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The parser returns an abstract syntax

Semantic Analysis

tree (AST), a structured representation
of the input program. All information
present in the input program (except
maybe for comments) is also present in
the AST.

Literals (integer/real/... constants) and
identifiers are available as AST input

attributes.

During semantic analysis we add new
attributes to the AST, and traverse the
tree to evaluate these attributes and

emit error messages.

At compiler construction time we have
to decide which attributes are needed,
how they should be evaluated, and the

\

errors

Parser
\J [AST
errors

order in which they should be
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/ Why Semantic Analysis? \

1. Is the program statically correct? If not,

report errors to user:

e “undeclared variable”

e “illegal procedure parameter”
e “type incompatibility”

2. Make preparations for later compiler
phases (code generation and
optimization):

e Compute types of variables.
e Compute addresses of variables.

e Store transfer modes of procedure

parameters.

e Compute labels for control structures
(maybe).

e The next slide shows some typical

\ semantic errors.
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ﬂ)rogra.m X; "multiple declarationN
procedure P (
X,y ¢ i er);

var z,x : char; "type mismatch”
begin/

y = "x" "type name expected”
end;

var k :

P: identifier not declared”
)
var z : f,/

type R = array [9..7] of char;

var x,y,t : integer; )
begin "too few parameters” empty range
P(1);

/ "too many parameters”
P(1 ,2’3)/ integer type expected

"variable expected”

P("X" s 2) ; -
RE5] := "x": "type mismatch”
z["x"] := 5: " constant expected”
. b
case x of
y< t := "repeated case labels”
3+2 ¢ =9 |
1+47: t := 8
end _— "boolean expression expected”

if x then t := 4;
end Y.< "wrong closing identifier”

N

/
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/ Kinds of Context Conditions\

Type Checks We must check that every
operator used in the program takes
arguments of the correct type.

Kind Checks We must check that the right
kind of identifier (procedure, variable,
type, label, constant, exception) is used
in the right place.

Flow-of-control Checks In Modula-2 an
EXIT- statement must only occur
within a LOOP-statement:

. THEN ENDIF; END

Uniqueness Checks Sometimes a name

LOOP IF .-

must be defined exactly once. Example:

variable declarations, case labels.

Name Checks Sometimes a name must
occur more than once, e.g. at the

/ Static Semantic Rules \

Static Semantics: = type checking rules.
The rules that are checked by the
compiler before execution.

Dynamic Semantics: Rules that can only
be checked when the program is run.
Example: " pointer reference to NIL”.

Context Conditions: Static semantic

rules.

e Obviously, different languages have
different static semantic rules. Ada, for
example, allows null ranges (e.g.

), while Modula-2

array [9..7] of char

doesn’t.

e It’s our job as compiler writers to read
the language definition and encode the

\\ beginning and end of a procedure.

/
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\ rules in our semantic analyzer.

/
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/ Tree-Walk Evaluators \

— Static Semantic Rules are Confusing!

e Check out any C++ manual...

e Ada’s semantic rules are so unwieldy
that compiler error messages often
contain references to the relevant
sub-sub-section of the Ada Reference

Manual (ARM):

" Type error. See ARM section 13.2.4."

e We must organize the semantic analysis
phase in a systematic way.

Tree-Walk Evaluators

e The syntax analyzer produces an
Abstract Syntax Tree (AST), a
structured representation of the input
program.

e FEach node in the tree has a number of
\ variables called attributes.

/
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/ Tree-Walk Evaluators... \

e We write a program that traverses the
tree (one of more times) and assigns

values to the attributes.

Attributes

e Some attributes are given values by the
parser. They are called input attributes.

e The attributes can store whatever we

like, e.g. the types of expressions.
Context Conditions

e The context conditions are encoded as
tests on the values of attributes
(node.type is the type attribute of
node, node.pos the line number in the

source code):

if node.type # '"integer" then

\\ print "Integer expected at " node.@
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e A tree-walker is a number of

~

Tree Traversal

procedures that take a node as
argument. They start by processing
the root of the tree and then work
their way down, recursively.

e Often we will have one procedure for
each major node-kind, i.e one for
declarations, one for statements, one
for expressions.

e Notation:

is n’s node type, for
example IfStat, Assignment,
etc.;

is n’s child C, for example
n.expr, n.left, etc.;

is n’s attribute A, for example
n.type, n.value, etc. /
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/ IF a<10 THEN \

/Source program
c :=1;
ENDIF; M Parsing The AST after
parsing
IF /
Input EXPR ‘ THEN \L ELSE
Attributes

N

Binary0p: < ASSIGN
LoP ‘ ROP Des | Expr
PARRN S\
\ IDENT INTEGER} IDENT INTEGER
wId: nat Val: 10V Id: "c" Val: 1
Semant.lc The AST after
AnalySIS semantic analysis
T / Possible
Ti:‘e;ersal IF type error?!
Order / EXPR ‘ THEN J\ELSE
O \ N
/" | BinaryOp:< | Type:|\ ' | ASSIGN Type: \\
// LCIP/ ‘ ROP bool \\\ ’{,‘ Des/‘ Expr\ real \
{ / \ \ f’ / !
IDENT M | INTEGER || || IDENT INTEGER ||
Id: "a" || ||val: 10 ‘ [|Td: "t Val: 1 J,
Type: int |/ ‘ Type: int i \\ Type: char ’,5 \\Type: int |/
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/ Tree Traversal. .. \
e FEach time we isit a node we can

1. Evaluate some of ’s attributes.
2. rint a semantic error message.

isit some of ’s children.

roce

roce




Constant Ex ressions

¢ In many languages there are special
constructs where only constant
expressions may occur.

e or example, in Modula-2 you can write

ON T = 15;
TYPE = RR Y [5.. ] OF H R;
but not
R : INTE ER;
TYPE = RRY [65.. ] OF H R;

i.e. the upper bound of an array index
must be (value known at

compile time).

e Constant declarations can depend on
each other constant declarations:
ON T 1 = 15;
ONT 2= 1 s
TYPE RR Y [6.. 2] OF H R;
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Constant Ex ressions...

oncrete Syntax:

num er

Abstract Syntax:

0] O
al:
(O O
al:
alue:
al:
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Constant Ex ressions...

e rite a tree-walk evaluator that
evaluates constant integer
expressions.

° has an input attribute
alue. e mark input attributes
with a  in the abstract syntax.

e ach node is given an attribute al.

e al moves u the tree, so we mark it
with a in the abstract syntax.
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Constant Ex ressions...

Tree-Walk Evaluator:

PRO ED RE Expr (n: Node);
IF n. ind = dd THEN
Expr(n.LOP); Expr(n.ROP);
n. a :=n.LO0P. a + n.ROP. a ;
EL IF n. ind = u THEN
Expr(n.LOP); Expr(n.ROP);

n. a :=n.LOP. a n.ROP. a ;
EL IF n. ind = Int onst THEN

n. a :=n. a ue;
ENDIF

END;

° has been evaluated after

Expr (n.LOP) | has returned.

° is the value of of n’s left

child’s a attribute.

Slide 6— 5




pressio s

Co s a

AN

N

Slide 6-16

Concrete Syntax:
= ON T =

+

I

::= number
::= name
Abstract Syntax:

= ID: E R:

LO : RO :
a :INTE E
OOLEAN

Is onst:

a ue:INTE E
a :INTE E
OOLEAN

Is onst:

ID:String
OOLEAN

Is onst:

Slide 6— 8

e lara io s

Co s a
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PRO ED RE onstDec
Expr (n.EXPR);
IF NOT n.EXPR.I
PRINT " onst
END;

PRO ED RE Expr (m:
IF n. ind =
Expr(n.LOP);

(n: Node);

s onst THEN

ant expr. expected."

Node) ;

dd THEN

Expr(n.ROP);

n. a :=n.LO0P. a + n.ROP. a ;

n.Is onst :=

EL IF n. ind =

n.LOP.Is onst ND
n.ROP.Is onst;
Int onst THEN

n. a :=n. a ue;
n.Is onst := TR E;

EL IF n. ind = Ident THEN
n.Is onst := Lookup(n.ID);
n. a := et a ue(n.ID);

ENDIF

END;
Slide 6—
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Concrete Syntax:

= + name integer

rea char
Abstract Syntax:
= Left: Right:

LO : RO Type:String

Name:String Type:String

a ue:INTE E Type:String

a ue: EAL Type:String

a ue:C A Type:String
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Ty e Checkin Assi nments

e Write a tree-walker that type checks

assignments in ascal:

var i : integer;

var r : rea ;

var ¢ : char;

begin
i := 34;
i:=1+ 2;
r := 3.4;
r :=3.4+1i; ( 0 , automatic

conversion. )

i:=r; (I ega. )
i:=c; (I ega. )

end.

e Assume a function ookup that returns

the type of an identifier.
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PRO ED RE ssign (n: Node);

Expr(n.Left); Expr(n.Right);

IF NOT(n.Left.Type = n.Right.Type OR
(n.Left.Type="RE L" ND
n.Right.Type="INT")) THEN

PRINT n.Left.Pos ":Type mismatch"

ENDIF

END;

PRO ED RE Expr (n: Node);
IF n. ind = dd THEN in rith(n);
EL IF n. ind = Name THEN
n.Type := ookup(n.Name);
EL IF n. ind = Int onst THEN

n.Type := "INT";
EL IF n. ind = har onst THEN
n.Type := " H R";
EL TIF n. ind = Rea onst THEN
n.Type := "RE L";
ENDIF END;
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PRO ED RE in rith (n: Node);
Expr(n.LOP); Expr(n.ROP);

IF n.LOP.Type = "INT" ND
n.ROP.Type = "INT" THEN
n.Type := "INT"

EL IF (n.LOP.Type = "INT" OR
n.LOP.Type = "RE L") ND
(n.ROP.Type = "INT" OR

n.ROP.Type = "RE L") THEN

n.Type := "RE L"
EL IF n.LOP.Type = "ERROR" OR

n.ROP.Type = "ERROR" THEN

\
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( A \
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\
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Ty e Checkin Assi nments...

n.Type := "ERROR"
EL E
PRINT n.Pos ":I ega operation"
n.Type := "ERROR"
ENDIF
END;
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° ‘n.LOP.Type ‘ ‘n.ROP.Type ‘ are

available once we’ve returned from
Expr (n.LOP) ;Expr(n.ROP) |

e ote how we use the special type value
"ERROR" to avoid printing an error
message more than once for each
expression.

e ote the difference between type
equi alence and assignability:

1. Type e uivalence is used e.g. with
binary operators such as + and . In
ascal, integer rea are
e uivalent.
2. In ascal, an integer can be assigned

to a rea , but not vice versa.

e In Modula-2, integers and reals are
neither type e uivalent nor assignable.
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Synthesi ed Attri utes

¢ Synthesi ed attributes move values
the tree (from the leaves towards the
root). The value of a synthesized
attribute at a node is determined

from the values of ’s children:

n.A: n. A n. A

PRO ED RE onstExpr (n: Node);
onstExpr(n.LOP); onstExpr(n.ROP);
n. a :=n.LOP. a + n.ROP. a ;
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