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Preliminary Transformations (contd.)!

Chapter 4 of Allen and Kennedy 



DeÞnition-use Graph!

•  Traditionally called Definition-use Chains 
•  Provides the map of variables usage 
•  Heavily used by the transformations 



DeÞnition-use Graph!

•  Definition-use graph is a graph that contains an edge from each
 definition point in the program to every possible use of the variable at
 run time 

•  uses(b): the set of all variables used within the block b that have no
 prior definitions within the block 

•  defsout(b): the set of all definitions within block b that are not killed
 within the block 

•  killed(b): the set of all definitions that define variables killed by other
 definitions within block b 
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Dead Code Elimination!

•  Removes all dead code 
•  What is Dead Code ? 

— Code whose results are never used in any ‘Useful statements’ 

•  What are Useful statements ? 
— Are they simply output statements ? 
— Output statements, input statements, control flow statements, and

 their required statements 

•  Makes code cleaner 
•  Note that Dead Code is different from Unreachable Code 



Dead Code Elimination!



Constant Propagation!

•  Replace all variables that have constant values at runtime with
 those constant values 



Constant Propagation!



Constant Propagation!



Forward Expression Substitution!

   DO I = 1, 100 
      K = I + 2 
      A(K) = A(K) + 5 
   ENDDO 

DO I = 1, 100 
   A(I+2) = A(I+2) + 5 
ENDDO 

•  Example 



Forward Expression Substitution!

•  Need definition-use edges and control flow analysis 
•  Need to guarantee that the definition is always executed on a

 loop iteration before the statement into which it is substituted 
•  Data structure to find out if a statement S is in loop L 

— Test whether level-K loop containing S is equal to L 



Forward Expression Substitution!



Induction Variable Substitution!

•  Definition: an auxiliary induction variable in a DO loop headed
 by DO I = LB, UB, S is any variable that can be correctly
 expressed as cexpr * I + iexprL at every location L where it is
 used in the loop, where cexpr and iexprL are expressions that
 do not vary in the loop, although different locations in the loop
 may require substitution of different values of iexprL 



Induction Variable Substitution !

•  Example: 
DO I = 1, N 
    A(I) = B(K) + 1 
    K = K + 4 
    … 
    D(K) = D(K) + A(I) 
ENDDO 



Induction Variable Substitution !

•  More complex example 
DO I = 1, N, 2 
    K = K + 1 
    A(K) = A(K) + 1 
    K = K + 1 
    A(K) = A(K) + 1 
ENDDO 
•  Alternative strategy is to recognize region invariance 
DO I = 1, N, 2 
    A(K+1) = A(K+1) + 1 
    K = K+1 + 1 
    A(K) = A(K) + 1 
ENDDO 



Induction Variable Substitution!

•  Driver 



IVSub without loop normalization !

DO I = L, U, S 
   K = K + N 
   … = A(K) 
ENDDO 

DO I = L, U, S 
   … = A(K + (I – L + S) / S * N) 
ENDDO 
K = K + (U – L + S) / S * N 



IVSub without loop normalization!

•  Problem: 
— Inefficient code 
— Nonlinear subscript 



IVSub with Loop Normalization !

I = 1 
DO i = 1, (U-L+S)/S, 1 
   K = K + N 
   … = A (K) 
   I = I + 1 
ENDDO 



IVSub with Loop Normalization !

I = 1 
DO i = 1, (U – L + S) / S, 1 
   … = A (K + i * N) 
ENDDO 
K = K + (U – L + S) / S * N 
I = I + (U – L + S) / S 



Summary!

•  Transformations to put more subscripts into standard form 
— Loop Normalization 
— Constant Propagation 
— Induction Variable Substitution 

•  Do loop normalization before induction-variable substitution 
•  Leave optimizations to compilers 



Enhancing Fine-Grained Parallelism!

Chapter 5 of Allen and Kennedy 

Optimizing Compilers for Modern Architectures




Fine-Grained Parallelism!

Techniques to enhance fine-grained parallelism: 
•  Loop Interchange 
•  Scalar Expansion  
•  Scalar Renaming 
•  Array Renaming 



procedure codegen(R, k, D);!

// R is the region for which we must generate code.


// k is the minimum nesting level of possible parallel loops.  


// D is the dependence graph among statements in R.. 


find the set {S1, S2, ... , Sm} of maximal strongly-connected 


regions in the dependence graph D restricted to R 


construct Rp from R by reducing each Si to a single node and 


compute Dp, the dependence graph naturally induced on Rp by D


let {p1, p2, ... , pm} be the m nodes of Rp numbered in an order 


consistent with Dp (use topological sort to do the numbering);


!for i = 1 to m do begin!

! ! !if  pi is cyclic then begin!
! !generate a level-k DO statement;


 
let Di be the dependence graph consisting of all dependence edges in D
 
 
that are at level k+1 or greater and are internal to pi;


 
codegen (pi, k+1, Di);


 
generate the level-k ENDDO statement;



 
 
end 

! ! !else!


 
generate a vector statement for pi in r(pi)-k+1 dimensions, where r (pi) is the 

 
number of loops containing pi;



 
 
end!
!end!

We fail here


Chapter 2"s Codegen!



Chapter 2"s Codegen!

•  Codegen: tries to find parallelism using transformations of loop
 distribution and statement reordering 

•  If we deal with loops containing cyclic dependences early on in
 the loop nest, we can potentially vectorize more loops 

•  Goal in Chapter 5: To explore other transformations to exploit
 parallelism  



Motivational Example!
DO J = 1, M 
    DO I = 1, N 
      T = 0.0 
        DO K = 1,L 
           T = T + A(I,K) * B(K,J) 
        ENDDO 
      C(I,J) = T 
    ENDDO 
ENDDO 

codegen will not uncover any vector operations 



Motivational Example!
DO J = 1, M 
    DO I = 1, N 
      T = 0.0 
        DO K = 1,L 
           T = T + A(I,K) * B(K,J) 
        ENDDO 
      C(I,J) = T 
    ENDDO 
ENDDO 

Try Scalar Expansion: 
   DO J = 1, M 
      DO I = 1, N 
         T$(I) = 0.0 
           DO K = 1,L 
              T$(I) = T$(I) + A(I,K) * B(K,J) 
           ENDDO 
          C(I,J) = T$(I) 
      ENDDO 
   ENDDO 



Motivational Example II!

•  Loop Distribution gives us: 
DO J = 1, M 
   DO I = 1, N 
      T$(I) = 0.0 
   ENDDO 
   DO I = 1, N 
      DO K = 1,L 
         T$(I) = T$(I) + A(I,K) * B(K,J) 
      ENDDO 
   ENDDO 
   DO I = 1, N 
      C(I,J) = T$(I) 
   ENDDO 
ENDDO 



Motivational Example III!

•  Interchanging I and K loops gives us: 
DO J = 1, M 
   DO I = 1, N 
      T$(I) = 0.0 
   ENDDO 
   DO K = 1, L 
      DO I = 1, N 
         T$(I) = T$(I) + A(I,K) * B(K,J) 
      ENDDO 
   ENDDO 
   DO I = 1, N 
      C(I,J) = T$(I) 
   ENDDO 
ENDDO 



Motivational Example IV!

Finally, after vectorizing, we get: 
DO J = 1, M 

  T$(1:N) = 0.0 

  DO K = 1,L 

     T$(1:N) = T$(1:N) + A(1:N,K) * B(K,J) 

  ENDDO 

  C(1:N,J) = T$(1:N) 

ENDDO 

•  A couple of new transformations used: 
— Loop Interchange 
— Scalar Expansion 



Loop Interchange!
  DO I = 1, N 

    DO J = 1, M 
S       A(I,J+1) = A(I,J) + B           • DV:  (=, <) 
    ENDDO 
  ENDDO 

•  Applying loop interchange: 
 DO J = 1, M 
    DO I = 1, N 
S      A(I,J+1) = A(I,J) + B             • DV:  (<, =) 
    ENDDO 
 ENDDO 

•  leads to: 
 DO J = 1, M 

S   A(1:N,J+1) = A(1:N,J) + B 

 ENDDO 



Loop Interchange: Safety!

•  Safety: not all loop interchanges are safe 

DO J = 1, M 

   DO I = 1, N 

      A(I,J+1) = A(I+1,J) + B 

   ENDDO 

ENDDO 

•  Direction vector (<, >)  

•  If we interchange loops, we violate the dependence: (>, <) 



Loop Interchange!

•  Loop interchange is a reordering transformation 
•  Why? 

— Think of statements being parameterized with the corresponding
 iteration vector (notation S(I, J)) 

— Loop interchange merely changes the execution order of these
 statements 

— It does not create new instances, or delete existing instances 
 DO I = 1, M 

    DO J = 1, N 

S      <some statement> 

    ENDDO 

 ENDDO 

•  If interchanged, S(2, 1) executes before S(1, 2) instead of
 after S(1, 2) 

S(I, J) 



Loop Interchange: Safety!

DO J = 1, 4 

   DO I = 1, 4 

 statement 

   ENDDO 

ENDDO 



Loop Interchange: Safety!

DO I = 1, 4 

   DO J = 1, 4 

 statement 

   ENDDO 

ENDDO 



Loop Interchange: Safety!

•  A dependence is interchange-preventing with respect to a given
 pair of loops if interchanging those loops would reorder the
 endpoints of the dependence. 

(<, >) 
(=, <) (<, <) 

(<, =) 



Loop Interchange: Safety!

•  A dependence is interchange-sensitive if it is carried by the
 same loop after interchange. That is, an interchange-sensitive
 dependence moves with its original carrier loop to the new
 level. 
— Horizontal and vertical arrows indicate interchange-sensitive

 dependences 
— Slanted arrows indicate interchange-insensitive dependences 



Loop Interchange: Safety!

•  Theorem 5.1 Let D(i,j) be a direction vector for a dependence in
 a perfect nest of loops. Then the direction vector for the
 same dependence after a permutation of the loops in the nest
 is determined by applying the same permutation to the
 elements of D(i,j). 

DO I = 1, L 

  DO K = 1, N 

    DO J = 1, M 

      A(I+1,J+1,K) = B(I,J,K) 

    ENDDO 

  ENDDO 

ENDDO 

Dependence: (<, =, <) 

DO I = 1, L 

  DO J = 1, M 

    DO K = 1, N 

      A(I+1,J+1,K) = B(I,J,K) 

    ENDDO 

  ENDDO 

ENDDO 

Dependence: (<, <, =) 



Loop Interchange: Safety!

•  The direction matrix for a nest of loops is a matrix in which
 each row is a direction vector for some dependence between
 statements contained in the nest and every such direction
 vector is represented by a row. 

Direction vector 1 
Direction vector 2 
É 
Direction vector d 



Loop Interchange: Safety!

 DO I = 1, N 
    DO J = 1, M 

       DO K = 1, L 

          A(I+1,J+1,K) = A(I,J,K) + A(I,J+1,K+1) 

       ENDDO 

     ENDDO 

 ENDDO 
•  The direction matrix for the loop nest is: 
           <  <  = 
                       <  =  > 



Loop Interchange: Safety!

•  Theorem 5.2 A permutation of the loops in a perfect nest is
 legal if and only if the direction matrix, after the same
 permutation is applied to its columns, has no ">" direction as
 the leftmost non-"=" direction in any row. 

•  Follows from Theorem 5.1 and Theorem 2.3 

 Example: 
   i  j  k    j  k  i 
   <  <  =    <  =  < 

   <  =  >    =  >  < 



Loop Interchange: ProÞtability!

•  For Vector machines, we want to vectorize loops with stride
-one memory access 

•  Since Fortran stores in column-major order: 
— useful to vectorize the I-loop 

•  Thus, move I-loop innermost and vectorize: 
 DO J = 1, M 
   DO K = 1, L 

S      A(2:N+1,J+1,K) = A(1:N,J,K) + B 

   ENDDO 

 ENDDO 

 J K I 
(<, =, <) 



Loop Interchange: ProÞtability!

•  MIMD machines with vector execution units: want to cut down
 synchronization costs 

•  Hence, shift K-loop to outermost level: 
 PARALLEL DO K = 1, L 
     DO J = 1, M 

         A(2:N+1,J+1,K) = A(1:N,J,K) + B 

     ENDDO 

 END PARALLEL DO 

 K J I 
(=, <, <) 



Homework!

•  Reading list for next class 
— Chapter 5, Enhancing Fine-Grained Parallelism 

•  Homework assignment for discussion in next class 
— Exercise 4.5 


