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SMM (2)
OpenMP Programming Model

• Reading for next time
– OpenMP tutorial:  look through secns 3-5 plus secn 6 up to exercise 1
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Topics

• OpenMP shared-memory parallel programming model 
– loop-level parallel programming

• Characterizing performance
– performance measurement of a simple program
– how to monitor and present program performance
– general barriers to performance in parallel computation
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Loop-level shared-memory programming model
• Work-Time programming model 

sequential programming language + forall

– PRAM execution
• synchronous
• scheduling implicit (via Brent’s theorem)

– W-T cost model (work and steps)

• Loop-level parallel programming model
sequential programming language + directives to mark for loop as “forall”

– shared-memory multiprocessor execution 
• asynchronous execution of loop iterations by multiple threads in a single address 

space
– must avoid dependence on synchronous execution model

• scheduling of work across threads is controlled via directives 
– implemented by the compiler and run-time systems

– cost model depends on underlying shared memory architecture
• can be difficult to quantify
• but some general principles apply 

Presenter Notes
Presentation Notes
ex of breakdown of synchronous model b[i] = (b[i-1] + b[i] + b[i+1])/3
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OpenMP
• OpenMP

– parallelization directives for mainstream performance-oriented sequential 
programming languages

• C/C++ , Fortran (88, 90/95)
– directives are written as comments in the program text

• ignored by non-OpenMP compilers
• honored by OpenMP-compliant compilers in “OpenMP” mode

– directives specify
• parallel execution

– create multiple threads, generally each thread runs on a separate core in a CC-NUMA 
machine

• partitioning of variables
– a variable is either shared between threads OR each thread maintains a private copy

• work scheduling in loops
– partitioning of loop iterations across threads

• C/C++ binding of OpenMP
– form of directives

• #pragma omp . . . .
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OpenMP parallel execution of loops

…

printf(“Start.\n”);

for (i = 1; i < N-1; i++) {
b[i] = (a[i-1] + a[i] + a[i+1]) / 3;

}

printf(“Done.\n”);
…

• Can different iterations of this loop be executed simultaneously?
• for different values of i, the body of the loop can be executed simultaneously

• Suppose we have n iterations and p threads ?
• we have to partition the iteration space across the threads

Presenter Notes
Presentation Notes
Loop iterations are independent.  Not true if assignment was to a[i] instead of b[i] (note that would be OK in WT model).   If the loop body  has no dependencies among iterations then we can schedule the iterations across multiple threads.  
Note the loop increments loop index i, so there is a dependence on i.  So we will have to remove that dependence.
Finally we have to partition the iteration space across parallel threads (4 in this case).  We are not partitioning the array, because we have shared memory.
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OpenMP directives to control partitioning

…
printf(“Start.\n”);

#pragma omp parallel for shared(a,b) private(i)
for (i = 1; i < N-1; i++) {

b[i] = (a[i-1] + a[i] + a[i+1]) / 3;
}

printf(“Done.\n”);
…

• The parallel directive indicates the next statement should be executed by all 
threads

• The for directive indicates the work in the loop body should be partitioned across 
threads

• The shared directive indicates that arrays a and b are shared by all threads.
• The private directive indicates i has a separate instance in each thread.  
• The last two directives would be inferred by the OpenMP compiler
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OpenMP components

• Directives
– specify parallel vs sequential regions
– specify shared vs private variables in parallel regions
– specify work sharing:  distribution of loop iterations over threads
– specify synchronization and serialization of threads

• Run-time library
– obtain parallel processing resources
– control dynamic aspects of work sharing

• Environment variables
– external to program 
– specification of resources available for a particular execution

• enables a single compiled program to run using differing numbers of 
processors

Presenter Notes
Presentation Notes
static vs dynamic scheduling
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C/OpenMP concepts:  parallel region

Fork-join model
– master thread forks a team of threads on entry to 

block
• variables in scope within the block are

– shared among all threads
» if declared outside of the parallel region
» if explicitly declared shared in the directive

– private to (replicated in) each thread
» if declared within the parallel region
» if explicitly declared private in the directive
» if variable is a loop index variable in a loop 

within the region
– the team of threads has dynamic lifetime to end of 

block
• statements are executed by all threads

– the end of block is a barrier synchronization that 
joins all threads

• only master thread proceeds thereafter

#pragma omp parallel shared(…) private(…)

<single entry, single exit block>

<single entry, 
single exit block>

master 
thread

Presenter Notes
Presentation Notes
each thread operates on its own set of iterations
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C/OpenMP concepts:  work sharing

• Work sharing 
– only has meaning inside a parallel region

– the iteration space is distributed among the threads
• several different scheduling strategies available

– the loop construct must follow some restrictions
• <var> has a signed integer type
• <lb>, <ub>, <incr-expr> must be loop invariant
• <op>, <incr-expr> restricted to simple relational and arithmetic operations

– implicit barrier at completion of loop

#pragma omp for schedule(…)

for (<var> = <lb>; <var>  <op>  <ub>; <incr-expr>)
<loop body>
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Complete C program  (V1)
#include <stdio.h>
#include <omp.h>
#define N 50000000
#define NITER 100

double a[N],b[N];
main ()
{
double t1,t2,td;
int i, t, max_threads, niter;

max_threads = omp_get_max_threads();
printf("Initializing:  N = %d, max # threads = %d\n", N, max_threads);

/*
* initialize arrays
*/
for (i = 0; i < N; i++){
a[i] = 0.0;
b[i] = 0.0;

}
a[0] = b[0] = 1.0;
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Program, contd.  (V1)

/* 
* time iterations
*/
t1 = omp_get_wtime();
for (t = 0; t < NITER; t = t + 2){

#pragma omp parallel for private(i)
for (i = 1; i < N-1; i++)

b[i] = (a[i-1] + a[i] + a[i+1]) / 3.0;

#pragma omp parallel for private(i)
for (i = 1; i < N-1; i++)

a[i] = (b[i-1] + b[i] + b[i+1]) / 3.0;
}

t2 = omp_get_wtime();
td = t2 – t1;
printf("Time per element = %6.1f ns\n", td * 1E9 / (NITER * N));

}

Presenter Notes
Presentation Notes
outer t loop is not parallel!  
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Program, contd. (V2 – enlarging scope of parallel region)

/* 
* time iterations
*/
t1 = omp_get_wtime();

#pragma omp parallel private(i,t)
for (t = 0; t < NITER; t = t + 2){

#pragma omp for
for (i = 1; i < N-1; i++)

b[i] = (a[i-1] + a[i] + a[i+1]) / 3.0;

#pragma omp for
for (i = 1; i < N-1; i++)

a[i] = (b[i-1] + b[i] + b[i+1]) / 3.0;
}

t2 = omp_get_wtime();
td = t2 – t1;
printf("Time per element = %6.1f ns\n", td * 1E9 / (NITER * N));

}

Presenter Notes
Presentation Notes
why does this work on outer loop.   Note t is private, so each thread completes all t iterations, and the work sharing constructs ensure that each thread operates on a separate section of a, b
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Complete program  (V3 – page and cache affinity)
#include <stdio.h>
#include <omp.h>
#define N 50000000
#define NITER 100

double a[N],b[N];

main ()
{

double t1,t2,td;
int i, t, max_threads, niter;

max_threads = omp_get_max_threads();
printf("Initializing:  N = %d, max # threads = %d\n", N, max_threads);

#pragma omp parallel private(i,t)
{ // start parallel region 

/*
* initialize arrays
*/

#pragma omp for
for (i = 1; i < N; i++){

a[i] = 0.0;
b[i] = 0.0;

}

#pragma omp master
a[0] = b[0] = 1.0;

Presenter Notes
Presentation Notes
Why did we distribute the initializing loop – each proc will touch some interval of a, b in memory which will be kept close tot hat proc (L1/L2 cache, L3 cahce, memory bank, page tables)
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Program, contd.   (V3 – page and cache affinity)

/* 
* time iterations
*/
#pragma omp master
t1 = omp_getwtime();

for (t = 0; t < NITER; t = t + 2){

#pragma omp for
for (i = 1; i < N-1; i++)

b[i] = (a[i-1] + a[i] + a[i+1]) / 3.0;

#pragma omp for
for (i = 1; i < N-1; i++)

a[i] = (b[i-1] + b[i] + b[i+1]) / 3.0;
}

}  // end parallel region

t2 = omp_get_wtime();
td = t2 – t1;
printf("Time per element = %6.1f ns\n", td * 1E9 / (NITER * N));

}



15

0

10

20

30

40

50

60

1,000 10,000 100,000 1,000,000 10,000,000

tim
e 

pe
r e

lt
t/n

  (
ns

)

number of elements n

• Time to update one element  in sequential execution
– b[i] = (a[i-1] + a[i] + a[i+1]) / 3.0;

– depends on where the elements are found
• registers, L1 cache, L2 cache, main memory

Shared Memory Multiprocessing (2)COMP 790-033  - Prins F22

Effect of caches

L1
L2 cache

Main memory

Presenter Notes
Presentation Notes
Note variance of measurements on different runs.   Note reuse in the problem across successive iterations, and in neighboring elements.
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How to present scaling of parallel programs?
• Independent variables

– either
• number of processors p
• problem size n

• Dependent variable (choose)
– Time (secs)
– Rate (opns/sec)
– Speedup  S = T1 / Tp
– Efficiency  E = T1 / pTp

• Horizontal axis 
– independent variable (n or p)

• Vertical axis
– Dependent variable (e.g. time per element)
– May show multiple curves (e.g different values of n)
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Time
• Shortest time is our true goal

– But hard to judge improvements because values get small at large p

Presenter Notes
Presentation Notes
note variance bars, larger n takes more cache misses, but when p is large enough the portion in private caches dominates
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Parallel performance
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Execution rate (MFLOP / second)
• Shows work per time

– easier to judge scaling 
– highest detail at large n, p
– how to measure MFLOPS? 

Presenter Notes
Presentation Notes
MFLOPS by counting arithmetic instructions in the program, not by number executed.
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seq

		n		trial 1		trial 2		trial 3		trial 4		trial 5		trial 6		trial 7		min		max		avg		single processor performance		plus		min

		1,000		9.8		9.4		9.4		9.6		9.4		9.4		9.4		9.4		9.8		9.5		9.5		0.3		0.1

		2,000		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		0.0		0.0

		5,000		14.5		14.6		14.4		14.4		14.7		14.5		14.4		14.4		14.7		14.5		14.5		0.2		0.1

		10,000		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		0.0		0.0

		20,000		14.6		14.7		14.1		14.1		14.1		14.0		14.1		14.0		14.7		14.2		14.3		0.4		0.3

		50,000		14.7		16.2		15.9		14.3		14.3		19.2		14.9		14.3		19.2		15.6		15.9		3.3		1.6

		100,000		15.0		16.4		15.1		15.7		15.1		16.5		15.1		15.0		16.5		15.6		15.7		0.9		0.6

		200,000		15.6		16.9		17.2		15.7		15.6		15.8		18.0		15.6		18.0		16.4		16.5		1.5		0.9

		500,000		21.7		16.1		16.3		19.6		19.4		19.8		16.2		16.1		21.7		18.4		18.8		2.9		2.7

		1,000,000		49.2		49.1		49.2		49.2		49.2		49.1		49.3		49.1		49.3		49.2		49.2		0.1		0.1

		2,000,000		54.4		48.8		48.9		50.6		48.9		50.2		49.2		48.8		54.4		50.1		50.4		4.0		1.6

		5,000,000		48.0		48.0		48.0		48.1		48.0		48.4		49.0		48.0		49.0		48.2		48.3		0.8		0.3

		10,000,000		51.3		50.1		49.6		47.1		47.1		50.0		52.3		47.1		52.3		49.6		50.1		2.2		3.0
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par

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 10,000,000		plus		minus		n = 10,000,000		p		mflops

		1		48.7		48.8		49.1		50.6		47.1		47.1		50.6		48.4		2.2		1.3		1.0		1		62.0

		2		45.8		45.6		46.0		43.0		45.7		43.0		46.0		45.0		1.0		2.0		1.1		2		66.6

		4		23.3		23.5		24.8		23.4		23.3		23.3		24.8		23.4		1.4		0.1		2.1		4		128.3

		6		16.3		16.0		16.0		16.7		16.7		16.0		16.7		16.3		0.4		0.3		3.0		6		184.6

		8		12.0		12.3		12.1		11.8		11.9		11.8		12.3		12.0		0.4		0.1		4.1		8		251.0

		10		10.0		10.3		9.6		9.6		9.8		9.6		10.3		9.8		0.6		0.2		5.0		10		307.7

		12		9.7		7.5		8.9		7.1		7.4		7.1		9.7		7.7		2.0		0.6		6.3		12		388.3

		14		6.2		5.9		6.9		5.1		6.6		5.1		6.9		6.0		0.9		0.9		8.1		14		504.2

		16		4.1		4.7		4.9		5.4		5.5		4.1		5.5		4.8		0.7		0.7		10.1		16		628.3

		18		6.1		3.6		4.1		5.4		4.8		3.6		6.1		4.5		1.6		0.9		10.8		18		670.4

		20		3.5		3.6		3.4		4.7		3.3		3.3		4.7		3.5		1.3		0.2		14.0		20		869.6

		22		3.6		4.1		4.0		3.7		3.9		3.6		4.1		3.8		0.3		0.2		12.7		22		789.5

		24		2.6		4.0		4.7		4.4		4.4		2.6		4.7		3.9		0.9		1.3		12.6		24		779.2

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 1,000,000		plus		minus		n = 1,000,000		p

		1		50.9		49.2		57.6		49.2		49.2		49.2		57.6		49.6		8.0		0.4		1.0		1		60.5

		2		11.5		10.0		9.5		9.0		13.2		9.0		13.2		10.0		3.2		1.0		4.8		2		300.0

		4		7.3		7.2		5.1		6.2		7.3		5.1		7.3		6.5		0.9		1.4		7.5		4		465.1

		6		5.2		3.7		4.8		3.3		4.0		3.3		5.2		4.0		1.3		0.7		12.3		6		759.5

		8		3.1		3.4		3.6		4.1		4.5		3.1		4.5		3.6		1.0		0.5		13.6		8		845.1

		10		2.7		2.6		2.4		2.5		2.3		2.3		2.7		2.5		0.3		0.2		19.8		10		1224.5

		12		2.2		2.4		2.4		2.3		2.7		2.2		2.7		2.3		0.4		0.1		20.8		12		1290.3

		14		1.8		2.0		2.1		2.6		2.4		1.8		2.6		2.1		0.5		0.3		23.3		14		1445.8

		16		2.6		1.9		2.3		1.8		1.7		1.7		2.6		1.9		0.7		0.2		25.2		16		1558.4

		18		1.5		1.6		1.8		2.1		2.6		1.5		2.6		1.8		0.9		0.3		27.7		18		1714.3

		20		1.6		1.8		1.7		1.4		1.6		1.4		1.8		1.6		0.2		0.2		30.7		20		1904.8

		22		1.8		1.8		1.6		2.1		1.5		1.5		2.1		1.7		0.4		0.2		28.9		22		1791.0

		24		1.6		2.0		2.0		1.5		1.3		1.3		2.0		1.6		0.4		0.3		30.3		24		1875.0
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		p		static		dynamic		dynamic,32		guided		static		dynamic		dynamic,32		guided		p

		1		48.4		866.0		71.8		48.9		1.0		0.056		0.674		1.0		1

		2		45.0		3068.3		147.5		46.0		1.1		0.016		0.328		1.1		2

		4		23.4		4634.9		358.7		35.3		2.1		0.010		0.135		1.4		4

		6		16.3				432.3		22.2		3.0				0.112		2.2		6

		8		12.0				536.6		16.1		4.1				0.090		3.0		8

		10		9.8				722.7		14.2		5.0				0.067		3.4		10

		12		7.7				631.9		12.0		6.3				0.077		4.0		12

		14		6.0				544.0		10.8		8.1				0.089		4.5		14

		16		4.8				603.5		10.0		10.1				0.080		4.8		16

		18		4.5				763.9		10.2		10.8				0.063		4.7		18

		20		3.5						9.6		14.0						5.0		20

		22		3.8						9.1		12.7						5.3		22

		24		3.9						10.5		12.6						4.6		24
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• Speedup of run time relative to single processor (t1 / tp)
– How to define t1?

• run time of parallel algorithm at p = 1?
• run time of best serial algorithm?

– Superlinear speedup ?

Presenter Notes
Presentation Notes
Note that at p=1 n=1M does not fit in cache.  But when run on 2 procs, each with only 0.5M iterations, it fits in L2.  On 20 procs perhaps it fits in L1.  so get superlinear speedup


Chart6
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p
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number of processors

speedup

Speedup

1

0.9758186398

1

2

4.8425

1.0755136036

4

7.507751938

2.071657754

6

12.2594936709

2.98

8

13.6408450704

4.0523012552

10

19.7653061224

4.9666666667

12

20.8279569892

6.2686084142

14

23.3373493976

8.1386554622

16

25.1558441558

10.1413612565

18

27.6714285714

10.8212290503

20

30.746031746

14.0362318841

22

28.9104477612

12.7434210526

24

30.265625

12.5779220779



seq

		n		trial 1		trial 2		trial 3		trial 4		trial 5		trial 6		trial 7		min		max		avg		single processor performance		plus		min

		1,000		9.8		9.4		9.4		9.6		9.4		9.4		9.4		9.4		9.8		9.5		9.5		0.3		0.1

		2,000		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		0.0		0.0

		5,000		14.5		14.6		14.4		14.4		14.7		14.5		14.4		14.4		14.7		14.5		14.5		0.2		0.1

		10,000		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		0.0		0.0

		20,000		14.6		14.7		14.1		14.1		14.1		14.0		14.1		14.0		14.7		14.2		14.3		0.4		0.3

		50,000		14.7		16.2		15.9		14.3		14.3		19.2		14.9		14.3		19.2		15.6		15.9		3.3		1.6

		100,000		15.0		16.4		15.1		15.7		15.1		16.5		15.1		15.0		16.5		15.6		15.7		0.9		0.6

		200,000		15.6		16.9		17.2		15.7		15.6		15.8		18.0		15.6		18.0		16.4		16.5		1.5		0.9

		500,000		21.7		16.1		16.3		19.6		19.4		19.8		16.2		16.1		21.7		18.4		18.8		2.9		2.7

		1,000,000		49.2		49.1		49.2		49.2		49.2		49.1		49.3		49.1		49.3		49.2		49.2		0.1		0.1

		2,000,000		54.4		48.8		48.9		50.6		48.9		50.2		49.2		48.8		54.4		50.1		50.4		4.0		1.6

		5,000,000		48.0		48.0		48.0		48.1		48.0		48.4		49.0		48.0		49.0		48.2		48.3		0.8		0.3

		10,000,000		51.3		50.1		49.6		47.1		47.1		50.0		52.3		47.1		52.3		49.6		50.1		2.2		3.0





seq

				0.3		0.1

				0		0

				0.1833333333		0.1166666667

				0		0

				0.4166666667		0.2833333333

				3.3333333333		1.5666666667

				0.85		0.65

				1.4666666667		0.9333333333

				2.8666666667		2.7333333333

				0.1		0.1

				4.0333333333		1.5666666667

				0.75		0.25

				2.2333333333		2.9666666667



single processor performance

number of elements

time per elt (ns)

Sequential performance



par

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 10,000,000		plus		minus		n = 10,000,000		p		mflops

		1		48.7		48.8		49.1		50.6		47.1		47.1		50.6		48.4		2.2		1.3		1.0		1		62.0

		2		45.8		45.6		46.0		43.0		45.7		43.0		46.0		45.0		1.0		2.0		1.1		2		66.6

		4		23.3		23.5		24.8		23.4		23.3		23.3		24.8		23.4		1.4		0.1		2.1		4		128.3

		6		16.3		16.0		16.0		16.7		16.7		16.0		16.7		16.3		0.4		0.3		3.0		6		184.6

		8		12.0		12.3		12.1		11.8		11.9		11.8		12.3		12.0		0.4		0.1		4.1		8		251.0

		10		10.0		10.3		9.6		9.6		9.8		9.6		10.3		9.8		0.6		0.2		5.0		10		307.7

		12		9.7		7.5		8.9		7.1		7.4		7.1		9.7		7.7		2.0		0.6		6.3		12		388.3

		14		6.2		5.9		6.9		5.1		6.6		5.1		6.9		6.0		0.9		0.9		8.1		14		504.2

		16		4.1		4.7		4.9		5.4		5.5		4.1		5.5		4.8		0.7		0.7		10.1		16		628.3

		18		6.1		3.6		4.1		5.4		4.8		3.6		6.1		4.5		1.6		0.9		10.8		18		670.4

		20		3.5		3.6		3.4		4.7		3.3		3.3		4.7		3.5		1.3		0.2		14.0		20		869.6

		22		3.6		4.1		4.0		3.7		3.9		3.6		4.1		3.8		0.3		0.2		12.7		22		789.5

		24		2.6		4.0		4.7		4.4		4.4		2.6		4.7		3.9		0.9		1.3		12.6		24		779.2

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 1,000,000		plus		minus		n = 1,000,000		p

		1		50.9		49.2		57.6		49.2		49.2		49.2		57.6		49.6		8.0		0.4		1.0		1		60.5

		2		11.5		10.0		9.5		9.0		13.2		9.0		13.2		10.0		3.2		1.0		4.8		2		300.0

		4		7.3		7.2		5.1		6.2		7.3		5.1		7.3		6.5		0.9		1.4		7.5		4		465.1

		6		5.2		3.7		4.8		3.3		4.0		3.3		5.2		4.0		1.3		0.7		12.3		6		759.5

		8		3.1		3.4		3.6		4.1		4.5		3.1		4.5		3.6		1.0		0.5		13.6		8		845.1

		10		2.7		2.6		2.4		2.5		2.3		2.3		2.7		2.5		0.3		0.2		19.8		10		1224.5

		12		2.2		2.4		2.4		2.3		2.7		2.2		2.7		2.3		0.4		0.1		20.8		12		1290.3

		14		1.8		2.0		2.1		2.6		2.4		1.8		2.6		2.1		0.5		0.3		23.3		14		1445.8

		16		2.6		1.9		2.3		1.8		1.7		1.7		2.6		1.9		0.7		0.2		25.2		16		1558.4

		18		1.5		1.6		1.8		2.1		2.6		1.5		2.6		1.8		0.9		0.3		27.7		18		1714.3

		20		1.6		1.8		1.7		1.4		1.6		1.4		1.8		1.6		0.2		0.2		30.7		20		1904.8

		22		1.8		1.8		1.6		2.1		1.5		1.5		2.1		1.7		0.4		0.2		28.9		22		1791.0

		24		1.6		2.0		2.0		1.5		1.3		1.3		2.0		1.6		0.4		0.3		30.3		24		1875.0





par

						2.175		1.325		7.975		0.425

						0.975		2.025		3.2		1

						1.425		0.075		0.85		1.35
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						1.625		0.875		0.85		0.25

						1.25		0.15		0.225		0.175

						0.3		0.2		0.425		0.175

						0.85		1.25		0.4		0.3
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sched

		



p

n = 1,000,000
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n = 10,000,000

n = 1,000,000

number of processors

MFLOP / second

Parallel performance



		p		static		dynamic		dynamic,32		guided		static		dynamic		dynamic,32		guided		p

		1		48.4		866.0		71.8		48.9		1.0		0.056		0.674		1.0		1

		2		45.0		3068.3		147.5		46.0		1.1		0.016		0.328		1.1		2

		4		23.4		4634.9		358.7		35.3		2.1		0.010		0.135		1.4		4

		6		16.3				432.3		22.2		3.0				0.112		2.2		6

		8		12.0				536.6		16.1		4.1				0.090		3.0		8

		10		9.8				722.7		14.2		5.0				0.067		3.4		10

		12		7.7				631.9		12.0		6.3				0.077		4.0		12

		14		6.0				544.0		10.8		8.1				0.089		4.5		14

		16		4.8				603.5		10.0		10.1				0.080		4.8		16

		18		4.5				763.9		10.2		10.8				0.063		4.7		18

		20		3.5						9.6		14.0						5.0		20

		22		3.8						9.1		12.7						5.3		22

		24		3.9						10.5		12.6						4.6		24
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OpenMP:  scheduling loop iterations
• Scheduling a loop with n iterations using p threads

– The unit of scheduling is a chunk of k iterations
– Ti means iteration(s) executed by thread i

• schedule(static,k)
– Chunks mapped to threads in 

at entry to loop
– default k = n/p

• schedule(dynamic,k)
– chunks handed out consecutively

to ready threads
– default k = 1

• schedule(guided,k)
– size d chunk handed to

first available thread
– d decreases exponentially 

from n/p down to k:
di+1 = (1-1/p)di where d0=n/p

– default k = 1

n

n

n

Presenter Notes
Presentation Notes
Static:  each thread gets appx same number of iterations and can independently compute the iterations assigned to it (size of iteration space may vary, but mapping is fixed).  Note that k = n/p is attractive because most loops have locality when executed in iteration order.  Demonstrate total loss at (static,4) vs (static,100)

Dynamic: the size of the chunk is fixed, but the number of chunks processed per thread can vary arbitrarily.  At the barrier, the maximum delay is the time for a thread to complete k iterations (which may vary significantly), but this is a load-balancing technique.  Note that k = 1 gives the best load balance, but plays havoc with locality over consectuive iterations (Which now all reside in different processors).

Guided:  is a dynamic schedule, but with varying chunksize.  Chunk sizes decrease exponentially, so the number of chunks is O(lg (n/p)/k) (but base of log is (p/(p-1)) so pretty large coefficient.  Note that this deals with variations in completion time, but can get unlucky, e.g. large work in last iterations.

Which strategy is best for diffusion problem?
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Speedup by schedule type
(n = 10,000,000)
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Varying scheduling strategy:  diffusion problem

Presenter Notes
Presentation Notes
Default for dynamic is small, and incurs high overhead
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1
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2
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4

2.071657754
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0.0104479061

6

2.98

2.1813063063

0.1120171177

8

4.0523012552

3.0077639752

0.0902441297

10

4.9666666667

3.4102112676

0.0670056732

12

6.2686084142

4.0354166667

0.0766339611

14

8.1386554622

4.4837962963

0.0890165441

16

10.1413612565

4.8425

0.0802402651

18

10.8212290503

4.7475490196

0.0633918052

20

14.0362318841

5.0442708333

22

12.7434210526

5.3214285714

24

12.5779220779

4.6119047619



seq

		n		trial 1		trial 2		trial 3		trial 4		trial 5		trial 6		trial 7		min		max		avg		single processor performance		plus		min

		1,000		9.8		9.4		9.4		9.6		9.4		9.4		9.4		9.4		9.8		9.5		9.5		0.3		0.1

		2,000		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		8.6		0.0		0.0

		5,000		14.5		14.6		14.4		14.4		14.7		14.5		14.4		14.4		14.7		14.5		14.5		0.2		0.1

		10,000		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		14.2		0.0		0.0

		20,000		14.6		14.7		14.1		14.1		14.1		14.0		14.1		14.0		14.7		14.2		14.3		0.4		0.3

		50,000		14.7		16.2		15.9		14.3		14.3		19.2		14.9		14.3		19.2		15.6		15.9		3.3		1.6

		100,000		15.0		16.4		15.1		15.7		15.1		16.5		15.1		15.0		16.5		15.6		15.7		0.9		0.6

		200,000		15.6		16.9		17.2		15.7		15.6		15.8		18.0		15.6		18.0		16.4		16.5		1.5		0.9

		500,000		21.7		16.1		16.3		19.6		19.4		19.8		16.2		16.1		21.7		18.4		18.8		2.9		2.7

		1,000,000		49.2		49.1		49.2		49.2		49.2		49.1		49.3		49.1		49.3		49.2		49.2		0.1		0.1

		2,000,000		54.4		48.8		48.9		50.6		48.9		50.2		49.2		48.8		54.4		50.1		50.4		4.0		1.6

		5,000,000		48.0		48.0		48.0		48.1		48.0		48.4		49.0		48.0		49.0		48.2		48.3		0.8		0.3

		10,000,000		51.3		50.1		49.6		47.1		47.1		50.0		52.3		47.1		52.3		49.6		50.1		2.2		3.0





seq

				0.3		0.1

				0		0

				0.1833333333		0.1166666667

				0		0

				0.4166666667		0.2833333333

				3.3333333333		1.5666666667

				0.85		0.65

				1.4666666667		0.9333333333

				2.8666666667		2.7333333333

				0.1		0.1

				4.0333333333		1.5666666667

				0.75		0.25

				2.2333333333		2.9666666667



single processor performance

number of elements

time per elt (ns)

Sequential performance



par

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 10,000,000		plus		minus		n = 10,000,000		p		mflops

		1		48.7		48.8		49.1		50.6		47.1		47.1		50.6		48.4		2.2		1.3		1.0		1		62.0

		2		45.8		45.6		46.0		43.0		45.7		43.0		46.0		45.0		1.0		2.0		1.1		2		66.6

		4		23.3		23.5		24.8		23.4		23.3		23.3		24.8		23.4		1.4		0.1		2.1		4		128.3

		6		16.3		16.0		16.0		16.7		16.7		16.0		16.7		16.3		0.4		0.3		3.0		6		184.6

		8		12.0		12.3		12.1		11.8		11.9		11.8		12.3		12.0		0.4		0.1		4.1		8		251.0

		10		10.0		10.3		9.6		9.6		9.8		9.6		10.3		9.8		0.6		0.2		5.0		10		307.7

		12		9.7		7.5		8.9		7.1		7.4		7.1		9.7		7.7		2.0		0.6		6.3		12		388.3

		14		6.2		5.9		6.9		5.1		6.6		5.1		6.9		6.0		0.9		0.9		8.1		14		504.2

		16		4.1		4.7		4.9		5.4		5.5		4.1		5.5		4.8		0.7		0.7		10.1		16		628.3

		18		6.1		3.6		4.1		5.4		4.8		3.6		6.1		4.5		1.6		0.9		10.8		18		670.4

		20		3.5		3.6		3.4		4.7		3.3		3.3		4.7		3.5		1.3		0.2		14.0		20		869.6

		22		3.6		4.1		4.0		3.7		3.9		3.6		4.1		3.8		0.3		0.2		12.7		22		789.5

		24		2.6		4.0		4.7		4.4		4.4		2.6		4.7		3.9		0.9		1.3		12.6		24		779.2

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 1,000,000		plus		minus		n = 1,000,000		p

		1		50.9		49.2		57.6		49.2		49.2		49.2		57.6		49.6		8.0		0.4		1.0		1		60.5

		2		11.5		10.0		9.5		9.0		13.2		9.0		13.2		10.0		3.2		1.0		4.8		2		300.0

		4		7.3		7.2		5.1		6.2		7.3		5.1		7.3		6.5		0.9		1.4		7.5		4		465.1

		6		5.2		3.7		4.8		3.3		4.0		3.3		5.2		4.0		1.3		0.7		12.3		6		759.5

		8		3.1		3.4		3.6		4.1		4.5		3.1		4.5		3.6		1.0		0.5		13.6		8		845.1

		10		2.7		2.6		2.4		2.5		2.3		2.3		2.7		2.5		0.3		0.2		19.8		10		1224.5

		12		2.2		2.4		2.4		2.3		2.7		2.2		2.7		2.3		0.4		0.1		20.8		12		1290.3

		14		1.8		2.0		2.1		2.6		2.4		1.8		2.6		2.1		0.5		0.3		23.3		14		1445.8

		16		2.6		1.9		2.3		1.8		1.7		1.7		2.6		1.9		0.7		0.2		25.2		16		1558.4

		18		1.5		1.6		1.8		2.1		2.6		1.5		2.6		1.8		0.9		0.3		27.7		18		1714.3

		20		1.6		1.8		1.7		1.4		1.6		1.4		1.8		1.6		0.2		0.2		30.7		20		1904.8

		22		1.8		1.8		1.6		2.1		1.5		1.5		2.1		1.7		0.4		0.2		28.9		22		1791.0

		24		1.6		2.0		2.0		1.5		1.3		1.3		2.0		1.6		0.4		0.3		30.3		24		1875.0
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n = 10,000,000

n = 1,000,000

number of processors

MFLOP / second

Parallel performance



		p		static		dynamic		dynamic,32		guided		static		dynamic		dynamic,32		guided		p

		1		48.4		866.0		71.8		48.9		1.0		0.056		0.674		1.0		1

		2		45.0		3068.3		147.5		46.0		1.1		0.016		0.328		1.1		2

		4		23.4		4634.9		358.7		35.3		2.1		0.010		0.135		1.4		4

		6		16.3				432.3		22.2		3.0				0.112		2.2		6

		8		12.0				536.6		16.1		4.1				0.090		3.0		8

		10		9.8				722.7		14.2		5.0				0.067		3.4		10

		12		7.7				631.9		12.0		6.3				0.077		4.0		12

		14		6.0				544.0		10.8		8.1				0.089		4.5		14

		16		4.8				603.5		10.0		10.1				0.080		4.8		16

		18		4.5				763.9		10.2		10.8				0.063		4.7		18

		20		3.5						9.6		14.0						5.0		20

		22		3.8						9.1		12.7						5.3		22

		24		3.9						10.5		12.6						4.6		24





		



p
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guided

dynamic,32

dynamic

number of processors

speedup

Speedup by schedule type
(n = 10,000,000)
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Causes of poor parallel performance
Possible suspects:

– Low computational intensity
• Performance limited by memory performance

– Poor cache behavior
• access pattern has poor locality
• access pattern is poorly matched to CC-NUMA

– Sequential overhead
• Amdahl’s law

– fraction f serial work limits speedup to 1/f

– Load imbalance
• Unequal distribution of work, or
• Unequal thread progress on equal work

– busy machine, uncooperative OS
– CC-NUMA issues

– Bad luck
• Insufficient sampling - show timing variation on plots!

Presenter Notes
Presentation Notes
two arrays a[1:n], b[1:n] to avoid race conditions between reads
      and updates.

  this problem has low computational intensity hence performance is
      dominated by smallest memory hierarchy level that contains
       a[1:n], b[1:n]

  Initialization of a, b in a parallel region to ensure pages holding 
      a,b are distributed across processor memories

  runtime scheduling - static scheduling with chunksize n/p (default)
      works best.  Small chunksize causes cache line thrashing.

  performance variation per run can be large

  num threads > avail processors loses badly
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Cache-related mysteries
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Presenter Notes
Presentation Notes
Why aren’t we seeing the same execution rates on small and large problems?   For small problem 1M values fits in L2 cache of single processor, so the computing rate is high.  As we increase the number of processors the number of elts per proc decreases, so perhaps we notice additional faster cache effects.   Meanwhile, for n=10M, when we get to p = 10, we have 1M values per processor and the performance starts to increase as the values are now distributed in the  L2 caches of the processors.   Never completely catch up.  At high processor counts we have more synchronization overheads.
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seq

		n		trial 1		trial 2		trial 3		trial 4		trial 5		trial 6		trial 7		min		max		avg		single processor performance		plus		min

		1.0E+03		202.9		203.3		202.9		202.8		202.9		204.0		203.0		202.8		204.0		203.1		203.2		0.8		0.4

		2.0E+03		199.2		200.4		199.1		199.1		199.2		199.1		199.1		199.1		200.4		199.3		199.4		1.1		0.3

		5.0E+03		177.7		177.0		174.5		178.8		175.8		174.1		177.0		174.1		178.8		176.4		176.8		2.0		2.7

		1.0E+04		186.3		168.0		168.6		170.7		169.7		167.1		174.4		167.1		186.3		172.1		173.0		13.4		5.9

		2.0E+04		179.2		165.7		186.5		165.6		165.8		176.2		165.6		165.6		186.5		172.1		173.2		13.3		7.6

		5.0E+04		178.4		168.2		194.9		166.8		165.7		166.5		166.3		165.7		194.9		172.4		173.5		21.4		7.8

		1.0E+05		168.6		198.6		196.7		168.4		195.1		169.1		169.1		168.4		198.6		180.8		182.9		15.7		14.5

		2.0E+05		171.1		193.3		170.9		171.1		191.3		170.7		221.5		170.7		221.5		184.3		186.5		35.0		15.8

		5.0E+05		172.4		195.4		170.4		215.2		190.0		172.6		211.6		170.4		215.2		189.7		192.9		22.3		22.5

		1.0E+06		213.4		208.4		209.3		230.3		206.0		206.3		206.0		206.0		230.3		211.4		212.3		18.0		6.3

		2.0E+06		233.0		210.4		224.4		228.8		206.3		207.1		208.8		206.3		233.0		217.0		218.8		14.3		12.5

		5.0E+06		222.5		215.3		206.8		240.8		231.8		206.3		216.8		206.3		240.8		220.0		222.3		18.5		16.0

		1.0E+07		207.7		206.5		206.7		206.8		217.6		209.0		215.4		206.5		217.6		210.0		210.5		7.1		4.0





seq

				0.8333333333		0.3666666667

				1.05		0.25

				2		2.7

				13.35		5.85

				13.3333333333		7.5666666667

				21.3833333333		7.8166666667

				15.7333333333		14.4666666667
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single processor performance

number of elements

time per elt (ns)

Sequential performance



par

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 10,000,000		plus		minus		n = 10,000,000		p		mflops

		1		49.8		49.1		48.2		48.6		49.3		48.2		49.8		48.8		1.0		0.6		1.0		1		61.5

		2		48.5		50.6		47.0		49.2		46.8		46.8		50.6		47.9		2.7		1.1		1.0		2		62.7

		4		24.7		24.7		24.9		26.2		24.4		24.4		26.2		24.7		1.5		0.3		2.0		4		121.6

		6		17.5		18.0		17.6		16.5		17.6		16.5		18.0		17.3		0.7		0.8		2.8		6		173.4

		8		13.5		12.6		13.6		13.8		13.6		12.6		13.8		13.3		0.5		0.7		3.7		8		225.1

		10		10.8		10.8		10.5		10.2		10.0		10.0		10.8		10.4		0.4		0.4		4.7		10		289.2

		12		7.5		7.3		7.7		7.7		8.1		7.3		8.1		7.6		0.6		0.2		6.5		12		397.4

		14		5.5		4.8		8.9		5.5		5.1		4.8		8.9		5.2		3.7		0.4		9.3		14		574.2

		16		3.5		3.9		3.4		3.7		3.8		3.4		3.9		3.6		0.3		0.2		13.6		16		833.3

		18		2.0		2.3		2.4		2.2		2.3		2.0		2.4		2.2		0.2		0.2		22.2		18		1363.6

		20		1.5		1.6		1.4		1.6		1.6		1.4		1.6		1.5		0.1		0.1		32.0		20		1967.2

		22		1.5		1.4		1.4		1.6		1.5		1.4		1.6		1.5		0.2		0.1		33.7		22		2069.0

		24		1.6		1.5		1.4		1.2		1.4		1.2		1.6		1.4		0.2		0.2		35.5		24		2181.8

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 1,000,000		plus		minus		n = 1,000,000		p

		1		50.5		52.5		58.9		56.7		51.0		50.5		58.9		52.7		6.2		2.2		0.9		1		57.0

		2		11.2		10.4		12.3		10.9		12.1		10.4		12.3		11.2		1.2		0.8		4.4		2		269.1

		4		6.8		5.3		5.5		5.6		5.2		5.2		6.8		5.4		1.4		0.2		9.0		4		555.6

		6		3.7		4.7		3.8		3.7		4.0		3.7		4.7		3.8		0.9		0.1		12.8		6		789.5

		8		3.5		3.5		3.0		2.8		3.1		2.8		3.5		3.1		0.4		0.3		15.7		8		967.7

		10		2.3		2.3		2.4		2.5		2.3		2.3		2.5		2.3		0.2		0.0		21.0		10		1290.3

		12		1.7		1.9		2.5		1.9		2.3		1.7		2.5		2.0		0.6		0.3		25.0		12		1538.5

		14		2.0		1.6		1.9		1.7		2.0		1.6		2.0		1.8		0.2		0.2		27.1		14		1666.7

		16		1.4		1.8		1.3		1.4		1.4		1.3		1.8		1.4		0.4		0.1		35.5		16		2181.8

		18		1.5		1.8		1.3		1.4		1.3		1.3		1.8		1.4		0.4		0.1		35.5		18		2181.8

		20		1.5		1.2		1.1		1.3		1.7		1.1		1.7		1.3		0.4		0.2		38.3		20		2352.9

		22		1.3		1.0		1.1		1.3		1.5		1.0		1.5		1.2		0.3		0.2		41.5		22		2553.2

		24		1.3		1.4		1.0		1.3		1.2		1.0		1.4		1.2		0.2		0.2		40.7		24		2500.0
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n = 10,000,000
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number of processors
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		p		static		dynamic		dynamic,32		guided		static		dynamic		dynamic,32		guided		p

		1		201.2		1006.5		262.6		201.7		1.0		0.2		0.8		1.0		1

		2		115.4		2754.5		211.1		105.1		1.7		0.1		1.0		1.9		2

		4		62.4		6003.8		185.5		63.9		3.2		0.0		1.1		3.1		4

		6		46.7				382.4		44.1		4.3				0.5		4.6		6

		8		37.1				434.2		35.8		5.4				0.5		5.6		8

		10		30.0				506.9		29.8		6.7				0.4		6.8		10

		12		26.1				587.0		25.5		7.7				0.3		7.9		12

		14		21.6						22.4		9.3						9.0		14

		16		19.7						20.5		10.2						9.8		16

		18		17.9						18.9		11.3						10.6		18

		20		15.9						17.3		12.7						11.6		20

		22		15.9						16.3		12.7						12.3		22

		24		15.0						15.4		13.4						13.1		24
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Cache-related mysteries:  speedup

Parallel speedup
(single parallel region)
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seq

		n		trial 1		trial 2		trial 3		trial 4		trial 5		trial 6		trial 7		min		max		avg		single processor performance		plus		min

		1.0E+03		202.9		203.3		202.9		202.8		202.9		204.0		203.0		202.8		204.0		203.1		203.2		0.8		0.4

		2.0E+03		199.2		200.4		199.1		199.1		199.2		199.1		199.1		199.1		200.4		199.3		199.4		1.1		0.3

		5.0E+03		177.7		177.0		174.5		178.8		175.8		174.1		177.0		174.1		178.8		176.4		176.8		2.0		2.7

		1.0E+04		186.3		168.0		168.6		170.7		169.7		167.1		174.4		167.1		186.3		172.1		173.0		13.4		5.9

		2.0E+04		179.2		165.7		186.5		165.6		165.8		176.2		165.6		165.6		186.5		172.1		173.2		13.3		7.6

		5.0E+04		178.4		168.2		194.9		166.8		165.7		166.5		166.3		165.7		194.9		172.4		173.5		21.4		7.8

		1.0E+05		168.6		198.6		196.7		168.4		195.1		169.1		169.1		168.4		198.6		180.8		182.9		15.7		14.5

		2.0E+05		171.1		193.3		170.9		171.1		191.3		170.7		221.5		170.7		221.5		184.3		186.5		35.0		15.8

		5.0E+05		172.4		195.4		170.4		215.2		190.0		172.6		211.6		170.4		215.2		189.7		192.9		22.3		22.5

		1.0E+06		213.4		208.4		209.3		230.3		206.0		206.3		206.0		206.0		230.3		211.4		212.3		18.0		6.3

		2.0E+06		233.0		210.4		224.4		228.8		206.3		207.1		208.8		206.3		233.0		217.0		218.8		14.3		12.5

		5.0E+06		222.5		215.3		206.8		240.8		231.8		206.3		216.8		206.3		240.8		220.0		222.3		18.5		16.0

		1.0E+07		207.7		206.5		206.7		206.8		217.6		209.0		215.4		206.5		217.6		210.0		210.5		7.1		4.0





seq

				0.8333333333		0.3666666667

				1.05		0.25

				2		2.7

				13.35		5.85

				13.3333333333		7.5666666667

				21.3833333333		7.8166666667

				15.7333333333		14.4666666667

				34.9666666667		15.8333333333

				22.3333333333		22.4666666667

				18.0166666667		6.2833333333

				14.25		12.45

				18.4666666667		16.0333333333

				7.0666666667		4.0333333333



single processor performance

number of elements

time per elt (ns)

Sequential performance



par

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 10,000,000		plus		minus		n = 10,000,000		p		mflops

		1		49.8		49.1		48.2		48.6		49.3		48.2		49.8		48.8		1.0		0.6		1.0		1		61.5

		2		48.5		50.6		47.0		49.2		46.8		46.8		50.6		47.9		2.7		1.1		1.0		2		62.7

		4		24.7		24.7		24.9		26.2		24.4		24.4		26.2		24.7		1.5		0.3		2.0		4		121.6

		6		17.5		18.0		17.6		16.5		17.6		16.5		18.0		17.3		0.7		0.8		2.8		6		173.4

		8		13.5		12.6		13.6		13.8		13.6		12.6		13.8		13.3		0.5		0.7		3.7		8		225.1

		10		10.8		10.8		10.5		10.2		10.0		10.0		10.8		10.4		0.4		0.4		4.7		10		289.2

		12		7.5		7.3		7.7		7.7		8.1		7.3		8.1		7.6		0.6		0.2		6.5		12		397.4

		14		5.5		4.8		8.9		5.5		5.1		4.8		8.9		5.2		3.7		0.4		9.3		14		574.2

		16		3.5		3.9		3.4		3.7		3.8		3.4		3.9		3.6		0.3		0.2		13.6		16		833.3

		18		2.0		2.3		2.4		2.2		2.3		2.0		2.4		2.2		0.2		0.2		22.2		18		1363.6

		20		1.5		1.6		1.4		1.6		1.6		1.4		1.6		1.5		0.1		0.1		32.0		20		1967.2

		22		1.5		1.4		1.4		1.6		1.5		1.4		1.6		1.5		0.2		0.1		33.7		22		2069.0

		24		1.6		1.5		1.4		1.2		1.4		1.2		1.6		1.4		0.2		0.2		35.5		24		2181.8

		p		trial 1		trial 2		trial 3		trial 4		trial 5		min		max		n = 1,000,000		plus		minus		n = 1,000,000		p

		1		50.5		52.5		58.9		56.7		51.0		50.5		58.9		52.7		6.2		2.2		0.9		1		57.0

		2		11.2		10.4		12.3		10.9		12.1		10.4		12.3		11.2		1.2		0.8		4.4		2		269.1

		4		6.8		5.3		5.5		5.6		5.2		5.2		6.8		5.4		1.4		0.2		9.0		4		555.6

		6		3.7		4.7		3.8		3.7		4.0		3.7		4.7		3.8		0.9		0.1		12.8		6		789.5

		8		3.5		3.5		3.0		2.8		3.1		2.8		3.5		3.1		0.4		0.3		15.7		8		967.7

		10		2.3		2.3		2.4		2.5		2.3		2.3		2.5		2.3		0.2		0.0		21.0		10		1290.3

		12		1.7		1.9		2.5		1.9		2.3		1.7		2.5		2.0		0.6		0.3		25.0		12		1538.5

		14		2.0		1.6		1.9		1.7		2.0		1.6		2.0		1.8		0.2		0.2		27.1		14		1666.7

		16		1.4		1.8		1.3		1.4		1.4		1.3		1.8		1.4		0.4		0.1		35.5		16		2181.8

		18		1.5		1.8		1.3		1.4		1.3		1.3		1.8		1.4		0.4		0.1		35.5		18		2181.8

		20		1.5		1.2		1.1		1.3		1.7		1.1		1.7		1.3		0.4		0.2		38.3		20		2352.9

		22		1.3		1.0		1.1		1.3		1.5		1.0		1.5		1.2		0.3		0.2		41.5		22		2553.2

		24		1.3		1.4		1.0		1.3		1.2		1.0		1.4		1.2		0.2		0.2		40.7		24		2500.0





par

						1		0.6		6.225		2.175

						2.725		1.075		1.15		0.75

						1.525		0.275		1.4		0.2

						0.7		0.8		0.9		0.1

						0.475		0.725		0.4		0.3

						0.425		0.375		0.175		0.025

						0.55		0.25		0.55		0.25

						3.675		0.425		0.2		0.2

						0.3		0.2		0.425		0.075

						0.2		0.2		0.425		0.075

						0.075		0.125		0.425		0.175

						0.15		0.05		0.325		0.175

						0.225		0.175		0.2		0.2



n = 10,000,000

n = 1,000,000

number of processors

time per elt (ns)

Parallel run time



sched

		



p

n = 1,000,000

n = 10,000,000

number of processors

speedup

Parallel speedup
(single parallel region)



		



n = 10,000,000

n = 1,000,000

number of processors

MFLOP / second

Parallel performance



		p		static		dynamic		dynamic,32		guided		static		dynamic		dynamic,32		guided		p

		1		201.2		1006.5		262.6		201.7		1.0		0.2		0.8		1.0		1

		2		115.4		2754.5		211.1		105.1		1.7		0.1		1.0		1.9		2

		4		62.4		6003.8		185.5		63.9		3.2		0.0		1.1		3.1		4

		6		46.7				382.4		44.1		4.3				0.5		4.6		6

		8		37.1				434.2		35.8		5.4				0.5		5.6		8

		10		30.0				506.9		29.8		6.7				0.4		6.8		10

		12		26.1				587.0		25.5		7.7				0.3		7.9		12

		14		21.6						22.4		9.3						9.0		14

		16		19.7						20.5		10.2						9.8		16

		18		17.9						18.9		11.3						10.6		18

		20		15.9						17.3		12.7						11.6		20

		22		15.9						16.3		12.7						12.3		22

		24		15.0						15.4		13.4						13.1		24





		



p

static

guided

dynamic,32

dynamic

number of processors

speedup

Speedup by schedule type
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OpenMP on CC-NUMA 

• Performance guidelines
– shared data structures

• use cache-line spatial locality
– linear access patterns (read and write)
– structs with components grouped by access

• don’t mix reads and writes to same data on different processors
– use phased updates

• avoid false sharing
– unrelated values sharing a cache line updated by multiple threads

• make sure data structures are physically distributed across memory
– by parallel initialization

» artifact of page placement policy under e.g. Linux
– by explicit placement directives and page allocation policies



26Shared Memory Multiprocessing (2)COMP 790-033  - Prins F22

OpenMP on CC-(N)UMA

• Other guidelines
– Enlarge parallel region 

• to retain processor – data affinity
• to avoid overhead of repeated entry to parallel region in an inner loop

– Use appropriate work distribution schedule
• static, else
• guided, else
• dynamic with large chunksize
• runtime-specified schedule involves relatively small overhead

– Don’t use too many processors
• OS scheduling of threads behaves erratically when machine is 

oversubscribed
• be aware of dynamic thread adjustment (OMP_DYNAMIC)
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Reductions and critical statements
• a reduction loop does not have independent iterations

for (i=0; i<n; i++) {

sum = sum + a[i];

}

• the loop may be parallelized by inserting a critical section

– the critical directive serializes a single statement or block
#pragma omp parallel for

for (i=0; i<n; i++) {

#pragma omp critical

sum = sum + a[i];

}

– but this is a poor strategy!

• a reduction loop can be identified using a reduction directive
#pragma omp parallel for reduction(+: sum)

for (i=0; i<n; i++) {

sum = sum + a[i];

}

Presenter Notes
Presentation Notes
How should OpenMP reduction be implemented?
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Implementation of reduction directive
• A better implementation of the reduction loop

sum = 0;
#pragma omp parallel
{

int i, local_sum = 0;
#pragma omp for
for (i=0; i<n; i++) { 

local_sum = local_sum + a[i];
}
#pragma omp critical
sum = sum + local_sum;

}

– reduces number of critical operations from n to p

• other reduction strategies
– serialization:  master thread sequentially combines local_sum values
– tree-based reduction
– hybrid strategy
OpenMP compiler should generate code that selects optimal strategy at run 

time
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