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High Level View: Semantic Analysis

Errors and
Warnines \
Semantic

CST
>
Analysis
[ Symbol Table ].._/
Semantic Analysis

- Veritfy all identifiers are declared before they’re used. AST (IR)
- Detect redeclaration of identifiers in the same scope.
- Enforce type rules and detect type mis-matches.
- Enforce scope rules and detect scope violations.
» Static or Dynamic? It varies. Static for us.
- Produce a valid Abstract Syntax Tree and Symbol Table for
Code Generation.
- Focus on meaning: scope and type.
- But first, a few words about identifiers, variables, and scope.




Identifiers, Variables, and Scope

Identifiers =? Names
- Used for namespaces, classes, methods, variables, etc.

Design issues for names
- Are names case sensitive?
- Are special words reserved words or keywords? (What’s the
difference)
- How many characters can be in an identifier names?
» If they’re too short they cannot be meaningful.
» If they’re too long they might get unwieldy.

» Examples
- FORTRAN I: maximum 6
- COBOL: maximum 30
- FORTRAN 90 and C89: maximum 31
- C99: maximum 63
- C#, Ada, Java: no limit (in theory, not in practice)
- OQur grammar: 1




Identifiers, Variables, and Scope

A variable is an abstraction of a memory cell.
- Think of a post office model.

Variables are characterized by attributes
- name

address

value

type

scope

lifetime

visibility

category

... and more




Identitiers, Variables, and Scope

A variable is an abstraction of a memory cell.
- Think of a post office model.

Variables are characterized by attributes

name
address
value
type
scope
lifetime
visibility
category
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believe it or not, not all variables have names [

location in memory —

contents of the location in memory —

range of values and set of operations defined for them

range of statements in a program over which the var is “alive”

amount of time a variable is bound to a given memory location

public, protected, private, internal, etc.
const, iterator, etc.




Identifiers, Variables, and Scope

A variable is an abstraction of a memory cell.
- Think of a post office model.

Variables are characterized by attributes

name
address
value
type
scope
lifetime
visibility
category

believe it or not, not all variables have names BS&8

location in memory

contents of the location in memory

range of values and set of operations defined for them

range of statements in a program over which the var is “alive”
amount of time a variable isto a given memory location
public, protected, private, internal, etc.

const, iterator, etc.

Binding?




Identifiers, Variables, and Scope

Binding
- A binding is an association, such as between an attribute and an

entity, or between an operation and a symbol

- Binding time is the time at which a binding takes place.
- What are the choices? When can binding take place?




Identifiers, Variables, and Scope

Binding

- A binding is an association, such as between an attribute and an
entity, or between an operation and a symbol

- Binding time is the time at which a binding takes place.

- What are the choices? When can binding take place?

» Language design time - bind operator symbols to operations

» Language implementation time - bind floating point type to a
representation (BCD, two’s compliment, whatever)

» OS Installation time - .Net pre-compiles CLR and DLLs / JVM

» Compile time - bind a variable to a type (C and Java, and our language)

» Load time - bind a C or C++ static variable to a memory cell, for example)
» Runtime - bind a non-static local variable to a memory cell

10



Identifiers, Variables, and Scope

Binding
- A binding is an association, such as between an attribute and an
entity, or between an operation and a symbol
- Binding time is the time at which a binding takes place.
- What are the choices? When can binding take place?

» Language design time - bind operator symbols to operations

» Language implementation time - bind floating point type to a
representation (BCD, two’s compliment, whatever)

» OS Installation time - .Net pre-compiles CLR and DLLs / JVM
— bind a variable to a type (C and Java, and our language)

» Load time - bind a C or C++ static variable to a memory cell, for example)

» Runtime - bind a non-static local variable to a memory cell

- A binding is dynamic if it first occurs during execution or can
change during execution of the program.
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Identifiers, Variables, and Scope

Binding
- A binding is an association, such as between an attribute and an
entity, or between an operation and a symbol
- Binding time is the time at which a binding takes place.
- What are the choices? When can binding take place?

» Language design time - bind operator symbols to operations

Language implementation time - bind floating point type to a
representation (BCD, two’s compliment, whatever)

OS Installation time - .Net pre-compiles CLR and DLLs / JVM
Compile time - bind a variable to a type (C and Java, and our language)
Load time - bind a C or C++ static variable to a memory cell, for example)

bind a non-static local variable to a memory cell

v

v

v

v

Late

- A binding is static if it first occurs before run time and remains
unchanged throughout program execution.
-|A binding is dynamic if it first occurs during execution or can

change during execution of the program.
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Static and Dynamic Scope

What’s the output of this code?

Class ScopeMan ({
int a := 1;
int b := 2;

main () {
int b := 3;
print(a,b) ;
subl () ;

}

subl () {
int a := 4;
print(a,b) ;
sub2 () ;

}

sub2 () {
print(a,b) ;
}

13



Static and Dynamic Scope

Static Scope

Class ScopeMan ({
int a := 1;
int b := 2;

main () {
int b := 3;
print(a,b) ;
subl () ;

}

subl () {
int a := 4;
print(a,b) ;
sub2 () ;

}

sub2 () {
print(a,b) ;

}

Class
[a, (int, 1)]

[b, (int, 2)]

P

Symbol Table

(a tree of hash tables)

14



Static and Dynamic Scope

Static Scope

Class ScopeMan ({
int a := 1;
int b := 2;

main () {
int b := 3;
print(a,b) ;

subl () ;

}

subl () {
int a := 4;
print(a,b) ;
sub2 () ;

}

sub2 () {
print(a,b) ;

}

Class
[a, (int, 1)]
[b, (int, 2)]

Symbol Table

/we of hash tables)
main() sub1() sub2()
[b, (int, 3)] [a, (int, 4)]

Note: We don’t actually store the value of
the ids in the symbol table, as they will be
stored in memory. They’re present in this
depiction of a symbol table only so that
we can easily see what the output should
be. We'll have other attributes to store in
the hash table along with the ids later on.
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Static and Dynamic Scope

Static Scope

Class ScopeMan { Class
. fp— . [a! (ll’lt, 1)]
int a = 1; b, (int. 2)]

int b i= 2; Symbol Table

(a tree of hash tables)
main () { \\\\\\\\\\\
int b := 3; main() sub1()
print (a , b) : [b, (int, 3)] [a, (int, 4)]
subl () ; i j

}

subl () { Static scopeis. ..
int i(==b;1f - Early binding
print (a,b) ; . . .
sub2 () ; Compile time

- about Space,
» the shape of the code

» the spacial relationships of
code modules to each other
at compile time.

}

sub2 () {
print(a,b) ;
}
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Static and Dynamic Scope

Dynamic Scope

Class ScopeMan ({
int a := 1;
int b := 2;

main () {
int b := 3;
print(a,b) ;
subl () ;

}

subl () {
int a := 4;
print(a,b) ;

sub2 () ;
}
sub2 () {
print(a,b) ;
}

Class
[a, (int, 1)]

[b, (int, 2)]

main()
[b, (int, 3)]

sub1()
[a, (int, 4)]

VAN

sub2()

Symbol Table

(a tree of hash tables)

Yes, this is a tree. It’s also a
list. And it looks like a stack.
But it’s a tree. And a graph.

Let’s just think of it as a tree.
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Static and Dynamic Scope

Dynamic Scope

Class ScopeMan ({
int a := 1;
int b := 2;

main () {
int b := 3;
print(a,b) ;
subl () ;

}

subl () {
int a := 4;
print(a,b) ;
sub2 () ;

}

sub2 () {

print(a,b) ;
}

Class
[a, (int, 1)]

[b, (int, 2)]

main()
[b, (int, 3)]

sub1()
[a, (int, 4)]

VAN

sub2()

o

Symbol Table

(a tree of hash tables)

Dynamic scope is. ..
- Late binding
- Run time
- about Time,
» the call stack

» the execution order
of code modules at
run time.
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Abstract Syntax Trees

An Abstract Syntax Tree (AST) is like a Concrete Syntax Tree (CST)
but with just the “good stuff” in there.

A CST is concrete because it contains all of the concrete details of the
parse/derivation. Once parsing is complete and error-free, we know
that the syntax is right so we don’t need to carry along all the
concrete details that prove its correctness in the parse tree. Instead
we take only what we need for Semantic Analysis, optimizations, and
Code Generation and put that “good stuff” in an AST.

The AST is our Intermediate Representation (IR). It’s what we use
for Semantic Analysis, and what we pass on (along with the Symbol
Table) to the back end of our compiler.

19



Abstract Syntax Trees

Recall our simple grammar and the Concrete Syntax Tree
representing the derivation of 9 - 5 + 2 in that grammar:

1. <1list> ::== <list> + <digit> (EE) CST

2. <list> ::== <list> - <digit> T~

3. <list> ::== <digit> (}a) (+j)(@@)

4. <digit> ::== 0]112|3|1415|617|8]9 _—
HOEE

S. <list>

1. <list> + <digit> Q%%) (Ei)

4. <list> + |2

2. <list> - <digit>|+]| |2 (Ei)

4. <list> - 5 +| |2

3. <digit>|- 5 +| |2

4, 9 - 5 +| [2

20



Abstract Syntax Trees

Recall our simple grammar and the Concrete Syntax Tree
representing the derivation of 9 - 5 + 2 in that grammar:

1. <list> ::== <list> + <digit> (st ) CST
2. <list> ::== <list> - <digit> T~
3. <list> ::== <digit> (}a) (+j)(@@)
4. <digit> ::== 0]112|3|1415|617|8]9 _—

() () () ()
S. <list>
1. <list> + <digit>
4. <list> + |2
2. <list> - <digit>|+]| |2
4. <list> - 5 +| |2
3. <digit>|- 5 +| |2
4, 9 - 5 +| [2

Just the good parts.




Abstract Syntax Trees

Consider a program in our grammar:

{

- LEXER ->
lnt a LEXER ->
LEXER ->
a - 1 LEXER ->
= LEXER ->
prlnt (a) LEXER ->
LEXER ->
} LEXER ->
LEXER ->
LEXER ->
LEXER ->
LEXER ->

Parsing. ..

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

PARSER ->

Lexical Analysis...

TLbrace
TType [
TId [ a
TId [ a
TAssign
TDigit [
TPrint [
TLparen
TId [ a
TRparen
TRbrace
WARNING:

VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID
VALID

[

int ]

]
]
[

[
]
[
[

{ ]

on line 2
on line 3
=]
1]
print ]
(]
on line 4
) ]

b
No EOP

on

[$]

Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Expecting
Found ¢ on
Expecting
Expecting

on line 1
on line 2

col O
col 3
7
3

col
col

on line 3 col 5
on line 3 col 7

line 4 col 3

on line 4 col 8

col 9

on line 4 col 10
on line 5 col O

detected at end-of-file. Adding to end-of-file...

[Block] on line 1 col O
[{] on line 1 col O
found [Statement] on line 2 col 3
Statement], found [VarDecl] on line 2 col 3
VarDecl], found [Type] on line 2 col 3
TType], found [int] on line 2 col 3

d], found [Id] on line 2 col 7
TId], found [a] on line 2 col 7
StatementList], found [Statement] on line 3 col 3
Statement], found [AssignmentStatement] on line 3 col 3
AssignmentStatement], found [Id] on line 3 col 3

[Program], found
(
[
(
[
(
[I
(
[
(
[
[TId], found [a] on line 3 col 3
[
(
[
(
[
(
[
(
[
(
[

TLbrace], found
StatementList],

TAssign], found [=] on line 3 col 5

Expression], found [IntegerExpression] on line 3 col 7
IntegerExpression], found [Digit] on line 3 col 7
TDigit], found [1] on line 3 col 7

StatementList], found [Statement] on line 4 col 3
Statement], found [PrintStatement] on line 4 col 3
TPrint], found [print] on line 4 col 3

TLparen], found [(] on line 4 col 8

Expression], found [Id] on line 4 col 9

TId], found [a] on line 4 col 9

TRparen], found [)] on line 4 col 10

line 5 col O
[TRbrace], found
[TEop], found [$]

[}] on line 5 col O
on line 6 col O

22



Abstract Syntax Trees

CST for a program in our grammar:

Our Language Grammar

{ Program ::== Block $
Block ::== { StatementList } Curly braces
- . , denote scope.
lnt a StatementList Hi=s tement StatementList
<Program1> R A
print(a) <Block>  [$]

} — T

{1 <StatementList> 3]

P Note the epsilon

production of

<Statement> <StatementList>
| = StatementList that
<VarDecl> <Statement> <StatementList> Stops the I'GCUI'SIOI’I.
<Type>  <ld> <AssignmentStatement> <Statement> <StatementList> ThlS does nOt have
I I to be part of the
[int] [a] <ld> [=] <Expression> <PrintStatement> CST- But lt dOeS

| | S illustrate how ¢

[a] <IntegerExpression> [print] [a <Expression> D1 pI'OdllCtiOl’lS WOI'k,
| | so I kinda like it.

CST <Digit> <ld>
| |

(1] (a]

23



Abstract Syntax Trees

CST for a program in our grammar:
{

int a <Program1>
a =1 7 ==
print(a) <Block>  [$]

} — T

{1 <StatementList> 3]

/’//\

<Statement> <StatementList>
| //’/\
<VarDecl> <Statement> <StatementList>
77 |
<Type> <ld> <AssignmentStatement> <Statement>
N R
[int] [a] <ld> [=] <Expression> <PrintStatement>
| | T
[a] <IntegerExpression> [print] [Q <Expression> D1

| |
CST <Digit> <ld>

1 [a]

Now that we know
everything parses,
what are the essential
elements of this CST
that we need in the
AST to express the
meaning of the
program?

In other words, what
are the good parts?

24



Abstract Syntax Trees

CST for a program in our grammar:
{

int a <Program1>
a=1 N
print(a) Blocks]  [8]

} — T

{1 <StatementList> 3]

/’/\

<Statement> <StatementList>
| //\
<VarDecl> <Statement> <StatementList>
77 |
<Type> <ld> <AssignmentStatement> <Statement>
I R
[int] [a] <ld> [=] <Expression> <PrintStatement>
| | T
[a] <IntegerExpression> [print] [Q <Expression> D1

| |
CST <Digit> <ld>

1 [a]

The good parts:

Block -
We definitely want to

know about all the
blocks.

We don'’t care about
the concrete details

of blocks, so we can

skip the braces.

25



Abstract Syntax Trees

CST for a program in our grammar:
{

int a <Program1>
a=1 N
print(a) Blocks]  [8]

} — T

{1 <StatementList> 3]

/’/\

<Statement> <StatementList>
| //\
<VarDecl> <Statement> <StatementList>
N |
<Type> <ld> <AssignmentStatement> <Statement>
I
[int] [a] <ld> [=] <Expression> <PrintStatement>

| | 7 & =

[a] <IntegerExpression> [print] [Q <Expression> D1

| |
CST <Digit> <ld>

1 [a]

The good parts:

Block

VarDecl -

It’s a kind of
statement. We
definitely want to
know about all the
statements.

What’s essential
about variable
declarations
specifically?

26



Abstract Syptax Trees

CST for a program in our grammar:
{

int a <Program1>
a =1 N
print (a) Block>] 8]
} M\
{1 <StatementList> 3]
//\
<Statement> <StatementList>
| /’/\
<VarDecl> <Statement> <StatementList>
77 |
<Type> <ld> <AssignmentStatement> <Statement>
N R
[int] [a] <ld> [=] <Expression> <PrintStatement>
| | T
[a] <IntegerExpression> [print] [Q <Expression> D1
| |
CST <Digit> <ld>

1 [a]

The good parts:

Block

VarDecl -

Type and id are
essential about
variable declarations.
Everything else in the
CST about VarDecl
are just concrete
details of the proof of
its conformity to our
grammar. We don’t
need those in an AST.

27



Abstract Syntax Trees

CST for a program in our grammar:
{

int a <Program1>
a=1 N
print(a) Blocks]  [8]

} — T

{1 <StatementList> 3]

//\

<Statement> <StatementList>
| //\
<VarDecl> <Statement> <StatementList>
77 |
<Type> <ld> <AssignmentStatement> <Statement>
I R
[int] [a] <ld> [=] <Expression> <PrintStatement>
| | T
[a] <IntegerExpression> [print] [a <Expression> D1

| |
CST <Digit> <ld>

1 [a]

The good parts:

Block

VarDecl
AssignmentStatement -
Another kind of
statement. Need it.

The id and the result
of the expression are
essential. Everything
else is just proof of
syntax, even the “="
symbol.

28



Abstract Syntax Trees

CST for a program in our grammar:
{

int a <Program1>
a=1 N
print(a) Blocks]  [8]

} — T

{1 <StatementList> 3]

//\

<Statement> <StatementList>

| /\

<VarDecl> <Statement> <StatementList>
<Type> <ld> <AssignmentStatement> <Statement>
[int] [a] <ld> [=] <Expression> <PrintStatement>

| | 7 & =

[a] <IntegerExpression> [print] [Q <Expression> D1

| |
CST <Digit> <ld>

1 [a]

The good parts:

Block

VarDecl
AssignmentStatement
PrintStatement -
Another kind of
statement. Need it.

The only essential
thing here is what we
want to print.

29



Abstract Syntax Trees

CST for a program in our grammar:
{

int a <Program1>
a=1 N
print(a) prvon I

} —

{1 <StatementList> 3]

//\

<Statement> <StatementList>
| //\
<VarDecl> <Statement> <StatementList>
77 |
<Type> <ld> <AssignmentStatement> <Statement>
I R
[int] [a] <ld> [=] <Expression> <PrintStatement>
| | T
[a] <IntegerExpression> [print] [a <Expression> D1

| |
CST <Digit> <ld>

(1] (a]

The good parts:

Block

VarDecl
AssignmentStatement
PrintStatement

These are all we need
in our AST for this
program.

Make a new tree of
just those things.

30



Abstract Syntax Trees

Building an AST for a program in our language:

{

int a
a=1
print(a)

/’/\

<Statement>

<Program1>

<Block>

M\

({1

<VarDecl>

N

<Type> <ld>

[int] [a]

<StatementList> 1]

<StatementList>

/”’/’/\

<Statement>

<AssignmentStatement>

<ld>

CST

/\

[=] <Expression>

[a]

<Digit>

(1]

<StatementList>

<Statement>

<PrintStatement>

<IntegerExpression>

/’/\

[a <Expression>

<ld>

[a]

AST

Block(Program1)
VarDecl
int a

31



Abstract Syntax Trees

Building an AST for a program in our language:
{

int a <Program1>

a =1 N

print(a) Blocks]  [8]

{1 <StatementList> 3]

/’/\

AST

Block(Program1)

/'7\

<Statement> <StatementList>
| ///\ VarDecl AssignmentStatement PrintStatement
<VarDecl> <Statement> <StatementList>
/\ | int a a 1 a
<Type> <ld> <AssignmentStatement> <Statement>
[int] [a] <ld> [=] <Expression> <PrintStatement>
[a] <IntegerExpression> [print] [qa <Expression> D1
CST <Digit> <ld>
1] [a]
N

\/



Abstract Syntax Trees

CST and AST for a program in our language:
{

int a <Program1>
a=1 N
print(a) Blocks]  [8]

{1 <StatementList> 3]
Block(Program1)

<Statement> <StatementList>
VarDecl AssignmentStatement PrintStatement

S T
| AN |

<VarDecl> <Statement> <StatementList>
/\ | int a a 1 a
<Type> <ld> <AssignmentStatement> <Statement>
[int] [a] <ld> [=] <Expression> <PrintStatement>
[a] <IntegerExpression> [print] [qa <Expression> D1

| |
CST <Digit> <ld>

1 [a]

33



Abstract Syntax Trees

CST and AST for a program in our language:
{

int a <Program1>
a=1 N
print(a) Blocks]  [8]

{1 <StatementList> 3]
Block(Program1)

<Statement> <StatementList>
VarDecl AssignmentStatement PrintStatement

S T
| AN |

<VarDecl> <Statement> <StatementList>
/\ | int a a 1 a
<Type> <ld> <AssignmentStatement> <Statement>
[int] [a] <ld> [=] <Expression> <PrintStatement>

| | T : :
[a] <IntegerExpression> [print] [a <Expression> DI Q: HOW dO We ldentlf}f

CST ' ’ the good parts?

1 [a]

34



Semantic Analysis

Turning a CST into an AST

Q: How do we identify the good parts?
A: It depends on the grammar and the rules of the language. For this
reason, there is no general procedure for turning a CST into an AST.

We have to analyze our grammar and the rules for type and scope in
our language and decide for ourselves what elements of the CST are
necessary elements of the AST. We do this by identifying key
elements of the grammar and developing AST subtree patterns for
them.

We’ve done this for block and three more elements already:

- VarDecl
- AssignmentStatement
- PrintStatement

35



Semantic Analysis

Turning a CST into an AST

Our AST Subtree Patterns so far:

- VarDecl - Construct a subtree in the AST rooted with VarDecl and add two
children: the type and the id.

- AssignmentStatement - Construct a subtree in the AST rooted with

AssignmentStatement and add two children: the id and the result of the
expression being assigned.

- PrintStatement - Construct a subtree in the AST rooted with PrintStatement
and add one child: the result of the expression being printed.




Semantic Analysis

Turning a CST into an AST

Recipe:

(Option 1) Traverse the CST (depth-first, in-order) looking for key

elements, building the AST as you go according to the AST subtree

patterns.

N

AST

Block(Program1)

7 T

VarDecl AssignmentStatement PrintStatement
a

a 1

37



Semantic Analysis

Turning a CST into an AST

Recipe:

(Option 2) Re-“parse” the token stream, looking for key elements,
building the AST as you go according to the AST subtree patterns.

- This is not a real parse, because you already know that everything is
syntactically correct and where it’s supposed to be. It’s just another pass over
the tokens to build the AST, which may be easier than traversing the CST.

- You will need to address the tokens out of order from time to time, but you
know that everything you need will be where you expect it to be, because if
that were not the case we would not have made it out of parse.

if (a == 1)... /\\‘/'f

<if> <open paren> <id,a> <isEqual> <digit,1>...

\ /a 1




Semantic Analysis

Turning a CST into an AST

Our AST Subtree Patterns so far:

- Block-?

- VarDedcl - Construct a subtree in the AST
rooted with VarDecl and add two children: the
type and the id.

- AssignmentStatement - Construct a
subtree in the AST rooted with
AssignmentStatement and add two children:
the id and the result of the expression being
assigned.

- PrintStatement - Construct a subtree in
the AST rooted with PrintStatement and add
one child: the result of the expression being
printed.

- WhileStatement -?
- IfStatement -?

. Others? Yes, several.

Our Language Grammar

Program == Block $
Block == { StatementList }
StatementList == Statement StatementList
== g
Statement == PrintStatement
== AssignmentStatement
== VarDecl
== WhileStatement
== IfStatement
== Block
PrintStatement == print ( Expr )
AssignmentStatement ::== Id = Expr
VarDecl == type Id
WhileStatement == while BooleanExpr Block
IfStatement == if BooleanExpr Block
Expr == IntExpr
== StringExpr
== BooleanExpr
== 1Id
IntExpr == digit intop Expr
== digit
StringExpr == " CharList "
BooleanExpr == ( Expr boolop Expr )
== boolval
Id == char
CharList == char CharlList
== gpace CharList
== ¢
type == int | string | boolean
char =a | b | c ...z
space == the space character
digit =012 )| 3| 4] 5| 6] 7] 8129
boolop = == | I=
boolval == false | true
intop == +

Comments are bounded by /* and */ and ignored by the lexer.

Curly braces
denote scope.

= is assignment.

== is test for equality.
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Semantic Analysis

Another example in our language

{
int a
a =1
{
string a
a — "a"
print(a) « ””
) What other “good parts” do
string b you see in this AST?
b — "b"
if (a == 1) {
print (b)
} AST
}
%Bled(\
VarDecl| - > Assign oo /Blo"ck\ -------------------- >VarDecl e >Assign - > If
int a 1 VarDecl-->Assign-->Print  string “b” iskq Block
string a a a 1 Print

|
b

40



Semantic Analysis

Another example in our language

{
int a
a=1
{
string a
a — "a"
int :
} print(a) The dotted pointers connect
string b sequential statements in a
b = "b" block. This can help the back
if (a ==1) { end of the compiler traverse
print (b) the tree faster. They are
} } AST optional.
VarDecl|---- > Assign oo /Blo"ck\ -------------------- >VarDecl - >Assign - > If
int a 1 Vz;D\ecl ------ A;sin ------ >Print  string “b” 7!5\ Block
string a a a 1 Print
|
b
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Semantic Analysis

We are ready to check scope and type.

A depth-first, in-order AST traversal will allow us to ...
- build the symbol table (a tree of hash tables)
- check scope
- check type
.. 1n a single pass. It’s very cool. Let’ do it!

AST
Block
7 TV
VarDecl| - > ASSIGN -oovooeerereeeene > Block - >VarDecl e >Assign - > If
A A A A /\
int a a 1 VarDecl--->Assign-->Print string b “b” isEq Blc‘)ck
ANA A
string a a “d” a a 1 Print

|
b
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Semantic Analysis

VarDecl| - ’ASSI n----eeeeeeee /’BlO]Ck\ """""""""" >VarDecl - ’ASSign """""""" > |f
int a 1 VarDecl-->Assign > Print  string b b “b” isEq Block
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1
{
string a
a = "a"
print(a)
}
string b
b = "b"
if (a == 1) {
print(b)
}
}

Symbol Table 43



AST
Semantic Analysisu T Block

=

VarDecl----- > Assign - /M)Id(\ -------------------- >VarDec| - >»Assign - > If
int a a 1 VarDecl-->Assign->Print  string b b “b” iskq Block
string a a “@” a a 1 Print
|
b
Initialize Scope 0
Source Code e SR
current scope
int a pointer.
a =1
{
string a
a — Ilall
print(a)
}
string b
b — llbll ( \
if (a == 1) {
print ( b) <« Ccurrent SCOPe
} Scope 0
\ J

Symbol Table o8



Semantic Analysis .

----------------------------- > Block s VarDecl o> As SN -oorreeeeeeeee
a 1 VarDec|->Assign-->Print  string “b” iskq Block
string a a “@” a a 1 Print

|
b

Source Code

G

add symbol a
in the current scope

{
string a
a — Ilall
print(a)
}
string b
b — llbll [ \
if (a == 1) { :
print(b) \a |int <«—— current scope
Scope 0
} . P J

Symbol Table 45



“b” iskq Block

/N

a 1 Print

|
b

Source Code

{ lookup symbol a
in the current scope
{
string a
a — n a-II
print(a)
}
string b
— n n ( \
b ="b
if (a == 1) { \\ :
print(b) alint <«—— current scope
Scope 0
) ' \_ P J

Symbol Table 46



“b” iskq Block

/N

a 1 Print
|
b
Source Code
{
i e o check types
‘ Verify that the left child
and right child are
{ type compatible
string a for assignment.
a — n a n
print(a)
}
string b
b = llbll [ \
if (a == 1) { :
print(b) a|int <«—— current scope
Scope 0
} ' . P J

Symbol Table 47



VarDecl > Assign - iimen BlOEK wshenerrnssssssns >VarDecl - >Assign - - If
int a ' >Print  string b “b” iskq Block
a 1 Print
|
b
Source Code
{
int a
= 1 Initialize Scope |
@ 4 ) Move the curreEt scope
. pointer to this child.
string a <«—— current scope
a — n a-ll
print(a) . Scope | J
}
string b
b — llbll ( \
if (a ==1) { alint
print(b)
Scope 0
) ' . P J

Symbol Table 48



Semantic Analysis

o BIOCI(
VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl - >»Assign ----eeeeeeeeee > If
int a VarDecl--\- ign - >Print  string “b” iskq Block

/\

string a

€6_ 9

a a a a 1 Print
|

b
Source Code
{
int a
a =1

¢ A add symbol a

{ \ _ in the current scope
a|string | «—— current scope

> 7 Scope |
N y

print(a)
} |
string b
b= llbll ( \
1t (a.== 1) A alint

print(b)

Scope 0

} | Scope 0

Symbol Table 49



Semantic Analysis

VarDecl| - T L Rl = | [ Yol S >VarDecl - >»Assign ----eeeeeeeeee > If
int a 1 VarDecl string b “b” iskq Block
string  a a 1 Print
|
b

Source Code
{

int a

a =1 ~N

{

: : lookup symbol a
a a|Strlng <«—— current scope in the current scope
Scope |
Brime(a) P

}

string b

b — llbll ( \

1t (a.== 1) A alint

print(b) S 0
cope

) ' . P~

Symbol Table 50



Semantic Analysis

VarDecl---- > ASSIGN -orrreerreereeennn BlQEIK e >VarDec| - > ASSign - - If
int a 1 VarDecl string b “b” iskq Block
string  a a 1 Print
|
b
Source Code
{
int a
a =1 ~N
{
a a|string | «—— current scope check types
Verify that the left child
prime(a) \ SCOPe I ) - yandarighi ce;ﬂIdC a're
type compatible
} ‘ for assignment.
string b
b — llbll ( \
1t (a.== 1) A alint
print(b)
Scope 0
) ' . P J

Symbol Table 51



VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl - >»Assign ----eeeeeeeeee > If
int a a 1 VarDecl->Assign string b b “b” iskq Block
string  a a 1 Print
|
b
Source Code
{
int a
a =1 r N
{
string a a|string | «—— current scope
Scope | lookup symbol a
\_ Y, in the current scope.
} Print can take any type,
‘ so there’s no need to
string b type check here.
b = "b" 4 ) We must still check the
. scope, of course!
1t (a == 1) A alint
print(b)
Scope 0
) ’ . P J

Symbol Table 52



VarDecl > Assign - BlOgk - >VarDecl - >»Assign ----eeeeeeeeee > If
int a ' >Print  string b “b” iskq Block
a 1 Print
|
b
Source Code
{
int a
a =1 r D
{
string a a|string
2= @ Scope |
print(a) . y Close Scope |
Move the current scope
string b pointer to its parent.
b — llbll ( \
if (a ==1 :
érint(b; t alint <«—— current scope
Scope 0
) ’ . P~

Symbol Table 53



VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl

/\ A /\

-------------- »Assign - |f

/N /N

int a 1 VarDecl-->Assign > Print \string b b “b” iskq Block
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 r N
{
string a a|string
a — Ilall

L Scope | /)

print(a)

- ‘ / add symbol b
@ in the current scope
=1 4 /)

if (a == 1) { la).||§‘>-’rclilng
print(b) <«—— current scope
Scope 0
} \ P J

Symbol Table 54



Semantic Analysis ek

|
/

VarDecl-- > ASSI 1 LR S ] o Yol [ ——

int a 1 VarDecl--->Assign - Print i Block
string a a ‘@’ a 1 Print
|
b
Source Code
{
int a
a =1 r N
{
string a a|string
a — n all
print(a) \_ Scope |
i |
string b lookup symbol b
@ e r/ N\ in the current scope
T =Z 1) g b|string
print (b) alint <«—— current scope
Scope 0
' 1\ P J

Symbol Table 55



Semantic Analysis . Block

// e . it

VarDecl|-- > ASSIGN oo » Block - NarD el «f--» ASSion -\
int a 1 VarDecl-->Assign > Print  string isEq  Block
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 r p
{
string a a|string
a — n all
print(a) \_ Scope |
} |
stxring b
@ (" r/\ check types
b | string Verify that the left child
1 a == 1) { alint and right child are
print ( b ) <«—— current scope type compatible
S O for assignment.
} cope
\. J

Symbol Table
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Semantic Analysis

|
/

VarDecl----- > Assign - /M)Id(\ ------------------------------------- »Assign
int a 1 VarDecl-->Assign > Print  string b b “b” iskq Block
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 r N
{
string a a|string
2= @ Scope |
print(a) \_ Y,
}
tring b
s il?gll ( ) \
(e == 1 ¢ 2 |sexies
print ( b) <« Ccurrent SCOPe
Scope 0
) ' \ PE™

Symbol Table 57



Semantic Analysis o Block

e T

VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl - >»Assign ----eeeeeeeeee > If

/\ A AN A

int a 1 VarDecl-->Assign > Print  string “b’

string a a “@” a Print
|
b
Source Code
{
int a
a =1 r 2
{
string a a|string
2= @ Scope |
print(a) \_ )
}
string b
b —_ n e n (
if { b|stripg lookup symbol a
= ) alint current scope in the current scope
primt(b «—
Scope 0
) ' \. P J

Symbol Table 58



Semantic Analysis o Block

e T

VarDec| - > ASS' L /)BIOICI(\ """"""""""""" >VarDecl - >ASS| . > |f
int a 1 VarDecl-->Assign > Print  string “b’ lock
string a a “@” a Print
|
b
Source Code
{
int a
a =1 r N
{
string a a|string
2= @ Scope |
print(a) . J
: |
string b
b —_ n e n (
- b|stri
lf { alint ¢ check types
prT D ) current scope Verify that the left child
} Sco pe 0 and right child are
} \. J type comparable

Symbol Table 59



Semantic Analysis o Block

e T

VarDec| - > ASSIGN -ovoreeerreeeen > Block e >VarDecl ---eee- >Assign oo - If

/\ A AN A

int a 1 VarDecl-->Assign > Print  string “b” isEq @

string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 4 R 4 R
{
string a a|string
@7 @ Scope | Scope |Ib
print(a) \ J . J
} \/
string b
b — llbll ( \
if (a == 1@ b||string
: alint current scope
print(b) P Initialize Scope Ib
} SCOPe 0 Move the current
} \_ J scope

pointer to this child.

Symbol Table



Semantic Analysis

o BIOCI(
VarDecl----- > Assign - /M)Id(\ -------------------- >VarDec| - >»Assign - > If
int a 1 VarDecl-->Assign > Print  string b b “b” iskq Block

/\

string a a ‘“a” a a @

a =1 r N r
{
' ' !

Source Code
{

int a

string a a|string

2= @ Scope | Scope |b

print(a) \_ J \\ J
} \/
string b
b — llbll ( b t . \
if (a == { | string

@ alint current scope

} Scope 0 lookup symbol b

} in the current scope.

Symbol Table




Semantic Analysis

o BIOCI(
VarDecl----- > Assign - /M)Id(\ -------------------- >VarDec| - >»Assign - > If
int a 1 VarDecl-->Assign > Print  string b b “b” iskq Block
string a a “@” a a
Source Code
{
int a
a =1 r N r /
{
string a a|string o
a = nau '
. Scope | Scope |Ib
print (a) \(oPE T ) \7EOPE )
}
string b
b — llbll [ b t . \
if (a == { | string
@ alint current scope
} Scope 0 lookup symbol b

} in the parent scope.

Print can take any type.
Symbol Table "




Semantic Analysis Block

T T

VarDec| - ’A55| L /’BlOICk\ """""""""" >VarDecl - >ASS| N oo
int a 1 VarDecl-->Assign > Print  string “b” isEq
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 - N r N
{
string a a|string
a — llall
. Scope | Scope Ib
print(a) \ P y \ P y
} \/
string b
b — llbll [ b . . \
if (a == 1) { a%inilng
print(b) <«—— current scope
@ Scope 0
1\ J
} Close Scope Ib

Symbol Table 63



Semantic Analysis T Block )

VarDecl- > Assign e /)BIOICI(\ ---------------- >VarDec| - > Assign oo > |f

int a 1 VarDecl-->Assign > Print  string b b “b” iskq Block
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 r D r D
{
string a a|string
a — Ilall
. Scope | Scope |b
print(a) \ P y \ P y
} \/
string b
b — llbll [ b t . \
if (a == 1) { a%inilng
print(b) <«—— current scope
} Scope 0
\ Y,

Close Scope 0

}
O Symbol Table



Semantic Analysis

//\\

VarDecl----- > Assign - /»BIo]ck\ -------------------- >VarDec| - >»Assign -
int a 1 VarDecl--->Assign > Print  string “b” iskq Block
string a a “@” a a 1 Print
|
b

Now we have a
lexically, syntactically,

and semantically r N\ D
correct AST and a a|string
complete symbol table | Scope | | | Scope Ib
to go with it. V

4 . )
We are ready for i v
Code Generation. | Scope 0




Semantic Analysis

Yet another example in our language
{

int a

a=1

{ -
String ® There’s an error here.
print (a) Where is it?

}

string b

b = “baa"

if (a == 1) {
print (b)
}
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Semantic Analysis

Yet another example in our language
{

int a

a=1

{
string b .
b =a < Type-mismatch error.
print (a)

}

string b

b = “baa"

if (a == 1) {
print (b)

}




Semantic Analysis

Yet another example in our language
{

int a

a=1

{
string b .
b =a < Type-mismatch error.
print (a)

} . .

string b < Wait. Is this okay?

b = “baa"

if (a == 1) {
print (b)
}
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Semantic Analysis

Yet another example in our language
{

int a
a=1
{
string b .
b =a < Type-mismatch error.
print (a)
} : :
string b < Wait. Is this okay? Yes.
b = "baa” (Sheep noise.)

if (a == 1) {
print (b)
}




Semantic Analysis

VarDecl| - ’ASSI n----eeeeeeee /’BlO]Ck\ """""""""" >VarDecl - ’ASSign """""""" > |f
int a 1 VarDecl-->Assign > Print  string b b “baa” iskq Block
string b b a a a 1 Print
|
b
Source Code
{
int a
a =1
{
string b
b = a
print(a)
}
string b
b = “baa”
if (a == 1) {
print(b)
}
}

Symbol Table 70



AST
Semantic Analysis o N

N

VarDecl----- > Assign - /M)Id(\ -------------------- >VarDec| - >»Assign - > If
int a a 1 VarDecl-->Assign->Print  string b b “baa” iskq Block
string b b a a a 1 Print
|
b
Initialize S 0
Source Code e et the
current scope
int a pointer.
a =1
{
string b
b = a
print(a)
}
string b
b = “baa" 4 A
if (a == 1) {
print ( b) <« Ccurrent SCOPe
} Scope 0
\ y

Symbol Table 7



Semantic Analysis

Block
—— \\
o > Block e >VarDecl - >»Assign ----eeeeeeeeee
/N A A
a 1 VarDec|->Assign-->Print  string “baa” iskq Blc‘ack
ANVA /\
string b a a 1 Print

|
b

Source Code

G

add symbol a
in the current scope

{
string b
b = a
print(a)
}
string b
b = “baa" ( )
if (a == 1) { :
print(b) \a | int <«—— current scope
Scope 0
} \_ P J

Symbol Table 72



Semantic Analysis

Block «
T
------------------------------------ »VarDecl| > Assign > If
A ANYA
ign - >Print  string b b “baa” iskq Blc‘xk
/\
a a 1 Print

|
b

Source Code

{ lookup symbol a
in the current scope
{
string b
b = a
print(a)
}
string b
b = “baa" é )
if (a == 1) { \ :
print(b) alint <«—— current scope
Scope 0
) ' \_ P J

Symbol Table 73



Semantic Analysis

Block -«
/I\ -------------------- >VarDec| - >»Assign - > If
ign - >Print  string b b “baa” iskq Block
a a 1 Print
|
b
Source Code
{
i e o check types
‘ Verify that the left child
and right child are
{ tybe compatible
string b for assignment.
b = a
print(a)
}
string b
b = “baa" ¢ A
if (a ==1 :
érint(b; t alint <«—— current scope
Scope 0
) ’ \_ P J

Symbol Table 74



Semantic Analysis Block

/\\

VarDec|-- > ASSigN oo BlOCK e >VarDecl - >Assign - - If
int a 1 ' >Print  string b “baa” iskq Block
string b b a a a 1 Print
|
b
Source Code
{
int a
= 1 Initialize Scope |
@ 4 ) Move the curreEt scope
. pointer to this child.
string b <«—— current scope
b = a
print(a) \Scope I<)
}
string b
b — llbaall ( \
if (a ==1) { alint
print(b)
Scope 0
} ' \_ P J

Symbol Table 75



Semantic Analysis Block .

//\\

VarDeCI ----------------- g ASSI L > BIOCk ---------------------------- )Var'Decl _________________ ’ASSI [ -eeemeeeeee . If
Int a  a VvV varoecl -\ ion ... > Print Strln “baa |SEq BIOCI(
a a 1 Print
I
b
Source Code
{
int a
a =1
{ ( A add symbol b
in th
@ \4 b | string current scope the current scope

b =3 «

print(a) \Scope |<)
} \
string b
b — ubaau ( \
RN alint

print(b) i

cope 0

} . P )

Symbol Table »



Semantic Analysis Block o

e T

VarDecl| - T L Rl = | [ Yol S >VarDecl - >»Assign ----eeeeeeeeee > If
int a 1 string b “baa” iskq Block
a 1 Print
|
b

Source Code
{

int a

a =1 N\

{

b b|string | «—— current scope !r? E'é‘iﬁié?l‘l?lfe
Scope |
Prime(a) oPE T )

}

string b

b = “baa" 4 h

1t (a.== 1) A alint

print(b) S 0
cope

) ' g P y,

Symbol Table 77



Semantic Analysis Block .

e T

VarDec| - AT F el = (o1 >VarDec| e >AsSign oo - If
int a 1 string b “baa” iskq Block
a 1 Print
|
b
Source Code
{
int a
a =1 ~N
{ |
b b|string | «—— current scope lookup symbol a
in th t
b2 | Scope | gt sope
; |
string b
b — llbaall ( \
if (a == 1) { alint
print(b)
Scope 0
) ' . P J

Symbol Table 78



Semantic Analysis

VarDec| - AT F el = (o1 >VarDec| e >AsSign oo - If
int a 1 string b “baa” iskq Block
a 1 Print
|
b
Source Code
{
int a
a =1 ~N
{ |
b PIstring | «— current scope lookup symbol a
: in the current scope
D T (a) \ SCOPe I y " elt’s notthere,so#.)..
: look in the
} ‘ parent scope
string b 3
b = “baa” (»E A
if (a == 1) { E|int
print(b)
Scope 0
} } N\ P Y,

Symbol Table 79



Semantic Analysis

VarDecl--eee > Assign

/\ A

int a

Source Code
{

int a
a =1

string b

b = “baa”

if (a == 1) {
print(b)

}

A

:b|string

~N

' Scope | )

L Scope 0 )

5|int

>VarDecl - »Assign

/\ A /\

string b

<«—— current scope

7 iskq  Block

/N

1 Print

|
b

check types
Verify that the left child
and right child are
type compatible
for assignment.

string # int

Type Mismatch
error

Symbol Table
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Semantic Analysis

Still another example in our language
{

int c
c =1
{
string b
b = a < What’s the error here?
int
, P (a) Let’s see...
string b
b — "b"

if (a == 1) {
print (b)
}
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Semantic Analysis

VarDecl| - ’ASSI n----eeeeeeee /’BlO]Ck\ """""""""" >VarDecl - ’ASSign """""""" > |f
int ¢ 1 VarDecl-->Assign > Print  string b b “b” isEq Block
string b b a a a 1 Print
|
b
Source Code
{
int c
c =1
{
string b
b = a
print(a)
}
string b
b = "b"
if (a == 1) {
print(b)
}
}

Symbol Table 82



AST
Semantic Analysis 7 Blode .

=

VarDecl----- > Assign - /M)Id(\ -------------------- >VarDec| - >»Assign - > If
int ¢ c 1 VarDecl->Assign->Print  string b b “b” iskq Block
string b b a a a 1 Print
|
b
Initialize S 0
Source Code e et the
current scope
int e pointer.
c =1
{
string b
b = a
print(a)
}
string b
b — llbll ( \
if (a == 1) {
print ( b) <« Ccurrent SCOPe
} Scope 0
\ y

Symbol Table 83



Semantic Analysis

Block o
—— \\
o > Block e >VarDecl - >»Assign ----eeeeeeeeee
/N A A
c 1 VarDecl->Assign-->Print  string “b” iskq Blc‘ack
ANVA A
string b a a 1 Print

|
b

Source Code

G

add symbol c
in the current scope

{
string b
b = a
print(a)
}
string b
b — llbll [ \
if (a == 1) { :
print(b) \C |int <«—— current scope
Scope 0
} \_ P J

Symbol Table 84



“b” iskq Block

/N

a 1 Print

|
b

Source Code

{ lookup symbol ¢
in the current scope
{
string b
b = a
print(a)
}
string b
— n n ( \
b ="b
if (a == 1) { \ :
print(b) c|int <«—— current scope
Scope 0
) ' \_ P J

Symbol Table 85



“b” iskq Block

/N

a 1 Print
|
b
Source Code
{
check types
O Verify that the left child
and right child are
{ type compatible
string b for assignment.
b =a
print(a)
}
string b
b = llbll [ \
if (a == 1) { :
print(b) c|int <«—— current scope
Scope 0
) ' . P J

Symbol Table 86



VarDec|-- > ASSigN oo BlOCK e >VarDecl - >Assign - - If
int ¢ 1 VarDecl ' >Print  string b “b” iskq Block
string b a 1 Print
|
b
Source Code
{
int c
= 1 Initialize Scope |
@ 4 ) Move the curreEt scope
. pointer to this child.
string b <«—— current scope
b = a
print(a) . Scope | J
}
string b
b — llbll ( \
1t (a.== 1) A c|int
print(b) S 0
cope
) ' . P J

Symbol Table 87



Semantic Analysis

Block o
VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl - >»Assign ----eeeeeeeeee > If
int ¢ ¢ 1 VarDecl-\- ign - >Print  string “b” iskq Block
a a 1 Print
|
b
Source Code
{
int c
c =1
{ ( A add symbol b
\ _ in the current scope
@ b|string | «—— current scope

b =71

print(a) \_ Scope | Yy,
} |
string b
b — llbll ( \
if (a==1){ c|int

print(b) S

cope 0

' 1\ P J

Symbol Table 88



Semantic Analysis

VarDecl| - T L Rl = | [ Yol S >VarDecl - >»Assign ----eeeeeeeeee > If
int ¢ 1 string b “b” iskq Block
a 1 Print
I
b
Source Code
{
int c
c =1 ~N
{
b b|string | «—— current scope !r? E'é‘iﬁié?l‘l?lfe
Scope |
PrimeE(a) P
}
string b
b — llbll ( \
1t (a.== 1) A c|int
print(b) S 0
cope
) ' - P y,

Symbol Table 89



Semantic Analysis

VarDec| - AT F el = (o1 >VarDec| e >AsSign oo - If
int ¢ 1 string b “b” iskq Block
a 1 Print
|
b
Source Code
{
int c
c =1 ~N
{ |
b b|string | «—— current scope lookup symbol a
in th t
b2 | Scope | gt sope
; |
string b
b — llbll ( \
if (a==1) { c|int
print(b)
Scope 0
) ' . P J

Symbol Table 90



Semantic Analysis

VarDecl e > ASSIgN oo BlOEK oo >VarDecl| - >Assign e - If
int ¢ 1 string b “b” iskq Block
a 1 Print
|
b
Source Code
{
int c
c =1 ~N
: \
b P|string | «— current scope lookup symbol a
: Sc ope | in the current scope
: : It’s not there, so...
P (a) ~ : J look in the
} : parent scope
string b '-. ‘ It’s not there either!
b — llbll ( ' \ U
' ndeclared
. —— ' Identifier
if (a. 1) { c|int error
print(b)
Scope 0
) ' . P J

Symbol Table 91



Semantic Analysis

One more example in our language
{

int c¢

c =1

{
string b
b = “oh my”
print (b)

}

string c

b = "b"

if (a == 1) {
print (b)

}

Where are the errors in this one?
Let’s see...
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Semantic Analysis

VarDecl - > Assign

ANA

int C C

Source Code

{
int c
c =1
{
string b
b = “oh my”
print(b)
}
string c
b = "b"
if (a == 1) {
print(b)
}
}

VarDecl--->Assign - Print  strin

ANVANS

string b b“hmy” b

Symbol Table

/\

/\

iskE Block

A

a 1 Print

|
b
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AST
Semantic Analysis o N

=

VarDecl----- > Assign - /M)Id(\ -------------------- >VarDec| - >»Assign - > If
int ¢ c 1 VarDecl-->Assign->Print  string c b “b” iskq Block
string b b“ohmy” b a 1 Print
|
b
Initialize Scope 0
Source Code e et the
current scope
int e pointer.
c =1
{
string b
b = “oh my”
print(b)
}
string c
b — llbll ( \
if (a == 1) {
print ( b) <« Ccurrent SCOPe
Scope 0
) ' \ PE™

Symbol Table 94



Semantic Analysis

Block o
o > Block e >VarDecl - >»Assign ----eeeeeeeeee
VarDecl--->Assign - Print  string “b” iskq Block
string b b“oh my” IL a 1 Print
|
b
Source Code add symbol ¢

in the current scope

G

{
string b
b = “oh my”
print(b)
}
string c
b = llbll ( \
if (a==1 :
]g(brint(b; { \g | int <«—— current scope
cope 0
} \_ P J

Symbol Table 95



“b” iskq Block

/N

a 1 Print

|
b

Source Code

{ lookup symbol ¢
in the current scope
{
string b
b = “oh my”
print(b)
}
string c
— n n ( \
b ="b \\
if (a == 1) { :
print(b) c|int <«—— current scope
Scope 0
) ' \_ P J

Symbol Table 96



“b” iskq Block

/N

a 1 Print
|
b
Source Code
{
L aE—C check types
O Verify that the left child
and right child are
{ tybe compatible
string b for assignment.
b = “oh my”
print(b)
}
string c
b = llbll [ \
if (a == 1) { c|int
print(b) <«—— current scope
Scope 0
} ' . P J

Symbol Table 97



VarDecl > Assign - iimen BlOEK wshenerrnssssssns >VarDecl - >Assign - - If
int ¢ ' »Print  string ¢ “b” iskq Block
a 1 Print
|
b
Source Code
{
int c
= 1 Initialize Scope |
@ 4 ) Move the curreEt scope
. pointer to this child.
string b <«—— current scope
b = “oh my”
print(b) . Scope | J
}
string c
b — llbll ( \
if (a ==1) { c|int
print(b)
Scope 0
} ' \_ P J

Symbol Table 98



Semantic Analysis

Block o
VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl - >»Assign ----eeeeeeeeee > If
int ¢ C string “b” iskq Block
a 1 Print
|
b
Source Code
{
int c
c =1 - N

add symbol b

{ \ _ in the current scope
b|string | «—— current scope

b ="oh my Scope |
N y

print(b)
} |
string c
b= llbll ( \
1t (a.== 1) A c|int

print(b)

Scope 0

} | Scope 0

Symbol Table 99



Semantic Analysis

VarDecl oo S L Rl = | Lo Yol [ >VarDecl - >»Assign -----eeeeeeeee > If
int ¢ 1 string ¢ “b” iskq Block
a 1 Print
I
b
Source Code
{
int c
c =1 ~N
{
string-b b|string |<«—— current scope L?E'é‘iﬁilﬁ‘l‘i?lfe
C = von my™> Scope |
pri o . J
}
string c
b — llbll ( \
1t (a.== 1) A c|int
print(b)
Scope 0
) ' - P y,

Symbol Table 100



Semantic Analysis

VarDecl| - T L Rl = | [ Yol S >VarDec| - >Assign - > |f
int ¢ 1 string ¢ “b” iskq Block
a 1 Print
|
b
Source Code
{
int c
c =1 ~N
{
b|string [ «—— current scope check types
Verify that the left child
pri o \_ SCOPe | ) - yandarigh(: cehilj a’re
type compatible
} for assignment.
string c
b —_ llbll ( \
1t (a.== 1) A c|int
print(b)
Scope 0
) ' . P J

Symbol Table 101



int ¢ “b” iskq Block

/N

Source Code
{

int c
c =1
{
string b

b = uII myn
t

string c

b = "b"

if (a == 1) {
print(b)

}

-

b|string

L Scope | )

~N

-

c|int

L Scope 0 )

Symbol Table

<«—— current scope

1 Print

|
b

lookup symbol b
in the current scope.
Print can take any type,
so there’s no need to
type check here.
We must still check the
scope, of course!
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VarDecl > Assign A BlOgk - >VarDecl - >»Assign ----eeeeeeeeee > If
int ¢ ' »Print  string ¢ “b” iskq Block
a 1 Print
|
b
Source Code
{
int c
c =1 r N
{
string b b|string
b = "oh my Scope |
print (b) . y Close Scope |
Move the current scope
. pointer to its parent.
String c
b — llbll ( \
if (a==1){ c|int
print ( b) <« Ccurrent SCOPe
Scope 0
) ' 1\ P J

Symbol Table 103



VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl

/\

string ¢

int ¢ 1 VarDecl--->Assign - Print

Source Code

{
int c
c =1 r N
{
string b b|string
b = “oh my” |
print(b) \_ Scope Yy,

|
g

-------------- >ASSign

/\

isEq Block

/N

1 Print

|
b

add symbol c
in the current scope
Fail!
Collision in the hash table.

print ( b ) nt <«—— current SCOPe

} L Scope 0 )

Identifier redeclared
in the same scope
error

Symbol Table
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Semantic Analysis

One more example in our language
{

int c
c =1
{
string b
b = “oh my”
print (b)
b Identifier redeclared in the
Srring e - same SCOpe€ error.

if (a == 1) {

print (b) What else is wrong here?
}
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Semantic Analysis

Okay, this is really the last one.

{

1S

int a

a =17

string b

b =" bstri " . o

( S Same-named identifier
print (a) declared in different scopes

print (b) but referenced in the same

= ouMblock.
int b
b =0 /Who does this?
print (b)

b = a

| print (b) What should we do here?
print (b)
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Semantic Analysis

Block o
VarDecl-- ’ASSI n-----eeee /’BlOICk\ """""""""" >VarDecl - *ASSI n -
int ¢ c 1 VarDecl->Assign-->Print  string “b” iskq Block
string b b“ohmy” b a 1 Print
|
b
Source Code
{
int c
c =1 r 2
{ . .
sering b b|string s s
print(b) \_ Scope | )
}
string c
b — llbll ( /
1f (a ==1 :
* érint(b; t c|int <«—— current scope
Scope 0
) ’ \ P Y,

Symbol Table 107



Semantic Analysis

We can detect errors.
- Type mismatches
- Undeclared identifiers
- Redeclared identifiers in the same scope

What about warnings?
- Variables declared but unused
- Variables used without being initialized
- Variables declared and initialized but never used elsewhere

How do we handle those?
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Semantic Analysis

VarDecl| - ’ASSI n----eeeeeeee /’BlO]Ck\ """""""""" >VarDecl - ’ASSign """""""" > |f
int a 1 VarDecl-->Assign > Print  string b b “b” isEq Block
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1
{
string a
a = "a"
print(a)
}
string b
b = "b"
if (a == 1) {
print(b)
}
}

Symbol Table 109



VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e Ao >VarDecl - >»Assign ----eeeeeeeeee > If
int a a 1 VarDecl-->Assign->Print | string b b “b” iskq Block
string a a “@” a a 1 Print
|
b
Initialize Scope 0
Source Code 30
current scope
int a pointer.
a =1
{
string a
a — Ilall
print(a)
}
string b
b — llbll ( \
if (a == 1) {
print(b) <« Ccurrent SCOPe
} Scope 0
\ J

Symbol Table 110



---------------------------------------------------------------- >VarDecl > Assign -
1 VarDecl--- ign - i string b “b” iskq Block

string a a ‘@’ a 1 Print
|
b
Source Code add symbol a
in the current scope

G

t tring a Add an object as the value in the
S key-value pair hash table with the
print(a) attributes: type, isInitialized, isUsed.

}

string b

b = "b" ( )

if (a == 1 .

' ]g(bla:tint ( b; { “allint, £, £ <«—— current scope

} Scope 0

. J

Symbol Table 11



“b” iskq Block

/N

a 1 Print

|
b

Source Code

{ lookup symbol a
in the current scope
{
string a
a — n a.II
print(a)
}
string b
b = llbll ( \
if (a == 1) { :
print(b) alint,f,f | « current scope
Scope 0
) ' \_ P J

Symbol Table 112



“b” iskq Block

a 1 Print
|
b
Source Code
{
check types
O Verify that the left child
and right child are
{ tybe compatible
string a for assignment.
a="a" Note that id “a” in scope o
print(a) has been initialized.
}
string b
b — llbll ( \
if (a ==1 :
érint(b; t alint,t,f | «  current scope
Scope 0
) ' \. P J

Symbol Table 113



VarDecl| - > Assign oo (Block ---------------------------------- >VarDecl - >»Assign ----eeeeeeeeee > If

/\ A /\

int a 1 VarDecl-->Assign - i string b “b” iskq Block

string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 Initialize Scope |
4 ) Move the curreEt scope
. pointer to this child.
string a <«—— current scope
a — Ilall
print(a) Scope |
}
string b
b — llbll ( \
if (a ==1 :
érint(b; { alint,t,f
Scope 0
} ' \_ P J

Symbol Table 14



Semantic Analysis

VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block commmmeememmeeeeeeeeeeeeeeeeeeee >VarDecl - >»Assign ----eeeeeeeeee > If
int a VarDecl--\- ign - > Print \ string b “b” iskq Block
string  a a 1 Print
|
b
Source Code
{
int a
a =1

( A add symbol a

{ N in the current scope
alstr,f,f | «—— currentscope

> 7 Scope |
N y

print(a)
}
string b
b — llbll ( \
it (a == 1) { alint,t,f
print(b)
Scope 0
' \_ P J

Symbol Table 15



Semantic Analysis

VarDecl| - > AsSign oo BlOQEK oz >VarDecl - >»Assign ----eeeeeeeeee > If
int a 1 VarDecl string b “b” iskq Block
string  a a 1 Print
I
b
Source Code
{
int a
a =1 ~N
{ < lookup symbol a
a a | str,£,f | «—— current scope in the cgrant scope
Scope |
BrimE(a) P T )
} |
string b
b — llbll ( \
1f (a==1) { alint,t,f
print (b) S et
cope O
) ' - P y,

Symbol Table 116



Semantic Analysis

VarDecl---- > ASSIgN -orrreereeereenn BlQEIK oz >VarDec| - > ASSign - - If
int a 1 VarDecl string b “b” iskq Block
string  a a 1 Print
|
b
Source Code Note that id “a” in
i scope 1 has been
t . els s
ot initialized.
a =1 ~N
{
a alstr,t,f | <«—— currentscope check types
Verify that the left child
prime(a) \ SCOPe I ) enfyandarighi:: c%ldc a're
type compatible
} ‘ for assignment.
string b
b — llbll ( \
1t (a == 1) o alint,t,f
print(b)
Scope 0
) ' . P J

Symbol Table 117



Semantic Analysis

VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block commmmeememmeeeeeeeeeeeeeeeeeeee >VarDecl - >»Assign ----eeeeeeeeee > If
int a a 1 VarDecl->Assign string b “b” iskq Block
string  a a 1 Print
|
b
Source Code Note that id “a” in
i scope 1 has been
int a
- used.
a =1 r N
{ /
string a alstr,t,t | «—— current scope
d—=—-2a Scope | lookup symbol a
\_ Y, in the current scope.
} Print can take any type,
_ ‘ so there’s no need to
string b type check here.
b = "b" 4 ) We must still check the
£ (a . ) { scope, of course!
i == :
t,t,f
print(b) alin
Scope 0
) ' \. P J
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VarDecl > Assign - BlOgk - >VarDecl - >»Assign ----eeeeeeeeee > If
int a ' >Print  string b “b” iskq Block
a 1 Print
|
b
Source Code
{
int a
a =1 r N
{
string a alstr,t,t
2= @ Scope |
print(a) . y Close Scope |
Move the current scope
string b pointer to its parent.
b — llbll ( \
if (a ==1 :
érint(b; t alint,t,f | «  current scope
Scope 0
) ’ . P~

Symbol Table 119



VarDecl--eee > Assign

/\ A

int a

Source Code

{
int a
a =1
{
string a
a = "a"
print(a)

if (a == 1) {
print(b)
}

VarDecl

/\

string

-

alstr,t,t

L Scope | /)

1]

b|str,f{f
alint,t,f

~N

>VarDecl

string b

~N

L Scope 0 )

/\

<«—— current scope

.............. >Assign

/\

isEq Block

/N

1 Print

|
b

add symbol b

in the current scope

Symbol Table
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Semantic Analysis el

X

VarDecl-- > ASSI 1 LR > Bloclc e

AN AR ) A

int a 1 VarDecl--->Assign - i i Block

/N /N /\ |

string a a 1 Print

b

b
Source Code
{
int a
a =1 r N
{
string a alstr,t,t
2= @ Scope |
print(a) \_ y,
}
string b lookup symbol
4 /) in the current scope
. b|str,f, f
* L ) A alint,t,f | «_ current scope
print (b) P
Scope 0
! . P Y,

Symbol Table
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Semantic Analysis .

VarDec| - > ASSIGN oo » Block -\ NarDec] «f--» AsSion -\

/\ A e AN AN A

int a 1 VarDecl-->Assign - i i isEq  Block

/\ /\ |

string a a a 1 Print
|
b
Source Code
{
int a
a =1 4 N
{
string a alstr,t,t
a7 @ Scope | Note that id “b”
print(a) . y .
y in scope O has
string b been initialized.
@ 4 7 check types
b|str,t,f Verify that the left child
1 a == 1) { |int,t, £ and right child are
rint (b) ajint,t, <«—— current scope type compatible
P for assignment.
} Scope 0
. J

Symbol Table 122



Semantic Analysis

X

VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block ks VarDeg - »Assign

/\ A i A

int a 1 VarDecl-->Assign - i string b b “b” iskq Block

/\ /\ |

string a a a 1 Print
|
b
Source Code
{
int a
a=1 e N
{
string a alstr,t,t
a — llall
print(a) \ Scope | )
}
string b
— llbll [ \
@(a —= 1) ¢ b|str,t,f
print(b) alint,t,f |« current scope
Scope 0
) } g P J
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Semantic Analysis

Block o
VarDecl| - ’ASSI R MLt > Blocl -+ >VarDec] - »Ass| 1 T — > |f

int a 1 VarDecl--->Assign - Print

/\

string b “b’

string a a Print
|
b
Source Code
{
int a
a =1 r 2
{
string a alstr,t,t
> Scope |
print(a) \_ )
}
string b
b = "R" [ \
if ‘ b|str,t,f lookup symbol a
S 5) alint,t,f , current scope in the current scope
Scope 0
) ' \. P J

Symbol Table 124



Semantic Analysis el

T

VarDecl s > ASSI R AR > Bloclk - Ao >VarDec] - »Ass| 3 T > |If
int a 1 VarDecl-->Assign > Print \ string b “b’ lock
string a a Print
I
b
Source Code
{
int a
a=1 e N
{
string a alstr,t,t
2= @ Scope |
print(a) ~ / Note that id “a”
}
string b . . in scope 0 has
]?; g { blstr,t, been used.
1
@ alint,t,t”] check types
prt D) | <« current scope Verify th);lt:)the left child
} Sco pe 0 and right child are
} \. J type comparable
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Semantic Analysis

e T

VarDecl-- > ASSI 1 LR S ] o Yol [ ——

/\ A

int a 1 VarDecl--->Assign

/\

€6_ 9

string a a a

Source Code

{
int a
a =1
{
string a
a = "a"
print(a)
}
string b
b = "b"
if (a == 1(::)
print(b)
}
}

Symbol Table

isEq

Block
>VarDecl - »Assign
------ >Print  string
d
4 ) 4 )
alstr,t,t
Scope | Scope Ib
) \/\ g
4 )
b|str,t,f
alint,t,t current scope
Scope 0
. J

Initialize Scope Ib

Move the current
scope

pointer to this child.




Semantic Analysis

Block
VarDecl| - > Assign oo /»BIoIck\ -------------------- >VarDecl - >»Assign ----eeeeeeeeee > If
int a 1 VarDecl-->Assign > Print  string “b” iskq Block

/\

string a a ‘“a” a a @

a =1 r N r
{
' alstr,t,t ?

Source Code
{

int a

string a

a = "a Scope | Scope Ib

print(a) \- J \ /
} \/
string b
b — llbll ( \
> { b|str,t,f
i A = .

alint,t,t current scope

) Scope 0 lookup symbol b

} in the current scope.

Symbol Table




Semantic Analysis

Block
VarDecl----- > Assign - /M)Id(\ -------------------- >VarDec| - >»Assign - > If
int a 1 VarDecl-->Assign > Print  string “b” iskq Block
string a a “@” a a
Note that id “b”
Source Code in scope O has
{ been used.

int a
a =1 r N r /
{

string a alstr,t,t o

a = nau '

. Scope | Scope |b

print (a) \(oPE T ) \7EOPE )
}
string b p \
?f= b { b|str,t,t
1 A== .

alint,t,t current scope

} Scope 0 lookup symbol b

} in the parent scope.

Print can take any type.
Symbol Table "




VarDecl--ee- ’ASSl ) > Blocl -~ >VarDec] - ’ASSl N e
int a 1 VarDecl-->Assign - Print “b” iskq
string a a “@” a a 1 Print
|
b
Source Code
{
int a
a =1 r 2 f 2
{
string a alstr,t,t
a — Ilall
. Scope | Scope |Ib
print(a) \ P y \ P y
} \/
string b g <
?f=("b" 1) ¢ b|str,t,t
1 a == )
print(b) alint,t,t |« current scope
Scope 0

S g Close Scope Ib

Symbol Table 129
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Semantic Analysis ok .

>VarDecl - >»Assign ----eeeeeeeeee > If

AN IS VATTATA

int a 1 VarDecl-->Assign > Print \ string b b “b” iskq Block

/\ /\ |

string a a a 1 Print
|

b

Source Code
{

int a
a =1 r N - N
{
string a alstr,t,t
e Scope | Scope |Ib
print(a) \_ y \ y
} L/////////’
string b
b — llbll [ \
£ 1) b|str,t,t
1 a == )
print(b) alint,t,t <«—— current scope
Scope 0
} N\ P J

Close Scope 0

}
0 Symbol Table



Semantic Analysis

Block —
VarDecl----- > Assign - /»BIo]ck\ -------------------- >VarDec| - >»Assign -
int a 1 VarDecl--->Assign > Print  string “b” iskq Block
string a a “@” a a 1 Print
|
b
Before going on to r N\ p
Code Generation, a|str,t,t
traverse the Symbol | Scope | | | Scope Ib
Table and give V
warnings based on r \
b|str,t,t
state of the Boolean alint,t,t
flags.
ags L Scope 0 )
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Semantic Analysis

Block .
———— \\
VarDecl| - > ASSIgGN --ooooeeeeneeeeneneneee > Block e >VarDecl - >»Assign ----eeeeeeeeee
/\ A AN A A
int a 1 VarDecl--->Assign > Print  string “b” iskq Blc‘ack
/\ A
string a a “@” a a 1 Print

|
b

Now we have a
lexically, syntactically,

and semantically r N\ \
correct AST and an alstr,t,t
enhanced symbol table | Scope | | | Scope Ib
to go with it. V

4 )
We are really ready for zliii:
Code Generation. | Scope 0
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Semantic Analysis

So far we have assumed a very simple type system.
We can compare and assign ...

- int to int

- string to string

- boolean to boolean

... anything else is a type error. This is all we need for our project.

But what if we wanted a more sophisticated type system?

Considerations:
- Strong or weak typing?
- assign int to float?

How do we even talk about it? Reason about it?
Context Free Grammars say nothing about types.
We need some new documentation for our language.
We need a Type System.
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