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Lesson:A
n

introduction
to

F
ork

P
rogram

m
ing

m
odel

H
ello

W
orld

S
hared

and
private

variables

E
xpression-levelsynchronous

execution

M
ultiprefix

operators

S
ynchronicity

declaration

S
ynchronous

regions:G
roup

concept

A
synchronous

regions:C
riticalsections

and
locks

S
equentialvs.synchronous

parallelcriticalsections

j
o
i
n

statem
ent

S
oftw

are
packages

for
F

ork
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T
he

P
R

A
M

program
m

ing
language

F
ork

language
design:

[H
agerup/S

eidl/S
chm

itt’89]
[K

./S
eidl’95,’97]

[K
el-

ler,K
.,Träff’00]

eith
er

p
rivate

o
r

sh
ared

variab
les to

 b
e d

eclared

.....

..........

H
O

ST

B
A

SE
B

A
SE

B
A

SE
0 P

P
P

PR
O

G
R

A
M

M
E

M
O

R
Y

p
c

p
c

p
c

.....

SH
A

R
E

D
  M

E
M

O
R

Y

0
1

M
M

M
p-1

private address subspaces
shared address subspace

shared
objects

global
shared objects
group-local 1

p-1

o
p
e
n
,
 
r
e
a
d
,
 
w
r
i
t
e
,
 
c
l
o
s
e

C
L

O
C

K

H
O

ST
 FIL

E
 SY

ST
E

M

syn
ch

ro
n

icity o
f th

e P
R

A
M

tran
sp

aren
t at exp

ressio
n

 level

em
b

ed
d

ed
 in

 sh
ared

 m
em

o
ry

p
rivate ad

d
ress su

b
sp

aces

A
rb

itrary  C
R

C
W

 P
R

A
M

  w
ith

 ato
m

ic m
u

ltip
refix o

p
erato

rs

exten
sio

n
 o

f C

im
p

lem
en

tatio
n

 fo
r S

B
-P

R
A

M
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S
P

M
D

style
ofparallelprogram

execution

P0
P

1
P

2
3

P
P4

5 P

b
a
r
r
i
e
r

s
e
q

parallel

tim
e

   processors as one group

- m
ain() executed by all started

- no spaw
n() com

m
and

- fixed set of processors
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H
ello

W
orld

#
i
n
c
l
u
d
e
<
f
o
r
k
.
h
>

#
i
n
c
l
u
d
e
<
i
o
.
h
>

v
o
i
d
m
a
i
n
(
v
o
i
d

)

{

i
f
(
_
_
P
R
O
C
_
N
R
_
_

=
=
0
)

p
r
i
n
t
f
(
"
P
r
o
g
r
a
m

e
x
e
c
u
t
e
d

b
y
\

%
d

p
r
o
c
e
s
s
o
r
s
\
n
"
,

_
_
S
T
A
R
T
E
D
_
P
R
O
C
S
_
_

)
;

b
a
r
r
i
e
r
;

p
p
r
i
n
t
f
(
"
H
e
l
l
o

w
o
r
l
d
f
r
o
m

P
%
d
\
n
"
,

_
_
P
R
O
C
_
N
R
_
_

)
;

}

P
R
A
M
P
0
=
(
p
0
,

v
0
)
>
g

P
r
o
g
r
a
m
e
x
e
c
u
t
e
d

b
y
4
p
r
o
c
e
s
s
o
r
s

#
0
0
0
0
#
H
e
l
l
o

w
o
r
l
d
f
r
o
m

P
0

#
0
0
0
1
#
H
e
l
l
o

w
o
r
l
d
f
r
o
m

P
1

#
0
0
0
2
#
H
e
l
l
o

w
o
r
l
d
f
r
o
m

P
2

#
0
0
0
3
#
H
e
l
l
o

w
o
r
l
d
f
r
o
m

P
3

E
X
I
T
:
v
p
=
#
0
,

p
c
=
$
0
0
0
0
0
1
f
c

E
X
I
T
:
v
p
=
#
1
,

p
c
=
$
0
0
0
0
0
1
f
c

E
X
I
T
:
v
p
=
#
2
,

p
c
=
$
0
0
0
0
0
1
f
c

E
X
I
T
:
v
p
=
#
3
,

p
c
=
$
0
0
0
0
0
1
f
c

S
t
o
p
n
a
c
h
1
1
2
4
2

R
u
n
d
e
n
,

6
4
2
.
4
0
0
k
I
p
s

0
1
f
c
1
8
1
3
7
F
F
F

P
O
P
N
G

R
6
,

f
f
f
f
f
f
f
f
,

R

P
R
A
M
P
0
=
(
p
0
,

v
0
)
>
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S
hared

and
private

variables

p
r
 
i
n
t
 
p
r
v
a
r
,
 
*
p
r
p
t
r
;

p
r
p
t
r

s
h
p
t
r

 
 
 
 
 
 
=
 
&
 
 
 
 
 
;

 
 
 
 
 
 
 
 
 
s
h
v
a
r

 
 
 
 
 
 
=
 
&
 
 
 
 
 
;

 
 
 
 
 
 
 
 
 
p
r
v
a
r

s
h
 
i
n
t
 
s
h
v
a
r
,
 
*
s
h
p
t
r
;

//  concurrent w
rite!

private
subspace
of P

0

private
subspace
of P

2047

..........

..........

p
r
p
t
r

p
r
v
a
r

p
r
v
a
r

p
r
p
t
r

s
h
v
a
r

s
h
p
t
r

SH
A

R
E

D
  M

E
M

O
R

Y

subspace
shared

-  pointers:   no specification of pointee’s sharity required

-  sh relates to defining group of processors

-  each variable is classified as either shared or private
"sharity"
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S
ynchronous

execution
atthe

expression
level

+
+

+
+

+
+

+
+

/
/
 
 
$
$
 
i
n
 
{
0
.
.
p
-
1
}
 
i
s
 
p
r
o
c
e
s
s
o
r
 
r
a
n
k

S
:
 
 
 
a
[
$
$
]
 
=
 
a
[
$
$
]
 
+
 
a
[
$
$
+
1
]
;

t

8
7

6
5

4
1

3
0

2

syn
ch

ro
n

o
u

s  execu
tio

n
asyn

ch
ro

n
o

u
s  execu

tio
n

s
h
a
r
e
d
 
a
r
r
a
y
 
 
 
a

race  co
n

d
itio

n
s!

resu
lt  is  d

eterm
in

istic

S
S

S
S

S
S

S

S

S

S

S

S
S

S

S
S
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E
xpressions:A

tom
ic

M
ultiprefix

O
perators

(for
integers

only)

S
etP

ofprocessors
executes

sim
ultaneously

k
=
m
p
a
d
d
(

ps,
expression

)
;

Let
ps

i be
the

location
pointed

to
by

the
ps

expression
ofprocessor

i

�

P
.

Lets
i be

the
old

contents
of

ps
i .

LetQ
ps

�

P
denote

the
setofprocessors

iw
ith

ps
i

�

ps.

E
ach

processor
i

�

P
evaluates

expression
to

a
value

e
i .

T
hen

the
resultreturned

by
m
p
a
d
d

to
processor

i

�

P
is

the
prefix

sum

k

�

s
i

�

∑
j

�

Q
si �

j�

i e
j

and
m

em
ory

location
ps

i is
assigned

the
sum

�

ps
i

�

s
i

�

∑j

�

Q
si e

j
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E
xam

ple:M
ultiprefix

addition

S
H

A
R

E
D

 M
E

M
O

R
Y

0
x
e
4
0
:

0
x
f
3
c
:

4 0

0
x
e
4
0
,

0
x
f
3
c
,

m
p
a
d
d
(

m
p
a
d
d
(

1
 
)
;

2
 
)
;

m
p
a
d
d
(
3
 
)
;

m
p
a
d
d
(
4
 
)
;

0
x
f
3
c
,

m
p
a
d
d
(
5
 
)
;

0
x
e
4
0
,

0
x
e
4
0
,

0
P

P
P

P
P

1
2

3
4

retu
rn

s
retu

rn
s

retu
rn

s
retu

rn
s

retu
rn

s
4

0
2

5
5

0
x
f
3
c
:

0
x
e
4
0
:

S
H

A
R

E
D

 M
E

M
O

R
Y

1
0

9

m
p
a
d
d

m
ay

be
used

as
atom

ic
fetch&

add
operator.
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E
xpressions:A

tom
ic

M
ultiprefix

O
perators

(cont.)

E
xam

ple:U
ser-defined

consecutive
num

bering
ofprocessors

s
h
i
n
t
c
o
u
n
t
e
r

=
0
;

p
r
i
n
t
m
e
=
m
p
a
d
d
(

&
c
o
u
n
t
e
r
,

1
)
;

S
im

ilarly:

m
p
m
a
x

(m
ultiprefix

m
axim

um
)

m
p
a
n
d

(m
ultiprefix

bitw
ise

and)

m
p
a
n
d

(m
ultiprefix

bitw
ise

or)

m
p
m
a
x

m
ay

be
used

as
atom

ic
test&

setoperator.

E
xam

ple:

p
r
i
n
t
o
l
d
v
a
l

=
m
p
m
a
x
(

&
s
h
m
l
o
c
,

1
)
;
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A
tom

ic
U

pdate
O

perators
/ilog2

s
y
n
c
a
d
d
(

ps,
e)

atom
ically

add
value

e
to

contents
oflocation

ps

s
y
n
c
m
a
x

atom
ically

update
w

ith
m

axim
um

s
y
n
c
a
n
d

atom
ically

update
w

ith
bitw

ise
and

s
y
n
c
o
r

atom
ically

update
w

ith
bitw

ise
or

i
l
o
g
2
(

k)
returns

blog
2 kc

for
integer

k
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S
ynchronous

and
asynchronous

program
regions

 
 
 
 
 
}

} 
 
}

 
 
A
 
=
 
r
e
a
d
_
a
r
r
a
y
(
 
&
n
 
)
;

 
 
 
 
 
A
 
=
 
s
o
r
t
(
 
A
,
 
n
 
)
;

{  
 
i
f
 
(
 
n
>
0
 
)
 
{

 
 
 
 
 
r
e
t
u
r
n
 
a
;

 
 
 
 
 
p
r
 
i
n
t
 
m
y
r
a
n
k
 
=
 
c
o
m
p
u
t
e
_
r
a
n
k
(
 
a
,
 
n
 
)
;

 
 
}

 
 
e
l
s
e

 
 
 
 
 
 
 
 
r
e
t
u
r
n
 
N
U
L
L
;

 
 
 
 
 
 
 
 
p
r
i
n
t
f
(
"
E
r
r
o
r
:
 
n
=
%
d
\
n
"
,
 
n
)
;

 
 
 
 
 
a
[
m
y
r
a
n
k
]
 
=
 
a
[
_
_
P
R
O
C
_
N
R
_
_
]
;

 
 
 
 
 
 
 
 
 
s
t
r
a
i
g
h
t

 
 
e
x
t
e
r
n
 
 
 
 
 
 
 
 
 
 
i
n
t
 
c
o
m
p
u
t
e
_
r
a
n
k
(
 
i
n
t
 
*
,
 
i
n
t
)
;

a
s
y
n
c

 
 
 
 
 
 
v
o
i
d
 
m
a
i
n
(
 
v
o
i
d
 
)

 
 
 
 
 
 
 
a
s
y
n
c

e
x
t
e
r
n
 
 
 
 
 
 
 
i
n
t
 
*
p
r
i
n
t
_
a
r
r
a
y
(
 
i
n
t
 
*
,
 
i
n
t
 
)
;

 
 
 
 
 
 
 
a
s
y
n
c

e
x
t
e
r
n
 
 
 
 
 
 
 
i
n
t
 
*
r
e
a
d
_
a
r
r
a
y
(
 
i
n
t
 
*
 
)
;

s
h
 
i
n
t
 
*
A
,
 
n
;

 
 
 
 
 
f
a
r
m

 
 
s
t
a
r
t

 
 
 
 
 
 
 
 
 
 
i
f
 
(
n
<
1
0
0
)
 
p
r
i
n
t
_
a
r
r
a
y
(
 
A
,
 
n
 
)
;

 
 
 
 
 
s
e
q

{

{

{  
 
 
 
 
i
n
t
 
*
s
o
r
t
(
 
s
h
 
i
n
t
 
*
a
,
 
s
h
 
i
n
t
 
n
 
)

s
y
n
c

}

F
ork

program
code

regions
statically

classified
as

either
synchronous,
straight,or
asynchronous.
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S
w

itching
from

synchronous
to

asynchronous
m

ode
and

vice
versa

GG

GG
’

G
G

G G

G

G

current group
(active)

current group
(active)

program
program

point 2
point 1

point 2

(active)

(inactive)

program
program

point 2

(inactive)

program

current group
(active)

program
s
e
q

program
 point 2

 
 
 
s
t
a
t
e
m
e
n
t
;

program
 point 1

(inactive)

current group

f
a
r
m

program
 point 2

 
 
 
s
t
a
t
e
m
e
n
t
;

program
 point 1

s
t
a
r
t

program
 point 2

 
 
 
s
t
a
t
e
m
e
n
t
;

program
 point 1

(inactive)

point 1

(inactive)

new
 group

(active)

point 1

j
o
i
n
 
(
.
.
.
)

 
 
 
s
t
a
t
e
m
e
n
t
;

(see later)
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G
roup

concept

G
roups

ofprocessors
are

explicit:

P
P

P
P

0
1

2
3

G
ro

u
p

  ID
:   @

G
ro

u
p

 size:   #    o
r

g
r
o
u
p
s
i
z
e
(
)

G
ro

u
p

  ran
k:   $$    (au

to
m

atically ran
ked

 fro
m

 0 to
 #-1)

+
S

cope
ofsharing

for
function-localvariables

and
form

alparam
eters

+
S

cope
ofbarrier-synchronization

+
S

cope
ofsynchronous

execution

S
ynchronicity

invariant:(in
synchronous

regions):

A
llprocessors

in
the

sam
e

active
group

operate
synchronously.
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Im
plicitgroup

splitting:IF
statem

entw
ith

private
condition

3
2

@
=
1

0
6

4
1

7
@
=
0

5

7

T
F

T
F

T
F

F
c
o
n
d

e
l
s
e

T
6

5
4

3
2

1
0

P
P

P
P

P
P

P
P

P
P

P
P

s
t
a
t
e
m
e
n
t
_
1
;

 
 
 
 
 
 
 
 
 
s
t
a
t
e
m
e
n
t
_
1
;

s
t
a
t
e
m
e
n
t
_
2
;

 
 
 
 
 
 
 
 
 
s
t
a
t
e
m
e
n
t
_
2
;

P
P

P

i
f
 
(
c
o
n
d
)

P

private
condition

expression

�

currentgroup
G

ofprocessors
m

ustbe
splitinto

2
subgroups

to
m

aintain
synchronicity

invariant.

(parent)
group

G
is

reactivated
after

subgroups
have

term
inated

�

G
-w

ide
barrier

synchronization
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Im
plicitsubgroup

creation:Loop
w

ith
private

condition

w
h
i
l
e
 
(
 
c
o
n
d
 
)
 
d
o

 
 
 
 
 
s
t
a
t
e
m
e
n
t
;

group of iterating processors

parent group

T
F

T
T

T
T

F
F

c
o
n
d

P2
7 P

P
P0

P3
P4

P5
6

1 P

0
2

3
4

6
P

P
P

P
P

s
t
a
t
e
m
e
n
t
;
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E
xplicitgroup

splitting:T
he

f
o
r
k

statem
ent

G
G

G
g-1

G
G

@
=

0

G
0

1
2

@
=

g-1
@

=
1

@
=

2

(active)
(active)

subgroups
(active)

(inactive)...

program
 point 1

program
 point 2

program
 point 2

program
 point 1

subgroup creation
subgroup exit

 
 
 
s
t
a
t
e
m
e
n
t
;

current group
current group

f
o
r
k
 
(
 
g
;
 
@
 
=
 
f
n
(
$
$
)
;
 
$
=
$
$
)

body
statem

entis
executed

in
parallelby

allsubgroups
in

parallel

(parent)
group

G
is

reactivated
w

hen
allsubgroups

have
term

inated

and
resum

es
after

G
-w

ide
barrier

synchronization
atprogram

point2
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,Linköpings
U

niversitet,2007.

T
he

group
hierarchy

tree

00
G

G
01

00
G

G
G

01

010
G

G
011

G0

0

G
roup hierarchy tree

P
P

P
P

P
P0

1
2

3
4

5

f
o
r
k
(
2
)

0

GGG

010

001

G
01

G
011

G

00
G

b
a
r
r
i
e
r

tim
e

D
ynam

ic
/recursive

splitting
ofgroups

into
disjointsubgroups

�

atany
tim

e
the

group
hierarchy

is
a

logicaltree.

supports
nested

(m
ulti-level)

parallelism
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E
xam

ple:D
raw

ing
K

och
curves

in
parallel(1)

degree 3

 
i
f
 
(
l
e
v
e
l
 
>
=
 
D
E
G
R
E
E
)
 
{

//  reach lim
it of recursion:

 
}

 
 
 
 
r
e
t
u
r
n
;

 
 
 
 
s
e
q
_
l
i
n
e
(
 
s
t
a
r
t
x
,
 
s
t
a
r
t
y
,

 
 
 
 
 
 
 
 
 
 
 
 
 
 
s
t
o
p
x
,
 
s
t
o
p
y
,
 
c
o
l
o
r
,
 
w
i
d
t
h
 
)
;

generator pattern:

P
0

P
1

P
2

P
3

P
4

s
t
a
r
t

s
t
o
p

s
t
a
r
t

s
t
o
p

{ v
o
i
d
 
s
e
q
_
K
o
c
h
 
(
 
i
n
t
 
s
t
a
r
t
x
,
 
i
n
t
 
s
t
a
r
t
y
,

 
 
 
 
i
n
t
 
s
t
o
p
x
,
 
i
n
t
 
s
t
o
p
y
,
 
i
n
t
 
l
e
v
e
l
 
)

degree 1

degree 2

degree 0

initiator pattern:

 
i
n
t
 
x
[
5
]
,
 
y
[
5
]
,
 
d
x
,
 
d
y
;

 
i
n
t
 
i
;

 
d
x
 
=
 
s
t
o
p
x
 
-
 
s
t
a
r
t
x
;
 
 
 
 
 
 
d
y
 
=
 
s
t
o
p
y
 
-
 
s
t
a
r
t
y
;

 
x
[
0
]
 
=
 
s
t
a
r
t
x
;
 
 
 
 
 
 
 
 
 
 
 
 
y
[
0
]
 
=
 
s
t
a
r
t
y
;

 
x
[
1
]
 
=
 
s
t
a
r
t
x
 
+
 
(
d
x
/
3
)
;
 
 
 
y
[
1
]
 
=
 
s
t
a
r
t
y
 
+
 
(
d
y
/
3
)
;

 
x
[
2
]
 
=
 
s
t
a
r
t
x
 
+
 
d
x
/
2
 
-
 
(
i
n
t
)
(
f
a
c
t
o
r
 
*
 
(
f
l
o
a
t
)
d
y
)
;
 

 
y
[
2
]
 
=
 
s
t
a
r
t
y
 
+
 
d
y
/
2
 
+
 
(
i
n
t
)
(
f
a
c
t
o
r
 
*
 
(
f
l
o
a
t
)
d
x
)
;

 
x
[
3
]
 
=
 
s
t
a
r
t
x
 
+
 
(
2
*
d
x
/
3
)
;
 
y
[
3
]
 
=
 
s
t
a
r
t
y
 
+
 
(
2
*
d
y
/
3
)
;

 
x
[
4
]
 
=
 
s
t
o
p
x
;
 
 
 
 
 
 
 
 
 
 
 
 
 
y
[
4
]
 
=
 
s
t
o
p
y
;

 
f
o
r
 
(
 
i
=
0
;
 
i
<
4
;
 
i
+
+
 
)

 
 
 
 
s
e
q
_
K
o
c
h
(
 
x
[
i
]
,
 
y
[
i
]
,
 
x
[
i
+
1
]
,
 
y
[
i
+
1
]
,
 
l
e
v
e
l
 
+
 
1
 
)
;

 
} //  com

pute x and y coordinates of interpolation points  P
0, P

1, P
2, P

3, P
4:

//   4  recursive calls

recursive replacem
ent strategy:

S
equential algorithm

:
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E
xam

ple:D
raw

ing
K

och
curves

in
parallel(2)

{ s
y
n
c
 
v
o
i
d
 
K
o
c
h
 
(
 
s
h
 
i
n
t
 
s
t
a
r
t
x
,
 
s
h
 
i
n
t
 
s
t
a
r
t
y
,

p
r
 
i
n
t
 
i
;

 
 
 
i
n
t
 
x
[
5
]
,
 
y
[
5
]
,
 
d
x
,
 
d
y
;

 
s
e
q
 
{

 
 
 
 
d
x
 
=
 
s
t
o
p
x
 
-
 
s
t
a
r
t
x
;
 
 
 
 
 
 
d
y
 
=
 
s
t
o
p
y
 
-
 
s
t
a
r
t
y
;

 
 
 
 
x
[
0
]
 
=
 
s
t
a
r
t
x
;
 
 
 
 
 
 
 
 
 
 
 
 
y
[
0
]
 
=
 
s
t
a
r
t
y
;

 
 
 
 
x
[
1
]
 
=
 
s
t
a
r
t
x
 
+
 
(
d
x
/
3
)
;
 
 
 
y
[
1
]
 
=
 
s
t
a
r
t
y
 
+
 
(
d
y
/
3
)
;

 
 
 
 
x
[
2
]
 
=
 
s
t
a
r
t
x
 
+
 
d
x
/
2
 
-
 
(
i
n
t
)
(
f
a
c
t
o
r
 
*
 
(
f
l
o
a
t
)
d
y
)
;
 

 
 
 
 
y
[
2
]
 
=
 
s
t
a
r
t
y
 
+
 
d
y
/
2
 
+
 
(
i
n
t
)
(
f
a
c
t
o
r
 
*
 
(
f
l
o
a
t
)
d
x
)
;

 
 
 
 
x
[
3
]
 
=
 
s
t
a
r
t
x
 
+
 
(
2
*
d
x
/
3
)
;
 
y
[
3
]
 
=
 
s
t
a
r
t
y
 
+
 
(
2
*
d
y
/
3
)
;

 
 
 
 
x
[
4
]
 
=
 
s
t
o
p
x
;
 
 
 
 
 
 
 
 
 
 
 
 
 
y
[
4
]
 
=
 
s
t
o
p
y
;

 
}

 
 
 
 
 
 
 
K
o
c
h
(
 
x
[
@
]
,
 
y
[
@
]
,
 
x
[
@
+
1
]
,
 
y
[
@
+
1
]
,
 
l
e
v
e
l
 
+
 
1
 
)
;

 
e
l
s
e

 
i
f
 
(
#
 
<
 
4
)

//  parallel divide-and-conquer step

//  partially parallel divide-and-conquer step

// not enough processors in the group?

 
i
f
 
(
l
e
v
e
l
 
>
=
 
D
E
G
R
E
E
)
 
{

 
}

 
 
 
 
l
i
n
e
(
 
s
t
a
r
t
x
,
 
s
t
a
r
t
y
,
 
s
t
o
p
x
,
 
s
t
o
p
y
,
 
c
o
l
o
r
,
 
w
i
d
t
h
 
)
;

 
 
 
 
r
e
t
u
r
n
;

//  term
inate recursion:

//  linear interpolation:

 
 
 
 
f
o
r
 
(
 
i
=
$
$
;
 
i
<
4
;
 
i
+
=
#
 
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
s
h
 
i
n
t
 
s
t
o
p
x
,
 
 
s
h
 
i
n
t
 
s
t
o
p
y
,
 
 
s
h
 
i
n
t
 
l
e
v
e
l
 
)

}

s
h

 
 
 
 
 
 
 
 
 
 
 
 
s
e
q
_
K
o
c
h
(
 
x
[
i
]
,
 
y
[
i
]
,
 
x
[
i
+
1
]
,
 
y
[
i
+
1
]
,
 
l
e
v
e
l
 
+
 
1
 
)
;

 
 
 
 
 
 
 
f
a
r
m

 
 
 
 
f
o
r
k
 
(
 
4
;
 
@
 
=
 
$
$
 
%
 
4
;
 
)
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P
rogram

trace
visualization

w
ith

the
trv

tool

D
raw

in
g

 K
o

ch
 cu

rves
traced tim

e period: 266 m
secs

5161 sh-loads,    1521 sh-stores
82 m

padd,    0 m
pm

ax,    0 m
pand,     0 m

por

P0P1P2P3P4P5P6P7P8P9P10

P11

P12

P13

P14

P15

8 barriers,       73 m
secs = 27.4%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

406 sh loads,  96 sh stores,   7 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       41 m
secs = 15.4%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       42 m
secs = 16.0%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       73 m
secs = 27.4%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       46 m
secs = 17.3%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       18 m
secs = 7.0%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,        2 m
secs = 1.0%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       45 m
secs = 17.2%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       45 m
secs = 17.0%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,        1 m
secs = 0.5%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       12 m
secs = 4.7%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       46 m
secs = 17.6%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       70 m
secs = 26.3%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       40 m
secs = 15.3%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       41 m
secs = 15.4%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

8 barriers,       73 m
secs = 27.5%

 spent spinning on barriers
   0 lockups,        0 m

secs = 0.0%
 spent spinning on locks

317 sh loads,  95 sh stores,   5 m
padd,  0 m

pm
ax,  0 m

pand,  0 m
por

Fork95
trv

-T
:  in

stru
m

en
t th

e targ
et co

d
e to

 w
rite even

ts to
 a trace file.  C

an
 b

e p
ro

cessed
 w

ith
 trv to

 F
IG

 im
ag

e
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A
synchronous

regions:C
riticalsections

and
locks

(1)r
e
a
d
 
0
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
1
.
0

r
e
a
d
 
0
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
1
.
0

A
syn

ch
ro

n
o

u
s co

n
cu

rren
t read

 + w
rite access to

 sh
ared

 d
ata o

b
jects

co
n

stitu
tes a

(d
an

g
er o

f  race co
n

d
itio

n
s,  visib

ility o
f in

co
n

sisten
t states,  n

o
n

d
eterm

in
ism

)
critical sectio

n

E
xam

p
le:

s
h
 
f
l
o
a
t
 
v
a
r
 
=
 
0
.
0
;

v
a
r
 
=
 
v
a
r
 
+
 
1
.
0
;

f
a
r
m
 
{

.
.
.
..
.
.
.

.
.
.
.

}

tim
e

P
1

P
0

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

A
ccess to

 var m
u

st b
e ato

m
ic.

A
to

m
ic execu

tio
n

 can
 b

e ach
ieved

 b
y seq

u
en

tializatio
n

   (m
u

tu
al exclu

sio
n

).
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,Linköpings
U

niversitet,2007.

A
synchronous

regions:C
riticalsections

and
locks

(2)

w
h
i
l
e
 
(
l
o
c
k
 
>
 
0
)
 
;

l
o
c
k
 
=
 
1
;

r
e
a
d
 
0
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
1
.
0

r
e
a
d
 
0
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
1
.
0

A
syn

ch
ro

n
o

u
s co

n
cu

rren
t read

 + w
rite access to

 sh
ared

 d
ata o

b
jects

co
n

stitu
tes a

(d
an

g
er o

f  race co
n

d
itio

n
s,  visib

ility o
f in

co
n

sisten
t states,  n

o
n

d
eterm

in
ism

)
critical sectio

n

E
xam

p
le:

s
h
 
i
n
t
 
l
o
c
k
 
=
 
0
;

s
h
 
f
l
o
a
t
 
v
a
r
 
=
 
0
.
0
;

v
a
r
 
=
 
v
a
r
 
+
 
1
.
0
;

/* w
ait */

f
a
r
m
 
{

l
o
c
k
 
=
 
0
;

.
.
.
.

.
.
.
.

}

tim
e

.
.
.
.

.
.
.
.

.
.
.
.

A
ccess to

 var m
u

st b
e ato

m
ic.

A
to

m
ic execu

tio
n

 can
 b

e ach
ieved

 b
y seq

u
en

tializatio
n

   (m
u

tu
al exclu

sio
n

).

A
ccess to

 th
e lo

ck variab
le m

u
st b

e ato
m

ic as w
ell:    fetch

&
ad

d
   o

r   test&
set

.
.
.
.

.
.
.
.

.
.
.
.

l
o
c
k
 
=
 
0

l
o
c
k
 
=
 
0

l
o
c
k
 
=
=
 
0

l
o
c
k
 
=
=
 
0

l
o
c
k
 
=
 
1

l
o
c
k
 
=
 
1

.
.
.
.

!!N
O

T
 A

T
O

M
IC

!!

/* m
utex var. */

P
0

P
1

v
a
r
 
=
 
0
.
0

v
a
r
 
=
 
0
.
0
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A
synchronous

regions:C
riticalsections

and
locks

(3)

r
e
a
d
 
0
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
1
.
0

A
syn

ch
ro

n
o

u
s co

n
cu

rren
t read

 + w
rite access to

 sh
ared

 d
ata o

b
jects

co
n

stitu
tes a

(d
an

g
er o

f  race co
n

d
itio

n
s,  visib

ility o
f in

co
n

sisten
t states,  n

o
n

d
eterm

in
ism

)
critical sectio

n

E
xam

p
le:

s
h
 
i
n
t
 
l
o
c
k
 
=
 
0
;

s
h
 
f
l
o
a
t
 
v
a
r
 
=
 
0
.
0
;

w
h
i
l
e
 
(
m
p
m
a
x
(
&
l
o
c
k
,
 
1
)
)
 
;

v
a
r
 
=
 
v
a
r
 
+
 
1
.
0
;

l
o
c
k
 
=
 
0
;

f
a
r
m
 
{

.
.
.
..
.
.
.

.
.
.
.

}

tim
e

.
.
.
.

A
ccess to

 var m
u

st b
e ato

m
ic.

A
to

m
ic execu

tio
n

 can
 b

e ach
ieved

 b
y seq

u
en

tializatio
n

   (m
u

tu
al exclu

sio
n

).

A
ccess to

 th
e lo

ck variab
le m

u
st b

e ato
m

ic as w
ell:    fetch

&
ad

d
   o

r   test&
set

in
 F

o
rk:   u

se  th
e  m

p
ad

d
  /  m

p
m

ax  /  m
p

an
d

  /  m
p

o
r  o

p
erato

rs

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

l
o
c
k
 
=
 
0

l
o
c
k
 
=
 
0

m
p
m
a
x
:
 
0

m
p
m
a
x
:
 
1

/* w
ait */

l
o
c
k
 
=
 
0

/* w
ait */

r
e
a
d
 
1
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
2
.
0

P
0

P
1

v
a
r
 
=
 
0
.
0

v
a
r
 
=
 
0
.
0

m
p
m
a
x
:
 
0
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A
synchronous

regions:C
riticalsections

and
locks

(4)

r
e
a
d
 
0
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
1
.
0

A
syn

ch
ro

n
o

u
s co

n
cu

rren
t read

 + w
rite access to

 sh
ared

 d
ata o

b
jects

co
n

stitu
tes a

(d
an

g
er o

f  race co
n

d
itio

n
s,  visib

ility o
f in

co
n

sisten
t states,  n

o
n

d
eterm

in
ism

)
critical sectio

n

E
xam

p
le:

s
h
 
f
l
o
a
t
 
v
a
r
 
=
 
0
.
0
;

v
a
r
 
=
 
v
a
r
 
+
 
1
.
0
;

s
i
m
p
l
e
_
u
n
l
o
c
k
(
 
s
l
 
)
;

f
a
r
m
 
{

.
.
.
.

.
.
.
.

}

tim
e

.
.
.
.

A
ccess to

 var m
u

st b
e ato

m
ic.

A
to

m
ic execu

tio
n

 can
 b

e ach
ieved

 b
y seq

u
en

tializatio
n

   (m
u

tu
al exclu

sio
n

).

A
ccess to

 th
e lo

ck variab
le m

u
st b

e ato
m

ic as w
ell:    fetch

&
ad

d
   o

r   test&
set

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

l
o
c
k
 
=
 
0

l
o
c
k
 
=
 
0

m
p
m
a
x
:
 
0

m
p
m
a
x
:
 
1

/* w
ait */

l
o
c
k
 
=
 
0

/* w
ait */

in
 F

o
rk:   altern

atively:  u
se p

red
efin

ed
 lo

ck d
ata typ

es an
d

 ro
u

tin
es

s
i
m
p
l
e
_
l
o
c
k
u
p
(
 
s
l
 
)
;

s
h
 
S
i
m
p
l
e
L
o
c
k
 
s
l
;

s
e
q
 
s
l
 
=
 
n
e
w
_
S
i
m
p
l
e
L
o
c
k
(
)
;

.
.
.
.

P
0

P
1

r
e
a
d
 
1
.
0

a
d
d
 
1
.
0

s
t
o
r
e
 
2
.
0

v
a
r
 
=
 
0
.
0

v
a
r
 
=
 
0
.
0

m
p
m
a
x
:
 
0
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A
synchronous

regions:P
redefined

lock
data

types
and

routines

S
i
m
p
l
e
L
o
c
k
 
n
e
w
_
S
i
m
p
l
e
L
o
c
k
 
(
 
v
o
i
d
 
)
;

v
o
i
d
 
s
i
m
p
l
e
_
l
o
c
k
_
i
n
i
t
 
(
 
S
i
m
p
l
e
L
o
c
k
 
s
 
)
;

v
o
i
d
 
s
i
m
p
l
e
_
l
o
c
k
u
p
 
(
 
S
i
m
p
l
e
L
o
c
k
 
s
 
)
;

v
o
i
d
 
s
i
m
p
l
e
_
u
n
l
o
c
k
 
(
 
S
i
m
p
l
e
L
o
c
k
 
s
 
)
;

F
a
i
r
L
o
c
k
 
n
e
w
_
F
a
i
r
L
o
c
k
 
(
 
v
o
i
d
 
)
;

v
o
i
d
 
f
a
i
r
_
l
o
c
k
_
i
n
i
t
 
(
 
F
a
i
r
L
o
c
k
 
f
 
)
;

v
o
i
d
 
f
a
i
r
_
l
o
c
k
u
p
 
(
 
F
a
i
r
L
o
c
k
 
f
 
)
;

v
o
i
d
 
f
a
i
r
_
u
n
l
o
c
k
 
(
 
F
a
i
r
L
o
c
k
 
f
 
)
;

R
W
L
o
c
k
 
n
e
w
_
R
W
L
o
c
k
 
(
 
v
o
i
d
 
)
;

v
o
i
d
 
r
w
_
l
o
c
k
_
i
n
i
t
 
(
 
R
W
L
o
c
k
 
r
 
)
;

v
o
i
d
 
r
w
_
l
o
c
k
u
p
 
(
 
R
W
L
o
c
k
 
r
,
 
i
n
t
 
m
o
d
e
 
)
;

v
o
i
d
 
r
w
_
u
n
l
o
c
k
 
(
 
R
W
L
o
c
k
 
r
,
 
i
n
t
 
m
o
d
e
,
 
i
n
t
 
w
a
i
t
 
)
;

(a)   S
im

p
le lo

ck

(b
)   F

air lo
ck        (F

IF
O

 o
rd

er o
f access g

u
aran

teed
)

R
W
D
L
o
c
k
 
n
e
w
_
R
W
D
L
o
c
k
 
(
 
v
o
i
d
 
)
;

v
o
i
d
 
r
w
d
_
l
o
c
k
_
i
n
i
t
 
(
 
R
W
D
L
o
c
k
 
d
 
)
;

i
n
t
 
 
r
w
d
_
l
o
c
k
u
p
 
(
 
R
W
D
L
o
c
k
 
d
,
 
i
n
t
 
m
o
d
e
 
)
;

v
o
i
d
 
r
w
d
_
u
n
l
o
c
k
 
(
 
R
W
D
L
o
c
k
 
d
,
 
i
n
t
 
m
o
d
e
,
 
i
n
t
 
w
a
i
t
 
)
;

(c)   R
ead

ers/W
riters lo

ck       (m
u

ltip
le read

ers O
R

 sin
g

le w
riter)

(d
)   R

ead
ers/W

riters/D
eleto

rs lo
ck     (lo

cku
p

 fails if lo
ck is b

ein
g

 d
eleted

)

m
o
d
e
 
i
n
 
{
 
R
W
_
R
E
A
D
,
 
R
W
_
W
R
I
T
E
,
 
R
W
_
D
E
L
E
T
E
 
}

m
o
d
e
 
i
n
 
{
 
R
W
_
R
E
A
D
,
 
R
W
_
W
R
I
T
E
 
}
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,Linköpings
U

niversitet,2007.

A
synchronous

regions:Im
plem

entation
ofthe

fair
lock

22

2826
}
 
f
a
i
r
_
l
o
c
k
,
 
*
F
a
i
r
L
o
c
k
;

 
 
 
i
n
t
 
a
c
t
i
v
e
;

 
 
 
i
n
t
 
t
i
c
k
e
t
;

23

23

27

g
et yo

u
r

H
E

R
E

ticket

s
t
r
u
c
t
 
{

24
25

active:

2 co
u

n
ters:

v
o
i
d
 
f
a
i
r
_
u
n
l
o
c
k
 
(
 
F
a
i
r
L
o
c
k
 
f
l
 
)

{ 
 
s
y
n
c
a
d
d
(
 
&
(
f
l
-
>
a
c
t
i
v
e
)
,
 
1
 
)
;

}

/*w
ait*/

{ 
 
i
n
t
 
m
y
t
i
c
k
e
t
 
=
 
m
p
a
d
d
(
 
&
(
f
l
-
>
t
i
c
k
e
t
)
,
 
1
)
;

 
 
w
h
i
l
e
 
(
m
y
t
i
c
k
e
t
 
>
 
f
l
-
>
a
c
t
i
v
e
)
 
;

}

/*atom
ic increm

ent*/

/*atom
ic fetch&

add*/

v
o
i
d
 
f
a
i
r
_
l
o
c
k
u
p
 
(
 
F
a
i
r
L
o
c
k
 
f
l
 
)
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S
equentialvs.synchronous

parallelcriticalsections
(1)

e.g., [D
ijkstra’68]

KED

KED
LO

C

LO
C

->  d
eterm

in
istic p

arallel access b
y execu

tin
g

 a syn
ch

ro
n

o
u

s p
arallel alg

o
rith

m

->  at m
o

st o
n

e g
ro

u
p

 o
f p

ro
cesso

rs in
sid

e at an
y p

o
in

t o
f tim

e

->  seq
u

en
tializatio

n
 o

f co
n

cu
rren

t accesses to
 a sh

ared
 o

b
ject / reso

u
rce

syn
ch

ro
n

o
u

s p
arallel critical sectio

n

seq
u

en
tial critical sectio

n

->  allo
w

 sim
u

ltan
eo

u
s en

try o
f m

o
re th

an
 o

n
e p

ro
cesso

r
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S
equentialvs.synchronous

parallelcriticalsections
(2)

KED
LO

C

E
n

try co
n

d
itio

n
s?

W
h

en
 to

 term
in

ate th
e en

try p
ro

ced
u

re?

W
h

at h
ap

p
en

s w
ith

 p
ro

cesso
rs

n
o

t allo
w

ed
 to

 en
ter?

!

?
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T
he

join
statem

ent:excursion
bus

analogy
(1)

- execu
te  else p

art:

- co
n

tin
u

e in
 else p

art:  ju
m

p
 b

ack to
 b

u
s sto

p
  (jo

in
 en

try p
o

in
t)

- b
reak in

 else p
art:  co

n
tin

u
e w

ith
 n

ext activity  (jo
in

 exit p
o

in
t)

m
i
s
s
e
d
S
t
a
t
e
m
e
n
t
;

 
 
 
 
m
i
s
s
e
d
S
t
a
t
e
m
e
n
t
;

B
u

s g
o

n
e?

 
 
 
 
b
u
s
T
o
u
r
S
t
a
t
e
m
e
n
t
;

j
o
i
n

(
 
S
M
s
i
z
e
;
 
d
e
l
a
y
C
o
n
d
;
 
s
t
a
y
I
n
s
i
d
e
C
o
n
d
 
)

e
l
s
e

L
in

e  1

B
U

S
S

T
O

P

?
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T
he

join
statem

ent:excursion
bus

analogy
(2)L

in
e 1

B
U

S

 
 
 
 
m
i
s
s
e
d
S
t
a
t
e
m
e
n
t
;

 
 
 
 
b
u
s
T
o
u
r
S
t
a
t
e
m
e
n
t
;

j
o
i
n

(
 
S
M
s
i
z
e
;
 
d
e
l
a
y
C
o
n
d
;
 
s
t
a
y
I
n
s
i
d
e
C
o
n
d
 
)

e
l
s
e

T
ic

ket join
 th

e F
ork

95 bu
s tou

rs!

L
in

e  1

B
U

S
S

T
O

P

B
u

s w
aitin

g
:

- g
et a ticket an

d
 en

ter

- ticket n
u

m
b

er is 0?
  ->  d

river!
d

river in
itializes sh

ared
 m

em
o

ry (S
M

size) fo
r th

e b
u

s g
ro

u
p

d
river th

en
 w

aits fo
r so

m
e even

t:
d

river th
en

 sw
itch

es o
ff th

e ticket au
to

m
ato

n
d
e
l
a
y
C
o
n
d
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,Linköpings
U

niversitet,2007.

T
he

join
statem

ent:excursion
bus

analogy
(3)

s
t
a
y
I
n
s
i
d
e
C
o
n
d

sp
rin

g
 o

ff an
d

 co
n

tin
u

e w
ith

 else p
art

- if n
o

t

L
in

e 1
B

U
S

 
 
 
 
m
i
s
s
e
d
S
t
a
t
e
m
e
n
t
;

 
 
 
 
b
u
s
T
o
u
r
S
t
a
t
e
m
e
n
t
;

j
o
i
n

(
 
S
M
s
i
z
e
;
 
d
e
l
a
y
C
o
n
d
;
 
s
t
a
y
I
n
s
i
d
e
C
o
n
d
 
)

e
l
s
e

T
ic

ket join
 th

e F
ork

95 bu
s tou

rs!

L
in

e  1

B
U

S
S

T
O

P

B
u

s w
aitin

g
:

- g
et a ticket an

d
 en

ter

- ticket n
u

m
b

er is 0?
  ->  d

river!
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T
he

join
statem

ent:excursion
bus

analogy
(4)

join
 th

e F
ork

95 bu
s tou

rs!

L
in

e 1
B

U
S

T
ic

ket

 
 
 
 
m
i
s
s
e
d
S
t
a
t
e
m
e
n
t
;

 
 
 
 
b
u
s
T
o
u
r
S
t
a
t
e
m
e
n
t
;

j
o
i
n

(
 
S
M
s
i
z
e
;
 
d
e
l
a
y
C
o
n
d
;
 
s
t
a
y
I
n
s
i
d
e
C
o
n
d
 
)

e
l
s
e

L
in

e  1

B
U

S
S

T
O

P

B
u

s w
aitin

g
:

- g
et a ticket an

d
 en

ter

- ticket n
u

m
b

er is 0?
  ->  d

river!

- o
th

erw
ise:  fo

rm
 a g

ro
u

p
, execu

te

- if n
o

t
s
t
a
y
I
n
s
i
d
e
C
o
n
d

sp
rin

g
 o

ff an
d

 co
n

tin
u

e w
ith

 else p
art

b
u
s
T
o
u
r
S
t
a
t
e
m
e
n
t

syn
ch

ro
n

o
u

sly
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T
he

join
statem

ent:excursion
bus

analogy
(5)L

in
e 1

B
U

S

 
 
 
 
m
i
s
s
e
d
S
t
a
t
e
m
e
n
t
;

 
 
 
 
b
u
s
T
o
u
r
S
t
a
t
e
m
e
n
t
;

j
o
i
n

(
 
S
M
s
i
z
e
;
 
d
e
l
a
y
C
o
n
d
;
 
s
t
a
y
I
n
s
i
d
e
C
o
n
d
 
)

e
l
s
e

T
ic

ket join
 th

e F
ork

95 bu
s tou

rs!

L
in

e  1

B
U

S
S

T
O

P

B
u

s w
aitin

g
:

- g
et a ticket an

d
 en

ter

- ticket n
u

m
b

er is 0?
  ->  d

river!

- o
th

erw
ise:  fo

rm
 a g

ro
u

p
, execu

te

- if n
o

t
s
t
a
y
I
n
s
i
d
e
C
o
n
d

sp
rin

g
 o

ff an
d

 co
n

tin
u

e w
ith

 else p
art

- at retu
rn

:  leave th
e b

u
s,  re-o

p
en

 ticket au
to

m
ato

n
an

d
 co

n
tin

u
e w

ith
 n

ext activity

b
u
s
T
o
u
r
S
t
a
t
e
m
e
n
t
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T
he

join
statem

ent,exam
ple

(1):parallelshared
heap

m
em

ory
allocation

tim
e

P
                   
1

s
h
f
r
e
e
(
4
0
)

s
h
f
r
e
e
(
4
)

s
h
m
a
l
l
o
c
(
4
0
)

s
h
m
a
l
l
o
c
(
2
0
)

s
h
f
r
e
e
(
1
0
0
)

0 P
                   

3 P
                   

. . . . . .

s
h
f
r
e
e
(
5
6
)

s
h
f
r
e
e
(
5
0
)

s
h
f
r
e
e
(
1
2
)

s
h
m
a
l
l
o
c
(
5
0
)

s
h
m
a
l
l
o
c
(
1
7
)

s
h
m
a
l
l
o
c
(
3
0
0
)

s
h
m
a
l
l
o
c
(
1
7
)

s
h
m
a
l
l
o
c
(
4
0
)

s
h
m
a
l
l
o
c
(
4
)

2 P
                   

2047
P

                   

s
h
m
a
l
l
o
c
(
4
0
0
)

s
h
f
r
e
e
(
1
0
)

s
h
m
a
l
l
o
c
(
3
0
)

s
h
m
a
l
l
o
c
(
3
0
0
)

s
h
f
r
e
e
(
1
2
8
)

s
h
f
r
e
e
(
5
0
0
)

s
h
m
a
l
l
o
c
(
4
)

Id
ea:

-  u
se a syn

ch
ro

n
o

u
s p

arallel alg
o

rith
m

  fo
r  sh

ared
 h

eap
 ad

m
in

istratio
n

-  co
llect  m

u
ltip

le  q
u

eries  to
  sh

m
allo

c() / sh
free()   w

ith
  jo

in
()

an
d

  p
ro

cess  th
em

  as  a  w
h

o
le  in

  p
arallel!

D
o

es  th
is  really  p

ay  o
ff  in

 p
ractice?

 
Q

u
estio

n
:
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T
he

join
statem

ent,exam
ple

(2)

E
xperim

ent:

S
im

ple
block–oriented

parallelshared
heap

m
em

ory
allocator

F
irstvariant:sequentialcriticalsection,using

a
sim

ple
lock

S
econd

variant:parallelcriticalsection,using
j
o
i
n

p
asynchronous

using
j
o
i
n

1
5390

cc
(21

m
s)

6608
cc

(25
m

s)
2

5390
cc

(21
m

s)
7076

cc
(27

m
s)

4
5420

cc
(21

m
s)

8764
cc

(34
m

s)
8

5666
cc

(22
m

s)
9522

cc
(37

m
s)

16
5698

cc
(22

m
s)

10034
cc

(39
m

s)
32

7368
cc

(28
m

s)
11538

cc
(45

m
s)

64
7712

cc
(30

m
s)

11678
cc

(45
m

s)
128

11216
cc

(43
m

s)
11462

cc
(44

m
s)

256
20332

cc
(79

m
s)

11432
cc

(44
m

s)
512

38406
cc

(150
m

s)
11556

cc
(45

m
s)

1024
75410

cc
(294

m
s)

11636
cc

(45
m

s)
2048

149300
cc

(583
m

s)
11736

cc
(45

m
s)

4096
300500

cc
(1173

m
s)

13380
cc

(52
m

s)

0

50000

100000

150000

200000

250000

300000

0
500

1000
1500

2000
2500

3000
3500

4000

PRAM cycles

num
ber of processors asynchronous

using join
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T
he

join
statem

ent,exam
ple

(3)

asynchronous
parallel

N
-queens

program
uses

join
for

paralleloutput

ofsolutions

P
R
A
M
 
P
0
 
=
 
(
p
0
,
 
v
0
)
>
 
g

E
n
t
e
r
 
N
 
=
 
6

C
o
m
p
u
t
i
n
g
 
s
o
l
u
t
i
o
n
s
 
t
o
 
t
h
e
 
6
-
Q
u
e
e
n
s
 
p
r
o
b
l
e
m
.
.
.

|
.
Q
.
.
.
.

|
.
.
.
Q
.
.

|
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