () 2x|B| times /» word + state =*/

then

or Syntax Error

| Pair
Pair — ( Pair )

()

| Action Table NGotorable |
g corf (] ) JListy pair

\ 61?\ =1
b
ek f‘f() *




Bottom-Up Parsing: Discovering Rightmost Derivations (1

ALGORITHM: BUParse Parse: ( ) 4’.
INPUT: CFG G=(V, ¥, R, S), Action & Goto Tables N I —— Y .. §
OUTPUT: Report Parse Success or Syntax Error é;'g'f‘ > %,‘/

PROCEDURE : UZ?J Cf
initialize_an empty stack trace
trace.push(S) /x start state x/ 1 Goal — List

PR B I 2 List —> List Pair 2 /

= ;,-;,--‘ (true) @ Pui

/ ;‘r@ .= trace. top () » [1,;( | Pair %

“%adl)) ToTeR—~< Y/ 4  Pair — ( Pair Y
RE act = - 70"'1 . : (v Z"ft

47/
=‘ “reduce—> " then F
ace.poply 2x|B| times /x word + state x/
P22 i lEeditop )
> tracezplu @ 1% Zf,&gf :
Goto[state, A ist W pais
trace ush (next) @(0) ) 1C)
:;lseif act =~ shift ’ then i)
TR K

trace . push (word "
( i)

trace.push

qwora = Ne tWord ()
else
fail ()
~A A

aﬂﬁ‘ 'é

o - KONy g
gty 2 93 g ;







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(S) /% start state x/
word := NextWord()
while (true)
State := trace.top ()
act := Action|[state, word]
if act = ‘‘accept’’ then
succeed ()
elseif act = ‘‘reduce A— B’’ then
trace.pop () 2x|B| times /+ word + state =*/

1  Goal — List

2 List — List Pair
3 | Pair

4  Pair — ( Pair )
5

1 C)

state := trace.top () ActionTable J| Goto Table

trace.push (A)
next := Gotol[state, A]
trace.push (next)
elseif act = ‘‘shift S;j’’ then
trace.push (word)
trace.push (S;)
word := NextWord()
else
fail()

O 0O N OV A WN = O

—_ -
- o




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

ALGORITHM: BUParse
INPUT: CFG G=(V, ¥, R, S), Action & Goto Tables
OUTPUT: Report Parse Success or Syntax Error

PROCEDURE :
initialize an empty stack trace
trace.push(S) /* start state x/

Goal — List

fail()

Word o= NextWozd() 2 List — List Pair
while (true) )
state := trace.pop () 3 | Pair
act := Action|[state, word] 4 Pair — ( Pair )
if act = ‘‘accept’’ then » -
succeed () 5 | L l
elseif act = ‘‘reduce A— 3’’ then
trace.pop() 2x |B| times /+ word + state =/
e
next := Goto[state, A] --m
trace . push (next) 0
elseif act = ‘‘shift s;’’ thenl| ,
trace . push (word) 5
frace.push (S;) 3
word := NextWord /() 4
else 5
6
7
8
9

—_
- o
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Bottom-~Ur

ITHM: BUParse
NPUT: CFG G=(V, ¥, R, S), Act\
QUTPUT: Report Parse Success or
BOCEDURE :

initialize_an empty stack trace

| Jtrac push(S) /+ start state x/
WJ := NextWord()

Ztrace poply 2x |B| times /x word

= Y‘reduce 4t—>¢” the

1
2 List — List Pair
3 | Pair
4 Pair — ( Pair )
| )

Goal — List

n

/ftate b Zé(l,cqe toloo() _ActmnTabIe GotoTabIe
> race,gus 4
= ekt eZ:- Goto[state, Al _State [G [@@
trace . push (nekxt) (@), e
lseif acf = *‘shift _$7y’ the K Y
trace. push ( word }" 9
trace push (s;)
gwﬁra := NextWord() 4
else Z
fail()
SR D @

NOVIA \’& IF

ac’( & m

L,

Parsina~Discovering Rightmost Derivations (1

Parse: __(_ );a/

</
4
* .7”
L4

[stv

K

Y




LR(1) Items: Exercise (1.1)

1 Goal — List
2 List — List Pair

Initial State: [ Goal — eList, eof]
3 | Pair Desired Final State: [ Goal — Liste, eof]

4 \Pai ‘ Pai ] |
5 - T_'E_\;l i Intermediate States: Subset Construction

Q. Derive all LR(1) items for the above gramm
o FoLLow(List) = {eof, (} FoOLLOW(Pair) @

(. ( B ), of |




LR(1) Items: Exercise (1.2)

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

Goal — List
List — List Pair

| Pair [Goal — e List,eof]

Pair — ( Pair )

I C)

[Goal — List e,e0f]

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

[Pair — o ( ),eof] [Pair — o ( ),(]

[Pair — (e ),eo0f] [Pair — (e ),(]
[Pair — () e,e0f] [Pair — () o,(]




LR(1) Items: Exercise (2)

0 Goal — Expr 6 Term' Factor Term'

1 Expr — Term Expr' = Factor Term'

2 ) Expr' — +_ Term Expr’_

3 | - Term Expr’ Factor — ( Expr )
4 |

5 Term — actor Term’ name

, | num

Factor

FOLLOW eof, )




CC Construction: closure

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

PROCEDURE: ﬂ(‘t o MAM 4
lastS := & Hn "
while (/astS = 8) -

O NO O~ WND =

of- 50t te e 210 frn( S

12 return §




CC Construction: closure

Goal — List

List — List Pair

| Pair

Pair — ( Pair )

O

ALGORITHM: closure
INPUT: CFG G=(V, X, R, S), a set § of LR(1) items
OUTPUT: a set of LR(1) items
PROCEDURE :
lastS := &
while (/astS = s) :
lastS := s

for [A—».--e¢ C 4, aJes:

for ¢ - ~v€R:
for beFirsT(da):
s:=su {[C —ey, b] }
return S




el £ Lﬁtg of

I |

L4 4. KS a]

QL Go&l — Q§L 90]—\3 it

FIR@TCS@ Flzsr(e of) = {#i

1  Goal — List
List — List Pair




© [&o&l - ot 9°f—\3
o [Lt = - et e, edt ]

@Llst >0 e , ef ]

£ i

3
Foet (Sad = Frer (€ ofy = 163

OL Far > » (low ), of ]
L Vew > - ( >5 &’B
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CC Construction: goto

ALGORITHM: '
INPUT: a set S of LR(1) items, a symbo@
OUTPUT: a set of LR(1) items
PROCEDURE:
moved := &
for@e S:
if jtem
moved :=7movi

end

Qoo ~NOOCOaPr~rWN—

-




CC Construction: goto

Goal — List

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

| Pair cCco = { [List — e Pair, eof] [List — e Pair, (] [Pair — e ( Pair ), eof]

Bl =5 L Diity -)_ [Pair — e ( Pair ),(] [Pair — e ( ), eof] [Pair — e ( ),(]

I C )

Calculate goto(cco, (() [“next state” from ccy taking (]

ALGORITHM: goto é

INPUT: a set@of LR(1) items, a symbol
OUTPUT: a set&’of LR(1) items

PROCEDURE:

moved := &

for iteme s:

if item=[a —> B x4, a] then
moved := movedu{ [a— Bxed, a] }
end
return closure(moved)

QOWoONOCOTA,WN =

-




LECTuRE ' '
LeowespAy Maray 1/



CC Construction: goto

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

PROCEDURE :
moved := &

for iteme s

if jtem ='—E — B elxd, all then
moved := moved U{ [a — Ax)es, a] }
4

Qoo ~NOOCOaPr~rWN—

-




Ka: LP—=.( B D, D )]

CC Construction: goto .
RE: L (exarer . j

1  Goal — List
2 List — List Pair

B | Pair
4 IPair — ( Pair )

AE P Fm()#) f>§ ¢

4
Calculat@(c_cg, @ [“next state” from ccy taking ( d

ALGORITHM: goto
INPUT: a set S of LR(1) items, a symbol@
OUTPUT: a set of LR(1) items .
PROCEDURE:
moved := &

for

i
1f<tem; [ > B e a] then

moved [a — B9, a] }
end
return <c/osura( moved)

QOWoONOOOTPA,WN =

—




CC Construction: Algorithm

1§ ALGORITHM:

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

3 OUTPUT:

4 | (1) a set\CCE {ccy,ccq,...,cCn} where cC;c G's LR(1) items
5 —>(2) a transitiopn fupction

6

7

8

9 processed :

10 lastCC

11 | [while @stcc +CO :

12 lastCC__:= /‘A
13 for(cc) s.t. ccje CC A cc; ¢ processed: [\[

14 processed 1= processed w{ee T

15 fo : CC;

16 , el

17 |, mp{'CU then Lot

18 := CCu {temp}

®h== su(ec, @ temp)




CC Construction: Algorithm

1 Goal — List
2 List — List Pair

e Calculate CC = {ccy, ccy, ..., CC11}
e Calculate the transition function 6 : CC x ¥ — CC



CC Construction: Algorifhm

il
V{ L Pair L

\/ (o (7t fe)

Iteration \tem Goal List Pair @ @ eof

0 CCy ] cC; C©Cy |cc ]
1 CCq @ #  ccq4 CC3 ] S
CCy 7 ? % @ %} %]
cc; @ § ccs ccg CC7 B %ﬁ( b, ()
2 lcc4| 0 [/ R/ ?
TCs 7 ? 7 ¢ cCg ]
CCq ] ] CCg CCqg CCyo ]
CCy 7 % % 7] % %]
3 CCg ] ] ] ] 7 7
CCo ] ] ] @ ccry ]
CCio 7 %] 7 7] % %]
4 CCrq ] ] ] ] ] ]




CC Construction: Algorithm

[Goal — e List, eof]  [List— e List Pair, eof]  [List— e List Pair, (| [Goal — List e, e0f]  [List — List e Pair, eof] [List — List e Pair, (]
CCo =1 [List— e Pair, eof] [List — e Pair, (] [Pair — e ( Pair ), eof] ccy = { [Pair — e ( Pair ), eof] [Pair — e ( Pair ), (] [Pair — o (), eof]
[Pair — e ( Pair ),(] [Pair— e ( ), eof] [Pair — o ( ),(] [Pair — o (), (]
CCy = {[Lls[ — Pair e, eof] [Lis[ — Fair e, (]} P [Pair — e ( Pair ), )] [Pair — ( e Pair ), eof] [Pair — ( e Pair ), (]
= = [Pair — e (),)] [Pair — (o). eof] [Pair — (o), (]
CCy = I[List—> List Pair e, eof] [List — List Pair e, L]] CCs5 = {[Pair—> ( Paire ), eof] [Pair — ( Paire ), L]}

:[Pair—> e ( Fair),)] [Pair — ( e Pair ), l]}
CCq =

[Pair — o (), )] [Pair — (), )]

@ —. )
)

ccy = {[Pair—>£lo, eof] [Pair— () e, g}

= —
{cq: Pair ) ( Pair Jf)eof] ipairi.,gﬂ CCo [Pair ( Paire )

—
 A—

CC1o = {[Pair = () e, )] CCi1 = {[Pazr—> ( Pair ) e,



Table Construction: Algorithm

O©oO~NOOOTA WN =

ALGORITHM: BuildActionGotoTables
INPUT:
(1) a grammar G=(V, X, R, S)
(2) goal production S—> s’
(3) a canonical collection CC = {ccg,CCq,...,CCn}
(4) a transition function 6§ :CC x¥ — CC
OUTPUT: Action Table & Goto Table

PROCEDURE : M k S

for ccjeCC;

for item e@
if item A—»] @y, a]\ ause/\@ @then
Action[/, x] = shif
elseif item = [A—>
Action[i, a] :=
elseif jtem = [§)—
Action[i, eof| := accept
e it wnabp
if §(cci, v) = ccj then

uce A— 8
, eof] then

~

eof () G JES

s3
s3
r3

-,

r2

s6
o]
r4

Gotol[i, v] = j
end

List

cCo

Pair

P (B)

CcCg = {[Pair—> ( Pair ) e, e0f] [Pair — ( Pair) e, i]}
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