Topics:

Module 9 Automatic parallelism 147

9 • -O3 optimization • Inhibitors of parallelization • Data dependence in loops • Automatically parallelized loops • Exercises

Automatic parallelism

148 SPP Language and Pr ogramming Overview

Module 9 Automatic parallelism 149

Auto parallel

-O3 optimization

• Primary goal of -O3 optimizations is parallelization

• Divides a pr ogram into thr eads

• A thread is a sequence of instr uctions that execute on a single CPU

• Parallelism can exist at both the loop and task level

• Compilers automatically exploit loop level in which all loops ar e examined:

• Explicitly coded loops

• Fortran 90 array expr essions

• Task level parallelism can be cr eated by the user using the BEGIN_T ASK, NEXT_TASK and END_TASKS directives discussed later

150 SPP Language and Pr ogramming Overview

-O3 optimization - cont.

• Requir ements for automatic loop parallelization:

• Loop must not contain any data dependencies

• Loop must have a known iteration count at

runtime

• Loop nest has suf ficient parallel work to be done

• Loop must not contain any I/O statements

• Loop must not contain multiple entries or exits (includes ST OP and RETURN statements)

• Loop must not contain any pr ocedur e calls other than intrinsic functions

• Loop must not contain potentially aliased scalar or array variables

• When a loop is automatically parallelized:

• The loop is divided up into several smaller

iteration spaces par celed out to be r un simultaneously on all available pr ocessors

• Compiler will try to parallelize the outermost loop

• Compiler takes car e of privatization of loop variables as needed, for example, the loop index is always privatized

Module 9 Automatic parallelism 151

Auto parallel

-O3 optimization- cont.

• Compiler cr eates following types of parallelism:

• thread-way (one-dimensional parallelism)

• node-way (two-dimensional parallelism)

• -or all compiler flag shows the complete

optimization r eport including the variables privatized

• Executable code generated will automatically r un on as many pr ocessors as ar e available at r untime without recompilation

• Normally all pr ocessors of the subcomplex

• Smaller number of pr ocessors specified via:

• mpa(1) utility

• LOOP_P ARALLEL(max_threads=m) and PREFER_PARALLEL(max_threads=m) compiler dir ectives and pragmas which limit threads

• +min / +max loader options

152 SPP Language and Pr ogramming Overview

-O3 optimization- cont.

• Thread activity:

• Shared memory pr ogram r uns as a collection of threads on multiple pr ocessors

• At pr ogram initiation, a separate thr ead of execution is started on each of the pr ocessors in the subcomplex

• All thr eads spin for a default amount of time and then go idle except for thr ead 0 which r uns all of the serial code of the pr ogram

• When thr ead 0 encounters a parallel loop or task, it wakes-up or ”spawns” the other thr eads signalling them to begin execution of the parallel code

• The spawned thr eads then become active acquiring spawned thr ead IDs (1 to numpr ocs-1), run until their portion of the parallel code is finished or until they get time-sliced out, and then spin and go idle once again. Thr ead 0 also participates r unning its portion of the parallel code.

• All spawned thr eads execute to completion of their spawned context befor e thr ead 0 continues

Module 9 Automatic parallelism 153

Auto parallel

-O3 optimization - cont.

• Thread-way parallelism - Encounter ed by thr ead 0, it causes all thr eads available to the application to participate. Each of these thr eads is assigned a portion of the loop iteration space to execute.

Consider the following loop:

DO I = 1, 1024
   A(I) = B(I) + C(I)
ENDDO

• If run on 8 pr ocessors, each thr ead will execute:

1024/8 = 128 iterations

• If run on 128 pr ocessors, each thr ead will execute:

1024/128 = 8 iterations

• Compiler transforms the loop such that the

starting and stopping iteration values for each thread ar e determined at r untime based on the number of available pr ocessors

• If the iteration count is not evenly divisible by the number of thr eads, some thr eads perform fewer iterations than others

154 SPP Language and Pr ogramming Overview

-O3 optimization - cont.

This figur e shows thread activity and the parceling of loop iterations for the pr evious loop r unning on 8 pr ocessors.

Threads* 0

spawn idle idle idle idle idle idle idle

spawn spawn spawn spawn spawn spawn

idle idle idle idle idle idle idle

I =
1,128

       I =
       129,
       256

             I =
             257,
             384

                    I =
                    385,
                    512

                           I =
                           513,
                           640

                                 I =
                                 641,
                                 768

                                        I =
                                        769,
                                        896

                                               I =
                                               897,
                                               1024

* Numbers shown represent spawn thread IDs

PROGRAM PARAXPL
.
.
.
DO I=1,1024

  A(I)=B(I)+C(I)
  .
  .
  .
ENDDO
.
.
.

1 2 3 4 5 6 7

Module 9 Automatic parallelism 155

Auto parallel

-O3 optimization - cont.

This figur e shows the loop parallelized r unning on 8 processors.

DO I = 1, 128
  A(I) = B(I) + C(I)
ENDDO

                                 DO I = 129, 256
                                   A(I) = B(I) + C(I)
                                 ENDDO

                                 DO I = 385, 512
                                   A(I) = B(I) + C(I)
                                 ENDDO

DO I = 257, 384
  A(I) = B(I) + C(I)
ENDDO

THREAD 0 THREAD 1

THREAD 2 THREAD 3

DO I = 513, 640
  A(I) = B(I) + C(I)
ENDDO

                                 DO I = 641, 768
                                   A(I) = B(I) + C(I)
                                 ENDDO

                                 DO I = 897, 1024
                                   A(I) = B(I) + C(I)
                                 ENDDO

DO I = 769, 896
  A(I) = B(I) + C(I)
ENDDO

THREAD 4 THREAD 5

THREAD 6 THREAD 7

156 SPP Language and Pr ogramming Overview

-O3 optimization - cont.

• Node-way parallelism - Encounter ed by thr ead 0, it causes 1 thr ead per hypernode available to the application to participate. Each of these thr eads is assigned a portion of the node-way loop iteration space to execute. However , node-way automatic parallelism will never be cr eated, unless the compiler finds a thr ead-way parallel inner loop or an opportunity for thr ead-way parallelism via a function call.

Thread-way loop parallelism encounter ed within a node-way parallel constr uct, causes each thr ead within the hypernode to be assigned a portion of the thr eadway loop iteration space to execute.

Consider the following loop:

DO J = 1, 1024
  DO I = 1, 1024
    A(I,J) = B(I,J) + C(I,J)
    .
    .
  ENDDO
ENDDO

• Assuming no inhibitors and ther e is enough work, the compiler automatically parallelizes the J loop across hypernodes and the I loop acr oss thr eads within those hypernodes.

Module 9 Automatic parallelism 157

Auto parallel

-O3 optimization - cont.

• If run on a 2 4-pr ocessor hypernode subcomplex:

The node-way J loop spawns 2 thr eads, one on each hypernode. Each of these thr eads will execute:

1024/2 = 512 iterations of the J loop

The I loop then spawns thr ead-way parallelism within each hypernode. Each of these thr eads will execute:

1024/4 = 256 iterations of the I loop

0

                            J=513,
                            1024

J=1,
512

I=1,
256

       I =
       257,
       512

             I =
             513,
             768

                    I =
                    769,
                    1024

                            I=1,
                            256

                                   I =
                                   257,
                                   512

                                          I =
                                          513,
                                          768

                                                I =
                                                769,
                                                1024

Hypernode 0 Hypernode 1

PROGRAM 2DXPL
.
.
.
DO J=1,1024

  DO I=1,1024
    .
    .
    .
    .
  ENDDO

ENDDO
.
.
.

idle idle idle idle idle idle spawn spawn spawn

1 2 3 spawn 1

spawn 0 spawn spawn spawn 1 2 3 idle idle idle idle idle idle idle

idle (1)

158 SPP Language and Pr ogramming Overview

-O3 optimization - cont.

• Node-way parallelism can be disabled by

specifying the -nonodepar compiler flag

• Disables automatic and dir ective-specified node-way parallelism

• Automatic and dir ective-specified thr eadway parallelism still enabled

• Eliminates node-way parallel over head on a single node subcomplex

• Node-way and thr ead-way automatic parallelization can be disabled by specifying the -noautopar compiler flag:

• Directive-specified node-way and thr ead-way parallelism still enabled thr ough the usage of PREFER_PARALLEL, LOOP_P ARALLEL, and BEGIN_TASKS compiler dir ectives.

• All other loops tr eated as if the NO_P ARALLEL directive was specified for them

Module 9 Automatic parallelism 159

Auto parallel

Inhibitors of parallelization

Most constr ucts that inhibit data localization also inhibit parallelization for the same r eason. Specifically:

• Loop carried dependencies (LCDs). Mor e categories of LCDs can inhibit parallelization than data localization:

• Backwar d LCDs (B-LCD)

• Forwar d LCDs (F-LCD)

• Output LCDs (O-LCD)

• Appar ent LCDs (A-LCD)

Examples of each will be given in the following Data dependence in loops section

• Potential for aliased scalar or array variables

• Multiple loop entries or exits (includes ST OP and RETURN statements)

• Procedur e calls other than intrinsic functions

• I/O statements

More inhibitors:

• Insuf ficient amount of parallel work to be done in loop

• Loop iteration count unknown at r untime

160 SPP Language and Pr ogramming Overview

Data dependence in loops

• A loop-carried-dependence (LCD) r esults fr om an addr ess being assigned a value in one loop iteration and the same addr ess being assigned or r eferenced in another iteration.

Example:

DO I = 2,N
   A(I) = A(I-1) + B(I)
ENDDO

An example of a Backward LCD (B-LCD) :

• The A(I-1) reference on iterations 3 thr ough N was assigned on the pr evious iteration as A(I)

• Each iteration must execute to completion befor e the next can begin. Ther efore it is fruitless to assign parallel thr eads of execution to compute different iterations

• B-LCDs cannot be automatically parallelized

Module 9 Automatic parallelism 161

Auto parallel

Data dependence in loops - cont.

Example:

DO I = 2,N
   A(I) = A(I+1) + B(I)
ENDDO

An example of a Forward LCD (F-LCD) :

• The A(I+1) referenced on iterations 2 thr ough N-1 is assigned by the following iteration

• If parallel thr eads of execution attempt to execute different iterations of the loop, it is quite possible, for example, that A(3) might be assigned in iteration 3 befor e A(3) is referenced by iteration 2

• F-LCDs cannot be automatically parallelized

• The example can be automatically parallelized by making an extra copy of array A:

DO I = 2,N
   OLDA(I+1) = A(I+1)
ENDDO

DO I = 2,N
   A(I) = OLDA(I+1) + B(I)
ENDDO

Creating the 2nd loop clearly adds over head. Therefore, it must be used with car e.

162 SPP Language and Pr ogramming Overview

Data dependence in loops - cont.

Example:

DO I = 2,N
   A(J(I)) = B(I)
ENDDO

An example of a potentialOutput LCD (O-LCD) :

• If J(I) contains r epeated values (i.e., J(3) = J(7) = 4), then 2 dif ferent iterations ar e attempting to assign a value to the same addr ess

• If parallel thr eads ar e executing the iterations, then the values output by the loop into array A depend on the or der in which the iterations ar e executed

• The compiler will not automatically parallelize such loops

Module 9 Automatic parallelism 163

Auto parallel

Data dependence in loops - cont.

Example:

DO I = 1,N
   A(I) = A(J(I)) + 1.0
ENDDO

This is an example of an Apparent LCD (A-LCD) :

• Since the value assigned to A(I) in one iteration might be used in a later iteration, the compiler lacks suf ficient information to determine whether an LCD exists or not

• Rather than risk wr ong answers, the compiler will not automatically parallelize such loops

Summary: the compiler does not automatically parallelize loops containing actual or appar ent array based LCDs.

164 SPP Language and Pr ogramming Overview

Automatically parallelized loops

Following ar e examples of loops that ar e automatically parallelized by the compiler at -O3. All examples assume that ther e is no aliasing among the arrays.

SUBROUTINE MYSUB(A,B,C,N)

REAL*4 A(N,N), B(N,N), C(N,N)

DO J = 1, N
   DO I = 1, N
       A(I,J) = B(I,J) + C(J,I)
   ENDDO
ENDDO

RETURN

END

The above nested loop will automatically parallelize, since ther e are no LCDs.

Module 9 Automatic parallelism 165

Auto parallel

Automatically parallelized loops - cont.

The compiler can handle some scalar LCDs.

SUBROUTINE MYSUB(A,B,Y,N)

REAL*4 A(N), B(N), Y(N), X(N), S

J = 5
DO I = 1, N
   S = A(I) * B(I)
   J = J + 1
   X(I) = S * Y(J)
ENDDO

RETURN

END

• If parallel thr eads execute dif ferent iterations, they can overwrite each other ’s values of S (O-LCD)

• The compiler avoids this pr oblem by pr oviding a private version of S for each thr ead

• If the value of S is needed after the loop, the pr ocessor executing the Nth iteration stor es its private value in S

• J, a loop induction variable like I, has the same problem as S (O-LCD) plus is a B-LCD. A private version of J is provided to each thr ead and its value is determined as a function of I: (J = Jinit + I, wher e Jinit = J at loop invocation)

166 SPP Language and Pr ogramming Overview

Automatically parallelized loops - cont.

The compiler can handle some scalar LCDs known as reductions. Generally , a reduction has the form:

X = Xoperator Y

wher e:

X- variable not assigned or used elsewher e in the loop Y - a loop constant expr ession not involving X operator is +, -, *, .AND., .OR., .EQV. or .NEQV.

SUBROUTINE MYSUB(A,B,C,D,E,N,SUM)

REAL*8 A(N),B(N),C(N),D(N),E(N),SUM
INTEGER*4 N

DO I = 1, N
   A(I) = E(I) / C(I)
   SUM = SUM + A(I) * B(I) !reduction
   D(I) = A(I) / B(I)
ENDDO

RETURN
END

• If parallel thr eads execute dif ferent iterations, they can overwrite each other ’s values of SUM (O-LCD)

• The compiler avoids this pr oblem by pr oviding a private version of SUM for each thr ead in which each thread’s partial sum is computed. The private SUM s are added to compute final SUM by the compiler .

Module 9 Automatic parallelism 167

Auto parallel

Automatically parallelized loops - cont.

The compiler also r ecognizes scalar r eductions of the form:

X = function (X, Y)

wher e:

X- variable not assigned or used elsewher e in the loop Y - a loop constant expr ession not involving X function is the intrinsic MAX or MIN function

SUBROUTINE MYSUB(A,B,C,D,E,N)

REAL*8 A(N),B(N),C(N),D(N),E(N)
REAL*8 MAX, X
INTEGER*4 N

X = 0.0

DO I = 1, N
   A(I) = E(I) / C(I)
   X = MAX(X,A(I)) !reduction
   D(I) = A(I) / B(I)
ENDDO
RETURN
END

• If parallel thr eads execute dif ferent iterations, they can overwrite each other ’s values of X(O-LCD)

• The compiler pr ovides a private version of X for each thread. Thr ead 0 uses private Xs to set original X.

168 SPP Language and Pr ogramming Overview

Automatically parallelized loops - cont.

Even entir e arrays can be privatized as needed for the array Q in order to parallelize the J loop in the example below:

SUBROUTINE MYSUB(U,M)

PARAMETER (N = 99)

REAL*4 P(N), Q(N), R(N), U(M), T(N,M)

DO J = 1, M
   DO I = 1, N
       Q(I) = P(I) * R(I)
       T(I,J) = Q(I) * U(J)
   ENDDO
ENDDO

RETURN

END

• If parallel thr eads execute dif ferent iterations of J, they can overwrite each other ’s values of Q(I) (O-LCD)

• The compiler avoids this pr oblem by pr oviding a private version of the Q array for each thr ead, since it knows Q’s size at compile time

• Parallelized, each thr ead sets a unique subarray of T

• Compiler also pr ovides a private version of I for each thread

Module 9 Automatic parallelism 169

Auto parallel

Automatically parallelized loops - cont.

SUBROUTINE MYSUB

PARAMETER (M = 50, N = 10)

REAL*4 X(100,100), Y(100,100)

Y(2:M+1:2, 2:N+1) = 1.0
X(1:M:2, 1:N) = Y(2:M+1:2, 2:N+1)

RETURN

END

The above Fortran 90 array assignments will automatically parallelize, cr eating 2 parallel loops, since by definition ther e are no dependencies.

170 SPP Language and Pr ogramming Overview

Exercises

[1] Can the compiler automatically parallelize any of these loops?

(a) DO I = 1, N
      J = J + 1
      A(I) = B(J)
    ENDDO

(b) DO I = 1, N
      IF (A(I) .LT. 0.0) THEN
         J = J + 1
         A(I) = B(J)
      ENDIF
    ENDDO

(c) DO WHILE (A(I) .LT. Z)
      I = I + 1
      A(I) = B(I)
    ENDDO

(d) DO WHILE (I .LT. N)
      I = I + 1
      A(I) = B(I)
    ENDDO

(e) DO I = 1, N
      S = C(I) * B(I)
      IF (S .GT. 0.D0) THEN
         T = S + 5.D0
      ELSE
         T = S + 4.D0
      ENDIF
      A(I) = A(I) + T
    ENDDO

(f) DO I = 1, N
      A(J(I)) = A(K(I)) + 1
    ENDDO