. * TINY
. e C-Minus

target language
high-level language C C++
object code machine code

10 000

2.2 2.3 24 3.2

Minus

1 000 000

TINY

source language



1.1

40 : ;

machine language
C7 06 0000 0002
IBM PC Intel 8x86 2 0000 16
assembly language

MOV X, 2
X 0000 assembl er
X =2
1954 1957 IBM  John Backus FORTRAN
Noam Chomsky
Chomsky
grammar
— Chomsky hierarchy
4 0 1 2 3

context-free grammar
parsing problem
60 70
3 45

finite automata regular expression
3



optimization technique
code improvement
technique 8

parser generator

Yacc yet another compiler-compiler Steve Johnson 1975 Unix
5
scanner generator Lex Yacc Mike Lesk Unix
2 Lex
70 80
/
Hindley-Milner
interactive development environment IDE
IDE
IDE “ §
20
1.2
(@D} interpreter
BASIC LISP
10

2 assembler



©)

(4)

®)

(6)

)

(8)

)

linker

loader

relocatable

preprocessor

macro

FORTRAN

editor
ASCII

structure based

debugger

profiler

project manager

Ratfor

—— IDE

IDE

breakpoint



Unix
sccs  source code control system rcs revision control system

1.3

phase l
1-1 i

14
15 i

(0] scanner
Lexical analysis l
token
C \i
a [index] = 4 + 2

12 8 i
index i

N o+ >~ o

literal 3.1415926535 “ Hello,
world!”
2 par ser



syntax analysis

parse tree syntax tree
C
expression
assign-expression
expression - expression

subscript-expression

expression [ expression 1

identifier identifier
a index

additive-expression

TN

expression +

expression
number number
4 2

abstract syntax tree

assign-expression

/

subscript-expression

TN

identifier identifier
a index
(3 semantic analyzer

static semantic

T~

additive-expression

TN

number number
4 2

attribute



a [index] = 4 + 2

i ndex

assign-statement

T~

subscript-expression additive-expression

integer integer
identifier identifier number number
a index 4 2
array of integer integer integer integer
4 sour ce code optimizer
4+2
6 constant folding
8
assign-statement
subscript-expression ‘ number
integer 6
/ \ integer
identifier identifier
a . index
array of integer integer
three-address code
3 3
P- P-code Pascal
C
t =4 +2
a [ index] =t
t
t =6

a [index] =t



a [index] = 6
1-1 intermediate code

intermediate representation, IR

(5) code generator
IR
MoV RO, index ;; value of index -> RO
MUL RO, 2 ;; double value in RO
MoV R1, &a ;; address of a -> R1
ADD R1, RO ;; add RO to R1
MoV *R1, 6 ;; constant 6 -> address in Rl
C &a a
*R1 6 R1
2
2
(6) target code optimizer
2
MOV RO, index ;; value of index -> RO
SHL RO ;; double value in RO
MOV &a[ RO], 6 ;; constant 6 -> address a + RO

1.4



@

)

(©)

4)

®)

(6)

0o(n n

token
single symbol lookahead
FORTRAN
syntax tree
symbol table
literal table

inter mediate code

temporary file



backpatch

if x =0 then ... else ...
else else
CMP X, O
JNE NEXT ;; location of NEXT not yet known
< code for then-part >
NEXT:
< code for else-part >
NEXT
15
13 —_—
_— —_— E—
D
analysis
synthesis
@)
front end
back end
portability
©)

pass



one pass ——
Pascal C
Modula-2
5 6
4
11
language reference manual language definition
language standard

American National Standards Institute ANSI
International Organization for Standardization 1SO

Pascal C ANSI Ada
test suite
TINY
25 3.7 6.5 A C-Minus
formal definition
denotational semantics
7
3
FORTRAN77
Algol “

LISP Smalltalk “ ?

FORTRAN

Ada



Q)

pragmas
pragma LI ST(ON);

pragma LI ST(OFF);

pragmas

(6)

handler

1.6

Pascal C

pragmatics
/

Ada

compile-time

exception handling

(host)

Pascal
Ada

static error

error



cross compiler

H

T T-diagram
a
! ” H
H
A
BB A c
” 13 ” H K
A
H
M
[
8
H
R A H
B
K




I
< N
mo3
VT
LT
x| <] N
<
< /K
——
T
o=
R
“..1 “
ft
L
-
| III— R
Ty
x|l )/
L1 =
|

A

a)

1 H!
Lol
b)

1-3

A
/
1-2

1 b)

b)

a)

1-2b

1-2a

bootstrapping

1-3b

1-3a

1.7 TINY

C C++ Pasca Ada

10

C

ANSI



™ tiny machine

C C T™

1.7.1 TINY

TINY

FORTRAN BASIC

read write
TINY
+ *
1-1

1-1

TINY

Ada Pascal

else

TINY

TINY

repeat
end

{ Sample program

in TINY language -
computes factorial

}

read x; { input an integer }

if x > 0 then { don’‘t compute if x <= 0 }

fact := 1;
repeat

fact := fact * x;

X := x -~ 1
until % = 0;

write fact { output factorial of x }

end
TINY —_—
1.7.2 TINY

TINY C

gl obal s. h main. c

util.h util.c

scan. h scan. c

parse. h parse.c



synt ab. h syntab. c
anal yze. h anal yze.c
code. h code. c
cgen. h cgen.c
mai n. ¢ gl obal s. h
gl obal s. h
mai n. ¢
/
scan parse analyze cgen 11
util
synt ab
TINY code 1.7.3
™ 1-1
6
4 1
2 3 2 3
mai n. c
B 69 77 79 94
syntaxTree = parse( );
buil dSymtab (syntaxTree);
typeCheck (syntaxTree);
codeGen (syntaxTree, codefile);
NO_PARSE globals.h, main.c, util.h,
util.c, scan.h, scan.c
NO_ANALYZE parse. h, parse.c
NO_CODE synmt ab. h, symtab. c,
anal yze. h, anal yze. c
TINY
ANSI C TINY tiny
tiny sample. tny
sanpl e. t ny TINY .tny
.tny
sanmple.tm ™



EchoSour ce TINY
TraceScan
TracePar se

TraceAnal yze

TraceCode
1.7.3 T™M
TINY T™ TINY
™ RISC RISC
C
a [index] =6
™ 1.3
LbC 1, 0 ( 0 ) load o into reg 1
* i ndex 10
LD 0, 10 ( 1 ) load val at (10+R1 into RO
LDC 1, 2 ( 0 ) load 2 into reg 1
MUL O, 1, O put R1 * RO into RO
LDC 1, 0 ( 0 ) load O into reg 1
* a 20
LDA 1, 20 ( 1 ) load 20 + R1 into RO
ADD 0, 1, O put R1 + RO into RO
LDC 1, 6 ( 0 ) load 6 into reg 1
ST 1, 0 ( 0 ) store Rl at 0 + RO
3 LDC * "
LD *“ K LDA * " “ + "
“10(L)” 2 10 1
0 1 10 ©
MUL ADD “ "
13 “ ”
™
TINY /
™ 1/0

© LDC “ + " ™



scanf

ANSI C
tm
tm sample.tm

sample. tm TIMY

1-1
tm sample. tm
TM simul ation (enter
Enter command: go
Enter value for IN instruction: 7
OUT instruction prints: 5040
HALT: 0, 0, O
Hal t ed
Enter command: quit
Si mul ati on done.

h for help)

1.8 C-Minus

A TINY
C-Minus

e

1-2 C-Minus
/ read

printf wite

1-2

tmc

™

sample. tny
™
7

sample. tny

if while
mai n

C-Minus

int fact( int x )
/* recursive factorial function */
{ if (x > 1)
return x * fact(x-1);
else
return 1;

void main( void )
{ int x;

x = read();

if (x > 0) write( fact(x) );
}

C-Minus TINY

€] C-Minus main

™

TINY C-Minus

void void ANSI C



11

12

13

14

C
a[i+1]=al[i]+2
1.3
2+3
X=2
a.
b.
a.
b.
C

= 4;

=X + 2

= 4;

= 6;
C.
d.

X
const int x = 4
y = x + 2
/
a.
b.
C.
C Pascal C
Pascal
= T



19 16 1-3
P- Pascal
P- Pascal
a. Pascal P-system
b (a)
1.10
T
8
Aho [1986]
LeBlanc [1991]
C Gnu

Stallman [1994]

Sethi [1996]
Hopcroft and Ullman [1979]

Backus[1957] Backus[1981]
[1964] Algol60
Pascal P-system Nori [1981]
Kernighan [1975] 1.2

[1992] Peyton Jones[1992] Peyton Jones [1987]

Hindley-Milner 11

Pascal P-system

Pascal P-system

P-
P- P-
Pascal
P-
retargeting
rehosting
Lex 5 Yacc 6
P- 4 5
Fischer and
Fraser and Hanson [1995] Holub [1990]
Internet C/C++
Louden [1993]
3
FORTRAN Randell and Russell
Barron[1981] Pascal
Ratfor Bratman [1961] 1.6 T
Algol
ML Haskell

Appel
Peyton Jones [1987]



. . DFA
. * TINY
. . Lex
lexical analysis
keyword if while identifier
special symbol
+ * >= <>
regular expression finite automata
TINY
Lex TINY
Unix
2.1
token
C ©
© L c

#define |IF 256
#define THEN 257
#define ELSE 258

( 256 ASCII )



typedef enum

{ I'F, THEN, ELSEPLUS, M NUS, NUM,

TokenType;
“if” * then” 2 special symbol
MINUS ognow 3
13 ifﬂ
string value lexeme
attribute
“ 32767" 5
32767 PLUS

typedef struct

{ TokenType tokenval; tokenx,‘:'\%—/l\%%ﬁﬁ
char * stringval; E%@g—g%:ﬁ

int numval ;
}  TokenRecord;

typedef struct
{ TokenType tokenval;

uni on
{ char * stringval;
int numval ;

} attribute;
} TokenRecord;

reserved word

token record

[==Rsren

FH

I F THEN

£

PLUS
I D

NUM


token不只是一个普通的字符串

它还包含一些属性


C
TokenType get Token( void );
get Token
get Token C 1
a [ index ] =4 + 2
LI [ [ [efcfsfnfalel=[n] =] Tel T+T T2T T T 1]
get Token 4 a “ g
I D
LI L[ fafcfsfnlalel=[of [=] [af [+] [2f [ T 1]
get Token
2.2
r
language generated by the regular expression L or
ASCII ASCII
symbol
alphabet a sigma
r
a a
r metacharacter
metasymbol
escape character

22.1



43 25
43* 25 43*25+14

1 a a
a L(a)={a} a
empty string € (epsilon)
€ € L(e) ={¢}
emply set {0 ¢ L(9)={}
{} {e} {} {e}
2) 3 |
3
3) r s r|s r s
r|s r S union L(r|s=L{(r)
EL (9 alb a b L(a|b)=L(a)
EL (b) ={a}E{b} ={a, b} ale a
L(ale)={a ¢}
L@|b]|c|d)={ab,c,d}
albl.|z a~z
4) r S rs
1 r 2 S ab ab (a|lb)c
ac bc
S S
SS, S S S ={aa, b}, S ={a, bb}
SS ={ aaa, aabb, ba, bbb} L(rs)=L(r)L (9
L((alb)c)=L(alb)L(c)={a b} {c} ={ac, bc}
L(rr,..r)=L(@)L(,)..L(r )=
L(r),.L(r)
5) Kleene Kleene) closure r* r
r* r a* e a
aa aaa... € € a *
S
S*={e¢} E SE SSE SSSE. ..
S S

S* = Os"
=0

S=s...S S n S={¢}



L(*)=L(r)*
(@ |bb)*(
¢ a bb aa abb bba bbbb aaa aabb

L ((a | bb)*)

=L (a|bb)* ={a, bb}* ={¢, a, bb, aa, abb, bba, bbbb, aaa, aabb, abba, abbbb, bbaa, . . . }

6)
a|b* (alb)* a|(b*)
L((a|b)*)={e¢ a b, aa ab, ba,bb,...}
2
| a|bc* al|(b(c*)
[((c*)d)
a|bc a
(a|bb)* a | bb* a b bb bbb...
3+4)*5=35 3+4*5=23 * +
7)
(011 2]...19)(0[1]2]...]19)*
digit digit
digit = 0] 1]2]...]9
digit regular definition
regular expression
1. basic a a
€ 0] 1 L (a) ={a}
{e} 3 L(¢)={}
2.r|s r s
3rs r s
4.r* r
5.(r r

L(a|(b*))={e a b, bb, bbb, ...})

3 *
ab|c*d
(alb)c
bc
a
2 L (e) =

L(r|s)=L()EL(®
L(rs)=L(r)L (9
L(r)=L(r)~
L(r)=L(r)

(ab)



2.2.3

2.1 3
b
(alc)*b(alc)*
b
b a ¢
cceeecb

2.2
b
(alc)*|(alc)*b(alc)*

b
(alc)*(blg)(alc)*

2.3 a={a,b}

a={ab,c}

b abc abaca baaaac ccbaca

b (alec)~

S={ b, aba, aabaa, aaabaaa, ...} ={ a'ba’|nz 0}

2.4 a={a b, c}

Pumping

S b

Pumping lemma

regular set



(b(alc))*
(ajc)* (alc)* b
((alc)*|(b(alc))*)*
(rls*)* (rls)*
((alc)|(b(alc)))~

(a] c| ba] bc) *

L((al c| ba| bc)*)

01 2 ¢ a c aa ac ca cc ba bc
i<n S n>?2 S

b ab cb 3 b
(al c| ba] bc)*(b| €)
(bl €)(al c|ablcb)*
(notb| b notb) *(b| )

notb = aj ¢
notb b

Qo
1

2.5
{a, b, c}
((blc)*a(blc)*a)*(blc)*
a
(blc)*a(blc)*a
a a a b c
a a 2 (blc)*

(nota* a not& a)* nota*

22.2



Lex

Lex

9]

@

(0] 1)~

(01 1) (0] 1)~

(0] 1) +

@)

L*b.o*

3

albl...|z

[ a- zA- Z]

[A-Z]
Ascll

4

~(al bl c)
Lex

Lex
r*
r+ r
b
0]1]...19
[a- 2] [ O-
al bl c [ abc]
character class
B C A Z
[ A- 2] [ A- Za- z] ASCII



a [~a] a b c
[~abc]
®)
+ -
natural= [0-9] +
signedNaturaE natural| + natural| - natural
r? r
1
natural= [0-9] +
signedNaturakE (+|-) ?natural
2.2.3
1 keyword
Pascak C Ada if while do
3 identifier
literal constant 42 3.14159
13 a” “ b”
1)
2.71E-2 .0271
nat = [0-9] +

signedNat= (+|-) ?nat
number= signedNat("."

2)

reserved= if | while |

nat ) ? (EsignedNat)?

do |

letter=[ a - zA - Z ]

digit = [ 0 - 9 ]

identifier= letter (letter| digit)*

3)

“ hello, world,”

pseudotoken”



{ this is a Pascal comment }
/* this is a C comment */

this is a Scheme comment
-- this is an Ada comment

( Pasca )
Pascal
{(-H*}
-y } Lex
Ada
--(~newline)*
newline \n * -7
2.6 Lex
C
ba. . . ab ...ab ba. .. ab C [*..*/
ba(~(ab))*ab
o ~a ~b ~(al|b)
~(ab)
b*(a*~(al b) b*) *a*
C
Modula-2
(* this is (*a Modula-2 *) comment *)
Modula-2
(* this is ( * illegal in Modula-2 *)
2.3 221
4)
if while
<> “ " “ " “

disambiguating rules

reserved word



principle of longest substring
©

token delimiter

Xt enp=yt enp xt enp =
while x... e
whi | e X
0
C
do / ** [ if
do if doi f

whitespace= (newline| blank | tab | comment)+

free format
FORTRAN
offside rule “ "
|ookahead
“ K Xt enmp=yt enp

= xtemp =

FORTRAN

FORTRAN
Il F( X2 . EQ 0 ) THE N
| F( X2. EQ 0) THEN
FORTRAN
FORTRAN

| F(I' F. EQ. 0 ) THENTHEN=1. 0




1 IF THEN 2 | F THEN

FORTRAN

DO99I =1, 10

99 Pascal for i := 1 to 10
DO99I =1. 10
1.1 DOQ9I
DO

2.3
letter digit

identifier= letter ( letter| digit)*

/
2-1 1 2
state lel:t:er
_____’ letter @
o digit
transition
1 2-1
start state
“ " 2
1 2 letter
2 / 2
accepting state
2
Xt enp

L1828 28 2MmMoP

231



deterministic
DFA M a S T X a-s
sl S Al S M L (M)
cC,...C, cla s=T(s,c),s,=T(s,c),...,s=T
(Snl’ n) Sn A
Sx & S a s, C
si' S cléa c S s T T(s,c)=¢s
M
s,=T(s,.c)s=T(s.,¢c,),...,s=T(s,,cC, S,
— 50— 5 —25 5, e Sp—1 —2> 5,
DFA
2-1
' letter
@ letter
digit
start in_id
{start,
in_id} {1, 2}
2
letter
letter=[ a - zA - Z ]
52
3 T SXa-S
T(s ¢ s C c T (start, c

c T (in_id, ¢



©

error transition

2-2
error
other other
other
other = ~letter
in_id other

other = ~( letter| digit)

2-2

any
DFA
2.6 b DFA
/_Qnotb notb
—
2.7 b DFA
. notb notb
O—Q
—
DFA DFA
2.8
nat = [0-9] +
signedNat= (+|-)?nat
number = signedNat("." nat) ? ( EsignedNat)?
DFA

digit= [0-9]
nat = digit+




signedNat= (+|-) ?nat

number= signedNat("." nat)? (EsignedNat)?
nat DFA a+ = aa* a
digit
N\ aigic O
signedNat signedNat
digit
digit
\_/(
digit
digit digit
digit digit Q
u
dzg.zt
E
2-3
digit
digit ) . digit
2-3
2.9 DFA DFA
other
—O——C—0
ot her DFA 224
{(~})*}
2.2.4 C
[*...(no*/s).../ DFA

2-4 DFA C



3 other o 4
3 other S
start (1
entering_comment (2  in_comment (3  exiting_comment (4 finish 5

2.3.2

DFA
DFA
DFA

DFA DFA

DFA
DFA DFA

2-4
DFA

in_id

2-5

2-5

other



2.2.4 DFA in_id

DFA

DFA

= <= = DFA

return ASSIGN

< = return LE

r———

DFA

return ASSIGN

return EQ

< <= <>

DFA

return LE

f Q > @ —




NFA

return LE

@ return LT

DFA

NFA

nondeterministic finite automaton

e-transition

“ ” € €-




2
/—\ . @
DFA DFA
DFA
a € a €
aE{e} a ¢ T
T
A
T (1) ={23} < 1 2 3 T
T S S
power set £ S p

NFA nondeterministic finite automaton M

a S
T: S (BE{e})-0(S S s, S A
L (M) cC,- - - C, c 4E{e}
Sl T (So! Cl) Sz T (Sl’ Cz) Sn T (Sn-l’ Cn) Sn A
cC,...C o €
€ cC,...C, s ¢ S CC,--- C,
n S...S, T(s.¢),....T(s,.cC,

NFA
NFA

Qo



2.10 NFA

S51-2,2-B,4 8,02,y

>1-253-f,4-8,2. 2,4 ¢,2 b,y

a 1 2 b 2 4
ab 4 2 ab+ a
1 3 € 3 4 ab*
1 4 e- b* NFA
ab+| ab*| b* (al &) b*

DFA

2.11 NFA




2.3.3

DFA NFA

/ DFA

_/

DFA
{ starting in state 1 }
if the next character is a letter then
advance the input;
{ nowinstate2}
while the next character is a letter or a digit do
advance the input; { stay in state 2 }

end while;

{ go to state 3 without advancing the input }

accept;
else

{ error or other cases }
end if;
DFA
DFA DFA
29 2-4 DFA

{ state 1}

if the next character is“ /” then

advance theinput: { state 2}

if the next character is“*” then
advancetheinput { state 3}
done := false;
while not done do

while the next input character isnot “*” do
advance the input

end while;
advancetheinput { state4}



while the next input character is“*” do
advance the input;
end while;
if the next input character is“/” then
done: = true;
end if;
advance the input;
end while;
accept; { state 5}
else { other processing }
end if;
else { other processing }
end if;

case 1 case

DFA

2-1

done

case DFA

state 1= 1; { start }
while szate = 1 or 2 do
case state of
1: case input character of
letter : advance the input;
state := 2;
else state := . . . { error or other };
end case;
2: case input character of
letter, digit: advance the input;

state := 2; { actually unnecessary }

else state := 3;
end case;
end case;
end while;
if state = 3 then accept else error ;

2-2 2-4

state

case

DFA

state := 1; { start }
while state = 1,2,3 or 4 do



case state of
1:  case input character of
“/” : advance the input;
state := 2;
else state := . . . { error or other };
end case;
2: case input character of
“*¥* advance the input;
state 1= 3;
else state := . . . { error or other };
end case;
3: case input character of
“*”: advance the input;

state 1= 4,
else advance the input { and stay in state 3 };
end case;

4: case input character of
“/” advance the input;
state := 5;
: advance the input; { and stay in state 4 }
else advance the input;
state 1= 3;
end case;
end case;
end while;
if state = 5 then accept else error ;

cogesy

DFA “ ” DFA
“ n transition table
T
C
T(s, c
S
DFA
1 2
2 2 2 3
3

DFA



1 2
2 2 2 (3]
3
C DFA 2
/ *
1 2
2 3
3 3 4 3
4 5 4 3
5
DFA
T T
Advance
Accept
state := 1,
ch: = next input character;
whi | e notAccept[state] and not error  state) do
newstate := T [state,ch];
if Advance [state,ch] then ch := next input char;
state := newstate;
end while;
if Accept [state] then accept;
table driven
Lex
DFA NFA o NFA
NFA
NFA “ NFA

DFA” NFA



2.4

NFA

NFA

24.1

Thompson €-

NFA

1)

2)

NFA
NFA

NFA

DFA
DFA DFA
DFA
DFA
DFA
NFA DFA DFA
3

NFA
Thompson Thompson construction
NFA
a ¢ ¢ a
a NFA
/—\ a @
NFA
m . @
rs NFA r s
NFA NFA r S
o : o]
3
r NFA

NFA

DFA

DFA



rs NFA

s L (rs) =
L(r)L(s) rs
3 r|s NFA

L(r|s)=L(r)EL(9)
4) r r

e- r r

Thompson
NFA rs r S




Thompson

2.12 Thompson abl a NFA a b

2-6 Thompson abjla NA

2.13 Thompson letter( letter| digit)* NFA
letter digit

Qlotter O O digit Q

letter| digit

letter

(letter| digit)* NFA



letter (letter|digit)*
NFA 2-7

letter

2-7 Thompson

2.4.2 NFA DFA

NFA

NFA
subset construction
1) €-

2.14 Thompson

letter(letter|digit)* NFA

211 232

DFA

e-closure

a*

(a] c)*b Thompson

DFA

DFA

NFA



NFA  1={124}, 2={2}, 3={234}, 4={4}
€- €- S

§= U 5
sin§

2.14 NFA {13} =1E3={124} E{234} ={1,234}

2) NFA—M DFA M
M e- ™
a S a S.={t]
S s a s t } S, S,
s,
M DFA M
€- €- a
a M
2.15 214  NFA DFA 1={1,2,4}
a 2 3 a 1 4 a
{124} {124} ,={3}={23.4} 12 4
{2,3,4} a 2 3
3 4 a- {234} {234},={3}={234}
{2,3,4} a- DFA
NFA 4 {124} {234} 4
DFA DFA

2.16 2-6 NFA



DFA 3
6 7 {126} ,={3,7} ={3,4,7,8} {1,2,6} 2 {3,4,7,8}
1 2 6 {3,4,7,8} b
4 5 {3,4,7,8} ,={5} ={5,8} {3,4,7,8} b {58}
DFA NFA
(rem)— :
2.17 2-7 NFA letter(letter|digit)* Thompson

letter

{1} ={1} letter {2} ={2,3,4,5,7,10}
letter {6} ={4,5,6,7,9,10} digit {8}
:{4!5171819110} letter digit

DFA

_.@_lﬂ

2.4.3 NFA

NFA
NFA DFA



DFA
DFA
2.16 a {126} 2
{3478} a b {58}
2.17 r2d2

{1}-1{2,3,4,5,7,101-2-{4,5,7, 8, 9, 10}
—£5{4,5,6,7,9, 10}—2{4, 5,7, 8, 9, 10}

DFA
{4,5,7,8,9,10} DFA
NFA
2.4.4 DFA
DFA DFA
2.15 DFA
®)
O—CO
a* DFA
a
DFA
DFA
DFA DFA
DFA DFA
DFA
DFA a a
a.
a
a- s t a
a- a distinguish
s t a-

DFA



s t S a- t a-
a s t S
a- t a- a s t
2.18 DFA letter( letter| digit)*
4 1 3 3 letter digit
3 3
DFA 2.3
letter
2.19 DFA (al €) b*
b
b- b 1
a- 2 3 a- a
a 1 2 3
{1 {23} {1}
2 3 a b DFA
a
oS
2.5 TINY

TINY



251 TINY
1 TINY TINY
TINY 2-1
TINY 3 “ ? 8
10 4
2
2-1 TINY

if +
then 1
else *
end /
repeat =
until <
read ( (1
write )

TINY {..}

NFA
DFA TINY
DFA
DFA
DFA

return PLUS

return MINUS

return SEMI



DONE DFA DFA DFA

letter [other]

DFA

2-8 DFA

2-8 TINY DFA

2-8 DFA DFA

DFA scan. h scan. c



B get Token 674 793 2-8
DFA 233
gl obal s. h 174 186 2-1
EOF ERROR
612 614
TINY
t okenString get Token
scan. h 550 571
t okenStri ng 41 40
3 source listing gl obal s. h
mai n. c i neno
get Token reservedWor ds 649 656
reservedLookup 658 666 get Token
current Token save

tokenString

get Next Char 627 642
256- I i neBuf
i neno get Next Char
C fgets source
255 TINY
get Next Char
TINY I NNUM | NI D
2-8 unget Next Char 644 647
TINY 2-3 TINY sanpl e. t ny
1 2-4 TraceScan
EchoSour ce
2-3 TINY

{ Sample program
in TINY language -
computes factorial
}
read x; { input an integer }
if 0 < x then { don’t compute if x <= 0 }
fact := 1; :
repeat
fact := fact * x;



X t=x - 1
until x = 0;
write fact { output factorial of x }
end

X ,33 emputcs fact.orial
S b
B2 ~:Q§d;‘xt { input an integer }
- B: xreserved word: read
fsl‘int names x ’
- 51 T
63 if . 0 <% ‘then { don’t compute if x <= 0 }
' lsz reserved word: if
| NUM, val= 0

‘name= x

‘ x‘uemd word: then
act = 1;

nnma- fact

7: m, val= 1

v 8s rupeat
: 8¢ raserved word repeat
9% - fact = fact * x;
. 9: ID, name= fact
8w ,
© 9% ID, name= fact
9: *
-9: ID, name= x
10: % rmox -1
<2 10% ID, name= x
10: =
10: ID, name= x

NUM, val= 1

until x = 0;

11: reserved word: until
11815: name= x

11s =

11: NUM, val= 0

11: ;

12 write fact { output factorial of x }
12: reserved word: write
12: ID, name= fact

13: end )

13: reserved word: -end
14: EOF

11:

25.2

TINY



TINY 8
30~60
minimal perfect hash function
8
0~7 " ”
TINY
2.5.3
TINY 40
40
copyString copyString
4 TINY
TokenString reall oc
C
7
2.6 Lex
TINY Lex
TINY Lex
Lex flex
Fast Lex Free Software Foundation Gnu compiler package
Internet
Lex
Lex yylex C
yylex DFA get Token
I ex.yy.c lexyy.c Lex
scan. ¢ tiny.c

Lex Lex



B TINY Lex

2.6.1 Lex
Lex 2.2.3
Lex
Lex
if "if
n ( n
\
\V(\* ("
\n \ 't
Lex

Lex * + () | Lex

Lex a b
bb c
(aa| bb) (a] b) *c?
("aa"|"bb")("a"|"b")*"c"?
Lex [ abxz]

Lex

(aal bb)[ab] *c?

0~9

1 [ *0- 9abc]

E 224

("+"]"-")?[0-9] +("."[0-9] +) 2(E("+"|"-")?[0-9]+)?

Lex

()[4
C [."7]

REARY
Lex

Lex
Lex
i f if
(*
C
aa
a b x z
[ 0-9] Lex
N
b c
[+-]
3
AN



224
nat = [O-

signedNat= (

nat [0-9]
si gnedNat

2-2

signedNat

9] +

+

(+1-)? {nat}

+

Lex

Lex

? nat

Lex
Lex

Lex

2-2 Lex

Lex

al b
(a)
[ abc]
[a-d]
[~ab]

{xxx}

L o

o o T

© o

2.6.2 Lex

Lex

auxiliary routine

Lex

{definitions}

L)
{rul es}
o

{auxiliary routines}

Lex
C Lex

Lex

definition
user routine

Lex

rule

Lex



CHT o c

1
2 C
C
3 C 2
Lex 2
1
Lex
2.20 Lex
A
/* a Lex program that adds |ine numbers
to lines of text, printing the new text
to the standard out put
*/
#include <stdio.h>
int lineno = 1;
%4
line *.\n
Y%
{l'ine} { printf ( "%d %", lineno++, yytext ); }
Y%
mai n()
{ yylex(); return 0; }
Lex
1 %
2 /* a Lex program that adds |line numbers
3 to lines of text, printing the new text
4 to the standard output
5 */
6 #include <stdio.h>
7 int lineno = 1;
8 %
9 line .*\n
10 %%
11 { line } { printf ( "%d %", lineno++,yytext); }
12 %%
13 main ()
14 { yylex( ) ; return 0; }
Lex 1 8
W % Lex C
2 5
#i ncl ude 6 7 i neno i neno

1 1 %% line line



"o*\n"
i ne 10 %% 11
Lex line
Lex line action
C C
C line C
C 5
lineno yytext yytext Lex
© Lex C
13 14 C yylex
mai n yyl ex Lex Lex
DFA
2.21 Lex
A
/* a Lex program that changes all numbers
from decimal to hexadeci mal notation
printing a summary statistic to stderr
*/

#include <stdlib. h>

#include <stdio.h>

int count = 0;

g%

digit [0-9]

number {digit}+

9

{number} { int n = atoi (yytext);
printf ("%", n);
if (n > 9) count++;}

%%
mai n( )
{ yylex ();
fprintf ( stderr, "number of replacements = %",
count);
return O
}
mai n yyl ex stderr
C 1 yyt ext n
(printf("mw",...)) 9 count
9 Lex
Lex default
action




Lex Lex

Lex ECHO
2.22 Lex
A
/* Selects only lines that end or

begin with the letter 'a'
Del etes everything else.
* |
#include <stdio.h>
o4
ends_with_a .*a\n
begins_with_a a.*\n
%%
{ends_wi th_a} ECHO
{begins_with_a} ECHO
.*\'n
9
mai n( )
{ vyylex( ); return O; }

Lex a
ECHO C
.*\n “ "
Lex ambiguous
a
.*\'n Lex Lex
Lex
Lex 1 Lex
ECHO 1
¥\ n;
{ends_wi th_a} ECHO
{begins_with_a} ECHO
Lex 1
2.23 Lex C-
[*... %]

A

/* Lex program to convert uppercase to
| owercase except inside comments

*/

#include <stdio. h>

#i fndef FALSE

#define FALSE O

#endi f

#i f ndef TRUE



#define TRUE 1
#endi f
%4
Y
[ A-Z] {putchar (tol ower (yytext[0]));
/* yytext[0] is the single
uppercase char found */
}
e { char ¢
int done = FALSE
ECHG;
do
{ while ((c=input())!="*"
putchar(c);
put char(c);
whi | e((c=i nput())=="*"
putchar(c);
put char(c);

if (¢c == "/") done = TRUE
} while (!done);
}
W
void main(void )
{ yylex():}
DFA 224 C
C e
2.9 DFA 2-4
DFA
other

while ((c=input())!="*") putchar(c);

Lex i nput
 — Lex
putchar 26.4
DFA 4
3
Lex
D
Lex
Lex 1

2cC

1) %
2) Lex

u/*u

Lex

u*/u

get char

3)



1 %%
yyl ex C
C C
(©)
2-3 Lex
2-3 Lex
Lex /
lex.yy.c lexyy.c Lex
yyl ex Lex
yyt ext
yyin Lex stdin
yyout Lex st dout
i nput Lex
ECHO Lex yyt ext yyout
Lex yyin
yyout Lex Lex i nput
yyin yyout
printf putchar
fprintf(yyout,...) putc(...,yyout)
2.6.3 Lex TINY
B Lex tiny.1 tiny.1 TINY 25
TINY 2-1 3000 3072
Lex C 3 #include (gl obal s. h
util.h scan.h tokenString TINY
TINY
number digit identifier
letter l'i neno
3019 3020
Lex return return
gl obal s. h Lex
Lex
Lex
Lex “ " TINY

li neno



oy

EAVIEEE

. )
EOF Lex yyl ex
EOF _ 0 globals.h TokenType
179 ENDFI LE 0
tiny.1 get Token 3056 3072
Lex yyi n yyout
Lex TINY
C | ex.yy.c | exyy.c
TINY Lex
2.35
21
a. a
b. a /
c 1 0
d.
e 2 9
f. a b 3 b
g. a |/ b a b
h. a b a b
i,a b a b
2.2
a (alb)*a(alble
b.(AIBl...|2)(alb]...|2)*
C.(aa| b)*(a| bb)*
d.(0l1]...|9] A B|Cl D E F) +(x|X)
23 a grep global regular expression print Unix
© grep
b.
2.4
al bl c (alb)lc a](blc)
25 r L (r**)=L (r*)
2.6 ¢ €
© Lex yylineno Lineno
S] Unix 3 grep “ regular” grep egrep (extended grep) fgrep (fast grep)



2.7
2.8
29
2.10

21 a
C

DFA
DFA
211 NFA

212 a
b.
2.13 a.
b
214
215

2.16 DFA

2.17 Pascal
(*...
218 a. Lex
b. a
2.19
[1985.p.25]

2.3.3

Thompson

Thompson

*)

DFA
DFA DFA
4 case char const continue DFA
C

(a] b)*a(al b]¢) NFA
a NFA DFA

(aal b) *a(a| bb) * NFA
a NFA DFA
210 232 NFA DFA

Thompson
NFA
r*s* NFA
244
a
———]
b
c
{...} TINY -
DFA
C 2.2.3
C Lex Schreiner Friedman



2.20
221

222

2.23

224

2.25

2.26
2.27

2.28

2.29

2.30

231

2.32

233

2.34

2.35

mpEme R (AR AR R AL] ) R

[** [ *]
C
C Kernighan
Ritchie [1988,p.192] C
Lex C
Lex C
Lex
/
i nConmrent
223 26.2 Lex
2.23 Lex C
a. TINY
b. TINY
t okenString TINY
40
a. TINY
b. TINY a
get Next Char unget Next Char
TINY unget Next Char
TINY
nest Level TINY
TINY Ada Ada
TINY Lex TINY
2.27
TINY lex Ada Ada
TINY Lex EchoSource
Lex

Hopcroft  Ullman [1979]



pumping

DFA Aho Hopcroft Ullman[1986]
DFA
Sedgewick [1990]
NFA Thompson
6 Cichelli [1980] Sager [1985]
252 gper f Gnu

Schmidt [1990] gperf
Lesk [1975] Lex
Flex ( Paxson [1990]
Jacobson[1987] Schreiner Friedman[1985] Lex
Lex Kernighan and Pike
[1984] grep 2.3 Aho
[1979] Landin [1966] Hutton [1992] 223



. . EBNF
. * TINY
syntax analysis context-free grammar

grammar rule

recursive if

parse tree syntax tree

top-down parsing
bottom-up parsing

TINY

3.1

get Token

syntaxTree = parse();



parse();

recover
error repair

3.2

exp—expopexp|(exp) | number
op - +[-|*

3.2.1
2 number

number = digit digi‘t
digit= 0| 1] 2|3|4|5|6]7]|8]9

exp




exp
exp op 6
5 + - * () number
Algol60
John Backus Algol60 Peter Naur
Backus- Naur Backus-Naur form BNF
3.2.2
C
whi |l e + .= 2
TINY
{if, then, else, end, repeat, until, read, write,
identifier, number, +, -, *, [, = <, (, ), ;, =1}
TINY

{I'F, THEN, ELSE, END, REPEAT, UNTIL, READ, WRITE, |D, NUM
PLUS, M NUS, TIMES, OVER, EQ, LT, LPAREN, RPAREN, SEM, ASSIGN }

BNF context-free grammar rule in BNF
1 2 —

BNF

exp - expopexp|(exp) | number
op - +|-|*
1 exp
2 op

<exp> ::= <exp> <op> <exp> | ( <exp> ) | NUMBER
<op> 1=+ | - | ¥



BNF

exp — exp ("+" |- " |"*") exp | "( "exp) " | number
exp — exp"+"|"-"|"* " exp |"("exp") " | number
BNF

exp — exp op exp
exp - (exp)

exp - number
op - +

op - -

op - *

E-EOE (E)]|n
0~ +]-|*

E-EOE (E)|a
O +]|-]*

3.2.3

(34-3)*42
7
( number- number) * number

number



exp - expopexp|(exp) | number

exp

derivation

op - +[-|*
(34-3*42
2
3-1
(1) exp = exp op exp
) = exp op number
3) = exp * number
4 = (exp) * number
5) = ( exp op exp ) * number
6) = (exp op number) * number
) = (exp - number) * number
8) = (number - number) * number
31 (34-3)*42
define
31 1 exp op exp exp — exp op exp
exp 2 exp op exp exp
exp op number 3
op 3 exp * number
exp

defined by the grammar

G

production

op

L(G)={s|expb *s}

L (G

(34-3)*42
[exp — exp op exp]
[exp — number]
[op— *]
[exp — (exp )]
[exp — exp op exp]
[exp — numbexr]
[op—> -]
[exp — number]
construct
BNF exp 1
number exp- number
op-* op BNF
language
sentence



Pasca BNF
program - program-heading ; program-block.
program-heading - ...
program-block - ...

3.1

1

(((@).--} ={(a)"In

3.2

base case

3.3

+a L(G)
a

L(G) ={a (a), ((a)).

1
C
1
start symbol
nonterminal
terminal
G
E-(E) a
E 3 () a
>0 }
EP (B)P ((B)P (&)
E-(E)
E-a
LG ={} E
E-E+a a
. a
L(G)={aa+taata+taatatata,...}
E-E+a +a
EbP E+ab E+a+ab E+a+a+ab ...
E-a E
a
EbP a a L(G) s=at+ta+..+a
Eb*s EpP E+ab *s+a s+a L(G)
L(G) s at+a+..+a

((2)

L(G)

at+a+...
n-1



E E+a

ata+..+a

1 Eb a S
n-1 Eb*s n>1
Ebp E+ab*s+a=s s
S

3.4
statement - if-stmt | other
if-stmt — i f (exp) statement
[if (exp) statement el se statement
exp - 01
C if
if other )
ot her
if ( 0 ) other
if (1) other
if ( 0) other else other
if (1) other else other
if (0) if ( O0) other
if ( 0) if (1) other else other
if (1) other else if ( 0 ) other else other
if else if-stmt
BNF
A - Aala
A- aAla
{a"|n =1 } 1 a
a+ aaaa
AP Aab Aaab Aaaa b aaaa
1 2
A 1 1 left recursive
right recursive
3.3 ‘ot
A-Aa b
a b b A b ba baa baaa
b a
ba*
A-aA b
© immediate |eft recursion

n-1

e

A



3.5

3.6

3.7

34

A b ab aab aaab
a*

a *
empty —

empty — €
€- g-production

a*
A-Aa ¢

A-aA ¢
{a"|n =0 }=L(@*) e-

A- (AA ¢

(O (O O
A

AP (A)AP (A)(A)AP (A)(A)P (A)O)P ((A)A)(O)
POAOPOCAA)OP (OCANO
P (OWCAYANO P (OWOANOP OWONO

e-
statement - if-stmt | other

if-stmt — i f ( exp) statement else-part
else-part - el se statement |e

exp - 01
else part
G
stmt-sequence — st ; stmt-sequence | stmt
stmt - s
L(G)={s, s;s, s;s;s, ..}
G
stmt-sequence — stmt ; stmt-sequence |e
stmt - S
terminator separator

L(G)={e,s;, s;s;, S;sS;S;, ..}



stmt-sequence - nonempty-stmt-sequence |e

nonempty-stmt-sequence - stmt ; nonempty-stmt-sequence | stmt

stmt - s

3.3

3.3.1

( number- number) * number

3-2

(1) exp = exp op exp
2) = (exp) op exp

[exp — exp op exp]
[exp— (exp)]

3 => (exp op exp) op exp [exp — exp op exp]
@ = (number op exp) op exp [exp — number]
4) = (number — exp) op exp [op — -1
6) = (number - number) op exp [exp — number]
(O] = (number - number) * exp [op — *1
8) = (number - number) * number [exp — number]
3-2 (34-3)*42
parse tree
expb exp op exp
P number opexp
P number + exp
P number + number

7

exp

exp

N

op exp

number + number

3-1



1 3 2 exp
number

(1) exp b exp op exp
(2) P number opexp

(3 P number + exp

(4) P number + number

N

2 exp 3op 4 exp

1 exp

number + number

preorder numbering

expb expop exp
P expop number
P exp + number
P number + number

exp b exp op exp
P exp + exp
P number + exp
P number + number

1 exp

N

4 exp 3 op 2 exp

number o+ number

postorder numbering 4 3 2 1

leftmost derivation
rightmost
derivation



3 1 exp
3 . / \
2 3 4 exp 3op 2 exp
(Sexp ) * number
— (34-3)*42 31 32 / \
33 8 exp 7 0p - 6 exp
3-1
number - number
3-2
33 (34-3)*42
3.3.2
3+4
/ exp\
exp op exp
number + number
(3) @
number
principle
of syntax-directed translation 3+4
3
4 exp
number
/ + \
3 4
number
3-3 (34-3)*42



34 3 42

abstract syntax tree syntax tree
abstract syntax
concrete
syntax 3+4 OpExp(Plus,ConstExp(3),ConstExp(4))
(34-3)*42
OpExp (Times, OpEXxp (Minus, ConstExp (34), ConstExp (3)), ConstExp (42))
BNF
BNF

exp — OpExp (op, exp, exp) | ConstExp (integer)
op — Plus | Minus | Times

© C
typedef enum {Plus, M nus, Times} OpKind;
typedef enum {OpKind, ConstKind} ExpKind;
typedef struct streenode
{ ExpKind Kkind;
OpKi nd op;
struct streenode * Ichild, *rchild;
int val;
} STreeNode;
typedef STreeNode *SyntaxTree;

C uni on

3.8 34 if

statement — if-stmt | other
if-stmt - i f (exp) statement

|i f (exp) statement el se statement
exp - 0]1




if (0) other else other

statement

if-stmt

if ( exp ) statement else Statement

0 other other

3.6
statement — if-stnit | other
if-stmt - i f (exp) statement else-part
else-part - el se statement |e
exp - 0]1

statement

if-stmt

statement else-part

N\

other else statement

other

then- else 34

I

[} other other

if other
C

typedef enum { ExpK, StmtK} NodeKind;
typedef enum { Zero, One} ExpKind;
typedef enum { IfK, OtherK} StmKind;
typedef struct streenode

{ NodeKi nd ki nd;

ExpKi nd ekind;

St mt Ki nd ski nd;

struct streenode

*test, *thenpart, *elsepart;

3.6



} STreeNode;
typedef STreeNode * SyntaxTree;

3.9 3.7
stmt-sequence — stmt ; stmt-sequence | stmt
stmt - S

stmit-sequence

T

stmt ; stmt-sequence

T

8 stmt ; stmt-sequence

8 stmt

seq
leftmost-child right-sibling

sibling

~

seq



3.4

3.4.1

exp - expopexp|( exp) | number
op - +[-|*

N

exp op exp

N

exp op exp * number

34-3*42

exp

number - number

exp

exp i / i \
number - exp - op exp
number * number

exp = exp op exp lexp — exp op exp]

= exp op exp op exp [exp — exp op exp]

= number op exp op exp [exp — number |

= number - exp op exp [op — -]

= number - number op exp [exp — number |

= number - number * exp [op— *]

= number - number * number [exp — number ]
exp = exp op exp [exp — exp op exp]

= number op exp [exp — number ]

= number - exp [op— -]

= number - exp op exp [exp — exp op exp]

= number - number op exp [exp > number |



= number - number * exp [op — *]
= number - number * number lexp — number |

_/ |
<N

42

N

34 / *
3 ry)
ambiguous grammar
2
©
disambiguating rule
34-3*42 1
(34-3=31) (3142 =
1302) 2 (3*42 =126) (34-126=-92)
precedence

© 3.27



associative

nonassoci ative

3.4.2

34-3-42

PN
N
3;//// \\\\\_
N
(34-3)-42=-11 2 34-(3-42)=73
1

exp — factor op factor | factor
factor — ( exp) | number
op - +|-|*

34-3-42 34-3%42
(34-3)-42 34-(3*42)

exp - exp addop exp | term

addop - + |-

term — term mulop term | factor

mulop - *

factor » ( exp) | number

term exp

| eft

fully parenthesized expression

exp



term

BNF

exp — exp addop exp | term
exp — exp addop term | term

exp - termaddop exp | term

BNF
exp - exp addop term | term
addop - + |-
term - term mulop factor | factor
mulop - *
factor -~ ( exp) | number

T

34-3%42

exp addop term
| S
term - term mulop factor
factor Sactor * number
number number

34-3-42

exp

N

exp addop term

N

/

exp addop term - factor
term - factor number
Jactor number

number

precedence cascade



3.4.3 else
34
statement - if-stmt | other
if-stmt — i f( exp) statement
|i f( exp) statement el se statement
exp - 01
else

if (0) if (1) other else other

statement

if-stmt

statement else statement
if-stmt other
// =1 ™\
statement
|
other
statement
if-stmt
TN
Statement
if-stmt
statement else statement
1 other other
else 1 2 if 1
1 if 2 2 if
dangling else problem) if

C

else
else



if (x !'= 0)
if (y == 1/x) ok = TRUE

else z = 1/x
else 1 if X 0
else else
if else
most closely nested rule 2
1 if C {..}
if (x !=0)
{if (y == 1/x) ok = TRUE;}
else z = 1/x;
BNF else
statement — matched-stmt | unmatched-stmt

matched-stmt - i f ( exp ) matched-stmt el se matched-stmt | other

unmatched-stmt — i f ( exp) statement
|i f( exp) matched-stmt el se unmatched-stmt
exp 0|1
if matched-stmt el se

else

statement

unmatched-stmt

if/{//\

) statement

matched- stmt

matched -stmt elsge matched-stmt

other other
else 2 if
BNF
else Algol60 else
else LISP
if bracketing keyword
Algol68 Ada
if x /=0 then
if y=1/x then ok := true ;

else

else



else z := 1/x ;
end if;
end if;
else 2 if
if x /=0 then
if y =1/x then ok := true;
end if;
else z 1= 1/x;
end if;
1 if Ada BNF
if-stmt — i f condition t hen statement-sequence end i f
|i f conditiont hen statement-sequence
el se statement-sequenceend i f
end if Ada Algol 68
if
3.4.4
3.9
stmt-sequence — stmt-sequence; stmt-seguence | stmt
stmt - s
inessential ambiguity
associative operation
a b c (@ b) c=a (b ¢ B
3.5 EBNF
3.5.1 EBNF
BNF
BNF

BNF extended BNF EBNF

A - Aalb

A - aAlb

fi



b A
*
Kleene
A- ba*
A-a*b
EBNF {..}
A-b{a}
A-{a}b
3.9
stmt-sequence — stmt; stmt-sequence | stmt
stmt - s
A-aAlb A = stmt-sequence a= stnt ; b= stmt EBNF
stmt-sequence — { stmt; } stnt
EBNF
stmt-sequence - stmt { ; stnt }
2
1
exp — exp addop term | term
Ao Aalb A=exp a=addopterm b=term EBNF
exp — term{ addop term}
exp —»{ termaddop } term
stmt-sequence — stmt ; stmt-sequence | stmt
stmt-sequence  stmt
EBNF [..]
else if 34 3.6 EBNF

statement - if-stmt | other
if-stmt — i f ( exp) statement [ el se statement ]



exp - 0]1

stmt-sequence - stmt ; stmt-sequence | stmt

stmt-sequence - stmt [ ; stmt-sequence ]

exp — term [ addop exp ]

3.5.2

EBNF syntax diagram

factor - ( exp) | number

NG

factor
N
factor
EBNF BNF
A-{B}
A
C )

A-[B]



NS

EBNF
3.10 BNF

exp — exp addop term | term
addop - + |-

term — term mulop factor | factor
mulop - *
factor —» ( exp) |number

EBNF

exp — trem{ addop term}
addop - + |-

term - factor { mulop factor }
mulop - *

factor — ( exp) |number

34 factor

exj
4 term

C term  |w— addop )

addop

term
factor

Q factor |[a—{ mulop )

mulop

exp

factor

34 3.10



3.11 3.4 if BNF

statement — if-stmt | other
if-stmt - i f (exp) statement
|i f (exp) statement el se statement

exp-0]1
EBNF
statement - if-stmt | other
if-stmt — i f ( exp) statement[ el se statement ]
exp->0]1
3-5
if-stmt
statement
exp ) statement )
Statement —/
exp
35 311
3.6
3.6.1
1 terminal T

2) nonterminal N T



3) production grammar rule A-a P A N

a TEN *
4) N start symbol
G G=(T,N,P,S G derivation step
aAg P abg a g (TE Ny A-b P
G set of symbol (T E N)* a sentential form
ab *b b
ab*b nx0
aba,b Pa b a
a=a, b=a, n=0 a=b G derivation SP *w w
T T w sentence S G
G language generated by G L (G) L(@G)={wl T*|
G Sk *w} L (G) S
leftmost derivation Sb *w aAgb abg
al T+ a rightmost derivation
aAgb abg gl T
G parse tree
1) €
2) S
3) €
4)
5) AT N n X, X,y X
A-X, X, ... XT P
aAg b abg
b=X,X,...X X, X,...X n XX, X
A
G L=L(G) L context-free
language
wl L (G) w G
ambiguous
3.6.2

BNF



exp - exp + exp | number

exp
E N
number
E=(E+E)E N
E+E  {u+v]uvi E} u v “ g
E E E N E+E
E N E E+E N+N E
N N+N E N+N+N E
E=NE(N+N)E(N+N+N)EN+N+N+N)E...
E E E
E f(s)=(s+s) EN E E=f(E)
E f fixed point
E least-fixed point semantics
3.6.3
BNF EBNF
BNF
else
BNF
BNF

digit = 0| 1]2|3|4|5|6|7|8]9
number = digit digi‘t

BNF
digit-0]1]2|3|4|5]|6]7]8]9
number — number digit | digit



2
regular grammar

BNF
context rule
A—) a
A a
context b g b
bAg- bag
a# ¢ context-sensitive grammar rule

declaration before use C

BNF

static semantics

BNF
unrestricted grammar a-b a b
a € 4 e

0 1 2 3
Chomsky hierarchy



inherently ambiguous language

3.7 TINY
3.7.1 TINY
3-1 TINY BNF TINY
5 if repeat read write assignment
if end TINY else if repeat
Pascal
begi n-end begin TINY /
read wite read write
3-1 BNF TINY
program — stmt- séquénce Ty ,
stmt-sequence —>. stmt-sequence ; statement | statement . :
statement —> if-stmt | repeat-stmt | assi; tmez | ’r;eagiiw write-stmt
yfsrmt—azlfe.xpi:hensm sequence L R
| 1£ exp then stmt-sequence @1se stmt-sequence end

repeat-stmt — repeat. s;mr-sequence tmtil exp

assign-stmt —> identifier := exp.

read-stmt — read identifier

write-stmt — write exp ‘

exp — simple-exp comparison=op simple-exp | simple-exp

comparison-op — < | = ‘

simple-exp —> simple-exp addop term | term

addop — + | -

term —» term mulop factor | factor

mulop — * | 1 ’ g

factor — ( exp ) | number | identifier

TINY if repeat = <

+ - div

simple-exp



TINY TINY

TINY
TINY Pascal C
stmt-sequence BNF
stmt-sequence
TINY
3.7.2 TINY
TINY 5 if repeat assign
read write 3
3 else if
assign read
3-2 C B
198 217 globals.h
1
lineno 2 type
ExpType 6
3-2 TINY C




union { Tammq op:
Sl int walp ; :
5 em*nm:}u:tx;g_ ~ '
_ ”M'-l‘!vﬁ tm; 7* for type chncking af exps. *‘l
'} TreeNode;

AN A A

if 3
test then-part else-part
repeat 1 2
repeat
body test
assign
assign
(<name>)
expression

write



write

expression

op
(<opkind>)

left operand right operand

TINY 3-3

assign
(fact) |

repeat

} ) ;‘

read x; { input an inte
if 0 < x then { don’t

fact := 1; L

repeat ey

fact := fact * ®i'

x = x -1 ;



until x = 0;

write fact { outwt
31 a
{s;, s;s;, s;s;s;, ... }
b. S;s;
3.2 A - AA|(A)e
a.
b.
33
exp - exp addop term | term
addop - + |-
term - term mulop factor | factor
mulop - *
factor » ( exp) | number
a. 3+4*5-6 b. 3*(4-5+6) C. 3-(4+5%6)
34
rexp - rexp"|" rexp
| rexp rexp
| rexp "*"
["("rexp ") "
| letter
a. (ab] b)*
b.
C. 2
d. (¢
35 true false and or not
or and and not not
not not true
3.6 LISP

lexp — atom | list

atom - number | identifier
list - ( lexp-seq)

lexp-seq — lexp-seq lexp | lexp

a. (a 23 (mx vy))



37 a 3.6 C
b. a (a 23 (mx vy ))
38
statement - if-stmt | other |e
if-stmt — i f ( exp) statement else-part
else-part - el se statement |e
exp - 0|1
a
if(0) if(1l)other el se el seother
b. el se
c. C
3.9 (Aho Sethi andUlIman) else
343
statement - i f ( exp) statement | matched-stmt
matched-stmt - i f ( exp) matched-stmt el se statement | other
exp - 0|1
310 a 3.6 EBNF
b. a EBNF
311 X=(XX+X)EN N 3.6.2
a E=NEN+N)E(N+N+NEN+N+N+N)E ...
b. E ECE’
312 3.3 BNF
a -2-3
© -5 -2-(-3) -2--3
b. -2--3 --2 -2---3
C.
3.13 3.6
lexp - number | ( oplexp-seq)
op—+|-|*
lexp-seq — lexp-seq lexp | lexp
LISP
34-3*%42 (-34 (*3 42))
a. (- 23 4) (- 2 (+2) (* 2




3.14

3.15

3.16
3.17

3.18

3.19

3.20

321

3.22

3.23
3.24

o

C
a (- 34 (* 3 42))
3.3.2
exp —» OpExp (op,exp,exp) | ConstExp(integer)
op - Plus | Minus | Times
BNF ML Haskell
(34* (42-3))
332 t ypedef uni on
35 w
w
w u X W = UX
XCX x a b
a
Modula-2 Ada
Modula-2
PROCEDURE P;
BEGI N
END P;
END P
Ao aA|Ble
B- bBJ|A
(a] c| bal bc)*(b] ¢)
unit production A-B A
cyclic grammar A Ab * A
3.6 TINY EBNF
TINY

read

X,



X: =xX+1;

write x
a TINY
b. TINY
3.25 TINY
read u;

read v; { input two integers }
if v=0 then v:=0 { do nothing }
el se
repeat
tenp: =v;
Vi =u-u/v*v;
u: =tenp
until v=0
end;
write u {output gcd of original u & v}

Hopcroft and Ullman [1979]

Ginsburg [1966, 1975] Chomsky [1956, 1959]
1 Algol60 Naur [1963]
343 else Aho Hopcroft Ullman [1986] 3.9
3.6.2

Schmidt [1986]



¢ LL(1)
e First

LL(1)

Follow

TINY
4.1

4.1.1

3

top-down

Follow

3.3

predictive parser

LL(1) parsing

1

“ Ln

LL(1)

LL(1)

N

* TINY

backtracking parser

recursive-descent parsing

LL(1)

“ LL(k) K

First



case if

exp - exp addop term | term
addop - + |-

term - term mulop factor | factor
mulop — *

factor — ( exp) | number

factor factor

procedure factor ;
begin
case token of
(+ match(();
exp ;
match() ) ;
number :
match (number) ;
else error ;
end case;
end factor ;

token
match

procedur e match ( expectedToken ) ;
begin
if token = expectedToken then
getToken ;
else
error ;
end if ;
end match ;

match factor error

match (( ) factor match (number) expectedToken
token match () ) token
factor exp
exp term term factor factor exp

factor EBNF



4.1.2 EBNF

if-stmt - i f ( exp) statement
|if ( exp) statement el se statement

procedure ifStmt ;
begin

match (i f) ;

match (() ;

exp ;

match () ) ;

statement ;

if token =el se t hen

match ( el se) ;

statement ;
end if ;
end ifSmt ;
if
el se else if
EBNF
if-stmt — i f ( exp) statement[ el se statement ]
BNF EBNF ifStmt
EBNF
EBNF
el se
BNF exp
exp — exp addop term | term
exp exp
exp term
exp —» expaddopterm exp - term
EBNF
exp — term { addop term}
procedure exp ;
begin
term;

while token = + or token = - do



term

match (token) ;
term ;
end while;
end exp ;

term EBNF

term - factor { mulop factor }

procedureterm;
begin
factor ;
while token = * do
match (token) ;

factor ;
end while;
end term ;

addop mulop

addop - + |-

mulop — *

exp term

BNF

function exp : integer ;
var temp : integer ;

begin
temp :=term ;
while token = + or token = - do
case token of
+: match (+) ;
temp ;= temp +term ;
- :match (-);
temp = temp - term;
end case;
end while;
return temp ;
end exp ;

4-1



C get char scanf
get Token

4-1

/* Simple integer arithmetic calculator
according to the EBNF:

<exp> =~-> <term> { <addop> <term> }
<addop> -> + | -

<term> -> <factor> { <mulop> <factor> }
<mulop> =-> *

<factor> -> ( <exp> ) | Number

Inputs a line of text from stdin
Outputs "Error" or the result.
*/

#include <stdio.h>
#include <stdlib.h>

char token; /* global token variable */

/* function prototypes for recursive calls */
int exp(void);

int term(void);

int factor(void);

void error(void)
{ fprintf (stderr, "Error\n");
exit(1);

void match( char expectedToken)
{ if (token==expectedToken) token = getchar();
else error();

main()
{ int result;
token = getchar(); /* load token with first
character for lookahead */
result = exp();
if (token=='\n') /* check for end of line */
printf ("Result = %d\a",result);
else error(); /* extraneous chars on line */
return 0;
}
int exp(void)
{ int temp = term();
while ((token=='+')]||(token=='-"))
switch (token) (
case '+': match('+');
temp+=term();
break;



case '-': match('-');
temp-=term();
break;
}
return temp;
}

int term(void)
{ int temp = factor():
while (token=='*') {
match('*');
temp*=factor();
}
return temp;
}

int factor(void)
{ int temp;
if (token=='(") {
match('(");
temp = exp();
match(')');
}
else if (isdigit(token)) {
ungetc (token, stdin);
scanf ("%d",&temp) ;
token = getchar();
}
else error();
return temp;

EBNF 4.4

exp term

token
getToken

EBNF
3+4+5

term

TINY

token
match



function exp : syntaxTree;
var temp, newtemp : syntaxTree ;
begin
temp :=term;
while token = + or token =- do
case token of
+: match (+) ;
newtemp := makeOpNode(+) ;
|eftChild(newtemp) :=temp ;
rightChild(newtemp) :=term;
temp := newtemp ;
- match (-);
newtemp : = makeOpNode(- ) ;
leftChild(newtemp) :=temp ;
rightChild(newtemp) := term;
temp := newtemp ;
end case;
end while;
return temp ;
end exp ;

function exp : syntaxTree;
var temp, newtemp : syntaxTree ;
begin
temp :=term;
while token = + or token = - do
newtemp := makeOpNode(token) ;
match (token) ;
|eftChild(newtemp) :=temp ;
rightChild(newtemp) := term ;
temp := newtemp ;

end while;
return temp ;
end exp ;
makeOpNode
leftChild (t) :=p rightChild (t) :=p
exp
exp
term

exp
term factor



function ifSatement : syntaxTree;
var temp : syntaxTree;
begin

match (i f) ;
match (() ;
temp := makeStmtNode(i f) ;
testChild(temp) :=exp ;
match () ) ;
thenChild(temp) := statement ;
i f token=-el sethen
match (el se) ;
elseChild(temp) : = statement ;
else
elseChild(temp) : = nil ;
end if ;

end ifStatement ;

4.1.3

exp

TINY C
EBNF EBNF
EBNF BNF
A-alb]...
a b A-a
a b First
€
Ase
A
A Follow 4.3
First Follow
4-1 ) 3-2)
term factor 1

exp First

4.3

BNF

A-b

exp



4.2 LL(1)
4.2.1 LL(1)
LL(1)
LL(2)
S-(9 Sk
3 3.5)
() 4-1 4
2
S
$S
3
EOF 4
4-1
1$S ()s S-(S)S
2 $S) S( () s
3$s)s ) $ S-e
4 $9) ) $
58%S $ S-e
6 $ $
$ StartSymbol Input3ring $
$ $  accept
S 0)
BNF

1) A-a A a
2)

1 generate

BNF 2



a a
4-1 1
$S () s
S-(S)S S) S(
$S)s( () $
$S)S ) $
4-1 O
Sk (S)S [S-(S) 9
P()S [S-e]
P () [S—e]
4-1 2 (S) S S 4
S
4.2.2 LL(2)
A
A A
LL(2) (LL(1) parsing table)
$ M [N, T]
$ T
M [N, T]
1) A-a ab *ab a
M [A, 4]
2) A-a ab *s S$b *bAag
a $ A-a M [A, a]
1 a a
A-a 2 A Ao a

BNF



A A-a A 2 a=e
First Follow
1 (9 3
$ S S-(9 S
S MIS, (]
1 Sb (9 S 2 a=e
b=(,A=Sa=) ¢g=S$ So¢ MI[S )] S$b *S$
S-¢ MI[S, 3] LL(1)
MIN, T] ( ) $
S S—>(S)S ' S— e S—>e¢
LL(1) -
G LL(1)
LL(2) (LL(1) grammar)
LL(1) LL(D)
LL(1) 4-2 LL(1)
4-2
else
4-2 LL(1)

(* assumes $ marks the bottom of the stack and the end of the input *)

push the start symbol onto the top of the parsing stack ;

while the top of the parsing stack # $ and the next input token # $ do

if the top of the parsing stack is terminal a
and the next input token = a
then (* match *)
pop the parsing stack
advance the input ;
else if the top of the parsing is nonterminal A
and the next input token is terminal a
and parsing table entry MIA, a] contains
production A - XX, ... X,
then (* generate *)
pop the parsing stack 3
for i := n downto 1 do
push X; onto the parsing stack ;
else error
if the top of the parsing stack = $
and the next input token = $
then accept
else error ;




3 36

statement - if-stmt | other
if-stmt - i f ( exp) statement else-part
else-part - el se statement |e

exp - 0|1
LL(2) 4-2 (
4-2 if LL(2)
M [N, T] i f Other el se 0 1 $
statement statement statement
- if-stmt - other
if-stmt if-stmt —
if(exp)
statement
else-part
else-part else-part — else-part
el se e
statement
else-part-¢
exp Exp - 0 exp - 1
4-2 M| else-part, el se] else
else-part - el se statement
else-part- ¢ 4-
2 LL(2)
4-3 LL(2)
if(0) if(1l) other else other
statement =S if-stmt =1 elsepart=L exp=E if
=i else=e other=o0)
4-3 if LL(1)
$S i(0)i(l)oeo0$ S|
$1 i(0)i(1)oeo$ I-i (E)SL
$LS) E(i i(0)i(1l)oeo$
$LS) E( (0)i(1)oeo$
$LS) E 0)i(l)oeo$ E-O0

$LS) o

0)i(l)oeo$




$LS)

)i(l)oeo$

$LS i(1)oeo$ S|
$LI i(1l)oeo$ Il -i (E)SL
$LLS) E(i i(1)oeo$ I -i (E)SL
$LLS) E(i i(l)oeo$
$LLS) E( (1)oeo0$
$LLS) E l1)oeo$ E-1
$LLS) )oeo$
$LL S oeo$ S-o
$LLO oeo$
$LL eo$ L-eS
$LSe eo$
$LS 0$ S-o0
$Lo o$
$L $ L e
$ $
4.2.3
LL(2)
LL(2)
EBNF LL(1)
BNF LL(2)
left recursion removal left factoring
LL(2) EBNF
LL(2) “ "
1)
exp — exp addop term | term
addop
addop
exp - exp +term|exp - term|term
immediate | eft recursion
exp

Ao Bb]...
B- Aal...



a b b A 3.2.3
ba"(n= 0 A-Db A- Aa

A - bAC
At aAl|e

4.1
exp - exp addop term | term

A - Aa|b A=exp a=addopterm b =term

exp - termexp¢
exp¢ - addop term expCle

A~ Aa |Aa,|...|Aa |b,|b,]...|b
b,..,b A

A - b At|b,A¢|...|b A¢
AC-a Atla At|...|a Al

4.2

exp - exp +term|exp - term|term

exp — termexp¢
expt - +termexp¢| - termexp¢| e

€ cycle
AP ab *A

At A-Ag i



4-3

fori:= 1tondo
forj:=1toi—1do
replace each grammar rule choice of the form A; — A; B by the rule
A= o BlazB|...|ouPB, where Aj— a; | oy [’...Iakis
the current rule for A;
remove, if necessary, immediate left recursion involving A;

4.3
A - Bal|Aajc
B Bb|Ab]|d

A _BaA¢|cAt
At aAt|e
B - Bb|Abld
i=2 j=1
A B-ADb

A _BaA¢|cA¢

A¢ - aAt|e

B- Bb|BaAb|cAb|d

A - BaAt|c At
At - aAge

B - cA¢bB¢|d B¢
B¢ bB¢|aAbBe| ¢

4.1 4-1

exp — termexpt

expt — addop term exp¢|e
addop - + |-

term - factor term¢

term¢ —» mulop factor term¢|e
mulop — *

factor -~ ( exp) | number

4-3



3-4-5

factor addop term

exp

N

term exp’

b

/

| exp'

number - factor / \
3
@) addop term exp'’
number | |
) factor €
number

exp¢
exp¢ exp¢

exp¢
procedure exp ;
begin
term;
exp¢;
end exp ;
procedure exp¢;
begin
case token of
+:match (+) ;
term;
exp¢;
- :mach(-) ;

&)

/ - \ 5
3 4
3 exp
exp¢ 4 -1
5 -6 exp¢
-6 exp

exp



term;
exp¢;
end case;

end exp¢;

function exp : integer ;

var temp : integer ;

begin

temp :=term;

return exp§temp) ;
end exp ;

function exp¢( valsofar : integer ) : integer ;

begin

if token = + or token = - then
case token of

+ : match (+) ;

valsofar := valsofar + term;
- :match (-) ;

valsofar := valsofar — term;

end case;
return exp¢(valsofar) ;
elsereturn valsofar ;

end exp¢;
expt exp
4.1 EBNF
4-1 LL(1) LL(1)
4-4
4-4 LL(1)
MIN, T] ( nunber ) + $
exp exp - exp -
termexp¢ term exp¢
expe expt- ¢ expt- expt- expt- ¢
addop addop
term exp¢ term exp¢
addop addop - addop -
+




MIN, T] ( nunber ) + - * $
term term - term -
factor factor
term¢ term¢
term¢ term¢ - terme term¢ - ¢ term¢ term¢
€ mulop €
factor
term¢
mulop mulop -
factor factor — factor —
(exp) number
2)
A-ab|ag
3 3.7
stmt-sequence - stmt ; stmt-sequence | stmt
stmt - s
if
if-stmt - i f ( exp) statement
|i f ( exp) statement el se statement
LL(2) a

A - aAt
At-b|g

A-a bjg

4-4

4-4

while there are changes to the language do
for each nonterminal A do

let a be a prefix of maximal length that is shared
by two or more production choices for A

if a # & then
letA— ;| o] .. .| a,be all the production choices Jor A
and suppose that o, . . . , oy share o, so that

A—aB|...|aBe|ogsr|.. .|, the B;’s share



no common prefix, and the oy 1, . . o, do ot share o
replace the rule A — oy | oz | . . . | o, by the rules
A>aA | ]...|a,
A =B B
4.4
stmt-sequence - stmt ; stmt-sequence | stmt
stmt - s
stmt-sequence
stmt-sequence — stmt stmt-seq¢
stmt-seq¢ — ; stmt-sequecne | e
stmt-sequence
stmt-sequence - stmt-sequence; stmt | stmt
stmt-sequence — stmt stmt-seq¢
stmt-seq¢ - ; stmt stmt-seq¢| e
stmt stmt-seq¢
sequence
45 if
if-stmt - i f ( exp) statement
|[i f ( exp) statement el se statement
if-stmt - i f ( exp) statement else-part
else-part - el se statement |e
422 4-2
4.6
+

exp - term+ exp | term

exp — termexpt
expt - + exp |e

4.4 2 exp term exp¢

exp — termexpt
expt - + termexptle

stmt-



4.7 LL(2)
statement — assign-stmt | call-stmt | other
assign-stmt - identifier :=exp
call-stmt - 1dentifier( exp-list)
identifier assign-stmt  call-stmt 1 LL(2)
identifier
assign-stmt  call-stmt
statement - identifier =exp
| identifier ( exp-list)
| other
statement - identifier statement¢
| other
statement¢ - :=exp | ( exp-list)
statement¢
LL(2)
LL(2)
LL(2)
424  LL(1)
LL(1) 421
LL(1)
LL(2)
4.8 BNF

E-E+n|n

LL(1)
E - nE¢
E¢- + n E¢|e



value stack 1
1 match 2
#)
13 +11 E¢
E¢- + n#E¢|e
Ec¢
3+4+5
4-5
4-5 4.8
$E + 4+ B E-nFE $
$ECN + 4 + 5 / $
$E + 4 + 5% E - +n#FE 33
$E #n+ + 4 + 5% 3%
$E' #n 4 +5% / 3%
$E'# +5% 43%
$E +5% E' - +n#E 7%
$E #n+ +5% 7%
$E #n 5% / 7%
$E # $ 57%
$E' $ E'-e 12%
$ $ 12%
4.3 First Follow
LL(1) LL(1)
First Follow
LL()
4.3.1 First
X € First (X)
€
1. X € First (X) ={ X}
2. X X=X X, ... X First (X) First

.(Xl)—{s} i <n First (X,), . . ., First (X.)



3 First (X) First (X ,) - {e}
) € First (X) £
a=XX, ... X
First (a) First (X,) - {¢} i=2,...,n
i-1 First(X ) € First (a) First (X ) - {e}
i=1,...,n First(X) £ First (a) €

(A First a First n
n a
4-5

4-5 A First (A)

First (o)

First (X)), ..., First (X

k=1,...,

A

First
First

for all nonterminals A do First(A) := {};
while there are changes to any First(A) do
for each production choice A — XX, . . . X, do
k:= 13 Continue := true
while Continue = true and k <= n do
add First(X,)—{€} to First(A);
if & is not in Firs«(X,) then Continue := false ;
ki=k+1;
if Continue = true then add e to First(A) ;

€
A-X ... First (A) First (X, )
4-5 k=1 while
€ € First (X))

4-6 £ 4-5

for all nonterminals A do First(A) := {};
while there are changes to any First(A) do
for each production choice A — XX, . .. X, do
add First(X,) to First(A);

Ab *¢g A nullable

First (A) € A
A First (A) £
Ab ¢
First (A) First (¢) ={ &} <n

AP X...X P *e n AnX .. X

Asce



X e X
X b *e n
i First(X) € First (A) €
First
4.9 ©
exp — exp addop term | term
addop - + |-
term - term mulop factor | factor
mulop — *

factor -~ ( exp) | number

(1) exp — exp addop term
(2) exp - term
(3) addop - +
(4) addop - -
(5) term - term mulop factor
(6) term - factor
(7) mulop - *
(8) factor — ( exp)
(9) factor - number

€ 4-6

15 First @ 1 First (exp)
First (exp)

4-6 1
2 First (term) First (exp) First (term)
3 4 First (addop) R First (addop) = {+, - } 5
6 First (factor) First (term) First (factor)
7 First (mulop) * First (mulop) = {*} 8 (
First (factor) 9 number First (factor) First (factor) ={ (, number
} 1 1 5
(First(term) 6 First (factor) First (term) First (factor) = {(, number
} First (term) = {(, number } 8 9
1 2 First (term) First (exp)
First (exp) ={(, number} 4

e LL(2) LL(2)
First
® € First



First
First (exp) ={(, number}
First (term) ={(, number }
First (factor) ={(, number }
First (addop) ={ +, - }
First (mulop) ={*}

factor 4
2 4-6
4-6 4.9 First
1 2 3
exXp — exp
addopterm
exp - term First (exp) =
{(, number}

addop - + First (addop)

={+}
addop - - First (addop)

={+-}
term - term
mulop factor
term - factor First(term) =
{(, number}

mulop - * First (mulop)

={*}
factor — ( exp) First (factor)

={(}
factor - number First (factor) =

{(, number}

4.10 if 45
statement - if-stmt | other
if-stmt — i f (exp) statement else-part
else-part - el se statement |e
exp - 0|1
£ else-part
First € €



(1) statement — if-stmt

(2) statement —» other

@) if-stmt - i f ( exp) statement else-part
(4) else-part - €lse statement

(5) else-part - ¢

(6)exp - 0
(MNexp -1
First
First (if-stmt) 1 2
other First (if-stmt) First (statement) = { other} 3 if First (if-
stmt) First (if-stmt) = {i f } 4  First (else-part) el se First (else-part)
={el se} 5 First (else-part) € First (else-part) = {el se, &} 6 7
01 First (exp) First (exp) = {0, 1} 1
First (if-stmt) if if First (statement) First
(statement) = {i f, other} 2 3
First
First (statement) ={i f , other}
First (if-stmt) = {i f}
First (else-part) ={el se,e}
First (exp) ={0, 1}
4-7 4-6
4-7 4.10 First
1 2
statement — if-stmt First (statement) =
{i f,other}
statement - other First ( statement) =
{other}
if-stmt — i f ( exp) First (if-stmt) =
statement else-part {if}
else-part - el se First (else-part) =
statement {el se}
else-part— ¢ First (else-part) =
{el se.c}
exp - 0 First (exp) ={ 0}
exp » 1 First (exp) ={0, 1}
4.11 4.4

stmt-sequence — stmt stmt-seq¢
stmt-seq’ — ; stmt-sequence |e



stmt - s

(1) stmt-sequence — stmt stmt-seq¢
(2) stmt-seq¢ — ; stmt-sequence

(3) stmt-seqt - ¢
(4) stmt — s
1 1 2 3 First (stmt-seqd = {; ,e} 4
First (stmt) ={s} 2 1 First (stmt-sequence) = First (stmt) = { s}
3 First

First (stmt-ewquence) ={ s}
First (stmt) = {s}
First (stmt-seq¢) ={; e}

4-6 4-7
4.3.2 Follow
A Follow(A) $
Follow(A)
1. A $ Follow(A)
2. B-aAg First (g -{e} Follow(A)
3. B-aAg e First(g) Follow(A) Follow(B)
Follow
g Follow
$
Follow
Follow
“ Tog Follow
e First
Follow $
EOF
Follow First
Follow LL(2)
Follow
Follow “ K First
“ ” a A A-a A Follow
A Follow (A)
Follow First
First
A-aB Follow (B) (3) Follow (A)

A A aB “ "



First A-Ba First (A) First (B) €

4-7 Follow Follow
3 Follow 3 First First

4-7 Follow

Follow(start-symbol) := {$} ;
for all nonterminals A # start-symbol do Follow(A) := {} 3
while there are changes to any Follow sets do )
for each production A — XX, . . . X,, do
for each X; that is a nonterminal do

add First(X;11X;+2 - . - X,,) — {&} to Follow(X})

(* Note: ifi=n, then X; 1 Xi12 ... X, = &%)

ifeisin First(X,-+ ]Xi+2 e Xn) then

add Follow(A) to Follow(X)

412 49 First

First (exp) ={(, number }
First (term) ={(, number }
First (factor) ={(, number }
First (addop) ={ +, - }

First (mulop) ={*}

(1) exp - exp addop term
(2) exp - term

(3) addop - +

(4) addop - -

(5) term - term mulop factor
(6) term - factor

(7) mulop - *

(8) factor - ( exp)

(9) factor — number

3 4 7 9 Follow
Follow (exp) = {$} Follow
1 3 Follow exp addop term First (addop) Follow
(exp) Follow (exp) ={$, +, -} First (term) Follow (addop)
Follow (addop) ={ (, number} Follow (exp) Follow (term) Follow
(term) ={$, +, -}
2 Follow (exp) Follow (term) 1

Follow



5 3

First (factor)
Follow (term)

6

8 First ())={)}

Follow (factor) (

First

First (mulop)

Follow (factor)

Follow (term)
Follow (mulop) Follow (mulop) = {(, number}
Follow (factor) ={$, +, -, *}

Follow (exp) Follow (exp) ={$, +,-,)}
Follow (term) ( Follow (term) = {$, +, -, *,)})
Follow (factor) ={$, +,-,*,) }) 3

Follow
Follow (exp) ={$, +,-,)}
Follow (addop) ={ (, number}
Follow (term) ={$, +,-,* )}
Follow (mulop) ={(, number}
Follow (factor) ={$, +,-,*,)}

4-8

Follow

exp - term term - factor

Follow (term) ={$, +, -, *}

5

4-8 4.12 Follow
1 2
exp - exp addop Follow (exp) = Follow (term) =
term {$+-} {$+-.%)}
Follow (addop) =
{(, number}
Follow (term) =
{$v +, -}

exp - term
term - term mulop
factor

Follow (term) =
{8+ -7}
Follow (mulop) =

Follow (factor) =

{$+-.*)}

{(, number}
Follow (factor) =

{$+-.%}
term - factor
factor — ( exp) Follow (exp) =
{$+-)}
4.13 if 4.10 First

First (statement) ={i f , other}
First (if-stmt) ={i f }
First (else-part) ={el se,e}



First (exp) ={0, 1}

(1) statement — if-stmt

(2) statement — other

(3) if-stmt - i f ( exp) statement else-part
(4) else-part - el se statement

(5) else-part - ¢

6)exp - 0
(Mexp-1
2 5 6 7 Follow
Follow (statement) = { $} Follow 1
Follow (statement) Follow (if-stmt) Follow (if-stmt) = { $} 3 exp
statement else-part Follow Follow (exp) First())={)} Follow (exp) =
{1} Follow (statement) First (else-part) - { €} Follow (statement) = {$, el se}
Follow (if-stmt) Follow (else-part)  Follow (statement) if-stmt
1 Follow (else-part) = {$} 2 4 Follow
(else-part) Follow (statement)

2 1 Follow (statement) Follow (if-stmt) Follow (if-
stmt) = {$, el se} 3 el se Follow (else-part) Follow (else-
part) = {$, el se} 4 3

Follow
Follow (statement) ={$, el se}
Follow (if-stmt) ={$, el se}
Follow (else-part) ={$, el se}
Follow (exp) ={) }
4.14 411 Follow
(1) stmt-sequence — stmt stmt-seq¢
(2) stmt-seq¢ - ; stmt-sequence
(3) stmt-seq¢ - ¢
(4) stmt - s
411 First
First (stmt-ewguence) ={s}
First (stmt) ={s}
First (stmt-seq® ={; ,¢}
3 4 Follow Follow (stmt-sequence) = { $}
Follow 1 Follow (stmt) ={;} Follow (stmt-seqd = { $}
2 Follow

Follow (stmt-eequence) = { $}



Follow (stmt) ={; }
Follow (stmt-seqd) = {$}

4.3.3 LL(1)
LL(2) 4.2.2
1) A-a ab *ab a A-a
M [A, a]
2) Aoe & S b *aAab S a
$ Aoe M [A, a]
1 a First (a) 2 a Follow (A)
LL(2)
LL(1) MI[N, T] A A-a
1) First (a) a A-a M [A, q]
2) ¢ First(a) Follow (A) a $ A-a
MIA, a]
LL(1)
BNF LL(1) LL(1) grammar
1 A-a |a,|.|a, i J 1=i jsn i#z] Frst(a)
CFirst (a,)
2. A First (A) 3 First (A)CFollow (A)
4.15
49
exp - termexpt
exp¢ —» addop term expt|e
addop - + |-
term - factor term¢
term¢ » mulop factor term¢|e
mulop - *
factor » ( exp) | number
First Follow
First (exp) ={(, number} Follow (exp) ={$, ) }
First (exp ={+, - ,&} Follow (expd ={$,) }
First (addop) ={ +, - } Follow (addop) = { (, number}
First (term) ={(, number} Follow (term) ={$, ), +, -}
First (termd ={* ¢} Follow (term@ ={$, ) , +,-}

First (mulop) ={*} Follow (mulop) = { (, number}



First (factor) ={(, number} Follow (factor) ={$,),+,-,*}
LL(1) 4-4

4.16 if

statement - if-stmt | other
if-stmt — i f ( exp) statement else-part
else-part - el se statement |e

exp - 0]1

First Follow 4.10 413
First (statement) ={i f , other} Follow (statement) ={$, el se}
First (if-stmt) ={i f } Follow (if-stmt) = {$, el se}
First (else-part) ={ el se,e} Follow (else-part) ={$, el se}
First (exp) ={0, 1} Follow (exp) ={) }

LL(1) 4-3

4.17 4.4 )

stmt-sequence — stmt stmt-seq¢
stmt-seq¢ - ; stmt-sequence |e

stmt - s
First Follow
First (stmt-ewquence) = { s} Follow (stmt-eequence) = {$}
First (stmt) ={s} Follow (stmt) ={; , $}
First (stmt-seqd ={; ,e} Follow (stmt-seqd = {$}
LL(2)
MI[N, T] s ; $
stmt-sequence stmt-sequence -
stmt stmt-seqe
stmt stmt - s
stmt-seq¢ stmt-seq¢ - stmt-seq¢ - ¢
) stmt-sequence
4.3.4 LL(K)
k First @)={ w |aP *w} w
w, = w k w k W
Follow, (A) ={ w, |S$ P * aAw} k=1
LL(K)
LL(k)

LL(K) Follow



LL(k) LL(k) LL(k) (Strong LL (k)
parsing) SLL(K) SLL(K) parsing “ "
LL(K) SLL(K)
k LL(1)
LL(K) k LL(k)

LL(K)
4.4 TINY

B TINY
3.7

4-8 EBNF 3 31

4-8 EBNF TINY

program — stmt-sequence

stmt-sequence — statement { ; statement }

statement — if-stmt | repeat-stmt | assign-stmt | read-stmt | write-stmt
if-stmt — 1f£ exp then stmt-sequence [ else stmt-sequence | end
repeat-stmt — repeat stmt-sequence until exp

assign-stmt — identifier :=exp

read-stmt — read identifier

write-stmt — write exp

exp — simple-exp [ comparison-op simple-exp |

comparison-op — < | =

simple-exp — term { addop term }

addop — + | -

term — factor { mulop factor }

mulop — * | /

factor — ( exp ) | number | identifier

TINY 4.1
parse.h parse.c parse.h B 850 865

TreeNode * parse (void);

parse parse
parse.c B 900 1114 11
4-8 EBNF stmt-sequence statement 5
5 4
program
par se st mt _sequence
t oken
mat ch get Token
synt axError parse t oken 1
stm _sequence st nmt _sequence
st m _sequence



B 350 526

1) newSt nt Node 405
2) newkExpNode 423
3) copyString 442

C

st nt _sequence

util.h B 300
421
440

455

copyString

util.c

TINY 3

traceParse

printTree

util.c
traceParse

473 506

printTree
3-3
4-9

4-9 printTree TINY

util.c
335

3-6

Read: x
If
Op: <
const: 0
Id: x
Assign to: fact
const: 1
Repeat
Assign to: fact
Op: *
Id: fact
Id: x
Assign to: x
op: -
Id: x
const: 1
Op: =
Id: x
const: 0
Write
Id: fact

4.5



recognizer

1
error correction
error repair
minimal distance error correction
1)
2)
3) error cascade problem
4)
45.1
panic mode

synchronizing token

scan ahead

© Wirth [1976]



Follow Follow
First

4.1.2
4-1
error
scanto
procedure scanto ( synchset ) ;
begin
while not ( token in synchset E{ $}) do
getToken ;
end scanto ;

procedure checkinput ( firstset, followset ) ;
begin
if not (token in firstset ) then

error ;
scanto ( firstset E followset ) ;
end if ;
end;
$ EOF

exp factor
procedure exp ( synchset ) ;
begin
checkinput ({ (, number }, synchset) ;
if not ( token in synchset ) then
term ( synchset ) ;
while token = + or token =- do
match (token) ;
term ( synchset) ;
end while;
checkinput ( synchset, { (, number});
end if;
end exp ;

procedure factor ( synchset ) ;

begin
checkinput ({(, number}, synchset ) ;
if not (token in synchset ) then

checkinput

synchset

match



case token of

( :match (();
exp({)});
match() ) ;
number :
match(number) ;
elseerror ;
end case;
checkinput ( synchset, { (, number}) ;
end if ;
end factor ;
checkinput First
Follow synchset
checkinput  error (2+-3)*4-+5 1
2
synchset
factor Follow
exp synchset
(2+%)
C
452  LL(1)
LL(2)
synchset
checkinput ©
A First(A) €
First(A) First (A))
4-2
checkinput
LL(1) A First(A) €
First(A) First (A)) 3
1) A
2)
3

e checkinput 4.2.4



$ Follow(A) 1 $
First(A)E Follow(A) 2 3
1 pop 2
scan pop €
LL(2) 4-4 4-9 (2+%)
LL(1) 4-10 1
(2+ E exp E¢C  expt
2 1
4-9 LL(1) 4-4
MIN, T] ( number ) + - * $
exp exp - exp - pop scan scan scan pop
term exp¢ term exp¢
expt scan scan expt- ¢ expé- expt-
addop addop scan expt- ¢
term exp¢ term exp¢
addop pop pop scan addop - addop - scan pop
+ -
term term- term-—
factor factor pop pop pop scan pop
term¢ term¢
term¢ scan scan termé- e termé- ¢ termé- e term¢ - termé- e
mulop
factor
term¢
mulop pop pop scan scan scan mulop - * pop
factor factor - factor - pop pop pop pop pop
(exp) number
4-10 LL(1) 4-9
$ECTC) ECT *)$
$ECTE) ECT )$
$ECTC) EC )$ E¢C-¢
$ECTE) )$
$ECTC $ T¢-¢
$EC $ E¢-¢
$ $
453 TINY
B TINY



write
5: read x
6: if 0 <
7: fact
8: repeat
9: fact
10: X
11: unti
12: write
13: end
14:

Syntax error
Syntax error
2
5: read x
6: if 0 x
7: fact
8: repeat
9: fact
10: X
11: unti
12: write
13: end
14:
4
Syntax error
Syntax error
Syntax error
Syntax error
TINY
EBNF

statenent ();

while (token=

mat ch

statement factor
par se

x then

= 1;

= fact * x;
=X - 1

x =0
fact ; {<- - BAD SEM COLON ! }
at line 13: unexpected token -> reserved word: end
at line 14: unexpected token -> EOF

13 <H

then { <- - COMPARI SON Ml SSI NG HERE! }
=1

.= fact * x;
=X - 1

x =0
fact
at line 6 unexpected token -> ID, name = x
at line 6 unexpected token -> reserved word: then
at line 6 unexpected token -> reserved word: then
at line 7 unexpected token -> I D, name = fact

1 mat ch
2 stm _sequence

=SEM )

{ match(SEM )



statenment ();
}
st _sequence

statement ()
while ((token!= ENDFILE) && (token!= END) &&
(token!= ELSE) && (token!= UNTIL))
{ match(SEM );
statenent ();

}
4 stmt_sequence Follow
First statement factor

Follow First

stnm _sequence

mat ch
statenment factor
41 4.1.2 exp term factor
4.2 A-(A)A|e
4.3
statement — assign-stmt | call-stmt | ot her
assign-stmt — identifier: = exp
call-stmt — 1dentifier( exp-list)
4.4
lexp — number |( oplexp-seq)
op - +|-|*
lexp -seq — lexp -seq lexp | lexp
exp 3 3.13
45 4-4 LL(2)
a. 3+4*5-6 b. 3* (4-5+6) c.3-(4+5*6)
4.6 422 1 LL(2)
a.(())0 b.(()()) c.()(0))
47 A (AA|e
a. A First Follow
b. LL(2)

4.8



lexp — atom]|list

atom - number |identifier

list » ( lexp -seq)

lexp -seq — lexp -seq lexp | lexp

First Follow
LL(D)
LL(2)

o0 op

(a (b (2)) (c))
LL(D)
4.9 4.8
lexp — atom | list
atom - number | identifier
list - ( lexp-seq)
lexp -seq - lexp, lexp -seq | lexp

First Follow
LL(1)
LL(2)

oo o

(a, (b, (2))., (c))
LL(1)
4.10 C
declaration — typevar-list
type — i nt [f] oat
var-list - identifier, var-list | identifier

First Follow
LL(2)
LL(2)

® 20 T

int x,y,z
LL(2)
4.11 4-4 LL(2)
default entry

4-4
412 a. LL(D)
b. LL(D)



413
4.14
415

4.16

4.17

4.18

4.19
4.20

421

4.22

c. LL(1)

LL(2)
4.3.3 First Follow
S S A SAS ={First(xy)| x S,
y's}
a A B First(AB) = First (A) A First(B)
b. 433 A-a A-b (First (a) A
Follow(A))C(First(b) A Follow(A))
A A
a.
b.
C. First
Follow LL(2)
4.3.3
4.16
4.15 First Follow
a. 4.7 First Follow
b. €) LL(2)
A - aAale
a. LL(2)
b.
procedure A ;
begin
if token = a then
getToken ;
A;
if token = athen getToken ;
else error ;
elseif token < > $then error ;
end A;
C. backtracking
unGettoken
A A
A-aAa
Aoce (b) aaaa$
4-8 TINY

TINY



if O then write 1>0 else x := (x<1)+1 end

TINY if repeat
write assign
4.23 and or not 4-8 TINY 35
4.24 4.23 TINY 4.22 4.23
4.22
4.25 451
while (2)(3)
2
4.26 4-9 (2+-3)*4-+45 LL(2)
4.27 4-2  LL(D)
(2+-3)*4-+5
428 a. TINY st nt _sequence
TINY )
X 1= 2
y 1= x + 2
b.
X 2
y 1= x + 2
o stnt _sequence

statement ();

whi | e(t oken = SEM )

{ match(SEM ) ;
statenment();

}
stnt _sequence a b

4.29 4-1

%

oo o

- 3.12
4.30 4-1
431 4-1



432 a 4-1 3.3.2

b. a
4.33 4-1 4-1
434

lexp — number | ( oplexp-seq)
op - +[-|*
lexp -seq — lexp -seq lexp | lexp

LISP
34-3%42 (- 34 (* 3 42))

435 a.

b. a
4.36 a. 3.4

NFA Thompson 2
b. NFA a
DFA
c. (b)
DFA grep
4.37 <= > >= <>
TINY

4.38 4.22 TINY
4.39 4.23 TINY
440 a. 4-1 45.1

b. a
441 TINY match

mat ch mat ch
synt axError
synt axError mat ch

442 451 TINY
4.43 LL(1) “ "

Wirth [1976] c



typedef struct rulerec
{ struct rulerec *next, *other;
int isToken;
uni on
{ Token name ;
struct rulerec *rule ;
} oattr
} Rulerec ;

next ot her

factor -~ ( exp) | number

O0expO OO

T

— TRUE FALSE I TRUE )
NULL NULL NULL
TRUE number
NULL NULL
isToken |name/rule
other next
a 4-1 €
BNF
20 60 Algo160  [Naur, 1963] BNF
Hoare
[1962] Haskell Miranda

Lester [1992] Hutton [1992] Wirth [1976]

LL(1) 20 60 70

Peyton Jones
EBNF

Lewis Stearns



[1968] Fischer ~ LeBlanc [1991] LL(k)
SLL(2) LL(2) Parr Dietz Cohen [1992] LL(k)

Graham Harrison

Ruzzo [1980]
Wirth [1976] Stirling [1985] LL(K)
Burke  Fisher [1987] Fischer and LeBlanc [1991] Lyon [1974]
5
—Yacc Antlr
Purdue Compiler Construction Tool Set(PCCTS) Parr Dietz and
Cohen [1992] Antlr  EBNF

Fischer ~ LeBlanc [1991]
LLGen LL(1)



* LR(0) LR(0)
* SLR(1)
LR(1) LALR(1)
LL(1)
parsing)(L R
)
(
parsing LR(1) ) LR(1)
(LALR(1) parsing LR(1) )

LR(D) SLR(1) LR(1) LALR(1)
Yacc( LALR(1) )
TINY 5
)
) TINY
Yacc
BNF
NFA DFA ( 2
(3 3.2 33 )

e Yacc:
Yacc

LR(0)

SLR(1)

2.3

TINY

24 )
Follow

LALR(2)
TINY

LR(1)  (LR(1)
1

(LR(0) parsing)
) SLR(1) (SLR(1)
LALR(1)
LR(1)
LR(0) DFA

Yacc

(

(4 43 )



5.1

$ InputString $
$ StartSymbol $ accept
(
(
1)
2) BNF  A-a a
- shift
reduce BNF @
(augmented) S St
- S
51
S-S
S~ (S) Sl
51 ()
5-1 5.1

1 $ ()$
2 $( ) $ S-e
3 $(S ) $
4 $(S) $ So¢
5 $(9 S $ S- (9 S
6 $S $ SIS
7 $S¢ $
S] -
® BNF

reduce



5.2

E¢- E
E-E+n|n
5-2 + n
5-2 5.2
1 $ n+n$
2 $n +n$ E-n
3 $E +n$
4 $E+ n$
5 $E+n $ E-E+n
6 $E $ E¢. E
7 $EC $
(
)
5-1 5 S
S- (9 S 6 S St S
S-(9 S 5 (S S
5-2 3 E 6
E E¢- E 3
+” 6 $
) —_
5-1 4 4
Stb Sb (9 P S(9 P ()
5-2
E¢CP EP E+Nnb n+n
(right sentential
form) -
E+n 5-2 3 4 5 Il
( ) 5-2 3 E|l+n
4 E+|n



(viable prefix) E E+ E+n E+n n+n
€ n ( 52 1 2 ) n+ n+n
(handle)®
n+n n E+n
E-n E+n( ) E-E+n
( )
€ 51 )
C )
5-1 3 S-¢ (S9 €
(9
5.2 LR(0) LR(0)
5.2.1 LR(0)
LR(0) (LR(O) item)( (item))
( )
A-a b g €
bg =a A-Db.g LR(0) LR(0)
5.3 51
S¢S
S-(S) Sle
3 8
St-. S
St S
S-.(S)S
S-(.S) S
S-(S)S
S-(S).S

S.(S)Ss




S-.

5.4 5.2 8
E¢.. E
E¢ E.
E-.E+n
E-E. +n
E-E+.n
E-E+n.
E-.n
E-n.
-~b.g A-a a=bg b
g b Ao .a
A-a A( (initial item) A-a.
a A-a
complete item
5.2.2
LR(0) -
LR(0) NFA 2
LR(0) DFA LR(0) DFA
LR(0) NFA A-a.g g X X
A-aX.h X
A-aX.h
X X
e
X X
X X-b
b X-.b
( b A-a.Xh X X->b

LR(0)  NFA NFA



NFA S
S S-.a
S
S-S (augment) S¢
e (augmented grammar) S .S NFA
NFA NFA
2
NFA NFA (NFA
)
LR(0) NFA
LR(0) NFA
5.5 53 5.1 8 LR(0) NFA 8 51
S S €-

51 55 LR(O)  NFA
5.6 54 5.2 LR(0) 5-2 NFA
E-.E+n € (
)
2
NFA DFA LR(0)
NFA
5.7 51 NFA DFA .S €-
3 {St.5S-.(S)SS-.} S . .S St S

DFA {St. S} ( st S



( DFA {S-(.S) SS-.(5S)SS-.}{S- (.

S) S} e DFA  {S-(.S)SS-.(S)SS-.} ( S
{S-(8S) s} ( {S-(S).S S-.(S)Ss- .}

( {S-(.S)SS-.(S)SS-.}

5-3 DFA ( 0 )

§ — (5 S

§—.

5-3 51 NFA DFA
5.8 5-2 NFA DFA 3 {E¢-~ .E,E-.E+n, E -.n}
E E¢- .E E¢ E. E E-.E+n

E-E +n E DFA { E¢» E.,, ESE. + n}

€ €
DFA n E-.n E

- n E-n. ¢ €
DFA { E-> n.}

{E¢» E, ESE. + n} + E

-E. +n E-E +.n E-E +.n € DFA



DFA
54 5-2 NFA DFA
LR(0) DFA €
€- (closure item) (kernel
item) 5-4 0 E¢-.E ( ) E-E+n E-.n
5-3 2 S-(.S) S S-.(S)S S-. NFA ¢
DFA DFA
( Yacc )
DFA NFA
8_
Yacc DFA
5.2.3 LR(0)
LR(0) DFA
$ 0
$0 InputString $
n 2( DFA 5-4 n
)

$0n2 InputString $




LR(0) DFA
LR(0) (LR(0) parsing algorithm) S (
)
1 s A-a.Xb X
X S
A-aX.b
S X
2. S ( A-a. )
S-S ( S )
DFA a
DFA a a
DFA B-a.Ab
B-aAb
DFA A (
LR(0) (LR(0) grammar)
A-a.
A-aXb X )
(2) - (shift-reduce conflict)
B-b.
B-b - (reduce-reduce conflict)
( )
LR(0)
LR(0) 5-3
4 LR(0) - 5-4 DFA
- LR(0)
LR(0)
5.9
A- (A)]la
5-5 DFA LR(0)
((a)) 5-3
0 1
DFA ( 0 3 3
( (
a a 3 2 5-3
1 2 a
A 3 4 A 4
) 5 A- (A
5 4 3 ) A )

A-a.Xb
A-a
a
A
A
)
(1)
(A-a
0 2
1
LR(0)
LR(0)
(
3
4
3
)
)
3 A



4 ) 5 A~ (A)
( (3A4)5 0 A
0 A 1
SR
A — A.

O

R

VA——-—)a.

N ©)

R

A—5 (A.) ) A — (A).
O
55 59 DFA
5-3 5.9
1 $0 ((a)) s
2 $0( 3 (a)) $
3 $0( 3(3 a)) s
4 $0(3(3az2 )) $ A- a
5 $0( 3( 3A4 ))$
6 $0(3(3A4)5 ) $ A- (A)
7 $0( 3A4 ) $
8 $0( 3A3) 5 $ A- (A)
9 $0A1 $
DFA LR(0) LR(0)
DFA
LR(O) “ n " ”
( DFA)
( )
goto
5-4 59



5-4 5.9
Goto
( a ) A
0 3 2 1
1 At A
2 Ao a
3 3 2 4
4 5
5 A~ (A)
5.3 SLR(1)
5.3.1 SLR(1)
LR(2) SLR(1) LR(0) DFA
LR(0)
DFA
4.3 Follow
SLR(1) (SLR(1) parsing algorithm) S (
)
1 s A-a.Xb X X
A-aXb
2. S A-g Follow(A)
A-g St S S
$ e
a
DFA a B-g Ab
A B-aAb
3.
SLR(1) SLR(1) (SLR(1) grammar)
S
1 S A-a.xXb X X Follow (B) S
B-g
2) S A-a. B-b. Follow(A) N Follow(B)
) St Follow $ St x-S



SLR(1)
1 - (shift-reduce conflict) 2
- (reduce-reduce conflict)
LL(2)
SLR(1) LR(0)
SLR(2) ( )
” $
SLR(1) SLR(1)
1
5.10 5.8 DFA 5-4
LR(0) SLR(1) Follow Follow(EQ ={$} Follow (E) ={$, +}
5-5 SLR(1) S r
+ 1 3 + 2
E-n $ 1 ! ” r(E-E)
5-5 5.10 SLR(1)
Goto
n + $ E
0 2 1
1 s3
2 r(e-n) r(E-n)
3 s4
4 r(E-E+n) r(E~E+n)
n+n+n 5-6 1
0 “ s2" 2 5-6
“ shift 2” 2 2
E-n 2 n 0
E E Goto 0 1 3 + 1
3 n 3 4
+ 4 E-E+n E+n
0 E Goto 1
5-6 5.10

1 $0 n+n+n$ 2




2 $0n2 +n+n$ E-n
3 $0E1 +n+n$ 3
4 $0E1+3 n+n$ 4
5 $0E1+3n4 +n$ E-E+n
6 $0E1 +n$ 3
7 $0E1+3 n$ 4
8 $0E1+3n4 $ E-E+n
9 $0E1 $
511 5-3 LR(0) DFA
Follow (S = {$} Follow (S) ={$,)} 5-7 SLR(1) LR(0)
0 2 4 €- Soe 5-8 SLR(1)
() ()
S- (S)S
5-7 5.11 SLR(1)
Goto
( ) $ S
0 s2 r(S-e) r(S-e) 1
1
2 s2 r(S—e) r(S-e) 3
3 s4
4 s2 r(S-e¢) r(S-e) 5
5 r(S- (S)9 r(s-(Ss)9
5-8 5.11
1 $0 (Y() $ 2
2 $0( 2 Y () $ S-¢
3 $0( 2S3 () $ 4
4 $0( 2S3) 4 ()$ 2
5 $0(2S3) 4(2 ) $ S-¢
6 $0(2S3) 4( 2S3 ) $ 4
7 $0( 2S3) 4( 2S3) 4 $ Soe
8 $0(2S3) 4(2S3) 4S5 $ S.(S)S
9 $0( 2S3) 4S5 $ S.(S)s
10 $0S1 $




SLR(1)

5.3.2
SLR(1) -
- (
( ) -
if else 5.12
5.12 if ( 3 343 )
statement - if-stmt | other
if-stmt - i f ( exp) statement
|[i f ( exp) statement el se statement
exp - 0|1
DFA
( else )
S - | |other
| - if S|if SelseS
5-6 DFA SLR(1) S | Follow
S— .8 R O
§— .1 ©
§ — .other
I— if § I S —1.
I—> .if Selse § ®
@/
\:‘:f 1 1

other ,

I

I —if.S
1 —>if.S elseS

S—s .

I — if § elge.S
S—.I

S — .other

I —> if §

I —> .if S elseS

O)

S —— .other
LAE S

I —.

I —

I — if S.elsesS

®

[1 —ifS elsos.@j

56 512 LR(0)

DFA



Follow (S) = Follow (1) = {$, el se }

else DFA 5
| -if S | - ifS else $ | - if SelseS
el se else SLR(1) -
( DFA 6 7
)
5-9 SLR(1)
Q) s-1
(2) S - other
BRI -ifs
@1 -if SelseS
St S
Goto
5-9 5 el se sb
$ r3 3 ( I-if 9
5-9 -
5-9  5.12 SLR(1) ( )
Goto
if El se ot her $ S
0 s4 s3 1
1
2 rl rl
3 r2 r2
4 s4 s3 5
5 s6 r3
6 s4 s3 7
7 r4 r4
5.3.3 SLR(1)
SLR(2) LR(0) LR(0)
SLR(1)
LR(1) LALR(1) SLR(1)

5.13 Pascal C



stmt - call-stmt | assign-stmt
call-stmt — identifier
assign-stmt — var : = exp

var — var [ exp] | identifier
exp — var | number

S id|V:=E
V- id
E- V|n
SLR(1) DFA
S¢S
S-.id
S-\V:=E
V. id
id
S-id.
V- id.
Follow (S ={$} Follow (V) ={:=,$}( VoV:=E =
E \% $) SLR(1) $
S-id V- id ( - )
SLR(1) ! ” $ V-id
5.3.4 SLR(K)
SLR(1) SLR(k)
k=1 First, Follow, Sr(k)
1) S A-aXb X ) Xwl First, (Xb)
A-aX.b
2) s A-a. wl Follow, (A) K
A-a

k>1  SLR(K) SLR(1) k



SLR(1) LRLA(1)
5.13 SLR(1)
SLR(2) k
54 LR(1) LALR(1)
LR(2) LR(1) (canonical)
SLR(1)
LR(1)
LR(1) ——  LRLA@)( “ " LR )
SLR(1) LALR(1)
5.4.1 LR(1)
SLR(1) LR(0) DFA
LR(1)
DFA LR(0)
LR(1) (LR(1) item) LR(1) LR(0)
LR(1)
[A-a.ba]
A-alb LR(0) a ( )
LR(1) LR(1)
LR(0) LR(0) €-
DFA &- LR(0) LR(1)
(e ) LR(0)
LR(1) (1 ) (definition of LR(1) transitions (part 1))
LR(1) [A-a.Xg 4] X ( ) X
[A-aXg, a]
a

LR(1) (2 )

(definition of LR(1) transitions (part 2))

LR(1) [A-a.Bga] B B-b
(®) b [B-.b,b] e
€- B
a.Bg,a] B B
First (ga) g
aBg B a Follow (A) First (ga) c Follow (B)

SLR(K)

LR(2)
Yacc

DFA

First

[A-

(B



- .b,b] b Follow (B) LR(2) First (ga) Follow
(B) (SLR(1) Follow b)
g a b (
) g € [A-a.Ba] [B-.b, a] €-
LR(1) DFA LR(0)
St .8 S ) LR(1) NFA
[St- .S 9] $ ( Follow (S¢) )
S $
LR(1) DFA
5.14 5.9
A- (A)]a
LR(1)  [A¢-.A, $] LR(1) DFA
&- DFA A (
g g [A-.(A). 8] [A-.a, %] e (
First (g8) = {$}) ( 0 3
0 [Act A, 9]
[A-. (A), 9]
[A-. a9
A [AC- A, $]
[AC-A., $]
1
1 [A¢- A, 3
(  LR@ )
0 ( [A-. (A). 9
e-
[A-. (A))] [A-.a,)] e [A- (.A). 9]
A A Follow First()$)={)}
DFA
2 [A- (.A),$]
[A-.(A),) ]
[A-.a,) ]
0 [A-a., $]

3 [A-a.,$]
2 A [As (A. ). 8 e

4 [A- (A ), 9]



( [A- (. A))) ]
[A-. (A),))]
1
a
3
5 (
a
) 8
LR(1)
LR(0) DFA (
LR(0)

€- 2
[A-.a,) ]
[A-. (A),)]
[A-.a,) ]
2
2 6
6 [A-a.,) ]
4 )
7 [A- (A)., 9
8 [A-(A.))) ]
6
9 [A- (A).,)]
DFA 10 5-7 DFA
5-5), LR(1) DFA
10 LR(2)

[A'—.A. 8] A
[A —.(4),9]
[A —>.a,$]@ a

(

/

(4 —> 4..8]

\ @]

A— .48 LA (14— 8 ) (14— (A)-,$]]
A —. ()]
A —>.a)] ~ O @
NO)
A —> a.,)]
( . ®
A (1A — (4))]

[A— (.A))]
[A—>.(4),)]

[A —.a,))] @

[A — (4).,)]

57

514 LR(1)

o

DFA

o

\.




5.4.2 LR(1)

DFA
LR(1) SLR(1) LR(1)
Follow
LR(2) S ( )
s [A-a.Xb, g LR(1) X
LR(2)
[A-aXb, a]
S LR(1) [A-a. a] a
A-a S S ( S ) (
$ ) a
DFA [B-
a.Ab,b] LR(1) A [B-aAb, b]
LR(2)
LR(D) (LR(1) grammar) S
LR(1)
S [A-a.Xb, a] X S [B-b., X]
( - )
s [A-a.,a] [B-b.,ad] ( - )
LR(1) LR(1) DFA
SLR(1)
5.15 5-10 5.14 LR(2) 5-7 DFA
1) A-(A
2 A-a
3 $ r2 A-a
5-10 5.14 LR(1)
Goto
( ) $ A
0 s2 1
1
2 s5 4
3 r2
4 s7
5 s5 8
6 r2
7 rl
8 s9
9 rl




LR(2) SLR(1) LR(0)

DFA
LR(1)
LR(1) (
) LR(1)
LR(1) ( 5.14) LR(0) (
SLR(2) )
LR(1) 5.13 SLR(1)
5.16 5.13
S- id]|V:=E
V- id
E- V|n
LR(1) DFA [St-.S $]
-.1d,$] [S-V:=FE 9] S-V:=E \Y
[V-.id,: =] P =
V-.id LR(2)
0 [St-.S §
[S-~.1d, 9
[S . V= E, $]
[V . id,: =]
S
1 [St-.S $]
id
2 [S—. 1d, 9]
[V-.id,. =]
Y 0
3 [S—»V:E,$]
1 2 D= 3 [S-V:=E¥$
E [E-.V,$] [E -.n, 9]
Y, [E- .V, $ [V -.id9$ ( 0
0V \Y,

4 [S-V:=E$
[E -. V, 9§
[E -.n,$
[V -.id, 9

58 LR(1)



DFA
[ —5.,$]
58 516 LR(1) DFA
2 SLR(1) LR(2)
D= S-.id V-.id
LR(1)
5.4.3 LALR(1)
LALR(2) LR(1) DFA
(LR(©O) ) 1
2 ( ) 5-7 LR(1) DFA 10 LR(0)
DFA( 5-5) 6 5-7 2 5 4 8 7 9 3 6
2 5
2 1 [A- (.A), 9 $
5 1 [A-(.A))] )
LALR(2)
LR(0) DFA DFA
Follow
LRLA(1) LR(2) SLR(1) LR(0)
DFA
LR(1) DFA (core) LR(1)
LR(0) LR(2) DFA LR(0) DFA
LALR(1)
(1) LALR(2) 1

LR(1) DFA LR(0) DFA

1



(2) LALR(1) 2

LR(1) DFA
t, X S,
LALR(1)
LR(0)
DFA LALR(1)
2 S}
LALR(1) [A-a.b,al/b/c]
5.17 5.14 LR(1)
7 9 3 6 5-9
2 3 47 5 6 8 9
DFA LR(0) DFA
[A'— .A,$] A
[A—.(4).8]
[A—> .a,§]

@ a

LALR(1)

DFA(DFA of LALR(1) items)

LR(1) DFA
LR(0) 1
/
a b c¢
5-7 2 5 4 8
DFA

[A'—A 8]
®

[A— (.A),$/)] A
[A— . (4),))]

(1A —> (4.1,8)1 ) )

[A —>(A).,$/)]J
©O) ®

. .
((j -a,)] @
5-9 5.17 LALR(2) DFA
LALR(1) DFA LALR(1) LR(1)
LALR(21)
LALR(2) (LALR(1) grammar) LALR(2) LR(1)
LR(1)
LALR(1) - - (
) SLR(1) LALR(1) LALR(1)
SLR(1) LR(1)
5.16 SLR(1) LALR(1) 5-8 LR(1) DFA LALR(1) DFA
LALR(1) LALR(2) LR
5-9
a) LALR(2) A-a LR(2)
© LR(1) DFA 1

LALR(1)



a
LR(1) LALR(2) DFA
LR(1) DFA (propagating lookahead) LR(0)
DFA LALR(1) DFA
59  LALR(1)DFA $ 0 At A
($ (spontaneously generated)) €- $
( Ac A A ) 0 3 $
13 2 2 ) (
At~ (.A) A ) a 3 )
( 2 ) (
$ ) $/ 4
7 LR(0) DFA 59 LALR(1) DFA
5.5 Yacc LALR(1)

(parser generator)

(compiler-compiler)

LALR(1) Y acc(yet another
compiler-compiler) Yacc Yacc TINY
Yacc Bison ©
e
5.5.1 Yacc
Yacc ( Y c
( y.tab.c ytab.c < >. tab.c <
>y ) Yacc
{definitions}
9
{rul es}
9%
{auxiliary routines}
3 -
Yacc
C (
#i ncl ude )
© ——Gnu Bison— Free Software Foundation Gnu



BNF C

( LALR(1) )
( )
Yacc
3 #i ncl ude
/ 2
Yacc
) %%
Yacc C-
Yacc
exp — exp addop term | term
addop— + |-
term - term mulop factor | factor
mulop - *
factor - ( exp) | number
41.2
5-1 Yacc
3
51 1 Yacc
#i ncl ude A %
Yacc ( ) 2 NUVBER
5-1 Yacc
%{
#tinclude <stdio.h>
#include <ctype.h>
%}
%token NUMBER
%9%
command : exp { printf("%d\n",$1);}

i /* allows printing of the result */

$1 + $3;)
$1 - $3;)

exp : exp '+' term ({$$
| exp *-' term {$$
| term  {$$ = $1;)

term term '*' factor ($$ = $1 * §3;3}

| factor ($§ = $1;}



factor ¢+ NUMBER {$$ = $1;)
| " exp ') ($§ = $2;)

%%

main()

{ return yyparse();
}

int yvlex(void)
{ int ¢;
while((c = getchar()) == ' 1);
/* eliminates blanks */
if ( isdigit(ec) ) {
ungetc(c,stdin);
scanf ("%d",&yylval);
return (NUMBER) ;
}
if (¢ == '\n') return 0;
/* makes the parse stop */
return(c);

void yyerror(char * s)
{ fprintf (stderr,"%s\n",s);
} /* allows for printing of an error message */

Yacc
5-1
+ - ) Yacc % (% oken)
5-1 NUMBER Yacc
Yacc 258 Yacc #define
#define NUMBER 258
Yacc % oken NUMBER Yacc
% oken NUMBER 18
NUMBER 18 ( 258)
5-1 exp term factor
command
command command
st art command
command
Yacc C ( )

(embedded action)( )
( ) Yacc



(pseudovariable)

( ) Yacc
(value stack) $
$$
$1 $2 $3 51
exp exp "+ term{ $$ = $1 + $3; }
exp—exp + term exp exp term
Yacc Yacc yylval
yylval
factor NUMBER { $3$ = $1;}
$1 yyl val NUMBER
5-1 3 ( ) 3 1 mai n
Yacc mai n yypar se
yyparse Yacc
0 1( )
Yacc yyparse Lex
yyl ex ( 2 ) 5-1 Yacc yyl ex
yyl ex
NUMBER
yyl val
C “\n’ Yacc
yyl ex 0 ( Lex ) yyerror
Yacc ( Yacc
¥ )
5.5.2 Yacc
yyl ex yyerror Yacc
Yacc #i ncl ude
Yacc Yacc Yacc
Yacc
( ) ( )
Yacc
y.tab.h ytab.h -d
( heaDer )
calc.y 5-1 Yacc
yacc -d calc.y
( y.tab.c ) y. tab. h( )



#i f ndef YYSTYPE
#define YYSTYPE int

#endi f
#define NUMBER 258
extern YYSTYPE yyl val
( YYSTYPE )
#include y.tab.h
yylex ©
Yacc (verbose option) -V
y. out put ( )
LALR(1) Yacc
Yacc Yacc
5-2 Yacc 5-1 Yacc
Yacc
yacc -v calc.y
5-2 -V Yacc

%token NUMBER
%%
command : exp
exp : exp '+' term

| exp *-' term

| term
term : term '*' factor

| factor
factor : NUMBER

I |(| exp l) []

H

5-3 y. out put C)
Yacc DFA 0
( )
goto Yacc _

© Yacc ( yyl val ) y.tab. h

® Bison



5-3 5-1 Yacc

y. out put

state 0
$accept : _command $end

NUMBER shift 5
( shift 6
. error

command goto 1
exp goto 2
term goto 3
factor goto 4

state 1
$accept : command_$end

$end ' accept
. error

state 2
command : exp_ (1)
exp : exp_+ term
exp : exp_- term

+ shift 7
- shift 8
« reduce 1

state 3
exp : term_ (4)
term : term_* factor

* shift 9
. reduce 4

state 4
term : factor_ (6)

. reduce 6

state 5
factor : NUMBER_ (7)

. reduce 7

state 6
factor : (_exp )

NUMBER shift 5
( shift 6
. error

exp goto 10
term goto 3
factor goto 4

state 7
exp : exp +_term

NUMBER shift 5
( shift 6
. error

term goto 11
factor goto 4

state 8
exp : exp -_term

NUMBER shift 5
( shift 6
. error

term goto 12
factor goto 4

state 9
term : term *_factor

NUMBER shift 5
( shift 6
. error

factor goto 13

state 10
exp : exp_+ term
exp : exp_- term
factor : ( exp_)

+ shift 7
- shift 8
) shift 14
. error

state 11
exp : exp + term_ (2)
term : term_* factor

* ghift 9
. reduce 2



state 12 term : term * factor. (5)
exXp : exp - term_ (3)
term : term_* factor . reduce 5
* shift 9 state 14
. reduce 3 factor : ( exp )_ (8)
state 13 . reduce 8

8/127 terminals, 4/600 nonterminals

9/300 grammar rules, 15/1000 states

0 shift/reduce, 0 reduce/reduce conflicts reported
9/601 working sets used

memory: states, etc. 36/2000, parser 11/4000

9/601 distinct lookahead sets

6 extra closures

18 shift entries, 1 exceptions

8 goto entries

4 entries saved by goto default

optimizer space used: input 5072000, output 21874000
218 table entries, 202 zero

maximum spread: 257, maximum offset: 43

Yacc 0 DFA
$accept :_command $end
command¢- .command Yacc
$accept $end
0
NUMBER shift 5
( shift 6
error

command goto 1
exp goto 2
term goto 3
factor goto 4

DFA NUMBER 5 ( 6
goto
2

state 2
command : exp_ (1)
exp : exp_+ term
exp : exp_- term
+ shift 7
- shift 8

reduce 1

Yacc



1 command - exp reduce 1
Yacc 8
(command exp 3 term factor )
+
Yacc LALR(1) SLR(1) )
) Yacc
( )
( 5.7 )
Yacc
5-11
5-11 5-3 Yacc
Goto
NUMBER ( + - * ) $ command exp term factor

0 s5 s6 1 2 3 4

1 accept

2 rl rl s7 s8 rl ri rl

3 r4 r4 r4 r4 s9 r4 r4

4 ré ré ré ré ré ré ré

5 r7 r7 r7 r7 r7 r7 r7

6 s5 s6 10 3 4

7 s5 s6 11 4

8 s5 s6 12 4

9 s5 s6 13

10 s7 s8 S14

11 r2 r2 r2 r2 s9 r2 r2

12 r3 r3 r3 r3 s9 r3 r3

13 r5 r5 r5 r5 r5 r5 r5

14 r8 rg r8 r8 r8 r8 r8
5.5.3

Yacc y. out put Yacc
)

y. out put Yacc



5-1 Yacc
0 shift / reduce, 0 reduce / reduce conflicts reported
5.12 else 5-9
SLR(1) 5 -
) Yacc
Yacc Yacc
5-9 Yacc 5 y. out put (
C )
5: shift / reduce conflict ( shift 6/nr®d on ELSE
state 5
I : IF S (3)
Il : IF S_ELSE S
ELSE shift 6
reduce 3
Yacc -

1 shift / reduce, O reduce / reduce conflicts reported

- Y acc
5.18
S-A|B
A-a
B-a
a ShP AP a Sb Bb a
5-4 y. out put 4 -
) Yacc
Rul e not reduced : B : a
5-4 5.18 Yacc

Rule not reduced: B : a

state

state

0
$accept : _S $end

a shift 4

. error
S goto 1
A goto 2
B goto 3
1

$accept : S_$end



$end accept

. error
state 2
S : A_ (1)

. reduce 1

state 3
S : B_ (2)

. reduce 2

4: reduce/reduce conflict (red'ns 3 and 4 ) on $end

state 4
A: a_ (3)
B : a_ (4)

. reduce 3
Rule not reduced: B : a

3/127 terminals, 3/600 nonterminals
5/300 grammar rules, 5/1000 states
0 shift/reduce, 1 reduce/reduce conflicts reported

Yacc
5-5 Yacc
o eft '+ -
Weft '+
Yacc + -
+ - ( ) Yacc
%right  %nonassoc ("nonassoc"
)
5-5 Yacc
%{

#include <stdio.h>
#include <ctype.h>
%}

%token NUMBER

%left '+' '-?
%left '*!



%%
command : exp { printf("%d\n",$1);}
exp : NUMBER 5% = $1;)
| exp "+' exp {$5 = $1 + $3;)
| exp '-' exp {$§ = $1 - $3;)
| exp '*' exp {$$ = $1 * $3;)
| *(* exp ") {$% = $2;)
%%

/* auxiliary procedure declarations as in Figure 5.10 */

554 Yacc
y. out put Yacc
YYDEBUG y.tab. c( - DYYDEBUG
Yacc yydebug 1 2+3
5-1 main

extern int yydebug;
yydebug = 1;
5-6 5-11

5-6 2+3 yydebug 5-1 Yacc

Starting parse

Entering state 0

Input: 2+3

Next token is NUMBER

Shifting token NUMBER, Entering state 5
Reducing via rule 7, NUMBER -> factor
state stack now 0

Entering state 4

Reducing via rule 6, factor -> term
state stack now 0

Entering state 3

Next token is '"+'

Reducing via rule 4, term -> exp
state stack now 0

Entering state 2

Next token is '+°'

Shifting token '+', Entering state 7
Next token is NUMBER

Sshifting token NUMBER, Entering state 5
Reducing via rule 7, NUMBER -> factor
state stack now 0 2 7

Entering state 4

Reducing via rule 6, factor -> term



state stack now 0 2 7
Entering state 11

Now at end of input.
Reducing via rule 2,
state stack now 0
Entering state 2

Now at end of input.
Reducing via rule 1,
5 .

state stack now 0
Entering state 1
Now at end of input.

exp

'+' term

-> exp

exp -> command

5.5.5 Yacc
5-1 Yacc
$$ = $1 + $3 ( exp
- exp + term 1 3) Yacc
Yacc C
YYSTYPE Yacc Yacc
Yacc %W...%
#define YYSTYPE doubl e
exp - exp addop term | term
addop - + |-
( 5-1 exp
) addop ) exp ( doubl e)
YYSTYPE doubl e char
Yacc Yacc %uni on
%uni on { double val
char op; }
Yacc % ype
% ype <val > exp term factor
% ype <op> addop mul op
Yacc % ype 5-1
Yacc ( )
% oken NUMBER
%uni on { double val
char op; }
% ype <val > exp term factor NUMBER

% ype <op> addop mul op



9%
comand : exp { printf ( d\n " , $1 ) ; }
exp : exp op term{ swithc ( $2 ) {
case '+': $$ = $1 + $3; break
case '-': $$ = $1 - $3; break
}
}
| term{ $$ = $1; }
op @ "+ { $$ "+ }
[ - { %% '-'; }
2 ( )
YYSTYPE
TINY
5.5.6 Yacc
decl - typevar-list
type - i nt |fl oat
var-list - var-list, id |id
var-list (
Yacc
decl type { current_type = $1 ; }
var _li st
type INT { $$ = INT_TYPE ; }
| FLOAT { $$ = FLOAT_TYPE ; }
var _list var_list ';' ID
{ setType (tokenString, current_type);}
| 1D
{ setType (tokenString, current_type);}
decl current _type
Yacc

A: B{ /* embedded action */

A: B EC,;
E: { /* embedded action */ }

} C;



5-12 Yacc

5-12 Yacc
Yacc
y.tab.c Yacc
y.tab. h Yacc
yyparse Yacc
yyl val
yyerror Yacc
error Yacc
yyerr ok
yychar
YYSTYPE
yydebug 1
Yacc
% oken
Ystart
%uni on YYSTYPE
% ype
% eft % ight %onassoc ( )
5.6 Yacc TINY
TINY 3.7 4.4
Yacc tiny.y gl obal s. h (
) tiny.y
B 4000 4162
TINY Yacc YYPARSER( 4007 )
Yacc 4 #incl ude ( 4009 4012 )

4 1 ( 4014 ) YYSTYPE Yacc

(Tr eeNode gl obals. h ) Yacc

2 savedName

( TINY
) savedLi neNo
savedTree yypar se (yyparse
)
TINY ( 3 31
BNF )

util newSt m Node newExpNode (

4.4 ) TINY

write_stmt ( 4082ff )



write_stmt : WRITE exp
{ $$ = newSt mt Node (WiteK);

$$ ->child [0] = $2;
}

1 newSt nt Node wite_ stnt exp (Yacc $2
) write 1
program stm _seq assign_stnt
program ( 4029 )
{savedTree = $1;}
stm _seq savedTr ee parse
assign_stm
( )
savedNane saveli neNO ( 4067 )
assign_stnt ID { savedName = copyString ( tokenString )
savedLineNo = lineno ; }
ASSI GN exp
{ $$ = newStmt Node ( AssignK );
$$'>Ch||d[0]:$4’

$$ ->attr.name = savedName ;
$$ ->lineno = savelLi neNo

tokenString lineno
ASSI GN
exp savedNane savelLineNo (
copyString exp
$4 Yacc N
)
stm _seq( 4031 4039 ) ( )
TINY
Yacc ( 4144 4162 ) 3 ——yyerror
yyl ex parse— parse Yacc
yyparse yyl ex Yacc
get Token Yacc
TINY
Lex

yyerror Yacc



Yacc yychar yychar

TINY Yacc
gl obal s. h B 4200
4320 Yacc
Yacc
YYPARSER( 4007 ) Yacc
YYPARSER Yacc C
( 4226 4236 ) Yacc y.tab.h
gl obal s. h
2 ENDFI LE Yacc
0 ( 4234 )
YYPARSER Yacc
Yacc gl obal s. h TokenType
int ( 4252 )
TokenType
5.7
5.7.1
( )
( 5-11 )Yacc
LR(1) LALR(1) SLR(1)
LALR(2) SLR(1) LR(0)
LR(0) ( 54 LR(1) ( 5-10)
(a$% 5-10 LR(1) ( a 6 6
LR(0) ( SLR(0) )
A-a a)$ LR(1)
3 LR(0) A-a

5.7.2

LL(1)



1)
2)
3)
1) Goto
2) Goto
3) Goto
(panic mode)

4.5

2 Goto

5.19 ( Yacc 5-11 )
(2+*) *

$0( 6E 10+7 *)'$

T gotoll
$0( 6E10+7T11 *)$ 9
$0( 6E10+7T11* 9 ) $

F goto 13
$0( 6E10+7T11* 9F 13 ) $ T-T*F

1 7 Goto 11 4 11
* Goto
9 9 Goto (
11) 11 ) ( )

5.7.3 Yacc

(error production)



error

Goto
Yacc Yacc
1) ( )
error
error error
1 ( 5-1
Yacc )
2) error
error (
) Yacc yyclearin
( error )
3) 3
( )
Yacc yyerr ok
5-1 Yacc
5.20 5-1 command
command : exp { printf ("%d\n"", $1);}
| error { yyerror ("incorrect expression");}
2++3 2 +
5-11 )
PARSI NG STACK | NPUT
$oexp2+7 +3%
‘ " ‘ " )
0 command error
command ( “
” )
PARSI NG STACK | NPUT
$0 command 1 +3%
( $ yyl ex 0 )
( 13 ” ) +3

5-1



0) ( 5.32)
command : exp ' \n ' { printf
| error \n '

{ vyyerrok ;
printf ( "reenter
command
yyerr ok “
Yacc 3
5.21
factor NUMBER {$$
[ " ( exp ')’ {$3
| error {$$ = 0;}
2++3 (
511 )
PARSI NG STACK I NPUT
Oexp2+7 +3%
factor error
0 factor
PARSI NG STACK I NPUT
$0 exp 2 + 7 factor 4 +3%
0 + error
error 0
2 3(
PARSI NG STACK I NPUT
$0exp 2 3%
( command )
) command - exp (
PARSI NG STACK I NPUT
$0 command 1 33
0
error 0

0(

(

e

%d\ n"

Xpression :

yyerrok

2)

$2;

$1;}
}

command

error

$1);

(
exit (0);}
")}
printf
command
5-1 Yacc
error
2+0+3
(
1 factor
” error



>23

2

syntax error
incorrect expression

0

Yacc (
5.7.4 TINY
B Yacc tiny.y
factor ( 4139 )
5.1
E- (L) |a
L-L,E|E
a. LR(0) DFA
b. SLR(1)
C.
((a), a, (a a))
SLR(1)
d. LR(0)
SLR(1)
5.2
a. LR(1) DFA
b. LR(2)
C. LALR(1) DFA
d. LALR(2)
e LR(1)
5.3
A-A(CA) &
a LR(0) DFA
b. SLR(1)

© Yacc

st
TINY
LR(0)
LALR(1)

( 4047 )

LR(0)



54

55

56

57

5.8

® o0 op

o

® oo o

oo

o a

(0O0)

SLR(1)
_ LR(0) LR(0)
LR(0) SLR(1)
LR(1) DFA
LR(1)
LALR(1) DFA
LALR(2)
LR(1) LALR(1)
stmt-sequence — stmt-sequence; stmt | stmt
stmt - S
LR(0) DFA
SLR(1)
SLR(1)
. LR(0) LR(0)
LR(0) SLR(1)
LR(0) DFA
LR(1)
LALR(2) DFA
LALR(1)
LR(1) LALR(1)
E-(L)|a
L ELJ|E
LR(0) DFA
SLR(1)
((a)a(a a))
SLR(2)
LR(0) DFA LALR(2) DFA
LALR(2)



59

5.10

51

512

513
514

515
5.16

5.17

518

5.19

5.20

521

declaration - type var-list
type » i nt |fl oat
var-list -~ identifier, var-list | identifier

a.
b. LR(0) DFA
C. SLR(1)
d. c int x, vy, z SLR(1)
e b LR(0) DFA LALR(2)
f. LALR(1)
LR(0) DFA LALR(1) DFA
( 543 )
(
SLR(1)
a. LR(1)
A- aAale
b.
LR(1) LALR(2)
S- aAd|bBd|aBe|bAe
A-cC
B-c
LALR(1) LR(1) -
SLR(1) LALR(2)
LR(1)
SLR(1) LALR(1)
5.3 (
)
Ao AA|(A)]e
Yacc
( ) Yacc
Yacc
5.16 )
5-5 Yacc
) Yacc
5.21 Yacc

DFA



2 3
Yacc
522 a. 511 (*2 57.1
b. a
5.23 5-1 Yacc conmand list
list : list " \n" { exit (0);}
| list exp ' \'n'" {printf ("%d\n",
| list error ' \n'" { yyerjok
yyl ex
if (c =" \n ') return O;
a. 51
b. yyerr ok
524 a 5-1 Yacc command
command : exp error { printf (" %d\n:, $1);}
23 Yacc
b. 5-1 Yacc command
command : error exp {printf (" %d\n", $2);}
23 Yacc
5.25 521 Yacc
factor : NUMBER {$$ = $1;}
| (" exp ') {3%$%$ = $2;}
| error {yyerrok; $$ = 0;}
a. 2++3 Yacc
b. 23 Yacc
5.26 45.3 Yacc TINY
5.27 5-1 Yacc ( scanf)
( NUVBER )
number — number digit | digit
digit-0 | 1] 2| 3| 4] 5] 6] 7| 8|

5.28 5-1 Yacc (

5.21

$2);}

9



C. A ( )
d. -
5.29 5-1 Yacc (
)
5.30 5-1 Yacc
( « ow
)
531 a. 5-1 Yacc 332
b. a
5.32 5.20
533 5-1 Yacc
(2 +3 “ i
2+3) ”
23 “ ”
(2+)
534 LISP
lexp - number | ( op lexp-seq)
op - +[-|*
lexp-seq — lexp-seq lexp | lexp
* (-2) 3 4) -24
Yacc ( lexp-
seq )
5.35 2
rexp — rexp" | "rexp
| rexp rexp
| rexp" * "
" (“rexp") "
| letter
a. Yacc ( )
b. a
C
(
NFA NFA
Yacc 2)

536  TINY Yacc ( B 4000 4162 )



a. Yacc
b.
exp - expopterm]. ..
op->+]|-]...
acc %uni on ( op exp
)
5.37 <= ( ) > ( ) >= ( ) <> ( )
TINY Yacc (
)
5.38 and or not TINY Yacc
35
5.39 TINY Yacc
LR Knuth [1965] SLR LALR DeRemer [1969, 1971]
LR(2)
LALR(1) LR(2)
[ Pager, 1977] Aho Ullman [1972] LR
Yacc 20 70 Steve Johnson A &T Unix
[Johnson, 1975] [Johnson,1978]
Bison Richard Stallman Gnu Bison Free Software Foundation Gnu
Internet Yacc Kernighan  Pike
[1984] Schreiner  Friedman [1985] Yacc
LR Graham Haley  Joy [1979] Penello DeRemer [1978] Burke
Fisher [1987] Fischer LeBlanc [199]] LR 5.7.2

Fischer  LeBlanc James [1972]



LISP Smalltalk

Ada C

(implementation)
Backus-Naus (BNF)

( BNF)
(attribute)

(semantic rule)
(attribute grammar)

) 3 3.6.3

* TINY

LISP

(description)

©

(

(static semantic analysis)

Ada
( Pascal

(attribute equation)

(syntax-directed semantic)



( )
( )
( )
TINY
5 (semantic analyzer generator)
Lex Yacc
6.1
(attribute)
/
( )
( )
)
(binding) /
(binding time)
(static) (dynamic)

. C Pascal
(type checker)



LISP
( 3+4*5)
(constant folding))
FORTRAN77
Pascal
(7 )
) 8
6.1.1
(syntax-directed semantics)
)@ X a
X.a Pascal
a,...,a
C % X
X
(semanticsrule) ©
X.a=f (X.a,

a,...,a

X

C Pasca

LISP
(
LISP C
7
( 6.2.5
(
X a
( )C
( )
X, X X,. .. Xn
X X .a

(attribute equation)

o Xa Xa,...,X.a,...,X.a,...,X.a)

(attribute grammar)

(semantics-directed syntax)



e
1
n
6.1
number — number digit | digit
digit -0| 1] 2] 3] 4| 5|6]7]8]9
val
digit-0 digit 0
digit.val =0 digit-0
number — digit
number.val = digit.val
1
number — number digit
number number number
number  — number, digit
34 ( ) number b number digit b digitdigit b 3
digit b 34 number - number, digit
number, 3 digit 4 3 4 number
( 34) number, 10 digit 34 =3*10+4 3
4
number .val = number .val * 10 + digit.val
val 6-1
6-1
345




6-1 6-1

digit-0 0 digit.val =0
0
6-1 6.1
Number, — number, digit number .val = number,.val * 10 + digit.val
Number — digit number.val = digit.val
digit - 0 digit.val =0
digit - 1 digitval =1
digit - 2 digit.val =2
digit - 3 digit.val =3
digit - 4 digit.val =4
digit - 5 digit.val =5
digit - 6 digit.val =6
digit - 7 digit.val =7
digit - 8 digit.val =8
digit - 9 digit.val =9
number
(val = 34 * 10 + 5 = 345)
number digit
(val =3%10 + 4 = 34) (val = 5)
number digit 5
(val = 3) (val = 4)
4
digit
(val = 3)
3
6-1 6.1
6.2
exp - exp +term|exp - term|term
term - term* factor | factor
factor - (exp)| number
5 exp( term factor)

val val 6-2




6-2 6.2
exp, — exp, + term exp,.val = exp,.val + term.val
exp, — exp,- term exp,.val = exp,.val - term.val
exp — term exp.val = term.val
term - term,* factor term .val =term,.val * factor.val
term - factor term.val = factor.val
factor - ( exp) factor.val = exp.val
factor -~ number factor.val = number .val

exp, - exp, + term

()
exp,.val = exp,.val + term.val
+ number.val
(
number.val
( 6.1 )
6.1
(34-3)*42

exp
(val = 1302)
|

term
(val = 31 * 42 = 1302)
I

*

term Jactor
(val = 31) (val = 42)
| |
factor number
(val = 31) (val = 42)
VRN
( exp )

X,
(val =34 —3=31)

I~

exp term
(val = 34) (val = 3)
I |
term Jactor
(val = 34) (val = 3)
| I
factor number
(val = 34) (val = 3)
|
number
(val = 34)

6-2 (34-3)*42 6.2

val

6-2



6.3 C

decl - typevar-list
type — i nt |1 oat
var-list - id, var-list | id

dtype (
dtype type ) dtype 6-3
{integer , real} dtype int float type
dtype decl dtype var-list
dtype var-list id dtype
decl dtype decl dtype
6-3
6-3 6.3
decl - typevar-list var-list.dtype = type.dtype
type - i nt type.dtype = integer
type - f | oat type.dtype = real
var-list, -~ id,var-list, id.dtype = var-list .dtype
var-list,.dtype = var-list,.dtype
var-list - id id.dtype = var-list.dtype
decl
/ \
type var-list
(dtype = real) (diype = real)
float id ! var-list
() (dtype = real)
(dtype = real) |
id
(v)
(dtype = real)
6-3 float x,y 6-3 dtype

6.4 6.1
o ( ) d( )
based-num - num basechar
basechar - o |d
num - numdigit | digit
digit - 0| 1] 2| 3| 4| 5|6]7|8]9



num digit base val base val
6-4
6-4 6.4
based-num - Based-num.val = num.val
num basechar num.base = basechar.base
basechar - o basechar.base = 8
basechar - d basechar.base = 10
num, - num, digit num,.val =
if digit.val =error or num,.val = error
then error
else num,.val * num,.base + digit.val
num,.base = num .base
digit.base = num .base
num - digit num.val = digit.val
digit.base = num.base
digit -0 digit.val =0
digit -1 digit.val =1
digit -7 digit.val =7
digit -8 digit.val =
if digit.base =8 then error else 8
digit -9 digit.val =
if digit.base =8 then error else 9
BNF o]
( )y 8 9 BNF 1890
based-num
(val = 229)
/ \
num basechar
(val =28 *8 + 5 = 229) (base = 8)
(base = 8) l
/ \ o
num digit
(val=3%*8 + 4 =28) (val = 5)
(base = 8) (base = 8)
num digit 5
(val = 3) (val = 4)
(base = 8) (base = 8)
digit 4
(val = 3)
(base = 8)
3

6-4

6.4



error

0 8 9 error
if-then-else
num_.val =
if digit.val = error or num,.val = error
then error

else num,.val * num_.base + digit.val

num, - num, digit num,val digit.val error num,_.val
error num_.val num,.val * num .base + digit.val
6-4 3450
6-4
6.1.2
if-then-else
(metalanguage)
if-then-else case switch
digit
digit digit - D( D )
digit.val = numval (D)
numval
numval

int nunmval ( char D)
{ return (int)D-(int)"'0"';}

6.2

exp -exptrexp|lexp-exp|lexp* exp|( exp) | number

val 6-5 ( 6-2 )
6-5 val
exp, - exp, + exp, exp,.val = exp,.val + exp_.val
exp, - exp,- exp, exp,.val = exp,.val - exp_.val
exp, —» exp,* exp, exp,.val = exp,.val * exp,.val
exp, - ( exp,) exp,.val = exp,.val

exp — number exp.val = number.val




(34-3)*42 val

6-2 6-5
*
(val = 31 * 42 = 1302)
- 42
(val =34 =3 =31) (val = 42)
34 3
(val = 34) (val = 3)
6-5 (34-3)*42 6-2 6-5 val
6.5 6.2 6-6
mkOpNode mkNumNode mkOpNode
3 ( ) 1
2 3 mkNumNode ( )
6-6 number.lexval
( 6-6
B TINY )
6-6
exp, — exp, + term exp,.tree =

exp, — exp, - term

exp — term
term - term, * factor

term - factor
factor - ( exp)
factor - number

mkOpNode (+, exp,.tree, term. tree)
exp,.tree =

mkOpNode (-, exp,.tree,term. tree)
exp.tree = term.tree
term,.tree =

mkOpNode (* , term,.tree,factor .tree)
term.tree = factor. tree
factor.tree = exP. tree
factor.tree =
mkNumNode (number .lexval)

6.2



Xa=fX.a,. ... X.a Xa,....,.Xa ... X.a,...,X.a)

1

X .a
6.2.1
(associated dependency graph)
X.a
X.a=f(...X.a,..)
X, X8, ( X8 X4 )
(dependency
graph) ( )
X
6.6 6.1 6-1 val
val number, — number .digit
number .val = number,.val * 10 + digit.val
number,.val
numbery.val digit.val
(
)
number.val = digit.val number - digit
number.val
!
digit.val
digit- D digit.val
( )
( 6-1) 345
number.val
number.val digit.val
number.val digit.val

digit.val



6.7 6.3 dtype 6-3 var-
list, -~ id , var-list,
id dtype = var-list .dtype
var-list,.dtype = var-list .dtype

var-list.dtype

id.dtype var-list.dtype
var-list - id
var-list.dtype
id.dtype
type -int type -fl oat
var-list.dtype = type.dtype decl - typevar-list

type.dtype —— var-list.dtype

decl

decl

type zitype —eeeep ditype var-list
dtype var-list
> - I \\\\
A// . I S~
diype id ’ dtype var-list
float x,y
decl

// \\

~
//// \\
- ~ .
type dtype ——————— dtype  var-list
. .~

1 P ! S~
| -~ >~

I - I

float  dtype id r  dtype var-list

@) 1 i

dtype id
@)

~



6.8 6.4 base val 6-4 4

based-num — num basechar
num - numdigit

num - digit

digit - 9

3450 6-4
based-num — num basechar

based-num  val
P N~
rd
7 ~
rd ~
rd ~
rd ~
~

rd
base num val basechar  base

based-num.val = num.val num.base = basechar.base
num - num digit

base  num val
NI/
// \\
rd ~
/// \\\
base  num val base  digit val
3
num_.val =
if digit.val = error or num,.val = error
then error
else num,.val * num_base + digit.val
num,.base = num,.base
digit.base = num .base
num - digit

base num val

L]

base  digit  val

digit - 9
base  digit val
—
|
9
digit.val =if digit.base= 8 then error else 9 digit.val

digitbase( i ) 3450 6-6



base-num  val

-~

- -~

~
base num val base'char base
ph

base num val base digit val ©
/ L <2 1
- e ~ < '
e g S e |
base  num val base digit val 5
lw T i
I |
1 |
base digit  val 4
I
I
|
3
6-6 3450 ( 6.8)

(topological sort)

(acyclic)
(directed acyclic graphs DAGS)
6.9 66 DAG 6-7 (
)
12 6 91 2 11 3 8 45 7 10 13 14
val
@ base @ val @ base @ val
@szse @ val @ base @ val
@base @val
6-7 3450 ( 6.9
( )
6-7 1 6 9 12
6-7 6 val
digit (686 6 3

val



(parse tree method)

( “ ” )
( )
(
method)
noncircular)
6.10 6.8 6.9
6 9 12 DAG
8 9
base digit - 9
base  digit val
{
!
|
9
6-7 6 5 9
11
12( 6.9) 6-7
6.2.2
(synthesized)
a
a
Aa=f(X.a X.a ... X.a
S
S

(noncircular)

)

(rule-based

(strongly

( 6-7) 6-7
val digit
8 12
AXX. .. X
xnak)

(S-attributed grammar)

6.1 val (



6.6 6.2 val

procedure PostEval (T: treenode);

begin
for each child C of T do
PostEval (C);
compute all synthesized attributes of T;
end;
6.11 val 6.2

typedef enum { Plus, M nus, Times } OpKind;
typedef enum { OpKind, ConstKind } ExpKind;
typedef struct streenode

{ ExpKind kind;

OpKi nd op;

struct streenode *lchild, *rchild;

int val;

} STreeNode;

typedef STreeNode *SyntaxTree;

PostEval 6-1 C

6-1 6.11 Cc

6-5)

void post Eval (SyntaxTree t)
{ int temp;

if (t->kind = OpKind)

{ postEval (t->lchild);
post Eval (t->rchild);
switch (t->op)

{ case Plus:

t->val = t->lchild->val + t->rchild->val;

br eak;
case M nus:

t->val = t->lchild->val - t->rchild->val;

br eak;
case M nus:

t->val = t->lchild->val * t->rchild->val;

break;
} /* end switch */
} /* end if */
} /'* end postEval */

(inherited)



6.3 dtype 6.4
( )
b 6.7
)
6-8c
aA A
aB/ a\C a B/
a) b)
A
©)
6-8
a) b) 0)
/
procedure PreEval (T: treenode);
begin
for each child C of T do
compute all inherited attributes of C;
PrekEval (C);
end;
T C
dtype base
6.12 6.3 dtype 6.7

decl - typevar-list

type i nt |fl oat

var-list - id, var-list | id

dtype

procedure Eval Type (T: treenode);

base

dtype

6-3 )



begin
case nodekind of T of
decl :
Eval Type (type child of T );
Assign dtype of type child of T to var-list child of T;
Eval Type (var-list child of T);
type :
if childof T= i nt then T.dtype : = integer
else T.dtype : =real;
var-list :
assign T.dtype to first child of T;
if third child of T is not nil then
assign T.dtype to third child;
EvalType (third child of T );

end case:
end EvalType;
Eval Type 1 dtype
var-list dtype
69 dtype float x,y
dtype
- decl _
@type dtype ———— dtype var-list @
float dtype ia @ dtype  var- ltSt @
() l
I
drype ia (O
W
6-9 6.12
var-list
float x,y ( 6-9 )
/ - \
type id id
(dtype = real) (x) @)

decl ( type

id

decl

C

y)



dtype type
C

typedef enum { decl, type,
typedef enum { integer, real } typekind;
typedef struct treeNode
{ nodekind ki nd;
struct treeaide
*lchild, *rchild, *sibling;
typekind dtype;
/* for type and id nodes */

id } nodekind;

char * name;
/* for id nodes only */
} * SyntaxTree;

Eval Type C

voi d eval Type(SyntaxTree t)
{ switch (t->kind)
{ case decl:
t->rchild->dtype = t->lchild->dtype;
eval Type(t->rchild);
br eak;
case id:
if (t->sibling != NULL);
{ t->sibling->dtype = t->dtype;
eval Type(t->sibling);
}
br eak;
} /'* end switch */
} /'* end eval Type */

(decl)
void eval Type(SyntaxTree t)
{ if (t->kind == decl)
{ SyntaxTree p = t->rchild;
p->dtype = t->lchild->dtype;
while (p->sibling != NULL)
{ p->sibling->dtype = p->dtype;
p = p->sibling;
} /* end if */
} /'* end eval Type */
6.13 6.4 base ( 6.8

based-num - num basechar
basechar - o |d
num - numdigit | digit

9876 940



val val base
base based-num ( basechar  num)
based-num EvalWithBase
base val base val
( ) ( 6-4 )

procedur e EvalWthBase (T: treenode);
begin

case nodekind of T of

based-num:

EvalWithBase ( right child of T);
assign base of right child of T to base of left child,;
EvalWithBase ( left child of T );
assign val of left child of T to T.val;
num;
assign T.base to base of left child of T;
EvalWithBase ( left child of T);
if right child of T is not nil then
assign T.base to base of right child of T;
EvalWithBase ( right child of T );
if vals of left and right children# error then
T.val : = T.base* ( val of left child ) + val of right child;
else T.val : =error;
else T.val : = val of left child;
basechar:
if child of T=othen T.base: =8
else T.base : = 10;
digit:
if T.base: =8 and child of T=8 or 9 then T.val : = error
else T.val : = numval ( child of T);
end case;
end EvalWithBase;

C EvalWithBase C

PostEval PreEval

procedure CombinedEval ( T: treenode );
begin
for each child C of T do
compute all inherited attributes of C;



CombinedEval (C);
compute all synthesized attributes of T;

end;
6.14
exp - exp/ exp | num | num. num
—_— /
num num. num
div 5/ 4 5divd=1
5/ 4 1.2

5/2/2.0( ) 1.25 5/2/2 1°

3 isFloat
etype int float
isFloat val etype
( )
S exp
6-7 exp - num Float ( num.val )
num.val A “ o div”
isFloat etype val
isFloat etype
val
C
6-7 6.14

S - exp exp.etype = if exp.isFloat then float else int

S.val = exp.val

exp, —exp,/ exp,

exp,.isFloat = exp,.isFloat or exp,.isFloat
exp,.etype = exp,.etype
exp,.etype = exp,.etype
exp,.val =
if exp,.etype =int
then exp,.val div exp,.val
else exp,.val / exp,.val

C 5/2/2.0 1.0 1.25



exp — num exp.isFloat = false
exp.val =
if exp.etype = int then num.val
else Float (num.val)

exp - num. num exp.isFloat = true

exp.val = num. num.val

6.2.3
6.15 6.13 EvalWithBase base
val val
base ( ) val
EvalWithBase

function EvalWithBase (T: treenode; base: integer ): integer;
var temp, temp2: integer;
begin
case nodekind of T of
based-num:
temp: = EvalWithBase ( right child of T );
retutn EvalWithBase ( left child of T, temp );
num:
temp : = EvalWithBase ( left child of T, base);
if right child of T is not nil then
temp2 : = EvalWithBase ( right child of T, base);
if tempz error and temp2# error then
return base*temp + temp2
elsereturn error;
elsereturn temp;



basechar:
if childof T =0 then return 8
elsereturn 10;

digit:
if base =8 and child of T =8 or 9 then return error
elsereturn numval (child of T );

end case;

end EvalWithBasg;

base val integer
EvalWithBase base ( basechar )
val 1 EvalWithBase (
base

EvalWthBase (rootnode 0)

0 3 base num basechar digit

function EvalBasedNum (T: treenode) : integer;
(*only called on root node*)
begin
return EvalNum ( left child of T, EvalBase (right child of T) );
end Eval BasedNum;

function EvalBase ( T: treenode): integer;
(*only called on basechar node*)
begin
if child of T =0 then return 8
elsereturn 10;
end EvalBase;

function EvalNum ( T: treenode; base: integer ): integer;
var temp, temp2: integer;
begin
case nodekind of T of
num;
temp : = EvalWithBase (left child of T, base);
if right child of T is not nil then
temp2 : = EvalWithBase ( right child of T, base);
if tempz error and temp2# error then
return base*temp + temp2
elsereturn error;
elsereturn temp;

EvalWithBase

base-num

)



digit:
if base =8 and child of T =8 or 9 then return error
elsereturn numval ( child of T);

end case;
end EvalNum;
6.2.4
)
(

6.16 EvalWithBase

( base
EvalWithBase

function EvalWithBase (T: treenode): integer;
var temp , temp2: integer;
begin
case nodekind of T of
based-num:
SetBase ( right child of T');
retutn EvalWithBase ( left child of T );
num:
temp: = EvalWithBase ( left child of T);
if right child of T is not nil then
temp2: = EvalWithBase ( right child of T);
if temp# error and temp2# error then
return base*temp + temp2
elsereturn error;
elsereturn temp;
digit:
if base =8 and child of T=8 or 9 then return error
elsereturn numval ( child of T);
end case;
end EvalWithBase;

procedure SetBase (T: treenode);
begin
if child of T = o then base: =8



€lse base: = 10;

end SetBase;
base SetBase basechar
EvalWithBase base
base
base
based-num -
num basechar based-num.val = num.val
basechar - o base:=8
basechar - d base := 10
num, — num, digit num,.val =
if digit.val = error or num,.val = error
then error
else num,.val *.base + digit.val
etc. etc.
base
base
base-num
(symbol table)
insert lookup delete
6.17 6-3 6.12

insert

procedureinsert (name : string ; dtype : typekind);

dtype

decl - typevar-list
type - i nt

type - f 1 oat

var-list, — id, var-list,

var-list — id

dtype = integer
dtype = real
insert ( 1d. name dtype)

insert ( 1d. name dtype)

insert

id. name



insert type
list type
Eval Type

procedure EvalType ( T: treenode );
begin
case nodekind of T of
decl:
Eval Type ( type child of T );
EvalType ( var-list child of T );

type:

if child of T =i nt then dtype: = integer;

else dtype: =real;
var-list:

insert ( name of first child of T  dtype)

if third child of T is not nil then
Eval Type ( third child of T );
end case;
end Eval Type;

6.2.5

LR 1L )

val

X XX ...

0

D

dtype

6-12

based-num

(L-attributed)

X

n

decl

-

vat-

LL



X.a=fX.a,. .., X.a X.a,  X.a LA, X a)
X| a] X| Xo’ TN
S L-
|__
LR Yacc LALR(1)
LR LL
LR
Yacc
HLR LR LR
( )
6-
8 6-5
LR
(
)
6-8 10 12 5 + 5
E - E+E 6-5 E,.val =
E,val + E_val ( )
pop t3 { E,.val}
pop { + )
pop t2 { E,.val}
t1=12 +1t3 { 1}
push t1 { }
Yacc 10
E E+ E{ $3%$ = $1 + 33
$i
E $3 $1
6-8 LR 3*4+5
1 $ 3*4+5$ $
2 $n *4+5 $ E-n $n E.val = n .val
3 $E *4+5 $ $3
4 $E* 445 $ $3*
5 $E* n +5 $ E-n $3*n E.val =n .val




6 $E*E +5 3 E-E*E $3* 4 E,.val = E,val * E,.val
7 $E +5 $ $12
8 $E+ 5% $12 +
9 $E+n $ E-n $12 +n E.val =n val
10 $E+E $ E-E+E $12+5 E,.val = E,.val + E,.val
11 $E $ $17

2) LR LR

A-BC C I
B C.i=f(B.S) S B C &-
C Cii

A-BCD

B ... { BS}

Do ¢ saved_i = f (valstack[top])

C- ... { saved_i }
Yacc &-

A B { saved_i = f(%$1); } C;
( $1 B ) Yacc 4 556

dtype
L-

decl - typevar-list var-list.dtype = type.dtype

type - i nt type.dtype = integer

type - f | oat type.dtype = real

var-list, — var-list, , id insert (id. name var-list,.dtype)

var-list,.dtype = var-list .dtype
var-list - id insert (id. name.var-list.dtype)
1 var-list dtype type
var-list
dtype var-list - id dtype var-list, - var-list, , id
dtype 3 dtype

LR



decl - typevar-list

type — i nt type.dtype = integer
type - f 1 oat type.dtype = real
var-list, — var-list, , id insert (id. name valstack[top-3])
var-list — id insert (id. name valstack[top-1])
( var-list dtype
)
Yacc
Yacc 2
var-list ( 6.17 ) id dtype
LR
€- ( Yacc )
dtype Yacc
( 556 )
8_
k LALR(1) LR(K) 6.15  ©
" )
6.2.6

(Knuth [1968])

6.18

decl - typevar-list

type » int |fl oat
var-list —» id, var-list| id

6-3 dtype

decl - var-list id

var-list - var-list id, | type
type - i nt |fl oat



dtype

decl - var-list id
var-list, - var -list, id,

var-list - type
type - i nt
type - fl oat

id .dtype = var-list.dtype

id .dtype = var-list,.dtype
var-list, .dtype = var-list, .dtype
var-list.dtype = type.dtype
type. dtype = integer
type.dtype = real

6-10
float x,y

var-list  dtype = real
]
| f
I

type dtype = real

6-10 float x,y

6.3

6.22)

id dtype = real

dtype

id
(6]

id. dtype

dtype = real

6.18 dt ype

(C

( Ada Pascal)

TINY



6.3.1

(hash )

chaining)

6-11

(hash fuction)

(open addressing))

(bucket)”

(i

j

AVL

B )

(collision)(

(collision resolution))

size tenp)

5(

(separate

Size |



( 1)
1 size
size |
6-11
(
200
0...size-l
0...size-1
ord
size
size
0...size-1
mit np  n2t np
h = (a"_lcl

j 0 i ®
1 size | +—{ ] [o]
2 °
3 - [temp [o]
4 )
6-11
)
©
211 200(211 200 )
(
3
Pascal
ASCII C
(modulo) 0... size-l
Pascal nmod C %
templ tenp2
tenpx xtenp
o [ h [ h
h,=0 h ,=ah ¢ h=h mod size n
+ a" %+« + acy,_; + ¢,) mod size = ( ZQ”_ici) mod size
i=1
a a 2 16



a=128
c 128 ( ASCII )

mod

a 16( 4 16 = 2¢)

6-2

128

#define SIZE ..
#define SHIFT 4

int hash ( char * key )

{

int temp = 0;

int i = 0;

while (key[i] !'= '"\0")

{ temp = ((temp << SHIFT) + key[i]) % SIZE
++i ;

}

return temp;

6.3.2

4
(constant declaration) C const

const int SIZE = 199
(C #defi ne

)
(type declaration) Pascal

type Table = array [1..SlIZE] of Entry;

C

struct union

struct Entry

{

char * name;
int count;
struct Entry * next,;

Entry C t ypedef
typedef struct Entry * EntryPtr

(variable declarations)

FORTRAN



integer a,b(100)
C
int a,b[100];
/ (procedure/function declarations) 6-2 C
/
(explicit)
(implicit) FORTRAN BASIC

FORTRAN I N
(declaration by use)

Algol C Pascal Ada ( )

(value binding) Pascal Modula-2

C Ada

(single assignment)

Pascal ( ) C
C
Tabl e symtab;
Tabl e synt ab
(scope)
( )
( (lifetime) (extent)) C

( )

( (automatic) )
static C

int count(void)
{ static int counter = 0;



return ++counter;

}
count count er count
C C
extern
int count(void)
{ extern int counter;
return ++counter;
}
counter ) C (definitions)
“ declaration ( )” extern
int x;
C
(runtime environment)
6.3.3
(declaration before use) C Pasca
(Modula-2
)
(block structure) (block)
Pascal / C (
) / ( {( . .}) ¢C
(Pascal )
(block structured)
(most closely nested rule)
6-3 C
5 i f f
size f [
tenp ( ) doubl e j
char*j f size
temp [ f



i char
i nt ( int i f (scope hole) )
i i nt
o]
6-3 Cc

int i,j;
int f (int size)
{ char i, temp;

{ double j;

}

{ char * j;

}
}

Pascal Ada ( C)
( )
6-4 Pascal g h 6-3 C
( g h)
6-4 Pascal

program EXx;
var i,j: integer;
function f ( size: integer ) : integer;
var i, temp: char

procedure g;
var j: real
begin

end;
procedure h;
var j: “char;
begin
end;
begin (* f *)
end;
begin ( * main program * )

end.




W NN =0 S W N =0

£ SERVSIE S I N e

6-11 6-3 f 6-12a
2 ( char*j) 6-12b
6-12¢ “ "
i (char) i (int)|e
size (int) J (int) | e
®
temp (char) O—|
£ (function) | e |
a
i (char) i (:i.nt)| .I
j (char *) size (int)] —={J (int)[ @]
[ J
temp (char) O—l
£ (function)] e |
b)
i (int)|e
j (int)|e
[ J
[ ]

—| £ (function)[.e |

6-12

f b)

) f

©)

6-3

6-12b 6-13



—{ 1 (int) Je]
—[ 3 (iat) [e]
—[f_(function)[e]
6-13 6-12b
Ada
6-4 Pascal f i Ada Ex. i
( )
6-4 i Ex.j Ex.f.g.j Ex.f.h.j
(nesting level) (nesting depth)
6-4 o f (
) 1 g h 2
Ada C++ (scope
resolution operator)::
class A
{ ... int £();...}; 11 f
Af() I/ A f
{ ...}
(Ada )
( 6-13)
(lexical
scope) (static scope)( )
(LISP SNOBOL )
(dynamic scope)
6-5 C C
1 [ f
2 f mai n mai n ( 2)
f
( )
( 6-5

mai n i doubl e )



6-5

#include <stdio.h>
int i = 1;

void f ( void )
{ printf (" %d\n ", i ) ; }

void main ( void )

{ int i = 2;
f )
return O;
}
6-12
( )
6.3.4
( )
(C Pascal Ada)
C
typedef int i;
int i;
(

int i =1

void f ( void )

{ int i =2, j =i+1;

}

f i 2 3 [
— C
(sequential declaration)
(collateral declaration)
ML Scheme
( )

(recursive declaration)



int gcd ( int n, int m)

{if (m

0 ) return n;

el se return gcd ( mn % m);

}

gcd

C

gcd

void f ( void )
{... 9 ()

void g ( void )
...t ()

g

}

}

(fuction prototype)
void g ( void ); [/* */

void f ( void )
{ .. 9C)

void g ( void )
...t ()

g (1)
g

6.3.5

(

}

}
(scope modifier) g

Pascal (forward)
Moudle-2 ( )

S- exp

exp - (exp) |exp+exp|id|num|l et dec-listi nexp
dec-list — dec-list, decl | decl

decl - id =exp



num id
num id )

let (let expression)

exp - | et dec-listi n exp

let id=-exp
let x = 2+1, y = 3+4 in x + y
let | et
in exp (exp let (body)) | et
exp
X 3(2+1 )y 7(3+4 )
10( X+y X 3y 7)
let ( ) et
let
let
let x =2, vy =3 in
(let x = x+1, y = ( let z=3 in x+ty+z )
in ( x+y )
)
let let
let x=2, x=3 in x+1
let
let x=2 in x+y
let let
let x=2 in ( let x=3 in x )
3 2( let X x=3 X=2)
let
let x=2,y=x+1 in ( let x=x+y, y=x+y in vy )
y 3( X ) 2 X 5( let )
y 8 ( y x ) 8
let
let
err
true false
symtab nestlevel let nestlevel



symtab

insert (s, n, I)
n I s(

isin (s, n) n
lookup (s, n) n n
( lookup isin ) 1
emptytable
symtab nestlevel err 3
6-9

6-9 let

So exp exp.symtab = emptytable
exp.nestlevel =0
Serr = exp.err

exp, — exp, + exp, exp,.symtab = exp,.symtab
exp,.symtab = exp,.symtab
exp,.nestlevel = exp,.nestlevel
exp,.nestlevel = exp,.nestlevel
exp,.err = exp,.err or exp,.err

exp, —( exp,) exp,.symtab = exp,.symtab
exp,.nestlevel = exp,.nestlevel
exp,.err = exp,.err

exp - id exp.err = not isin (exp.symtab id. name)

exp— num exp.err = false

exp, -1 et dec-listi n exp, dec-list.intab = exp .symtab
dec-list.nestlevel = exp,.nestlevel + 1
exp,.symtab = dec-list.outtab
exp,.nestlevel = dec-list.nestlevel
exp,.err = (dec-list.outtab = errtab) or exp,.err

dec-list, — dec-list,, decl dec-list,.intab = dec-list,.intab
dec-list,.nestlevel = dec-list .nestlevel
decl.intab = dec-list,.outtab
decl.nestlevel = dec-list,.nestlevel
dec-list .outtab = decl.outtab

dec-list — decl decl.intab = dec-list.intab
decl.nestlevel = dec-list.nestlevel
dec-list.outtab = decl .outtab




decl - id=exp exp.symtab = decl.intab

exp.nestlevel = decl.nestlevel

decl.outtab =
if (decl.intab = errtab) or exp.err
then errtab
else if lookup(decl.intab 1d. name) =

decl.nestlevel)

then errtab
else insert(decl.intab id. name,decl.nestlevel)

S - exp

exp.symtab = emptytable
exp.nestlevel =0
Serr = exp.err

exp — (exp)
exp, —exp, + exp, ( )
symtab nestlevel

exp,.symtab = exp .symtab
exp,.symtab = exp,.symtab
exp,.nestlevel = exp .nestlevel
exp,.nestlevel = exp .nestlevel
eXp_.err = exp,.err or exp.err
id exp - id (
id. name )
exp.err = not isin (exp.symtab, id. name)
exp —» num
exp.err =f al se
let
exp, - | et dec-listi n exp,

let dec-list
dec-list exp, intab
outtab exp, ( ) (
) dec-list errtab dec-list

( outtab ) let exp let

2



let 1
dec-list, - dec-list,, decl
intab decl outtab dec-list, decl
(dec-list — decl)
decl - id =exp
decl.intab exp(
id
outtab 3
decl.intab errtab errtab
exp exp.err outtab
outtab errtab ( |ookup
) decl.outtab
6.4
(
(
LISP
)
+ *
(type expression)
array [1..10] of real

dec-list.intab = exp .symtab
dec-list.nestlevel = exp .nestlevel + 1
exp,.symtab = dec-list.outtab

exp,.nestlevel = dec-list.nestlevel

exp,.err = (dec-list.outtab = errtab) or exp,.err

var x: array [1..10] of real;

6-9

exp
id. name

outtab
errtab
lookup
id. name 1
6-9

(type inference))
(type checking))

Pascal C Ada

(data type)
i nt eger

i nt eger



type Real Array = array [1..10] of real;

Pascal
const greeting = "Hello!"
Pascal greeting array [1..6] of char
a [ i]
a i a array [1..10] of real [
i nt eger a[i] real (i 1
10 (range checking) )
6.4.1
int double (predefined)
bool ean char (simple type)
2 4 2
4 8
( ) ASCII
(1=true O=false) C
doubl e 10
C voi d
( )
(subrange type)
(enumerated type) Pascal 0~9
type Digit = 0..9;
C red green blue

typedef enum { red, green, blue } Color;

(type constructor) (array)

(record) (struct)
(structured

type)



1) (index type)
(component type) Pascal
array | ] of
Pascal
array [Color] of Char
Col or Char
Pascal (ordinal types)
C
0 C
array
Pascal C C
typedef char Ar [3];
Ar ( Color 3 )
I C array [ ] of
I C I-C
x:= a[red] a[blue] :=vy
n*size n size
4 array [0..9] of integer

40
(multidimensioned arrays)

array [0..9] of array [Color] of integer

array [0..9, Color] of integer

1 a[ 1] [red] 2 al 1, red]
2
a[0,red] a[1,red]
a[2,red] ...... a[9,red] a[0,blue] a[l,blue]...... (
(column-major form)) 2 a[ 0, red]
a[0,blue] a[0,green] a[l,red] a[l,blue],a[l,green]...... (
(row-major form)) (
a[0,red]= a[0][red])
a[ 0] array[ Col or]Jof integer
FORTRAN

(open-indexed
array) C



void sort ( int a[], int first, int last )

a (
)
2) (record) (structure)
C
struct
{ double r;
int i;
}
( )
( )
Rx | R
doubl e I i nt
(rx Rx (i x1) roi (dot notation)
X X.r 1
X. | 2
ML i nt*real
i nt*real (2 3.14),
fst snd( 1 2) fst(2,3.14) = 2 snd(2,3.14) = 3.14
4 6
L 4 [ 2 |
r
3) C uni on
uni on
{ double r;
int i;
}
(disjoint union)
X X.r X X. i X
rxRE(@xI)
4
4 ( )




C X
Xx.r = 20;
printf ( "%d",x.i );
2
Pascal
(variant record)
(discriminant) Pascal
record case isReal: bool ean of
true: (r: real);
false: (i: integer);
end;
X 3 x. i sReal ( ) X.r X.i i sReal
Xx.r := 2.0
X.isReal := true (
) Pascal
( case)
record case bollean of
true: (r: real);
false: (i: integer);
end;
Pascal
Ada
ML
| sReal of real | Islnteger of int
I sReal Islnteger (IsReal 2.0)
(I'sl nteger 2) | sReal |Islnteger (value constructor)
4)
Pascal A Niont eger “ "
C int* (dereference)
Pascal n ( ) p Aiont eger
pr p i nteger C *



DOS PC ( 2
) ( 4 )
5) ( Pascal
Ada) Modula-2
VAR f: PROCEDURE (| NTEGER): | NTEGER;
f ( )
{f: 151} I ML i nt-
>i nt C " ”
Modula-2 C
int (*f) (int);
( ) (
)
6)
(method) (member function)
( C+t )
e
(class hierarchy) ( ) (virtual method table)
6.4.2
(type declaration)( (type difinition)) C typedef Pascal
C
typedef struct
{ double r;
int i;
} Real I nt Rec;
Real | nt Rec struct
ML )
type ReallntRec = real *int;
C struct union
t ypedef C
struct Real | nt Rec
{ double r;
© C++ ( s T



ML

int i;
b
Real | nt Rec struct
struct ReallntRec x; /* x Real | nt Rec */
(
C struct union t ypedef
struct Real |l nt Rec
{ double r;
int i;
b
typedef struct Real lntRec ReallntRec;
/* */
struct struct Real | nt Ret
t ypedef Real | nt Rec
(
)
(recursive data type)
1
ML ML
datatype intBST = Nil | Node of int*intBSTT ntB
i nt BST Ni | i nt BST (
) C ( )
struct intBST
{ int isNull;
int val;
struct intBST left,right;
b
C i nt BST
i nt BST
C
C 2 —
C i nt BST
struct intBST
{ int val;
struct intBST *left,*right;
b

typedef struct intBST * intBST;



typedef struct intBST * intBST,
struct intBST
{ int val;

intBST left, right;

b
( C struct union )
mal | oc
6.4.3
(type equivalence)
function typeEqual (t1,t2: TypeExp): Boolean;
true
false
6-14
(
)
record
X: pointer to real
y: array [10] of int
end

var-decls — var-decls; var-decl | var-decl
var-decl » 1d : type-exp



type-exp - simple-type | structured-type
simple-type - int | bool | real | char | void
structured-type— array [num] of type-exp|
record var-declsend |
uni on var-declsend |
poi nter totypeexp|
proc ( type-exps) type-exp
type-exps - type-exps, type-exp | type-exp

6-14

proc ( bool, wunion a:real; b:char end, int ) : void

proc

equivalence)

6-6

6-14

6-6

6-14

record
X: pointer to real;
y: array [10] of in
end

tl = pointer to real;

voi d

(structural

typeEqual



t2 = array [10] of int;
t3 = record

x: t1;

y: t2
end

6-6 typeEqual 6-14

function typeEqual (t1,t2: TypeExp): Bollean;
var temp : Boolean;
pl, p2: TypeExp;
begin
if t1 and t2 are of simple type then return t1 = t2
elseif tl.kind = array and t2.kind = array then
return tl.size = t2.size and typeEqual ( t1.childl, t2.childl)
elseif t1.kind = record and t2.kind = record
or t1.kind = union and t2.kind = union then

begin
pl: =tl.childl;
p2: =t2.childl;
temp: =true;

while temp and p1# nil and p2# nil do
if pl.name# p2.namethen
temp : = false
elseif not typeEqual ( pl.childl, p2.childl)
then temp : = false
else begin
pl: =plsibling;
p2: = p2.sbling ;
end ;
return temp and pl = nil and p2 = nil ;
end
elseif t1.kind = pointer and t2.kind = pointer then
return typeEqual ( t1.childl, t2.childl)
elseif t1.kind = proc and t2.kind = proc then
begin
pl: =tl.childl;
p2: =t2.childl;
temp : = true;
while temp and pl1# nil and p2# nil do
if not typeEqual ( pl.childl, p2.childl)
then temp : =false
else begin



pl: =plsibling;
p2: =p2.sibling;
end;

return temp and pl = nil and p2 = nil
and typeEqual( t1.child2, t2.child2)
end
elsereturn false
end ; (* typeEqual *)

var-decls — var-decls; var-decl | var-decl
var-decl - 1d: simple-type-exp
type-decls — type-decls; type-decl | type-decl
type-decl — id = type-exp
type-exp — simple-type-exp | structured-type
simple-type-exp — simple-type | id
simple-type - i nt | bool | real | char| void
structured-type — array [num] of simple-type-exp|
recor d var-declsend |
uni on var-declsend |
poi nt er t o simple-type-exp |
proc ( type-exps) simple-type-exp
type-exps - type-exps, simple-type-exp | simple-type-exp

6-15
(name equivalence)
tl = int;
t2 = int
tl1 t2 ( ) int
typeEqual

function typeEqual (t1,t2 : TypeExp) : Boolean;
var temp : Boolean ;
pl, p2: TypeExp;
begin
if t1 and t2 are of simpletype then
returntl=t2
elseif t1 and t2 are type namesthen
returntl=t2
elsereturn false ;
end;



x: array [10] of int;
y: array [10] of int;

array [10] of int Xy

6-6

elseif t1 and t2 are type names then
return typeEqual ( getTypeExp(tl) , getTypeExp(t2))

getTypeExp (

typeEqual( t1, t2)

tl = record
X: int;
t: pointer to t2;
end;
t2 = record
X: int;
t: pointer to t1;
end;
typeEqual (t1,t2) typeEqual t1 t2
typeEqual (t2,1t1)
true
( )
( )
Pascal C

(declaration equivalence)
t2 = t1;
(aliase)
tl int
t2

int

tl

t2

t1 t2

typeEqual



t1 t2 ( i nt )
tl array [10] of int;
t2 array [10] of int;
t3 = t1;
t1 t2
getBaseTypeName
Pascal C
ML type
type ReallntRec = real *int;
Real | nt Rec real *int
datatype intBST = Nil | Node of int*intBST*intBST
dat at ype ( Ni | Node)
dat atype NewReal Int = Prod of real *int;
(2.7,10) Real I nt Rec real *int Prod(2.7, 10)
Int ( real *int)
6.4.4

typeEqual
6-16

6-10
6-10

program - var-decls; stmts

var-decls - var-decls; var-decl | var-decl

var-decl — i1d: type-exp

type-exp - i nt | bool | array fum] of type-exp
stmts — stmts; stmt | stmt

stimt - i f expthenstmt|id: =exp

6-16

6-14

type

NewReal -



1)

var-decl - 1d: type-exp

insert ( 1d .name, type-exp.type)

type-exp

6-10 6-16
var-decl - id : type-exp insert( id. name, type-exp.type)
type-exp - i nt type-exp.type : = integer
type-exp — bool type-exp.type := boolean
type-exp, — array type-exp,.type :=
[ num] of type-exp, makeTypeNode (array.num.size.
type-exp,.type)
stmt — i f expthen stmt if not typeEqual (exp.type , boolean)
then type-error (stmt)
stmt — id : =exp if not typeEqual (lookup(id. name),
exp.type) then type-error (stmt)
exp, — exp, + exp, if not (typeEqual (exp,.type , integer)
and typeEqual(exp,.type , integer))
then type-error(exp, ) ;
exp,.type : = integer
exXp, — Exp, Or exp, if not (typeEqual(exp,.type , boolean)
and typeEqual(exp,.type , boolean)
then type-error (exp, );
exp,.type : = boolean
exp, —exp, [ exp] if isArrayType(exp,.type)
and typeEqual (exp,.type , integer)
then exp,.type := exp,.type.childl
else type-error(exp, )
exp - num exp.type := integer
exp - true exp.type := boolean
exp - fal se exp.type := boolean
exp - id exp.type := lookup(id .name)
6-16 array

makeTypeNode (array.size.type)



array
(size)

type
2)
if if
if not typeEqual (exp.type, boolean) then type-error (stmt)
type-error
typeEqual
3) true false
lookup
+ or []

if isArrayType(exp,.type)
and typeEqual (exp,.type , integer)
then exp,.type : = exp,.type.childl else type-error(exp, )

isArrayType
( ) exp,.type.childl
6-10
( ) type-error
) type-error
) 6-10
[ exp] exp, exp,
6-10

6.4.5

1)

integer boolean

integer boolean

or

type-error

(

exp, — exp,



2+3 2.1+3.0

procedure max (Xx,y: integer): integer;
procedure max (x,y: real): real;
Pascal C
Ada C++
max
lookup

2)
2.1+43
2.1+3 3
Modula-2

2. 1+FLOAT( 3) ( C )

(coercion)

integer

C r doubl e i i nt ior

) C++ A B X A y B
X=y ( (subtype principle))



3) (polymorphic)
(monomorphic)

(
)
procedure swap (var x,y: anytype);
swap anytype (parametrized) anytype
(type variable)
procedure (var anytype, var anytype): void
anytype ( )
pattern) (type scheme) swap
var X,y: integer;
a,b: char;
swap(x,y);
swap(a, b);
swap(a, x) ;
swap(Xx,y) swap ‘ C)
procedure (var integer, var integer): void
swap(a, b)
procedure (var char, var char): void
swap( a, x) swap
procedure (var char, var integer): void
swap anytype
ML
( )
6.5 TINY
TINY TINY
TINY 3.7
TINY
TINY
if repeat

write
TINY

(type

TINY



6.5.1 TINY

TINY
TINY
TINY
TINY ( )

1: { Sample program

2: in TINY | anguage - -

3: computes factorial

4: }

5: read x; { input an integer }

6: if 0 < x then { doh compute if x <= 0 }
7: fact := 1;

8: repeat

9: fact := fact * x;
10: X 1= x - 1
11: until x = 0;
12: write fact { output factorial of x }
13: end

(TraceAnal yze= True)

Symbol table:

Vari abl e Name Location Line Numbers
X 0 5 6 9 10 10 11
fact 1 7 9 9 12
symtab. h syntab.c B ( 1150
1179 1200 1321 )
6.3.1 6-2
delete insert
lookup
(
synt ab. h
void st_insert ( char * name, int lineno, int loc );
int st_lookup ( char * name );
void printSymlrab(FILE * listing);
synt ab. c Li neLi st ( 1236

1239 )



K Bucket Li st (1247 1252 ) st_insert o
( 1262 1295 )
(st _insert /
)
6.5.2 TINY
TINY
anal yze. h ( B 1350 1370 )

void buildSymtab(TreeNode *);
void typeCheck(TreeNode *)

1 st _insert
print Synirab 2

anal yze. c B 1400
1558
bui | dSyntab typeCheck
traverse (1420 1441 ), ( )

static void traverse ( TreeNode * t,
void (* preProc) (TreeNode * ),
void (* postProc) (TreeNode * ) )
{ if (t !'= NULL)
{ preProc(t);
{ int i;
for (i=0; i < MAXCHILDREN; i ++)
traverse(t->child[i], preProc, postProc);
}
post Proc(t);
traverse(t->sibling, preProc, postProc)

}
}
“ " preproc
preproc traverse TINY
i nsert Node “ i
nul | Proc ( 1438 1441 )
bui | dSynt ab ( 1488 1494 )
traverse (syntaxTree, insertNode, null Proc);
typeCheck( 1556 1558 )

traverse (syntaxTree, null Proc, checkNode);



checkNode
i nsert Node checkNode
i nsert Node ( 1447 1483 ) (

attr. nanme

attr.name 3 i nsert Node
st _insert (t->attr.name, t->lineno, location++);
( )
st_insert (t->attr.name,t->lineno,0);
( )
bui |l dSymt ab print SymTab
TraceAnal yze ( main.c )
checkNode
( )
Tr eeNode type ( globals.h
B 216 ) TINY
( B 203 )
typedef enum {Void, Integer, Boolean} ExpType;
Void *“ K
checkNode typeError
checkNode (
ConstK  1dK) ( OpK) ( 1517 1520 )
I nt eger ( ) ( 1508 1516 )
I nt eger ( )
OpK ( )
(< =9 Bool ean I nt eger
ReadK I nt eger
4 | f K Repeat K
Bool ean( 1527 1530 1539 1542 ) WiteK
Assi gnK ( 1531 1538 ) (
)
x =1 < 2; { error - Boolean val ue
cannot be assigned }
write 1 = 2; { also an error }

6.1



number — digit number | digit
digit - 0] 1| 2| 3| 4] 5/ 6] 7] 8] 9
6.2 (
count )

dnum — num.num
num - numdigit | digit
digit - 0] 1] 2| 3| 4| 5] 6] 7] 8] 9

6.3 count (
) dnum
6.4

exp - termexpc

expt - + termexpd - termexpd ¢
term - factor term¢

term¢ - * factor term¢ ¢

factor - (‘exp) | number

6.5 6-2 val postfix
(34-3)*42 postfix “ 343-42+*" I
number.strvval
6.6 ( )

btree - ( number btree btree)| ni |

<
2 > (2 (2 nil nil) (3 nil
nil)) (X (2 nil nil) (3 nil nil))
6.7 Pascal
decl - var-list: type
var-list — var-list, i1d|id
type — i nt eger |real
6.8 6.7
6.9 6.4 based-num
6.10 a. 6.14 5/2/2.0
b. 5/2/2.0
o b
6.11 6.4 3*(4+5)*6

6.12 6.7 X,Y,z:real



6.13

S-ABC B.u=Su
Au=B.v+Cyv
Sv=Av
A-a Av=2* Au
B-b B.v=B.u
C-c Cv=1
a. abc ( )
Su 3 Sv
S-ABC B.u=Su
Cu=Av
Au=Bv+ Cyv
Sv=Av
A a Av=2*Au
B-b B.v=B.u
C-c Cv=C.u-2
Su=3 Sv
6.14
decl - typevar-list vat-list.dtype = type.dtype
type - i nt type.dtype = integer
type - fl oat type.dtype = real
var-list, - id, var-list, id.dtype = var-list,.dtype
var-list,.dtype = var-list .dtype
var-list - id id.dtype = var-list.dtype
LR type.dtype var-list
6.15 a. B-Bbla SLR(1)
B - ABb]a
Ao ¢
( £ ) k LR(K)

b. (a@ ( e ) Yacc



6.16

6.17
6.18
6.19

6.20

6.21

6.22

6.23

6.3.5
6-9
6-9
6.3.5
6-6 typeEqual 252
«( )
exp > exptrexplexp- exp|exp* exp|exp/exp
| (exp) | num | num. num
C
Modula-2
FLOAT / div
6-16

program - var-decls; fun-decls; stmts

var-decls — var-decls; var-decl | var-decl

var-decl - id: type-exp

type-exp — i nt | bool | array [num| adfpeexp

fun-decls —» fun id ( var-decls) : type-exp; body

body - exp

stmts - stmts; stmt | stmt

stmt — i f expthenstmt|id: =exp

exp — exp+exp |expor exp |exp[exp] |id (exps)
[ num true|false|id

exps —» exps, exp | exp

typeEqual
( exp — id (exps) )
6-10
C
(A)-x
X A typedef doubl e -X
doubl e A
TINY



LR

6.24 TINY
6.25 6.4 C 6.13 EvalWithBase
C
6.26 4-1 (
6.5)
6.27 5-1 Yacc
( 6.5)
Yacc
6.28 Yacc 6.20 Modula-2
6.29 Yacc | et- ( 6-9) ( let in
Lex )
6.30 Yacc Lex 6-16
6.31 TINY Li neLi st
i nsert
6.32 TINY
6.33 TINY TINY
y = 2+X;
X = 3;
TINY “ "
6.34 a. TINY
TINY
( )
a TINY
Knuth[1968]
Lorho[1984] Slonneger Kurtz[1995]
TINY
Mayoh[1981] Jazayeri Ogden Rounds[1975]
Fischer LeBlanc[1991] LR

Jones[1980] €- ( Yacc )
Purdom Brown

Aho



Hopcroft Ullman[1983] Cormen Leiserson Rivest[1990]

Knuth[1973]
Louden[1993] Cardelli  Wegner[1985]
C Ada Pascal
FORTRANT77 Algol60 Algol68 ML Haskell
6.4.3 Koster[1969]
Amadio Cardelli[1993] Peyton
Jones[1987] Reade[1989] ML Haskell Hindley-
Milner [Hindley 1969 Milner 1978]
(
Lex Yacc) LINGUIST[Farrow 1984]

GAG[Kastens Hutt Zimmermann 1982] [Reps Teitelbaum 1989]



. * TINY

(runtime environment)

3
3 FORTRANT7 (fully static environment)
C C++ Pasca Ada (stack-based environment)
LISP (fully dynamic environment) 3
3
8

TINY

7.1

(RAM)
RAM



©
/
(FORTRANT77 )
Pascal C
/ C
Pasca const “ Hello %d\n C
printf (" Hello %\n ", 12345 )
12345 0 1
/
( C )
(stack)
(heap) LIFO(last-in, first-out)
LIFO ( C ) @
(
)
/
|
1
S
(relocatable code), (base)(



LIFO

( 74 )
(procedure activation record)
( )
( ) (
(FORTRANT7Y) (C Pascal) (LISP)
(stack frame)
RISC
(pc) (sp)(stack pointer)
(fp)(frame pointer)
( ) (argument pointer)®
(calling sequence)
(call sequence) (return sequence)
1) (

) 2

VAX



7.2

FORTRAN77

7.1

SQRT

QUADVEAN®

QUADMEAN

7-1

FORTRANT77

QUADMEAN COVMMON  MAXSI ZE



7-1 FORTRANT77

PROGRAM TEST

COMMON MAXSIZE

INTEGER MAXSIZE

REAL TABLE(10), TEMP

MAXSIZE = 10

READ *, TABLE(1l),TABLE(2),TABLE(3)
CALL QUADMEAN (TABLE, 3, TEMP)

PRINT *, TEMP

END

SUBROUTINE QUADMEAN (A, SIZE, QMEAN)
COMMON MAXSIZE
INTEGER MAXSIZE, SIZE
REAL A(SIZE),QMEAN, TEMP
INTEGER K
TEMP = 0.0
IF ((SIZE.GT.MAXSIZE).OR.(SIZE.LT.1)) GOTO 99
DO 10 X = 1,SIZE
TEMP = TEMP + A(K)*A(K)

10 CONTINUE
99 QMEAN = SQRT(TEMP/SIZE)
RETURN
END
7.1 MAXSIZE
e TABLE (1)
(2)
QUADNMEAN A (.::0.
SI ZE QMEAN FORTRANTY7 :
(TABLE TEME
3 TEMP) 3
QUADMEAN A
SIZE
QVEAN
( QUADMEAN QUADVEAN
A TABLE
) 3 TEMP
K
(7.5
)
7-1 7-1 7-1
) FORTRAN77  COMMON




QUADNMEAN
QUADMEAN
TEMP+A( K) * A(K) SQRT TEMP/ SI ZE
( )
A(K) *A(K)
TEMP
( )
7.3
(
(push))
( (pop)) (stack of activation record)( (runtime stack)
(call stack))
7.3.1
( € )
(
) ( )
(frame pointer)  (fp) ( fp)
(control link)
(dynamic link) ( )
fp (old fp) fp
(stack pointer) sp ( (top of stack)
tos)
7.2 Euclid (C )
7-2
7-2 7-2 C

#include <stdio.h>

int x,v;



int ged( int u, int v)

{ if (v == 0) return u;
else return gcd(v,u % v);

}

main()

{ scanf ("%d%d", &x,&Y);
printf ("%d\n",gcd(x,v));
return 0;

}

15 10 main gcd( 15, 10)
gcd(10,5) ( 15% 10 = 5)
gcd(5, 0) ( 10%5=0) 5
3 7-2 x: 15
y: 10
gcd
u: 15
v: 10
fp
fp
u: 10
v: 5
gcd I
mai n printf
mai n / u: 5
. v: 0
( mai n
fp —»
BD —»
)
gcd
7-1
FORTRANT77 3 C 72 7.2
7.5
7.3 7-3 C
mai n 1 g(2) (
2) m 2y 1 g f(1) f
g m 1 y 0
) 7-3a
7-3 7.3 C

3
main
gcd
ged
ged
g(1)
( g

int x = 2;

void g(int); /* prototype */

void f£(int n)
{ static int x = 1;



void g(int m)
{ int ¥y = m--1;

if (y > 0)
{ £(yv);
X——;
g(y);
}
}
main()
{ g(x);
return 0;
}
g f (f x 1)
1 g f g X
g(1) m 2y 1 7-3b
x: 2 x: 1
x (from £): 1 x (from £): 0
mai n mai n
m: 2 m: 2
I g L
y: 1 y:
n: 1 ‘ m: 1
fp—»
[ 8P —» y: 0
m: 1 —
fp—» [¢]
8D ——p
7-3 7-3
a) 2 g 7-3
b) 3 g 7-3
7-3b g 3 ( )f
f X f
f /



(activation tree)

( )
7-
7-4a (
15 10 ) 7-3
7-4b 7-2 7-3
1)
7-3 C g ( 7-3
m y
mOf f set yOf f set
m
fp—»
y
m y fp
mffset =+4 yOfifset =-6 m
) 4(fp) -6(fp)
7.4 C
void f(int x, char c)
{ int a[1l0];
doubl e y;

main()

gecd(15,10)

|

ged(10,5)

ged(5,0)

)

7-4

7-2

main()

I
g(2)

AN
£(1) g(1)
|

g(1)

b)

7-3



x
c
N C
fp—» - ———I— -
| B
a[9]
a
a[1]
a[o0]
.
N R 1
4 1
( )
X +5
c +4
A -24
Y -32
a[i]
(-24+2*i) (fp)
2% (scale factor)
i
7-3 ( )C X
( fp) f
(
2) ©
(
)
fp « )
fp ( sp
)




7.5

fp

fp

fp

7-3b

g

m:
fp
Sp —»

m

m:
fp—»

y:

Sp ——»




sp fp
m: 2
_ 9
y: 1
m: 1
fp
sp -
g y
m: 2
/ g
y: 1
m: 1
fp—»
8P —»
3
fp
1) C printf

printf("%W%s%", n, prompt, ch);

4 ( "yl Y Ye")
printf("Hello, world\n");
C

(in reverse order)
printf



) fp (
VAX ap ( )
Ada (unconstrained array) 2

type Int_Vector is
array (| NTEGER range <>) of | NTEGER;

procedure Sum (|l ow, high: | NTEGER;
A: Int_Vector) return | NTEGER

temp: Int_Array (low..high);

begin
end Sum
tenp )
7.6 Ada Sum
Sum ( 10
'}
low: ...
high: ...
Az Sum
A 10
fp ——»
i: ...
Al9]
Ali]
@ (fp) +2*i
@ 4

Sum

S} Ada

Sum

+4)



(
)
C
C (
4)
x[i] = (i + j)*(ilk + f(j))
f
) i+ ( ) ik (0 ()
f
fp—>»
x[i]
i +j
8P —»
f
Sp
fp (

void p( int x, double y)
{ char a;
int i;

A:{ double x;
int j;

}

B:{ char * a;

x[i]



int

x:
Yy

SPp—p

fp—»

SD—>Z

fp



7.3.2

) B K -13

7-4  Pascal ( Ada

7-4 Pascal

program nonLocalRef;

procedure p;
var n: integer;

procedure q;
begin
(* a reference to n is now
non-local non-global *)
end; (* q *)

procedure r(n: integer);
begin

q;
end; (* r *)

begin (* p *)

n := 1;
r(2);
end; (* p *)

begin (* main *)
D;
end.

r n
p n( (chaining)
n
n n )

7-5

(access link)



—-
i i S)
(static link) — p
7-6 7-5 ns 1
rdq n: 2
r
p r ™
q p p
q n fp— a
n 8P —
fp) n
r 7-5 7-4
4(fp) r n
-6(r) ( 7-6  fp
-
+4)
p
p — T
n: 1
P n: 2
p —— ‘
(
q
£fp—»
) ep— o
7- 7-4
7-5 6
7-5 Pascal
program chain;
procedure p;
var X: integer;
procedure q;
procedure r;
begin
X = 2;
if ... then p;
end; (* r *)




begin
r;
end; (* q *)

begin
q;
end; (* p *)

begin (* main *)
p;

end.
q r q p
( p x) X 7-7 ro (1)
( p r )
X (access chaining)
fp 7-7 X (

Load 4(fp) into register r.
Load 4(r) into register r.
Now access x as -6(r).

(nesting level) — =
( Pascal ks
C ) 0
( ) — =7
1 1
7-5 p fp—o
0 p sp
X 1 q p
1 r
2 q
r 3 7-7 7-5
X 3 X
m
m r 1 fp r

( 0)

(display)



1)

fp
)
(
fp )
r
1 ( q
p 1)
q
P
)
( )
7-5 r
)
;
r
7.3.3

(instruction pointer)

(closure)(
<ip, ep> ip
)
©

-
0) Xs.
(
7-4 r q
2 q
——
7-6 q
( r
X:
fp—n»
2 ( SD —p
7-8

7-8

(environment pointer)

NFA

7-5

€p

€

” )@

(Kleene)



7.7 7-6 Pascal p a
p q r p p a r
q X p a <ip, ep> ip r
ep fp ( q ry a ep
7-9 q p p a a €ep
7-10
7-6 Pascal

program closureEx(output);

procedure p(procedure a);
begin

a
end

~ =

procedure q;
var x:integer;

procedure r;
begin

writeln(x);
end;

begin
X = 2;
p(r);

end; (* q *)

begin (* main *)
[*H

end.
—»
i
//»r» - 4
4 X: 2
q \ -
N a: <ip, ep>
i o p
p
a
fp—»
8P —»

7-9 7-6 p 7-10 7-6 a



p:<ip,, >

( q:<ipg, >
) —
i
x: 2

r:<ip,,ep,>

ip a:<ip,., ep,>
-
fp——»

Sp —»

<ip, ep>
-1 7-11 7-6 a
7-10
C Modula-2 Ada C
( ) Modula-2
Ada

7.4
7.4.1

C Pascd Ada

(dangling reference)
C
int * dangle(void)
{ int x ;
return &x;}

addr = dangl e() addr

c (
) C
C
7-7 X g g
c Modula-2

Modula-2 - Pascal



7-7 C

typedef int (* proc) (void);

proc g(int x)

{ int £(void) /* illggal local function */
{ return x;}
return £; )}

main()

{ proc c¢;
c = g(2);
printf("%d\n",c()); /* should print 2 */
return 0; :

}

LISP ML
(fully dynamic)
( (garbage collection))
(
)
7.4.2
Q
Smalltalk C++
Smalltalk LISP C++
C
( )
( )




(inheritance graph))

( )
)
( )
Smalltalk
(virtual function table)(C++ )
( )
C++
7.8 C++
class A
{ public:
double x,y
void f();
virtual void g()
b
class B:public A
{ public:
doubl e z;
void f();
virtual void h();
I
A ( )
x
Y
JEER
B
x
y




( f 13 ” ) C++
( ) f
7.4.3
7.4.1
(7.1
)
)
(
)
Pascal new di spose C++ new delete C
mal |l oc free (stdlib.h)

void * malloc (unsigned nbytes);
void free (void * ap);

mal | oc
free free
mal | oc
( )
(coalesce)
(fragmented)
( )
malloc free

( )

7-8
7-8 C

#define NULL 0
#define MEMSIZE 8096 /* change for different sizes */

typedef double Align;
typedef union header
{ struct { union header *next;
unsigned usedsize;
unsigned freesize;
} s
Align a;
} Header;



static Header mem[MEMSIZE];
static Header *memptr = NULL;

void *malloc(unsigned nbytes)
{ Header *p, *newp;
unsigned nunits;
nunits = (nbytes+sizeof (Header)-1)/sizeof (Header) + 1;
if (memptr == NULL)
{ memptr->s.next = memptr = mem;
memptr->s.usedsize = 1;
memptr->s8.freesize = MEMSIZE-1;
}

for (p=memptr;
(p->s.next !=memptr) && (p->s.freesize<nunits);

p=p->s.next);
if (p->s.freesize < nunits) return NULL;
/* no block big enough */
newp = p+p->s.usedsize;
newp->s.usedsize = nunits;
newp->s.freesize = p->s.freesize - nunits;
newp->s.next = p->s.next;
p->s.freesize = 0;
p->s.next = newp;
memptr = newp;
return (void *) (newp+l);

void free(void *ap)
{ Header *bp, *p, *prev;
bp = (Header *) ap - 1;
for (prev=memptr,p=memptr->s.next;
(p!=bp) && (p!=memptr); prev=p,p=p->s.next);
if (p!=bp) return;
/* corrupted list, do nothing */
prev->s.freesize += p->s.usedsize + p->s.freesize;
prev->s.next = p->s.next;
memptr = prev;

}
MEMSI ZE

Header Header

Header 3

( )
( )
next
Header usedsi ze

freesize




7-8 Header uni on Align
doubl e)
menpt r (
NULL mal | oc
memptr —
1 mal | oc
mal | oc
(first fit) ) mal | oc 3
memptr —»
freesize 0) menptr
mal | oc
(
free
menpt r

memptr —»

menpt r



7.4.4

mal |l oc free

(manual)
(automatically)
mal | oc
free
free (garbage collection)
(mark and sweep) ©
mal | oc
1
(memory compaction)
( )
(stop-and-copy) (two space)

(generationa garbage collection)

7.5

S (reference counting)



C Pascal

(binding)
(parameter passing mechanism(s))
C
Ada
(pass by reference)(
(pass by value-result)
( )
f(++x, x);
X
C
( printf )
7.5.1
C
(in)
C
C

void inc2( int x)
/* incorrect! */
{ ++x; ++x; }

C
(

void inc2( int* x)
/* now ok */
{ ++(*x);++(*x); }

y

731

FORTRANTY7

C++ Pascal

(pass by value)

)

(pass by name)(

Pascal Ada

Ada

inc2

(delayed evaluation))
(Ada
C
i nc2( &y)



void init(int x[],int size)
/* this works fine when called

as init(a), where a is an array */

{ int i;
for(i=0;i<size;++i) x[i]=0
}
7.5.2
FORTRANT77
var
&

void inc2( int & x)
/| * C++ reference parameter */
{ ++x; ++x; }

FORTRANT77

p(2+3)
FORTRAN7Y7

( FORTRANT7

( C C++

void f( const MuchData & x )

MuchDat a
X

(
(alias)
C++
inc2(y)
2+3¢
) 7.1
3
)
C++
©

Pascal



7.5.3

Ada (in) (out) (Ada
(out) )
c )
void p(int x, int y)
{ ++x;
++y;
}
mai n()
{ int a=1;
p (a,a);
return O;
}
p a 3 a 2
Ada (in)  (out)
( )
« )
754
( ) (delayed evaluation)
void p(int x)
{ ++x; }
p(ali]) ++(ali]) p X
i c )
int i;
int a[10];

void p(int x)
{ ++i;
+4X;

}

mai n()
(i =1
a[ 1] =1,



al 2] =2;
p(alil);

return O;

p a[ 2] 3 a[ 1]

Algo160 ( )

(lazy evaluation)

(memoizing)
Miranda Haskell
7.6 TINY
TINY
TINY TINY
( FORTRANT77
TINY
4 Xy zZ W 0 3

¥
—

H]
(=]




/
TINY
st _insert
st _| ookup ( B 1166 1171 )
void st_insert( char * name, int lineno, int loc ) ;
int st_lookup ( char * name ) ;
( B 1413 )
static int location = O;
( ) (
B 1454 )
if (st_lookup(t->attr.name) == -1)
st_insert(t->attr.nane,t->lineno, | ocation++);
el se
st_insert(t->attr.nanme,t->lineno,0);
st _| ookup -1
( 0 )
TINY
7.1 FORTRAN77 7-1
AVE
REAL A( Sl ZE), AVE
| NTEGER N, |

10 READ *, N
IF (N.LE.O.OR.N. GT. SI ZE) GOTO 99
READ *, (A(1),1=1, N)

PRINT *, 'AVE = ', AVE(A, N)
GOTO 10

99 CONTI NUE
END
REAL FUNCTI ON AVE( B, N)
| NTEGER |, N
REAL B(N), SUM
SUM = 0.0
DO 20 I=1,N

20 SUM=SUM+B(I)

AVE = SUM N
END

7.2 C 7-2



7.3

74

=

f

g
int a[10]
char * s

int f(int

A
B

= "hello";

i, int

{ int j=i;

A: { int

i=j;

b[1)

char ¢ = b[i];

}

return

}

0;

void g(char * s)

{ char ¢
B:{ int

}
}

mai n()

= s[0];
a[ 5];

{ int x=1;
x = f(x,a);

g(s);
return

}
factor

Pascal

0;

2

program env;

procedure a;
var x:integer

procedure b;

proce

begin

X -

b;

end;

begin (
C;
end;

begin (*
b;
end;

begin (*
a,
end.

dure c;

= 2;

* b *)

a *)

mai n *)

(2)

4-1



75

i

7.6

©
[N
QD

program cl osur eEx(out put);
var X:integer;

procedure one;
begin

writel n(x);
end;

procedure p(procedure a);
begin

a;
end;

procedure q;
var X:integer;
procedure two;
begi n
writeln(x);
end;
begin
X 1= 2;
p(one);
p(two);
end; (* g *)

begin (*main *)

X = 1;
q;
end.
Pascal

program procenv(input, out put);

procedure dolist (procedure print);
var X:integer;
procedure newprint;
begin
print;
writeln(x);
end,
begin (* dolist *)
readl n(x);
if x = 0 then begin
print;
print;



end

el se dolist(newprint);

end; doli st

(*

procedure null;

*)

begin
end;
begin (* main *)
dolist ( null )
end.
7.7 FORTRANT7Y7
7.8 1
731
a. 1
b. sp fp ap( )
1
7.9 ( ) 7.6)
Ada
type IntAr is Array(lnteger range <>) of Integer;
procedure f(x:IntAr; n:lnteger) is
y: Array(l..n) of Integer;
i: Integer;
begin
end f;
7.10
(display) 7-7
di spl ay[ 1]
di spl ay[ 2]
p
q -
fp—» r
8P —»




7.11

7.12

7-8
di spl ay[ 1]
di spl ay[ 2]
p
q
r
P -
a -
fp—» r
80— |-
a.
b. 7.4
C.
d. 7.5
C
void f( char c, char s[10], double r )
{ int * x;
int y[5];
}
a C =2
=8 =4
fp Dec.s[7]1-Qy[2].
b. ( ) a
C. a
C

#include <stdio. h>

void g(void)

{ {int x;
printf("%\n", x);
x = 3;}
{int y;
printf("%\n",y);}




7.13

7.14

7.15

int* f(void )

{ int x;
printf("%\n", x);
return &x;

}

void main()
{ int *p;
p = f();
*p =1
)

g();

C++

class A

{ public:
int a;
virtual void f();
virtual void g()

I
class B : public A
{ public
int b;
virtual void f();
void h();
b
class C : public B
{ public:
int c;
virtual void g();
}
7.5 4

#include <stdio. h>
int i=0;

void p(int x, int vy)
{ x += 1;

i+
y +

1;
1;

}

mai n()

{ int a[2]={1, 1}
p(afi],a[i]);
printf ("% %d\n", a[ 0]
return O;

,al[1]);

7.4.2



7.16

7.17

7.18

7.19

7.20 a

7.21

7.5

#include <stdio.h>

int i=0;

void swap(int x, int y)
X = X +y;

y = X - Y,

= X - y’

—~

x

}

mai n()
{ int a[3] = {1,2,0}
swap(i,a[i]);

printf("%d % % %d\n",i,a[0],a[l],a[2]);

return O;

FORTRANT77 p

SUBROUTI NE P( A)
| NTEGER A
PRINT *, A
A=A+1
RETURN

END

CALL P(1)
FORTRANT77

(744 )
mal | oc

(pass by text)

716 C



a. 7.4.3 mal | oc

b.
a
FORTRANT77( FORTRAN )
Algol60
(Naur[1963]) Randell Russell [1964] Alogol60 C
Johnson Ritchie [1981] (
7.10) Fisher LeBlanc[1991]
Aho,Hopcrott  Ullman [1983]
Drozdek Simon[1995] mal l oc free
Kernighan  Ritchie[1988] 7.4.3 Fraser

Hanson [1995]
Wilson[1992] Cohen[1981]

ML Appel [1992] Gofer (Jones[1984])
Budd[1987] Smalltalk
C++ Ellis  Stroustrup[1990]
Louden[1993]

Peyton Jones[1987]



. «TM
. * TINY
. « TINY

(itermediate code)

TINY

™ C TINY

8.1

(intermediate representation) IR
IR IR

while )
(
if while

TINY



(intermediate code)

(linearization)

(three-address code) P- (P-

code)
8.1.1
X = yopz
y z op X op
+ - y z
Xy z 3
X y z y z(x )

2*a + ( b-3)



t2 = b - 3
t3 =tl +t2
tl
t3
( 7 13 ” )
( )
tl = b-3
t2 = 2*a
t3 = t2+t1
( ) (
t2 = -tl
( )
TINY

1 17 TINY
8-1

8-1 TINY

t2

t3

{ Sample program
in TINY language--
computes factorial

}

read x; { input an integer }

if 0 < x then { don’t compute if x <= 0 }
fact := 1;

repeat
fact := fact * x;
x = x - 1

until x = 0;
write fact { output factorial of x }
end

8-2
read write
if _false if

© t1 t2



| abel

| abel

8-2

8-1 TINY

hal t

read x

tl = x > 0

if false tl goto L1
fact = 1

label L2

t2 = fact * x

fact = t2

t3 = x - 1

x = t3

td = x == 0
if_false t4 goto L2
write fact

label L1

halt

X=y

fact: =fact*x;
2

t2=tact *x
fact=t2

8.1.2

8-3

8-3

8-2

8.2

copy

null
(quadruple)

1
empty”

8-2

(rd,x,_,_)
(gt,x,0,tl)
(if_£,t1,L1, )
(asn, 1, fact,_)
(lab,L2,_,_ )
(mul, fact,x,t2)



(asn,t2
(sub, x,
(asn,t3
(eq,x,0

,fact,_)
1,t3)
' X,_)
t4)

(if_£,t4,L2, )
(wri, fact,_,_)

(lab, Ll
(halt,

I_I_)

'_I_)

8-4 8-3

typedef

typedef
typedef

enum {rd,gt,if_f,asn,lab,mul,
sub, eq,wri,halt,. . .} OpKind;
enum {Empty,IntConst,String} AddrKind;
struct
{ AddrKind kind;
union
{ int val;
char * name;
} contents;

} Address;
typedef struct
{ OpKind op:
Address addrl,addr2,addr3;
} Quad;
8-4 8-3 C
( )
union
3
3
(triple)
8-5 8-2
8-5 | abel
8-5 8-2
(0) (rd,x,_)
(1) (gt,x,0)

(2)
(3)
(4)
(5)
(6)
(7)

(if_£, (1), (11))
(asn, 1, fact)
(mul, fact, x)
(asn, (4),fact)
(sub,x,1)
(asn, (6) ,x)

8-2

8-3



(8) (eq,x,0)

(9) (if_£,(8),(4))
(10) (wri, fact,_)
(11) (halt,_,_)

C
8.1.3 P-
70 80 P- Pascal
P- (P-machine) P-
pascal P- P-
Pascal
P-
P- P-
P- P-
pP-
P- 1
811 811

2*a+(b-3)

P-
ldc 2 ; load constant 2
lod a ; load value of variable a
npi ; integer multiplication
lod b ; load value of variable b
ldc 3 ; load constant 3
sbi ; integer substraction
adi ; integer addition

P- I dc 2 2 lod a a
npi ( )
(loa bldc 3 b 3 ( 3 ) sbi
1 2 adi
2

X 1=y +1

P-
I da x ; |l oad address of x

lod y ; load value of y



ldec 1 ; load constant 1
adi ; add
sto ; store top to address
; below top & pop both
X X sto
sto
( ) X:z=y+1 X y
P- (I da) (I od)
P- 8-1 TINY P-
8-6
8-6 8-1 TINY P-
lda x ; load address of x
rdi ; read an integer, store to
; address on top of stack (& pop it)
lod x ; load the value of x
ldc 0 ; load constant 0
grt ; pop and compare top two values
; push Boolean result
fip L1 ; pop Boolean value, jump to L1 if false
lda fact ; load address of fact
ldec 1 ; load constant 1
sto ; pop two values, storing first to
; address represented by second
lab L2 ; definition of label L2
lda fact ; load address of fact
lod fact ; load value of fact
lod x ; load value of x
mpi ; multiply
sto ; store top to address of second & pop
lda x ;7 load address of =x
lod x ; load value of x
lde 1 ; load constant 1
sbi ; subtract
sto ; store (as before)
lod x i load value of x
ldec 0O ; load constant 0
equ ; test for equality
£fip L2 ; jump to L2 if false
lod fact ; load value of fact
wri ; write top of stack & pop
lab L1 ; definition of label L1
stp
86 P- P- rdi wri
TINY read write rdi P-
Wi
8-6 | ab fip
(¢ false jump” ) sbi ( )
grt ( ) etu( ) ( )



stp hal t
1) P- P-
P-
)
2) P- P-
( ) P-
8.2
8.2.1
( )
6
)
P-
exp— id = exp | aexp
aexp - aexp + factor | factor
factor -~ ( exp) | num| id
(=) (+)° id
( “ 42"  num “ xtemp” id)
1) P- P-
P- sto
pascal pascal
(nondestructive store) stn stn sto
stn
P-
++
pcode
pcode
I da x
I od x

S} x=e

P-
(
(
num
strval
(P-
8-1
pcode P-
I
(x=x+3) +4



Idc 3
adi
stn
ldc 4
adi
8-1 P-
exp, — id =exp, exp,.pcode="1da" || id.strval ++ exp,.pcode ++ " st n"
exp — aexp exp.pcode = aexp.pcode
aexp, - aexp, + factor aexp,.pcode = aexp,.pcode ++ factor.pcode ++ " adi "
aexp — factor aexp.pcode = factor.pcode
factor —» (exp) factor.pcode = exp.pcode
factor - num factor.pcode =" 1 dc" [|num.strval
factor - id factor.pcode =" | od" ||id.strval
2 8-2
tacode 8-1 ++ I
P-
newtemp( ) tl1 t2 t3,...(
newtemp( ) ) +
8-2

exp, — id =exp, exp,.name = exp,.name

exp,.tacode = exp,.tacode ++ id.strval || " =" ||exp,.name
exp - aexp exp.name = aexp.name

exp.tacode = aexp.tacode
aexp, — aexp, + factor aexp,.name = newtemp()

aexp,.tacode = aexp,.tacode ++ factor.tacode

++ aexp,.namel| " =" || aexp,.name
[|*+" |[factor.name

aexp - factor aexp.name = factor.name

aexp.tacode = factor.tacode
factor - ( exp) factor.name = exp.name

factor.tacode = exp.tacode
factor — num factor.name = num.strval

factor.tacode =" "
factor - id factor.name = id.strval

factor.tacode=""

8-2 exp-aexp aexp - factor tacode

tacode factor - num



factor - id factor.name P-

¢ " )
8-2 (x=x+3) +4

tacode
tl = x+3
X = tl
t2 = t1+4

( newtemp( ) tl ) X=X+3
(
)
( )
( )
8.2.2
( 2 )
procedur e genCode ( T:treenode );
begin
if Tisnot nil then

generate code to prepare for code of left child of T;

genCode (left child of T);

generate code to prepare for code of right child of T;

genCode (right child of T);

generate code to implement the action of T;
end;

( T )
(T ) T
C

typedef enum { Plus, Assign } Optype;
typedef enum { OpKind, ConstKind, |dKind } NodeKind;

tacode



typedef struct streenode
{ NodeKind kind
Optype op; /* used with OpKind */
struct streenode *lchild, *rchild;
int val; /* used with ConstKind */
char * strval;
/* used for identifiers and numbers */
} STreeNode;
typedef STreeNode *SyntaxTree;

(x=x+3) +4
+*
x= 4
/+\
x 3
( strval )
( ) ©
genCode
C sprintf
codestr eni t Code P-
( )
8-7 8-1 P-

void genCode( SyntaxTree t)
{ char codestr[CODESIZE];
/* CODESIZE = max length of 1 line of P-code */
if (t != NULL)
{ switch (t->kind)
{ case OpKind{
switch (t->op)
{ case Plus:
genCode (t->1child) ;
genCode (t->rchild) ;
emitCode("adi");
break;
case Assign:
sprintf (codestr, "%s8 %s",
"lda",t->strval);
emitCode (codestr) ;
genCode(t->1child);

strva



enmitCode("stn");
break;
default:
emitCode ("Erroxr");
break;
}
break;
case ConstKind:
sprintf(codestr, "%s %s","ldc",t->strval);
emitCode (codestr);
break;
case IdKind:
sprintf (codestr, "%s %s8","lod",t->strval);
emitCode(codestr) ;

break;
default:
emitCode ("Exror");
break;
}
}
}
(
) 8-8 Yacc 8-7
)
8-8 8-1 P- Yacc
% {

#define YYSTYPE char *
/* make Yacc use strings as values */

/* other inclusion code ... */
%}

%token NUM ID

%%
exp : ID

{ sprintf(codestr,"%s %s","lda",$1l);

emitCode(codestr); }
'=' exp
{ emitCode("stn"); 1}
| aexp

aexp aexp '+' factor {emitCode("adi");}

factor

~ — e

factor : '(' exp ')'
| Num { sprintf(codestr,"%s %s","ldc",$1);
emitCode(codestr); }
| > { sprintf (codestr,"%s %s","lod",$1);



%%

/* utility functions ...

emitCode (codestr); )}

*/

8-2

8.2.3

(static simulation)

I da x
lod x
Idc 3
adi
stn
ldc 4
adi

genCode

(abstract interpretation) (
( )

Yacc

(macro expansion)

(x=x+3) +4 P-
p-



adi

t 1=x+3

x=t1

adi

t2 =

| da
| od
| od
adi

sto

| da
| od
I dc
adi
sto
| da
| od
sto
| da

a
b
c

tl

i

tl + 4

or
or

P-

ldc b
ldc ¢

i f
if

b
c

tl

tl

is a const
is a const



lod t1
ldc 4
adi
sto

tl t2

8.3

8.3.1

1)

t2 4
N / \
x/ \3
t1 X
(t2) P
stn sto
(
(
W ogr e

DAG(DAG of abasic block)

8.9.3

t1)



8-4

Addr Mode None Address |Indiredct
2) P- P- (
)
e ind( )
1na 4
e ixa ( )
- ~-— top
1
: =
P- | da
. ( )
( 2 x 10 )
P-
| da x
ldc 10
ixa 1
Idc 2
sto
8.3.2
C
int a[SIZE]; int i,]j
al[i+1] = a[j*2] + 3
a i +1 ( )
j*2 a
a (base address) ( a )
e i xa P- (adi = )



0 ( Pascal Ada
) (scale factor)

C a[i +1] ©
a + (i + 1) * sizeof (int)
a[ t]

base_address (a) + (t - lower_bound (a)) * element_size (a)

P-
a P-

a P-
lda a

a P-

el em si ze(a) a @ (
1)
t2 = a[t1l]
a[t2] =1t1
( =1 [1= ) (
)
a[i+1] = a [j*2] + 3
tl1 =j * 2
t2 = a [t1]
t3 = t2 + 3
t4 =i + 1
a [t5] =13
t2 = a [t1]
( t3 t4)

t3 =tl1l * elem_size (a)
t4d = & + t3
t2 = *t4
e C ( a)

&a



a[t2] =1t1

t3 = t2 * elem_size(a)

t4 = & + t3

*t4 = t1

afi+1] = a [j*2] + 3;

t1 = j * 2

t2 =tl1 * elem_size(a)

t3 = & + t2

t4 = *t3

ts = t4 + 3

te =i + 1

t7 =t6 * elem_size (a)

t8 = & + t7

*t8 = t5

2) P- ind ixa
i nd (

t2 = a [t1]

P-

lda t2

lda a

lod t1

ixa elem_size(a)

ind O

sto

a[t2] =t1

P-

lda a

lod t2

ixa elem_size(a)

lod t1

sto

a [i+1] = a [j*2] + 3 ;
P-

| da a
lod i



lde 1

adi

ixa elem_size(a)
lda a

lod j

ldc 2

npi

ixa elem_size(a)
ind O

ldec 3

adi

sto

3
C

exp - subs = exp | aexp
aexp — aexp + factor | factor
factor — ( exp) | num | subs
subs - id | id [ exp]

( subs
Subs
typedef enum { Plus, Assign, Subs } Optype;
/* */
(
) 2
(a[i+1]=2)+a[]]
+
/ = \ al[]
all 2 3
+*
i 1
8-9 P- ( 87 )
8-7 i sAddr
i sAddr TRUE

(ali+1]=2)+a[j] P-



lda a

lod i

lde 1

ad

ixa elem_size(a)
ldc 2

stn

lda a

lod j

ixa elem_size(a)
ind O

adi

8-9 P-

void genCode( SyntaxTree t, int isAddr)
{ char codestr [CODESIZE];
/* CODESIZE = max length of 1 line of P-code */
if (t != NULL)
{ switch (t->kind)
{ case OpKind:
switch (t->op)
{ case Plus:
if (isAddr) emitCode("Error");
else { genCode(t->lchild, FALSE);
genCode (t->rchild, FALSE) ;
emitCode("adi");}
break;
case Assign:
genCode (t->1child, TRUE) ;
genCode (t->rchild, FALSE) ;
emitCode("stn");
break;
case Subs:
sprintf (codestr, "%s %s","lda",t->strval);
emitCode (codestr) ;
genCode (t->1child, FALSE) ;
sprintf (codestr, "%8%s%s",
nixa elem size(",t->strval,")");
emitCode (codestr);
if (!isAddr) emitCode("ind 0");
break;
default:
emitCode ("Exror");
break;
}
break;
case ConstKind:
if (isaddr) emitCode("Error");
else
{ sprintf(codestr, "%s %8","1ldc",t~>strval);
emitCode(codestr);
}



break;
case IdKind:
if (isaddr)

sprintf (codestr, "%s %s","lda",t->strval);

else
sprintf (codestr,
emitCode (codestr);

"%s %s","lod",t->strval);

break;
default:
emitCode ("Error");
break;
}
}
}
4)
C (

int a[15][10] ;

C
ali][j]

8.3.3

typedef struct rec
{ int i ;
char c;
int j ;
} Rei;

Rec x;

ali]

a



( ) 1 (x.i)
field offset
2 field_offset(x,]j) X. ]

field offset

1)
tl
tl = & + field_offset (x,j)

tl = & + field_offset (x,j)
t2 = & + field_offset (x,i)

*X =i

i =*x

typedef struct treeNode
{ int val;

struct treeNode * lchild, * rchild;
} TreeNode;

TreeNode *p;

p ->lchild = p;
p =p ->rchild;



tl = p + field_offset ( *p,
*1l = p

t2 = p + field_offset ( *p
p = *t2

2) P-

P-

I da x

lod field_ offset (x,j)
i xa |

X. ] =X
P-
| da x
lod field_offset (x,j)
ixa 1
I da x
ind field_ offset (x,i)
sto

i nd X. i
(x int *)

lda i
lod x
ind O
sto
P-

p ->1lchild = p;
p =p ->rchild;

lchild)
rchild )
P-

( p )
lod p
lod field_offset ( *p, lchild)
ixa 1
lod p

sto

X.j



lda p

lod p
ind field offset ( *p, rchild )
sto
P-
8.4
while
repeat ( do-while ) for
switch
if while
84.1 if while
if while
)

break

case (
(jump table)
P-

if-stmt — if (exp) stmt|if ( exp) stmt el se stnt

while-stmt - while ( exp) stmt

( 81 else  ( )
else )
( if-false..goto
( fip )
P- uj p ( )

1)

if (E)SlelseS2

<code to evaluatBE to ti1>
if _false tl1l goto L1
<code forSil>

)

8-1 8-2

( goto

switch

8-6

L1 L2

)
)

P-
goto



TRUE

FALSE

8-1 if

goto L2

| abel L1
<code forS2>
| abel L2

while
while (E) S

| abel L1

<code to evaluat& to t1>
if_false t1 goto L2
<code forS

goto L1

| abel L2

2) P-
if ( E) Slelsex
P-

<code to eval uat E>
fip L1

<code forSil>

ujp L2

while-

while

while-

8-2 while



lab L1
<code forS2>
lab L2

while (E) S
P-

lab L1

<code to eval uatE>
fjp L2

<code forS

ujp L1

lab L2

(exit label)
C break

break

8.4.2

128 )
nop

8.4.3

switch )

(backpatch)

and or



true 1 fasle 0
and or <
0 1

(short circuit)

a false
aand b b a
aorb b
2 C
if ((p!=NULL) && ( p->val ==0) )
p p->val
if if
aand b? if athen b else false
aor b° if athentrueelseb
2 if
( (x!=0) &&( y==x) P-
| od x
ldc O
neq
fip L1
lod y
| od x
equ
ujp L2
lab L1
| od FALSE
lab L2
8.4.4 if while
stmt - if-stmt | while-stmt | br eak | ot her
if-stmt - i f( exp) stmt|if( exp) stmt el se stmt
while-stmt - whi | e( exp) stmt
exp - true|fal se
ot her ( )
true false br eak

break
C

typedef enum { ExpKind, IfKind,
Whi | eKi nd, BreakKind, OtherKind } NodeKind;



typedef struct streenode
{ NodeKind ki nd;
struct streenode * child[3] ;
int val; /* used with ExpKind */
} STreeNode;
typedef STreeNode * SyntaxTree;

1 3 (1 else
( val 10 )

if (true) while (true) if (false) break el se other

if

/

true while

N

false break other

t if

N

S
typedef P-
10
em t Code (
) ( L1 L2 L3 )
genCode break
while
while ( genCode
break )
Labl Lab2 ()
other
8-10

genLabel

break
while

P- “ Ot her”

void genCode( SyntaxTree t, char * label)
{ char codestr [CODESIZE];
char * labl, * lab2;
if (t != NULL) switch (t->kind)
{ case ExpKind:
if (t->val==0) emitCode("ldc false"):;
else emitCode("ldc true");
break;
case IfKind:
genCode(t->child[0], label);
labl = genLabel();
sprintf (codestr, "%s %s","fjp",labl);




emitCode (codestr);

genCode (t->child[1], label);

if (t->childi2] != NULL)

{ lab2 = genLabel():;
sprintf (codestr, "%s %s", "ujp",lab2);
emitCode(codestr);}

sprintf (codestr, "%s %s","lab",labl);

emitCode (codestr);

if (t->child[2] != NULL)

{ genCode(t->child[2],1label);
sprintf (codestr, "%s %s","lab",lab2);
emitCode(codestr);}

break;

case WhileKind:

labl = genLabel();

sprintf (codestr, "%s %s","lab",labl);

emitCode(codestr) ;

genCode (t->child[0],label);

lab2 = genLabel();

sprintf (codestr, "%s %s","fjp",lab2);

emitCode (codestr) ;

genCode(t->child[1],1lab2);

sprintf (codestr, "%s %s", "ujp",labl);

emitCode (codestr);

sprintf (codestr, "%s %s", "lab",lab2);

emitCode(codestr);

break;

case BreakKind:

sprintf (codestr, "%s %s", "ujp",label);

emitCode(codestr);

break;

case OtherKind:
emitCode ("Other");
break;

default:

emitCode ("Error");

break;

8-10

if (true) while (true) if (false) break else other

Il dc true
fip L1

lab L2

ldc true
fip L3

I dc false
fip L4

ujp L3

ujp L5

lab L4



O her

lab L5
ujp L2
lab L3
lab L1
8.5
8.5.1

— (definition) ( (declaration)) (call)®

(calling sequence) 7
(entry point)
(return point)
Entry instruction
<code for the function body>
Return instruction

( )
Begin-argument-computation instruction
<code to compute the arguments>
Call instruction
1
| abel entry




return

C

int f ( int x, int y)
{ return x + vy + 1; }

entry f
tl = x +y
t2 = tl1 + 1
return t2
3 begi n_

ar gs( ) arg (
) cal

fo( 2+3, 4)

begi n_args
tl1 =2 + 3
arg t1l

arg 4

call f

( 731 )
2) P- P- ent ret C f

ent f
lod x
lod y
adi
lde 1
adi
ret

ret P

P- nst cup nst
begi n-args

« " p. cup “ "

cal l P- ——cup
csp ( ) pascal sin abs (C

) csp



arg P-

f C f(2+3, 4) p.

ldc 2
ldc 3
adi

ldc 4
cup f

8.5.2

program - decl-list exp

decl-list — decl-list decl | &

decl - fn id ( paramlist) = exp
param-list - param-list, id| id
exp - exp+exp|cal |num|id
call —» id (arg-list)

arg-list - arg-list, exp | exp

1 1 (
fn f(x)=2+x
fn g(x,y)=f(x)+y
9(3, 4)
g g
C

typedef enum
{PrgK, FnK, ParamK, PlusK, CallK, ConstK, |dK}
NodeKi nd;
typedef struct streenode
{ NodeKi nd ki nd;
struct streenode *lchild, *rchild,
*si bling;

char * name; /* used with FnK, ParanK, Callk, |l dK */

int val; /* used with ConstK */
} StreeNode;
typedef StreeNode * SyntaxTree;

7 Pr gK

cup

FnK



FnK
Par amK FnK
Cal I K
8-3
/
( )
PrgK
c=11x
ParamK Plusk ParamK ParamK Plusk ConstK ConstK

I R N

COnstK Callk IdK
x

8-3

P- 8-11
Pr gK I dk

8-11

_— 4

Const K Pl uskK

void genCode( SyntaxTree t)
{ char codestr[CODESIZE];
SyntaxTree D;
if (t != NULL)
switch (t->kind)
{ case PrgK:
p = t->1lchild;
while (p != NULL)
{ genCode(p):
p = p->s8ibling; 1}
genCode (t->rchild);
break;
case FnK:
sprintf (codestr, "%s %s","ent",t->name);
emitCode (codestr);
genCode(t->rchild);
emitCode("ret");
break;
case ParamK: /* no actions */
break;
case ConstK:
sprintf (codestr, "%s %d","ldc",t->val);
emitCode(codestr) ;



break;

case PluskK:

genCode (t->1child);
genCode (t->rchild);
emitCode("adi");
break;

case IdK:

sprintf (codestr, "%s %s","lod",t->name);
emitCode (codestr);
break;

case CallkK:

emitCode(™mst") ;
p = t->rchild;
while (p!=NULL)
{ genCode(p);
p = p->sibling; 1}
sprintf (codestr, "%s %s","cup",t->name);
emitCode (codestr);

break;
default:
emitCode ("Exrrxor");
break;
}
}
FnK ParanK Call K FnK ent ret
)
© 8-11 Par anK
FnK Par anK
Cal I K net
cup
8-11 P-
8-3
ent
ldc 2
| od x
adi
ret
ent
mst
| od
cup
| od
adi
ret
mst




Idc 3
Idc 4
cup 9
8.6
(
80x 86 30 C 2
S
TINY
8.6.1 80x 86 Borland 3.0 C
8.21
(x=x+3) +4
X
Borland 3.0 C
nmov ax, word ptr [bp-2]
add ax, 3
nmov word ptr [bp-2], ax
add ax, 4
ax
bp ( )
1 X ax ( [ bp-2]
2 3 3
ax
3 X
X
1) C
(a[i+1]=2)+a[]j]
( “ ”
int i,j;
int a[10];
Borland C
)
(1) nmov bx, word ptr [bp-2]
(2) shl bx, 1
(3) |l ea ax, word ptr [bp-22

)
Sun SparcStation 2.0 C
TINY
Intel 80x 86
X
X

( P Ida)

(

]

P-

Borland

bp-2



(4) add bx, ax

(5) nmov ax, 2
(6) nov word ptr [bx], ax
(7) nmv bx,word ptr [bp-4]
(8) shi bx, 1
(9) | ea dx,word ptr [bp-24]
(10) add bx, dx
(11) add ax,word ptr [bx]
2 bp-2 i bp- 4
bp-24 (24 = X 2 i ] 4 )
i bx 2 2( ) 3 a ax (I ea
) i +1 1 2
address (a[ i +1] ) = base_address (a) + (i +1)*elem size (a)
= (base_address (a) + elem_size (a)) + i*elem_size (a)
4 ali +1] bx 5 2 ax
ali +1] 7 bx 8 2 9 a
10 aljl] bx 11 ax
ax
2)
typedef struct rec
{ int i;
char c;
int j;
} Rec;
typedef struct treeNode
{ int val;
struct treeNode * Ichild, * rchild;
} TreeNode;
Rec x;
TreeNode *p;
X p
80x 86 2
“ 2 ° x 5 p 2
X bp- 6 (
) p Si
i 0 c 2 3 val 0
2 rchild 4
X.j] =X.1;

© 80x 86 4

dx

Rec
lchild



nmov ax,word ptr [bp-6]
nmov word ptr [bp-3], ax
1 X.i ax 2 X. ] j
6+3=-3)

p->I child = p;

mov word ptr [si+2], si

p = p->rchild;

mov si, word ptr [si+4]
3)if while Barland C

if (x>y) y++;else x--;

while (x<y) y -= Xx;

Xy
Borland C if 80x 86 X bx y

dx

cnp bx, dx

jle short @ @86

inc dx

jmp short @@l14
@ @B6:

dec bx
@@i4:

8-1 X<y

Borland C while

jmp short @@70
@@La2:

sub dx, bx
@@L70:

cnp bx, dx

il short @@42

8-2

4) C

int f( int x, int y)
{ return x+y+1}



ptr

f(2+3, 4)

851 )
Borland f(2+3, 4)
mov ax, 4
push ax
mov ax, 5
push ax
call near ptr _f
pop cX
pop cX
4 5(  5=2+3
)
pop  ( cX
f C
( 2 ) 80x 86
( ret )
Borland C f
_f proc near
push bp
nmv bp, sp
nmov ax,word ptr [bp+4]
add ax,word ptr [bp+6]
inc ax
j mp short @L@58
@ @8:
pop bp
ret
_f endp
2 3
(bp) bp sp

cal |

near



( bp) cal | bp
bp+2( ) X bp+4 y bp+6 f
mov ax,word ptr [bp+4]
add ax,word ptr [bp+6]
inc ax
X ax y ax ax 1
(
return ) bp ax
8.6.2 Sun SparcStation Sun 2.0 C

(x=x+3) +4

X
SunC Borland
I d [ % p+- 0x4], %01
add %1, 0x3, %01
st %01, [ % p+- 0x4]
I d [ % p+- 0x4] , Y02
add %2, 0x4, %03

Ox (x= ) 0x4
4 ( ) 1 X ( fp-4 4 )
01° ( Intel 80x 86 ) 2
3 ol 3 ol X X 02 ®
4 03
1)
(a[i+1]=2)+a[]]
Sun ( )
(1) add % p, - 0x2c, %01
(2) Id [ % p+-0x4], %02
(3) sl | %2, 0x2, %93
(4) nmov 0x2, %04
(5) st %04, [ Y01+%03]
(6) add % p, - 0x30, %5
(7) I d [ % p+- 0x8], %7
(8) sl %07, 0x2, % 0
(9) I d [%©5+% 0], % 1
S) SparcStatin
( 85 )

® Borland 8.9



(10) nov 0x2, % 2

(11) add %2,%1,%3
4 i fp-4(
% p+-0x4) j fp-8 (% p+-0x8) a fp-48 ( 48
= 30 % p+- 0x30) 1 a ol
i +1 1 4 ( Borland ) (2c hex = 44 = 48 - 4) 2 i
02 3 o3 4( 2 ) 03 4 2 o4
5 ali+1] 6 a 05 7 o7
8 4 10 9 alj] 1 10 2
|2 11 ( ) I3
2) Sun ( 8.6.1 “ " )
4 1 4
( ) 4 X 12 p 4 i Cc
0 4 8 val Ichild rchild X
p X f p- Oxc (hex c=12) p f p- 0x10 (hex 10=16)
X.j] =x.1
I d [ % p+-0xc], %1
st %0l, [% p+-0x4]
X. i ol X.j ( X.j =-12+8=4
)
p- >l chi | d=p;
Id [ % p+-0x10], %02
ld [ % p+-0x10], %03
st %03, [%2+0x4]
p 02 o03 (02) p->lchild
p = p->rchild;
Id [ % p+-0x10], %04
I d [ %04 +0x8], %05
st %05, [ % p+- 0x10]
p 04 p->rchild
p
3) If  While Borland Sun SparcStation C

if (x>y) y++; else x--;



while (x<y) y -= Xx;

Xy
Sun SparcStation if Xy
I d [ % p+- 0x4], %02
Id [ % p+- 0x8], %03
cnmp %02, %03
bg 116
nop
b L15
nop
L16:
I d [ % p+- 0x8], %04
add %04, 0x1, Y04
st %04, 9% p+-0x8]
b L17
nop
L15:
I d [ % p+- 0x4] , %05
sub %05, 0x1, %05
st %05, [ % p+-0x4]
L17:
nop Sparc
) 8-10
Sun while
I d [ % p+- 0x4] , Yo7
Id [ % p+- 0x8], %0
cnp %07, %10
bl L21
nop
b L20
nop
L21:
L18:
I d [ % p+-0x4], %1
I d [ % p+- 0x8], %2
sub %2, %1, ¥d2
st %l2,[ % p+-0x8]
Id [ % p+- 0x4] , %3
I d [ % p+- 0x8] , %4
cnmp %3, ¥4
bl L18
nop
b L22
nop
L22:
L20:

Borland

-4

-8



” ( L22)
4)

int f ( int x, int y)
{ return x+y+1; }

f (2+3,4)
Sun
nmov 0x5, %00
mv Ox4, %ol
cal l _f, 2
f

I #PROLOGUE# 0

set hi ohi (LF62), %gl
add %gl , % o( LF62), Ygl
save Y%sp, %gl , ¥sp
I #PROLOGUE# 1
st % 0, [ % p+0x44]
st % 1, [% p+0x48]
L64:
.seg "text"
Id [ % p+0x44] , %0
Id [ % p+0x48] , %01
add %00, %01, %00
add %00, 0x1, %00
b LE62
nop
LF62:
nmov %0, % 0
ret
restore
o0 ol
2
“ Q" ( ol 02) “i” ( i0 i1
( 1 In @ On )@
f (! #PROLOGUE# )
( 13 i" " O"
) i 0( o0 )
8.7 T™
TINY
o “ o “ output® “ i “ input” Sparc

(register window)



TM(Tiny Machine) C ™
C TINY ™
C C ™
( )
8.7.1 Tiny Machine
™ 8 0
7 C

#define | ADDR_SI ZE ..

/* size of instruction memory */
#defi ne DADDR_SI ZE. .

/* size of data memory */
#define NO_REGS 8 /* number of registers */
#define PC_REG 7

Instruction i Mem | ADDR_SI ZE] ;
int dMem DADDR_SI ZE] ;
int reg[ NO_REGS]

™ -
do
/* fetch */
current Instruction = i Mem [reg[pcRegNo] ++];

/* execute current instruction */

while (!(halt]||error));

Tiny Machine 0 (
DADDR_SI ZE- 1) dMent 0] (
™ ) TM i Men O] HALT
| MEM_ERR ( reg[ PC_REG] < 0
reg[ PC_REG] = | ADDR_SI ZE ) DVEM ERR ZERO- DI V
8-12 ™
RO - RM

opcode r, s, t

8-12 Ting Machine

RO
opcode r,s,t
HALT ( )
I'N reg[r] -~ (s t )

ouT reg[r] - (s t )



ADD reg[r] = reg[s] + regft]
SuUB reg[r] = reg[s] - reg[t]
MUL reg[r] = reg[s] * reg[t]
DIV reg[r] = reg[s] / regft]( ZERO_ DI V)
RM

opcode r,d(s)
(a=d+reg| s]; drrenf a] a<0 a= DADDR- S| ZE DMVEM ERR)
LD reg[r] = dMema] ( a r)
LDA reg[r] = a ( a r)
LDC reg[r] = d ( d r, s)
ST dMenfal = reg[r] ( r a)
JLT if (reg [r]<0) reg [PC_REG = ( r a )
JLE if (reg [r]<=0 reg [PC_REG =a
JGE if (reg [r]>0) reg [PC_REG] =
JGT if (reg [r]>0) reg [PC_REG =a
TEQ if (reg [r]==0) reg [PC_REG =
JNE if (reg [r]!=0) reg [PC_REG =

r s t ( ) 3

/
opcode r,d(s)
r s ( ) d
1 2 a a=d+reg[s]
a (0< a DADDR_SI ZE) a
DVEM _ERR
RM 3 3 " (LDC) “ "
(LDA) - " (LD) 1 6
RD RM 3
(RO RM) ©
8-12 ™ ™ pc
( sp fp) ™

( )
1) I'N 80x 86

Sun SparcStation




2) (

™ Sun Sparc Station RISC
RISC 32 ©
3) ™
4)
LD @ )
LDC ™
5) pc
LDA 7, d(s)
a=d + reg[s]
6)
LD 7,0(1)
1
7 JLT )
JEQ 0, 4(7)
™ 0 0 5
LDA
LDA 7,-4(7)
3
8) JSuUB
LD 7, D(S)
dMven{ d+reg[ s] ]
LDA 0, 1(7)

pc 1 reg[ 0] (

8.7.2 T™

™
1)
2)
3)

™ —_—
™ 8-1 TINY

™ 8
( LD#1
LD LDA
pc LDA

LD

pc 2
pc pc
8-13

8-13 HALT



™

8-13

HALT

* This program inputs an integer, computes

* its factorial if it is positive
* and prints the result
0: I'N o, 0, O r0 = read
1: JLE 0, 6 (7) if 0 <r0 then
2: LbC 1,1,0 rl =1
3: LbC 2, 1, O r2=1
* repeat
4. MuL 1, 1, O rl = rl*r0
5: suB 0, 0, 2 roO = r0-r2
6: JNE 0, -3 (7) until r0 == 0
7: outr 1, 0, O write rl
8: HALT 0, 0, O hal t
* end of program
8-13 “
" ™
™
8-13
0: IN 0,0,0
2: LDC 1,1,0
3: LDC 2,1,0
4: MUL 1,1,0
5: SuB 0,0,2
6: JNE 0,-3(7)
7: OUT 1,0,0
1. JLE 0,6(7)
8: HALT 0,0,0
if
8-13 fact.tm
( ™ tm
tm fact

TM simul ation ( enter h for help )
Enter command: g

Enter value for IN instruction: 7
OUT instruction prints: 5040

HALT: 0, 0, O

Hal t ed

Enter command: q

Si mul ati on done



Commands are:
s(tep <n>

r(egs
i (Mem <b <n>>Print
d(Mem <b <n>>Pri nt

Execute n ( default
g(o Execute TM instructions unti

pc ( 0) HALT

1) TMinstructions
HALT

print the contents of the registers
n i Mem |l ocations strarting at b
n dMem | ocations strarting at b

t(race Toggl e instructions trace
p(rint Toggle print of total instructions executed ('go' only)
c(lear Reset simulator for new execution of program
h(el p Cause this list of commands to printed
q(uit Termi nate the simulation
( )
< >
8.8 TINY
TINY TINY
3 6 7
TINY ™
TINY ™ TINY
8.8.1 TINY ™
™ code.h code.c
B 1600 1685 1700 1796
™
code. c
i Mem ™
code. c
code. h (1612 1617
1623 1626 1629 ) pc TINY
( )
TINY ( fp)( )
™ LD
mp( ) 9n( )
mp ap
ap
Xy dvem



mp - DMEM_SIZE-1
t1
t2
4
X
gp —» 0
dMem
t1 O(nmp) t2 -1(np) x 0(gp) y 1(gp)
ap 5 mp 6
01 “ " ac
ac 2 3 4
1)
7 code. h TraceCode
em t Comment
emtRO entRM RO RM 3
1 ( TraceCode )
3 em t Ski p
code. c em t Ski p(1)
em t Ski p(0)
em t Backup
en t Rest ore en t Backup
em t Backup(savedLoc)
/* generate backpatched jump instruction here */
emi t Restore()
(em t RM_Abs) em t Ski p
pc 1( pc
) pc
JEQ LDA pc
TINY TINY
8.8.2 TINY
TINY cgen.c TINY CodeCen
voi d CodeGen (void);
cgen. h B cgen. c 1900
2111
CodeGen ( 2095 2111 ) (



(standard prelude))
HALT 1
0) 2 0(
cGen( 2070 2084 )
TINY
typedef enum { StmtK, ExpK } NodeKind;

cGen

mp (T™M
0)

typedef enum { IfK, RepeatK, AssignK, ReadK, WiteK } StmKind;

typedef enum { OpK, ConstK, |1dK } ExpKind;

#defi ne MAXCHI LDREN 3
typedef struct treeNode
{ struct treeNode * chil d[ MAXCHI LDREN]
struct treeNode * sibling;
int lineno;
NodeKi nd nodeki nd;
union { StmtKind stmt; ExpKind exp; } kind;
union { TokenType op;
int val;
char * name; } attr;
ExpType type;
} TreeNode;

(if repeat read write)
) cGen
genStm genExp (
)
genStm ( 1924 1994 ) switch
cGen genExp ( 1997 2065 )
ac
)
loc = | ookup(tree->attr.name);
| oc ap
2021 2027 )
cGen(pl); /* pl = left child */

em t RM("ST", ac, t mpOf fset--, mp, "op: push left");
cGen(p2); /* p2 = right child */
em t RM("LD", acl, ++t mpOf fset, mp, "op: |load left");
tmpOf f set
) t mpOf f set
“ " em f RM

1(acl) 0(ac)

5 TINY

( read

( mp
tmpOf f set

RO



TINY (
if while
/ o ) 1( ) C
01 ac
1
0
SuB 0,1,0
JLT 0,2(7)
LDC 0, 0(0)
LDA 7,1(7)
LDC 0, 1(0)
1 0 <
JLT 0, 2(7) 1 ac <
4 0 ac ( ™ LDA pc
)
if- ( 1930 1954 ) TINY
if 1
0 ac 1 JEQ if else
then emitSkip
savedLocl = emit Skip(1l)
if then else
savedLoc2 = emit Skip(1)
else
savedLocl
currentLoc = em tSkip (0)
emi t Back up(savedLocl)
emi t RM_Abs("JEQ", ac, currentlLoc,"if: jmp to else")
em t Restors()
em t Ski p(0) em t RM _Abs
pc JEQ else
(LDA) savedLoc?2
8.8.3 TINY ™
TINY ™ NO_PARSE
NO_ANALYZE NO_CODE .tm (
™ ™ sanpl e. tny

)



tiny sanple

<listing produced on the standard output>
tm sampl e

<execution of the tm simulator>

TraceCode gl obal s. h mai n. c
TRUE
8.8.4 TINY ™
8-14 TINY
8-1 TraceCode = TRUE
42 8-13
8-13
8-14
16: LD 0,1(5) load id value
17: ST 0,0(6) op: push left
18: LD 0,0(5) load id val ue
19: LD 1,0(6) op: load left

LD 1,1(5) load id value
LD 0,0(5) load id val ue

40 LDA 7,0(7) jmp to end
N@( “ ” )
8-14
TINY
8-14 8-1

* TINY Compilation to TM Code

* File: sample.tm

* Standard prelude:
0: LD 6, 0(0) | oad maxaddress from |l ocation O
1: ST 0,0(0) clear location O

* End of standard prelude.
2: IN 0,0,0 read integer value



| eft

id value

| eft

id value

| eft

id value

| eft

store

id value

| eft

| eft

store val ue

j mp

store val ue

val ue

3: ST 0, 0(5) read:

-> if

-> Op

-> Const

4: LDC 0, 0(0) | oad const
<- Const

5 ST 0, 0(6) op: push
-> 1d

6 LD 0, 0(5) | oad

<- 1d

7: LD 1,0(6) op: | oad
8: sSuB 0,1,0 op <

9: JLT 0, 2(7) br if true
10: LDC 0, 0(0) false case
11: LDA 7,1(7) uncondi tiona
12: LDC 0, 1(0) true case
<- Op

if: jump to else belongs here
-> assign

-> Const

14: LDC 0, 1(0) | oad const
<- Const

15: ST 0, 1(5) assign:

<- assign

-> repeat

repeat: jump after body comes back here
-> assign

-> Op

-> 1d

16: LD 0, 1(5) | oad

<- 1d

17: ST 0, 0(6) op: push
-> 1d

18: LD 0, 0(5) | oad

<- 1d

19: LD 1,0(6) op: | oad
20: MUL 0,1,0 op *

<- Op

21: ST 0, 1(5) assign:

<- assign

-> assign

-> Op

-> 1d

22: LD 0, 0(5) | oad

<- 1d

23: ST 0, 0(6) op: push
-> Const

24: LDC 0, 1(0) | oad const
<- Const

25: LD 1, 0(6) op: |oad
26: sSuB 0,1,0 op -



* <o Op
27: ST 0, 0(5) assign: store value
* <- assign
* > Op
* o> |d
28: LD 0, 0(5) |l oad id value
* <- |d
29: ST 0, 0(6) op: push left
* -> Const
30: LDC 0,0(0) | oad const
* <- Const
31: LD 1,0(6) op: load left
32: SuUB 0,1,0 op = =
33: JEQ 0, 2(7) br if true
34: LDC 0, 0(0) false case
35: LDA 7,1(7) uncondi tional jmp
36: LDC 0, 1(0) true case
* <. Op
37: JEQ 0,-22(7) repeat: jmp back to body
* <- repeat
* o> |d
38: LD 0, 1(5) |l oad id value
* <- | d
39: ouT 0,0,0 write ac
* if: jump to end bel ongs here
13: JEQ 0, 27(7) if: jmp to else
40: LDA 7,0(7) jmp to end
* <- jf
* End of execution.
41: HALT 0,0, 0
8.9
50 1

(code
improve transformation)
(code optimization techniques)



( )
8.9.1
1
—_— 8 16
( (register spill) )
( 0)
2) 2
1 (
elimination)) ©
)

(unreachable)

#define DEBUG O

Pt ( DEBI G)
{...}
DEBUG  0( ) if

)
TINY
pc sp fp
( RISC )
32 64 128
(common subexpression
(
(dead code)



(jump optimization)

3
2 x3 X*X*X
(reduction in strength)
( 2% 2% X 5*X + X — )
2+3 5 ( (constant folding))
( (constant propagation))
(
(procedure in lining) C++

(tail recursion)
int gcd( int u, int v)
{ if (v==0) return u;
else return gcd(v,u %v); }

int fact( int n)
{ if (n==0) return 1;
else return n * fact(n-1); }

gcd
int gcd( int u, int v)
{ begin:
if (v==0) return u;
el se

{ int t1 = v, t2 = u%v;
u=1t1;, v = t2;
goto begin;

( ) (tail recursion removal)

©  Sun SparcStation 8.6.2



(VAX )

(instruction selection) (use of machine idioms)
4)
( )
(profiling compiler) ( )
8.9.2
(
(
(peephol e optimization))
( (source-level optimization))
( (target-level optimization))
(pseudoregister) ( )

(phase problem)
x =1
y..: .
|f. (y) x =0

—
—~
x
-

<
1
=



—
—
o
—
x
1
o

|f. (x) v =1
1 if
x =1
y=0
|.f. (x) vy =1
2 (local) (global)
(interprocedural) (straight-line segment of
code) ©
(basic block)
( 13 ” )

(dataflow analysis)




(induction variable))

(
(code motion))
goto
(loop discovery) ( FORTRAN)
8.9.3
\
Bl |read x
tl :=x >0
if false t1
goto L1
3
B2 | fact = 1
(flow graph) l
B3 | label L2
t2 = fact * x
( ) fact = t2
t3 =x -1
8-4 x = t3
td = x==0
8-2 ( if false t4
) goto L2
e B4 | write fact
) 1 !
BS label L1
2) halg
3)
8-4 8-2
( ‘ " )
(reaching definition)
S]
€]



8-4 fact B2(f act =1) B3(f act =t 2) 3
dl d2
(reach) 8-4 fact Bl B2 di d2 B3
d2 B4 B5 —
( )
DAG (DAG of abasic block)(DAG = directed acyclic graph ) (DAG
)
DAG
(416 )©
8-4 B3 8-5 DAG (
DAG ) DAG
fact=t2 x=t3 4
t2 t3
X fact,t2 x,t3
x /®\
DAG fact x 1 0
DAG 85 818 B3 DAG
C

X = (x+1)*(x+1)

tl = x + 1
t2 = x + 1
t3 = tl1 * t2
X =t3
8-6 DAG X+1 x,t3
DAG 1
DAG ( ) 2
DAG t2,t1l
DAG 8-6 * 1
+ x 1 t1( 86 C  x = (x+1)*(x+1)
t1=x+1 ) 2 + x 1 DAG

t2=x+1 t2

) DAG DAG P-



DAG
(DAG )
DAG
85 3
t3 = X 1
t2 = fact * x
X = t3
t4d = x == 0
fact = 1t2
fact = fact * x
X = x - 1
t4 = x == 0
8-6 DAG
tl = x + 1
x = t1 * t1
DAG DAG
« ) (
(
)
(register descriptor) (address descriptor)
( )
(
) ( )
( )
8-5 DAG 3 01 2
™ 4 i nNRey(reg-no) isd obal (gl obal -offset)
i sTenmp(tenp-offset) isConst(val ue)( ™ TINY
) X 0 fact 1 ap
mp
/
fact i sd obal (1)
X i sd@ obal (0)
t2 -
t3
ta n
1 i sConst (1)

0 i sConst (0)




LD 0,1(gp) | oad fact into reg O
LD 1,0(gp) load x into reg 1

MUL 0,0,1
/
fact i nReg(0)
X i s@ obal (0),inReg(1)
t2 i nt Reg(0)
t3 -
t4 -
1 i sConst (1)
0 i sConst (0)

fact, t2

LDC 2,1(0) load constant 1 into reg 2

ADD 1,1, 2
/
fact i nReg(0)
X i nReg(1)
t2 i nReg(0)
t3 i nReg(1)
t4 -
1 isConst(1),intReg(2)
0 i sConst (0)

fact, t2
X, t3

DAG



8.10 TINY

8.8

TINY 8-14 42
8-13 9
1) TINY ™ ( 2 3 4
2) TINY 0 1 if
while
TINY
8.10.1
TINY
tmpOf f set (np)
tmpOf f set ( B
2033 2027 ) tmpOf f set
( pc gp mp) t nmpOf f sef 0~4 0~4
-5 ( 5)
( saveTnp | oadTnp)
0
TINY 8-15 ™ ( 8-
14 ) 20% ( 5 mp) 2 3
4
8-15 TINY ™
0: LD 6,0(0) 17: sT 0,1(5)
1: sT 0,0(0) 18: LD 0,0(5)
2: IN 0,0,0 19: LDC 1,1(0)
3: ST 0,0(5) 20: suB 0,0,1
4: LpC  0,0(0) 21: ST 0,0(5)
5: LD 1,0(5) 22: LD 0,0(5)
6: sus 0,0,1 23: LDC 1,0(0)
7: JLT  0,2(7) 24: suB 0,0,1
8: Lpc  0,0(0) 25: JEQ 0,2(7)
9: LbA  7,1(7) 26: LDC  0,0(0)
10: Loc  0,1(0) 27: LDA  7,1(7)
11: JEQ 0,21(7) 28: LDC 0,1(0)
12: Lpc  0,1(0) 29: JEQ 0,-16(7)
13: ST 0,1(5) 30: LD 0,1(5)
14: LD 0,1(5) 31: ouT 0,0,0
15: LD  1,0(5) 32: LDA 7,0(7)
16: MUL 0,0,1 33: HALT 0,0,0




8.10.2
™
“ ” (
( )
10
100
inReg inMem 1
2 (
)
X 4 fact (
) 0 2
2 8-16
8-16 TINY ™
0: LD 6,0(0) 13: LDC 0,1(0)
1: ST 0,0(0) 14: SUB 0,3,0
2: IN 3,0,0 15: LDA 3,0(0)
3: LDC 0,0(0) 16: LDC 0,0(0)
4: suB 0,0,3 17: SUB 0,3,0
5: JLT 0,2(7) 18: JEQ 0,2(7)
6: LDC 0,0(0) 19: LDC  0,0(0)
7: LDA 7,1(7) 20: LDA 7,1(7)
8: LDC 0,1(0) 21: LDC  0,1(0)
: JEQ 0,15(7) 22: JEQ 0,-12(7;
10: LDC 4,1(0) 23: ouT 4,0,0
11: MUL 0,4,3 24: LDA 7,0(7)
12: LDA 4,0(0) 25: HALT 0,0,0
8.10.3
if while
01 TINY
0 1 genSt nt
genExp
o if while
8-16 TINY

if 0<x then

™



4: SUB 0,0,3
5: JLT 0,2(7)
6: LDC 0, 0(0)
7: LDA 7,1(7)
8: LDC 0, 1(0)
9: JEQ 0, 15(7)
™
4: SUB 0,0,3
5: JGE 0,10(7)
JGE < )
8-17 (
TINY else if genSt mt
if )
8-17
8-17 TINY ™

0: LD 6,0(0) 9: IDC 0,1(0)
1: ST 0,0(0) 10: SUB 0,3,0
2: IN 3,0,0 11: LDA 3,0(0)
3: LDC 0,0(0) 12: LDC 0,0(0)
4: SuB 0,0,3 13: sUB 0,3,0
5: JGE 0,10(7) 14: JNE 0,-8(7)
6: LDC  4,1(0) 15: OUT 4,0,0
7: MUL 0,4,3 16: HALT 0,0,0
8: LDA 4,0(0)
8.1 Lex C ( 2.2.3 )

a. 2+3+4+5

b.2+(3+(4+5))

c.a*b+a*b*c
8.2 P-
8.3 C P-

8.4
85

a(x =y = 2)*(x=4)
b.a(a)i=b(i=n)
C. p- >next - >next =p- >next

( )

TINY €) (b)P-

{ Gcd programin TINY |language }
read u;



8.6
8.7

8.8
8.9
8.10

8.11

8.12

8.13

8.14

8.15

8.16

read v; { input two integer }

if v =0 thenv := 0 { do nothing }
el se
repeat
temp : = vV
v :=u - u/v*v; { computes u mod v }
u = temp
until v =0
end;

write u { output gcd of original v & v }

8-4 8-5
8-1P- (821 ) a832
8-2
6.5.2
& *( C )
a. 8.21
b.8.2.2
a. 844 repeat-until(  do-while
b (844 ) a
a for while
b. case switch if
a 8-2 Borland 80x 86 C
b 8-2 86.2 Sun SparcStatin C
c 3 “ "
8-2 ?
case switch case
case
a. case
?
b. 10 case
switch
a. 8.3.2
b. C a
int a[12][100][5]
a

a[5][42][2]
85.2 /

fn f(x)=x+1
fn g(x,y)=x+y

b8.4.4

8-2

(jump table)



8.17

8.18

8.19
8.20

8.21

8.22

8.23
8.24

8.25
8.26
8.27
8.28

8.29
8.30

g f(x(3),4+5)

a. genCode P-
b.
arg

arg ( 851 )
a. P-
b.

8.5 TINY gcd ™

a.T™
b.T™M

™
( ®)

TINY TINY ™

a. 2+3+4+5
b.2+(3+(4+5))
C.X:= X+(y+2*2z) X,y z dvem 01 2
dv :=u - u/v*v;
( 8.5TINY gcd TINY

8.5.2 ™
Borland 3.0 80x 86 X<y

-2 -4
nov ax,word ptr [bp-2]

cnp ax,word ptr [bp-4]
jge short @L@86

nmov ax, 1

jmp short @@1i4

@ @6:
Xor ax, ax
@@is:
TINY ™
C 8.4
8.5 TINY gcd
8.5 TINY gcd repeat DAG
8.9.3 8-5 DAG ™
™
LDC 2,0(0) | oad constant O into reg 2
SuB 2,1, 2
( 893 )
C 8.9
TINY
1) 0

2)



8.31

8.32

8.33

8.34
8.35
8.36
8.37

8.38
8.39

8.40

8.41
8.42
8.43
8.44

8.45
8.46

20 op

o

a.

o oTe o

TINY
8-13 ?

8-7(8.22 ) P-
8-7

87( C )
8-9( )
8-10( )

8-11( )

8-9( )
8-10( )
811( )
8-8 Yacc P-
8-7 8.10
8-10 8.11
8-7 ™ P- (
code. h )
8.23 8-11
TINY
array a[ 10];
i = 1;
repeat
read afi];
i =i + 1;
until 10 < i
(a) ™
8.21 ™
™ TINY
TINY
P-

TINY P-
TINY

TINY
™

TINY

™

8-1

TINY



8.47 8.10 3 TINY
a. 3 ™™
b. 3 4
C. 01
848  TINY
849 a 8.30 1
b. 8.30 2
( )
AHO Sethi Ullman(1986) Fischer
LeBlanc(1991) case/switch (8.14) (MIPS Sparc PC)
Fraser Hanson(1995). Slonneger Kurtz(1995)
1
(Strong(1958) Steel(1961)
P-
Nori et al(1981) P- u-
Perkins Sites(1977) P- Modula-2
(Powell(1984). Ada Diana, Goos Wulf(1981)
LISP RTL GNU
(Stallman[1994]) Davidson Fraser(1984a,b) C
Holub(1990)
Aho Sethi Ullman(1986) Fischer

LeBlanc(1991)

Design and Implementation Conferene Proceedings (
ACM SEGPLAN Notices
Principles of Programing Languages Conference Proceedings

Programming Languages and Systems

ACM Programming languages
Complier Construction Conference)
ACM

ACM Transacfions on



C C Tiny Machine
C . C ™
C
C Minus ( C )
TINY C
5
BNF A.3
C C Tiny Machine
C ™
Al C
1

else if int return void while

2.
+_*/<<:>>:::!::;,()[]{}/**/
3. ID NUM
ID = letter letter*
NUM = digit digit*
letter = al..|z|Al..|Z
digit = 0]..]9
4. ID NUM
5 C [*. .. %] (
)
A2 C
C BNF

1. program - declaration-list
2. declaration-list — declaration-list declaration | declaration
3. declaration - var-declaration | fun-declaration



4. var-declaration — type-specifier 1D; |type-specifier ID[ NUM ];
5. type-specifier - i nt |voi d
6. fun-declaration - type-specifier 1D ( params) | compound-stmt
7. params — params-list | voi d
8. param-list - param-list, param | param
9. param - type-specifier 1D | type-specifier ID[ ]
10. compound-stmt — { local-declarations statement-list }
11. local-declarations — local-declarations var-declaration | empty
12. statement-list — statement-list statement | empty
13. statement — expression-stmt | compound-stmt | sel ection-stmt

| iteration-stmt | return-stmt
14. expression-stmt — expression ; |;
15. selection-stmt — i f ( expression) statement

|i f ( expression) statement el se statement
16. iteration -stmt — while ( expression ) statement
17. return-stmt — return ;|return expression;
18. expression - var = expression | simple-expression
19.var - ID | ID[ expression]
20. simple-expression — additive-expression relop additive-expression
| additive -expression

2L relop »<=|<[>|>=[==]|!=
22. additive-expression - additive-expression addop term | term
23. addop -+ | -
24. term - term mulop factor | factor
25. mulop -* |/
26. factor — ( expression) |var | call | NUM
27.call - ID( args)
28. args — arg-list | empty
29. arg-list — arg-list , expression | expression

1. program - declaration-list
2. declaration-list - declaration-list declaration | declaration
3. declaration — var-declaration | fun-declaration
( )

( C )

backpatching ) mai n
(Cc )

4. var-declaration — type-specifier 1D ; |type-specifier ID[ NUM ];
5. type-specifier - i nt |void

NUM -1 C



int void ( )
6. fun-declaration — type-specifier 1D ( params) compound-stmt
7. params - param-list | voi d
8. param-list — param-list, param | param
9. param - type-specifier 1D | type-specifier ID[ ]

voi d
) voi d ( )

( )

10. compound-stmt — { local-declarations statement-list }

11. local-declarations — local-declarations var-declaration | empty
12. statement-list — statement-list statement | empty
( empty

13. statement — expression-stmt

| compound-stmt

| selection-stmt

| iteration-stmt

| return-stmt
14. expression-stmt - expression; |;

15. selection-stmt — i f (expression) statement
|i f (expression) statement el se statement

if 0
else

else if “ §
16. iteration-stmt — whi | e ( expression) statement
while C

0
17. return-stmt -~ return ;|return expression;
voi d
voi d return ( mai n

18. expression — var = expression | simple-expression
19.var - ID | ID [ expression]

var



var

var C C C (I-value)
C var
C C
20. simple-expression - additive-expression relop additive-expression
| additive -expression
21. relop - <=|<|>|>=|==|'=

( )
ture
1 false 0
22. additive-expression — additive-expression addop term | term
23. addop - + |-

24. term - term mulop factor | factor
25. mulop - * |/

26. factor — (expression) |var | call | NUM

NUM
1D ( )
27.call - ID ( args)
28. args — arg-list | empty
29. arg-list - arg-list , expression | expression
1D ( )

int input(void) {...}
void output(int x) {...}

i nput ( ) out put

A3 C

/* A programto perform Euclid's
Al gorithm to compute gcd. */



int gcd (int u, int v)

{ if (v == 0) return u ;
el se return gcd(v,u-u/v*v);
/[* u-u/v*v == u mod v */

}

void main(void)

{ int x; int vy;
X = input(); y = input();
out put (gcd(x,Vy));

10

/* A program to perform selection sort on a 10

el ement array. */

int x[10];
int mnloc ( int a[], int low, int high)
{ int i; int x; int Kk;

k = 1ow,

x = a[low];

i = low + 1;

while (i < high)
{ if (a[i] < x)

{ x = a[il;
k =1i; }
=i + 1;
}
return k;
}
void sort ( int a[], int low, int high)
{ int i; int k;
i = 1low
while (i < high-1)
{ int t;
k = minloc (a,i,high);
t =a[k];
alk] = a[i];
a[i] = t;
i =i + 1;
}
}
void main (void)
{ int i;
i = 0;
while (i < 10)
{ x[i] = input;

i =i + 1;



sort (x,0,10);

i = 0;

while (i < 10)

{ output(x[i]);

=i + 1;
}
A4 C Tiny Machine
8.7 Tiny Machine 7
C ( TINY ) dMem
0 C
(heap) C ( )
fp — ofp ofpFO =0
ret retFO = —1
initFO = -2
params
Iocél.\;ars
temps
fp (current frame pointer) of p(
) 7 (control link) FO( )
initFO
Tiny Machine fp
C
int f(int x, int y)
{ int z;
}
Xy z f -5x vy z
) Xy z -2 -3 -4
TINY
ap
™ 0 ap 0

0: LD gp, 0(ac) * |l oad gp with maxaddress
1: LDA fp, 0(gp) * copy gp to fp

2: ST ac, 0(ac) * clear location O
pc
( ) code. h/



code. ¢ en t RAbs (

27 42

42: LDC pc, 27(%*)

42: LDA pc, -16(pc)

27 -(42+1)=-16
1 retFO

ST ac, retFO(fp)

LD pc, retFO(fp)

pc
fp of pFO

fp fp

<code to compute first arg>

ST ac, frameoffset+initFO (fp)

<code to compute second arg>

ST ac, frameoffset+initFO-1 (fp)

ST fp, frameoffset+of pFO (fp) * store current fp
LDA fp, frameoffset(fp) * push new frame

LDA ac, 1(pc) * save return in ac

LDA pc, ...(pc) * relative jump to fuction entry
LD fp, of pFO(fp) * pop current frame
2
a[i] := a[i+1];
a[i] ali] a[i +1] a i +1
cGen i sAddr ess cGen
an( ) fo(
ac

LDA ac, offset(fp) ** put address of local var in ac

3)
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