Page 1 of 26

Sun MP C Compiler Technical White Paper

SunSoft, Inc.

2550 Garcia Avenue Mountain V iew, CA 94043 USA 415 960-1300 fax 415 969-9131

A Sun Micr osystems, Inc. Business

Sun MP C Compiler

Page 2 of 26

Copyright 1996 Sun Micr osystems, Inc., 2550 Gar cia Avenue, Mountain V iew, California 94043-1 100 U.S.A. All rights reserved.

This pr oduct or document is pr otected by copyright and distributed under licenses r estricting its use, copying, distribution, and decompilation. No part of this pr oduct or document may be r eproduced in any form by any means without prior written authorization of Sun and its licensors, if any .

Portions of this pr oduct may be derived fr om the UNIX^® system, licensed fr om Novell, Inc., and fr om the Berkeley 4.3 BSD system, licensed fr om the University of California. UNIX is a r egister ed trademark in the United States and other countries and is exclusively licensed by X/Open Company Ltd. Thir d-party softwar e, including font technology in this pr oduct, is protected by copyright and licensed fr om Sun’s suppliers.

RESTRICTED RIGHTS LEGEND: Use, duplication, or disclosur e by the government is subject to r estrictions as set forth in subparagraph (c)(1)(ii) of the Rights in T echnical Data and Computer Softwar e clause at DF ARS 252.227-7013 and FAR 52.227-19.

Sun, Sun Micr osystems, the Sun logo, Solaris ar e trademarks or r egister ed trademarks of Sun Micr osystems, Inc. in the United States and other countries. All SP ARC trademarks ar e used under license and ar e trademarks or r egister ed trademarks of SP ARC International, Inc. in the United States and other countries. Pr oducts bearing SP ARC trademarks ar e based upon an ar chitectur e developed by Sun Micr osystems, Inc.

The OPEN LOOK^® and Sun™ Graphical User Interfaces wer e developed by Sun Micr osystems, Inc. for its users and licensees. Sun acknowledges the pioneering ef forts of Xer ox in r esear ching and developing the concept of visual or graphical user interfaces for the computer industry . Sun holds a non-exclusive license fr om Xerox to the Xer ox Graphical User Interface, which license also covers Sun’s licensees who implement OPEN LOOK GUIs and otherwise comply with Sun’s written license agr eements.

X Window System is a trademark of X Consortium, Inc.

THIS PUBLICATION IS PROVIDED “AS IS” WITHOUT W ARRANTY OF ANY KIND, EITHER EXPRESS OR IMPLIED, INCLUDING, BUT NOT LIMITED T O, THE IMPLIED W ARRANTIES OF MERCHANT ABILITY, FITNESS FOR A PARTICULAR PURPOSE, OR NON-INFRINGEMENT .

Page 3 of 26

Sun MP C Compiler (Technical White Paper)

Vinod Grover Douglas Walls

November 11, 1996

1. Introduction

Sun MP C is an extended ANSI C compiler that can compile code to r un on SP ARC shar ed memory multipr ocessor machines. The compiled code, may r un in parallel using the multiple processors on the system.

The MP C compiler is integrated with the Sun optimizing compilers. The Sun optimizing compilers alr eady have capabilities to exploit instr uction level parallelism. These capabilities ar e enhanced by the analysis performed by the MP compilers.

The MP C compiler also supports extensions that allow users to contr ol parallelism explicitly .

The MP C compiler generates parallel code for those loops that it determines ar e safe to parallelize. T ypically, these loops have iterations that ar e independent of each other . For such loops, it does not matter in what or der the iterations ar e executed or if they ar e executed in parallel. Many , not all, vector loops fall into this category .

The MP C compiler is able to perform extensive automatic r estructuring of user code. These automatic transformations expose higher degr ees of loop level parallelization. These transformations include: loop inter change, loop fusion, loop distribution and softwar e pipelining.

MP C pr ovides explicit and automatic capabilities for parallelizing loops in ANSI C. This product is chiefly intended to be useful to users who write loop intensive codes that ar e common in certain numeric and scientific codes. Some vector codes fall in this category . These codes typically spend significant amount of time in loops that pr ocess data stor ed in arrays. The loops to which the parallelizing capability is applicable ar e further r estricted to Fortran style DO loops. This means that the loop in question must have an index variable that changes with a uniform step.

Due to the potential of aliasing in C, it is especially har d to determine the safety of parallelization. T o make the compiler's job easier , MP C offers pragmas and pointer qualifications to pr ovide aliasing information to the compiler .

MP C does not of fer any capabilities to automatically parallelize arbitrary r egions of code or other C statements. Of course the user can use user -level thr eads to parallelize applications instead of MP C.

1.1. Caveats

Often dramatic speedups can be obtained automatically , by simply compiling the pr ogram with the appr opriate compilation flags. Often these dramatic speedups will fail to scale up as the number of pr ocessors is incr eased. But mor e often, it would not be the case that the pr ogram will speedup right away . There may be cases when the pr ogram will even slowdown. In such cases

Sun MP C Compiler

Page 4 of 26 Overview of Parallelization Concepts.

tuning and measur ement of the code would be needed. Based on this the user could use directives or pragmas, or even r estructur e the code.

For certain applications attempts at automatic parallelization, explicit use of pragmas, restructuring or tuning may be well worth the ef fort.

This document attempts to educate the user about what factors can benefit parallelization and what factors can hurt it. Hopefully the user will be able to decide for himself if the ef fort is worth it.

1.2. Example of Use.

The following example illustrates the use of MP C and how parallel execution can be contr olled. In order to enable parallelization of the tar get pr ogram the -xautopar option can be used as follows:

%
% cc -fast -xO4 -xautopar example.c -o example
%

This results in an executable called example to be generated, which can be executed normally . If multipr ocessor execution is desir ed then an envir onment variable needs to be set:

%
% setenv PARALLEL 2
%

This will enable the execution of the pr ogram on two thr eads. If the tar get machine has multiple processors, then this will allow the thr eads to map to independent pr ocessors.

%
% example
%

Running the pr ogram will now lead to cr eation of two thr eads that will execute the parallelized portions of the pr ogram.

2. Overview of Parallelization Concepts.

2.1. Data Dependence and Interference.

The MP C compiler performs analysis on loops in pr ograms to determine if it is safe to execute different iterations of the loops in parallel. The purpose of this analysis is to determine if any two iterations of the loop could interfer e with each other . Typically this happens if one iteration of a variable could r ead a variable while another iteration is writing the very same variable. Consider the following pr ogram fragment:

example 1.

   for (i=1; i < 1000; i++) {
      sum = sum + a[i]; /* S1 */
   }

Sun MP C Compiler

Overview of Parallelization Concepts. Page 5 of 26

In this example, any two successive iterations, i and i+1, will write and r ead the same variable sum. Ther efore, in or der for these two iterations to execute in parallel some form of locking on the variable would be r equir ed. Otherwise it is not safe to allow the two iterations to execute in parallel.

However , the use of locks imposes over head that might slowdown the pr ogram. The MP C compiler will not or dinarily parallelize the above loop.

In the above example ther e is a data dependence between two iterations of the loop.

Consider another example.

example 2.

   for (i=1; i < 1000; i++) {
      a[i] = 2 * a[i]; /* S1 */
 }

In this case each iteration of the loop r eferences a dif ferent array element. Ther efore different iterations of the loop can be executed in any or der. They may be executed in parallel without any locks because no two data elements of dif ferent iterations can possibly interfer e.

The analysis performed by the compiler to determine if two dif ferent iterations of a loop could reference the same variable is called “data dependence analysis”.

Data dependences pr event loop parallelization if one of the r eferences writes to the variable.

The dependence analysis performed by the compiler can have 3 outcomes:

1) There is a dependence: in this case it is not safe to execute the loop in parallel. Example 1 above illustrates this.

2) There is no dependence in this loop, the loop may safely be executed in parallel using an arbitrary number of pr ocessors. Example 2 above illustrates this case

3) The dependence cannot be determined: in this case it is not clear if ther e is a data dependence or not. So the compiler , for safety , assumes that ther e might be a dependence that pr events parallel execution of the loop and will not parallelize the loop.

example 3.

   for (i=1; i < 1000; i++) {
       a[b[i]] = 2 * a[i];
   }

In this example, whether or not two iterations of the above loop write to the same element of array ‘a’ depends on whether or not array b contains duplicate elements. Unless the compiler can determine this fact, it will assume that ther e is a dependence and will not parallelize the loop.

2.2. Parallel Execution Model

The parallel execution of loops is performed by Solaris thr eads. The thr ead starting the initial execution of the pr ogram is called the “master thr ead”. At pr ogram start-up the master thr ead creates multiple “slave” thr eads. At the end of the pr ogram all the slave thr eads ar e terminated. Slave thr ead cr eation is performed exactly once to minimize the over head.

Sun MP C Compiler

Page 6 of 26 Overview of Parallelization Concepts.

FIGURE 1. Master and Slave Threads

After start-up, master thr ead starts the execution of the pr ogram while slave thr eads wait idly . When the master thr ead encounters a parallel loop, dif ferent iterations of the loop ar e distributed among the slave and master thr eads which start the execution of the loop. After each thread finishes execution of its chunk it synchr onizes with the r emaining thr eads. This synchr onization point is called a “barrier”. The master thr ead cannot continue executing the remainder of the pr ogram until all the thr eads have finished their work and r eached the barrier . The slave thr eads go into a wait state after the barrier waiting for mor e parallel work, and the master thr ead continues execution of the pr ogram.

In this pr ocess several over heads can occur: 1) the over head of synchr onization and work distribution, and 2) the over head of barrier synchr onization. In general ther e may be some parallel loops for which the amount of useful work performed is not enough to over come the overhead. For such loops ther e may be appr eciable slowdown.

FIGURE 2. Parallel Execution of a Sample Program

Master Thread

Master Thread

Slave Threads

S1 P1 S2 P2

S3

Sun MP C Compiler

Overview of Parallelization Concepts. Page 7 of 26

2.3. Private Variables.

2.3.1. Private Scalars

There are some data dependences for which the compiler may still be able to parallelize a loop. Consider the following example.

example 4.

   for (i=1; i < 1000; i++) {
       t = 2 * a[i]; /* S1 */
       b[i] = t;     /* S2 */
 }

In this example, assuming that arrays a and b ar e non-overlapping arrays, ther e appears to be a data dependence in any two iterations due to the variable t. If we observe iterations 1 and 2 we will see the following statements being executed:

   t = 2*a[1];  /* 1 */
   b[1] = t;     /* 2 */
   t = 2*a[2];  /* 3 */
   b[2] = t;     /* 4 */

Because statements 1 and 3 modify the variable t, one cannot execute these two in parallel. But we know that for each iteration the value of t that is used is always computed in the same iteration, we can use a separate copy of t for each iteration. This eliminates the interfer ence between dif ferent iterations due to such variables. In ef fect, we have made variable t as a private variable for each thr ead executing that iteration. This can be illustrated as follows:

example 5.

   for (i=1; i < 1000; i++) {
       pt[i] = 2 * a[i]; /* S1 */
      b[i] = pt[i];      /* S2 */
  }

This is essentially the same example as example 3, but each scalar variable r eference ‘t’ is now replaced by an array r eference ‘pt’. Each iteration now uses a dif ferent element of pt, and this results in eliminating any data dependencies between any two iterations. Of course one pr oblem with this illustration is that this may lead to an extra lar ge array . In practice, the compiler only allocates one copy of the variable for each thr ead that will participate in the execution of the loop. Each such variable is, in ef fect, private to the thr ead.

2.3.2. Private Arrays.

In pr evious section we described how privatization of a scalar variable can cr eate opportunities for parallel execution of loops. The same can be done for array variable as the following example illustrates:

example 6.

   for (i=1; i < 1000; i++) {
      for (j=1; j < 1000; j++) {
        x[j] = 2 * a[i]; /* S1 */
        b[i][j] = x[j];   /* S2 */
    }
 }

In this example, dif ferent iterations of the outer loop modify same elements of array x, and thus the outer loop cannot be parallelized. However , if each thr ead executing the outer loop

Sun MP C Compiler

Page 8 of 26 Overview of Parallelization Concepts.

iterations had a private copy of the entir e array x, then ther e would be no interfer ence between any two iterations of the outer loop. This is illustrated as follows:

example 7.

   for (i=1; i < 1000; i++) {
      for (j=1; j < 1000; j++) {
         px[i][j] = 2 * a[i]; /* S1 */
         b[i][j] = px[i][j]; /* S2 */
    }
  }

As in the case of private scalars, it is not necessary to expand the array for all the iterations, but only up to the number of thr eads executing in the systems. This is done automatically by the compiler by allocating one copy of the original array in the private space of each thr ead.

2.4. Storeback

Privatization of variables can be very useful for impr oving the parallelism in the pr ogram. However , if the private variable is r eferenced outside the loop then the compiler needs to assur e that it has the right value.

example 8.

   for (i=1; i < 1000; i++) {
       t = 2 * a[i]; /* S1 */
       b[i] = t;     /* S2 */
  }
    x = t;       /* S3 */

In this example the value of t r eferenced in statement S3 is the final value of t computed by the loop. After the variable t has been privatized and the loop has finished executing, the right value of t needs to be stor ed back into the original variable. This is called “stor eback”. This is done by copying the value of t on the final iteration back to the original location of variable t. In many cases the compiler can do this automatically . But ther e are situations wher e the last value cannot be computed so easily .

example 9.

   for (i=1; i < 1000; i++) {
       if (c[i] > x[i] ) {/* C1 */
         t = 2 * a[i];     /* S1 */
         b[i] = t;          /* S2 */
     }
  }
    x = t*t;              /* S3 */

For corr ect execution, the value of t in statement S3 is not, in general, the value of t on the final iteration of the loop. It is in fact the last iteration for which the condition C1 is tr ue. Computing the final value of t is quite har d in the general cases. In cases like this the compiler will not parallelize the loop.

2.5. Reduction Variables

There are cases when ther e is a real dependence between iterations of a loop and the variables causing the dependence cannot simply be made private. This can arise, for example, when values ar e being accumulated fr om one iteration to the next.

example 10.

Sun MP C Compiler

Speedups Page 9 of 26

   for (i=1; i < 1000; i++) {
         sum += a[i]*b[i];   /* S1 */
  }

In this example the loop computes the vector pr oduct of two arrays into a common variable called sum. This loop cannot be parallelized in a simple manner . The compiler can take advantage of the associative natur e of the computation in statement S1 and allocate a private variable called psum[i] for each thr ead. Each copy of the variable psum[i] is initialized to 0. Each thread computes the its own partial sum in its own copy of the variable psum[i]. Befor e crossing the barrier , all the partial sums ar e added onto the original variable sum. In this example the variable sum is called a r eduction variable because it computes a sum-r eduction. However , one danger of pr omoting scalar variables to r eduction variables is that the manner in which roundof fs are accumulated can change the final value of sum.

Compiler will do this transformation only if the user specifically gives permission for it.

3. Speedups

If the portion of pr ogram wher e significant portion of time is spent does not get parallelized, then no speedup will occur . This is basically a consequence of Amdahl’s Law . For example, if a loop that accounts for only 5% of execution of a pr ogram is parallelized, then the overall speedup will be limited to 5%. However , in practice, depending on the size of the workload and parallel execution over heads ther e may not be any speedups.

So as a general r ule, lar ger the fraction of pr ogram execution that is parallelized, lar ger is the likelihood of a speedup.

Each parallel loop incurs a small over head during start-up and shutdown. The start over head includes the cost of work distribution, and the shutdown over head includes the cost of the barrier synchr onization. If the total amount of work performed by the loop is not big enough then no speedup will occur . In fact the loop might even slow down. So if a lar ge amount of program execution is accounted by a lar ge number of short parallel loops, then the whole program may slow down instead of speeding up.

The compiler performs several loop transformations that try to incr ease the granularity of the loops. Some of these transformations ar e: loop inter change, and loop fusion.

So in general, if the amount of parallelism in a pr ogram is small or is fragmented among small parallel r egions then speedup will be less.

Often scaling up a pr oblem size impr oves the fraction of parallelism in a pr ogram. For example, consider a pr oblem that consists of two parts: a quadratic part that is sequential, and a cubic part that is parallelizable. For this pr oblem the parallel part of the workload gr ows faster than the sequential part. So at some point the pr oblem will speedup nicely , unless it r uns into r esour ce limitations.

Many users would have to do some tuning, experimentation with dir ectives, pr oblem sizes and program r estructuring in or der to achieve benefits fr om parallel C.

3.1. Amdahl’s Law

Fixed pr oblem-size speedup is generally governed by Amdahl’s law . Amdahl’s Law simply says that the amount of parallel speedup in a given pr oblem is limited by the sequential portion of the pr oblem.

(EQ 1) 1 S -- F 1 F–( ) P ------------------- + =

Sun MP C Compiler

Page 10 of 26 Speedups

The above equation describes the speedup of a pr oblem wher e F is the fraction of time spent in sequential r egion, and the r emaining fraction of the time is spent uniformly among P pr ocessors. As one can see that if the second term of the equation dr ops to zer o the total speedup is bounded by the first term, which r emains fixed.

FIGURE 3. Fixed Problem Speedups

The above diagram illustrates this concept diagrammatically . The darkly shaded potion represents the sequential part of the pr ogram, and r emains constant for 1, 2, 4, and 8 pr ocessors, while the lightly shaded portion r epresents the parallel portion of the pr ogram that can be divided uniformly among arbitrary number of pr ocessors.

In reality, however , ther e may be over heads incurr ed due to communication and distribution of work to multiple pr ocessors. These over heads may or may not be fixed for arbitrary number of processors used.

Figur e 4. Illustrates the ideal speedups for a pr ogram continuing 0%, 2%, 5%, and 10% sequential portions. Her e no over head is assumed.

3.1.1. Overheads

Once the over heads ar e incorporated in the model the speedup curves change dramatically . Just for the purposes of illustration we assume over heads to consist of two parts: a fixed part which is independent of the number of pr ocessors, and a non-fixed part that gr ows quadratically with the number of the pr ocessors used. i.e.:

(EQ 2)

In this equation K1 and K2 ar e some fixed factors. Under these assumptions the speedup curve is shown in Figur e 5.

P 1 2 4 8

1 S -- 1 F 1 F P ---–

K_1 K_2P^2 + + +

------------------------------------------------------------- =

Sun MP C Compiler

Speedups Page 11 of 26

FIGURE 4. Amdahl’s Law Speedup Curve

Sun MP C Compiler

Page 12 of 26 Speedups

FIGURE 5. Speedup Curve with Overheads

It is inter esting to note that in this case the speedups peak out. After a certain point adding mor e processors is detrimental to performance.

3.2. Gustafson’s Law

Amdahl’s Law can be misleading for pr edicting parallel speedups in r eal pr oblems. The fraction of time spent in sequential sections of the pr ogram sometimes depends on the pr oblem size. That is by scaling the pr oblem size one may impr ove the chances of speedup. This can best be illustrated by an example.

/*
 * initialize the arrays
 */
for (i=0; i < n; i++) {
  for (j=0; j < n; j++) {
     a[i][j] = 0.0;
     b[i][j] = ...
     c[i][j] = ...
  }
}
/*
 * matrix multiply
 */

Sun MP C Compiler

Load Balance and Loop Scheduling. Page 13 of 26 for (i=0; i < n; i++) {
   for(j=0; j < n; j++) {
      for (k=0; k < n; k++) {
         a[i][j] = b[i][k]*c[k][j];
      }
   }
}

Assuming ideal over head of zer o, and that the only the second loop nest is executed in parallel, it is easy to see that for small pr oblem sizes (i.e. small values of n), the sequential and parallel parts of the pr ogram ar e not so far fr om each other . But as n gr ows lar ger the time spent in the parallel part of the pr ogram gr ows faster than the time spent in the sequential part. For this problem, it is beneficial to incr ease the number of pr ocessors as the pr oblem size incr eases.

4. Load Balance and Loop Scheduling.

The pr ocess of distributing iterations of a parallel loop to multiple thr eads is called “loop scheduling”. In or der to maximize the speedup it is important that the work be distributed evenly among the thr eads while not imposing too much over head. MP C of fers several types of scheduling for dif ferent situations.

4.1. Static or Chunk Scheduling.

When the work performed by dif ferent iterations of a loop is the same then it is beneficial to divide the work evenly among the dif ferent thr eads on the system. This appr oach is known as “static” scheduling.

example 1 1.

   for (i=1; i < 1000; i++) {
         sum += a[i]*b[i];   /* S1 */
 }

Under static or chunk scheduling, each thr ead will get the same number of iterations. If ther e were 4 thr eads, then in the above example, each thr ead will get 250 iterations. Pr ovided ther e are no interr uptions and each thr ead pr ogresses at the same rate, all the thr eads will complete at the same time.

4.2. Self Scheduling

When the work performed by each iteration varies, static scheduling will in general not achieve good load balance. In static scheduling, each thr ead grabs the same chunk of iterations. All threads, except the master thr ead, upon completion of its chunk waits to participate in the next parallel loop execution. The master thr ead continues execution of the pr ogram.

In self scheduling, each thr ead grabs a dif ferent a small chunk of iteration and after completion of its assigned chunk it tries to acquir e mor e chunks fr om the same loop.

4.3. Guided Self Scheduling

In guided self scheduling (GSS), each thr ead gets successively smaller number of chunks. In cases wher e the size of each iteration varies, GSS can help balance the load.

Sun MP C Compiler

Page 14 of 26 Loop Transformations

5. Loop Transformations

MP C compiler performs several loop r estructuring transformations to help impr ove the parallelization of loop in pr ograms. Some of these transformations can also impr ove the single processor execution of loops as well. The transformations performed by the compiler ar e described below .

5.1. Loop Distribution

Often loops contain a few statements that cannot be executed in parallel and many statements that can be executed in parallel. Loop Distribution attempts to r emove the sequential statements into a separate loop and gather the parallelizable statements into a dif ferent loop. This is illustrated in the following example:

example <n>

    for (i=0; i < n; i++) {
        x[i] = y[i] + z[i]*w[i];                     /* S1 */
        a[i+1] = (a[i-1] + a[i] + a[i+1]/3.0;    /* S2 */
        y[i] = z[i] - x[i];                             /* S3 */
}

Assuming that arrays x, y , w, a, and z do not overlap, statements S1 and S3 can be parallelized but statement S2 cannot be. But if the loop wer e split or distributed into two dif ferent loops:

example <n>

    /* L1: parallel loop */
     for (i=0; i < n; i++) {
        x[i] = y[i] + z[i]*w[i];             /* S1 */
        y[i] = z[i] - x[i];                     /* S3 */
     }
    /* L2: sequential loop */
     for (i=0; i < n; i++) {
        a[i+1] = (a[i-1] + a[i] + a[i+1]/3.0;   /* S2 */
   }

After this transformation, loop L1 above does not contain any statements that pr event the parallelization of the loop and may be executed in parallel. The second loop L2, however , still has a non-parallelizable statement fr om the original loop.

Loop distribution is not always pr ofitable or safe to perform. Compiler performs analysis to determine the safety and pr ofitability of distribution.

5.2. Loop Fusion

When the granularity or the work performed by a loop is small, one may not get big enough performance gain. This is because the parallel loop start-up is too high compar ed to the loop workload. Loop fusion can be used to combine several loops into a single parallel loop, and thus increase the granularity of the loop. This is easily and safely done when loops with identical trip counts ar e adjacent to each other .

example <n>

    /* L1: short parallel loop */
     for (i=0; i < 100; i++) {
       a[i] = a[i] + b[i]; /* S1 */
   }
    /* L2: another short parallel loop */
     for (i=0; i < 100; i++) {

Sun MP C Compiler

Loop Transformations Page 15 of 26

       b[i] = a[i] * d[i]; /* S2 */
   }

In this example two short parallel loops ar e next to each other , and can be safely combined as follows:

    /* L3: a larger parallel loop */
     for (i=0; i < 100; i++) {
       a[i] = a[i] + b[i]; /* S1 */
       b[i] = a[i] * d[i]; /* S2 */
   }

This allows the parallel loop execution over head to be cut in half. Loop fusion can also help in other ways. For example if the same data is r eferenced in two loops, then combining them can impr ove the locality of r eference.

Loop fusion is not always safe to perform. If loop fusion cr eates a data dependence that did not exist befor e then the fusion may r esult in incorr ect execution.

example <n>

     /* L1: short parallel loop */
     for (i=0; i < 100; i++) {
       a[i] = a[i] + b[i]; /* S1 */
   }
    /* L2: a short loop with data dependence */
     for (i=0; i < 100; i++) {
       a[i+1] = a[i] * d[i]; /* S2 */
   }

If loop fusion wer e to be done in the above example, then a data dependence would be cr eated from statement S2 to S1. In ef fect the value of a[i] in the right hand side of statement S1 would be that computed in statement S2. Which is not what would happen if the loops wer e not fused.

The compiler performs safety and pr ofitability analysis to determine if loop fusion should be done. Often it can fuse an arbitrary number of loops. Incr easing the granularity in this manner can sometimes push it far enough up for the loop to be pr ofitable for parallelization.

5.3. Loop Interchange

It is generally mor e profitable to parallelize the outermost loop in a nest of loops, since the overheads incurr ed ar e small. However , it is not always safe to parallelize the outermost loops due to dependences that might be carried by such loops. This is illustrated in the following example:

example <n>

for (i=0; i <n; i++) {
for (j=0; j <n; j++) {
a[j][i+1] = 2.0*a[j][i-1];
}
}

In this example, the loop with the index variable i cannot be parallelized, because of a dependency between two successive iterations of the loop. The two loops could be inter changed and the parallel loop (i.e. the j-loop) will now become the outer loop.

for (j=0; j<n; j++) {
for (i=0; i<n; i++) {
a[j][i+1] = 2.0*a[j][i-1];
}
}

Sun MP C Compiler

Page 16 of 26 Aliasing and Parallelization.

The resulting loop will incur an over head of parallel work distribution only once, while previously the over head would have been incurr ed “n” times. The MP C compiler , as usual, performs safety and pr ofitability analysis to determine whether to perform loop inter change.

6. Aliasing and Parallelization.

ANSI C aliasing can often pr event loops fr om getting parallelized. Aliasing occurs when two references might r efer to the same memory location. Consider the following example:

example <n>
    void copy(float a[], float b[], int n) {
        int i;
        for (i=0; i < n; i++) {
           a[i] = b[i];   /* S1 */
      }
   }

Since variables a and b ar e parameters, it is possible that a and b may be pointing to overlapping regions of memory . e.g if copy wer e called as follows:

example:

    copy (x[10], x[11], 20);

In the called r outine, two successive iterations of the copy loop may be r eading and writing the same element of the array x. However , if the r outine copy wer e called as follows:

example:

    copy (x[10], x[40], 20);

then no possibility of overlap exists in any of the 20 iterations of the loop that will be executed. In general, it is not possible for the compiler to analyze this situation corr ectly without knowing how the r outine is called.

MP C pr ovides a keywor d extension to ANSI C that permits the pr ogrammer to convey this kind of aliasing information. See description of Restrict Pointers below .

6.1. Array and Pointer References.

Part of the aliasing pr oblem is caused by the natur e of the C language in defining array referencing and definition via pointer arithmetic.

In order for the compiler to ef fectively parallelize loops, either automatically or explicitly via pragmas, all data that is laid out as an array must be r eferenced using C array r eference syntax and not pointers. If pointer syntax is used, the compiler cannot determine the r elationship of the data between dif ferent iterations of a loop. Thus it will be conservative and not parallelize the loop.

6.2. Restricted Pointers

In order for a compiler to ef fectively perform parallel execution of a loop, it needs to determine if certain lvalues designate distinct r egions of storage. Aliases ar e lvalues whose r egions of storage ar e not distinct. Determining if two pointers to objects ar e aliases is a dif ficult and time consuming pr ocess because it could r equir e analysis of the entir e program.

Consider function vsq() below:

Sun MP C Compiler

Aliasing and Parallelization. Page 17 of 26

        void vsq(int n, double * a, double * b) {
            int i;
            for (i=0; i<n; i++) {
              b[i] = a[i] * a[i];
          }
      }

The compiler can parallelize the execution of the dif ferent iterations of the loops if it knows that pointers a and b access dif ferent objects. If ther e is an overlap in objects accessed thr ough pointers a and b then it would be unsafe for the compiler to execute the loops in parallel. At compile time the compiler does not know if the objects accessed by a and b overlap by simply analyzing the function vsq(); the compiler may need to analyze the whole pr ogram to get this information.

Restricted pointers ar e used to specify pointers which designate distinct objects so that the compiler can perform pointer alias analysis. T o support r estricted pointers, the keywor d “_Restrict” is r ecognized by our ANSI C compiler as an extension. Below is an example of declaring function parameters of vsq() as r estricted pointers:

        void vsq(int n, double * _Restrict a, double * _Restrict b)

Pointers a and b ar e declar ed as r estricted pointers, so the compiler knows that the r egions of storage pointed to by a and b ar e distinct. W ith this alias information, the compiler is able to parallelize the loop.

_Restrict is a type-qualifier , like volatile, and it shall only qualify pointer types. _Restrict is recognized as a keywor d only for compilations modes -Xa (default) and -Xt. For these two compilation modes, the compiler defines the macr o __RESTRICT to allow users to easily write portable code with r estricted pointers. For example, the following code should work on our compiler (all compilation modes) as well as on other compilers which do not support r estricted pointers:

        #ifdef __RESTRICT
          #define restrict _Restrict
        #else
          #define restrict
        #endif
         void vsq(int n, double * restrict a, double * restrict b)
         {
                int i;
                for (i=0; i<n; i++)
                   b[i] = a[i] * a[i];
       }

Should r estricted pointers become part of the ANSI C Standar d, it is most likely that “r estrict” will be the keywor d. Users may want to write code with r estricted pointers using:

        #define restrict _Restrict

as in vsq() because this way ther e will be minimal changes should “r estrict” become a keywor d in the ANSI C Standar d. We chose _Restrict as the keywor d because it is in the implementor ’s name space, so ther e is no conflict with identifiers in the user ’s name space.

There are situations in which a user may not want to change the sour ce code. One can specify pointer valued function parameters to be tr eated as r estricted pointers with the command line option:

        -xrestrict=[func1,...,funcn]

If a function list is specified, then pointer parameters in the specified functions ar e treated as restricted; otherwise, all pointer parameters in the entir e C file ar e treated as r estricted. For

Sun MP C Compiler

Page 18 of 26 Explicit Parallelization and Pragmas example, -xr estrict=vsq, would qualify the pointers a and b given in the first example of the function vsq() above with the keywor d _Restrict.

It is critical that _Restrict be used corr ectly. If pointers qualified as r estricted pointers point to objects which ar e not distinct, loops may be incorr ectly parallelized r esulting in undefined behavior . For example, assume that pointers a and b of function vsq() point to objects which overlap, such that b[i] and a[i+1] ar e the same object. If a and b ar e not declar ed as r estricted pointers the loops will be executed serially . If a and b ar e incorr ectly qualified as r estricted pointers the compiler may parallelize the execution of the loops, which is not safe, because b[i+1] should only be computed after b[i] had been computed.

7. Explicit Parallelization and Pragmas

As mentioned earlier , often ther e isn’t sufficient information available to the compiler to make a good decision on the legality or pr ofitability of parallelization. MP C supports pragmas that allow the pr ogrammer to ef fectively parallelize loops that otherwise would be too har d or impossible for the compiler to handle.

7.1. Serial Pragmas

There are two serial pragmas, both apply to “for” loops:

1) #pragma MP serial_loop

2) #pragma MP serial_loop_nested

7.1.1. Serial loop pragma

   #pragma MP serial_loop

The “serial_loop” pragma indicates to the compiler that the next “for” loop is not to be implicitly/automatically parallelized.

7.1.2. serial_loop_nested Pragma

   #pragma MP serial_loop_nested

The “serial_loop_nested” pragma indicates to the compiler that the next “for” loop and any “for” loops nested within the scope of this “for” loop ar e not to be implicitly/automatically parallelized. The scope of the serial_loop_nested pragma does not extend beyond the scope of the loop to which it applies.

7.2. Parallel Pragmas

There is one parallel pragma:

   #pragma MP taskloop

The MP taskloop pragma can, optionally , take one or mor e of the following ar guments.

1) maxcpus (number_of_pr ocessors)

2) private (list_of_private_variables)

3) shar ed (list_of_shar ed_variables)

4) readonly (list_of_r eadonly_variables)

5) storeback (list_of_stor eback_variables)

Sun MP C Compiler

Explicit Parallelization and Pragmas Page 19 of 26

6) savelast

7) reduction (list_of_r eduction_variables)

8) schedtype (scheduling_type)

Only one options can be specified per MP taskloop pragma, however the pragmas ar e cumulative and apply to the next for loop encounter ed within the curr ent block in the sour ce code:

        #pragma MP taskloop maxcpus(4)
        #pragma MP taskloop shared(a,b)
        #pragma MP taskloop storeback(x)

These options may appear multiple times prior to the for loop to which they apply . In case of conflicting options, the compiler will issue a warning message.

7.3. #pragma MP taskloop [options]

A MP taskloop pragma applies to the next “for” loop within the curr ent block.

A MP taskloop pragma suggests to the compiler that, unless otherwise disallowed (see Ineligibility issues), the specified for loop should be parallelized.

7.3.1. Nesting of “for” loops

There is no nesting of parallelized for loops by the MP C.

7.3.2. Ineligibility issues

For loops with irr egular contr ol flow and unknown loop iteration incr ement ar e not eligible for parallelization. For example, for loops containing setjmp, longjmp, exit, abort, r eturn, goto, labels, and br eak should not be consider ed as candidates for parallelization.

Inter -iteration dependencies:

Of particular importance is to note that for loops with inter -iteration dependencies ar e not ineligible for explicit parallelization. This means that if a MP taskloop pragma is specified for such a loop the compiler will simply honor it, unless the for loop is disqualified (see Ineligibility issues). It is the user ’s responsibility to make sur e that such explicit parallelization will not lead to incorr ect results.

7.3.3. Interaction between serial pragmas and parallel pragmas

If both the “serial_loop” or “serial_loop_nested” and “taskloop” pragmas ar e specified for a for loop the last one specified will pr evail.

Consider the following example:

      #pragma MP serial_loop_nested
          for (i=0; i<100; i++) {
         # pragma MP taskloop
           for (j=0; j<1000; j++) {
                   ...
          }
         }

The i loop will not be parallelized but the j loop can be.

Sun MP C Compiler

Page 20 of 26 Explicit Parallelization and Pragmas

7.4. #pragma MP taskloop maxcpus(number_of_processors)

Specifies the number of pr ocessors to be used for this loop, if possible.

The value of maxcpus must be a positive integer . If maxcpus equals 1, then the specified loop will be executed in serial. (Note setting maxcpus to be 1 is equivalent to specifying the “doserial” dir ective.) The smaller of the values of maxcpus or the interpr eted value of the PARALLEL envir onment variable will be used. When the envir onment variable P ARALLEL is not specified, it is interpr eted as having the value 1.

If more than one “maxcpus” pragma is specified for a for loop the last one specified will pr evail.

7.5. Default scoping rules.

A variable used in a loop is classified as being either a “private”, “shar ed”, “reduction”, or “readonly” variable. The variable will belong to only one of these classifications. A variable can only be classified as a r eduction or r eadonly variable via an explicit pragma. See #pragma MP taskloop r eduction and #pragma MP taskloop r eadonly . A variable can be classified as being either a “private or “shar ed” variable via an explicit pragma or thr ough the following default scoping r ules.

A private variable is one whose value is private to each pr ocessor pr ocessing some iterations of a for loop. In other wor ds, the value assigned to a private variable in one iteration of a for loop is not pr opagated to other pr ocessors pr ocessing other iterations of that for loop. A shar ed variable, on the other hand, does not have this pr operty . A shar ed variable is a variable whose curr ent value is accessible by all pr ocessors pr ocessing iterations of a for loop. The value assigned to a shar ed variable by one pr ocessor working on iterations of a loop may be seen by other pr ocessors working on other iterations of the loop. Loops being explicitly parallelized through use of #pragma MP taskloop dir ectives, that contain r eferences to shar ed variables, must ensur e that such sharing of values does not cause any corr ectness pr oblems (i.e. race conditions). No synchr onization is pr ovided by the compiler on updates and accesses to shar ed variables in an explicitly parallelized loop.

In analyzing explicitly parallelized loops, the compiler uses the following “default scoping rules” to determine whether a variable is private or shar ed:

• If a variable is not explicitly classified via a pragma, the variable will default to being

classified as a shar ed variable if it is declar ed as a pointer or array , and is only referenced using array syntax within the loop. Otherwise, it will be classified as a private variable.

• The loop index variable is always tr eated as a private variable and is always a

storeback variable.

It is HIGHL Y RECOMMENDED that all variables used in an explicitly parallelized for loop, be explicitly classified as one of shar ed, private, r eduction or r eadonly , so to avoid the “default scoping r ules.”

Since the compiler does not perform any synchr onization on accesses to shar ed variables, extreme car e must be exer cised befor e using a MP taskloop pragma for a loop that contains, for example, array r eferences. If inter -iteration data dependencies exist in such an explicitly parallelized loop, then its parallel execution may give err oneous r esults. The compiler may be able to detect such a potential pr oblem situation and issue a warning message, but in general it may not be able to do so. In any case the compiler will not disable the explicit parallelization of loops with potential shar ed variable pr oblems.

Sun MP C Compiler

Explicit Parallelization and Pragmas Page 21 of 26

7.6. Private Variables

     #pragma MP taskloop private (list_of_private_variables)

Specifies all the variables that should be tr eated as private variables for this loop. All other variables used in the loop that ar e not explicitly specified as shar ed, readonly , or reduction variables, will be either shar ed or private as defined by the default scoping r ules.

A private variable is one whose value is private to each pr ocessor pr ocessing some iterations of a loop. In other wor ds, the value assigned to a private variable by one of the pr ocessors working on iterations of a loop is not pr opagated to other pr ocessors pr ocessing other iterations of that loop. A private variable has no initial value at the start of each iteration of a loop and must be set to a value within the iteration of a loop prior to its first use within that iteration. Execution of a program with a loop containing an explicitly declar ed private variable whose value is used prior to being set will r esult in undefined behavior .

7.7. Shared Variables

    #pragma MP taskloop shared (list_of_shared_variables)

Specifies all the variables that should be tr eated as shar ed variables for this loop. All other variables used in the loop that ar e not explicitly specified as private, r eadonly , storeback or reduction variables, will be either shar ed or private as defined by the default scoping r ules.

A shar ed variable is a variable whose curr ent value is accessible by all pr ocessors pr ocessing iterations of a for loop. The value assigned to a shar ed variable by one pr ocessor working on iterations of a loop may be seen by other pr ocessors working on other iterations of the loop.

7.8. Read only variables

     #pragma MP taskloop readonly (list_of_readonly_variables)

Read-only variables ar e a special class of shar ed variables that ar e not modified in any iteration of a loop. Specifying a variable as r eadonly indicates to the compiler that it may use a separate copy of that variables value for each pr ocessor pr ocessing iterations of the loop.

7.9. Storeback Variables

     #pragma MP taskloop storeback (list_of_storeback_variables)

A stor eback variable is one whose value is computed in a loop, and this computed value is then used after the termination of the loop. The last loop iteration values of stor eback variables ar e available for use after the termination of the loop. Such a variable is a good candidate to be declar ed explicitly via this dir ective as a stor eback variable when the variable is a private variable, whether by explicitly declaring the variable private or by the default scoping r ules.

Note that the stor eback operation for a stor eback variable occurs at the last iteration of the explicitly parallelized loop, r egardless of whether or not that iteration updates the value of the storeback variable. In other wor ds the pr ocessor that pr ocesses the last iteration of a loop may not be the same pr ocessor that curr ently contains the last updated value for a stor eback variable. Consider the following example:

       #pragma MP taskloop private(x)
       #pragma MP taskloop storeback(x)
        for (i=1; i < n; i++) {
            if (...) {
                x =...

Sun MP C Compiler

Page 22 of 26 Explicit Parallelization and Pragmas

          }
      }
        printf (“%d”, x);

In the above example the value of the stor eback variable x printed out via the printf() call may not be the same as that printed out by a serial version of the i loop, because in the explicitly parallelized case, the pr ocessor that pr ocesses the last iteration of the loop (when i==n), which performs the stor eback operation for x may not be the same pr ocessor that curr ently contains the last updated value for x. The compiler will attempt to issue a warning message to alert the user of such potential pr oblems.

In an explicitly parallelized loop, variables r eferenced as arrays ar e not tr eated as stor eback variables. Hence it is important to include them in the list_of_stor eback_variables if such storeback operation is desir ed (for example, if the variables r eferenced as arrays have been declar ed as private variables).

7.10. Savelast

This pragma specifies that all the private variables of a loop be tr eated as a stor eback variables. The syntax of this pragma is as follows:

      #pragma MP taskloop savelast

It is often convenient to use this form, rather than list out each private variable of a loop when declaring each variable as stor eback variables.

7.11. Reduction Variables

       #pragma MP taskloop reduction (list_of_reduction_variables)

All variables appearing in the r eduction list will be tr eated as r eduction variables for the loop. A reduction variable is one whose partial values can be individually computed by each of the processors pr ocessing iterations of the loop, and whose final value can be computed fr om all its partial values. The pr esence of a list of r eduction variables can facilitate the compiler in identifying that the loop is a r eduction loop, allowing generation of parallel r eduction code for it.

Consider the following example:

        #pragma MP taskloop reduction(x)
             for (i=0; i<n; i++) {
                 x = x + a[i];
          }

the variable x is a (sum) r eduction variable and the i loop is a(sum) r eduction loop.

7.12. Scheduling Control

MP C compiler supports several pragmas, that can be used in conjunction with the taskloop pragma, to contr ol the loop scheduling strategy for a given loop. The syntax for this pragma is as follows:

        #pragma MP taskloop schedtype (scheduling_type)

This pragma can be used to specify the specific scheduling_type to be used to schedule the parallelized loop. Scheduling_type can be one of the following:

• static

Sun MP C Compiler

Explicit Parallelization and Pragmas Page 23 of 26

In static scheduling all the iterations of the loop ar e uniformly distributed among all the participating pr ocessors

Example:

            #pragma MP taskloop maxcpus(4)
             #pragma MP taskloop schedtype(static)
             for (i=0; i<1000; i++) {
               ...
           }

In the above example, each of the four pr ocessors will pr ocess 250 iterations of the loop.

• self [(chunk_size)]

In self scheduling each participating pr ocessor pr ocesses a fixed number of iterations (called the “chunk size”) until all the iterations of the loop have been pr ocessed. The optional chunk_size parameter specifies the “chunk size” to be used. Chunk_size must be a positive integer constant, or variable of integral type. If specified as a variable chunk_size must evaluate to a positive integer value at the beginning of the loop. If this optional parameter is not specified or its value is not positive, the compiler will select the chunk size to be used.

Example:

            #pragma MP taskloop maxcpus(4)
             #pragma MP taskloop schedtype(self(120))
             for (i=0; i<1000; i++) {
               ...
           }

In the above example, the number of iterations of the loop assigned to each participating pr ocessor, in order of work r equest, ar e:

120, 120, 120, 120, 120, 120, 120, 120, 40.

• gss [(min_chunk_size)]

In guided self scheduling each participating pr ocessor pr ocesses a variable number of iterations (called the “chunk size”) until all the iterations of the loop have been processed. The optional min_chunk_size parameter specifies that each variable chunk size used must be at least min_chunk_size in size. Min_chunk_size must be a positive integer constant, or variable of integral type. If specified as a variable min_chunk_size must evaluate to a positive integer value at the beginning of the loop. If this optional parameter is not specified or its value is not positive, the compiler will select the chunk size to be used.

Example:

            #pragma MP taskloop maxcpus(4)
            #pragma MP taskloop schedtype(gss(10))
             for (i=0; i<1000; i++) {
               ...
           }

Sun MP C Compiler

Page 24 of 26 Compiler Options

In the above example, the number of iterations of the loop assigned to each participating pr ocessor, in order of work r equest, ar e:

250, 188, 141, 106, 79, 59, 45, 33, 25, 19, 14, 11, 10, 10, 10.

• factoring [(min_chunk_size)]

In factoring scheduling each participating pr ocessor pr ocess a variable number of iterations (called the “chunk size”) until all the iterations of the loop have been processed. The optional min_chunk_size parameter specifies that each variable chunk size used must be at least min_chunk_size in size. Min_chunk_size must be a positive integer constant, or variable of integral type. If specified as a variable min_chunk_size must evaluate to a positive integer value at the beginning of the loop. If this optional parameter is not specified or its value is not positive, the compiler will select the chunk size to be used.

Example:

           #pragma MP taskloop maxcpus(4)
            #pragma MP taskloop schedtype(factoring(120))
             for (i=0; i<1000; i++) {
               ...
           }

In the above example, the number of iterations of the loop assigned to each participating pr ocessor, in order of work r equest, ar e:

125, 125, 125, 125, 62, 62, 62, 62, 32, 32, 32, 32, 16, 16, 16, 16, 10, 10, 10, 10, 10, 10.

7.13. Legal pragma combinations

8. Compiler Options

• -xautopar: T urns on automatic parallelization.

This option is ef fective only with optimization levels 3 or 4. If this option is used at optimization level less than 3, the compiler will change the optimization to -xO3 and emit a warning.

• -xexplicitpar: Generate parallelized code based on specification of #pragma MP

directives. This option is ef fective only with optimization levels 3 or 4. If this option is used at optimization level less than 3, the compiler will change the optimization to -xO3 and emit a warning.

• -xparallel: This option is a macr o and is equivalent to “-xautopar and -xexplicitpar”.

This option is ef fective only with optimization levels 3 or 4. If this option is used at optimization level less than 3, the compiler will change the optimization to -xO3 and emit a warning.

Sun MP C Compiler

Licensing Page 25 of 26

• -xreduction: T urns on automatic r eduction r ecognition in ir opt.

This option is valid only when -xautopar or -xparallel, or -xexplicitpar with -xdepend, is specified. A warning is generated when -xr eduction is specified but one of the following option sets is not -xautopar or -xparallel, or -xexplicitpar with -xdepend.

• When r eduction r ecognition is enabled, the compiler will parallelize r eductions as dot

products, maximum and minimum finding. These r eductions will yield dif ferent roundof fs.

• -xloopinfo: This option causes the emission of informative messages fr om compiler .

These messages indicate which loops wer e parallelized and which ones wer e not. A short reason for not parallelizing a loop is also given. A warning is generated when -xloopinfo is specified but one of the following option sets is not -xautopar or -xparallel, or - xexplicitpar with -xdepend.

• -xdepend: This option causes dependence based transformations to be done in compiler .

These dependence based transformations include: loop inter change, loop fusion, scalar replacement, and eliminating dead array assignments. This option is ef fective only with optimization levels 3 or 4. If this option is used at optimization level less than 3, the compiler will change the optimization to -xO3 and emit a warning. When this option is also specified with -xexplicitpar , automatic parallelization is also enabled.

• -xvpara: This option prints out warning messages for loops that have #pragma MP

directives specified when compiler thinks the loop may not be pr operly specified for parallelization. For example, when compiler detects data dependencies between loop iterations.

• -Zlp[=X]: This option causes the compiler to generate pr ofile instr umentation for all

loops in the pr ogram. This information is used by looptool. This option is ef fective only with -xdepend, explicitly or implicitly specified. If this option is used without -xdepend, explicitly or implicitly specified, the compiler will turn on -xdepend and emit a warning. If this option is used at optimization level less than 3, the compiler will change the optimization to -xO3 and emit a warning.

• -xrestrict=[func1,...,funcn]: This option causes pointer valued function parameters to be

treated as r estricted pointers. If a function list is specified with this option, then pointer parameters in the specified functions ar e treated as r estricted; otherwise, all pointer parameters in the entir e C file are treated as r estricted. This command line option can be used on its own, though it is r ecommended that for proper ef fect optimizations be turned on. e.g.

“cc -xO3 -xrestrict= prog.c” will treat all pointer parameters in the file “prog.c” as restricted pointers.

“cc -xO3 -xrestrict=agc prog.c” will treat all pointer parameters in the function “agc” in file “prog.c” as restricted pointers. Also defines “-D__RESTRICT” to when used with -Xa and -Xt (default).

9. Licensing

The MP C automatic and explicit parallelization featur es are curr ently licensed with the Sun WorkShop.

Copyright 1996 Sun Micr osystems Inc., 2550 Gar cia Avenue, Mountain V iew, Californie 94043-1 100, U.S.A.Tous dr oits réservés.

Ce pr oduit ou document est pr otégé par un copyright et distribué avec des licences qui en r estreignent l’utilisation, la copie, la distribution, et la décompilation. Aucune partie de ce pr oduit ou de sa documentation associée ne peut êtr e reproduite sous aucune forme, par quelque moyen que ce soit, sans l’autorisation préalable et écrite de Sun et de ses bailleurs de licence, s’il y en a.

Des parties de ce pr oduit pourr ont êtr e dérivées du système UNIX^® licencié par Novell, Inc. et du système Berkeley 4.3 BSD licencié par l’Université de Californie. UNIX est une mar que enr egistrée aux Etats-Unis et dans d’autr es pays et licenciée exclusivement par X/Open Company Ltd. Le logiciel détenu par des tiers, et qui compr end la technologie r elative aux polices de caractèr es, est pr otégé par un copyright et licencié par des fournisseurs de Sun.

Sun, Sun Micr osystems, le logo Sun, sont des mar ques déposées ou enr egistrées de Sun Micr osystems, Inc. aux Etats-Unis et dans d’autr es pays. T outes les mar ques SPARC, utilisées sous licence, sont des mar ques déposées ou enr egistrées de SP ARC International, Inc. aux Etats-Unis et dans d’autr es pays. Les pr oduits portant les mar ques SPARC sont basés sur une architectur e développée par Sun Micr osystems, Inc.

Les interfaces d’utilisation graphique OPEN LOOK^® et Sun™ ont été développées par Sun Micr osystems, Inc. pour ses utilisateurs et licenciés. Sun r econnaît les ef forts de pionniers de Xer ox pour la r echerche et le développement du concept des interfaces d’utilisation visuelle ou graphique pour l’industrie de l’informatique. Sun détient une licence non exclusive de Xerox sur l’interface d’utilisation graphique, cette licence couvrant aussi les licenciés de Sun qui mettent en place l’interface d’utilisation graphique OPEN LOOK et qui en outr e se conforment aux licences écrites de Sun.

Le système X W indow est un pr oduit du X Consortium, Inc.

CETTE PUBLICATION EST FOURNIE “EN L ’ETAT” SANS GARANTIE D’AUCUNE SOR TE, NI EXPRESSE NI IMPLICITE, Y COMPRIS, ET SANS QUE CETTE LISTE NE SOIT LIMIT ATIVE, DES GARANTIES CONCERNANT LA VALEUR MARCHANDE, L ’APTITUDE DES PRODUITS A RÉPONDRE A UNE UTILISA TION PARTICULIERE, OU LE FAIT QU’ILS NE SOIENT PAS CONTREFAISANTS DE PRODUITS DE TIERS.