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UNIT - IV 

RUN TIME STORAGE ORGANIZATION 
 

Symbol table: 

A symbol table is a major data structure used in a compiler: 
 

 Associates attributes with identifiers used in a program.

 For instance, a type attribute is usually associated with each identifier.


A symbol table is a necessary component. 


Definition (declaration) of identifiers appears once in a program 




Use of identifiers may appear in 

many places of the program text Identifiers and attributes are entered by the analysis phases 
 

When processing a definition (declaration) of an identifier
 

In simple languages with only global variables and implicit declarations:



The scanner can enter an identifier into a symbol table if it is not already there 
structured languages with scopes and explicit declarations: 
 

The parser and/or semantic analyzer enter identifiers and corresponding attributes

 Symbol table information is used by the analysis and synthesis phases

 To verify that used identifiers have been defined (declared)

 



In block- 

 To verify that expressions and assignments are semantically correct – type checking

 To generate intermediate or target code

 

Symbol Table Interface: 

 
The basic operations defined on a symbol table include: 


allocate – to allocate a new empty symbol table 
 

free – to remove all entries and free the storage of a symbol table 

 
insert – to insert a name in a symbol table and return a pointer to its entry 

 
lookup – to search for a name and return a pointer to its entry 

 
set_attribute – to associate an attribute with a given entry 

 
get_attribute – to get an attribute associated with a given entry 

 Other operations can be added depending on requirement 

 
For example, a delete operation removes a name previously inserted Some identifiers become 

invisible (out of scope) after exiting a block 

 

 

 

 
 

 



Page 103  

 

 This interface provides an abstract view of a symbol table. 

 Supports the simultaneous existence of multiple tables 

 Implementation can vary without modifying the interface 

Basic Implementation Techniques: 

First consideration is how to insert and lookup names 

Variety of implementation techniques 

Unordered List 

Simplest to implement 
 

Implemented as an array or a linked list 

 
Linked list can grow dynamically – alleviates problem of a fixed size array 

Insertion is fast O(1), but lookup is slow for large tables – O(n) on average 

Ordered List 

If an array is sorted, it can be searched using binary search – O(log2 n) 

Insertion into a sorted array is expensive – O(n) on average 

Useful when set of names is known in advance – table of reserved words 
 

Binary Search Tree 

Can grow dynamically 
 

Insertion and lookup are O(log2 n) on average 

Hash Tables and Hash Functions: 

 A hash table is an array with index range: 0 to TableSize – 1 

 Most commonly used data structure to implement symbol tables 

 Insertion and lookup can be made very fast – O(1) 

 A hash function maps an identifier name into a table index 
 

A hash function, h(name), should depend solely on name
 

h(name) should be computed quickly
 

h should be uniform and randomizing in distributing names
 

All table indices should be mapped with equal probability
 

Similar names should not cluster to the same table index.
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Storage Allocation: 

 Compiler must do the storage allocation and provide access to variables and data 

 Memory management 
 

Stack allocation

 
Heap management

 
Garbage collection

Storage Organization: 
 

 

• Assumes a logical address space 
 

 
Operating system will later map it to physical addresses, decide how touse cache memory, etc. 

• Memory typically divided into areas for 


Program code 
 

Other static data storage, including global constants and compilergenerated data 

 
Stack to support call/return policy for procedures 

 
Heap to store data that can outlive a call to a procedure 

 

 
Static vs. Dynamic Allocation: 

 Static: Compile time, Dynamic: Runtime allocation

 Many compilers use some combination of following
 

Stack storage: for local variables, parameters and so on

 
Heap storage: Data that may outlive the call to the procedure that created it
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

Stack allocation is a valid allocation for procedures since procedure calls are nest 
 

Example: 

Consider the quick sort program 
 

 

Activation for Quicksort: 
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Activation tree representing calls during an execution of quicksort: 
 

Activation records 


Procedure calls and returns are usually managed by a run-time stack called the control stack. 
 

Each live activation has an activation record (sometimes called a frame)
 

The root of activation tree is at the bottom of the stack
 

The current execution path specifies the content of the stack with the last

 
Activation has record in the top of the stack.

A General Activation Record 
 

Activation Record 

 Temporary values

 Local data

 A saved machine status

 An “access link”

 A control link
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 Space for the return value of the called function

 The actual parameters used by the calling procedure

 

 Elements in the activation record:
 

Temporary values that could not fit into registers.

 
Local variables of the procedure.

 
Saved machine status for point at which this procedure called. Includes return address

and contents of registers to be restored. 
 

Access link to activation record of previous block or procedure in lexical scope chain.

 
Control link pointing to the activation record of the caller.

 
Space for the return value of the function, if any.

 
actual parameters (or they may be placed in registers, if possible)

Downward-growing stack of activation records: 
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Designing Calling Sequences: 

 
 Values communicated between caller and callee are generally placed at the beginning of 

callee’s activation record

 Fixed-length items: are generally placed at the middle

 Items whose size may not be known early enough: are placed at the end of activation record

 We must locate the top-of-stack pointer judiciously: a common approach is to have it point to 
the end of fixed length fields

 

Access to dynamically allocated arrays: 
 

 

 
ML: 

 ML is a functional language

 Variables are defined, and have their unchangeable values initialized, by a statementof the 
form:
val (name) = (expression) 

 Functions are defined using the syntax:
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fun (name) ( (arguments) ) = (body) 

 For function bodies we shall use let-statements of the form: let 
(list of definitions) in (statements) end

 

A version of quick sort, in ML style, using nested functions: 
 

Access links for finding nonlocal data: 
 

 



Page 110  

 

Sketch of ML program that uses function-parameters: 
 

    \ 

Actual parameters carry their access link with them: 
 

Maintaining the Display: 
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Memory Manager: 

 Two basic functions:
 

Allocation

 
Deallocation

 Properties of memory managers:
 

Space efficiency

 
Program efficiency

 
Low overhead

Typical Memory Hierarchy Configurations: 
 

 

 
Locality in Programs: 

The conventional wisdom is that programs spend 90% of their time executing 10% of the code: 


Programs often contain many instructions that are never executed. 

 
Only a small fraction of the code that could be invoked is actually executed in atypical run of the 
program.

 
The typical program spends most of its time executing innermost loops and tight recursive cycles in a 
program.
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CODE OPTIMIZATION 
 

1. INTRODUCTION 

 
 The code produced by the straight forward compiling algorithms can often be made to run 

faster or take less space, or both. This improvement is achieved by program transformations 
that are traditionally called optimizations. Compilers that apply code-improving 
transformations are called optimizing compilers.

 

 Optimizations are classified into two categories. They are

 

 Machine independent optimizations:

 

 Machine dependant optimizations:

 

Machine independent optimizations: 

 
Machine independent optimizations are program transformations that improve the target code 
without taking into consideration any properties of the target machine. 

 

Machine dependant optimizations: 

 
Machine dependant optimizations are based on register allocation and utilization of special 
machine- instruction sequences. 

 

The criteria for code improvement transformations: 

 
 Simply stated, the best program transformations are those that yield the most benefit for the 

least effort. 

 
 The transformation must preserve the meaning of programs. That is, the optimization must 

not change the output produced by a program for a given input, or cause an error such as 
division by zero, that was not present in the original source program. At all times we take the 
“safe” approach of missing an opportunity to apply a transformation rather than risk changing 
what the program does. 

 
 A transformation must, on the average, speed up programs by a measurable amount. We are 

also interested in reducing the size of the compiled code although the size of the code has less 
importance than it once had. Not every transformation succeeds in improving every program, 
occasionally an “optimization” may slow down a program slightly. 

 

 The transformation must be worth the effort. It does not make sense for a compiler writer 
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to expend the intellectual effort to implement a code improving transformation and to have 
the compiler expend the additional time compiling source programs if this effort is not repaid 
when the target programs are executed. “Peephole” transformations of this kind are simple 
enough and beneficial enough to be included in any compiler. 

 
 Flow analysis is a fundamental prerequisite for many important types of code improvement. 

 Generally control flow analysis precedes data flow analysis. 

 Control flow analysis (CFA) represents flow of control usually in form of graphs, CFA 
constructs such as 

 A transformation of a program is called local if it can be performed by looking only at the 
statements in a basic block; otherwise, it is called global. 

 
 Many transformations can be performed at both the local and global levels. Local 

transformations are usually performed first. 

 

Function-Preserving Transformations 

 
 There are a number of ways in which a compiler can improve a program without changing the 

function it computes. 
 

 The transformations 

 
o Common sub expression elimination, o Copy propagation, 

o Dead-code elimination, and 

o Constant folding, are common examples of such function-preserving transformations. 
The other transformations come up primarily when global optimizations are 
performed. 

 Frequently, a program will include several calculations of the same value, such as an 

offset in an array. Some of the duplicate calculations cannot be avoided by the programmer 
because they lie below the level of detail accessible within the source language. 
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Common Sub expressions elimination: 

 
 An occurrence of an expression E is called a common sub-expression if E was previously 

computed, and the values of variables in E have not changed since the previous computation. 
We can avoid recomputing the expression if we can use the previously computed value. 

 

 For example 

t1: =4*i t2: =a [t1] t3: =4*j t4:=4*i t5: =n 

t 6: =b [t 4] +t 5 

 
The above code can be optimized using the common sub-expression elimination as t1: =4*i 

t2: =a [t1] t3: =4*j t5: =n 

t6: =b [t1] +t5 

 
The common sub expression t 4: =4*i is eliminated as its computation is already in t1. And 
value of i is not been changed from definition to use. 

 

Copy Propagation: 

 
Assignments of the form f : = g called copy statements, or copies for short. The idea behind the 
copy-propagation transformation is to use g for f, whenever possible after the copy statement f: = 
g. Copy propagation means use of one variable instead of another. This may not appear to be an 
improvement, but as we shall see it gives us an opportunity to eliminate x. 

 
For example: x=Pi; 

 

…… 

A=x*r*r; 

 

The optimization using copy propagation can be done as follows: 

A=Pi*r*r; 

Here the variable x is eliminated 
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Dead-Code Eliminations: 

 
A variable is live at a point in a program if its value can be used subsequently; otherwise, it is 
dead at that point. A related idea is dead or useless code, statements that compute values that 
never get used. While the programmer is unlikely to introduce any dead code intentionally, it may 
appear as the result of previous transformations. An optimization can be done by eliminating dead 
code. 

 

Example: 

i=0; 

if(i=1) 

{ 

a=b+5; 

} 

 

Here, ‘if’ statement is dead code because this condition will never get satisfied. 

 

Constant folding: 

 
o We can eliminate both the test and printing from the object code. More generally, 

deducing at compile time that the value of an expression is a constant and using the 
constant instead is known as constant folding. 

 
o One advantage of copy propagation is that it often turns the copy statement into dead 

code. 
 

For example, 

a=3.14157/2 can be replaced by 

a=1.570 there by eliminating a division operation. 

 
Loop Optimizations: 

 
o We now give a brief introduction to a very important place for optimizations, namely 

loops, especially the inner loops where programs tend to spend the bulk of their time. 
The running time of a program may be improved if we decrease the number of 
instructions in an inner loop, even if we increase the amount of code outside that loop. 

 

o Three techniques are important for loop optimization: 
 

code motion, which moves code outside a loop;

 
Induction -variable elimination, which we apply to replace variables from inner loop.

 
Reduction in strength, which replaces and expensive operation by a cheaper one, such as a 
multiplication by an addition.
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Code Motion: 

 
 An important modification that decreases the amount of code in a loop is code motion. This 

transformation takes an expression that yields the same result independent of the number of 
times a loop is executed ( a loop-invariant computation) and places the expression before the 
loop. Note that the notion “before the loop” assumes the existence of an entry for the loop. 
For example, evaluation of limit-2 is a loop-invariant computation in the following while- 
statement: 

 
while (i <= limit-2) /* statement does not change Limit*/ Code motion will result in 
the equivalent of 

t= limit-2; 

while (i<=t) /* statement does not change limit or t */ 

 

Induction Variables : 

 

 Loops are usually processed inside out. For example consider the loop around B3. 

 Note that the values of j and t4 remain in lock-step; every time the value of j decreases by 1, 
that of t4 decreases by 4 because 4*j is assigned to t4. Such identifiers are called induction 
variables. 

 
 When there are two or more induction variables in a loop, it may be possible to get rid of all 

but one, by the process of induction-variable elimination. For the inner loop around B3 in Fig. 
we cannot get rid of either j or t4 completely; t4 is used in B3 and j in B4. 

 However, we can illustrate reduction in strength and illustrate a part of the process of 
induction-variable elimination. Eventually j will be eliminated when the outer loop of B2 - B5 
is considered. 

 

Example: 

As the relationship t 4:=4*j surely holds after such an assignment to t 4 in Fig. and t4 is not 
changed elsewhere in the inner loop around B3, it follows that just after the statement j:=j -1 
the relationship t4:= 4*j-4 must hold. We may therefore replace the assignment t 4:= 4*j by 
t4:= t4-4. The only problem is that t 4 does not have a value when we enter block B3 for the 
first time. Since we must maintain the relationship t4=4*j on entry to the block B3, we place 
an initializations of t4 at the end of the block where j itself is initialized, shown by the dashed 
addition to block B1 in second Fig. 

 
The replacement of a multiplication by a subtraction will speed up the object code if multiplication takes 
more time than addition or subtraction, as is the case on many machines. 
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Reduction in Strength: 

 
 Reduction in strength replaces expensive operations by equivalent cheaper ones on the target 

machine. Certain machine instructions are considerably cheaper than others and can often be 
used as special cases of more expensive operators. 

 
 For example, x² is invariably cheaper to implement as x*x than as a call to an exponentiation 

routine. Fixed-point multiplication or division by a power of two is cheaper to implement as a 
shift. Floating-point division by a constant can be implemented as multiplication by a 
constant, which may be cheaper. 

 

3. OPTIMIZATION OF BASIC BLOCKS 

 

There are two types of basic block optimizations. They are : 

Structure -Preserving Transformations 

Algebraic Transformations 
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Structure- Preserving Transformations: 
 

The primary Structure-Preserving Transformation on basic blocks are: 

 

 Common sub-expression elimination 

 Dead code elimination 

 Renaming of temporary variables 

 Interchange of two independent adjacent statements. 

 

Common sub-expression elimination: 

 
Common sub expressions need not be computed over and over again. Instead they can be computed 
once and kept in store from where it’s referenced when encountered again – of course providing the 
variable values in the expression still remain constant. 

 

Example: 

a: =b+c 

b: =a-d 

c: =b+c 

d: =a-d 

The 2
nd 

and 4
th 

statements compute the same expression: b+c and a-d 

Basic block can be transformed to 

a: =b+c 

b: =a-d 

c: =a 

d: =b 

 

Dead code elimination: 

 
It’s possible that a large amount of dead (useless) code may exist in the program. This might 

be especially caused when introducing variables and procedures as part of construction or error - 
correction of a program – once declared and defined, one forgets to remove them in case they serve 
no purpose. Eliminating these will definitely optimize the code. 

Renaming of temporary variables: 

 
 A statement t:=b+c where t is a temporary name can be changed to u:=b+c where u is another 

temporary name, and change all uses of t to u. 
 

 In this we can transform a basic block to its equivalent block called normal-form block. 
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Interchange of two independent adjacent statements: 
 

Two statements 

 

t1:=b+c 

t2:=x+y 

can be interchanged or reordered in its computation in the basic block when value of t1 does 
not affect the value of t2. 

 
 

Algebraic Transformations: 

 
 Algebraic identities represent another important class of optimizations on basic blocks. This 

includes simplifying expressions or replacing expensive operation by cheaper ones i.e. 
reduction in strength. 

 
 Another class of related optimizations is constant folding. Here we evaluate constant 

expressions at compile time and replace the constant expressions by their values. Thus the 
expression 2*3.14 would be replaced by 6.28. 

 
 The relational operators <=, >=, <, >, + and = sometimes generate unexpected common sub 

expressions. 

 
 Associative laws may also be applied to expose common sub expressions. For example, if the 

source code has the assignments 

 
a :=b+c e :=c+d+b 

 

the following intermediate code may be generated: 

 
a :=b+c t :=c+d 

 

e :=t+b 

 

Example: 

 

x:=x+0 can be removed 

 

x:=y**2 can be replaced by a cheaper statement x:=y*y 
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 The compiler writer should examine the language carefully to determine 

rearrangements of computations are permitted; since computer arithmetic does 

always obey the algebraic identities of mathematics. Thus, a compiler may evaluate x*y-x*z 
as x*(y-z) but it may not evaluate a+(b-c) as (a+b)-c. 

 

4. LOOPS IN FLOW GRAPH 

 
A graph representation of three-address statements, called a flow graph, is useful for 

understanding code-generation algorithms, even if the graph is not explicitly constructed by a code- 
generation algorithm. Nodes in the flow graph represent computations, and the edges represent the 
flow of control. 

 

Dominators: 

In a flow graph, a node d dominates node n, if every path from initial node of the flow graph 
to n goes through d. This will be denoted by d dom n. Every initial node dominates all the remaining 
nodes in the flow graph and the entry of a loop dominates all nodes in the loop. Similarlyeverynode 
dominates itself. 

 

Example: 

*In the flow graph below, 

*Initial node,node1 dominates every node. *node 2 dominates itself *node 3 dominates all but 1 and 
2. *node 4 dominates all but 1,2 and 3. 

 
*node 5 and 6 dominates only themselves,since flow of control can skip around either by goin 
through the other. 

*node 7 dominates 7,8 ,9 and 10. *node 8 dominates 8,9 and 10. 
 

*node 9 and 10 dominates only themselves. 
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 The way of presenting dominator information is in a tree, called the dominator tree in which 
the initial node is the root. 

 

 The parent of each other node is its immediate dominator. 

 Each node d dominates only its descendents in the tree. 

 The existence of dominator tree follows from a property of dominators; each node has a 
unique immediate dominator in that is the last dominator of n on any path from the initial 
node to n. 

 
 In terms of the dom relation, the immediate dominator m has the property is d=!n and d dom 

n, then d dom m. 
 

 
 

 
D(1)={1} 

 

D(2)={1,2} 

 

D(3)={1,3} 

 

D(4)={1,3,4} 

 

D(5)={1,3,4,5} 
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D(6)={1,3,4,6} 

 

D(7)={1,3,4,7} 

 

D(8)={1,3,4,7,8} 

 

D(9)={1,3,4,7,8,9} 

 

D(10)={1,3,4,7,8,10} 

 

 Natural Loop: 

 
 One application of dominator information is in determining the loops of a flow graph suitable 

for improvement. 
 

 The properties of loops are 

 
o A loop must have a single entry point, called the header. This entry point-dominates 

all nodes in the loop, or it would not be the sole entry to the loop. 

o There must be at least one wayto iterate the loop(i.e.)at least one path back to the 
header. 

 
 One way to find all the loops in a flow graph is to search for edges in the flow graph whose 

heads dominate their tails. If a→b is an edge, b is the head and a is the tail. These types of 
edges are called as back edges. 

 
Example: 

In the above graph, 

→ 4 4 DOM 7 

→7 7 DOM 10 

→ 3 
 

→ 3 
 

 

9 →1 

 

 The above edges will form loop in flow graph. 

 Given a back edge n → d, we define the natural loop of the edge to be d plus the set of nodes 
that can reach n without going through d. Node d is the header of the loop. 

 

Algorithm: Constructing the natural loop of a back edge. 

Input: A flow graph G and a back edge n→d 
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Output: The set loop consisting of all nodes in the natural loop n→d. 

Method: Beginning with node n, we consider each node m*d that we know is in loop, to make sure 
that m’s predecessors are also placed in loop. Each node in loop, except for d, is placed once on 
stack, so its predecessors will be examined. Note that because d is put in the loop initially, we never 
examine its predecessors, and thus find only those nodes that reach n without going through d. 

 

Procedure insert(m); 

if m is not in loop then begin loop := loop U {m}; push m onto stack 

end; 

stack : =empty; loop : ={d}; insert(n); 

 

while stack is not empty do begin 

 
pop m, the first element of stack, off stack; for each predecessor p of m do insert(p) 

 

end Inner 

5.LOOP: 

 If we use the natural loops as “the loops”, then we have the useful property that unless two 
loops have the same header, they are either disjointed or one is entirely contained in the other. 
Thus, neglecting loops with the same header for the moment, we have a natural notion of 
inner loop: one that contains no other loop. 

 
 When two natural loops have the same header, but neither is nested within the other, they are 

combined and treated as a single loop. 

 
Pre-Headers: 

 
 Several transformations require us to move statements “before the header”. Therefore begin 

treatment of a loop L by creating a new block, called the preheater. 

 
 The pre -header has only the header as successor, and all edges which formerly entered the 

header of Lfrom outside L instead enter the pre-header. 
 

 Edges  from inside loop L to the header are not changed. 
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 Initially the pre-header is empty, but transformations on L may place statements in it. 

 
 

(a) Before (b) After 

 

Reducible flow graphs: 

 
 Reducible flow graphs are special flow graphs, for which several code optimization 

transformations are especially easy to perform, loops are unambiguously defined, dominators 
can be easily calculated, data flow analysis problems can also be solved efficiently. 

 

 
 Exclusive use of structured flow-of-control statements such as if-then-else, while-do, 

continue, and break statements produces programs whose flow graphs are always reducible. 
The most important properties of reducible flow graphs are that there are no jumps into the 
middle of loops from outside; the only entry to a loop is through its header. 

 

 Definition: 

 
 A flow graph G is reducible if and only if we can partition the edges into two disjoint groups, 

forward edges and back edges, with the following properties. 

 
 The forward edges from an acyclic graph in which every node can be reached from initial 

node of G. 
 

 The back edges consist only of edges where heads dominate theirs tails. 

 

 Example: The above flow graph is reducible. 

 
 If we know the relation DOM for a flow graph, we can find and remove all the back edges. 

 

 

 

 
 

 

header pre- 

header 

loop L 

header 

 

loop L 
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 The remaining edges are forward edges. 

 

 If the forward edges form an acyclic graph, then we can say the flow graph reducible. 

 
 In the above example remove the five back edges 4→3, 7→4, 8→3, 9→1 and 10→7 whose 

heads dominate their tails, the remaining graph is acyclic. 

 
 The key property of reducible flow graphs for loop analysis is that in such flow graphs every 

set of nodes that we would informally regard as a loop must contain a back edge. 
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