CSE 4351 Notes?2: Data Parallel Programingin LinuxThreads (pthreads)

LinuxThreads/Threads
Threads are main unit of concurrent execution
Lightweight processes are available in some implementations
LinuxThreads are implemented as heavyweight processes
LinuxThreads/Compilation
cc -D REENTRANT -0 nane name.c -lm-I pthread
cCc -D REENTRANT -0 nane nane.c barrier.c -Im-Ilpthread /* if barriers are used */
#i ncl ude <pt hread. h> /* pthread header file */
LinuxThreads Primitives/Creating Threads
pt hread_t type for storing thread related data

int pthread create(pthread t * thread, pthread attr t *attr,
void * (start_routine)(void *), void *arg);

Returns 0 if successful, passes 1) thread related data, 2) creation attributes (usually NULL),

3) pointer to function, 4) pointer to argument structure (number of processes, rank of this process, data)

Parallel Primitives/Parallel 1/0
AVOID CONCURRENT I/O ON A FILE DESCRIPTOR
Convention: When reasonable, let process with local id=0 (the parent) do al 1/0
Debugging/Tracing: Use alock (covered later) to prevent concurrent I/0
On occasion fflush(stdout) is needed.

Paralel Primitives/Barriers

#i nclude "barrier.h" header file for Butenhof’s barrier code (must be in same directory as your source code)
barrier _t barrier; Declares a barrier named "barrier"
barrier_init(&barrier,i); Initializes barrier indicating that i processes must check in

barrier_wait(&barrier); Causesthreadtoblock until the others have checked-in at same barrier

Parallel Primitives/Mutexes
pt hread _nutex t | ock=PTHREAD MUTEX | NI TI ALl ZER, Declares amutex named "lock"

LOCKS ARE LOCKS, DATA ISDATA




THE PROGRAMMER(S) DETERMINE THE RELEVANCE OF LOCKS
pt hread_nutex_init(ptr, NULL); Initializes lock.

pt hr ead_nut ex_| ock( & ock) ; Wait & set lock.
pt hr ead_nut ex_t ryl ock( & ock) will not wait.

pt hr ead_nut ex_unl ock( & ock) ; Clear lock.

Example/Summing

$cat serial.c

#i ncl ude <stdio. h>

#i ncl ude <sys/time. h>

#i ncl ude <sys/resource. h>

int i,Kk;
doubl e sum

float CPU i me()

struct rusage rusage;

getrusage( RUSAGE_SELF, & usage) ;

return rusage.ru_utinme.tv_sec+rusage.ru_utine.tv_usec/1000000. 0
+ rusage.ru_stime.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

float el apsedTi ne()

return (10000.0*times(NULL))/ CLOCKS PER SEC;

mai n()
float startCPU, startTi ne;

printf("enter k (innmllions):");
scanf (" %", &) ;
k *= 1000000;
printf("k is %d\n", k);
start CPU=CPUt i ne() ;
start Ti ne=el apsedTi me() ;
sun¥o0;
for (i=0;i<=k;i++)
sunw:i;
printf("sumis %\n", sun;
printf("should be @6f\n" (double)(k) (doubl e) (k+1)/2.0);
printf("CPU %\n", CPUtIﬂE() start CPU) ;
printf("El apsed @6\n" el apsedTi ne() - startTlne),

}

Paralel addition of alist of numbers WITHOUT SYNCHRONIZATION.

$ cat nol ockPT.c

/* Sinple pthreads exanple to incorrectly add nunbers */
#i ncl ude <pt hread. h>

#i ncl ude <stdio. h>

#i ncl ude <sys/tine. h>

#i ncl ude <sys/resource. h>

#i ncl ude "barrier.h"

barrier_t barrier;

int k;

doubl e sum

i nt nuniThr eads;

typedef struct thread data {

I nt threadld;
} thread data t;



float CPUIi nme()

struct rusage rusage;

get rusage( RUSAGE_SELF, &r usage) ;

return rusage.ru_utine.tv_sec+rusage.ru_utinme.tv_usec/1000000.0
} + rusage.ru_stinme.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

float el apsedTi ne()

return (10000.0*ti mes(NULL))/ CLOCKS PER SEC

voi d *sunmEmJp(void *arg)

{

thread_data_t *threadWrk=(thread_data_t*) arg;
int i;

float startCPU, startTi me;

barrier_wait(&barrier);

start CPU=CPUt i ne() ;

start Ti me=el apsedTi me() ;

Eor (i =t hreadWor k- >t hr eadl d; i <=k; i +=nuniThr eads)

sumt=i ;

}

printf("CPU used by thread %d is % \n",threadWrk->t hreadl d,
CPUti me()-start CPU) ;

printf("El apsed time for thread % is %\n",threadWrk->threadld,
el apsedTi me()-startTi ne);

barrier_wait(&barrier);

}
mai n()

thread _data t *threadWrk;
int i,status;
pthread_t thread;

printf("enter nunber of threads:");
scanf (" %", &uniThr eads) ;
barrier_init (&arrier, nunflhreads);
printf("enter k (in mllions):");
scanf (" %", &) ;

k *= 1000000;
printf("k is %\n",k);
sunm0. 0;

for (i=1;i<nunihreads;i++)

threadWrk=(thread data t*) nall oc(sizeof (thread data t));
t hr eadWobr k- >t hr eadl d=i ;
status = pthread create (
& hread, NULL, sunEnlp, threadWrk);
if (status !'= 0)

printf("failed to create thread\n");
exit(0);

}
}
t hreadWork=(thread_data_t*) mall oc(sizeof (thread_data t));
t hr eadWor k- >t hr eadl d=0;
suneEnp((voi d*) threadWrk);
printf("sumis %\n", sun);
Fri ntf("should be %\n", (double)(k)*(double)(k+1)/2.0);
Parallel addition of alist of numbers WITH TOO MUCH LOCKING.

$ cat nmutexPT.c
/* Sinple pthreads exanple to correctly add nunbers but



wi th excessive use of a nutex */
#i ncl ude <pt hread. h>
#i ncl ude <stdi o. h>
#i ncl ude <sys/tine. h>
#i ncl ude <sys/resource. h>
#i ncl ude "barrier.h"

barrier_t barrier;
int k;

doubl e sum
pt hread_nut ex_t nut ex=PTHREAD MJUTEX | NI Tl ALl ZER

i nt nuniThr eads;

typedef struct thread data {
I nt threadld;
} thread data_ t;

Eloat CPUt i ne()

struct rusage rusage;

get rusage( RUSAGE_SELF, &r usage) ;

return rusage.ru_utime.tv_sec+rusage.ru_utinme.tv_usec/1000000. 0
+ rusage.ru_stine.tv_sec+rusage.ru_stinme.tv_usec/1000000. O;

float el apsedTi ne()

return (10000.0*ti mes(NULL))/ CLOCKS PER_SEC,

voi d *sunEnlp(voi d *arg)

{

thread _data_t *threadWrk=(thread_data t*) arg;
int i;

float startCPU, startTi ne;

barrier_wait(&barrier);

start CPU=CPUt i me() ;

start Ti ne=el apsedTi nme() ;

for (i=threadWrk->threadld;i<=k;i+=nuniThreads)

pt hr ead_nut ex_I| ock( &rut ex) ;
sumt=i ;
pt hr ead_nut ex_unl ock( &t ex) ;

}

printf("CPU used by thread %d is % \n",threadWrk->t hreadl d,
CPUtime()-start CPU) ;

printf("El apsed tinme for thread %d is % \n",threadWrk->t hreadl d,
el apsedTi me()-startTi ne);

barrier_wait(&barrier);

mai n()

thread data_t *threadWrk
int i,status;
pt hread_t thread;

printf("Enter nunber of threads\n");

scanf (" %", &wuniThr eads) ;

if (barrier_init (&barrier, nunThreads))
printf("barrier_init problemn");

printf("enter k (in mllions):");

scanf (" %", &) ;

k *= 1000000;
printf("k is %\ n",k);
sunmx0. 0;

for (i=1;i<nunihreads;i++)

threadWrk=(thread data_t*) nmall oc(sizeof (thread data t));



t hr eadWor k- >t hr eadl d=i
status = pthread create (

& hread, NULL, sunkEnmlp, threadWrk);
%f (status !'= 0)

printf("failed to create thread\n");
) exit(0);
}

t hreadWork=(thread _data_t*) mall oc(sizeof (thread data t));
t hr eadWr k- >t hr eadl d=0;
suneEnp( (voi d*) threadVbrk);

printf("sumis %\n", sun);
Fr|ntf("should be Wﬁ\n" (double)(k) (doubl e) (k+1)/2.0);

Parallel addition of alist of numbers WITH LOCAL ACCUMULATION.

$ cat snmart Mut exPT.c

/* Sinple pthreads exanple to correctly add nunbers but
with restricted use of a nutex */

#i ncl ude <stdi o. h>

#i ncl ude <sys/tine. h>

#i ncl ude <sys/resource. h>

#i ncl ude <pt hread. h>

#i ncl ude "barrier.h"

barrier_t barrierl, barrier?2;
int k;

doubl e sum
pt hread_nutex_t nut ex=PTHREAD MUTEX | NI Tl ALI ZER;

i nt nuniThr eads;

typedef struct thread_data {
Int threadld;
} thread_data_t

float CPUI me()

struct rusage rusage;

get rusage( RUSAGE_SELF, & usage) ;

return rusage.ru_utinme.tv_sec+rusage.ru_utine.tv_usec/1000000. 0
+ rusage.ru_stinme.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

float el apsedTi ne()

return (10000. 0*ti mes(NULL))/ CLOCKS PER_SEC

voi d *sunmEmJp(void *arg)

thread_data_t *threadWrk=(thread_data_t*) arg;
int i;

doubl e | ocal Sun¥0. 0;

float startCPU, startTine;

barrier_wait(&arrierl);

start CPU=CPUt i me() ;

start Ti me= eIapsedT|nE();

for (i=threadWrk->threadld;i<=k;i+=nuniThreads)

| ocal Sumt=i ;

pt hr ead_nut ex_| ock( &rut ex) ;

sumt=|l ocal Sum

pt hr ead_nut ex_unl ock( &t ex) ;

printf("CPU used by thread % is %\n",threadWrk->t hreadl d,
CPUtime()-start CPU);



printf("El apsed tinme for thread %d is % \n",threadWrk->t hreadl d,
el apsedTi me()-startTi ne);
barrier_wait(&barrier?2);

mai n()

thread data_t *threadWrk
int i,status;
pt hread_t thread;

printf("enter nunber of threads:");
scanf (" %", &wuniThr eads) ;
barrier_init(&barrierl, nunThreads);
barrier_init(&arrier2, nunThreads+1);
printf("enter k (in mllions):");
scanf (" %", &) ;

k *= 1000000;

printf("k is %\ n",k);

sum=0. O;

for (i=0;i<nunihreads;i++)

threadWork=(thread data_t*) nmall oc(sizeof (thread data t));
t hr eadWor k- >t hr eadl d=i
status = pthread _create (
& hread, NULL, sunEnlp, threadWrk);
if (status !'= 0)

printf("failed to create thread\n");
exit(0);

}
barrier_wait(&barrier?2);

printf("sumis %\n", sun);
Frintf("should be %\ n", (doubl e) (k) *(doubl e) (k+1)/2.0);

Comparison of Various Versions:

[ bob@et chup NOTES02]$ cat runScri pt
echo ’'serial <100

seri al <100

echo ' nol ockPT<2. 100

nol ockPT<2. 100

echo ' nmut exPT<2.1’

mut exPT<2. 1

echo 'smart Mut exPT<2. 100
smart Mut exPT<2. 100

Eggb@ketchup NOTES02] $ cat 100
[2bob@(etchup NOTES02] $ cat 2.100

100
[ bob@et chup NOTES02] $ cat 2.1
2

1

[ bob@xet chup NOTES02] $ source runScri pt
seri al <100

enter kK (in mllions):k is 100000000
sumis 5000000050000000. 000000

shoul d be 5000000050000000. 000000

CPU 2. 080000

El apsed 2. 000000

nol ockPT<2. 100

enter nunber of threads:enter k (in mllions):k is 100000000
CPU used by thread 0 is 8.380000

El apsed time for thread 0 is 8.500000
CPU used by thread 1 is 8.380000

El apsed time for thread 1 is 8.500000
sumis 3981834892681993. 000000



shoul d be 5000000050000000. 000000

mut exPT<2. 1

Ent er nunber of threads

enter k (in mllions):k is 1000000
CPU used by thread 1 is 13.540000

El apsed time for thread 1 is 24.500000
CPU used by thread 0 is 12.920000

El apsed time for thread 0 is 24. 750000
sumis 500000500000. 000000

shoul d be 500000500000. 000000

smar t Mut exPT<2. 100

enter nunmber of threads:enter k (in mllions):k is 100000000
CPU used by thread 1 is 1.070000

El apsed tinme for thread 1 is 1.079102
CPU used by thread 0 is 1.080000

El apsed time for thread 0 is 1.079102
sumis 5000000050000000. 000000

shoul d be 5000000050000000. 000000

Concurrent Loops

All previous examples are based on parallelizing a single loop using interleaving ("horizontal spreading”). Thisisthe simplest form of
static scheduling (or prescheduling). Given a simple for-loop without dependencies between iterations:

for (i=0; i<limt; i++)

{

it is converted to:

for (i=threadWork->threadld; i<limt; i+=nunrhreads)

{
Contiguous form (“vertical spreading”) is another form of static scheduling that may be more tedious to code:

| ower t hreadWork->threadld * limt / nunmlhreads;
upper (threadWork->threadld + 1) * limt / nunfThreads - 1
for (i=lower; i<=upper; i++)

{.

There are four typical assumptions for using these two methods: 1) each iteration will take about the same amount of time, 2) the loop
overhead isinsignificant compared to the time to execute the loop body, 3) the loop control variable (e.g. i in the example) is modified in
asimple way (increment/addition in the example), and 4) all participating processes reach the loop simultaneously. When any of these
assumptions are broken, then dynamic scheduling (or self-scheduling or worklists) may be useful:

i f (threadWrk- >t hreadl d==0)
i = sharedl = 0;

barrier wait(&barrier);

i f (threadWrk->threadl d!=0)

pt hr ead_nut ex_| ock( & Lock);
I = ++shar edl
pt hr ead_nut ex_unl ock( & Lock);

\i/vhile(i<limt)

bfﬁread_nutex_lock(&iLock);
I = ++sharedl;
pt hr ead_nut ex_unl ock( & Lock);

}

These techniques must be specialized to given situations and may include other forms of loops. In the worst case, aloop must be
completely rewritten based on an understanding of the code. A particularly nasty situation involves multiple loop-variables asin the
following simple example:

k=n-1;
for (i=0;i<n;i++)

b[k]=a[i];
bl k] =al i



Theinterleaved version of thisloop is:

k=n-1-t hr eadWor k- >t hr eadl D,
for (i=threadWrk->threadl D;i<n;i+=nunThreads)

b[k]=a[i];
k- =numrhr eads;

}

The contiguous version of thisloopis:

i | ower =t hr eadWor k- >t hr eadl D* n/ nunirhr eads;
i upper =(t hr eadWor k- >t hr eadl D+1) * n/ nunhr eads- 1;
k=n-1-il ower;
for (i:ilovver;i<:i upper; i ++)
{
b[ k] =a[i];
k--3
}

The dynamic versioniis:
i f (threadWrk->t hreadl D==0)

0;
n-1;

shar edl
shar edK

i
k

?r _wait(&arrier);

ri
(t hreadVbrk >t hr eadi D! =0)

~_~— O

pt hread_nut ex_I ock(& Lock);

I = ++sharedl

k = --sharedK

pt hr ead_nut ex_unl ock( & Lock) ;

?hile (i<n)

b[ k] =a[i];

pt hread_nut ex_I ock( & Lock);

I = ++sharedl

k = --sharedK

pt hr ead_nut ex_unl ock( & Lock);

}

Example/Find Minimum

$ cat nmin.c

#i ncl ude <stdio. h>

#i ncl ude <sys/time. h>

#i ncl ude <sys/resource. h>

float CPU i me()

struct rusage rusage;
get rusage( RUSAGE_SELF, &r usage) ;
return rusage.ru_utime.tv_sec+rusage.ru_utinme.tv_usec/1000000. 0

+ rusage.ru_stime.tv_sec+rusage.ru_stime.tv_usec/ 1000000. O;

| oat el apsedTi ne()
return (10000.0*ti mes(NULL))/ CLOCKS_PER_SEC;
t mnimuma, N)

in
nt *a
n

int i,nn;
float startCPU, startTi ne;



start CPU=CPUt i me() ;
start Ti ne=el apsedTi ne() ;
m n=a[ 0] ;
for (1=1;i<N i++)

if (a[i]<mnn)

mn=ali];

printf("CPU used is %\n", CPUtime()-startCPU)
printf("El apsed time is %\n", el apsedTime()-startTine);
return mn;

}
mai n()

int *arr;

int i,arrSize,nmn

unsi gnhed seed;

printf("enter nunber of keys\n");

scanf ("%", &rr Si ze)

arr=(int*) malloc(sizeof(int)*arrSize);
if (larr)

printf("malloc failed\n");
abort ();

printf("enter seed\n");
scanf (" %", &seed) ;
srandon( seed);
for (i=0;i<arrSize;i++)
arr[i]=random));
m n=m ni num(arr, arr Si ze) ;
printf("The mninumvalue is %\ n", mn);

}

$ cat mnPT.c

/* Find mnimmof set of nunbers - uses atomicity of menory accesses */
#i ncl ude <pt hread. h>

#i ncl ude <stdio. h>

#i ncl ude <sys/tinme. h>

#i ncl ude <sys/resource. h>

#i ncl ude "barrier.h"

barrier_t barrier;

int mn;
pt hread_nutex_t nut ex=PTHREAD MUTEX | NI Tl ALI ZER;

i nt nuniThr eads;

typedef struct thread data {
I nt threadld;
int *a;
int N

} thread data_t;

float CPUIi me()

struct rusage rusage;

get rusage( RUSAGE_SELF, & usage) ;

return rusage.ru_utinme.tv_sec+rusage.ru_utine.tv_usec/1000000. 0
+ rusage.ru_stinme.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

float el apsedTi ne()

return (10000. 0*ti mes(NULL))/ CLOCKS PER _SEC

voi d *mi ni munm(voi d* arg)

thread_data_t *threadWrk=(thread_data_t*) arg;
int *a;

int N

int i;

i nt | ower, upper;



float startCPU, startTi ne;

a=t hr eadWor k- >a;
N=t hr eadWor k- >N
barrier_wait(&barrier);
start CPU=CPUt i me() ;
start Ti ne=el apsedTi nme() ;
| ower =t hr eadWor k- >t hreadld * N / nuniThr eads;
upper =(t hreadWrk->threadld + 1) * N/ nunThreads - 1
for (i=lower;i<=upper;i++)
if (a[i]<mn)

pt hr ead_nut ex_| ock( &mut ex) ;
1 f (a[i]<mn)
mn=ali];
pt hr ead_nut ex_unl ock( &rut ex) ;

printf("CPU used by thread %d is % \n",threadWrk->t hreadl d,
CPUti me()-start CPU) ;

printf("El apsed time for thread % is %\n",threadWrk->threadld,
el apsedTi me()-startTi ne);

barrier_wait(&barrier);

}
mai n()

thread _data t *threadWrk
int *arr;

int i,arrSize, status;

unsi gned seed;

pt hread_t thread;

printf("enter nunber of threads:");

scanf (" %", &uniThr eads) ;

if (barrier_init (&arrier, numThreads))
rintf("barrier_init problemn");

printf("enter nunber of keys\n");

scanf ("%", &arr Si ze)

arr=(int*) malloc(sizeof(int)*arrSize);

if (larr)

printf("malloc failed\n");
abort();

printf("enter seed\n");

scanf (" %", &seed);

srandon{ seed);

for (i=0;i<arrSize;i++)
arr[i]=random();

m n=arr[0];

for (i=1;i<nunihreads;i++)

threadWork=(thread data_t*) nmall oc(sizeof (thread data t));
t hr eadWor k- >t hr eadl d=i
t hr eadWor k- >a=arr ;
t hr eadWbr k- >N=arr Si ze;
status = pthread create (

& hread, NULL, m nimum (void*) threadWrk);
if (status !'=0)

printf("failed to create thread\n");
exit(0);

}
}
t hreadWork=(thread data t*) mall oc(sizeof (thread data t));
t hr eadWor k- >t hr eadl d=0;
t hr eadWor k- >a=arr;

t hr eadWbr k- >N=arr Si ze
m ni mun( (voi d*) threadWrk);

Frintf("The m ni mum val ue is %\ n", mn);
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[ bob@et chup NOTES02]$ nin

enter nunber of keys

50000000

enter seed

567

CPU used is 1.830000

El apsed tinme is 1.750000

The mi nimumvalue is 13

[ bob@et chup NOTES02]$ mi nPT

enter nunber of threads:2

enter nunber of keys

50000000

enter seed

567

CPU used by thread 0 is 1.059999

El apsed time for thread 0 is 1.000000
CPU used by thread 1 is 1.060000

El apsed time for thread 1 is 1.000000
The mi ni mum value is 13

Example/Shellsort

$ cat shellserial.c

#i ncl ude <stdi o. h>

#i ncl ude <math. h>

#i ncl ude <sys/time. h>

#i ncl ude <sys/resource. h>

voi d shellsort(a, N)

int *a;

int N
i nt group;
int 1,j,h;

int v;
for (h=1; h<=N9; h=3*h+1l) ;
for (;h>0; h /= 3)
for (group=0; group<h; group++)
for (i=group+h; i<N, i+=h)

v=alil];

J\M?: I;e (j>=h && a[j-h]>v)
Js':t[j_];ﬁ;[j-h];

alj]=v;

}

float CPU I me()
struct rusage rusage;
get rusage( RUSAGE_SELF, &r usage) ;

return rusage.ru_utine.tv_sec+rusage.ru_utime.tv_usec/ 1000000.0
+ rusage.ru_stime.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

float el apsedTi ne()

return (10000.0*times(NULL))/ CLOCKS PER SEC;

mai n()

int *arr;

int i,arrSize;

unsi gned seed;

float startCPU, startTi ne;

printf("enter nunber of keys\n");



scanf (" %", &arr Si ze) ;
arr=(int*) mall oc(sizeof(long)*arrSize);
if (larr)

printf("malloc failed\n");
abort();

printf("enter seed\n");
scanf ("% u", &seed);
srandon( seed);
for (i=0;i<arrSize;i++)
arr[i]=random();
start CPU=CPUt i me() ;
start Ti ne=el apsedTi ne() ;
shel l sort(arr, arrSi ze) ;
printf("CPU used is %\n", CPUti nme()-startCPU
printf("El apsed tinme is %\n", el apsedTine()-startTine);

}

$ cat shell PT.c

/* Shel lsort */

#i ncl ude <stdio. h>

#i ncl ude <mat h. h>

#i ncl ude <pt hread. h>

#i ncl ude <sys/tine. h>

#i ncl ude <sys/resource. h>
#i ncl ude "barrier.h"

barrier_t barrier;

int *arr,
int arrSi ze;

i nt nuniThr eads;

typedef struct thread_data {
I nt threadld,;
int *a;
int N

} thread data_ t;

float CPUIi me()

struct rusage rusage;

get rusage( RUSAGE_SELF, & usage) ;

return rusage.ru_utine.tv_sec+rusage.ru_utime.tv_usec/1000000.
} + rusage.ru_stinme.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

float el apsedTi ne()

return (10000. 0*ti mes(NULL))/ CLOCKS PER SEC

void *shellsort(void *arg)

{
thread_data_t *threadWrk=(thread_data_t*) arg;
int *a;
int N

i nt group;
int 1,j,h;

int v;

float startCPU, startTi ne;
a=t hr ead\Wor k- >a;

N=t hr eadWor k- >N
barrier_wait(&barrier);
start CPU=CPUt i ne();

start Ti ne=el apsedTi nme() ;
for (h=1; h<=N'9; h=3*h+1)
for (;h>0; h /= 3)

for (group=threadWrk->t hreadl d; group<h; group+=nunirhr eads)



for (i=group+h; i<N, i+=h)
{ v=a[i];
v;;ie (j>=h && a[j-h]>v)
Js':l[J'_]::ﬁ;[i-h];

a[j]=v;
barrier_wait(&barrier);

}
printf("CPU used by thread %d is %\n",threadWrk->t hreadl d,
CPUti me()-start CPU) ;

printf("El apsed tinme for thread %d is % \n",threadWrk->t hreadl d,

el apsedTi me()-startTi ne);
barrier_wait(&barrier);

mai n()

thread data_ t *threadWrk
pthread_t thread;

Int i,status;

unsi gned seed;

printf("enter nunber of threads:");

scanf (" %", &uniThr eads) ;

if (barrier_init (&arrier, numThreads))
rintf("barrier_init problemn");

printf("enter nunber of keys\n");

scanf ("%", &arr Si ze)

arr=(int*) malloc(sizeof(int)*arrSize);

if (larr)

printf("malloc failed\n");
abort();

printf("enter seed\n");

scanf (" %", &seed);

srandon{ seed);

for (i=0;i<arrSize;i++)
arr[i]=random();

for (i=1;i<nunrlhreads;i++)

threadWbrk=(thread data_t*) mall oc(sizeof (thread_data t));
t hr eadWor k- >t hr eadl d=i

t hr eadWbr k- >a=arr;

t hr eadWbr k- >N=ar r Si ze;

status = pthread create (

& hread, NULL, shellsort, (void*) threadWrk);

%f (status !'= 0)

printf("failed to create thread\n");
) exit(0);
}

t hreadWork=(thread _data_t*) mall oc(sizeof (thread data t));
t hr eadWr k- >t hr eadl d=0;
t hreadWor k- >a=arr;
t hr eadVr k- >N=ar r Si ze;
shel | sort ((voi d*) threadVbrk)
printf("Verifying sort . . .\n")
for (i=1;i<arrSize;i++)

i f (arr[|-1]>arr[|])

br eak;

i f (|<arrS|ze)

printf("sort failed\n");
el se

printf("sort succeeded\n");
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[ bob@et chup NOTES02] $ shel | seri al
enter nunber of keys

2000000

enter seed

123

CPU used is 16. 650001

El apsed tine is 16. 750000

[ bob@et chup NOTES02]$ shel | PT

enter number of threads: 2

enter nunber of keys

2000000

enter seed

123

CPU used by thread 0 is 9.620000

CPU used by thread 1 is 8.720000

El apsed time for thread 1 is 9.750000
El apsed time for thread 0 is 9.750000
Veri fying sort

sort succeeded

Example/Matrix Multiplication

$ cat nmc

#i ncl ude <stdio. h>

#i ncl ude <sys/tinme. h>

#i ncl ude <sys/resource. h>

doubl e a[ 500] [ 500], b[ 500] [ 500], c[ 500] [ 500] ;
yoid whol eThi ng()

int i,j,k;

doubl e sum

for (i=0;i<500;i++)
for (j=0;j<500;j ++)

1 O/ (i +j+2);
i+

for (i=0;i<500;i++)
for (j=0;j<500;) ++)

sunx0. 0;

for (k=0;k<500; k++)
sumt=ali] [K]*b[K][j];

c[i][j]=sum

}
Eloat CPUt i me()
struct rusage rusage;
get rusage( RUSAGE_SELF, &r usage) ;

return rusage.ru_utinme.tv_sec+rusage.ru_utine.tv_usec/1000000. 0
+ rusage.ru_stine.tv_sec+rusage.ru_stine.tv_usec/1000000. 0;

float el apsedTi ne()

return (10000.0*ti mes(NULL))/ CLOCKS_PER SEC;

mai n()
float startCPU, startTi ne;

start CPU=CPUt i ne() ;

startTinezeIapsedTine();

whol eThi ng() ;

printh"CPU used is % \n", CPUtInE() start CPU);

printf("El apsed tine is %\ n" , el apsedTi me() - startT|ne)



15
}

$ cat mPT.c
#i ncl ude <stdi o. h>
#i ncl ude <stdio. h>
#i ncl ude <pt hread. h>
#i ncl ude <sys/time. h>
#i ncl ude <sys/resource. h>
#i nclude "barrier.h"

barrier_t barrier;
i nt nunilThr eads;
typedef struct thread data {
I nt threadld,
} thread data_ t;
float el apsedCPU()
struct rusage rusage;
get rusage( RUSAGE_SELF, &r usage) ;
return rusage.ru_utime.tv_sec+rusage.ru_utime.tv_usec/1000000. 0
+ rusage.ru_stinme.tv_sec+rusage.ru_stine.tv_usec/ 1000000. O;
doubl e a[ 500] [ 500], b[ 500] [ 500], c[ 500] [ 500] ;
Eloat CPUti me()
struct rusage rusage;
get rusage( RUSAGE_SELF, &r usage) ;
return rusage.ru_utime.tv_sec+rusage.ru_utime.tv_usec/1000000. 0
+ rusage.ru_stinme.tv_sec+rusage.ru_stine.tv_usec/ 1000000. O;
float el apsedTi ne()

return (10000.0*ti mes(NULL))/ CLOCKS PER SEC

voi d *whol eThi ng(void *arQg)
{
thread_data_t *threadWrk=(thread_data_t*) arg;

int i,],k;
doubl e sum
int id;

float startCPU, startTi ne;

i d=t hr eadWor k- >t hr eadl d;

barrier_wait(&barrier);

start CPU=CPUt i me() ;

start Ti me=el apsedTi me() ;

for (i=id;i<500;i+=numrhr eads)
Eor (j =0; ] <500; j ++)

[P][1]=1.0/(i++2);
LETD) )=+

oo

barrier wait(&barrier);
for (i=id;i<500;i+=nuniThreads)
for (j=0;j<500;j ++)

sun¥0. 0;

for (k=0; k<500; k++)
sum#=ali ] [K]*b[K][j];

c[i][j]=sum

printf("CPU used by thread %d is % \n",threadWrk->t hreadl d,
CPUtime()-start CPU) ;

printf("El apsed tinme for thread %d is % \n",threadWrk->t hreadl d,
el apsedTi me()-startTi ne);

barrier_wait(&barrier);



mai n()

int i,j,k;

thread_data t *threadWrk;
pthread_t thread;

I nt status;

doubl e sum

printf("enter nunber of threads:");

scanf (" %l", &unmrThr eads) ;

if (barrier_init (&barrier, numThreads))
printf("barrier_init problemn");;

for (i=1;i<nunihreads;i++)

t hreadWbr k=(thread_data_t*) mall oc(sizeof (thread _data t));
threadVbrk >t hr eadl d=i ;
st at us pthread_create (

& hread, NULL, whol eThing, (void*) threadWrk);
if (status !'= 0)

printf("failed to create thread\n");
exit(0);
}
}
t hreadWork=(thread data t*) mall oc(sizeof (thread data t));
t hr eadWor k- >t hr eadl d=0;
whol eThi ng((voi d*) threadWrKk);
printf("verifying . . .\n");
for (i=0;i<500;i++)
for (j=0;j<500;j ++)

sun¥0. 0;
for (k= 0 k<580*g+;][ .
Syl T DL

printf("Problemwth c[%][%]=% !'= %\n",i,j,c[i][j],sum;

}
}
[ bob@et chup NOTES02]$ mm
CPU used is 27.360001
El apsed tinme is 27.250000
[ bob@et chup NOTES02]$ mmPT
enter nunber of threads:?2
CPU used by thread 1 is 10.590000
El apsed time for thread 1 is 10. 750000
CPU used by thread 0 is 13.910000
El apsed tine for thread 0 is 14.000000
verifying .

Example/Quicksort:

}meens@@a NOTES02] $ cat gsort.c
/ Ordinary recursive quicksort
/1l See CLR for details

#i ncl ude <stdio. h>

#i ncl ude <sys/tine. h>

#i ncl ude <sys/resource. h>

f
{
struct rusage rusage;
getrusage( RUSAGE_SELF, & usage) ;
return rusage.ru_utinme.tv_sec+rusage.ru_utine.tv_usec/1000000. 0
+ rusage.ru_stime.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

oat CPUti me()

float el apsedTi ne()

return (10000.0*times(NULL))/ CLOCKS PER SEC;
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int *arr,
int arrSize;

int partition(arr,p,r)
int *arr,p,r;

int x,i,j,tenp;

/*

printf("Input\n”),

for (i=p;i<=r; |++)
/prlntf( vd %\ n" ,arrf[i]);

x=arr[p];
i =p-1,

j =r+1;
while (1)

while (arr[--j]>Xx);

while (arr[++ ] <x);

if (i)
tenp=arr[i];
arr[i]=arr[j];

) arr[j]=tenp;

el se
{
/*
Printf("Left out put\n");
or (i:p;i<_J,|++)
printf ("%l %\ n" arr[l])
printf("Ri ght output\n );
for (i=j+1;i<=r;i++)
} printf("% %\n",1,arr[i]);
return j;
}
}
?U|ckSort(int *a,int p,int r)
int q;
if (p<r)
{

g=partition(a,p,r);
qui ckSort (a, p, Q);
qui ckSort(a,q+l,r);

!

}

mai n()

int i;

unsi gned seed;

float startCPU, startTi ne;

printf("enter nunber of keys\n");
scanf ("%", &arr Si ze) ;

arr=(int*) malloc(sizeof(int)*arrSize);

if (ltarr)

printf("malloc failed\n");
abort ();

printf("enter seed\n");

scanf (" %", &seed);

srandon( seed) ;

for (i=0;i<arrSize;i++)
arr[i]=random();

start CPU=CPUt i ne();

17
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start Ti me=el apsedTi me();
qui ckSort (arr,0,arrSi ze-1);
printfg"CPU used is %B\n", CPUinme()-start CPU);
?rintf "El apsed tine is %\n", el apsedTine()-startTinme);

Concurrent version is designed such that thread 0 starts the quicksort and will pass small partitions
to thread 1 through a single-dlot buffer. Thread 1 completely quicksorts the partitions that are passto it.

Shared variables:
zer oActi ve -initialy setto 1. Thread O setsthisto O when it isno longer participating in the sort.

partiti onAvail abl e -initialy setto 0. Whenpartiti onAvai l abl e is0, thread O may pass a subproblem to thread 1
by setting the values of | ef t End and r i ght End to indicate the subarray boundsand then set parti ti onAvai | abl e to1to
complete the hand-off. Thread 1 will reset parti ti onAvai | abl e to 0 when the subproblem has been completely sorted.

Thread O:

qui ckSort 0() initialy calsqui ckSort 2()
qui ckSort 2() will passa“‘‘small’’ subproblem to thread 1 when thread 1 iswaiting

Thread 1:

qui ckSort 1() spinswaiting for a subproblem to work on, then uses sequential qui ckSor t ()

[weenms@a NOTES02] $ cat qgsortPT.c

/1 Recursive quicksort using pthreads
/1l See CLR for details

#i ncl ude <stdio. h>

#i ncl ude <sys/tine. h>

#i ncl ude <sys/resource. h>

#i ncl ude <pt hread. h>

#i ncl ude "barrier.h"

barrier_t barrier;
i nt nunlhr eads;
typedef struct thread_data {
Int threadld;
} thread data_ t;
float CPUIi me()
struct rusage rusage;
get rusage( RUSAGE_SELF, &r usage) ;

return rusage.ru_utime.tv_sec+rusage.ru_utinme.tv_usec/1000000.0
+ rusage.ru_stinme.tv_sec+rusage.ru_stine.tv_usec/1000000. O;

}

EI oat el apsedTi ne()

} return (10000.0*ti mes(NULL))/ CLOCKS PER SEC
nt *arr;

nt arrSize,
nt zeroActive=l, partitionAvail abl e=0,1eftEnd, ri ght End;
nt maxThreshol d;

int partition(arr,p,r)
int *arr,p,r;

int x,i,j,tenp;

/*

printf("Input\n");

for (i=p;i<=r;i++)
printf("%l %\n",i,arr[i]);



*/
x=arr[p];
i =p-1,
J_r+ll
while (1)

while (arr[--j]>x);
while (arr[++ ]<x);
if (i<j)

tenmp=arr[i];
arr[i]=arr[j]
arr[j]=tenp;

el se

{
/*
printf("Left output\n)
for (i=p;i<=j;i++)
printf ("% %Jl\n" i,arr[i]);
Printf("Right output\n")'
or (I—J+l i <=r; |++)
printf ("% v\ n" ,arr[i]);

return j;

}
}
?ui ckSort(int *a,int p,int r)
[

g=partition(a,p,r);
qui ckSort(a, p,q ),
qui ckSort (a, q+1,r);

}
}
?ui ckSort2(int *a,int p,int r)

if (p<r)
{

E part|t|0n(a p,r);

=r-p+l

i f (part|t|onAva|IabIe | | k>maxThreshol d)
| qui ckSort2(a, p,q);

el se

| ef t End=p;
ri ght End=q;
partitionAvail abl e=1,

f (part itionAvailable || k>maxThreshol d)
qui ckSort2(a,g+l,r);
?I se
| ef t End=q+1;
ri ght End=r;
partitionAvail abl e=1;

}

}
k
i

}
h

voi d *qui ckSortO(void *arg)

thread_data_t *threadWrk=(thread_data_t*) arg;
float startCPU, startTi e,



barrier_wait(&barrier);
start CPU=CPUt i ne() ;
start Ti me= eIapsedTlne();

qui ckSort2(arr, 0, arrSi ze-1);

zer oActi ve=0;

barrier wait(&barrier);

printfg"CPU used by thread 0 is % \n", CPUi me()-startCPU

printf("El apsed time for thread 0 is %\n", el apsedTi ne()-startTi ne);
barrier_wait(&barrier);

voi d *qui ckSort1(void *arg)

thread_data_t *threadWrk=(thread_data_t*) arg;
fl oat startCPU, startTi me;

barrier_wait(&barrier);

start CPU=CPUt i ne();

start Ti ne=el apsedTi me() ;

while (zeroActive | I BartitionAyaiIable)
if (partitionAvall abple)

qui ckSort (arr, |l eftEnd, ri ght End);
part|t|0nAya|IabIe—

barrier wait(&barrier);

printfg"CPU used by thread 1 is %\n", CPUi me()-startCPU
printf("El apsed tinme for thread 1 is %\n", el apsedTi ne()-startTi ne);
barrier_wait(&barrier);

mai n()

int i;

unsi gned seed;

thread _data t *threadWrk
pthread_t thread,

I nt status;

printf("enter nunber of keys\n");

scanf ("%", &arr Si ze);

arr=(int*) malloc(sizeof(int)*arrSize);
if (ltarr)

printf("malloc failed\n");
abort ();

printf("enter seed\n");

scanf (" %", &seed);

srandon( seed) ;

srandon{ seed) ;

for (i=0;i<arrSize;i++)
arr[i]=random();

nunThr eads=2;
zer oActi ve=1;
i f (barrler init (&barrier, nunﬂhreads))

printf("barrier_init problen\n );
t hr eadWor k=(t hread_data_t *) nalloc(3|zeof(thread data t));
threadVbrk >t hr eadl d=1;
st at us pthread_create (

& hread, NULL, quickSortl, (void*) threadWrk);

%f (status !'= 0)

printf("failed to create thread\n");
exit(0);

}

t hreadWork=(thread _data t*) mall oc(sizeof (thread _data t));
t hr eadWor k- >t hr eadl d=0;

maxThr eshol d=arr Si ze/ 4;



?uickSortO((void*) t hr eadWor k) ;

[ bob@et chup NOTES02] $ gsort

enter nunber of keys

3000000

enter seed

432

CPU used is 5.270000

El apsed time is 5.250000

[ bob@et chup NOTES02] $ gsort PT

enter nunber of keys

3000000

enter seed

432

CPU used by thread 1 is 3.070000

CPU used by thread 0 is 2.920000

El apsed time for thread 1 is 3.000000
El apsed tinme for thread 0 is 3.000000

Example/Warshall’ s Directed Graph Reachability

WARNING: Itisvery useful to review the correctness ideas behind Warshall’ s algorithm before continuing.

succlj][K]
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Path
with nodesin
0.]-1

Path
with nodesin
0.j-1

Path
with noc_les in | ’@

0..]

$ cat warshal | PT.c

#i ncl ude <stdio. h>

#i ncl ude <pt hread. h>

#i ncl ude <sys/tine. h>

#i ncl ude <sys/resource. h>
#i ncl ude "barrier.h"

barrier_t barrier;

i nt nuniThr eads;
pt hread_nut ex_t nut ex=PTHREAD MJUTEX | NI Tl ALl ZER

typedef struct thread_data {
I nt threadld,
int n, **succ;
} thread data_t;
int **succ, **succSeq, **succl nt, **succConti g, **succDynani c, n;
al l ocate(sizel, size2, matrix)
int sizel, size2;
int ***matrix;
int i;

if ('(*matrix = (int **) malloc(sizel*sizeof(int *))))

printf("Allocate failed\n");
) exit(2);
forgi =0; i < sizel;, i++
% ("'((*matrix)[i]=(int *) malloc(size2*sizeof(int))))
printf("Allocate failed\n");
) exit(3);
}
deal | ocat e(si zel, matri x)
int sizel;

int **matri x;
int i;

for(i = 0; i<sizel; i++)
free(matrix[i]);



free(matrix);

#def i ne gener at eRandon( m nRange, naxRange) \
(m nRange) +abs(random()) % (( maxRange) - (m nRange) +1)

float CPUIi nme()

struct rusage rusage;

get rusage( RUSAGE_SELF, & usage) ;

return rusage.ru_utine.tv_sec+rusage.ru_utinme.tv_usec/1000000.0
} + rusage.ru_stime.tv_sec+rusage.ru_stinme.tv_usec/ 1000000. 0;

float el apsedTi ne()

return (10000. 0*ti mes(NULL))/ CLOCKS PER SEC

voi d war shal | Seq(n, succ)
int n,**succ;

int i,j,k;
float startCPU, startTi ne;
start CPU=CPUt i me() ;
start Ti ne=el apsedTi nme() ;
for (j=0;j<n;j++)
for (i=0;i<n;i++)
if (SUCC[I][J]"( 1))
for (k=0; k<n; k++)
if (SUCC[I][k] =(-1) && succ[j][k]!'=(-1))
succl[i][k]=succl[i][]],;
printf("CPU used by sequential is %\n", CPUinme()-startCPU)
printf("El apsed tinme for sequential is %\n", el apsedTi me()-startTine);

void *warshallInt(void *arqg)

{

thread_data_t *threadWrk=(thread_data_t*) arg;
int n,**succ;

int i,j,k;

int threadld;

float startCPU, startTi ne;

t hr eadl d=t hr eadWor k- >t hr eadl d;
n=t hr ead\Wor k- >n

succ=t hr eadWor k- >succ;

barrier ma|t(&barr|er)

start CPU=CPUt i ne();

start Ti me= eIapsedTlne()

for (j=0;j<n;]++)

for (i=threadld;i<n;i+=nunThreads)
if (SUCC[I][J]"( 1))
for (k=0; k<
if (SUCC[I][k] =(-1) && succ[j][k]!'=(-1))
succE&L[k] =succl[i][j];

barrier_wait arrier);

}
printf("%l: CPU used by interleaved is %\n",threadWrk->threadld,
CPUti me()-start CPU);

printf("%l: Elapsed tine for interleaved is %\n",threadWrk->t hreadld,

el apsedTi me()-startTi ne);
free(threadWrk);
barrier_wait(&barrier);

voi d *warshal | Cont (void *arg)

{

thread_data_t *threadWrk=(thread_data_t*) arg;
int n,**succ;

i nt i,j k;

i nt threadld
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i nt | ower, upper;
float startCPU, startTi ne;

t hr eadl d=t hr eadWor k- >t hr eadl d;
n=t hr ead\Wor k- >n
succ=t hr eadWor k- >succ;

| ower =t hr eadl d* n/ nunThr eads
upper =(t hr eadl d+1) *n/ nunirhr eads;
barrier_ wait(&barrier);

start CPU=CPUt i ne() ;

start Ti me= eIapsedTlne()

for (j=0;j<n;]++)

for (i=lower;i<upper;i++)
if (SUCC[I][J]"( 1))
for (k=0;k<
if (SUCC[I][k] =(-1) && succ[j][k]!'=(-1))
succE [k]=succ[i][]j];
} barrier_wait arrier);
printf("%l: CPU used by contiguous is %\n",threadWrk->threadld,
CPUti me()-start CPU) ;
printf("%l: El apsed tine for contiguous is %\n",threadWrk->threadld,
el apsedTi me()-startTi ne);
free(threadWrk);
barrier_wait(&barrier);

i nt sharedl
pt hread_nutex_t sharedl | ock=PTHREAD MUTEX | NI Tl ALI ZER;

voi d *war shal | Dynami c(voi d *arg)

{

thread data t *threadWrk=(thread data t*) arg;
int n,**succ;

int i,j,k;

int threadld;

float startCPU, startTi ne;

t hr eadl d=t hr eadWor k- >t hr eadl d;
n=t hr ead\Wor k- >n
succ=t hr eadWor k- >succ;
barrier_wait(&barrier);

start CPU=CPUt i ne();

start Ti ne=el apsedTi me();

for (j=0;j<n;j++)

if (!threadld)

i =shar ed| =0;
barrier_wait(&arrier);
if (threadld)

pt hr ead_nut ex_I| ock( &shar edl | ock);

| = ++shar edl
) pt hr ead_nut ex_unl ock( &har edl | ock) ;
while (i<n)
if (SUCC[I][J]' =(-1))
(k=0; k<n; k++)
|f (succ[ Hk]——( 1) &&succ[J][k]l—( 1))
succ|i succ[i][
pt hr ead_nut ex Iock(&sharedllock)
I = ++sharedl;

pthread_nutex_unlock(&sharedllock);
arrier_wait(&barrier);

}

printf("%: CPU used by dynanic is %\n",threadWrk->threadld,
CPUtime()-start CPU) ;

printf("%l: El apsed tine for dynamic is %\n",threadWrk->t hreadld,
el apsedTi me()-startTi ne);

free(threadWrk);

barrier_wait(&barrier);
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}

voi d printPaths(n, succ)
int n,**succ;

{
int i,j,Kk;

for (i:0;i<n;i++)
for (j=0;j<n;j++)
if (SUCC[I][J]——(-l))
printf("No path from% to %\ n"
?Ise
printf("Path % ",i);
k=succli][j];

while (kl=))
Lgntff"Wm_":k);
=succ[K][j];
) printf("%l\n",j);
}
mai n()

int i,j,k,seed, status;

int tall, head;
thread_data_t *threadWrk
pthread_t thread;

printf("Enter # of vertices\n");
scanf (" %", &n) ;
al l ocate(n, n, &ucc);
al | ocate(n, n, &uccSeq);
al | ocate(n, n, &ucclnt);
aIIocate%n,n,&succhntig);
al l ocate(n, n, &uccDynam c);
for (i=0;i<n;i++)
for (j=0;j<n;j++)
~succliJTi1=(-1);
printf("Enter seed\n");
scanf (" %", &seed);
srandon{ seed) ;
for (i=0;i<n/2;i++)
for (j=0;j<n/2;j++)

tai | =gener at eRandom( 0, n-1);
head=gener at eRandom( 0, n- 1) ;
succ[tail][head] =head;

for (i=0;i<n; |++)
for (j=0;j<n;j++)
succSeq[l][J] =succl[i][j];
war shal | Seq( n, succSeq) ;

(nunThr eads=2; nuniThr eads<=2; nuniThr eads++)

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

succlnt[i][j]:succhntig[i][j]:succEynanic[i][j]:succ[i][j];

i)

printf("Using %l threads\n", numrhr eads),
I f (barrier_init (&barrier, " nunfhr eads )
printf("barrier_init problen\n");

(i =1;i <nuniThr eads; i ++)

threadWrk=(t hread data_t*) mall oc(sizeof (thread data t));

t hr eadWor k- >t hr eadl d=i
t hr eadWbr k- >n=n;
t hr eadWbr k- >succ=succl nt;

status = pthread_create (& hread, NULL, warshal | I nt,threadWrk);

if (status != 0)
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{
printf("failed to create thread\n");
exit(0);

}

t hreadWbr k=(thread_data_t*) mall oc(sizeof (thread _data t));
t hr eadWbr k- >t hr eadl d=0;

t hr eadWbr k- >n=n;

threadVbrk->succ:suchnt;

war shal | I nt (t hr eadWor k) ;

(i =1;i <nuniThr eads; i ++)

threadWbrk=(t hread data_t*) mall oc(sizeof (thread data t));

t hr eadWor k- >t hr eadl d=i

t hr eadWor k- >n=n;

t hr eadWor k- >succ=succCont i g;

status = pthread_create (& hread, NULL, war shal | Cont, t hr eadWor k) ;
if (status != 0)

printf("failed to create thread\n");
exit(0);

threadWork=(thread data_t*) nmall oc(sizeof (thread data t));
t hr eadWor k- >t hr eadl d=0;

t hr eadWor k- >n=n;

threadVbrk->succ:succhntig;

war shal | Cont (t hr eadWor k) ;

for (i=1;i<nunrlhreads;i++)

threadWork=(t hread data_t*) mall oc(sizeof (thread_data t));

t hr eadWor k- >t hr eadl d=i

t hr eadWbr k- >n=n;

t hr eadWbr k- >succ=succDynami c;

status = pthread _create (& hread, NULL, war shal | Dynani c, t hr eadWr k) ;
if (status != 0)

printf("failed to create thread\n");
exit(0);

}

threadWork=(thread data_t*) nall oc(sizeof (thread data t));
t hr eadWor k- >t hr eadl d=0;

t hr eadWor k- >n=n;

threadVbrk—>succ:suchynanic

war shal | Dynani c(t hr eadWor k) ;

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

if (succSeq[i][j]!=succlnt[i][]
succSeq[i][] '—succhntlg[| ] ]
succSeq[i][]]!=succDynam c[i j
printf("[@@][@@] 9@ % % Y%d
succSeq[l][J],succlnt[|][1]

succDynamc[i][j]);

]
1&.
\n",i,j,

, suc chntlg[l][J]
deal | ocat e(n, succ);

deal | ocat e(n, succSeq) ;

deal | ocat e(n, succlnt);

deal | ocat e(n, succConti Q) ;
deal | ocat e(n, succDynam c);

[ bob@et chup NOTES02] $ war shal | PT

Enter # of vertices

500

Enter seed

345

CPU used by sequential is 5.290000

El apsed time for sequential is 5.500000
Using 2 threads

1: CPU used by interleaved is 2.470000



El apsed tinme for
El apsed time for

El apsed tinme for
El apsed tinme for

erererororo

El apsed tinme for
El apsed tinme for

CPU used by interleaved is 2.490000

interleaved is 2.500000
interl eaved is 2.500000

CPU used by contiguous is 2.460000
CPU used by contiguous is 2.469999

contiguous is 2.500000
contiguous is 2.500000

CPU used by dynanmic is 2.830000
CPU used by dynanic is 2.860001

dynanmic is 2. 750000
dynamc is 2.750000

Contiguous Allocation for Enumeration Problems

CONCEPT - Ranking and unranking of combinatorial objects
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Note: To be compatible with coding in C, we use rank = O for the "first" object instead of rank = 1. In addition, we enumerate using O

.nlinsteadof 1..n.

Very simple example - powerset enumeration (power set Enum c)

* X X %

~———

Enunerati on of powerset on base set with n elenents */
El emrents are fromO .. n-1 */
Ranks are fromoO ..
Processi ng assunmes that subset arrays are sorted
with -1 as a terminator, but input arrays do not

2**n - 1 */

have to be sorted */

#i ncl ude <stdio. h>
int n,count;

i nt cardPowerset (n)
int n;

return 1<<n; [* 2**n */

voi d rank2subset (rank, subset)

i nt rank, subset[20];

{
int i,j,bit:

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

bit=rank & 1;
if (bit)

subset[j] =i

r ank=r ank>>1;

%ubset[j]=(-1);

voi d readSubset (subset)

%nt subset [ 20] ;
int i;

while (1)

printf("enter subset elenments with -1 to termnate\n");

for (i=0;;i++)

scanf("@ﬁ",&subsetgi]);

if (subsetfi]==(-1

br eak;
if (subset[i] <0

)

| | subset[i]>=n)



Brlntf( bad i nput\n");
reak

%f (subset[l] =(-1))
\ br eak;

}

voi d print Subset (subset)
i nt subset[ 20];

int i;

printf("{");

for (i=0;subset[i]!=(-1);i++)
printf("od" subset[|%;;

| f (subset[|+1]'—( 1
printf(",");

érintf("}\n");

i nt subset 2rank(subset)
i nt subset[ 20];

int i,rank;

r ank=0;

for (i=0;subset[i]!=(-1);i++)
rank=rank | (1<<subset[i]);

return rank;

voi d next Subset (subset A, subset B)
i nt subset A[ 20], subsetB[20]; /*Input & output arrays*/

Int i,j;

for (1=0;subsetAli]==i;i++)

?EFS?}EE?L:LQetA[i]!:(-1);)
subset B[ j ] =subset A[i ] ;
But

%ubsetB[j]:(-l);

mai n()

i nt rank, nunSubsets,i;
i nt subset[ 20], subset 2[ 20] ;
i nt *subset A, *subset B, *t enp;

printf("enter n\n");
scanf (" %", &) ;

count =car dPower set (n) ;
printf("rank -> subset\n");
?hile (1)

printf("enter rank (-1 to terminate)\n");
scanf (" %", & ank) ;

i f (rank<(-1) || rank>=count)
printf("bad rank\n");
conti nue;

%f (rank==(-1))
br eak;

rank2subset (rank, subset);
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print Subset (subset);

heohnad

ri Intfg subset -> rank\n");
e

5%

printf("wish to convert a case? (1l=yes 0=no)\n");
scanf ("%", & ) ;

if (i<0 || i>1)
printf("bad response\n");
conti nue;

} _

if (i
br eak;

readSubset (subset) ;
printf("rank is %\ n", subset 2rank(subset));

ntfg enuner ate subsets starting froma rank\n");
ile

printf("enter rank & nunber of subsets (-1 -1 to stop)\n");
scanf ("% %", & ank, &unBubset s) ;
i f (rank==nunBubsets && rank==(-1))
br eak;
if (rank<O || rank>=count)

printf("bad rank\n");
conti nue;

}
i f (nunBubsets<l || rank+nunBubsets-1>=count)

printf("bad nunber of subsets\n");
conti nue;

}
rank2subset (rank, subset);
printf("starting subset: ");
subset B=subset ;
subset A=subset 2;
for (i=0;i<nunBubsets-1;i++)
print Subset (subset B);
t enp=subset A,
subset A=subset B;
subset B=t enp;
next Subset (subset A, subset B) ;

}
pri nt Subset (subset B) ;

ENUMERATING PERMUTATIONS

k = positions

n = available objects (from the set {0, . . ., n-1})

Let k=4, n=8. Number of permutations = n!/(n - k)! = 8!/(8 - 4)! = 8*7*6*5

Lexicographic Ordering = String Comparison Applied to Permutations

Generating permutations is often done in lexicographic ordering

Principle: Maintain pool of available objects. Replace low-order position by the next higher available object. If none available,

release object in next column over and attempt to replace it with next higher object. After successfully replacing an object, replace
objectsin low-order positions using the lowest objects available.

Permutation Pool
2570 1346
2571 0346

2573 0146
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2574
2576
2601
2603
2604
2605
2607
2610

0136
0134
3457
1457
1357
1347
1345
3457

Under this ordering, 0 1 2 3isthefirst permutation and 7 6 5 4 is the last permutation.

NUMBERING PERMUTATIONS

Based on a‘‘variable radix’’ numbering system. Allows usto number consecutively (*‘rank’’) the permutations generated by the

preceding algorithm.

Let n=6 and k=4. Let pj be the object in the i-th column (left-to-right).

i-1
=g -+t zpi<pj
j=0

30

is the position of p; within the radix for that column. Thisis based on the first column having n choices,

the second column having n - 1 choices, ... columni having n + 1 - i choices for its value, since earlier

columns have removed one object each.

The summation counts the number of previous positions with larger values.

Suppose that the permutation is4 2 3 1:

0 1 2 3
p 4 2 3 1
r 4 2 2 1
Position in column: 0 1 2 3 4 5
rp=4-0+0=4 0 1 2 3 4 5
r=2-1+1=2 0 1 2 3 5
rh=3-2+1=2 0 1 3 5
rg=1-3+3=1 0 1 5
Column Vaues (Radix-Based)
0 1 2 3
radix 6 5 4 3
r 4 2 2 1
column value 60 12 3 1
rank 4460+ 2*12+ 2*3+ 1*1
240 + 24 + 6 + 1=271

Under this scheme, permutation 0 1 2 3 would have rank 0 and permutation 5 4 3 2 would have rank 359.

Given the rank (d), the permutation may be found:

i-1
d - er * column value;
_ =0

r. =

I column vaue;



From the preceding example, d = 271
rg = 271/60 = 4
rq = (271 - 4*60)/12 = 31/12=2
rp=(271- 460 - 2¥12)/3=7/3=2
rg=(271-4*60-2¥12-2*3)/1=11=1
pj = rj + i - d;, where d; is the smallest integer such that

di: ri+1—di<pj

-1
0

which meansthei+1st available integer.

rank 5210 + 1*30 + 4*5 +

*

0 1 2 3 4 5
ro = 4, so go over 5 positions Po
r1 =2, so go over 3 positions p1 Po
ro =2, s0 go over 3 positions p1 ) Po
r3 =1, so go over 2 positions p3 p1 P2 Po
Thus giving the correct permutation, 42 31
Another example: k=4, n=8, permutation=516 2
0 1 2 3
p 5 1 6 2
r 5 1 4 1
Position in column: 0 1 2 3 4 5 6
rp=5-0+0=5 0 1 2 3 4 5 6
r=1-1+1=1 0 1 2 3 4 6 7
rh=6-2+0=4 0 2 3 4 6 7
rg=2-3+2=1 0 2 3 4 7
Column Values
0 1 2 3
radix 8 7 6 5
r 5 1 4 1
columnvalue 210 30 5 1
1
1

1050 + 30 + 20 +
Permutation from rank d = 1101
ro=1101/210=5

ry=51/30=1

=1101
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ro=21/5=4
rg=11=1
0 1 2 3 4 5 6 7
ro =5, S0 go over 6 positions Po
r1 =1, so go over 2 positions pP1 Po
ro =4, so go over 5 positions pP1 Po p2
r3 =1, so go over 2 positions p1 p3 Po p2

Giving the permutation 51 6 2
per nEnum c:

/* Enuneration of k pernutations on base set with n elenments */
/[* Elements are fromO .. n-1 */
/* Ranks are fromO .. n*(n-1)*...*(n-k+1) - 1 */

#i ncl ude <stdi o. h>

int n,k,count;
i nt col umVal ue[ 20] ;

i nt cardPernset(n, k)
int n,k;

int i,card;

col umVal ue[ k- 1] =1;
for (i=k-2;1>=0;i--)

col umVal ue[i] =col umVal ue[i +1] *(n-i-1);
car d=n*col umVal ue[ 0] ;
printf("colum values: ");
for (i=0;i<k;i++)

rintf("% ", columVal uel[i]);

printf("\n");
printf("cardinality of permutation set %l\n", card);
return card,

voi d rank2per m(rank, perm
i{nt rank, perni 20] ;

int i,j;

int r[20],avail abl e[ 20];

for (i=0;i<k;i++)
r[i]=rank/col umvVval ue[i];
r ank=r ank%ol umVal ue[i];

for (i=0;i<n;i++)
avail able[i]=i;

for (i=0;ic<k;1++)
pernfi]=available[r[i]];
for (j=r[i];j<n-1-i;]j++

% avai | abl e[] ] =avail abl e[j +1];

voi d readPern{perm
i{ nt perni20];

int i;



i nt al readyRead][ 20] ;
?hile (1)

for (i=0;i<n;i++)
al r eadyRead][ i ] =0;

printf("enter % pernutation el enents\n", k

Eor (i=0;i<k;i++)
scanf ("9%d", &er n{

%f (pern{|]<0 [ ] pLZn[|]> n || alreadyRead[pernii]])

rintf("bad input\n");
reak;

glreadyRead[pern{i]]:l
%f (i ==k)

br eak;
}
}
voi d printPermperm
%nt perni 20] ;
int i;

for (i=0;i<k;i++)
printf("fj/u)ﬂ_",pernTi]);

printf("\n

}

i nt pern2rank(perm

%nt pern{ 20] ;

int i,j,rank;

i nt avail abl e[ 20], r[ 20];

for (i=0;i<n;i++)
avail abl e[i]=i;

for (i=0;i<k;i++)

for (j=0;pernfi]!=available[j];]++)

r[i]=
for ( J<n 1-i;j+
avallable[j] avallable[j+1];

}

r ank=0;

for (i=0;i<k;i++)
rank+=r[i]*col umVal ue[i];

return rank;

}
voi d next Per m( per mA, pool A, per nB, pool B)

i nt permAl 20], pool Al 20], per nB[ 20] , pool B[ 20];

[*This could be faster*/
int i,j;

for (i=0;i<k;i++)
pernB[i]=permA[i];

for (i=0;1<n;i++
pooIB[l] pooI il;

for (i=k-1;;i--)
pool B[ pernB[i]]
for (J=permB[1]

I ’J<n && !'pool B[j];j++)
if(j<n)
br eak;

Bﬁ&”@[ S

/*1 nput & output arrays*/
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] =0;
for (i++i<k;i++)
for (;!pool B[j];j++)
pe’rms[i]:j;
pool B[ j ] =0
] ++;
return;

voi d pernpool (per m pool)
%nt per ni 20] , pool [ 20

int i;

for (i=0;i<n;i++)
pool [i] =1;

for (i=0;i<k;i++)
pool [ pernfi]]=0;

mai n()

int rank, nunPerns,i;

i nt pernf20], pool [ 20], per n2[ 20], pool 2[ 20] ;

i nt *pernmA *pool A *pernB, *pool B, *t enpPer m *t enpPool ; printf("enter n and k\n");
scanf ("% %", &n, &Kk) ;

count =car dPer nset (n, k) ;

printf("rank -> permin");

?hile (1)

printf("enter rank (-1 to termnate)\n");
scanf ("%d", & ank) ;
if (rank<(-1) || rank>=count)

printf("bad rank\n");
conti nue;

}

i f (rank==(-1))
bLeak; ‘ n
rank2per n(r ank, pernj;

printPerﬂ%pern);

yern1-> rank\ n");

~~N
=

0 convert a case? (l=yes 0=no)\n");

printf("bad response\n");
conti nue;
} :
it (i)
br eak;
readPer n( pern ;
printf("rank 1s %\ n", pern2rank(perm);

intf("enumerate pernutations starting froma rank\n");
ile (1)

printf("enter rank & nunber of pernmutations (-1 -1 to stop)\n");
scanf ("% %", & ank, &unPer ns) ;
i f (rank==nunPerns && rank==(-1))
br eak;
if (rank<0 || rank>=count)

printf("bad rank\n");
conti nue;

i f (nunPerms<l || rank+nunPermms-1>=count)



printf("bad nunber of pernutations\n");
conti nue;

}

rank2per n{rank, perm ;

per m2pool ( per m pool );
printf("starting permutation: ");
per nB=perm

pool B=pool ;

per mA=per ng;

pool A=pool 2;

for (i=0;i<nunmPermns-1;i++)

pri nt Per m( per nB) ;

t enpPer meper mA;

t enpPool =pool A;

per mA=per nB;

pool A=pool B;

per nB=t enpPer m

pool B=t enpPool ;

next Per m( per mA, pool A, per nB, pool B);

}
pri nt Per n{ per nB) ;

ENUMERATING COMBINATIONS

Ignore ordering in sequence, unlike permutations
k = size of set

n = number of available objects (setis0..n- 1)

9 n!

Letk=3, n=9. Numbe of combinations = C(9,3) = = = &
3 (n-K)!k!

Generating in lexicographic order: ONLY WANT PERMUTATIONS THAT ARE SORTED!!!

Observation: Thelast combination to be generatedis (n - k) . . . (n-2)(n-1), e.g. (cg c1 ¢2) = 6 7 8 when k=3, n=9. In each of the k
positions for avalid combination, the value will never exceed that in the respective position for the last combination.

Suppose that j isthe rightmost position for which gG<n- k + j, then the next combination is found by
1. Incrementing Gj by 1
2. ReplaceCj4y ... Ck-1 by successive values
Example: n=8, k=4 and the most recent permutation generated is(cgc1c2c3)=2467
7 cannot be thej position, sincewe don't have 7<8- 4+ 3
6 cannot be thej position, sincewe don't have 6 <8- 4 + 2
4 can bereplaced, since4<8-4+1
Thisgives256 7 (andthen3456,3457,3467,3567...)
NUMBERING COMBINATIONS
To demonstrate the method, suppose that n=5 and k=3. There are 10 combinations (Iexicographically) by the preceeding procedure:
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013
014

0 2 3 - - Determine the rank of this combination, i.e. 3

024
034
123
124
134
234

Ranking is based on the complement of a combination (C').

1. Reverse order of positions
2. Subtract each position fromn - 1.
Suppose that n=5, k=3. (023)’' =(124)
k-1

Rank of combinaion C = - -1

Concept: Subtract counts for combinations that are after this one

5 1 2 4

Rankof(O 2 3): A1-t -l )-120-1-1-4-1

3 1 2 3

36

using (1 2 4) to get 10 total combinations - 1 way to change only the last position - 1 way to change only the last two positions and - 4

ways to change the last three positions - 1 to ensure that first combination has rank 0, so this combination must be ranked 3rd.

Recovering the combination from its rank:
1. Get back to complement (the hard part).

2. Complement the complement (the easy part).

Using rank = 3 from previous example, we can easily determine that the 3 subtracted counts of combinations add up to 6. Most
of these combinations must come from varying al three positions:

Findc 5: 6> C(j,3) Forj=4, C(43)=4s0c' =4
Findc 1: 6-4=2>C(j,2 Forj =3, C(3,2) =3 (problemwith>),tryj=2,C(22) =1,s0¢'1 =2
Findc 2-1=1>C(j,1) Forj=1,C(1,1))=1socp=1

The original combination comesfrom (c'gc’1¢'9)’ =(124)'=(023)

Another example: n=10, k=4, C(10,4) = 210, combinationis(cgcy c2¢c3)=0268

(0268 =1379

Rank =210 - C(1,1) - C(3,2) - C(7,3) - C(9,4) - 1=210-1-3-35-126-1=44

This uses reasoning anal ogous to before:

C(1,2) corresponds to changing 8in (026 8) to 9.



C(3,2) corresponds to changing 6 8in (0 2 6 8) to any pair from {7, 8, 9}
C(7,3) corresponds to changing 26 8in (0 2 6 8) to any triplefrom {3, 4,5, 6, 7, 8, 9}
C(9,4) corresponds to changing all positions to any quadruplefrom {1, 2,3, 4,5, 6, 7, 8, 9}
1 corresponds to ranking the first combination as zero instead of one.

Recovering combination from rank (same example):

210-1-44=165

Findc'g: 165 > C(j,4) For j=9, C(9,4) = 126,50C'3 =9
Find ¢ o: 165-126=39>C(j,3) Forj=8, C(8,3) = 56, For j=7, C(7,3) =35,50C p = 7
Findc q: 39-35=4> C(j,2) For j=6, C(6,2) = 15, For j=5, C(5,2) = 10,

For j=4, C(4,2) =6, Forj=3,C(3,2) =3,s0¢c'1 =3
Findc' . 4-3=1>C(j,1) Forj=2,C(2,1) =2, Forj=1,C(1,1) =1,s0cg=1
The original combination comesfrom (c'gc’1¢'2¢'3) =(1379) =(0268)
combEnum.c
/* Enuneration of k conbinations on base set with n el enents */
/* Elenents are fromO .. n-1 */
/* Ranks are fromO .. C(n,k) - 1 */
#i ncl ude <stdio. h>

int n,k,count;
int C20][20];

i nt cardConbset (n, k)
int n,k;

int i,j,card;
for (i=0;i<=n;i++)
qi]lo]=1;
}C[I][I] =1;
for (i=2;i<=
for (j=1;j<i;j++)
dilli] C[I-1][J-l]+C[I-l][J]
card= n][k]

printf ‘car di nal i ty of conbination set %\ n", card);
return card,

n |++)

voi d rank2comb(rank, conb)
i nt rank, conb[ 20] ;

int i,j,leftover;
int conpl enent[20];

| eft over =count -r ank- 1;
j=n-1;
Eor (| =k-1;i>=0;i--)

for (;leftover<(j][i+1];j--)
co’rrpl ement [i]
|

| ef tover-=C
) -

:J,
101 +1];
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for (i=0;i<k;i++)

conb[i]=n-1-conplenent[k-1-i];

voi d readConmb( conb)
i{nt comb[ 20] ;

int i;

while (1)

printf("enter % conbination el ements\n", k);

for (i=0;i<k;i++)
scanf ("9%d", &onb[i]);

i f (conb[|]<0 [ ] conb[|]> n)

)

rintf("bad input\n"
reak;
;{f (i ==k)
for (i=0;i<k-1;i++)
i f (conb[|]> conb[i+1])
br eak
if (i==k- 1)
br eak;

printf("bad i nput\n");

{ }

voi d print Conb(conb)
i{nt conb[ 20] ;

int i;

for (i=0;i<k;i++)
printf("%l ",conb[i]);

nt i,j,rank;
nt conpl emrent[ 20];

Fri ntf("\n")

i nt conmb2rank(conb)
i nt comb[ 20];

{

In

in

for (i=0;i<k;i++)

conpl ement[i]=n-1-conmb[ k-1-i];

rank=C[ n] [ k] ;
for (i=0;1<k;i++)
rank-=C[ conmpl enent[i]][i
rank--;
return rank;

voi d next Conb( conbA, conbB)

i{nt combA[ 20] , combB[ 20] ;

int i,j;

for (i=0;i<k;i++)
conbB[ i ] =conbA[i];

for (j=k-1;conmbB[j]==n-k+j

co'rrbB[J 1+

for (]++ j<|( ++)
conbB[j ] coan[J-l] +1;

mai n()

+1] ;

/*1 nput & output arrays*/

D
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i nt rank, nunConbs, i ;
i nt comb[ 20], conb2[ 20] ;
i nt *conmbA, *conbB, *t enp;

printf("enter n and k\n");
scanf ("%l %", &n, &k) ;
count =car dConbset (n, k) ;
printfg"rank -> conb\n");
?hile 1)
printf("enter rank (-1 to termnate)\n");

scanf ("%d", & ank) ;
if (rank<(-1) || rank>=count)

printf("bad rank\n");
conti nue;

}
i f k==(-1
Coreak )

rank2cohb(rank,conb);
pri nt Conb( conb) ;

fE"conb -> rank\n");
1)

printf("wish to convert a case? (1l=yes 0=no)\n");
scanf ("%", & )
if (i<0 |] 1>1)

printf("bad response\n");
conti nue;

} _
i f (i
br eak;
readConb( conb) ;
printf("rank 1s %\ n", conb2rank(comb));

heohnad

rintfg"enunerate conbi nati ons starting froma rank\n");
ile (1)

~5

printf("enter rank & nunber of conbinations (-1 -1 to stop)\n");
scanf ("% %", & ank, &untConbs) ;
i f (rank==numConbs && rank==(-1))
br eak;
if (rank<O || rank>=count)

printf("bad rank\n");
conti nue;

}
i f (nunConbs<l || rank+nunmConbs-1>=count)

printf("bad nunber of conbinations\n");
conti nue;

}

rank2conb(rank, conb) ;
printf("starting conbination: ");
conmbB=conb;

conmbA=conb?2;

Eor (1 =0;i <nunConbs-1;i ++)

pri nt Conb( conbB);

t enp=conbA,;
combA=conbB;

conbB=t enp;

next Conmb( combA, conbB) ;

}
pri nt Comb(conbB) ;

PARALLEL APPLICATION OF RANKING AND NEXT PERMUTATION / COMBINATION ALGORITHMS
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Suppose P processors are to compute all permutations/combinations. Each processor generates a fraction of the codesin contiguous
fashion:

1. Compute number of codes N.

2. If processors are numbered O .. P-1, processor i takes codes from rank = iN/P through rank = (i+1)N/P - 1.

3. Conversion from rank to permutation/combination is performed ONCE by each processor, consecutively ranked

permutations are generated using the "next" algorithms.

4. Giveslinear speed-up.
Note: If ranking is difficult, then dynamic scheduling may be necessary.
An old lab assignment involving parallelism based on combinations.
Goals:

1. Writetwo parallel pthread programs for the traveling salesperson problem. Sequential code for an exhaustive (dynamic
programming) search has been provided (t sp2. c).

2. Evaluate the obtained parallelism using “‘ptime’’ (on the shell command line) and getrusage() callsin the thread function.
Requirements:
1. Submit alisting of aparallel program based on interleaving theloop f or (j =0;j <i ;j ++) insol veTSP() .

2. Submit alisting of aparallel program based on the dynamic scheduling approach that all ocates subsets of the verticesto a
processor. This approach isused for theloopwhi | e (conmbBits) insol veTSP() .

3. Runyour programs with 2 threads on various inputs. Provide execution output.
4. Submit abrief report comparing your programs and the original sequential program.
Getting Started:

1. Prepareasmall input file (4 vertices), compilet sp2. ¢ (edit to include debugging pr i nt f ’s), and execute. Observe the
optimal path produced for each combination of vertices along with a designated "end" vertex. Note that paths with k vertices are
produced before those with k + 1 vertices.

2. Compilet sp2. ¢ without debugging pri nt f 's. Time some executions.
3. Understandt sp2. c. In particular, observe the following:
a. Theinput edge weights are stored as an adjacency matrix.

b. Subscripting for TSPt abl e. Suppose that we are working with |V| = 10. Thus, each path will begin with V|- 1=9. Now
consider the optimal path that algo includes vertices 2, 4, 5, 7 and has 4 asitsend. This path would be found at
TSPtable][180][ 1], since 180 = 22+ 2%+ 22+ 27 and vertex 4 has the second smallest label among the included vertices for
this path (if vertex 7 were the end, then TSPt abl e[ 180] [ 3] would be used). The pathStruct for this TSPt abl e entry
provides 1) the length (cost) of the optimal path and 2) the vertex (next ToLast Ver t ex) that is the predecessor of the last
vertex on the optimal path.

c. Thealocation for TSPt abl e. Eventhough the storageisnal | oc’ed early in the execution, storage is commited
throughout the dynamic programming agorithm.

d. Observe how combinations of vertices get generated by f i r st Conbi nat i on() and next Conbi nati on(). Inyour
first version, all processes work together in the dynamic programming for one combination at atime. Inyour second version,
only one process will work on each combination.

4. Convert the codeto get thefirst version. It iseasier to have all processes redundantly executef i r st Conbi nati on() and
next Conbi nati on().

5. Convert the code to get the second version. fi r st Conbi nati on() and next Corbi nati on() will need to be modified to
save additional state information to facilitate the worklist approach. Notes 12 reviews the generation of combinationsin
lexicographic order.



Input File:
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011

102

023

202

122

211

231

322

242

4 23

305

034

343

4 3 4

401

041

-1-1-1

/usr/facul ty/weens: tsp2<dat?2
WARNI NG - m ssing edge 1->3
WARNI NG - ni ssing edge 1->4
WARNI NG - mi ssing edge 3->1

WARNI NG - mi ssing edge 4->1
DEBUG Cost=1 for path 4 0
DEBUG Cost =999999 for path 4 1
DEBUG Cost=3 for path 4 2
DEBUG Cost=4 for path 4 3
DEBUG Cost =1000001 for p
DEBUG Cost =2 for path
DEBUG Cost =5 for path
DEBUG Cost =4 for path
DEBUG Cost =9 for path
DEBUG Cost=5 for path
DEBUG Cost =4 for path
DEBUG Cost =1000001 for p
DEBUG Cost =1000003 for p
DEBUG Cost =1999998 for p
DEBUG Cost=6 for path
DEBUG Cost =4 for path
DEBUG Cost =6 for path
DEBUG Cost=5 for path
DEBUG Cost =4 for path
DEBUG Cost =1000005 f or
DEBUG Cost =10 for path
DEBUG Cost =1000001 for
DEBUG Cost =8 for path
DEBUG Cost =7 for path
DEBUG Cost=5 for path
DEBUG Cost =7 for path
DEBUG Cost =1000005 f or
DEBUG Cost =1000002 f or
DEBUG Cost =9 for path
DEBUG Cost =8 for path
DEBUG Cost =12 for path 4 3
DEBUG Cost=5 for path 4
Cost=8 for path 4 0 1 2
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[ bob@et chup NOTES12] $ tsp2<t sp2lpoi nts. dat
L5

|

i =3

i =4
i =5

i =6

i =7

i =8

i =9

i =10
i =11
i =12
i =13



i =14
i =15
i =16
i =17
i =18
i =19
i =20
Cost =48 for path 20 2 15 19 8 10 6 17 12 3 4 9 5 11 16 1 0 14 7 18 13 20

SEARCH
Search of Unordered Array - Not Interesting
Search of Ordered Array on CRCW PRAM (identical write property)

N processors, n keys (N << n)

low:=1
high:=n
found :=0

compare[0] :='<’
compare[N+1] :=">’
while low < high and found=0 do
fori:=1to N do {in paralel}
mid[i] :=low +i(high - low)/(N + 1)
if A[mid[i]] = key
found := mid[i]
elseif A[mid[i]] < key
compare[i] :='<
else
comparefi] :=">’
endif
if compareli] =’<’ and comparefi+1] =">’
low := mid[i] +1
elseif compare[i-1] =’'<’ and compare]i] =">’
high := mid[i] - 1
endif
endfor
endwhile

Correctness: Based on compare array usage
0 1 2 c. N N+1

< < < < < > > > > >

Timeis anaogous to binary search:
binary search probes = ceiling(lgn) + 1
N-processor search parallel probes = ceiling(log(N + 1) n) + 1, which isabout Ig n/ Ig(N+1)
Speed-up is about Ig N
Efficiency =g N/N
MERGING ORDERED ARRAY SON CREW PRAM
Algorithm Sketch:

N elementsin each array, P processors



Step 1. Divide the two ordered arrays into P pieces by "sampling" P - 1 evenly spaced slots
A B

100 200

600 500

400 A B/ 300

700 800

Step 2: Mergethe A’ and B’ tables according to the sampled keys:

A" B

100 200

0 [ - mergedsot

500

400

600
700

800

Step 3: Determine where each processor will start merging (array Q). Use the "even" elements from the Step 2 merge and find
successor element in merge by using binary search on the opposite arrray. Shaded region indicates range of slots where binary search
could stop.

A B
-« Pl >
100 P2——B 200
B A’

400 300
600 500
P3
700 | 800
P4
P5

Step 4: Each processor merges elements from start point (indicated in array Q) up to start point for the next processor (again in Q) or
the end of the array if the last processor.

CLAIM: No processor must merge "substantially" more than 3N/P array elements nor less than N/P elements, ASSUMING no
duplicate keys (which would require more details for the algorithm). Based on our example, worst case occurs with Step 2 as:



Step 3 isnow:

crewMerge95PT.c

#i ncl ude <stdi o. h>
#i ncl ude <mat h. h>
#i ncl ude <pt hread. h>
#i ncl ude "barrier.h"

#defi ne DEBUG 0
#def i ne NUVBPERLI NES 10

barrier_t barrier;

i nt nunilhr eads;

typedef struct thread data {
I nt threadld,

} thread data t;

typedef struct {int key,index;
triple *v;

A’ B’
E EEE - merged slot

«——P1L —»

char sequenceNane;} triple;

t ypedef struct {int aPos, bPos;} pair;

palr *Q

int *a,*b, *c;

int arrSi ze,arrSi ze2;
int *aPrime, *bPri ne;
void prinelnit()

int i;

for (i=0;i<nunihreads;i++)

aPrime[i]=a[i*arrSi ze/ nuniThr eads] ;
bPrime[i]=b[i*arrSi ze/ nunThr eads] ;

}
b

i nt bi nSearch(key, arrPoi nt, | ower, upper)

i nt key, *arrPoi nt, | ower, upper



int | ow high, md,

| ow=l ower ;
hi gh=upper;
whi'l e (I ows=hi gh)

m d=(| ow+hi gh)/ 2
i f (keK::arrPoint[niM)
brea
i f (key<arrP0|nt[n1d])
hi gh=m d-
el se
} | ow=mi d+1;

whi |l e (m d<=upper && key>=arrPoint[md])
m d++;

return md;

voi d mergePrinmes()

int i;
int j;
(i =1;i <nuniThr eads; i ++)
=bi nSearch(aPrime[i], bPri me, 1, nunThr eads-1);
I f (j <nunThr eads)

|
i
{

v[i+j-1]. key=aPrine[i];
Y i+j-1].index:i
v[i+ -1].sequenceNane="a’;
?Ise
v[i +nunThr eads- 1] . key=aPri ne[i];
v[ i +nunmThr eads- 1] . i ndex=i
) v[ i +nunThr eads- 1] . sequenceNanme="a’
j =bi nSearch(bPrine[i], aPrime, 1, nunThr eads- 1) ;
I f (j <numThr eads)
{
v[i+]-1].key=bPrinme[i];
v[i+]-1].index=i;
) v[i+ -1].sequenceNane="b’
?Ise
v[i +nunThreads- 1] . key=bPri me[i];
v[ i +nunThr eads- 1] . i ndex=i
) v[i +nunThr eads- 1] . sequenceNane=" b’
}
}
void initQ)
{
int i;
int j;
for (i=2;i<=nuniThreads;i++)
{

if (v[2*i-2].sequenceNanme=="a’)
j =bi nSearch(v[2*i-2].key, b, 0,arrSize-1),
di].aPos v[2*|-2] i ndex * arrSi ze/ nunThr eads;
Qi].bPos=j;

el se
]—blnSearch(v[Z*i-2].key,a,0,arrSize-1);

a ] aPos=j
bPos v[2*|—2] i ndex * arrSi ze/ numrhr eads;



}
}
b

¥0id *seqMer ge(voi d *arqg)

thread_data_t *threadWrk=(thread_data_t*) arg;
int i;

int al,bl,w,

int count;

i =t hr eadWor k- >t hr eadl d+1
al=qQi]. aPos;
b1=Qi]. bPos;
w=al+bl;
count =0;
i f (i<nunThreads)
\{/vhi le (al<qi +1].aPos && bl< i +1]. bPos)

if (a[al]<=b[bl])
c[ w++] =a[ al++];
el se
c[ w++] =b[ b1++];
count ++;

}
while (al<d i +1]. aPos)

c[ w++] =a[ al++];
count ++;

}
while (bl i +1]. bPos)
c[ w++] =b[ b1++];
count ++;
el se
while (al<arrSize && bl<arrSize)
if (a[al]<=b[bl])
of wi+] =a[ al++]
el se
c[ w++] =b[ b1++];
count ++;

while (al<arrSize)

c[ w++] =a[ al++];
count ++;

}

while (bl<arrSize)
c[ w++] =b[ b1++];
count ++;

printf("Thread % wote %l el enents\n", threadWrk->threadl d, count);
barrier_wait(&barrier);

mai n()

thread data_t *threadWrk
int seed;

int i,j,k,status;

pt hread_t thread;

printf("enter nunber of threads\n");
scanf (" %", &uniThr eads) ;

46



printf("enter nunber of keys in each of the two tables\n");

scanf (" %", &arr Si ze) ;

a=(int*) malloc(sizeof (int)*arrSize);
if ('a)

printf("malloc a failed\n");
abort ();

b=(int*) malloc(sizeof(int)*arrSize);
if (!'b)

printf("malloc b failed\n");
abort ();

arr Si ze2=2*arr Si ze;
c=(int*) malloc(sizeof (int)*arrSize2);

if ('c)
printf("malloc ¢ failed\n");
abort();
}
v?( riyle*) mal | oc((2* nunlhr eads- 1) *si zeof (triple));
i lv
{
printf("malloc v failed\n");
} abort ();

C?(? Eg*) mal | oc( (nunirhr eads+1) *si zeof (pair));

—_~——

printf("malloc Q failed\n");

abort ();
}
aPrinme=(int*) malloc((nunThreads+1)*sizeof (int));
%f (!aPrinme)

printf("malloc aPrine failed\n");

abort ();
}
bPrime=(int*) mall oc((nuniThreads+1)*si zeof (int));
%f (!'bPrime)

printf("malloc bPrine failed\n");

abort();

printf("enter seed\n");
scanf (" %", &seed);
srandon( seed) ;
j :k:o;
for (i=0;j+k<arrSize2;i++)
if (j==arrSize)
b[ k++] =i ;
else if (k==arrSize)
afj ++] =i ;
el se
switch (randonm() % 3) {
case O:
al[j ++] =i ;
br eak;
case 1:
b[ k++] =i ;
br eak;
case 2.
afj ++] =i ;
b[ k++] =i ;
br eak;

a7



}
printf("input generated\n");

#i f DEBUG
printf("a=\n");
for (i=0;i<arrSize;i++)

printf("9d",ali]);
I f (|%NUNBPERLINES == NUMSPERLI NES- 1)
printf("\n");

f (i Y9NUMSPERLI NES ! = 0)
printf("\n");

printf("b=\n");
for (i=0;i<arrSize;i++)

printf("9sd",b[i]);
I f (|%NUNBPERLINES == NUMSPERLI NES- 1)
printf("\n");

I f (i YNUVBPERLI NES ! = 0)
printf("\n");
#endi f

}
[

primelnit();
printf("prime arrays initialized\n");

#if DEBUG

printf("a =\n");

for (i=1;i <nunﬂhreads i ++)
printf("% %\ n" aPrlne[i]);

printf("b =\n");

for (i=1;i<numrhreads;i ++)
printf("% %\n",i,bPrine[i]);

#endi f

nmer gePri nes()
printf("prine arrays merged\n");

#i f DEBUG

printf("v=\n");

for (i=2;i<=2*nunThreads- 2 i +=2)
p&l?tf( % % % %€\n",i,v[i].key,v[i].index,v[i].sequenceNane);

#endi

q 1] . aPos=0;

q 1] . bPos=0;

initq);

printf("Qarray initialized\n");

#i f DEBUG

printf("Q\n");

for (i=1;i<=nunThreads-1;i++)

4 p&iPtf("%ﬁ %l %\n",i,i].aPos,di].bPos);
endi

printf("starting nmerges\n");

barrier_init (&arrier, nunThreads);
for (i=1;i<nunrlhreads;i++)

threadWrk=(thread data_t*) mall oc(sizeof (thread_data t));
t hr eadWor k- >t hr eadl d=i
status = pthread create (
& hread, NULL, seqMerge, threadWrk);
if (status !'= 0)

printf("failed to create thread\n");
exit(0);

}
}
t hreadWork=(thread _data t*) malloc(sizeof (thread data t));



t hr eadWor k- >t hr eadl d=0;
seghMer ge((voi d*) threadWrk);

printf("nerges conplete\n");
#i f DEBUG

printf("c=\n");

for (i=0;i<arrSize2;i++)

printf("%d",c[i]);
1 f (i 9NUVMSBPERLI NES == NUMSPERLI NES- 1)

printf("\n");
?f (1 YNUMSPERLI NES ! = 0)
printf("\n");
#endi f
j:k:o;
for (i=0;i<arrSize2;i++)
if (k==arrSize || j<arrSize && a[j]<b[K])
if (cli]==alj])
I
el se

printf("merge error 1 %l %l\n",i,j);
abort();

eI];e if (c[i]l==b[k])
K++;

el se

printf("nerge error 2 % %\ n",i,k);
abort ();

printf("nerge worked\n");

Problems for Notes 2:
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1. Design afunction for pthreads that uses an arbitrary number of threads to determine the sum of the elements of array C that have

even-valued subscripts. Y our function should be efficient and must use interleaving. Array C has exactly 1,000,000 elements.
Code only the function, not main() or input/output.

2. Thefollowing C function is passed two shared arrays and a pointer to a shared integer for the result. Assuming that the threads

have already been created, give pthreads code to make it execute efficiently in parallel. The results produced by the parallel
version must be the same as the original sequential version.

m nl oc(doubl es,ints, result)
doubl e doubl es[ 100000] ;
int ints[100000], *result;

{
int i,k;

k=0;
for (i=1; i<100000; i++)
i fk(doubl es[i] < doubl es[K])

els;i'f (doubl es[i] == doubles[k] & ints[i] < ints[k])
=l

(*resul t)=k;

3. Givean efficient pthreads implementation of a concurrent function that corresponds to the following sequential function. Do not

give the code to create the threads, i.e. just give the function. Y our code must work with an arbitrary number of threads.
void f()
int i;

for (i=0; i<n; i++)
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ali]=i*i;

for (i=1;, i<n; i++)
bli]=al[i-1] + a[i];

4. For what numbers of processors will the CREW merge be efficient?

5. Do aperformance analysis (see Notes 1) comparing sequential and pthreads for the provided executions of shellsort and for
exectutions using 5,000,000 keys.

Solutions:

1. Thisfunction isavariation of the program smar t Mut exPT. c:
voi d *sunEmJp(void *arg)

{

thread_data_t *threadWrk=(thread_data_t*) arg;
int i

doubl e | ocal Sun=0. 0;

float startCPU;

st art CPU=el apsedCPU() ;
for (i=2*threadWrk->threadld;i<1000000; i +=2* nuniThr eads)

| ocal Sumt=C[i];

pt hr ead_nut ex_| ock( &mut ex) ;

sum+=| ocal Sum

pt hr ead_nut ex_unl ock( &ut ex) ;

printf(™Tine used by thread od is %\n",threadWrk->threadld,
el apsedCPU() -start CPU) ;

barrier_wait(&barrier);

}

2. Thekey to this problem isto understand the meaning of the function before attempting to parallelize. If thereisasingle entry in
doubl es that contains the smallest value, then its subscript is returned. If multiple entries of doubl es contain the smallest
value, then the corresponding i nt s values are examined to determine the smallest value. The subscript of that valueisthen
returned. If atieoni nt s results, then the smallest subscript will be used. Before the parallel function is executed, * r esul t
has been intialized to 0.

pt hread_nut ex_t nut ex=PTHREAD MUTEX | NI Tl ALI ZER;

nm nl oc(threadl d, doubl es,ints,result)
int threadld

doubl e doubl es[ 100000] ;

int ints[100000], *result;

{
int i,k;

k=0;
for (i=1+threadld; i<100000; i +=nunThreads)
i fk( doubl es[i] < doubl es[k])

=l ;
elﬁe if (doubles[i] == doubles[k] & ints[i] < ints[k])
i;
pthread mut ex | ock( &rut ex) ;
I f (doubl es[ k] < doubl es[*result])
(*resul t)=k;

el (se i f I(d;)uEl es[ k] == doubles[*result] &% ints[k] < ints[*result])
*resul t) =k;
el se if (doubl es[k; == doubl es[*result] & ints[k] == ints[*result]
&& k<(*result))

(*resul t)=k;
ft hr ead_mut ex_unl ock( &mrut ex) ;

3. Thisprablem is very straightforward and simply requires a barrier which was initialized earlier. It isalso possibleto coaesce the
two loops into one loop to avoid some overhead.

void *f(void *arg)



{
thread_data_t *threadWrk=(thread_data_t*) arg;
int i;

for (i=threadWrk->threadld; i<n; i+=nuniThreads)
af1]=i*i,

barrier_ wait(&barrier);

for (i=1+threadWrk->threadld; i<n; i+=nuniThreads)
bli]=al[i-1] + a[i];

4. For what numbers of processors will the CREW merge be efficient?
Step 1 (sampling) takes 6(1) time.
Step 2 (merge samples via binary search) takes 6(Ig P) time.
Step 3 (determine remaining starting points via binary search) takes 8(1g (N/P)) time.
Step 4 (merging) takes 6(N/P) time.
Total time=06(IgP +Ig N + N/P)
Work =8(PIgP+PIgN + N)
If P<N/lg N, then work = 8(N)

5. Do aperformance analysis.....

[ bob@xet chup NOTES02] $ shel | seri al
enter nunber of keys

2000000

enter seed

123

CPU used is 16. 650001

El apsed tinme is 16. 750000

[ bob@xet chup NOTES02]$ shel | PT

enter nunber of threads:?2

enter nunber of keys

2000000

enter seed

123

CPU used by thread 0 is 9. 620000

CPU used by thread 1 is 8.720000

El apsed time for thread 1 is 9.750000
El apsed tinme for thread 0 is 9.750000
Veri fying sort

sort succeeded

Speed-up = 16.75/9.75 = 1.72
Work =2* 9.75 = 19.5 (9.75 is the maximum elapsed time for the two threads)
Efficiency = 16.75/19.5 = 0.86 (inefficiency caused by thread 1 waiting at barrier)

[ bob@et chup NOTES02] $ shell seri al
enter nunber of keys

5000000

enter seed

765

CPU used is 50.420001

El apsed time is 50.500000

[ bob@et chup NOTES02] $ shel | PT
enter nunber of threads:2

enter nunber of keys

5000000

enter seed

765

CPU used by thread 0 is 28. 160000
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CPU used by thread 1 is 25.889999
El apsed time for thread 1 is 28.250000
El apsed time for thread 0 is 28. 250000
Veri fying sort
sort succeeded

Speed-up = 50.5/28.25 = 1.79
Work = 2* 28.25 = 56.5
Efficiency = 0.89



