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@ Introduction
@ Attribute grammars
@ Attributed translation grammars

@ Semantic analysis with attributed translation grammars
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Welcome to the lecture on semantic analysis. We will be studying many topics such as
attribute grammars, attributed translation grammars, and how exactly semantic analysis
is done with such attributed translation grammars. These are the main topics and as we

go along, we will see the sub topic as well.
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To put the semantic

analysis module in the correct prospective, let us look at the

overview diagram once again. So, we have completed lexical analyzer, syntax analyzer,

and studied their properties different type of such analyzers, and so on. So, one from this

syntax analyzer, the syntax tree is input into the semantic analyzer module, which

outputs these annotated syntax tree after validating the semantics of the program. So, let

us understand what exactly semantics of a program mean? How they are checked,

etcetera, etcetera.
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@ Semantic consistency that cannot be handled at the
parsing stage is handled here

@ Parsers cannot handle context-sensitive features of
programming languages
@ These are static semantics of programming languages and
can be checked by the semantic analyzer
e Variables are declared before use
e Types match on both sides of assignments
o Parameter types and number match in declaration and use
@ Compilers can only generate code to check dynamic
semantics of programming languages at runtime
o whether an overflow will occur during an aritmetic operation
o whether array limits will be crossed during execution
e whether recursion will cross stack limits
e whether heap memory will be insufficient
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So, basically semantic consistency that cannot be handled at the parsing stage is actually
the one that is handled here. For example, parsers cannot handle context sensitive
features of programming languages. So, there are two types of semantics that
programming languages have; one is known as the static semantics and other is known as
the dynamic semantics. Static semantics as the name indicates you know they do not
depend on the run time system and the execution of the program, but they are depended
only on the programming language definition. Whereas, the dynamic semantics again as
the name indicate they are the properties of the programming language systems that
occur at run times, and we need to check such properties only during execution time of

the program.

For example, the static semantics can be checked by semantic analyzer or you know
there are many examples here. So, all variables are declared before use, if so everything
is otherwise an error message has to be provided. Then do the types of the expression
and the variable to which it is assigned match on the two sides of an assignment
statement and do the parameter types, and number of the parameters match in both the
declaration and use.

So, these are few examples of static semantics of programming languages where as you
know for dynamics semantics compiler can only generate code to check such you know
meaning of the program. For example, whether an overflow will occur during an
arithmetic operation, so whether array limits will be crossed during execution, whether

recursion will cross stack limits, whether heap memory will be sufficient.

So, really speaking we should say you know the properties are these and the checks will
be done by the semantic analyzer and similarly you know there are properties of the
numbers and if the number exceeds a particular range, than over flow is set to occur.
Similarly, the array will be defined which says 0 to 10 or 0 to 20 and if the program
really crosses these limits, then the array limit violation is set to occur. So, that the
violation should not happen is the semantics of the program, where as that check will
performed only at the run time.
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int dot_prod(int x[], int y[]) {
int d, i; d = 0;
for (i=0; i<10; i++) d += x[i]*y[i];
return d;

main () {
int p; int a(10], b[10];
p dot_prod(a,b);

Samples of static semantic checks in main
@ Types of p and return type of dot prod match

@ Number and type of the parameters of dot_prod are the
same in both its declaration and use

#\§ @ pis declared before use, same for a and b
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So, let us take some examples of the static semantic checks that can be done by a
complier. So, consider this you know simple function and main program which calls it.
So, this is a function to calculate the dot product of two arrays, so int X and int y this are
the two arrays of integers. So, where the program is very simple you know it has a loop i
equal to 0, i less than 10, i plus plus and then d accumulates the dot product d equal to d

plus X i star y i, so return d.

So, this is the simple you know dot product function and in the main program we have
two arrays of a and b of size 10 each and we call dot product function with this two
arrays as parameter the sum is actually taken in p. So, what are the possible static
semantic checks that can now performed on this program. For the main program here is a
simple you know list, so of types of p and return types of the dot product function they
should match so.

For example p is being assigned the value of a value return by a dot product and p value
is integer. So, the return value of dot product is also of integer type, so these two matches
and there is no question of error here. Do that numbers and type of the parameters of dot
product the same in both its declaration and use, yes in the case, so. So, here is the usage,
in this usage we have two parameters and in the declaration of dot product also we have

two parameters.



Secondly, the 2 parameters are arrays in the declarations and they are arrays in the usage
as well, so this particular properties also satisfied. Then is p declared before use?
Similarly is a declared before use? Is b declared before use, etcetera. So, yes definitely p
is declared and then used, a and b are declared and then used. So, all this properties are

satisfied for the main program.

(Refer Slide Time: 07:02)

int dot_product (int a([], int b[]) (...}

1 main() {int a(10]={1,2,3,4,5,6,7,8,9,10};
2 int b[10]={1,2,3,4,5,6,7,8,9,10};

3 printf ("%d", dot_product (b));

4 printf("%d", dot_product(a,b,a));

5 int p[10]; p=dotproduct(a,b); printf ("%d",p);!

In function ‘main’:

error in 3: too few arguments to fn ‘dot_product’

error in 4: too many arguments to fn ‘dot_product’

error in 5: incompatible types in assignment

warning in 5: format ‘%d’ expects type ‘int’, but
airgument 2 has type ‘int *’
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So, let us see how it is further erroneous program. So, the same dot product let us not
worry about the dot product function, so | have just you know given you only the
declaration of the header. In the main program there are many errors here and the error
messages given out the g ¢ ¢ compiler are here. So, for example, we have a and b as
before and then we are trying to call dot product with a single parameter, here we are
trying to call at with three parameters, here we are calling it with you know with two
parameters properly. But unfortunately the p into which we are trying to accumulate the

dot product is not a single integer, but is an array type.

So, let us see and of course print f says print an integer and p and array is provided as a
parameter for the print f statement. Let us look at the errors which are given out. So,
statement 3, too few argument to function dot product, so its require two, but we have

given only one, so the semantic analyzer in the compiler has got the error.

Then statement 4, it says too many arguments to function dot product it requires two, but

we have provided three, again an error and statement 5, incompatible types in



assignment, so p equal to dot product, p is an array where as dot product written as an
integer, so the types do not match on both sides. So, that is the error which being printed
out here and this is the warning really for the fifth one, for the print f statement. So,
format percentage d expects type int, but argument 2 has type int star. So, P is an array,
S0 it is consider as type int star and that is the reason why it says has type int star. So,

these are the examples of errors in the main program.
(Refer Slide Time: 09:14)
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int dot_p
int d, i; d = 0;
for (i=0; i<10; i

return d;

main () {

int p; int a[l10], b[10];
dot_prod(a,b);

Samples of static semantic checks in dot_prod
@ d and / are declared before use o
@ Type of d matches the return type of dot_prod
@ Type of d matches the result type of “+"
%\:g @ Elements of arrays x and y are compatible with “+"
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Continuing the same program in the function dot product, again there are many
semantics checks possible even though it is a repetition, let just go through it to drive
home the point. So, are d and i declare before use, so d is being initialized here, sorry d is
being declare here and assigned here. So, declaration happens before usage i is declared
here and then used here, so its property of declaration before use is satisfied again. The
same is true for even you know the X and Y, because X and Y happened to be appearing

as parameters. So, they it is in some sense a declaration of these two variables.

Then type of d matches the return type of dot product, so again d is being returned by the
function, so the return value is type int for the function that product and what is being
returned is an integer again int, so this property also is satisfied. Then type of d matches
you know a result type of star as well. So, for example, here we say d equal to d plus X i
star Y i. So, that means, we are multiplying X i and Y i, adding it to d and then you know

the result is again, the value is stored in, updated again and again in the far loop. So, star



is operating on two integers and it produces an integer and then it is added to d. So, int
plus int is again a valid combination, therefore this property is also holds. Elements of
arrays X and Y are compatible with star, so again this is a proper match, because X i and
Y i are integers and the star between two integers is valid. So, these are some example of

semantics checks static semantic checks in the functions dot product.

(Refer Slide Time: 11:23)

int dot_prod(int ] 7« ¥hkE 1) {
ir , 1; d = 0;
for (i=0; i<10; i++) d += x[i] [(i];
return d;
main () {
int p; int a[l0], b[10];
p dot_prod(a,b);

Samples of dynamic semantic checks in dot_prod

@ Value of / does not exceed the declared range of arrays x
and y (both lower and upper)

@ There are no overflows during the operations of “+" and “+"

Fox ind += x[i]*y[i]
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So, let us you know consider some of the dynamic semantic checks in dot product. So,
value of i does not exceed the declared range of arrays X and Y both lower and upper, so
X and Y in the main program have been declared with size 10. And for some reason if
we say this is the size 11 or 12, i less than 11 or i less than 12, then you know we would
be accessing X 11 and Y 11, X 12 and Y 12, etcetera, which are not within in the range

of the declarations.

So, there would be a run time error at this point, in this case of course, X you know i
goes from 0 to 9 and that is only 10 iterations. So, everything is well within the you
know declaration of the two arrays X and Y. There are no overflows during the
operations of star and plus in d equal to d plus X i star Y i. Again the integers that we
are, if the values of the variables a and b, the arrays of components of a and b happened
to be extremely large values. When the multiplication X i star Y i could actually cause an

overflow to occur.



Similarly, again if these values, if the array are too large and to many components are
being multiplied and added into d, then d could again you know cross the limit and cause
an overflow, but in this case assuming that a and b have small values such overflows will
not occur. So, these are some example of what exactly are dynamic semantic checks in
programs that can be, that cannot be done by the compiler, but the compilers definitely
generate code to perform these. For example, what happens is to check the array going to
out of bounce at run time the index value of i is checked to be less than 10, if it is then
the iteration is allowed to go further otherwise an error is caused and the program stops.

(Refer Slide Time: 13:57)

int fact(int n) {
if (n==0) return 1;

else return (nxfact(n-1));
}
main() {int p; p = fact(10); }
Samples of dynamic semantic checks in fact
@ Program stack does not overflow due to recursion
@ There is no overflow due to “+" in n+fact (n-1)
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So, another type of dynamic semantic check that can take place is again demonstrated
with the use of recursive function int fact. So, this compute factorial of a number, so if n
equal to O return 1, otherwise return n star fact of n minus 1, this is the very well known
program, so there is a no need to explain further. So, p is an integer and p is equal to fact
10, so we are trying to compute 10 factorial. So, thus the program stack overflow due to
recursion, so here, so when we say a fact of 10 it comes here 10 into fact of 9, then again
9 into fact of 8, etcetera, so there are really 10 invocation of fact. So, therefore, will the
stack permit 10 instances of the activation records, which are required to execute the

function fact that is the question?

So, if does not then there will be an overflow otherwise the program will go through 10

is a small number, so there is no need to worry about overflow in this particular case,



there is no overflow due to star in n star fact n minus 1. So, again if n into fact of n minus
1 goes beyond the range of represent able integers, then there would be an overflow at

this point.
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@ Type information is stored in the symbol table or the syntax
tree

e Types of variables, function parameters, array dimensions,
etc.

@ Used not only for semantic validation but also for
subsequent phases of compilation

@ If declarations need not appear before use (as in C++),
semantic analysis needs more than one pass

@ Static semantics of PL can be specified using attribute
grammars )

@ Semantic analyzers can be generated semi-automatically
from attribute grammars

@ Attribute grammars are extensions of context-free
5 grammars
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So, that is an introduction to what exactly are semantic checks. So, let see what exactly
semantic analysis. So, during semantic analysis the type information of the variables
whether there are int or arrays or Booleans or characters, etcetera is stored in what is

known as the symbol table or the syntax tree.

So, it can be stored in the symbol table or it could be stored in the notes of the syntax tree
itself, usually the symbol table option is better. Because syntax tree takes much more
space then the symbol table, usually we store it in a symbol table and then place a point
to the appropriate in to the symbol table in one of the fields in the nodes of the syntax
tree. So, what is information that is stored? Types of variables, function parameters,
array dimensions, of course the variable name etcetera are also stored in the symbol
table.

So, these symbol tables are used not only for the semantic validation or semantic
analysis, but there are also required and used for subsequent phases of the compilation.
For example, during intermediate code we will defiantly access the symbol table to
check and you know get the information regarding the size the of arrays, the dimension,

number of dimension of the array, etcetera, type of the element of the array. All this are



required for code generation, even intermediate code generation and that would be our

purpose to access the symbol table during intermediate code generation.

During machine code generation again we will need to know the types of the variables
in order to allocate space for them, etcetera. So, optimization again requires the
information about variables for moment of code, etcetera. So, all these are uses of the
symbol table during other phases of compilations. Then if the declarations you know
need not appear before use as in the case of the language C plus plus, then semantic

analysis requires more than one pass.

The point is when you write class declarations in C plus plus, you put the member
functions and then you know usually you write all the declarations of the variables that
are used within the methods. So, in such a case when we try to pass the methods or
member functions we will not know the type of variables, because the declaration
appears latter. The only way to handle it is to go through the program once create the
symbol table and then go through the program second time and perform semantic

analysis.

So, we will see more of this toward the end of these lecture has so static semantic of
programming languages can be specified using what are known as attribute grammars.
So, we will see how to check the static semantics of programming languages and how to

specify them using attribute grammars.

Semantic analysis can be generated semi automatically from attribute grammars. So, we
write the semantic you know specifications for the program for the programming
language and then we could use a generator which generates them from such an attribute
grammar. The reason we say semi automatically is that the semantic are usually specified
in a programming language like notation it is not a pure side effect free notation, so that
is the reason why it is called semi automatic. Programmer has to sequence the semantic
checks appropriately and then submit to the generator. In fact, yacc also is a semantic
analyzer generator if is supply the semantics checks appropriately in C. Attribute
grammars are extensions of context free grammars. So, now let us move on and study

attribute grammars in some detail.
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@ letG=(N.T.P.S)beaCFGandletV=NUT.

@ Every symbol X of V has associated with it a set of
attributes (denoted by X.a. X.b, etc.)

@ Two types of attributes: inherited (denoted by Al(X))and
synthesized (denoted by AS(X))

@ Each attribute takes values from a specified domain (finite
or infinite), which is its type

e Typical domains of attributes are, integers, reals,
characters, strings, booleans, structures, etc.

o New domains can be constructed from given domains by
mathematical operations such as cross product, map, etc.

e array: amap, N' — D, where, N and D are domains of
natural numbers and the given objects, respectively

e structure: a cross-groduct, A; x Ay x ... x Ap, where nis
S the number of fields in the structure, and A; is the domain of
AY the /" field
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So, happens that attribute grammars require some terminology to be understood before
we pick up an example and study it. So, let us go through some terminology understand
it and then proceed with an example. So, let G equal to N T P S be a context free
grammar, as | said attribute grammars are nothing but extensions of context free
grammars. So, the base is definitely a context free grammar and let the set of variables V
of the grammar be N union T. For every symbol of for X of VV we can associate a set o f
attributes denoted as X dot a, X dot b, etcetera, that is why the name attribute grammar.
There are two types of attributes inherited attributes which are denoted as Al of X, so
inherited attributes of X and synthesized attributes which are denoted by AS of X, these

are really sets of attributes.

Each attribute takes values from a specified domain, it could be a finite domain or it
could be an infinite domain and we call the domain you know such a domain as its type.
For example, even in programming languages we say int of x, so x integer domain is the
domain from which the value of x, we provide a values for x in our program. So, we
could say integer is the type of the variable X, the same notion is carried over to
attributes to as well. So, typical domains of attributes are integers, reals, characters,

strings, Booleans, structures, etcetera.

Now, given some basic domains such as integers, reals, characters and booleans we

could actually construct new domains from the given domains using mathematical



operations, such as cross product, map, etcetera, so even union, intersection, all this are
permitted on these domains. There are two examples which | provide here one is for an
array, the other is for a structure. So, you can think of a single dimensional array as a
map form this domain of a natural numbers to the domain of our objects, so N to D.

So, basically for every natural number we provide the object which is to be placed in the
array location. So, if we say a is an array a of 1 would contain some object that we want,
a 2 will contain some other object we want and so on, where N and D are domains of
natural numbers and the given object respectively. So, we could placed restrictions on
the number of elements in N define a finite subset of N here and then similarly this will
also be a finite set, so in that case we would have a finite map. If we want two
dimensional arrays, then instead of a single domain here you would probably have a
cross product of domains i cross j cross k, you know that would mean i comma j comma

k that would be from N cross N cross N to D.

So, you take two or three dimensions, than appropriately the cross product is also
provided here. If you take a structure then it can be obtained using a cross product
operation, just like an array was obtained using a map operation. So, the cross product is
A 1 cross A 2 cross etcetera a n, where n is number of the fields in the structure and A i
is the domain of the i’th field. So, if you have a structure with two integers and one
character then A 1 would be integer, A 2 would be integer and A 3 would be char. So,
this would again be finite objects or infinite, you know finite domains or infinite domains

as the example requires.
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rioute Lomputation Ruies

@ A production p € P has a set of attribute computation rules
(functions)
@ Rules are provided for the computation of
e Synthesized attributes of the LHS non-terminal of p
e Inherited attributes of the RHS non-terminals of p
@ These rules can use attributes of symbols from the
production p only
o Rules are strictly local to the production p (no side effects)
@ Restrictions on the rules define different types of attribute
grammars
e L-attribute grammars, S-attribute grammars, ordered
attribute grammars, absolutely non-circular attribute
grammars, circular attribute grammarsy, etc.
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Now, production p has a set of attribute computation rules or functions. So, this is a
basically the rule which is provided to compute a value for appropriate attributes of the
production. So, rules are provided for the computation of synthesized attributes of the
left hand side non terminal of p and inherited attributes of the right hand side non
terminals of p. So, for example, you cannot compute the inherited attributes of the LHS
non terminal, similarly you cannot compute the synthesized attributes of the RHS non
terminals of the production p, so this will become clear as we go along. These rules can
use attributes of symbols from the production p only. So, in other words the rules are

strictly local to the production p, there are no other side effects as well.

So, you cannot access attributes of others symbols from different productions, you can
access the attributes of various symbol within the production. Restrictions on the rules
really define different types of attribute grammars. For example, we are going to study
the L-attributed grammars we are also going to study S attribute grammars, but we will
not worry about the other types. There are ordered attribute grammars, absolutely
noncircular attribute grammars, circular attribute grammars, etcetera ,there must be more

than half a dozen such variety is possible.
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@ An attribute cannot be both synthesized and inherited, but
a symbol can have both types of attributes

@ Attributes of symbols are evaluated over a parse tree by
making passes over the parse tree

@ Synthesized attributes are computed in a bottom-up
fashion from the leaves upwards

e Always synthesized from the attribute values of the children
of the node

e Leaf nodes (terminals) have synthesized attributes
initialized by the lexical analyzer and cannot be modified

e An AG with only synthesized attributes is an S-attributed
grammar (SAG)

e YACC permits only SAGs

@ Inherited attributes flow down frorﬁ the parent or siblings to
#\ the node in question
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So, now let us understand what exactly synthesized attributes are and inherited attributes.
So, an attribute cannot be both synthesized and inherited, but a symbol can have both
types of attributes. So, if x is a non terminal it can have a as a synthesize attribute and b
as inherited attribute, but a single attribute cannot be of both types. Attributes of symbols
are evaluated over a parse tree by making passes over the parse tree; this is a very
important point to note. So, in general the parse tree is always assumed to be available
from the parsing stage, then the various nodes in the parse tree, internal nodes are all non

terminals and the leaves are all terminals symbols.

So, they will be associated with many attributes, so these attributes must carry you know
must get appropriate values through computations. So, that means we must also provide

an order in which these attributes will be evaluated over the parse tree.

Synthesized attributes are computed in a bottom up fashion from the leaves upwards that
is why they are called synthesized, so always synthesized from the attribute values of the
children of the node. Leaf nodes which are terminals symbols have only synthesized
attributes, they really cannot have inherited attributes and these you know synthesized
attributes are initialized by the lexical analyzer and cannot be modified.

So, for example, if you take a name, the character string associated with that name is
returned by the lexical analyzer and the token corresponding to the name say identifier,

would have synthesized attribute, which is the character string for that particular name.



Similarly, if you take an integer constant then the token const, int const would have an
attribute which is the value of that particular constant and again this value is returned by
the lexical analyzer. An attribute grammar with only synthesized attributes is an S
attributed grammar; this is a very important class of attribute grammars. It so happens
that the YACC tool permits specification of only S attributed grammars; it does not
permit specification of inherited attributes at all. Inherited attributes on the other hand
flow down from the parent or siblings to the node in question. So, let us study the
synthesized attributes first and then move on to the inherited attributes.

(Refer Slide Time: 29:45)

@ The following CFG
S+ABC. A—-aAla. B—+bB|b. C—cClc
generates: L(G) = {a@™b"c? | m.n.p > 1}

@ We define an AG (attribute grammar) based on this CFG to
generate L = {a"b"c" | n> 1}
@ All the non-terminals will have only synthesized attributes
o AS(S) ={equal 1: {T.F}}
e AS(A) = AS(B) = AS(C) = {count 1: integer}
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So, let us take an example to understand how these synthesized attributes and in general
how an attribute grammar is specified. Take a context free grammar S goingto AB C, A
goingtoa A or a, B going to b B or b, C going to ¢ C or c, this generates the language a
to the power m, b to the power n, c to the power p, where m n and p are greater than or
equal to 1 and observe that there is no relationship between m n and p each one of them

varies depending on these string.

Suppose, we want to generate a to the power n, b to the power n, ¢ to the power n, that is
the counts of a, b and c are equal and n greater than or equal to 1. Let us define this is
obviously known to be a context sensitive language; it is definitely not context free. So,
no matter what modifications we make to this context free grammar to get another

context free grammar we will never succeed. So, no context free grammar can ever



generate a n, b n, ¢ n, but it so happens that an attribute grammar based on this context
free grammar can be defined, so that the language a n, b n, ¢ n is generated. So, for this
grammar the synthesized attributes are the only once we require. So, the synthesized
attributes of S just 1 the equal, the attribute name is equal, the arrow here indicates, up
arrow indicates that this is a synthesized attribute, similarly a down arrow would indicate

it that it would be an inherited attribute.

The domain of values for this attribute is T comma F true or false, a finite domain; the
non terminals A, B and C again have just 1 attribute count. So, A has an attribute count,
B also has an attribute count, C also has an attribute count, it does not mean they share
the attribute, they are different attributes, but the name is the same, that is perfectly, ok.
Any terminal or non terminal all of them can have attributes with the same name, but it

does not mean that they are shared.

Count is a synthesized attribute and the domain of values is that of the integers, so any
integer value is possible for count. So, typically when we generate the basic idea is this,
when we generate A using the rule a going to little a or A. We associate attribute
computation rules such that the number of A is counted, the same is true for B and C and
when we come to the root, we check whether the number of A equal to number of B

equal to number of C, if so then the string is accepted, otherwise the string is rejected.

(Refer Slide Time: 33:17)

> dependence edge

Attribute evaluation
must be done in a
bottom-up manner

S.gqual|=? 7)
parse tree edge s ey

S 3 ABC
A>aAla
(8 8 BbB|b
C2cClc

4 )Acount) =7 B.count=7? C count'=?
A 3

a A.count’=? b B.count'=? ¢ C.count'=?
©) 2 3)
a b c
@ S - ABC {S.equal 1:= if A.count t= B.count t &
B.count 1= C.count 1 then T else F}
Q A, — aA, [A.coumt 1:= As.count T 1}
Q@ A— a{Acountt=1)
© B, — bB; [B;.count 1:= B,.count T +1)
@ B— b{B.countt:=1)
ox @ Ci — ¢Cs {Cy.count t:= Co.count T +1)
@ C—c{C.countt:=1)
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So, here is the attribute grammar, this also shows how attribute computation rules are
positioned within the grammar, so we will come to this diagram after we understand the
attribute grammar. The rule says S going to A B C, the context free grammar rule, so
now within these flower brackets we write the attribute computation rule. So, the
remember that the synthesized attributes of the left hand side non terminal need to be
provide with attribute computation rules, but we do not have any inherited attributes on
the right hand side we have only synthesized attributes. So, there is no need to provide
any rule for the computation of attributes of A B and C.

So, just one rule here, S dot equal that is the notation we use to indicate the attribute of S,
the up arrow indicates that it is a synthesized attribute. So, this is computed as, if A dot
count equal to B dot count and B dot count equal to C dot count, then true otherwise
false. So, the rule is very clear if A B and C, A dot count, B dot count, C dot count are all
equal, then S dot equal becomes true otherwise it becomes false. So, if S dot equal is
true, then the string is in the language and if S dot true is false then the string is not in the

language.

For the production A going to a we say A dot count equal to 1, because this is generating
exactly 1 a. For the production A going to a A we are differentiating the two occurrences
of the capital A, we provide a rule for the computation of A 1 dot count, we do not
provide any rule for the computation of A 2 dot count, because that is a synthesized
attribute on the right hand side. So, A 1 dot count is whatever is the number of A already
generated by this A 2 plus 1, so A 2 dot count plus 1. Similarly, the rule for the number
of B is B 1 dot count equal to B 2 dot count plus 1 and for the C, it is C 1 dot count equal
to C 2 dot count plus 1. Now, let us look at the parse tree and understand how the
attributes are positioned on the nodes of the parse tree.

So, if the here are the leaves, so there are 2 a, 2 b and 2 c, so the sentence is indeed in the
language. So, here this is A dot count, because this is the non terminal A and here this is
again another non terminal A, so this has the attribute A dot count, etcetera. So, similarly
B dot count S, C dot count S, S dot equal, etcetera. To begin with the attribute instances
do not have any value, because we have not carried out any attribute evaluation, the
attribute dependences are all shown in red. So, for example, the A dot count in this
particular node requires the value of A dot count at its child node, so this is very clear
from the production that is used. So, the production used here is A going to a A, so if you



look at the a production A going to a A, the attribute computation rule says A 1 dot count

equal to A 2 dot count plus 1.

So, this A 2 is nothing but the child node one of the children of the particular node A. So,
this has two children a and this A, so this count is required to compute this count.
Whereas, the production used at this point is just A going to a, so which has just A dot
count equal to 1, so there is no need to use any other attribute value to compute this A
dot count. The same holds for this B dot count, this B dot count, this C dot count and this
C dot count. Finally, S dot equal requires the computed values of the three counts here,
that is the three children A dot count, B dot count and C dot count. So, there are three

dependences shown for S dot equal.

So, let us now see how to evaluate these attributes. So, obviously, because this attribute
requires this attribute, it is necessary to evaluate this attribute before we go the
evaluation of this attribute, the dependence indicates that. So, this attribute can be
evaluated very simply as A dot count equal to 1, similarly the b attribute can be
evaluated as B dot count equal to 1 and this attribute can be evaluated as C dot count
equal to 1. So, the three attributes 1, 2 and 3 can be evaluated you know in three steps in
any particular order, but they must be evaluated first before we go the next level. So, this

is what we mean by a bottom up evaluation.

In the step number two, so this was already computed, we compute these attributes, so
this A dot count is this A dot count plus 1, so this becomes 2, similarly this also becomes
2 and this becomes 2 as well. So, we can compute 4, 5 and 6 these attributes in any
particular order, you can compute 4 first, then 5, then 6 or you could compute 4, then 6,
then 5 or you could do 5, 6, 4, it does not matter, but we must complete the evaluation of
the children before we go to this particular level.

Once we have completed the evaluation at this level, now we are ready to compute the,
you know attribute value at the root, so these have been completed. The S dot equal rule
says if A dot count, B dot count and C dot count are equal, then true else false, in this
case all these three are equal, so it is true.

So, what we must observe here is the local dependence of the attributes in the attribute
evaluation rule. So, for example, to compute this we require the counts only at the next

immediate level, we will never try to accesses the attributes at two levels lower. So, to



compute this we require this attribute which is one level lower, etcetera. So, this is what

we mean by the locality of the attribute computation rule.

(Refer Slide Time: 40:41)

@ Let T be a parse tree generated by the CFG of an AG, G.

@ The attribute dependence graph (dependence graph for
short) for T is the directed graph, DG(T) = (V. E), where

V = {b|b is an attribute instance of some tree node}, and

E = {(b.c)|b.c € V, band c are attributes of grammar
symbols in the same production p of B, and the value of b
is used for computing the value of ¢ in an attribute
computation rule associated with production p}

So, let us move on and now we are going to look at the attribute computation in general.
So, let T be a parse tree generated by the context free grammar of an attribute grammar

G, so now you know lets go back for 1 second.

So, | am sure you realize that the attributes can be located on the parse tree and only then
can they really be evaluated. So, we are assuming that the parse tree is computed by the
syntax analyzer and passed on to the semantic analyzer and then onwards we take over
and compute the attributes over the parse tree. So, let T be a parse tree generated by the
CFGofanAG,G.

Now, we must define the attribute dependence graph or dependence graph for short for
T. So, we have shown it informally in the previous example, so the D G, T is a graph V
comma E where V is the set of b, such that b is an attribute instance of some tree node.
So, all the attribute instances of the nodes happen to be, you know the nodes of the
vertices of this particular direct graph. The set of edges is b comma c, where b and c are
in V and b and c are attributes of the grammar symbols in the same production p of B
and the value of b is required for the used for the computing the value of ¢ in an attribute

computation rule associated with production p.
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So, if we go back to this example, these red ones are all the dependence graph edges. So,
3 plus another 3 here, so these 6 edges actually belong to the dependence graph. So, the
attribute instances are all labeled with numbers here, so those are the vertices. So,
remember even though the parse tree has other terminals a, b and c these are really not
part of the attribute dependence graph, because they are not required in the computation
of the attributes. In case these terminal symbols carry attributes, which are required for
the computation of some attributes, then those attributes of the terminal symbols would

also be a part of the dependence graph.
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@ An AG G is non-circular, iff for all trees T derived from G,
DG(T) is acyclic
e Non-circularity is very expensive to determine (exponential
in the size of the grammar)
e Therefore, our interest will.pe in subclasses of AGs whose
non-circularity can be determined efficiently

@ Assigning consistent values to the attribute instances in
DG(T) is attribute evaluation
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So, that is the dependence graph, but what about it? An A G, G is called as a non circular
attribute grammar, if and only if, for all trees T derived from the grammar G the
dependence graph T of T is acyclic. So, this is quiet you know easy to perceive, because
if the dependence graph is cyclic, then we may not be able to find an order in which the

attributes have to be computed.

So, just assume that S dot equal is required for the computation of A dot count as well at
this level, so then there would be a edge here in the downward direction and we would
have a cycle. So, that means the attributes on this cycle cannot be evaluated, that is the
reason why we place this property of circularity. So, non circular attribute grammar are
the only ones which can be used in practice, but still even checking for non circularity is

a very expensive algorithm, so they are exponential in the size of the grammar.

Therefore, our interest will be in the sub classes of attribute grammars whose non
circularity can be determined very efficiently, so this will become as we clear as we go
along. Assigning consistent values to the attribute instances in the dependence graph of T

is called as attribute evaluation, we have informally seen what is attribute evaluation.
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@ Construct the parse tree

@ Construct the dependence graph

@ Perform topological sort on the dependence graph and
obtain an evaluation order

@ Evaluate attributes according to this order using the
corresponding attribute evaluation rules attached to the
respective productions

@ Multiple attributes at a node in the parse tree may result in
that node to be visited multiple number of times

e Each visit resulting in the evaluation of at least one attribute
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So, let us look at attribute evaluation algorithm in general. The process is simple,
construct the parse tree, then construct the dependence graph, perform topological sort
on the dependence graph and obtain an evaluation order. Evaluate attributes according to

this order using the corresponding attribute evaluation rules attached to the respective



productions. Multiple attributes at a node in a parse tree may result in that node of the
parse tree to be visited multiple number of times, but each visit resulting in an evaluation

of at least one attribute of that particular node.
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rioute £valuation Algorithm

Input: A parse tree T with unevaluated attribute instances
Output: T with consistent attribute values
{ Let(V.E) = DG(T);
Let W = {b| be V & indegree(b) = 0},
while W # o do
{ remove some b from W;
value(b) := value defined by appropriate attribute
computation rule;
forall (b.c) € E do
{ indegree(c) := indegree(c) — 1;
if indegree(c) = 0then W .= WU {c};
}
}
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So, here is a formal algorithm which tells you the same thing. So, input is a parse tree T
with unevaluated attribute instances and the output is T with consistent attribute values.
So, let V comma E is equal to D G of T, so we have constructed the dependence graph.
Now, initialize g W or a work list W with instances of attributes b such that b is in V and
the in degree of b is 0; that means you do not require any other attribute to compute b.
So, these are the ones which can be computed first, so these are the lowest level in the

parse tree as we saw before.

So, while W not equal to phi do, this is the very general algorithm, so it holds for any
non circular attribute grammar. Remove some attribute b from the g W, the value of b is
value defined by the appropriate attribute computation rule, this will become clear in the
next example, now that we have computed the value of b. So, for all b comma c in E;
that means, b is required for computation of c¢. So, you reduce the in degree of ¢ by 1 and
if in degree has become 0, then add c to the g. So, now c is eligible for you know to
compute, so it gets its chance in the q sometime. The order in which we compute the

attributes you know once they are in the g is not very important any order will do.
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1,2.34,56,7 and 2,3,6,5,1,4,7 are two possible evaluation orders. 1.4,2,53,6,7 can be
used with LR-parsing. The right-most derivation is below (its reverse is LR-parsing order)

S => ABC => ABcC => ABcc => AbBcc => Abbcc => aAbbcc => aabbcc

1.Acount = 1{A - a, {A.count := 1}}

4. Acount=2 (A, 2 aA,, (A,.count :=A,.count + 1)}

2.B.count=1(B - b, (B.count :=1}}

5. B.count = 2 (B, - bB,, {B,.count := B,.count + 1)}

3.C.count=1{C = c, {C.count =1}}

6. C.count =2 (C, = cC,, {C,.count := C,.count + 1}}

7.S.equal = 1 {S - ABC, {S.equal := ifA.count = B.count &
B.count = C.count then T else F}}
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So, let us take the same example and understand the evaluation possible you know in a
better way. So, there are many attribute evaluation orders possible here, so 1, 2, 3, 4, 5,
6, 7,s0thisis 1, 2, 3,6,5 1,4,7,s02, 3,6,5,1, 4, 7. So, we never violate the
dependences and then 1, 4, 2, 5, 3, 6, 7, is another 1, 4, 2, 5, 3, 6 and then 7.

So, this is an order which can be used with | r parsing, really speaking we do not have to
construct the parse tree explicitly in this case, because the parsing order is actually the
order in which the attributes are also evaluated and we will never visit that part of the
tree again. So, if we use the order 1, 4, 2, 5, 3, 6 and then 7 we can do it using the I r
parsing strategy that is because the parser you know goes in this way. So, it shifts a on to
the stack, then shifts this a on to the stack, reduces to this A, then these two together are
reduced to this A and then it does the same with these two b and gets this capital B, so
similarly these two ¢ and then it gets this capital C. So, now, it reduces to S and winds

up.

So, as we go along we are really traversing bottom up upwards and we will never go
down again. So, it is possible to do the attribute computation as we go along and store
the attribute value in the record of the non terminal on the stack itself. So, here is the
right most derivation and the reverse of this is used by the | r parser. So, let us

understand how the attribute computations happen in this case. So, node number 1 which



is here, so A dot count equal to 1, so that is the evaluation, the A to a is the production

and A dot count equal to 1 is the rule.

So, similarly for this particular node the value of A dot count is 2 and that is obtained
because of this production and its associated computation rule A 1 dot count equal to A 2
dot count plus 1. So, this is the order in which we go ahead. So, here this is quite clear

and you can go through this example in detail later.
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@ AG for the evaluation of a real number from its bit-string
representation
Example: 110.101 = 6.625

e N LR L—-+BL|B.R+BR|B.B—~0]|1

@ AS(N) = AS(R) = AS(B) = {value 1: real}.
AS(L) = {length 1: integer. value 1: real}

@ N - LR {N.value t:= L.value 1 +R.value 1)

L — B {L.value .= B.value 1; L.length t:= 1)
Ly — BL, {Ly.length 1:= Lp.length 1 +1

Ly.value 1:= B.value t 2Lz engtht __ |, value 1

R — B {R.value 1:= B.value 1)
R, — BR, {Ry.value 1:= (B.value + +Rp.value 1)/2)}
B — 0 {B.value .= 0}
B

— 1 {B.value 1:= 1

Here is another example very interesting one, attribute grammar for the evaluation of a
real number from its bit string representation. So, for example if you have a binary string
here 110.101. So, here is the binary point corresponding to a decimal point. So,110is 6
that is very clear and this 1 0 1 the weights actually go in this direction, so the first one
has minus 1 weight, second one has minus 2, third one has minus three. So, 2 to the
power minus 1 is 0.5 and 2 to the power minus 3 is 0.125. So, the value 0.625, so 6.625

is the value of this particular string.

So, if you consider the context free grammar which generates bit strings of this kind at
the highest level you would have N going to L dot R, L generates the left part, R
generates the fraction. So, L goes to BL or B, so just like the count of the generator a
counts, here it generates bits. So, any number of B here and each B can go to either 0 or
1.



Similarly, R also generates any number of B here with each B going to either 0 or 1. So,
now, we have a context free grammar, which generates strings on this side and strings on
this side and joins them with a dot here, right? So, given this context free grammar here
is an attribute grammar which evaluates the string and gets you this particular value,
again this attribute grammar requires only synthesized attributes. So, A of the non
terminal N is the same as the synthesized attributes of R and that is in turn same as the
synthesized attributes of B. So, all these three have the same name attribute called value
which is from the domain of real numbers. Whereas, the non terminal L has two
attributes, one is length which is an integer and another called value which is a real

number.

So, the basic idea is, as we generate these B, so this L would have accumulated certain
value and B is placed to the left. So, therefore, the B should get a value which is equal to
the length of the bit string here which is the length of L. So, that is why we require both
length and value for this non terminal L. Similarly, R generates B R, so this B is
generated fresh, R would have some value of its own, but since this is on the right hand
side of the dot it implies that the value of R is now reduced by 2 and the new value is
assigned as the sum of the values of B and R, so let us go through it and see. So, N going

to L dot R the value of N is nothing but L dot value plus R dot value that is very simple.

If L generates a single bit B, L dot value is B dot value and L dot length is 1, so that is
very simple again, because whatever b is either 0 or 1 is the value of L. If L 1 goes to B
L 2, then L 1 dot length is L 2 dot length plus 1, which is very simple, because we are
generating a new bit here and L 1 dot value is B dot value, this is a new bit position into
2 to the power L 2 dot length, this is what I was telling you just now L has some number
of bits already generated and plus L 2 dot value, so this is the new value of L 1 here.

Similarly, R to B is R dot value equal to B dot value which is simple either 0 or 1 and R
1 going to B R 2, so this becomes R 1 dot value equal to B dot value plus R 2 dot value
by 2. So, here this would have generated you know certain number of bits here and we
have actually now said a new bit is being generated, R has a certain value which is

already old.

So, take the value of R add the value of B and divide the whole thing by 2, because B
now has a value which is always 0.5, the maximum value of the bit after the dot is 0.5, so



that is the reason why we say B dot value plus R dot value by 2. So, Bto 0O and B to 1
have B equal to 0 and B dot value equal to 1. So, this is the attribute grammar as far as
evaluation of real numbers from the bit sting is concerned. So, we will stop here and in

the next class we will consider the parse trees for this particular attribute grammar.

Thank you.



