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What is OpenMP

http://en.wikipedia.org/wiki/OpenMP

The OpenMP (Open Multi-Processing) is an application
programming interface (API) that supports multi-platform shared
memory multiprocessing programming in C/C++ and Fortran on
many architectures, including Unix and Microsoft Windows platforms.
It consists of a set of compiler directives, library routines, and
environment variables that influence run-time behavior.

OpenMP is a portable, scalable model that gives programmers a
simple and flexible interface for developing parallel applications for
platforms ranging from the desktop to the supercomputer.

An application built with the hybrid model of parallel programming
can run on a computer cluster using both OpenMP and Message
Passing Interface (MPI).

OpenMP: shared memory

MPI: distributed memory




History of OpenMP

The OpenMP Architecture Review Board (ARB) published its first
API specifications, OpenMP for Fortran 1.0, in October 1997.
October the following year they released the C/C++ standard.

2000 saw version 2.0 of the Fortran specifications with version 2.0 of
the C/C++ specifications being released in 2002.

Version 2.5 is a combined C/C++/Fortran specification that was
released in 2005.

Version 3.0, released in May, 2008, is the current version of the API
specifications. Included in the new features in 3.0 is the concept of
tasks and the task construct. These new features are summarized
In Appendix F of the OpenMP 3.0 specifications.




Goals of OpenMP

Standardization:
Provide a standard among a variety of shared memory
architectures/platforms.

Lean and Mean:

establish a simple and limited set of directives for programming
shared memory machines. Significant parallelism can be
Implemented by using just 3 or 4 directives.

Ease of Use:

-Provide capability to incrementally parallelize a serial program,
unlike message-passing libraries which typically require an all or
nothing approach

-Provide the capability to implement both coarse-grain and fine-grain
parallelism

Portability:
-Supports Fortran (77, 90, and 95), C, and C++
-Public forum for APl and membership
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OpenMP forum: http://www.openmp.org/forum/

O enMP OpenMP Forum
Discussion on the OpenMP specification run by the OpenMP ARB

<% Board index

It 1s curr

View unanswered posts » View active topics

TOPICS L 1 LAST POST

General by Ernsto &
é General OpenMP discussion 321 1222 on Thu Dec 18, 2008 1:51 pm
e OpenMP 3.0 API Specifications 4 14 by Deloghi &
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e Draft 3.0 Public Comment 10 59 by jakub [
# The public comment period closed January 31, 2008. This forum 1= now locked (read only). on Mon May 19, 2008 8:39 am
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Username: | | Password: | | | Log me on automatically each visit []
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Multithread (23— 5#)

OpenMP is an implementation of multithreading, a method of parallelization whereby
the master "thread" (a series of instructions executed consecutively) "forks" a
specified number of slave "threads" and a task is divided among them. The threads
then run concurrently, with the runtime environment allocating threads to different
processors.

The runtime environment allocates threads to processors depending on usage,
machine load and other factors. The number of threads can be assigned by the
runtime environment based on environment variables or in code using functions. The
OpenMP functions are included in a header file labelled "omp.h" in C/C++
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Master Thread
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Core elements

OpenMP language

extensions
runtime
parallel control : data e _
work sharing . synchronization functions, env.
structures environment .
variables
governs flow of distributes work SCOpEes coordinates thread | | runtime environment
control in the among threads variables execution
program
onp_set_num_threads()
do/parallel do shared and critical and onp_get_thread_num()
parallel directive and private atomic directives OMP_NUM_THREADS
section directives clauses barrier directive OMP_SCHEDULE

A compiler directive in C/C++ is called a pragma (pragmatic information).
It is a preprocessor directive, thus it is declared with a hash (#). Compiler
directives specific to OpenMP in C/C++ are written in codes as follows:




OpenMP programming model [1]

Shared Memory, Thread Based Parallelism:
OpenMP is based upon the existence of multiple threads in the shared memory
programming paradigm. A shared memory process consists of multiple threads.

Explicit Parallelism:
OpenMP is an explicit (not automatic) programming model, offering the programmer
full control over parallelization.

Fork - Join Model:
- OpenMP uses the fork-join model of parallel execution
- All OpenMP programs begin as a single process: the master thread. The
master thread executes sequentially until the first parallel region construct
IS encountered
- FORK: the master thread then creates a team of parallel threads
- The statements in the program that are enclosed by the parallel region construct are
then executed in parallel among the various team threads
- JOIN: When the team threads complete the statements in the parallel
region construct, they synchronize and terminate, leaving only the master

thread
E

{ parallel region } { parallel region }

—

master
thread




OpenMP programming model  [2]

Compiler Directive Based.:
OpenMP parallelism is specified through the use of compiler directives.

Nested Parallelism Support:

- The API provides for the placement of parallel constructs inside of other parallel
constructs

- Implementations may or may not support this feature.

Dynamic Threads:

-The API provides for dynamically altering the number of threads which may used to
execute different parallel regions

- Implementations may or may not support this feature.

1/O:

-OpenMP specifies nothing about parallel 1/0. This is particularly important if multiple
threads attempt to write/read from the same file.

-If every thread conducts I/O to a different file, the issues are not as significant.

-It is entirely up to the programmer to insure that 1/O is conducted correctly within the

context of a multi-threaded program.

FLUSH Often?:

-OpenMP provides a "relaxed-consistency" and "temporary" view of thread memory
(in their words). In other words, threads can "cache" their data and are not required
to maintain exact consistency with real memory all of the time.

-When it is critical that all threads view a shared variable identically, the programmer
is responsible for insuring that the variable is FLUSHed by all threads as needed.
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Example 1: hello world  [1]

hello.c

1 Makefile

z | Hinclude <omp.hs> |

2 #Hinclude «<stdio.h> 1

4 2 hello: hello,.o

£ int main {(int argc, char *argv([]) 3 icpe |—openwp | -tmp - hello.o
&[] 1 4 icpe |—openmp | -0 hello hello.o
7 g#pragma [omp parallel c

g {

-] printf ("Hello Worldhn®™);

10 h

11 return 0O0; . .

1z 1 .| header file “omp.h” is necessary for
13 OpenMP programming

MSDN library 2005

The #pragma directives offer a way for each compiler to offer machine- and operating system-
specific features while retaining overall compatibility with the C and C++ languages. Pragmas are

A 4

machine- or operating system-specific by definition, and are usually different for every compiler.

If the compiler finds a pragma it does not recognize, it issues a warning, but compilation continues.

Mman iCPC  [—"—
Enabhle the parallelizer to generate multi-threaded code bazed on
the OpenMP* directiwes. The code can be executed in parallel on
both uniprocessor and multiprocessor systems. The option
works with both -00 (no optimization) and any optimization lewel
of -01, -02 (default) and -03. Specifying -00 with QGodSeine helps
to debug OpenMP applications.



Example 1: hello world  [2]

[nacroldlquartet? hello wordl]s 1s he||O.C

Makefile hello.c

[macroldfquartet hello_wordl]s make hello

icpc -openmp -mp -c hello.c

hello.c(?): (col. 3) remark: OpenMP DEFINED FEGION WAZ PARALLELIZED.
icpec -opermp -0 hello hello.o

[macroldlgquartet2 hello wordl]s ls

1

z #Hinclude <omp.h>

2 #Hinclude <stdio.h>
4
5

int wain (int argce, char *arogv[])

Makefile hello.c hello.o Y
[nacroldfquartetZ hello wordl]sé ./ hello 7 g#pragma omp parallel
Hello World sl «
Hello Warld | printf("Hello Worldin™):
Hellao TWorld 10 3
Hello World 11 return 0O:
[macroldiqartets hello_wordl]s I 12 1
1z

Machine quartet2 has 4 cores |

top - 11:17:15 up 14 days, 22:54, &2 ugers, load average: 0,00, 0.00, 0,00
Tasks: 1358 total, 1 runming, 137 sleeping, 0 stopped, 0 zomhie

Cpald : 0.0%us, 0.0%sy, 0.0%ni,l00.0%id, O0.0%wa, 0.0%hi, 0.0%=i, 0.0%st
Crual : 0.0%u=s, 0.0%:3y, 0.0%ni, l00.0%id, O.0%wa, 0.0%hi, 0.0%=i, 0.0%st¢
Cpuz : 0.0%us, 0.0%sy, 0.0%ni,l00.0%id, O0.0%wa, 0.0%hi, 0.0%=i, O0.0%stC
Cpas @ 0.0%us, 0.0%sy, 0.0%ni,l00.0%id, O0.0%wa, 0.0%hi, 0.0%=si, 0.0%stC
HMem: 201628k total, 3524316k used, 4677312k free, 219744k buffers
awap: 5193140k total, Ok uzed, §193140k free, 28499260k cached
PID TSER PR NI VIRT EEZ BSHE 3 %CPU 3MEM TIME+ COMMAND

14400 macrold 20 0 18936 1208 900 R o 0.0 Q:00.01 top

1l root 20 0 10328 685 580 3 o 0.0 0:05.36 init

2 root 15 -5 1 0 ns o 0.0 0:00.00 kthreadd

[macroldfgquartets? hello wordl]s cat Sproc/cpuinfo I

model name : Intel(R) Core(TM)IZ Quad CPU Qasd0 (@ z.40GH=
Stepping r 11
cpu MH= : 1596.000

cache zise : 4096 EE



Example 1: hello world  [3]

octetl — Machine octetl has 8 cores (two quad-core)

[macroldfoctetl hello wordl]s ls
Makefile hello.c hello.o
[macroldfoctetl hello wordl]s ./ hello

top - 09:55:07 up 30 days, 158:39, 1 user, load awerage: 0.00, 0.00, 0.00
Tasks: 194 total, 1 rumming, 193 sleeping, 0 stopped, 0 zomwbhie

Cpud : 1.5%us, 0.1%3y, 0.0%ni, 98.4%id, 0.0%wa, 0.0%hi, 0.0%3i, 0.0%st
Hello World Cpul : 1l.1%us, 0.l%sy, 0.0%ni, 98.8%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%stc
Hello World Cpuz : 0.9%u=, 0O.l%sy, 0.0%ni, 95.8%id, 0.1l%wa, 0.0%hi, 0.0%=si, 0.0%=stc
Hello World Cpu3d : 0.5%us, 0.0%3y, 0.0%ni, 99.4%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%st
Hella World Cpud : 1l.5%us, 0.l%s3v, D.D%n}, 98.4%}&, 0. 0%wa, D.D%h:!., U.U%SZ!., 0.0%st
Cpus 0.8%us, 0.0%s3y, 0.0%ni, 99.1%id, 0.0%wa, 0.0%hi, 0.0%si, O0.0%=tC
Hello World Cpus : l.l%us, 0.2%sy, 0.0%ni, 98.6%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%st
Hello World Cpu? : 0.8%us, 0.0%sy, 0.0%ni, 99.2%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%st
Hello World Mem: 65342468k total, 11726988k used, 53615480k free, 416284k buffers
Hello World Jwap: 67103496k total, 30464k used, 67073032k free, 10152548k cached

PR NI VIRT EE3 3HE 3 %C ZMEH TIME+ COMMAND
1 root 20 0 10325 280 252 3 0 0.0 0:13.96 init
Z root 15 -5 ] 0 o3 0 0.0 0:00.03 kthreadd
hello.c
Question 1: How to impose number of threads in code? 1
z f#include <omp.hs>
environment variable OMP_NUM_THREADS 3 #include <stdio.h:
4
[macroldleuartets hello wordl]s £ int mwain (int argce, char *farogw[])
[macroldBeuartet2 hello wordl]$ set | grep OMP_NITM &1
OMP_NUM THREADZ=4 7 gpramoa omp parallel
[macroldBoquartetz hello wordl]s I g [ {
a printf ("Hello Worldhn™):
[macroldfoctetl hello wordl]s 10 ¥
[wmacroldloctetl hello wordl]s set | grep OMP NUTM 11 return 0O;
OMF HNUM THREADS=5 12}
[macroldfoctetl hello wordl]s I 13




Example 1: helloworld  [4]

Question 2: How can we run the same code in sequential mode?

hello.c -

l Makefile

z #Hinclude <omp.h: 1

3  f#include <stdio.hs> 2 hello: hello.c

4 ] icpz —openmp -wp - hello.o

5 int main (int argeo, char *argv([]) 4 icpo —opentp —o hello hello.o

=

&[4 -

7 Hpragma om arallel

E[] {p eh PP ? hello seq: hello.c <

5 printf("Hello Worldin"): 8 iepe -mp -¢ hello.c

g ) ] icpe -0 hello seq hello.o

10

11 return O;

1z h . .

13 sequential version
quartet2

[macroldfgquartetZ hello wordl]s octetl

[macroldimartet? hello wordl]s make hello sedq

icpc -mp -c hello.c - - [macroldloctetl hello wordl]$

——— hello.c(7): warning #16l: unrecognized #pragma [macroldfoctet]l hello_wordl]é ./hello_seq
#pramma omp parallel Hello World
S

[macroldBocterl hello wordlls |

icpc -0 hello seq hello.o
[macroldfquartet? hello wordl]s 1s

Makefile hello.c hello.o
[macroldfquartet? hello wordl]s . hello seq
Hello World
[macroldfquartet? hello wordl]s I

\ 4

onIy one core executes




Example 1: hello world  [5]

Question 3: How can we issue number of threads explicitly in code?

hello.c
1 .
z #include <omp.h> every thread has its own copy
2 fHinclude <stdio.h>
4
L int mwain (int argc, char farogvw([])
&[] ¢ . .
== int th id, nohreads; use 5 threads (explicit) to execute
8 M l concurrently
] #praoma omwp parallel private(th id)] num threadsi(3)
el
11 th id = omp get thread numi) ;
1z printf("Hello World from thread 3din"™, th id): Synchronization
1z
# b i > . .
- S wait until all 5 threads execute
= it (thid==10) { “printf” statement.
17 nthreads = omwp get_num threadsi):
12 printf ("There are %d threadshn",nthreads) :
12 H
Z0 H
Z1 return Or
ZZ )

The barrier directive synchronizes all the threads in a team. When encountered,
each thread in the team waits until all of the others have reached this point. The
syntax of the barrier directive is as follows:

#pragma omp barrier new-line

After all threads in the team have encountered the barrier, each thread in the team
begins executing the statements after the barrier directive in parallel.



Example 1: hello world  [6]

guartet2 octetl

[wmacroldfgquarcet? hello wordz]s [macroldfoctetl hello_wordZ]$
[macrold@quartet2 hello word2]§ make hello [macroldfoctetl hello_wordZ]§ ./hello
icpc -openmp -mp -c hello.c Hella World from thread 3

hello.ci8): (col. 3) remark: OpenMP DEFINED REGION Wi% PARALLELIZED. Hello World from thread 0

icpc -opermp -o hello hello.o Hello Torld from thread 4
[macroldlgquartet? hello wordZ]s 1= Hellao World from thread Z

Makefile hello.c hello.o Hella World from thread 1
[macrold@mquartet? hello _word2]$ . /hello There are 5 threads

Hello World from thread 1 [macroldfoctetl hello wordz]s I

Hello World from thread 2
Hello World from thread 3
Hello World from thread 0
Hello World from thread 4
There are - threads

[macroldleuartets hello _word2]$ I th id = omp get thread numi):

printf ("Hello World from thread dyn™, th id):

core 0O core 1 core 2 core 3 core 4
th_id th_id th_id th_id th id |«——
if { th id == 0 ) 4if { th id == 0 ) 4if { th_id == 0 ) if { th id == 0 ) if ( th_ id == 0 )
| | | |
nthreads = owp get nuw threads();

printf ("There are %d threads'n”,nthreads) ;




Directive Format

The syntax of an OpenMP directive is formally specified by the grammar

#pragma omp direchive-name [clause| [,] clause]...] new-line

Each directive starts with #pragma omp, to reduce the potential for conflict with
other (non-OpenMP or vendor extensions to OpenMP) pragma directives with the
same names. White space can be used before and after the #, and sometimes
white space must be used to separate the words in a directive. Preprocessing
tokens following the #pragma omp are subject to macro replacement.

PARALLEL construct for Directive

sections Directive

Work-sharing construct ——

workshare Directive

single Directive

Conditional compilation

#ifdef OPENMP
lam = omp get thread num() + index;

#tendilf




Parallel construct

¥pragma o arallel [clause ...] nevline

#F meE ; - . ] frraoma owp parallel private(th id) nuwn threads(5)
if (scalar expressicon) g - -
private (list) th id = omp get thread numi():
shared (list) printf("Hello World from thread dhvn', th id):

default (shared | none)

B - e racina owp barrier
firscprivate (list) #pragm p

reduction (opsrator: 1ist) if { th id == 0 ) {
copyin {l1ist) nthreads = omp get num threads();
num threads ({integer-sxpression) printf ("There are %d threads\n",nthreads)

'

)

structured block

« The number of physical processors hosting the threads is implementation-defined.
Once created, the number of threads in the team remains constant for the duration of
that parallel region.

» When a thread reaches a PARALLEL directive, it creates a team of threads and
becomes the master of the team. The master is a member of that team and has
thread number O within that team.

« Starting from the beginning of this parallel region, the code is duplicated and all
threads will execute that code.

 There is an implied barrier at the end of a parallel region. Only the master thread of
the team continues execution at the end of a parallel region.



How many threads

 The number of threads in a parallel region is determined by the following

factors, in order of precedence:

- evaluation of the IF clause

- setting of the NUM_THREADS clause

- use of the omp_set_num_threads() library function

- setting of the OMP_NUM_THREADS environment variable

- Implementation default - usually the number of CPUs on a node,
though it could be dynamic.

 Threads are numbered from 0 (master thread) to N-1.

» Master thread is numbered as 0.
Question 4: How to write parallel code such that it is independent of number of
cores of host machine?

Question 5: What happens if number of threads is larger than number of cores of
host machine?



Private clause

fipragma omp parallel private (th id)] num threads(5)

The PRIVATE clause declares variables in its i

th id = omp get thread numi);

IISt to be prlvate to eaCh thread printf("Hello World from thread %din", th id):
“private variable” means each thread has its fipragma omp barrier
own copy and cannot interchange information. if [ thid == 0] ¢

nthreads = owp get nuw threads();

printf ("There are %d threads'n”,nthreads) ;

'
3

 PRIVATE variables behave as follows:
- a new object of the same type is declared once for each thread in
the team
- all references to the original object are replaced with references to
the new object
- variables declared PRIVATE are uninitialized for each thread

Exercise 1: modify code of hello.c to show “every thread has its own private
variable th_id”, that is, shows th_id has 5 copies.

Exercise 2: modify code of hello.c, remove clause “private (th_id)” in #pragma
directive, what happens? Can you explain?



OutLine

OpenMP introduction
Example 1: hello world

Example 2: vector addition
- work-sharing construct: for Directive

enable openmp in vc2005

Example 3: vector addition + Qtime

Example 4: matrix multiplication

Example 5: matrix multiplication (block version)



Work-sharing construct

A work-sharing construct divides the execution of the enclosed code region among the members
of the team that encounter it

A work-sharing construct must be enclosed dynamically within a parallel region in order for the
directive to execute in parallel

*  Work-sharing constructs do not launch new threads

e There is no implied barrier upon entry to a work-sharing construct, however there is an implied
barrier at the end of a work sharing construct

sections: breaks work into separate,

for: shares iterations of a loop discrete sections. Each section is single: serializes a
across the team. executed by a thread. section of code.
A type of data parallelism A type of functional parallelism
master thread
masfter thread master thread
YT YT | __FORK _
SINGLE |  feam
feam SEETO feam
JOIN
JOIN JOIN
master thread
master thread masfter thread



Example 2: vector addition

vecadd.c

Hinclude
Hinclude
Hinclude
Hinclude

<omp . hi

<stdio.h>
<stdlib.h>
<assert.h>

double walltime | double *t0 )
vold randomInit | float¥ data, int size) !

0 -1 MmN

9 int main(int argeo,

1o

char *argw[] ]

11 long int I = ZOOo0oooooo

1z int thread num = 4 ; parameter
1z A 4T e S ) S

14 float *a, *kh, *co

1k double startTime, elapsedTime; /% for t
1& double clockiero = 0.0;

17

1 a (float*) malloc| sizeocf(float)] *N )
15 b = [(float¥*) mwalloc| sizeof (float) *N )
Z0 z = [(float¥) malloc| sizeocf(float)] *N
21

22 startTime = walltime| £LclockZero )

23 randomInit (a, M)

24 randomInit (b, )

ZE elapsedTime = walltime | LstartTime )
ZE printf ("Time to randomize a, b = %6.4f

iming */

; assertia) !
; assertib)
; assert(c) !

{s1n",

elapsedTime]) ;

43
Lo

vecadd.c | ;"

ES 1}

5z [ for (int i = 0; i < size;
B3 data[i] = rand() /
54 '

++i) 4

S Allocates a matrix with random float entries.

vold randomInit (float?® data, int size)

(float)RAND MAX;

[1]

walltime.c

4 Hinclude <sys/time.h>
£ // return current time - t£0 in seconds
& double walltime( double *c0 )

7H 4

=] double mic, time;

a double mwega = 0.000001;

1o struct timewval tp;

11 struct timezone Lzp;

1z static long hase sec = O;

1z static long hase usec = 0O;

14

15 [(woid] gettimecfday(Ltp, &tzp);

18 if (hase sec == 0]

17 [ {

1z base sec = tp.tv sec:

13 base usec = tp.tv_ usec;

za }

zl

2z time = (double)] (tp.twv _sec - base sec);
23 mic = [double] (tp.tv_usec - base usec):
24 time = [(time + mic * mega) - *c0;

Z5 return{time) ;

& }

Tool for measuring time

only valid in Linux system



Example 2: vector addition

[2]

Makefile

7 clean:

z wvecadd: wecadd.c walltime.c
icpe —openmp —-mp —O00
icpe —c walltime.o
icpe —openmp —o vecdadd walltime.o wvecadd.o

- wecadd. o
A

-£ *.o

vecadd.c
jSars
za startTime = walltime| LclockZera )@
za
20 =#pragma crwp parallel default (none] nun threads (Chread num) Y
21 shared(a,b,o,N) private(i)
2z L
33—>» #Hpraoma omp for schedule| static | nowait
24 [ for [(i=0; i < MN; i++)§ 3
25 c[i] = a[i]l] + b[i]: 4
25 i 5
37 5
38 Y /% end of parallel section %/
29 elapzedTime = walltime | &startTime ) : = rm
40 double zize = [ (double)lN) ¥sigeof (float)/1.E6 :
41 printf("=ize = %6.2f (ME) “n'", size ):
47 printf("thread nuwn = %d, time for wvecadd = %6.4f (=21hvn",
473 thread mum, elap=sedTine) !
LT
48 freeia) : free(kh) : freeic) :
48 return 0 :
47
[macroldfimuartets wecadd]s 13
Makefile wecadd.c walltime.c
[macroldfmartets wecadd]s make wecadd
icpc -openmp -mp -00 -c wecadd.c
vecadd.c(33): (col. 5) remark: OpenMP DEFINED LOOP Wi5 PARALLELIZED.
vecadd.c(30): (col. 1) remark: OpenMP DEFINED BEGION WAS PARLLLELIZED.

icpe -c walltime.c

icpc —openmp -0 wecadd walltime.o wecadd.o
[macroldfmartets wecadd]s . /vecadd

Time to randomize a, b = 6.4565 (2]

size = 800.00 (ME)

thread nmum = 4, time for wvecadd = 0.6237 (=)
[macroldfdmartets wecadd]s I

“O0” means no optimization




shared clause and default clause

The SHARED clause declares variables
in its list to be shared among all threads
in the team

#pragma omp parallel default (none) huw threads (thread nwum)
zhared(a,b,c,N) private(i)
i

#pragma omp for schedule| static | nowait
for (i=0; i < M; i++)1{
c[i] = a[i] + b[i]:

'

¥ 4% end of parallel section */

y

* A shared variable exists in only one memory location and all threads can read or write
to that address (every thread can “see” the shared variable)

* Itis the programmer's responsibility to ensure that multiple threads properly access
SHARED variables (such as via CRITICAL sections)

Question 6: Why index i must be private variable and a,b,c,N can be shared
variable? What happens if we change i to shared variable? What happens if we

change a,b,c,N to private variable?

The DEFAULT clause allows the user to specify a default PRIVATE, SHARED,
or NONE scope for all variables in the lexical extent of any parallel region.

default

(shared |

none)




Work-Sharing construct: for Directive

$pragma omp for [slause ...] newline
=schedule {Evpe [,chunk])

ordered

private (l1ist)
firstprivate ({list)
lastpriwvate (list)

shared ({l1ist)

reduction (operator: 11ist)
nowait

for loop

Hpragma omp parallel default (none) num_ threads (thread num)
sharedi(a,b,c,N) private (i)
1
#pragma omp for schedule| static | nowait
for (i=0; i < M; i++){
c[i] = a[i] + B[i]:
K

¥ /% end of parallel section */

Y

« SCHEDULE: Describes how iterations of the loop are divided among the

threads in the team

- static: loop iterations are divided into pieces of size chunk and then
statically assigned to threads. If chunk is not specified, the iterations
are evenly (if possible) divided contiguously among the threads

- dynamic: loop iterations are divided into pieces of size chunk, and
dynamically scheduled among the threads; when a thread finishes
one chunk, it is dynamically assigned another.

The default chunk size is 1.

 nowait: If specified, then threads do not synchronize at the end of the

parallel loop.




Example of static schedule

Assume we have 16 array elements, say a[16], b[16] and c[16] and use 4 threads

1 no chunk is specified, compiler would divide 16 elements into 4 threads

gfpramma omp parallel default (none) num threads (thread num) i
shared(a,b,c,N) private (i)
i
#pragmwa owp for schedule | static | nowait
for (i=0; 1 < MN; i++){
c[i] = al[i] + b[i]:
}

Y} /% end of parallel section */

Thread ID 0 1 2
alol1]|2|3|4|5|6|7]8]09 101112‘13‘14‘15

2 chunk=2

#prammna omp parallel default (none) num_threads (thread num) !

shared(a,b,c,N) private (i)

1
#pramna omp for achedule | static, Z ) nowait
for (i=0; i < MN; i++){

c[i] = ali]l + b[i]:

B

v /% gnd of parallel section ¥/

ThreadID 0 1 2 0 1 2
aloj1|2|3|4|5|6|7|8|9|10(11|12(13/14|15




Results of example 2

8
N - 2X10 #pracgmwa omp parallel default (none) nun threads (thread num)

compiler: Intel C compiler icpc 10.0 t

Compiler option: -O0

b

zhared(a,b,c,N)] private(i)

Y A% end of parallel section %/

#pragma omp for schedule( static | nowailt
for (i=0; i < MN; i++){
c[i] = a[i] + b[i]:

4

T(single) 1.5451

= =3.199
T(8—core) 0.483

Octetl:

T(single) 1.6571 3.05

tet2: = =
S T (4=core) 05433

Question 7: the limitation of performance
improvement is 3, why? Can you use different
configuration of schedule clause to improve this
number?

Number of | quartet2 Octetl
thread

1 1.6571(s) | 1.5451 (s)
2 0.9064 (s) | 0.9007 (s)
4 0.5433 (s) | 0.5165 (s)
8 0.6908 (s) | 0.4830 (s)
16 0.7694 (s) | 0.5957 (s)
32 0.9263 (s) | 0.7098 (s)
64 0.9625 (s) | 0.7836 (s)
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Example 1 (hello world) in vc2005 [1]

Step 1. create a empty consol application

Froject types: Templates: |§|
=) Visual C++ ¥iznal Stodio installed templates
ATL [ —
CLE (o Win32 Conzols Application = Win32 Project
(General
MEC
My T late
Smart Device B R
—niBearch Online Templates. ..
CUUDA =
CUDAGd
Other Langages
Cther Project Tvpes
& project for creating a Win®2 console application |
Mame: | hellowoxld_swe2005| |
Location: | I o' 2008smmmert:_langtexampleichapl w | Browss. .
Solution Mame: | helloworld_we2005 | Create directory for solution
OK || Concel |




Example 1 (hello world) invc2005 [2]

Winld2 Application Wizard - helloworld w2005

Welcome to the Win32 Application Wizard

Civeryiew These are the current project settings:
application Settings * Console application

Click Finish from any window to accept the current settings,

After you create the project, see the project's readme. twt file for information
about the project features and files that are generated.

Mext = Finish ” Cancel ]

Application type: Add commaon header files for:
() Windows application
{¥) Console application
Opu
() Static library
~Additional options:
Empty project




Example 1 (hello world) invc2005 [3]

I Theonrset 2008 smmmerte_langhexampleichapl

BEHKTHE 2 L_J hello_word] L_J helln_word2

BATHTRTE R

S A SE e et = =
S TR L_J helloworld _we2005 L_J wecadd

Step 2: copy hello.c to this project and add hello.c to project manager

) Ieonrse'2008smmmerte:_langhexamplechapl Phelloworld 2005 helloworld w2005 W |

- helowordd_wc2005 =1 helloworld_we2005 veprog MATH-.
| Vo4 Project = Visual 3tudio Froject Tzer Options file
= 1EB 2EB

hello
C Z Boume
1EB

*9 helloworld w2005 - Microsoft Visnal Stadio

EHEHETIF
EATHHTE

S fEE A RS
TREEEHE

File Edit View | Project | Budld Debug Tools Window Community Help
z ijj Ef::m — . Look in: ||E: helloworld_ve2005 -
i Add New Item... Ctol+Shift 4 E
E E%luﬂﬁ:ﬂiulfhj 4dd E:-usﬁng lterm... Shiftelted s
- £ Header F) 4 New Filter
""" d Resowrce) 53 Show All Files LJ
...... e Lo
Bet az BtartlTp Project
helloworld_we2005 Propertes...  AMHE?

[T TEvecadd_cudand




Example 1 (hello world) invc2005 [4]

20 helloworld w2005 - Microsoft Visnal Stadio

File Edit View | Project | Build  Debug  Tool: Window  Comonondty  H

G- i 5 g% AddCls. b Debug
T b Ax | {e) Add NewItem.. CtebShift i ;
Solntion Explorer - Sol 22| Add Existing Item... ShiftAlt A
= | [= Exclude From Project

(oA Solution hellowo 51 Show All Files I
= 33 helloworld |

[J Header F Visio UML (¥ ’
1 Resouce Zet az StartlUp Froject har *argw[])
= L Source F

¢ hello helloworld_we2005 Properties... AIHET?

2

TT
| #orarma omo parallel orivatedth

Step 3: change platform to x64

helloworld we2005 Propexty Pages

Configuration: | Active(Debug) | Platform: | Active(Win32) |1 Configurstion Menager.. |

=) Common Properties g General
- References _ Ortput Directory $ (SolutionDir)$(ConfigurationName)
Configuration Properties . . B B
Intermediate Directory ${ConfigurationName)
Erdenszions to Delete on Clean ¥ bl AThc® % h - tp ¥ e p e ¥ ped B TargetPath)
Build Log File $ TntDi\Bodld Log htm

Inherited Project Property Sheets



Example 1 (hello world) in vc2005

Confignation Manager

Active solution configuration:

Aetive solution platform:

Debug

v | | Win3z

Project contests (check the project configurations to build or d

W in 322

Froject
helloweorld_we2005

P L A A kR e Mt L A o R e

Hew Solntion Platform

Configiration
Debug

Tope or select the new platform:

| Pocket FC 2003 (ARMYA) w |
Copy settings from:
| Win32 v

Create new project platorms

.

Cancel ]

Confignration Manager

«Edit...=

W Win3d

choose option “x64”

v

New Solotion Platform

Tape or slect the new platform:

@ 3
Copy settings from:
| Wins2 v|
Create new project platforms

OK || Concel |

A otive solution configuration: Active solution platform:
| Debug v I update platform as “x64”
Project contexts icheck the project confiznrations to build dr-deplasr:

Froject Configuration Flatform Build

helloworld_we2005 Debug W wbhd



Example 1 (hello world) invc2005 [6]

Step 4: enable “openmp” support

helloworld we2005 Property Pages

Confignration: | Active(Debug)

Common Properties
[=)- Confizgnration Properties
Creneral
Debogging
= CIC++
CGeneral
Cptimization
Preprocessor
Code Generation
Precompiled Headers

helloworld ve2005 Property Pages

v | Platform: | Astive(d) v | [ Configuration Manager... |
Diizable Langnage Extensons Nao
Default Char Tnsigned Ho
Treat wehar_t as Budlt-in Twpe Yes
Foree Conformance In For Loop Scope Ve
Enable Bun-Time Twpe Info Yes

CpentdF Support Mol w

vc 2005 support OpenMP 2.0

Confignration: | Active(Debug)

Common Properties
[=)- Configuration Properties
Creneral
Debugzing
=) CAC+H+
(Creneral
Ciptimizatiogn
Preprocessor
Code Generation

Langnage
Prarmramilad Haadars

v | Platform: | Active(x64) | [ Contiguration Manager... |
Dizable Language Extensions No
Diefanlt Char Unsgned o]
Treat wohar_t az Buit-in Twpe Ve
Foree Conformance In For Loop Scope Yes
Enable Fun-Time Twpe Info Tez Y

CpentdP Support Yes (fopenmp) "




Example 1 (hello world) invc2005 [7]

Step 5: compile and execute

2% helloworld we2005 - Microsoft Visnal Stoadio

File Edit View Project | Build | Debug  Tool:  Window  Comonnnity  Help

-5 22 |l F ‘ Enild Solution F? b Debug - x4
T W b A | EE S Eebuild Solution  Ctl+A14EF7 5 _
Clean Bolution I o

solution Explarer - Solution .. -
= | = | [ (%% Buid helloworld_vc2005
o Solution helloworld_ve200|  Rebuild helloword_ve2005 |
= A helloworld_ve2005| o bonc s ves00s

[ Header Files _
I_ﬂ Res-:uurce. Files Project Ol 4 har *arzv[])
= LD Bource Files Profile Guided Optimization b
&+ hello.c ;
Batch Buidld.. ] )
1 private(th_id) num_threads(5)
Configuration Manager. ..
: hread_num( 3 ;
ﬁ Compile CtHE?  [1d from thread 8dwn", th_idd;

Show output from: Buoild - . = = | =

J L = =

l=Compiling...

l:hello.c

l=Compiling manifest to resources. ..
l=Linking. .. et (CAWINDOW S'system 3 2vmd .exe
l:Emhedding manifest. ..
1:Build log was saved at "file://i:course2008summerc lang example’chapl9helloworld wc2005%he]l Lo R RS N B YT A V=1 M
l:helloworld_w»c2005 - 0 ervoris), 0 warning(s) World from thread 2
========== Rebuild All: 1 succeeded, 0 failed, 0 skipped ========== Vorld from thread @

World from thread 3
World from thread 4
threads




Example 2 (vector addition) in vc2005 [1]

walltime.c only works in Linux machine since no “sys/time.h” in windows

In time.h of ANCI C, no function “gettimeofday”, hence we give up walltime.c

= o [E {iHlobal Scope) v || gwalltime{double * 10)
J Solution vecadd +o2005' (1 project) | 5 /% wall clock */f
= 24 vecadd_vc2005 M zee "Zoftware Optimization for High Performance Computing" p_ 135 #/
o geaderFﬂ;;E #inclode zsvsftime he
L e LA return corrent_time - t0 in zeconds
= |5 Bource Files gdouble walltime! double *t0 )
F:ﬂ vecadd. .o {
;:ﬂ walltimne o douhle mic, time;

douhle mega = 0.000001 ;
struct timewval tp;

ztruct timezone t=p;
ztatic long baze_sec = 0;
ztatic long base_usec = 0;

(woid) gettimeofday(dtp, d&tep);
if (baze_szec == 0)
{
hase_sec = tp.tv_sec;
hase_uzec = tp.tv_usec;

}

time = (double) (tp.tw_sec - base_sec);
mic = (douhle) {tp.tv_usec - base_usec);
time = (time + mic ¥ mega) - *t0;

returnd time);
< > 1
._;f:ISculuﬁJ:u... FClass .. ﬁglepert... F
Catput
Show output from:  Build - & | = |3
1=------ Build started: Project: wecadd +wc2005, Configuration: Debug xhd ------
1=Compiling ...

lewalltime . c
1= walltime.c(4) - fatal error ClDBE:lCannDt open include file: 'sweftime h': Mo such file or directurﬂ

1:Build log was saved at "file:/fi:‘coursen2llosummer»c lang »example schapl 9vwecadd voolls wecadd veedls sxhd \DebugsBuildlog  him"
1=vecadd_wc2005 - 1 errordz), 0 warning(s)

========== Byild: 0 succeeded, 1 failed, 0 up-to-date, 0 skipped =s========




Example 2 (vector addition) in vc2005 [2]

time_t time(time_t *tp) double difftime(time_t time_2, time_ttime_1)

returns the current calendar time or -1 if the time returns time_2 —time_1 expressed in seconds

is not available. If tp is not NULL, the return
value is also assigned to *tp.

vecadd.cpp

le /¢ double startTime, elapsedTime: /% for timing /7
17 time t startTime, endTime ;

18 double elapsedTime:

24 JF startTime = walltime| LclockIero ):

ZE Cime| &LstartTime )

ZE randomInitia, MN):

z7 randomInitib, MN):

zg // elapsedTime = walltime | &startTime ) :

Z9 Cime | LendTime )

20 elapzedTime = difftime (endTime, startTime)

21 printf ("Time to randomize &, b = %6.4f [(2)Wn", elapsedTime) :
38/ startTime = walltime( &clockZero )

36 time| &LstartTime )

27 fpragma omp parallel default (none) num threads (thread num) h
35 sharedia,b,c,N) private(i)

sl o

40 frraona owp for schedule| static | nowait

41 [ for [(i=0; i < MN; i++)§

4z o[i] = a[i]l] + b[i]:

43 b

44

45 Y /% end of parallel section %/

4 //  elapsedTime = walltime | L£startTime ) :

47 Cime | LendTime )

42 elapsedTime = difftime (endTime, startTime)
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Example 3: vector addition (Qtime)  [1]

vecadd.cpp

1 #include <omp.h>

g #Hinclude <stdio.h>

3 Hinclude <ztdlib.h>

4 Hinclude <azzert.hr

3

& | #include <gdatetime.h>

7

2 wold randomlInit|{ f£loat?®* data, int size)

9

10 int mwaini(int arge, char *arogw[] )

11 [ 4

1z long int N = ZoOo*1l0z4+10z4

1z int cthread num = 4 :

14 long int i:

15 float *a, *h, *o :

16

17 QTime t; // QT timer

1=

13 #ifdef CPENMP

Z0 printf ("OpenMP-compliant implementation’n™) ;

21 #Hendif

ZE

23 a = [float¥) malloci sizeocf(float)*N ) ; assertia)
Z4 b = (float®) malloc| sizeof(floac)*N ) ; assert k)
ZE ¢ = [(float¥) malloc| sizecf(float)*N ) @ assertic)

constructs the time 0 hours, minutes,
seconds and milliseconds, i.e.
~ 00:00:00.000 (midnight).

This is a valid time.

A QTime object contains a clock time, i.e. the number of hours, minutes, seconds, and
milliseconds since midnight

QTime uses the 24-hour clock format; it has no concept of AM/PM. It operates in local time; it
knows nothing about time zones or daylight savings time.

QTime can be used to measure a span of elapsed time using the start(), restari(), and elapsed()
functions




Example 3: vector addition (Qtime)  [2]

vecadd.cpp

ZE

z7 L.starc(] :

za

9 randomInitc (a, M) :

20 randomInitc (b, M) :

< printf("Time to randomize a, b =|%d (ms)|in™,| t.elapsed()|) :
32

33 t.start () :

a4

38 #Hpragmwa omp parallel default (hone) hum threads (thread num) h
36 shared{a,b,c,N] private(i)

37«

el fpragma omp for schedule| static ) nowait

23 [ for (i=0; i < N; i++)1

40 z[i] = a[i] + b[i]:

41 H

47 } /% end of parallel section */

43

44 printfi"thresd num = 5d, time for wvecadd =|:d (msS ',
45 thread num, |(t.elapaed())) :

45

void QTime::start ()

Sets this time to the current time. This is practical for timing:

int QTime::elapsed () const

Eeturns the number of milliseconds that have elapsed since the last time start() or restart() was called.
Note that the counter wraps to zero 24 hours after the last call to start() or restart.

Note that the accuracy depends on the accuracy of the underlving operating system; not all svstems provide 1-millisecond accuracy.



Example 3: vector addition (Qtime)  [3]

[wacroldfoctetl wecadd gtls
[macroldfoctet]l wecadd gt]s ls
Makefile wecadd.cpp - ]
[wacroldBoctetl vecadd grlé quake -project < generate project file vecadd_qt.pro
[wmacroldfoctetl wecadd gt]s ls |

Makefile wecadd.cpp wecadd gt.pro
[wacroldfoctetl wecadd gt]s wmake -spec limux-icc-openmp wecadd gt.pro  <———— generate Makefile

[wmacroldfoctetl wecadd gt]s ls
Makefile wecadd.cpp wecadd gt.pro
[macroldloctetl wecadd gt]$ make
icpe -c -w -02 -—openmp -mp  -DOT_NO_DEBUG -DQT _SHARED -DQT_THREAD SUPPORT -Ifopt/dt/mkspecssli
nmx-icc-openmp -I. -I. -Ifopt/gt/include -o wvecadd.o wecadd. cpp

vecadd.cpp(36): (col. 5) remark: OpenMP DEFINED LOOPF WaiS PARALLELIZED.

vecadd.cpp(33): (col. 1) remark: OpenMP DEFINED REGION Wis PARALLELIZED.

vecadd.cpp(37): (col. 5) remark: LOOP WAS WECTORIZED.

icpec -opermp -Qoption,ld,-rpath, fopt/grslib -o wecadd ot wecadd.o -Lioprsgrslib -LAusr/¥11R
6/1libh -lgt-mt -l¥ext -1¥11 -lm

[macroldfoctet]l wecadd gt]s ls

Makefile wecadd.cpp wecadd.o wecadd gt.pro

[wmacroldfoctetl wecadd gt]s ./ wecadd ot

OpenMP-conpliant implementation

Time to randomize a, b = 5515 [(ms)

thread num = 4, time for wvecadd = 522 [(ms)

size = §00.00 [(ME)

[wacroldfoctetl wecadd gt]s I

Makeﬁle ####### Conpiler, tools and options

CC = icc
Lz = icpc
LEX = flex
TACC = yacc
CFLAGS = -1 -02 [-openmp| -np -DOT_NO_DEBUG -DQT_S5SHARED -DQT _THREAD SUPPORT

CXXFLAGE = -w -02 [-openmp| -np -DQT_NO_DEBUG -DQT_S5SHARED -DQT _THREAD SUPPORT
LEXFLAGS =

TACCFLAGE= -4

INCRATH = -I/opt/gt/mkspecs/linux-icc-opennp -I. -I. -I5(QTDIR) /include

LINE = icpc

LFLAGS  =[ -openwp | -Qoption,ld,-rpath,$ (QTDIR) /lib

LIES = § [3UBLIE3) -Lg(0TDIR)/1ib -L/usr/xX11R6/1ib -lgt-mt -1lkext -1x11 -1m




Example 3: vector addition (Qtime)  [4]

Embed Qt 3.2.1 non-comercial version into vc 2005

Step 1: setup an empty project

Froject types: Templates: |E|
=) Visual C++ ¥iznal Stodio installed templates
ATL .
CLE @ Win32 Conzole Application E Win32 Project
(reneral
MEC
My T late
Smart Device B R
Win %2 i Bearch Online Templates...
CUDA
CUDAGd
Other Langunages
Other Froject Types
& project for creating a Win®2 console application |
Wanmne: | vecadd_gt_we2005 |
Location: | Ihconrss'20083smmmert:_langtexampleichapl w | Browss. .
Solution Manme: | vecadd_gt_we2005 | Create directory for solution
| oK || Cancel |




Example 3: vector addition (Qtime)  [5]

Step 2: copy vecadd.cpp into this project

T35 Teourse 2008 smmmery:_langhexsmpletchapl Pwecadd gt ve2005%ecadd gt wc2005 V| E EE]

- wecadd_gt_ w2005
| VO Project
= 1ER

=" wecadd_gt_wvc2005 veprog MATH-T. .
= ‘Z.Fif{lgl Stodio Project Teer Options file

- wecald
C ++ C++ Bource
2EB

Step 3: add item “vecadd.cpp” in project manager

IREAHRKIF
) BIIHRTERE

) AFIE Ml S 2 et
7 HRSREEEE

e

% vecadd ot we2005

e vecadd gt we2005 - Microzoft Visnal Stadio

File Edit View | Project | Build Debug Took Window 1
ol o e 5 e e Add Clas l Add Ezisting Item - vecadd_qt_vc2005
B | i . |78 Add Resource.. Lok in: |EJ vecald_gt_vc2005 v
2] Add New Item... Ctl+Shifthh | B e edd
o 2] Add Existing Itemn... ShiftsAlthd | ‘ @ H
[ Solution vesadd | [ New Filter Deskion
= & yocadd_at g RO \




Example 3: vector addition (Qtime)  [6]

Step 4. project - properties - C/C++ - General - Additional include Directories
B(QTDIR\include;C:\Qt\3.2.1NonCommercial\mkspecs\win32-msvc

e vecadd gt w2005 - Microsoft ¥isnal Stodio

C:sDocumentz and SettingssLungShengChien*set

File Edit Wiew | Project | Build  Debug  Tools Window C ALLUSERSPROFILE=C:“Documents and Settingsz-All Users
j SRR e Add Class... APPDATA=C:“Documents and Settings“LungShengChien“Application Data
= L CC=c1l
) ﬁ [ Add New e CtrilShift CLIENTHAME=Con=ole
Solution Explover - 8ol 2 A4dd Existing Item... Shifte A0 I .
= & | [F B Use IntelR) C++ I .
. : = QMAKESPEC=win32—nsuc
_:1 %“fj:a;faﬂ- Exclude From Project QTDIR=C:\Qt“3.2.1NonConmercial
- Header Fl 1 Show A1 Files .
[ Eesource Visio TML{V) b .
= L Bource Fi h:
G vera Bet ag Startllp Project
i
wecadd_gt_vc2005 Properties... AlF? |
=int maitnfiat avers  ~hs
vecadd gt wc2005 Property Pages @@
Configuration: | Active(Debug) “ | Platform: | Lotive{Wm*Z) hd [ Configuration Manager... ]
= Common Properties Additional Include Divectories R]l'l.im:lude;C:'l.QfG.E.IHDnCDnmrcialmakspecs\whﬂE-mwdE]
. nil?:Efem;fESP . Resolve #nzng Feferences
o Gegnﬂrsl St Debug Information Format Program Database for Edit & Continue {fZI})
Debugging Suppress Startup Banner Yez (fnologa)
- i Waring Level Level 3 (/W 3)
G;“Bmla X Detect 64-bit Portsbility Isses Yes (/Wp64)
Preprocesor Treat Warnings Az Emors No
Code Greneration s UNICODE Eesponge Files Yez
T.ansmase



Example 3: vector addition (Qtime)  [7]

Step 5: project = properties - C/C++ - Preprocessor - Preprocessor Definitions

WIN32; DEBUG; CONSOLE: MBCS;UNICODE;QT DLL:QT_THREAD SUPPORT

yecadd gt ¥e2005 Property Pages

Configuration: | Active Debug) v | Platform: | Active(Win32) | [ Contigurstion Manager... |
Common Properties Preproceszor Definitions [WIH_?E;_DEBI]G;_COHSDLE;_HBCS;I]HICGDE;CE]
=) Configuration Properties Tgnore Standand Tnclude Path Ho

S Grenerste P 4 File N
Debnzsi enerate Preprocesss ]

Eeep Comments Mo

Step 6: project = properties > C/C++ - Language - OpenMP Support

ecadd gt ¥e2005 Property Pages

Confignration: | Active(Debug) v | Plafform: | Active(Win32) v |
Common Properties Dusable Language Extensions: Hao
= Configuration Properties Diefanlt Char Tnsigned No
gzgeml_ Treat wohar_t az Built-in Tywpe Ve
= CAC+H Force Conformance In For Loop Scope Ves
Ceneral Enable Fun-Time Twpe Info Ve
Ciptimization Ty —
Preprocessar CpentdP Support Yesz (fopenmp)
e Ceneration
TECOmpiled Headers




Example 3: vector addition (Qtime)  [8]

Step 7: project - properties - Linker > General - Additional Library Directories
$(QTDIR)\lib;C:\Program Files (x86)\Microsoft Visual Studio 8\VC\lib

Configuration: | Active(Debug) | Platform: | Lctive(Wind2d) w [ Confignration Mansger... ]
- Common Froperties Crutput File D) (Projecttlame) exe
- Configuration Froperties Show Progress Not Set
Creneral Vers
Debu.ggmg A0
=T g Enable Incremental Linking Yesz (/INCREMENTAL)
General Suppress Startup Banner Tes (HOLOGO)
Ciptimizatiogn ;
[ — Igm.re Iinport Librawy J
Code Generation Register Cutput Mo
Langmage Additional Libracy Directories ${QTDIR ib 4P rogram Files (xB6)Microsoft Visual Stodic[[,)
Precompiled Headers Link Library Dependencies Vez
Quiput Files Use Library Dependency N
Browse Information s Labrary Llependency Inputs o
A dvanced Tz UNICCODE Responze Files Ve
Copmand. Line
- L
(Feneral
Input



Example 3: vector addition (Qtime)  [9]

Step 8: project = properties - Linker - Input - Additional Dependence
"gt-mtnc321.1ib" "gtmain.lib" "kernel32.lib"

vecadd gt ¥e2005 Property Pages

Contignration: |ﬂcﬁve (Debg) | Platform: |P;cﬁve{WinBE} T | [ Confienmation M — ]
oo PIDDEl'ﬁ.ES Additonal ]:I|3p|311|j_|3]1|:;i,3;5; "q't'm‘hEEEI g "qhmm.]ib" eernel 32 lih" E]
&- Contiguration Fropeaties Ignore Al Default Libiraries Ho

enerel I Bpecific Lib
Debugging gnaore Specific Librarr
= CiCH+ Module Definition File
General Add Module to Assembly
Cptirization s
Preprmocessar Embed Managed Fesoumee File
Code Generation Force Zxmbol References
Language Delay Lioaded DLLs
Precompiled Headers A zsemblyr Link Eemnmce
Chatpat Files
Browse Information
Advanced
Command Line
(= Linker
(reneral
Manifest File

Step 9: compile and execute

Restriction: QT3 in windows only support 32-bit application, we must choose
platform as “Win32”, we will solve this problem after installing QT4
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Example 4: matrix multiplication

[1]

matrixMul.h
26 #ifndef MATRIXMUL H
37 #define MATRIXMUL H
238
29/ Thread block =ize
40  fdefine BLOCE SIZE 1&
41
4z // Matrix dimensions
42 fHdefine WAL (25 # BLOCE SIZE) A4 Matrix L width
44 #define HL (25 * BLOCK SIZE) // Matrix A height
45 #Hdefine WEB (25 * BLOCE SIZE) // Matrimxm B width .
45 fidefine HB WA // Matrix B height matrixMul.cpp
47 fdefine WC WE /S Matrix C width
42 #define HC HL // Matrix C height 2 #include "matrixMul.h"”
43 3
50 #Hendif // MATRIXMUL H 4 wold matrixMul seq(float*® C, const float® L, const float® B,
= = 3 unsigned int hi, unsigned int wk, un=signed int whk | ;
]
7 wold matrixMul parallel (float® C, const float® L, const float® E,
g unszigned int hi, un=igned int wi, uns=igned int wk, int nthreads )1 ;
]
WA in /o =a *E
C- — Za1 hq 11 woid mwatrixMul seq(float* C, const float* L, const float® B,
1] k 1z unsigned int hi, unsigned int wk, unsigned int wE )
k=1 13 ¢
14 double swumn
. . 15 unsigned int i, j, k :
row-major index 1s dowble a, b ;
17 [H for (i =0; 1 < hi; ++i){
. 12 [ for (j = 0; 3 < wB: ++3) |
aik - A[l WA+ k] 12 sum = 0;
zo [ for (k = 0; k < wh; ++k) { . .
: 21 a = U[1 * wh + K] seqguential version
kaZA[kWB-i-J] 2z b = B[k * wB + i]:
Z3 sum += a * b;
. . 24 v for k
C’|j = A[| 'WC+ J] 75 C[i * wE + j] = (float)sum:
Z6 v/ for ]
27 yS for i
£g8 1




Example 4: matrix multiplication  [2]

matrixMul.cpp

30 woid matrixMul parallelifloat®* C, const float* A, const float* EB,

31 unsigned int hi, unsigned int wl, unsigned int wB, int nthreads )
2 [ ¢

33 double sum ;

34 int i, Jj, k :

35 double a, b :

26  fHpragma omp parallel default (none) num_ threads (nthreads) Y
37 shared(i,B,C, hli, wB, wl) private(i,]j,k,sum,a,b)

22 [ {

35 H#pragma omp for schedule( static) nowait

40 [ for (i = 0; i < hi; ++i){

41[] for (3 = 0; j < wB: ++3) ¢

4z s = 0O;

43 [ for (k= 0; k < wh; ++k) |

44 a = A[i * wi + K]:

45 B = Blk ¥ wB + ]]; parallel version
45 sum += a * b

47 VS for k

45 C[1i * wB + j] = (float)sww:

45 yA4 for 3

5D VS for i

El Vo4 end of parallel section

g2}

£z

Question 8: we have three for-loop, one is for “i”, one is for “j” and last one is for “k”,
which one is parallelized by OpenMP directive?

Question 9: explain why variable i, |, k, sum, a, b are declared as private? Can we
move some of them to shared clause?



Example 4: matrix multiplication

[3]

main.cpp
2 fHinclude <2tdlib.h>
2 fHinclude <stdio.h>
4 #Hinclude <string.hs
& fHinclude <math.h>
& Hinclude <assert.h>
7 #Hinclude <iostream:
g
5  #include <gdatetime.h> <—— USe QT timer
10
11 #include "matrixMul k"
1=z
1z woid runTest (int argo, char** argv) !
1l woid randomInic (float*, int):
15
15 woild matrixMul seqg(floatc* C, const float® L, const flogac® B,
17 unsigned int hi, unsigned int wi, unsigned int wB )
15
13 woid matrixMul parallel (float* C, const float* AL, const float* B,
Z0 unsigned int hi, unsigned int wi, unsigned int wB, int nthreads )
z1

ZZ int mwain(int argo,

za3[d ¢

Zd runTest (argo, arodv)
Z5 return 0O ;
26 }

zg wold runTestiint argc,

z9 [ ¢

35 srand(Z00a8) ;

char** argwv)

.
r

char** arogv)

30 int nthreads = 2 ;

21 unsigned int total size = 0 ;
32 CTime t: // QT timer

33

34 ff 2et zeed for randi)




Example 4: matrix multiplication

[4]

main.cpp
a7 A4 allocate host wemory for matricezs L and B
38 unsigned int size AL = WL * HAi;
39 unsigned int mem Size A = sizeof (float) ¥ =size A;
40 float* h A = (float*) malloc(mem size A);
41 assert | h L ) :
4z
» SRR use gmake to generate Makefile
45 unsigned int size B = WE * HE: _ _ R
45 unsigned int mem size B = sizeof(float) ¥ size B; [wacroldlgquartet? matrixMulls ls
47 float® h B = (float®) malloc (mem size E): main.cpp matrixMul.cpp matrixMul.h
48 assert|{ h B | : [macrold@dquartet? matrixMul ]§ mmake -project
43 total sizg += mem size B : [macroldidquartet? matrixMul]s 1=
5@ - - - main.cpp matrixMul.cpp mnatrixMul.h matrixMul.pro
. . [macrold@quartet? matrixMul ]§ mmake -3pec linm-icoc-openmp matrixMul.pro
c1 ff dinitialize host memory )
; - [macroldidquartet? matrixMul]ls 1=

5E randomInit (h_ i, size_Ai): Makefile main.cpp watrixXMul.cpp mnatrixMul.h wpatrixMual.pro
53 randomInit (h B, size B): [macroldRquartet? matrixMul]$ make
s4 icpc -c -w -0Z -openmp -mp -DOT_NO_DEEUG -DOT_SHARED -DOT_THREAD SUFPFORT
LE unsigned int size C = WC * HC: Aqrinkspecs/linux-icc-openmp -I. -I. -Ifopt/gtisinclude -o main.o main. cpp
E& unsigned int mem size C = sizeof(float) * size C; icpe -c -w -02 -openup -wp -DOT_NO_DEEUG -DQT_SHARED -DQT_THREAD SUPPORT
57 float* h C = (float*) malloc (mem size C): JSgr/ukspecs/lin-icc-opennp -I. -I. -Ifopt/agt/include -o matrixMul.o matr
E& assert | hoC 1o h h Epp
£a total sizg += mwem size © : matrixMul.cpp(39): (col. 5) remark: OpenMP DEFINED LOOF Wi% PARALLLELIZED.

- - - matrixMul.cpp(36): (col. 1) remark: OpenMP DEFINED REGION W43 PARALLELIZED
&1 t.start (] : icpc -opermp  -Qoption,ld,-rpath,/opt/gqt/lib -0 matrixMul main.o matrixMul
62E| if | == nthreads ] 1{ L/opt/gt/lib -LA/usr/x11R6/1ib -lgt-mt -lxext -1¥11 -lm
3 matrixMul seqi h C, h A, h B, HA, Wi, WE ) : [wacroldfquartet? matrixMulls ls
&4 telaed Makefile main.o matrixMul.cpp matrixMul.o
65 matrixMul parallel{ h C, h L, h B, wmain.cpp matrixMal.h matrixMal.pro
cE Hi, ﬁA; WE, nthrgads ]_ i - [macroldicquartet? matrixMul )% I
&7 1 [macrold@miartets matrixMul]s . /matrixMual
68 printf["threads = 5d, matrixMul cost = &d (mz))nec, | Breads = 2, matrizxMul cost = 125 (ns)
53 nthreads, t.elapsedi]] : size(A) = (400,400)
70 printf| "size (L] = (%d,:d)Vn”, HL, WL ]: Sl )
71 printf( "size (Bl = (%d,%d)\n", HE, WE : WS ek RS SRl )
vz printf ("total mewory sSize = %6.4f (ME]\n™, B e e I
73 total size/1048576.0 );
74 A4 mlean up memory
75 free(h A):; freeih B); frees(h _C);

7e




Let BLOCK_SIZE =16 and size(A)=size(B)=size(C)=(N-BLOCK _SIZE)’

Example 4: matrix multiplication  [5]

total memory usage = size( A)+size(B)+size(C) float

Platform: oectetl, with compiler icpc 10.0, -O2

N Total size | Thread 1 Thread 2 Thread 4 Thread 8
16 0.75 MB 53 ms 31 ms 21 ms 24ms
32 3 MB 434 ms 237 ms 121 ms 90 ms
64 12 MB 17,448 ms 8,964 ms 6,057 ms 2,997 ms
128 48 MB 421,854 ms 312,983 ms 184,695 ms 92,862 ms
256 192 MB 4,203,536 ms 2,040,448 ms | 1,158,156 ms | 784,623 ms

Large performance gap amogn N = 32, N = 64 and N = 128, so this algorithm is NOT
good. Besides improvement of multi-thread is not significant.




Example 4: matrix multiplication  [6]

[macrolddoctet]l matrixMul]s
[macrolddoctet]l matrixMual]s . /matrixMul

§ running

Use command “top” to see resource usage

[macrolddoctetl ~]1%
[macroldloctetl ~]% tnpl

top - 12:57:59 up 84 days, 21:39, 2 users, load awerage: 1.35, 0.30, 0.10
Tasks: 1958 total, 4 running, 194 sleeping, 0 stopped, 0 zombie

Cpull : 99.7%us, 0.3%sy, 0.0%ni, O0.0%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%=st
Cpul :100.0%us, 0.0%sy, 0.0%ni, O0.0%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%=st
Cpuz :100.0%us, 0.0%3y, O0.0%ni, O0.0%id, 0.0%wa, 0.0%hi, 0.0%3i, O0.0%3c
Cpu3 :100.0%us, 0.0%3y, O0.0%ni, 0.0%id, 0.0%wa, 0.0%hi, 0.0%3i, O0.0%3t
Cpud :100.0%us, 0.0%3y, O0.0%ni, O0.0%id, 0.0%wa, 0.0%hi, 0.0%3i, O0.0%st
Cpu5 :100.0%us, 0.0%sy, 0.0%ni, O0.0%id, 0.0%wa, 0.0%hi, 0.0%si, O0.0%st
Cputs :100.0%us, 0.0%sy, 0.0%ni, 0.0%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%=st
Cpu? :100.0%us, 0.0%sy, O0.0%ni, 0.0%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%=st

Mem: 65342468k total, 115876058k used, 53466350k free, 416924k buffers
awap: 67103496k total, J0dedk used, 67073032k free, 10193354k cached

VIRT EES SHR 3 $CPU SMEM  TIME+ COMMAND
291w 135m 4988 B 799 0.2  1:16.45 matrixMul

12290 macrold 20 0

122587 macrold z0 0 14665 1144 Sl2 R o 0.0 0:00.05 taop

13120 gdm 20 0 95.8m 3425 2740 5 0 0.0 34:43.42 at-spi-registry
l root 20 0 10325 280 252 35 o 0.0 0:14.56 init

CPU usage is 800 %, 8 cores are busy



Exercise 3: verify subroutine matrixMul_parallel

matrixMul.cpp

20 woid matrixMul parallel{float® C, const float* A, const float* B,

31 unsigned int hi, unsigned int wi, unsigned int wB, int nthreads |
3z [

33 double sum ;

24 int i, 3j, k :

35 double a, b

3¢ #Hpragma omp parallel default inone) num threads (nthreads) h
37 shared(i,EB,C, hi, wB, wi) private(i,j,k,sum,a,b)
z2 [ {

34 #pragma omp for schedule( static) nowait

40 [ for (i = 0; i < hb; ++i){

41 [ for (j = 0: 3 < wB: ++3)

4z sum = 0O;

43 [ for (k = 0; k < wk: ++k) |

44 a = A[1i ¥ wi + K]:

45 b = E[k * wE + j]:

48 sum += a * b;

47 VA4 for k

45 C[i * wEB + j] = (float)sum:

43 v/ for ]

4] VS for i

El Y44 end of parallel section

-

3]




Combine Parallel Work-sharing constructs
parallel for Construct

The parallel for directive is a shortcut for a parallel region that contains
only a single for directive. The syntax of the parallel for directive is as
follows:

#ipragma omp parallel for [clause[[,]clause] ..] new-line
for-loop

This directive allows all the clauses of the parallel directive and the folr
directive, except the nowait clause, with identical meanings and restrictions. The
semantics are identical to explicitly specifying a parallel directive immediately
followed by a for directive.

matrixMul.cpp

30 woild matrixMul parsllel (flost® C, const Lloat® A, const float® B,
21 unsigned int hi, unsigned int wi, unzigned int wB, int nthreads )
3z [ 4

33 doukble swm

24 int i, 3, k :

25 doukble &, b !

26  fpragma omp parallel for default (none) huam threads (nthreads) !
37 shared(i,B,C, hli, wB, wi) privatel(i,]j,k,sum,a,b) !

35 schedule | static)

32 4 for (i = 0; i < hd; ++i){

40 for (3 = 0; 3 < wB; ++3) 1

41 sum = 0O;

4z [ for (k= 0; k < wk; ++k) {

43 a = A[i * wi + K]:

44 b = B[k * wBE + 3]:

45 sum += a * bh;

45 vy A4 for k

47 C[i * wB + ]J] = (float)sww;

43 Yy A4 for ]

49 Y4 for i

o}




Exercise 4: verify following subroutine matrix_parallel, which parallelizes loop-j ,
not loop-i.

1. Performance between loop-i and loop-j

2. why do we declare index i as shared variable? What happens if we declare
index i as private variable?

matrixMul.cpp

30 woid matrixMul parallel (float* C, const float* A, const float* B,
31 unszigned int hi, unsigned int wi, unsigned int wEB, int nthreads )
3zl ¢

33 double swum

34 int i, j, k :

35 doubrle a, b :

36

37 g for (i = 0; i < hd; ++i){

38  fpracma omp parallel for default (none) hutn threads (nthreads) Y
39 shared(L,EB,Z, hi, wB, wk, i) privatel(]l,k,sum,a,b) Y

40 schedule | static)

41 [ for (j = 0; j < wB: ++3) {

4z gwm = O;F

4z [ for (k= 0; k < wikr ++k) |

44 a = A[1 ¥ wk + k]:

45 b = B[k * wE + ]j]:

45 sum += a * br

47 VS for k

42 C[i * wB + j] = (float)sum:

49 Y for ]

&0 S for i

E1  }
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Example 5: matrix multiplication (block version)

X
0,0) | (1,0) (0,0)| (1,0) | (2,0) (0,0)| (1,0) | (2,0)
Y lon|ay X 0,1)](11)]21| = |01](@1]@1
L1022 B c R¥® 0,2)| 1,2) | 2,2)
AE R6x4 C c R6><6
Ac R blocksizex bx
+“—>
(o]l 1]2 3 bx
45|67 o1
8| 9|10 11 0 [(0,0)|(1,0)
hA < blocksizex by
1213|1415 1102 (@1)
16 | 17 | 18 | 19 by 2 |02 @2
. 2021|2223 -
“ W AE R 8
'
WA

global index

A
ty

v

ty 1

[1]

tX
D

0

tx
1

Thread (0,0)

Thread (1,0)

Thread (0,1)

Thread (1,1)

((bx.by),(xty)) —— (blocksizexbx+tx, blocksizexby+ty) ————— row-major




Example 5: matrix multiplication (block version)  [2]

matrixMul_block.cpp

7 /f store the sub-matrix of 4

& doublereal As[BLOCE STZE] [BLOCE 3IZE]:

2 // store the sub-matrix of B } Shared memory in GPU

10  doublereal Bs[BLOCE 3IZE] [BLOCKE SIZE]:

11

1z // Matrix multiplication on the device: C = L * B

12 woid matrixMul block seq( doublereal* C, doublereal?* 4, doublereal® E,

14 const int hl, const int wl, const int wE,

15 const int hd grid, const int wh grid, const int wE grid |

-

17 int bx, by : // Block index

12 int tx, ty !

19 int aBegin, aEnd, aStep, bBegin, bStep !

0 int a, b, ¢, k :

2l #ifdef HIGH PRECISION PACKLGE

ZZ2 doublereal Asub, Bsub, Csub !

£z fielse

Z4 double Aszub, Bsub, Csub

25  #endiz 0,0) | (1,0) (0,0) | (1,0) | (2,0)
ZE

27 unsigned long int i ><

28 unsigned long int 2ize = hA*wE ; // =ize of matrix C (0’1) (1’1) (O’l) (111) (2’1)
29 #ifdef HIGH PRECISION PACKLGE

20 doublereal® C ptr = C ;

21 [ for (i = 0 ; 1 < size ; i++ )4 0,2)|(1,2) Be R4X6
3z FC_ptr++ = 0.0

23 ¥ 6x4

a4 fielse AE R

35 mwewset [ C, 0, size*zizect (doubleresl) 1

26 flendif

hA_grid=3 WwWA_grid=2 wB_grid=3



Example 5: matrix multiplication (block version)  [3]

matrixMul_block.cpp

22 [H for { by = 0 : by < hi grid : by++ 1
23 H for [ bx =0 ; bx < wB_grid ; bx++ )
40 A4 Index of the first sub-matrix of A processed by the block
41 aBegin = wi * BLOCKE 3TZIE * by:
4z A4 Index of the last sub-matrix of A processed by the block
43 akEnd = aBegin + wkh - 1:
44 A4 Btep size used to iterate through the sub-matrices of A
45 a3tep = BLOCE SIZE:
45 A4 Index of the first sub-matrix of B processed by the block
47 bBegin = BLOCE 3IZE * bx:
45 A4 Btep size used to iterate through the sub-matrices of B
45 b3tep = BLOCE 3IZE * wE:
Ed
El 44 Loop over all the sub-matrices of AL and B
EZ A4 reguired to compute the block sub-matrix
L3c for [(a = aBegin, b = bBegin:
L4 a <= aEnd;
g5 [H a += aStep, b += b3tep) {
ES 44 Load the matrices from main memory A
57 H for ( ty = 0 : ty < BLOCE 3IZE : ty++ )4
sz [H for |{ tx = 0 : tx < BLOCE 3IZE : tx4+ )4
53 As[ry] [tx] = A[a + wk ¥ ty + tx]: > copy global data to small block, why?
&0 Bzs[tvy] [tx] = B[b + wEB ¥ ty + tx]:
61 YA for tx o
62 Y4 for bty J
©0,0)| (1,0) ©0,0)| (1,0)| (2,0 aBegin = physical index of first entry in block A | [(0,2)

0,1)[(1,2) X 0,1)|1(1,1) | (2,1)

bBegin= physical index of first entry in block B[ (1,0)

0,2) | (1,2) B c R*®

Aﬁ\EE F26X4




Example 5: matrix multiplication (block version)  [4]

matrixMul_block.cpp

& S Multiply the two matrices together
65 [ for { ty = 0 ; ty < BLOCK SIZE ; ty++ ) { )
66 [ for ( tx = 0 : tx < BLOCE SIZE : tx4+ )4
&7 Csub = 0.0
&2 [ for (k = 0: k < BLOCE _3IZE: ++k ){
&0 dzubh = Ls[ty] [k ] :
70 Baub = Bs[k ][tx] : > Compute submatrix of C sequentially
71 Czubh += Asub ¥ Esub
7z B
732 o = whk ¥ BLDCK_SIZE v by o+ BLDCK_SIZE ol
74 Cle + wBE ¥ Ly + tx] += [(doublereal) Csub:
7L Y4 for tuwo:
76 ViS5 for ty J
77 v/ for each submatrix L and B
73
79 Y4 for b
g0 Y44 for by
21

WA (0,0) | (2,0) (0,0)|(2,0) | (2,0) (0,0) [ (1,0) | (2,0)
C(i,j)=> A(i,k)B(k, j)

=1 onlay| X |onlan|en| = |on|an|ey
forall (i, j)eblock(1,1)

0,2)| (1,2) B e R¥® 0,2)|(1,2) | (2,2)
6x6
6x4
Ae R CeR

or equivalently A[(o,l)J B[(l,O)J + A[(m)j B[(l,l)} — C [(1,1)}




Example 5: matrix multiplication (block version)  [5]

Parallel version

174 A Loop owver all the sub-matrices of L and b

175 A reguired to compute the bhlock sub-matrix

1zZe for (a = aBegin, b = bEegin:

127 a <= akEnd:

128 [H & += aStep, b += hStep) |

179 A Load the watrices from wmain memory

120 f#pragwma omwmp parallel for default (none) num threads (nthreads) !
131 shared (A, B, A=,EB=,a,b,wh, wE) private (Ly, LX) !

132 schedule | static)

123 [ for ( ty = 0 ; ty < BLOCK SIZE ; ty++

124 [ for [ tx = 0 ; tx < BLOCK SIZE ; tx++ )

1zk& he[ty] [tx] = AL[a + wh ¥ Ly + tx]:

1z Bz[ty] [tx] = EB[b + wB ¥ £ty + tx]:

137 Y4 O for tx o

128 v/ for oy

123

140 A Multiply the two matrices together

141 f#pragwa omwmp parallel for default (none) num threads (nthreads) !
142 shared(hs,B=s,C,bx,bv,wEB) private(ty,Lx,k,c, Asub, BEsubh, Caub)
14z schedule | static)

144 [ for ( ty = 0 ; ty < BLOCK SIZE ; ty++

145 [ for [ tx = 0 ; tx < BLOCK SIZE ; tx++ )

146 Csub = 0.0 ;

147 [ for (k = 0; k < BLOCK SIZE; ++k )

142 hzub = As[ty] [k ] :

143 Bsubh = EB=s[k J[tx] !

150 Csubh 4= Asub * Esub

151 b

15z ¢ = wE * BLOCE SIZE * hy + BLOCKE SIZE * hx:
152 Cle + wBE * ty + tx] += [(doublereal)] Csub;
154 Y4 O for tx o

155 v/ for oy

1t v A4 for each submatrix L and B

157

1tz yA4 for bx

159 v/ for by

160}

GPU code

for [(int a = aBegin, b = bEegin:
a <= aEnd;
a += a3tep, b 4+= kh3tep] |

{4 Declaration of the shared memory array A=
f4 used to store the sub-matrix of 4L
__shared  float As[BLOCK SIZE] [BLOCE SIZE]:

/¢ Declaration of the shared memory array Bs
f4 used to store the sub-matrix of B
__shared  float Bs[BLOCK SIZE] [BELOCE SIZE]:

/4 Load the matrices from device memory
/4 to shared mwemory; each thread loads
// one element of sach matrix

A3ity, tx) = Afla + wkh * £y 4+ tx]:
Ez3(ty, tx) = B[b + wE & ty + tx]:

f¢ Bynchronize to make sure the matrices are
__ synethreads () ;

A/ Multiply the two matrices together:

/¢ each thread computes one elewent

ff of the block sub-matrix

for (int k = 0; k < BLOCK 3TiE: ++k)
Csub += LS(ty, k] * BS(k, tx):

J¢ Synchronize to make sure that the precedi
/¢ computation iz done before loading two ne
ff sub-matrices of A and B in the next itera
__syncthreads() ;

¥

A4 Write the block sub-matrix to device memory:
/¢ each thread writes one element

int ¢ = wB * BLOCE 3IZE * by + BLOCE 3TIE * bx;
Clc + wB * £y + tx] = Csub:



Let BLOCK_SIZE =16 and size(A)=size(B)=size(C)=(N-BLOCK _SIZE)’

Example 5: matrix multiplication (block version)

total memory usage = size( A)+size(B)+size(C) float

Platform: oectetl, with compiler icpc 10.0, -O2

N Total size Thread 1 Thread 2 Thread 4 Thread 8

16 0.75 MB 40 ms 34 ms 34 ms 44 ms
32 3 MB 301 ms 309 ms 240 ms 219 ms
64 12 MB 2,702 ms 2,310 ms 1,830 ms 1,712 ms
128 48 MB 24,548 ms 19,019 ms 15,296 ms 13,920 ms
256 192 MB 198,362 ms 151,760 ms 129,754 ms 110,540 ms
Non-block version

N Total size Thread 1 Thread 2 Thread 4 Thread 8
16 0.75 MB 53 ms 31 ms 21 ms 24 ms
32 3 MB 434 ms 237 ms 121 ms 90 ms
64 12 MB 17,448 ms 8,964 ms 6,057 ms 2,997 ms
128 48 MB 421,854 ms 312,983 ms 184,695 ms 92,862 ms
256 192 MB 4,203,536 ms 2,040,448 ms 1,158,156 ms 784,623 ms

Question 10: non-block version is much slower than block version, why?




Example 5: matrix multiplication (block version)

Block version, BLOCK_SIZE =512

N Total size Thread 1 Thread 2 Thread 4 Thread 8
2 12 MB 3,584 ms 1,843 ms 961 ms 453 ms
4 48 MB 27,582 ms 14,092 ms 7,040 ms 3,533 ms
8 192 MB 222,501 ms 110,975 ms 55,894 ms 28,232 ms
Block version, BLOCK_SIZE =16
N Total size Thread 1 Thread 2 Thread 4 Thread 8
64 12 MB 2,702 ms 2,310 ms 1,830 ms 1,712 ms
128 48 MB 24,548 ms 19,019 ms 15,296 ms 13,920 ms
256 192 MB 198,362 ms 151,760 ms 129,754 ms 110,540 ms

Question 11: larger BLOCK_SIZE implies better performance when using multi-thread, why?

Question 12: small BLOCK_SIZE is better in single thread, why?

Question 13: matrix-matrix multiplication is of complexity O(N”3), which algorithm is
“good” to achieve this property?




Example 5: matrix multiplication (block version)  [8]

[macroldfoctet]l matrixMul blockz]s
[macroldfoctet]l matrixMul block2]s cat fproc/opuinto

processor |

wendor_id i Genmuinelntel

cpu family H

model t 15

nodel name : Intel(R) Xeon(R) CPU ®E365 [ 3.00GH=

stepping i 11

cpu MHz s 2000, 000

cache size : 4096 B «——— Cache has 4 MB, we can have large BLOCK_SIZE
rhysical id Hl

2iblings HI

core id : 0

Cpu COres HE!

fpu I YES

fpu_exception T yes

cpuid lewel : 10

wp I Yes

flags : fpu vme de pse t£sc wSr pae woe cX3 apic Sep wErr poge moa

cuow pat psedt clflush dtz acpl nme fxsr sse s3ed 35 ht thm pbe 3yscall nx 1
I constant tsc arch perfmon pebs bts rep good pni monitor ds_cpl vmx est tom
2 Ss8se3 cxlo xtpr dca lahf 1w

bogonips : 5887.36

clflush =size I =T . .

cache alignment : &4 < cache line is 64 byte (16 ﬂoat)
address =zizesz : 38 bites physical, 48 bits wirtual

power matagenent:

In CPU
BLOCK SIZE=512 — » size(Bs)=size(As)=512 float =1024° Byte=1MB

In GPU
BLOCK SIZE=16 — » size(Bs)=size(As)=16" float =1kB



Exercise 5: verify subroutine matrixMul_block_seq with non-block version, you
can use high precision package.

Non-block version

1z ff C =4 % B
1z woid matrixMul seqidoublereal?® C, const doubleresal® A, const doublereal* B,

14 unzigned int hi, unsigned int wik, unsigned int wEB )
15[ ¢

16 unzigned int i, Jj, k :

17 #ifdef HIGH PRECISION PACKLGE

1sg doublereal sum

19 doublereal a, b :

z0 fielse

Z1 double sum

ZZ double a, b :

zz  flendif

z4 [ for [ i = 0y i < hi: ++1i)¢

25 [ for (j = 0 j < wB: ++3) §

ZE sum = 0.0 »

27 [H for (k = 0; k < wh: ++k) {
e a = A[1i * wi + K]:

z9 h = E[k ¥ wE + ]3]:

20 sum += a ¥ b

21 yF o for k

32 C[i * wB + j] = [(doublereal) swm:
a3 v/ for ]

24 Y4 for i

35}

Exercise 6: if we use “double”, how to choose value of BLOCK _SIZE, show your
experimental result.

Exercise 7. Can you modify subroutine matrixMul_block_parallel to improve its
performance?

Exercise 8: compare parallel computation between CPU and GPU in your host
machine



