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Torben

M
ogensen,B

asics
ofC

om
piler

D
esign

(D
IK

U
2002),sections

2.1–2.5,2.9,3.1–3.6,3.16.

A
lso,draftlecture

notes
P

rogram
m

ing
Language

C
oncepts,chapter

3
(handout).
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S
M

L
structures

and
M

osco
w

M
L

com
pilation

units

S
o

far
w

e
have

used
M

oscow
M

L’s
interactive

top-level,m
o

sm
l.

W
hen

w
e

m
odularize

program
s,w

e
m

ay
use

M
oscow

M
L’s

batch
com

piler,m
o

sm
lc

.

F
or

m
odularity

w
e

declare
the

abstractsyntax
datatype

e
xp

r
in

a
file

A
b

syn
.sm

l
:

d
a

ta
typ

e
e

xp
r

=

C
stI

o
f

in
t

|
V

a
r

o
f

strin
g

|
L

e
t

o
f

strin
g

*
e

xp
r

*
e

xp
r

|
P

rim
o

f
strin

g
*

e
xp

r
list

T
his

file
defines

a
structure

A
b

syn
,sim

ilar
to

a
class

thathas
only

static
m

em
bers.

W
e

can
com

pile
itlike

this:

m
o

sm
lc

-c
A

b
syn

.sm
l

T
his

creates
a

bytecode
file

A
b

syn
.u

o
and

an
interface

file
A

b
syn

.u
i

,corresponding
to

a
Java

.class
file.

W
hen

using
m

o
sm

lc
to

com
pile

other
files,A

b
syn

is
loaded

autom
atically

ifneeded.

B
ut

in
the

interactive
system

m
o

sm
l,you

m
ay

have
to

explicitly
load

A
b

syn
.sm

l
:

-
lo

a
d

"A
b

syn
";

>
va

l
it

=
()

:
u

n
it

In
both

cases,allnam
es

m
ustbe

prefixed
by

A
b

syn
,as

in
A

b
syn

.V
a

r
.

A
lternatively,after

the
declaration

o
p

e
n

A
b

syn
,the

prefix
is

notneeded.
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D
escribing

legal
program

syntax:
regular

expressions
and

conte
xt-free

gram
m

ar
s

P
rogram

m
ing

language
syntax

is
described

on
tw

o
levels,the

localone
and

the
globalone:

�

Lexical:
the

form
ofnam

es,constants,keyw
ords,operators,delim

iters,...

Lexicalstructure
is

described
by

regular
expressions.

�

G
ram

m
atical:

the
structure

ofexpressions,declarations,statem
ents,program

s,...

G
ram

m
aticalstructure

is
described

by
context-free

gram
m

ars.

T
he

description
oflegalprogram

syntax
serves

tw
o

purposes:

�

Ittells
program

m
ers

(and
com

piler
w

rites)
w

hata
legalprogram

m
ustlook

like.

�

Itperm
its

autom
atic

construction
oflexer

and
parser

program
s,to

be
used

in
a

com
piler.
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F
r� om

concrete
syntax

to
abstract

syntax:
lexing

and
parsing

A
program

is
w

ritten
as

a
linear

character
stream

,usually
stored

in
a

file.

F
or

instance,the
program

text
x+

5
2

*
w

k
really

is
this

character
stream

:

|x|+
|5

|2
|

|*|
|w

|k|

To
interpretor

com
pile

this
program

,w
e

m
usttransform

the
character

stream
to

an
abstractsyntax

tree.

T
his

is
done

in
tw

o
phases:

(1)
Le

xing
(or

scanning
)

checks
thatthe

characters
form

legaltokens,and
ifso,produces

a
token

stream
:

N
A

M
E

"x",
P

L
U

S
,

C
S

T
IN

T
5

2
,

T
IM

E
S

,
N

A
M

E
"w

k"

A
token

(or
lexem

e)
represents

a
sim

ple
constant,an

operator,a
nam

e,a
delim

iter,or
sim

ilar.

(2)
P

arsing
checks

thatthe
token

stream
is

legal,and
ifso,constructs

an
abstractsyntax

tree
(A

S
T

):

+

x
*

5
2

w
k
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F
rom

program
text

to
token

stream
to

abstract
syntax

tree

 L
exer

Program
 text

Program
 tokens

Program
 A

ST
Parser

Interpreter

Input

O
utput
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R
egular

expressions:
com

pact
descriptions

of
sets

of
strings

A
regular

expression�

is
a

character,or
em

pty,or
sequence�� �� ,or

iteration���� ,or
choice��� �� :

R
egular

expression�

M
eaning

Language	
 ��

a
the

charactera

� "a
"




�

the
em

pty
string

� ""


�� ��

��

follow
ed

by��
� �
� ��� �
� �
	
 ��� � �
� �
	
 ���


����

zero
or

m
ore�� ’s

� �
� �� ����
�� �� �
	
 ��� � ��
�


��� ��

either��

or��

	
 ��� �
	
 ���

E
xam

ples:

�

If�

is
a

b
then	
 ��

is
the

set� "a
b

"




�

If�

is
a� b

then	
 ��

is
the

set� "a
"�

"b
"


�

If�

is
a
 a� b�

then 	
 ��

is
the

set� "a
a

"�

"a
b

"




�

If�

is
a �

then 	
 ��

is
the

infinite
set� ""�

"a
"�

"a
a

"�

"a
a

a
"� ���


�

If�

is
a �


 a� b�

then	
 ��

is
the

infinite
set� "a

"�

"b
"�

"a
a

"�

"a
b

"�

"a
a

a
"� ���


�

If�

is
a
 a� b

b� �

then 	
 ��

is
...?
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A
bbre

viations
in

regular
expressions

S
om

e
abbreviations

m
ake

life
easier:

A
bbreviation

M
eaning

E
xpansion

� a
e

io
u

�

a
or

e
or

ior
o

or
u

a� e� i� o� u

� 0 �

9�

a
character

in
range

0
to

9
0� 1� 2� 3� 4� 5� 6� 7� 8� 9

� a �

z
A �

Z�

a
character

in
range

a
to

z
or

A
to

Z
a� b� ���

� z� A� B� ���
� Z

�� �

em
pty

or��

�� ��

����

one
or

m
ore�� ’s

�� ����

E
xam

ples:

�

N
on-negative

integer
constants

are
described

by� 0 �

9� �

�

Integers
constants

are
described

by� -+� �� 0 �

9� �

�

Java
variable

nam
es

are
described

by
� a �

zA

�

Z�� $� _�
� a �

zA

�

Z
0 �

9�� $� _� �

�

Java
floating-pointconstants

are
described

by� -+� �� 0 �

9� �

 �� 0 �

9� �
� �
� e

E�� -+� �� 0 �

9� �
� �

�

C
ar

license
plates

are
described

by
...?

�

Internetdom
ains

(such
as

w
w

w
.p

o
l.d

k
)

are
described

by
...?

�

E
-m

ailaddresses
are

described
by

...?
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R
egular

expressions
and

nondeterm
inistic

finite
autom

ata
(N

FA
s)

A
nondeterm

inistic
finite

autom
aton

(N
FA

)
is

a
graph

ofstates
(nodes)

and
labelled

transitions
(edges):

ε
a

a

b

2

3
1

T
he

autom
aton

has
a

starting
state !

(here !#"
$ )

and
any

num
ber

ofaccepting
states

(circled).

Itaccepts
a

string 

ifthere
is

a
path ! %&' � %(' ))) %*' �

from

 !

to
an

acceptstate �

,w
here

the
label

sequence+� +� )))+�

m
akes

up .
A

n
epsilon-transition

(� )
does

notcontribute
to

the
labelsequence.

U
seful

fact

F
or

every
regular

expression�

there
is

an
N

FA
thataccepts

exactly
the

strings
in 	
 �� .

T
he

N
FA

above
accepts

exactly	
 a �

 a� b�� .

T
he

N
FA

can
be

constructed
in

a
system

atic
w

ay
from

the
regular

expression;see
M

ogensen.

(A
lso,for

every
N

FA
there

is
a

regular
expression�

such
thatthe

N
FA

accepts
exactly

the
strings

in 	
 �� ).
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R
egular

expressions
and

determ
inistic

finite
autom

ata
(D

FA
s)

A
determ

inistic
finite

autom
aton

(D
FA

)
is

an
N

FA
w

ithout� -transitions,and
w

ith
distinctlabels

on
alloutgoing

edges
from

a
state:

U
seful

facts

F
or

every
N

FA
there

is
a

D
FA

thataccepts
the

sam
e

setofstrings.

T
hus

for
every

regular
expression�

there
is

a
D

FA
thataccepts

exactly
the

strings
in	
 �� .

F
or

a
given

string ,the
nextstate

(ifany)
is

uniquely
determ

ined.
S

o
acceptance

can
be

decided
in

tim
e,
�  �� .

A
n

N
FA-. /

is
constructed

from
a

regular
expression�

by
recursion

on
the

structure
of� .

A
D

FA0. /

is
constructed

from

-. /

by
letting

a
state1

of0. /
be

a
non-em

pty
setofstates

of-. /

.

T
here

is
a

transition1
%'

132

in0. /

ifthere
are �

1

and 2�
1 2

w
ith 

%'
 2

in/

in
the

given-. /

.

S
tate1

of0. /

is
accepting

ifthere
is �

1

such
that 

is
accepting

in
the-. /

.
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Le
xer

specification
for

an
expression

langua
g

e:
the

rules

T
he

D
FA

s
are

usually
constructed

by
a

lexer
generator

from
a

lexer
specification.

A
lexer

specification
uses

regular
expressions

to
describe

the
various

kinds
oftokens.

In
this

lexer
specification,a

token
is

a
non-negative

integer
constant,or

a
nam

e
or

keyw
ord,or

a
specialsym

bol:

ru
le

T
o

ke
n

=
p

a
rse

[‘
‘

‘\t‘
‘\n

‘
‘\r‘]

{
T

o
ke

n
le

xb
u

f
}

|
[‘0

‘-‘9
‘]+

{
ca

se
In

t.fro
m

S
trin

g
(g

e
tL

e
xe

m
e

le
xb

u
f)

o
f

N
O

N
E

=
>

le
xe

rE
rro

r
le

xb
u

f
"in

te
rn

a
l

e
rro

r"
|

S
O

M
E

i
=

>
C

S
T

IN
T

i
}

|
[‘a

‘-‘z‘‘A
‘-‘Z

‘][‘a
‘-‘z‘

‘A
‘

-‘
Z

‘‘
0

‘
-‘9

‘]*
{

ke
yw

o
rd

(g
e

tL
e

xe
m

e
le

xb
u

f)
}

|
‘+

‘
{

P
L

U
S

}
|

‘-‘
{

M
IN

U
S

}
|

‘*‘
{

T
IM

E
S

}
|

‘=
‘

{
E

Q
}

|
‘(‘

{
L

P
A

R
}

|
‘)‘

{
R

P
A

R
}

|
e

o
f

{
E

O
F

}
|

_
{

le
xe

rE
rro

r
le

xb
u

f
"Ille

g
a

l
sym

b
o

l
in

in
p

u
t"

}
;

G
iven

the
lexer

specification,a
lexer

generator
builds

a
D

FA
thatrecognizes

and
classifies

tokens.

IT-C
P

rogram
m

ing
Languages,F

2003
P

age
3-10

C
onte

xt-free
gram

m
ar

s

A
context-free

gram
m

ar4

consists
of

�

term
inalsym

bols:
identifiers

x
,integer

constants
1

2
,etc;usually

tokens
as

produced
by

a
lexer

�

nonterm
inalsym

bols
A

,denoting
gram

m
ar

classes

�

a
startsym

bolS
,w

hich
is

a
nonterm

inal

�

rules
(or

productions)
ofthe

form
A

::=

5-67
8

w
here5-67

8

is
a

sequence
ofterm

inals
or

nonterm
inals

A
n

exam
ple

gram
m

ar
for

our
expression

language:

M
a

in
::=

E
xp

r
E

O
F

ru
le

1

E
xp

r
::=

N
A

M
E

ru
le

2
|

IN
T

ru
le

3
|

-
IN

T
ru

le
4

|
(

E
xp

r
)

ru
le

5
|

le
t

N
A

M
E

=
E

xp
r

in
E

xp
r

e
n

d
ru

le
6

|
E

xp
r

*
E

xp
r

ru
le

7
|

E
xp

r
+

E
xp

r
ru

le
8

|
E

xp
r

-
E

xp
r

ru
le

9

T
he

gram
m

ar
has

term
inalsym

bols
N

A
M

E,IN
T

,-
,(

,)
,le

t
,=

,in
,e

n
d

,*
,+

,E
O

F.

Ithas
nonterm

inals
M

a
in

and
E

xp
r

,its
startsym

bolis
M

a
in

,and
ithas

9
rules.
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D
eriv

ation:
the

gram
m

ar
as

a
string

g
enerator

T
he

string
“x+

5
2

*w
k

E
O

F”
or

“N
A

M
E

+
IN

T
*

N
A

M
E

E
O

F”
is

derivable
as

follow
s:

M
a

in

9

E
xp

r
E

O
F

by
rule

1

9

E
xp

r
+

E
xp

r
E

O
F

by
rule

8

9

E
xp

r
+

E
xp

r
*

E
xp

r
E

O
F

by
rule

7

9

E
xp

r
+

E
xp

r
*

N
A

M
E

E
O

F
by

rule
2

9

E
xp

r
+

IN
T

*
N

A
M

E
E

O
F

by
rule

3

9

N
A

M
E

+
IN

T
*

N
A

M
E

E
O

F
by

rule
2

T
he

derivation
as

a
tree:

N
A

M
E

P
L

U
S

IN
T

T
IM

E
S

N
A

M
E

x
+

5
2

*
w

k

E
xp

r
E

xp
r

E
xp

r
E

xp
r

E
O

F

M
a

in

E
xp

r
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P
arsing

is
in

verse
deriv

ation

A
string 

is
derivable

from

4

ifthere
is

a
sequence

ofrule
applications

thattransform
s4

’s
startsym

bolto .
T

he
language	
 4�

defined
by

a
gram

m
ar4

is
the

setofstrings
derivable

from

4

.

R
ecognition:

given
a

string ,is 

derivable
from

4

;thatis,is �
	
 4� ?

P
arsing

:
given

a
string ,find

a
derivation

from

4

,ifany.

W
e

shallw
ork

w
ith

m
achine-generated

bottom
-up

parsers
called	:

-parsers.

T
hey

read
inputfrom

the
Left

and
do

a
bottom

-up
reconstruction

ofthe
derivation

tree
thatw

ould
resultfrom

alw
ays

doing
derivations

from
the

R
ightm

ost
nonterm

inal.

W
e

use
the	:
 $� -parser

class,w
hich

considers
the

nextm
ove

by
looking

atonly
one

additionalinputsym
bol.

M
osthand-w

ritten
parsers

are
top-dow

n 		
-parsers,also

called
recursive

descent
parsers.

T
hey

read
inputfrom

the
Left

and
do

a
top-dow

n
reconstruction

ofthe
derivation

tree
thatw

ould
resultfrom

alw
ays

doing
derivations

from
the

Leftm
ost

nonterm
inal.

	:
 $� -parsers
are

m
ore

pow
erfulthan		
 $� -parsers,buttoo

com
plicated

to
w

rite
by

hand.

W
e

shalluse
an 	:
 $� -parser

generatorm
o

sm
lya

c
for

S
M

L.
T

here
are

such
tools

for
allm

ajor
languages.
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A
m

biguity

;

of
gram

m
ar

s;
precedence

and
associativity

of
operator

s

A
gram

m
ar

is
am

biguous
ifthere

is
som

e
string 

for
w

hich
there

is
m

ore
than

one
derivation.

F
or

instance,1
+

2
*

3
m

ay
be

derived
in

tw
o

w
ays:

w
e

have
notspecified

the
precedence

of+
and

*
.

A
lso,1

-
2

-
3

m
ay

be
derived

in
tw

o
w

ays:
w

e
have

notspecified
the

associativity
of-

.

A
gram

m
ar4

can
som

etim
es

be
m

ade
unam

biguous
by

changing
the

gram
m

ar
(w

ithoutchanging 	
 4� ).
In

practice,operator
precedence

and
associativity

declarations
are

often
used

to
resolve

am
biguity.

U
sually

operator*
has

higher
precedence

than
operator+

,so
itbinds

m
ore

strongly.

U
sually

the
operator-

is
leftassociative,so

1
-

2
-

3
m

ustbe
read

as
(1

-
2

)
-

3
.

In
S

M
L,the

operators
::

and
@

are
rightassociative,so

1
::

2
::

[]
m

eans
1

::
(2

::
[])

.

W
hich

operators
in

Java
are

rightassociative?

W
hatdoes

itm
ean

for
an

operator
to

be
non-associative?

W
hich

operators
in

Java
are

non-associative?
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P
arser

specification
for

an
expression

langua
g

e:
header

and
declarations

(e
x
p
r
/
E
x
p
r
p
a
r
.
g
r
m

)

T
he

header
opens

the
A

b
syn

(abstractsyntax)
structure

for
the

expression
language.

T
he

declarations
listthe

tokens
(nonterm

inalsym
bols),give

the
precedence

and
associativity

ofoperators,

declare
M

a
in

to
be

the
startsym

bol,and
declares

the
nonterm

inalsym
bols

and
their

type.

%
{o

p
e

n
A

b
syn

;
%

}

%
to

ke
n

<
in

t>
C

S
T

IN
T

%
to

ke
n

<
strin

g
>

N
A

M
E

%
to

ke
n

P
L

U
S

M
IN

U
S

T
IM

E
S

E
Q

%
to

ke
n

E
N

D
IN

L
E

T
%

to
ke

n
L

P
A

R
R

P
A

R
%

to
ke

n
E

O
F

%
le

ft
M

IN
U

S
P

L
U

S
/*

lo
w

e
st

p
re

ce
d

e
n

ce
*/

%
le

ft
T

IM
E

S
/*

h
ig

h
e

st
p

re
ce

d
e

n
ce

*/

%
sta

rt
M

a
in

%
typ

e
<

A
b

syn
.e

xp
r>

M
a

in
E

xp
r

%
%

...
g

ra
m

m
a

r
ru

le
s

...
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P
arser

specification
for

an
expression

langua
g

e:
gram

m
ar

rules
w

ith
sem

antic
actions

E
very

rule
has

a
‘sem

antic
action’w

ithin
{

...
}

thatcom
putes

the
resultofparsing

the
left-hand

side.

T
his

resultis
called

a
synthesized

attribute;
usually

itis
the

abstractsyntax
tree

for
the

construct.

M
a

in
:E

xp
r

E
O

F
{

$
1

}

;E
xp

r:N
A

M
E

{
V

a
r

$
1

}
|

C
S

T
IN

T
{

C
stI

$
1

}
|

M
IN

U
S

C
S

T
IN

T
{

C
stI

(˜
$

2
)

}

|
L

P
A

R
E

xp
r

R
P

A
R

{
$

2
}

|
L

E
T

N
A

M
E

E
Q

E
xp

r
IN

E
xp

r
E

N
D

{
L

e
t($

2
,

$
4

,
$

6
)

}
|

E
xp

r
T

IM
E

S
E

xp
r

{
P

rim
("*",

[$
1

,
$

3
])

}
|

E
xp

r
P

L
U

S
E

xp
r

{
P

rim
("+

",
[$

1
,

$
3

])
}

|
E

xp
r

M
IN

U
S

E
xp

r
{

P
rim

("-",
[$

1
,

$
3

])
}

;

A
M

a
in

m
ustbe

an
E

xp
r

follow
ed

by
end-of-file,and

itreturns
$

1
,the

abstractsyntax
for

the
E

xp
r

.

A
n

E
xp

r
is

a
variable

(N
A

M
E),or

an
integer

constant,or
a

negative
integer,or

a
parenthesized

expression,etc.

In
each

case,the
abstractsyntax

ofthe
parsed

constructis
returned.

F
or

instance,in
L

e
t($

2
,

$
4

,
$

6
)

,the
$

2
is

the
string

in
the

N
A

M
E,$

4
is

the
firstE

xp
r

,etc.
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O
utline

of
a

lexer
specification

{
...

h
e

a
d

e
r

...
}ru

le
E

1
=

p
a

rse
re

g
e

xp
{

a
ctio

n
}

|
...

|
re

g
e

xp
{

a
ctio

n
}

a
n

d
E

2
=

p
a

rse
...

a
n

d
...

;

T
he

{
...

h
e

a
d

e
r

...
}

contains
S

M
L

declarations.

Itusually
opens

the
L

e
xin

g
structure

and
the

relevantparser
structure,to

getaccess
to

the
to

ke
n

datatype.

T
he

rule
partdeclares

rules
for

getting
the

nexttoken.

E
ach

action
partm

ustcontain
an

S
M

L
expression

oftype
to

ke
n

.
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Le
xer

specification
for

an
expression

langua
g

e:
the

header

T
he

header
partm

ustopen
the

built-in
L

e
xin

g
structure

and
the

relevantparser
structure.

Italso
declares

an
exception

and
a

function
for

error
reporting,and

other
auxiliary

functions.

{
o

p
e

n
L

e
xin

g
E

xp
rp

a
r;

e
xce

p
tio

n
L

e
xica

lE
rro

r
o

f
strin

g
*

in
t

*
in

t
(*

(m
e

ssa
g

e
,

lo
c1

,
lo

c2
)

*)

fu
n

le
xe

rE
rro

r
le

xb
u

f
s

=
ra

ise
L

e
xica

lE
rro

r
(s,

g
e

tL
e

xe
m

e
S

ta
rt

le
xb

u
f,

g
e

tL
e

xe
m

e
E

n
d

le
xb

u
f);

(*
F

u
n

ctio
n

to
cla

ssify
n

a
m

e
s

a
s

ke
yw

o
rd

s
o

r
id

e
n

tifie
rs:

*)
fu

n
ke

yw
o

rd
s

=
ca

se
s

o
f

"le
t"

=
>

L
E

T
|

"in
"

=
>

IN

|
"e

n
d

"
=

>
E

N
D

|
_

=
>

N
A

M
E

s;
}...

ru
le

se
ctio

n
le

ft
o

u
t

a
s

it
w

a
s

sh
o

w
n

b
e

fo
re

...
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A;

cookbook
approac

h
to

parser
and

lexer
g

enerator
s

F
ile

A
b

syn
.sm

l
contains

the
declaration

ofthe
abstractsyntax

datatype.
C

om
pile

itby
running

m
o

sm
lc

-c
A

b
syn

.sm
l

F
ile

E
xp

rp
a

r.g
rm

contains
a

parser
specification.

G
enerate

a
parser

by
running

m
o

sm
lya

c
-v

E
xp

rp
a

r.g
rm

Ifsuccessful,the
resultis

an
S

M
L

structure
in

file
E

xp
rp

a
r.sm

l
and

signature
in

E
xp

rp
a

r.sig
.

C
om

pile
them

by
running

m
o

sm
lc

-c
-lib

e
ra

l
E

xp
rp

a
r.sig

E
xp

rp
a

r.sm
l

F
ile

E
xp

rle
x.le

x
contains

a
lexer

specification.
G

enerate
a

lexer
by

running

m
o

sm
lle

x
E

xp
rle

x.le
x

Ifsuccessful,the
resultis

an
S

M
L

program
in

file
E

xp
rle

x.sm
l

.
C

om
pile

itby
running

m
o

sm
lc

-c
E

xp
rle

x.sm
l

F
inally,file

p
a

rse
.sm

l
contains

severalfunctions
thatuse

the
generated

lexer
and

parser.
Load

itw
ith

m
o

sm
l

p
a

rse
.sm

l
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U
sing

the
g

enerated
lexer

and
parser

F
unction

p
a

rse
p

:
strin

g
->

e
xp

r
takes

a
string

and
creates

a
lexer

buffer
(a

character
stream

).

T
hen

itcalls
the

parser
(E

xp
rp

a
r.M

a
in

)
to

getan
abstractsyntax

tree
oftype

e
xp

r
.

T
he

parser
uses

the
lexer

(E
xp

rle
x.T

o
ke

n
)

to
read

tokens
from

the
lexer

buffer
(character

stream
).

fu
n

p
a

rse
p

str
=

le
t

va
l

le
xb

u
f

=
L

e
xin

g
.cre

a
te

L
e

xe
rS

trin
g

str

va
l

e
xp

r
=

E
xp

rp
a

r.M
a

in
E

xp
rle

x.T
o

ke
n

le
xb

u
f

in
P

a
rsin

g
.cle

a
rP

a
rse

r();
e

xp
r

e
n

d

h
a

n
d

le
e

xn
=

>
(P

a
rsin

g
.cle

a
rP

a
rse

r();
ra

ise
e

xn
);

W
hatare

the
expected

results
of

p
a

rse
p

"x+
5

2
*

w
k"

;

p
a

rse
p

"1
0

+
1

1
+

1
2

"
;

p
a

rse
p

"1
0

+
z"

;

p
a

rse
p

"1
0

+
*

8
"

;

p
a

rse
p

"(1
0

+
z)"

;

p
a

rse
p

"1
0

?
?

z"
;
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T
he

e
x
p
r
/
E
x
p
r
p
a
r
.
o
u
t
p
u
t

file:
ho

w
does

the
parser

w
ork?

T
he

gram
m

ar
(extended

w
ith

auxiliary
startand

end
sym

bols
$

a
cce

p
t

etc):

0
$

a
cce

p
t

:
%

e
n

try%
$

e
n

d

1
M

a
in

:
E

xp
r

E
O

F

2
E

xp
r

:
N

A
M

E
3

|
C

S
T

IN
T

4
|

M
IN

U
S

C
S

T
IN

T
5

|
L

P
A

R
E

xp
r

R
P

A
R

6
|

L
E

T
N

A
M

E
E

Q
E

xp
r

IN
E

xp
r

E
N

D
7

|
E

xp
r

T
IM

E
S

E
xp

r
8

|
E

xp
r

P
L

U
S

E
xp

r
9

|
E

xp
r

M
IN

U
S

E
xp

r

1
0

%
e

n
try%

:
’\0

0
1

’
M

a
in

T
he

second
halfofthe

E
xp

rp
a

r.o
u

tp
u

t
file

describes
the

states
ofa

determ
inistic

finite
autom

aton.

T
his

parser
autom

aton
has

a
parse

stack,containing
autom

aton
state

num
bers

and
gram

m
ar

sym
bols.
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S
om

e
sam

ple
parser

autom
aton

states
from

E
x
p
r
p
a
r
.
o
u
t
p
u
t

S
tate

4:
P

arsing
E

xp
r

;has
seen

le
t

;expects
N

A
M

E,then
E

Q
,then

E
xp

r
etc.

Ifnextinputis
N

A
M

E,read
(shift)

it,and
go

to
state

10;otherw
ise

term
inate

w
ith

a
parse

error:

sta
te

4
E

xp
r

:
L

E
T

.
N

A
M

E
E

Q
E

xp
r

IN
E

xp
r

E
N

D
(6

)

N
A

M
E

sh
ift

1
0

.
e

rro
r

S
tate

5:
P

arsing
E

xp
r

;has
seen

leftparenthesis;expects
E

xp
r

and
then

rightparenthesis.

Ifnextinputis
a

constantorle
t

or
‘(

’or
‘-

’or
a

N
A

M
E,read

(shift)
itand

go
to

state
3,4,5,6,or

7;else
error:

sta
te

5
E

xp
r

:
L

P
A

R
.

E
xp

r
R

P
A

R
(5

)

C
S

T
IN

T
sh

ift
3

L
E

T
sh

ift
4

L
P

A
R

sh
ift

5
M

IN
U

S
sh

ift
6

N
A

M
E

sh
ift

7
.

e
rro

r

E
xp

r
g

o
to

1
1

Ifw
e

succeed
parsing

the
E

xp
r

,go
to

state
11.
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A
nother

parser
autom

aton
state

S
tate

20:
P

arsing
E

xp
r

;w
e

have
seen

E
xp

r
P

L
U

S
E

xp
r

;w
e

expectT
IM

E
S

orP
L

U
S

orM
IN

U
S

or

som
ething

thatfinishes
the

E
xp

r
.

Ifnextinputis
T

IM
E

S
,read

(shift)
itand

go
to

state
16.

Ifnextinputis
e

n
d

orE
O

F
orin

orM
IN

U
S

orP
L

U
S

or
‘)

’,do
notread

it,butreduce
E

xp
r

P
L

U
S

E
xp

r
to

E
xp

r
by

gram
m

ar
rule

8:

sta
te

2
0

E
xp

r
:

E
xp

r
.

T
IM

E
S

E
xp

r
(7

)
E

xp
r

:
E

xp
r

.
P

L
U

S
E

xp
r

(8
)

E
xp

r
:

E
xp

r
P

L
U

S
E

xp
r

.
(8

)
E

xp
r

:
E

xp
r

.
M

IN
U

S
E

xp
r

(9
)

T
IM

E
S

sh
ift

1
6

E
N

D
re

d
u

ce
8

E
O

F
re

d
u

ce
8

IN
re

d
u

ce
8

M
IN

U
S

re
d

u
ce

8
P

L
U

S
re

d
u

ce
8

R
P

A
R

re
d

u
ce

8
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P
arsing

“x
+
5
2
*
w
k
E
O
F

”

In
p

u
t

P
a

rse
sta

ck
(to

p
o

n
rig

h
t)

A
ctio

n
-------------------------

---
---

--
---

--
---

---
--

---
--

---
---

--
---

--
---

---
--

--
x+

5
2

*w
k

E
O

F
#

0
sh

ift
#

1
x+

5
2

*w
k

E
O

F
#

0
\0

0
1

#
1

sh
ift

#
7

+
5

2
*w

k
E

O
F

#
0

\0
0

1
#

1
x

#
7

re
d

u
ce

2
+

5
2

*w
k

E
O

F
#

0
\0

0
1

#
1

E
xp

r
g

o
to

#
9

+
5

2
*w

k
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

sh
ift

#
1

5
5

2
*w

k
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

+
#

1
5

sh
ift

#
3

*w
k

E
O

F
#

0
\0

0
1

#
1

E
xp

r
#

9
+

#
1

5
5

2
#

3
re

d
u

ce
3

*w
k

E
O

F
#

0
\0

0
1

#
1

E
xp

r
#

9
+

#
1

5
E

xp
r

g
o

to
#

2
0

*w
k

E
O

F
#

0
\0

0
1

#
1

E
xp

r
#

9
+

#
1

5
E

xp
r

#
2

0
sh

ift
#

1
6

w
k

E
O

F
#

0
\0

0
1

#
1

E
xp

r
#

9
+

#
1

5
E

xp
r

#
2

0
*

#
1

6
sh

ift
#

7
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

+
#

1
5

E
xp

r
#

2
0

*
#

1
6

w
k

#
7

re
d

u
ce

2
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

+
#

1
5

E
xp

r
#

2
0

*
#

1
6

E
xp

r
g

o
to

#
2

1
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

+
#

1
5

E
xp

r
#

2
0

*
#

1
6

E
xp

r
#

2
1

re
d

u
ce

7
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

+
#

1
5

E
xp

r
g

o
to

#
2

0
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

+
#

1
5

E
xp

r
#

2
0

re
d

u
ce

8
E

O
F

#
0

\0
0

1
#

1
E

xp
r

g
o

to
#

9
E

O
F

#
0

\0
0

1
#

1
E

xp
r

#
9

sh
ift

#
1

3
#

0
\0

0
1

#
1

E
xp

r
#

9
E

O
F

#
1

3
re

d
u

ce
1

#
0

\0
0

1
#

1
M

a
in

g
o

to
#

8
#

0
\0

0
1

#
1

M
a

in
#

8
re

d
u

ce
1

0
#

0
%

e
n

try%
g

o
to

#
2

a
cce

p
t

#
2

a
cce

p
t

N
otation:#

0
,#

1
,etc

are
parser

autom
aton

states;0
,1

,etc
are

gram
m

ar
rule

num
bers.

N
ote

reduce
order.
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S
yntax

error
reporting

in
lexers

and
parsers

T
he

lexer
and

parser
are

far
m

ore
usefulifthey

can
pinpointerrors

in
the

source
program

.

T
his

error
reporting

m
achinery

distinguishes
parse

errors
from

lexicalerrors:

fu
n

p
a

rse
E

xp
rR

e
p

o
rt

file
stre

a
m

le
xb

u
f

=
le

t
va

l
e

xp
r

=
E

xp
rp

a
r.M

a
in

E
xp

rle
x.T

o
ke

n
le

xb
u

f
h

a
n

d
le

P
a

rsin
g

.P
a

rse
E

rro
r

f
=

>
le

t
va

l
p

o
s1

=
L

e
xin

g
.g

e
tL

e
xe

m
e

S
ta

rt
le

xb
u

f
va

l
p

o
s2

=
L

e
xin

g
.g

e
tL

e
xe

m
e

E
n

d
le

xb
u

f
in

L
o

ca
tio

n
.e

rrM
sg

(file
,

stre
a

m
,

le
xb

u
f)

(L
o

ca
tio

n
.L

o
c(p

o
s1

,
p

o
s2

))
"S

yn
ta

x
e

rro
r."

e
n

d
|

E
xp

rle
x.L

e
xica

lE
rro

r(m
sg

,
p

o
s1

,
p

o
s2

)
=

>
if

p
o

s1
>

=
0

a
n

d
a

lso
p

o
s2

>
=

0
th

e
n

L
o

ca
tio

n
.e

rrM
sg

(file
,

stre
a

m
,

le
xb

u
f)

(L
o

ca
tio

n
.L

o
c(p

o
s1

,
p

o
s2

))
("L

e
xica

l
e

rro
r:

"
ˆ

m
sg

)
e

lse
(L

o
ca

tio
n

.e
rrP

ro
m

p
t

("L
e

xica
l

e
rro

r:
"

ˆ
m

sg
ˆ

"\n
\n

");
ra

ise
F

a
il

"L
e

xica
l

e
rro

r");
in

P
a

rsin
g

.cle
a

rP
a

rse
r();

e
xp

r
e

n
d

h
a

n
d

le
e

xn
=

>
(P

a
rsin

g
.cle

a
rP

a
rse

r();
ra

ise
e

xn
);
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P
arse

conflicts

T
he

expression
gram

m
ar

w
ould

be
am

biguous
w

ere
itnotfor

the
precedence

and
associativity

declarations.

R
em

oving
them

m
akes

m
o

sm
lya

c
reportparse

conflicts;for
instance:

2
0

:
sh

ift/re
d

u
ce

co
n

flict
(sh

ift
1

4
,

re
d

u
ce

8
)

o
n

M
IN

U
S

2
0

:
sh

ift/re
d

u
ce

co
n

flict
(sh

ift
1

5
,

re
d

u
ce

8
)

o
n

P
L

U
S

2
0

:
sh

ift/re
d

u
ce

co
n

flict
(sh

ift
1

6
,

re
d

u
ce

8
)

o
n

T
IM

E
S

sta
te

2
0

E
xp

r
:

E
xp

r
.

T
IM

E
S

E
xp

r
(7

)
E

xp
r

:
E

xp
r

.
P

L
U

S
E

xp
r

(8
)

E
xp

r
:

E
xp

r
P

L
U

S
E

xp
r

.
(8

)
E

xp
r

:
E

xp
r

.
M

IN
U

S
E

xp
r

(9
)

M
IN

U
S

sh
ift

1
4

P
L

U
S

sh
ift

1
5

T
IM

E
S

sh
ift

1
6

E
N

D
re

d
u

ce
8

E
O

F
re

d
u

ce
8

IN
re

d
u

ce
8

R
P

A
R

re
d

u
ce

8

T
he

firstconflictis:
should

1
1

+
2

2
-

3
3

be
parsed

as
(1

1
+

(2
2

-3
3

))
or

as
((1

1
+

2
2

)-3
3

)
?

T
he

second
is:

should
1

1
+

2
2

+
3

3
be

parsed
as

(1
1

+
(2

2
+

3
3

))
or

as
((1

1
+

2
2

)+
3

3
)

?

T
he

third
is:

should
1

1
+

2
2

*
3

3
be

parsed
as

(1
1

+
(2

2
*3

3
))

or
as

((1
1

+
2

2
)*3

3
)

?

In
general,m

o
sm

lya
c

m
ay

reportconflicts
even

on
unam

biguous
gram

m
ars;ithas

lim
ited

lookahead.
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