CS 536 Announcements for Thursday, February 6, 2025

Programming Assignment 2
e has been released
e due Tuesday, February 18

Last Time
e non-determinisitic FSMs

regular expressions
regular languages

scanner generators
JLex

Today

e CFGs
Makefiles
resolving ambiguity
expression grammars
list grammars

Recall big picture

Source

Program

Sequence of characters

lexical analyzer

(scanner)

Sequence of tokens

syntax analyzer

(parser)

Conceptual
organization

Week 3

equivalence of NFAs and DFAs

regular expressions - DFAs
language recognition - tokenizers

syntax analyzer
(parser)

l next token,

please

lexical analyzer
(scanner)

a

<[=] [p

source code
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Why regular expressions are not good enough
Regular expression wrap-up
+ perfect for tokenizing a language

— limitations
o define only limited family of languages
e can't be used to specify all the programming constructs we need

e no notion of structure

Regexs cannot handle "matching"
Example: L) = { (" where n >0} =7 "(}* ¢ (¢ N )ﬂ") e 8

Theorem: No regex/DFA can describe the language L)
Proof by contradiction: Suppose there exists a DFA A for L) where A has N states.

s

Then A has to accept the string (V)N with some sequence of states

(., ( DD ) )
Eﬁ?r”'?zﬂ e ("’1“’ Lﬁﬁ 7/“&-:—5%%—%-.. —"7—?_2‘\,

W
accepes (M Rgpw )

By the pigeonhole principle, there exists i, j < N where i <j such that OV' = 13

)

01_%1'—:'11(7“ % 1/3* 5, -(v?}-n%“ = ..,

(

aclets  ( C % (N‘s\ nCCepn \N

In other words,
A ncct, s (N-yu 3 o (N")-M \N ¢ L(\

whidh {8 & conttmdigtion

No notion of structure X ~= 4+
Consider the following stream of tokens: ID ASSIGN ID PLUS ID

What Sho\d ©€dse 127 (y 2 \l\** ¢ X-= (\‘Jf%\
Whax cdoout Qt Q(.QAQML & nS SQQ\M\V\&T
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(M Oan\

The Chomsky Language Hierarchy
Language class: ?‘VU e gﬁ Voe N
N

recursively enumerable \

context-sensitive

1

context-free

(22

rom

Context-free grammar (CFG)
= a set of recursive rewriting rules to generate patterns of strings

59" Belare ayny A6 cppling
\ / S

Cule Sor (‘ewf\“t\\'wsg 8 / l\
( S

Formal definition: A CFG is a 4-tuple (N, >, P, S)
e N = set of non-terminals - e\ace,\w\krs (;c\‘\’Q?\‘Of M&% \(\ Q@u -wu/\
e > =setof terminals - '\o\ﬂcas Q“o«\ SCana@”
e P =set of productions « ¢ p\eS Q-M‘ %—v\‘;‘t;n\s Nonk U'm'\t\(.\s ({e, S?P‘ .
e S =initial non-terminal symbol ("start symbol"), S € N t\eewm‘s\
~ 8 ™t otharuase seed&{% yASt Ton-KRT N 5 LNS
o\ \2 ?to&uﬂ'\o(\ &S et 5\’..\\,0\
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Productions
Production syntax : LHS - RHS

Le.;(?\‘es:,\‘o:\ (se:gogt ’mnsﬁ M'\“tvf"'s> of E

s\"\&t "\W‘*a.w&(\a\

f\D(\—‘\QNV\a @)(P?OSS\bA %'>) '(. S ‘)‘
nen - 100 S ¢ Nk

Ny (&‘J:muwsmwmrns on LAS a2 <\ 5'“"'/\

Nonct g m =) €xCoyion S5 'C Y
| € | €

C . va Y
of\oh"\'efn-—‘-\ Q.‘I(?(‘%S\\m\ T 5> (‘ SYH \ (3

Language defined by a CFG
= set of strings (i.e., sequences of terminals) that can be derived from the start non-terminal

To derive a string (of terminal symbols):
e set Curr_Seq to start symbol

e repeat
¢ find a non-terminal x in Curr_Seq
e find production of the form x 2 a
e "apply" production: create new Curr_Seq by replacing x with a

e until Curr_Seq contains no non-terminals

Derivation notation
e derives :=>

. . L — —
e derives in one or more steps =)¥ T =

e derives in zero or more steps =1 % oC f_,—)

L(G) language deflned by CFG G
2\:/ \ S‘:‘—"?V w\\l(‘e S \s <E6SR N‘M-‘\G"WM X

W s ¢on o YOCOG  oF
T, oo o ke £
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Example grammar

Terminals
BEGIN ?t‘o Caean
o
END bewaﬁ \1

SEMICOLON - “3" o LPatate Statenenes

ASSIGN - “'= ' (n Gy stevey
D-idet g (veripdle nacme)

y .
PLUS~ "+ operator \n ox POesslon

Non-terminals
prog — oXart Non =X m (coor eC fos st -ﬂ‘&b\
stmts= \\&% 0“' SKatementy

stmt — & s\‘ms\e Statemnt
expr = & (V\M\'\Qr\miw\ 74" C%\‘OO\\

Productions - 60.:(:\‘1\3 Sy™May 0‘: \%c)\ Q‘OS“(M&S
1) prog > BEGIN stmts END

2) stmts > stmts SEMICOLON stmt
3) | stmt

4) stmt -> ID ASSIGN expr

5) expr > ID
6) | exprPLUS ID
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Example derivation
Productions
1) prog > BEGIN stmts END

2) stmts > stmts SEMICOLON stmt
3) | stmt

4) stmt -> ID ASSIGN expr

5) expr > ID
6) | exprPLUSID

Derivation

prog ®

— BEGIN stmts END

— BEGIN stmts SEMI%LON stmt END

— BEGIN stmt SEMICOLON stmt END @

— BEGIN ID ASSIGN expr SEMICOLON stmt END

— BEGIN ID ASSIGN expr SEMICOLON ID ASSIGN expr E%

— BEGIN ID ASSIGN ID SEMICOLON ID ASSIGN expr END @

— BEGIN ID ASSIGN ID SEMICOLON ID ASSIGN expr PLUS ID END

— BEGIN ID ASSIGN ID SEMICOLON ID ASSIGN ID PLUS ID END
REGIN W= 1Dy ID= 1N+ 1IN END

’\.)coos-*:ﬁ REGINY "«\B‘ 10 = \p 10 EVB

Q: s REGNM D= 10% END e \anopeent ).
No - ot wold ot & wt adde) Stet T

DHert aogan ax 1135 l
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Parse trees

= way to visualize a derivation

To derive a string (of terminal symbols):
e set root of parse tree to start symbol
e repeat

¢ find a leaf non-terminal x
e find production of the form x = a
e "apply" production: symbols in a become the children of x

e until there are no more leaf non-terminals
Derived sequence determined from leaves, from left to right

Productions

1) prog - BEGIN stmts END Pro
2) stmts > stmts SEMICOLON stmt /
3) | stmt %E(’,“ Stenty E VO
4) stmt > ID ASSIGN expr / | \
5) > ID -
6) o | exprPLUS ID Sr("ws A} /S"T\
7 \ St =
| D= exel e < L\
Ao okt~ Nowns Focm \ \

BEG/N \y = D10 21048 EVD
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Makefiles

Basic structure

<target>: <dependency list> E?(Gsf'\ pu“ 0\6‘5,5
l [<command to satisfy target) )
‘\'Gb —
Example tm&z.iw,\ To. clasy
Example.class: Example.java IO.class

\
10./on
O) (/N

Javac Example.java

IO.class: I0O.java
javac I0.java

Make creates an internal dependency graph
o afile is rebuilt if one of its dependencies changes

Variables — for common configuration values to use throughout your makefile

Example
JC = /s/std/bin/javac

JFLAGS = -9 &= buwild Qor wee vtk Ac\ok"m(’r

Example.class: Example.java IO.class
S (JC) S (JFLAGS) Example.java

IO.class: IO.java
$(JC) $(JFLAGS) IO.java

Phony targets “ k 0
o target with no dependencies = §¥° ™Y
e use make to run commands:

Example / Gorl CCove

clean:
rm —-f *.class
Tast (v Eﬂa«\p\t Q«.F\‘\e.'(’\d OMF{\(’,.‘\')«

\ e g‘((c\mAL valee File.tx+ ou4Err¢§\L.«/f'\

Week 3 Page 8



Programming Assignment 2
Modify:
e bach.jlex
e P2java
o Makefile

Makefile

###
# testing - add more here to run your tester and compare
# 1ts results to expected results

HH#
test: Qul\ e B Conp\‘,e,
java -cp $(CP) P2 —_—
diff allTokens.in allTokens.out (l}' A(’,:’Gh\‘( ﬁ\G\(L
‘ ) 6
i#ilean up \j{“ﬂm ‘\’\
. M@\ )
clean:
rm —-f *~ *_.class bach.jlex.java
cleantest:
rm —-f allTokens.out
. eccor r\ssob Q?‘M\W b\,
Running the tester \o&olv\ e \\b\
vm—-instunix-07(53)% make test ~U W

java -cp ./deps:. P2 ?7— % A

3:1 ****ERROR**** ignoring illegal character: a
>diff allTokens.in allTokens.out

Conﬂwdbidi X’a Dbtont of S Command e Scom CM(\\.‘\SV’\M

make: *** [Makefile:40: test] Error 1

Noklile
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Xermindy = tokemy

CFG review
formal definition: CFG G=(N, ¥, P, S) EXM(JL'- nested parens
CFG generates a string by applying N ?- "]« 3
productions until no non-terminals remain 2 2 ( 3! g
=+ meajns( 'derjves in 1 €r more steps (
Iang% ge defined by a CFG (' ) ? 01, ) ”L
={w|s =+ w} where \ f.
s = start is the start non-terminal of G, an

w = sequence consisting of (only) terminal symbols or ¢ (1 =D (1\

L(6Y= 1 g, (), (0, (0,3 (40

= (LY

0)}7 (COY)

Derivation order

1) prog -> BEGIN stmts END ?C‘oos

2) stmts > stmts SEMICOLON stmt \

3) | stmt P)Eb NV St En/[)
4) stmt - ID ASSIGN expr /

5) expr > ID Stevet, St
6) | expr PLUS ID ' 1\

Leftmost derivation : \Q,s* MIst M- X rwan\
S o~\vc~15 X Qmata(}\

Rightmost derivation : (‘{ \\1 o &t ng.\-‘tg-'.\'\NJ\
Y
S alveys ede = -
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Expression Grammar Example

1) expr = INTLIT C?od\; ceeate & CPG Sor
2) | expr PLUS expr AT vh meL explehsbny
3) | expr TIMES expr \f\vo\v; £, ¥ fens
4) | LPAREN expr RPAREN ™ | T ) PAtens,

. '\f\’tw)er Ve el g

Derive: 4+7*3

ex
/AN / )V N\ e
expr «x Ko eret * 9\
A L O A W
NTLAT IRl INTLA WAL\
(1) (%) (4 @)
\y \
A ADINAOY TR MMES
For grammar G and string w, G is ambiguous if there is
S Velrmoer dgiwwnin & w
Yhese
- 1 Lo Luprbion OF W 4 e a\|
\ LR 9N
v TR oSt \ 61 oen
OR

S ow xcee Ko~ W
? <|Cee J
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Grammars for expressions
Goal: write a grammar that correctly reflects precedences and associativities

0\«“‘3*6 e*?au:(bxc) e_‘

¢ use different non-terminal for each precedence level

Precedence

—

]__7 axbote € (atb) +c
aZ bzc & o= (b= o\

e start by re-writing production for lowest precedence operator first

Example
1) expr - INTLIT
2) | expr PLUS expr
3) | expr TIMES expr
4) | LPAREN expr RPAREN

eXPc = OX(A‘ X exec

\ fecMm
Yot =) e ¥ IO

| SCacwor
fovtos = |NTLVT

\ (exr\\
Cons{hr

exeT
._\'
Qf\“\\

/ X
Yoen X UQ

\ S
NOMA o
‘S\omt \

! o %o \ ()
/¥ sy )
a3} QLS

Week 3

=« oy bowerst \)NCU)CALL

Ht0%3
exeC
] / \ \@K
xoC 4
-\'lp °
g xorm
\ 7 AN\
Savtor '\'6\‘" * ‘f@iﬂ
\
INTLVT g“\‘"” Q’“\”W
(4) |t INTL
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Grammars for expressions (cont.)
What about associativity? Consider 1 + 2 + 3 60}va ( \‘\’L\-E 3

Definition: recursion in grammars

. = . . ) \C‘C‘\' NSSQO\‘G.‘V\'\I&
A grammar is recursive in non-terminal x if

x =+ a x y for non-empty strings of symbols a and y

A grammar is left-recursive in non-terminal x -\— - ¥ /
if x =+ x y for non-empty string of symbols y
A grammar is right-recursive in non-terminal x if ¢ \ \\‘f cs‘:sou‘av-!\‘de.
x =+ a x for non-empty string of symbols a P oNONAA GE\ DA
In expression grammars = 4 A
for left associativity, use left recursion AAA , — 3
for right associativity, use right recursion 2 % "\ - 7—
Example fecon
2xpC = expl % e/(c* V4223
exprC
e e go«.‘wr / N\
fecm = termn ‘\'M‘ /€xpr x *e"\“‘
\ Q&(f\:or "\
Exgt & Topn S—a\\mf
Secrat = INTLAT \ \ INL\E
| Cegee) tae et (@)
Sty \
NAL\
A \
AST Sor o ()
V424D €\
X
N
/7 \ 3
' 1
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Extend this grammar to add exponentiation (POW)
Add exponentiation (POW) to this grammar, with the correct precedence and associativity.

expr > exprPLUS term 7\\'&‘% Lm\‘ﬁh

| term

term 9 term TIMES factor
factor

@\*\M\@\am

facror =) efgotny Pors Facer
Lxponeny

oA =D | NTLA-T
eR \ LRAREY exer APHAQEN
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List grammars
Example a list with no separators, e.g, ABCDEFG

alist = 1T7EM Derive ABC L
\ \: \} alrot m \(3\@.5
G\ ST \‘ / \‘ ‘ qu\"w
oy aling
alist 5 | TEM O Q\ a\ist 3 1 TEM
I FTEM aligt | alix \TEM
Decie ABC  Psouciueiviey aling
° "1t et~
/N Witk Vit 4o /o\\\s{ Y
l’éE{\ o/d\"rt\ e\:‘gs\zﬁwnaw “\l\’\ \T(g‘;\
‘&f{\ “\> ITEM
\TEM (A)

(C)

Another ambiguous example

stmt - IF cond THEN stmt
| IF cond THEN stmt ELSE stmt

Given this word in this grammar: 1f a thenr"f b then 51 else s2
How would you derive it? —

K m Ao
Iy /Colna\ha% ":02 T\HEM\/GT\\QE v
\97/ \ Ny P cnd Tugy S

Loy THEN S tlsE

Stovt = \r ol T EN LCRN  cremy QACLALY
) \C et THEN LUWAY st QCLY
ELSE LCWALY Gt RCWRLY
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