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P
arallelcom

puting
—

M
otivation

(1)

S
upercom

puting
/H

igh-P
erform

ance
C

om
puting

Large-scale
com

putationalproblem
s

in
science

and
engineering:

–
very

large
num

ber
of(floatingpoint)

operations
(F

LO
P

s),

–
w

ould
take

too
long

tim
e

on
a

desktop
P

C
or

uniprocessor
server

�

E
xam

ple:W
eather

prediction
N

avier-S
tokes

equations

e.g.globalw
eather

prediction
w

ith
cellsize

1
m

ile

�

1
m

ile

�

1
m

ile,200
F

LO
P

s/cell/tim
e

step,

10-day
forecastw

ith
10-m

inute
tim

e
step

takes
ca.10

15
F

LO
P

s

�

takes
about10

days
on

a
1-G

igaF
LO

P
/s

com
puter

�

takes
a

few
m

inutes
on

a
1-TeraF

LO
P

/s
com

puter

�

E
xam

ple:Q
uantum

chrom
odynam

ics,
e.g.,com

puting
the

m
ass

ofthe
proton:10

17
F

LO
P

s

�

about1
year

on
a

uniprocessor
server

�

1
day

on
a

1-TeraF
LO

P
/s

com
puter

T
D

D
C

78/TA
N

A
77/F

D
A

125:P
arallelcom

puter
architecture

concepts.
2

C
.K

essler,ID
A

,Linköpings
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P
arallelcom

puting
—

M
otivation

(2)

M
ore

“G
rand

C
hallenges”

in
large-scale

scientific
com

puting:

�

C
om

putationalchem
istry

e.g.,m
olecular

dynam
ics

sim
ulations

�

C
om

putationalphysics,particle
physics,astrophysics

e.g.,galaxy
sim

ulation
w

ith
10

11
stars

�

ca.1
C

P
U

year
per

iteration

�

V
irtualR

eality,graphics
rendering,specialeffects

�

B
ioinform

atics
[C

A
C

M
47(11),2004]

e.g.,sim
ulating

100
µs

ofprotein
folding

�

10
25

m
achine

instructions

�

3
years

on
a

P
etaF

LO
P

S
system

or
10

6
centuries

on
a

3.2
G

H
z

P
C

IB
M

B
lueG

ene,[IB
M

S
ystem

s
J.40(2),2001]

�
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T
D

D
C

78/TA
N

A
77/F

D
A

125:P
arallelcom

puter
architecture

concepts.
3

C
.K

essler,ID
A

,Linköpings
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P
arallelcom

puting
—

M
otivation

(3)

M
oore’s

Law
(technology

observation,holds
since

the
1970’s):

#gates
/chip

area
grow

exponentially
(ca.40...50%

/year)

B
U

T
w

e
observe

(�

2003):

�

currentprocessor
design,clock

rate
approaching

physicallim
its

com
plexity,production

cost,leakage
currents,heat/pow

er
problem

�

lim
ited

instruction-levelparallelism
in

program
s

T
he

only
w

ay
to

high-perform
ance

com
puting

is
parallelcom

puting!

�

exploitadditional(thread-level)
parallelism

W
illeven

affectm
ainstream

com
puting

platform
s

(e.g.,desktop
processors)

D
ual-core,Q

uad-core,...,M
ulti-core

H
ardw

are-m
ultithreading

S
o,w

hatare
parallelcom

puters?
H

ow
to

program
them

?
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P
arallelcom

puter

A
parallelcom

puter
is

a
com

puter
consisting

of

+
tw

o
or

m
ore

processors

thatcan
cooperate

and
com

m
unicate

to
solve

a
large

problem
faster,

+
one

or
m

ore
m

em
ory

m
odules,

+
an

interconnection
netw

ork

thatconnects
processors

w
ith

each
other

and/or
w

ith
the

m
em

ory
m

odules.

M
ultiprocessor:tightly

connected
processors,e.g.shared

m
em

ory

M
ulticom

puter:m
ore

loosely
connected,e.g.distributed

m
em

ory
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P
arallelarchitecture

concepts

C
lassification

ofparallelcom
puter

architectures:

�

by
controlstructure

�

by
m

em
ory

organization

�

by
interconnection

topology

�

by
degree

ofsynchronous
execution
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P
arallelarchitecture

concepts
(1)

C
lassification

by
controlstructure

[F
lynn’72]

S
IS

D
single

instruction
stream

,single
data

stream

S
IM

D
single

instruction
stream

,m
ultiple

data
stream

s

O
ne

clock,one
program

m
em

ory,one
program

counter.

+
vector

processors

+
V

LIW
processors

+
array

com
puters

M
IM

D
m

ultiple
instruction

stream
s,m

ultiple
data

stream
s

E
ach

processor
has

its
ow

n
program

counter.

+
synchronous:centralclock,centralprogram

m
em

ory
(P

R
A

M
)

+
asynchronous:localclock,localprogram

m
em

ory

S
P

M
D

single
program

,m
ultiple

data

R
un

the
sam

e
program

on
each

processor
buton

differentdata.
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P
arallelarchitecture

concepts
(2)

N
etw

o
rk

.........
M

M

V
P

1
2

p
M

M
M P

P
P1

2
p

Interconnection  N
etw

ork

N
etw

o
rk  e.g

. b
u

s

P1
P

...
p

M

C
lassification

by
m

em
ory

structure

1.V
ector

com
puters

S
IM

D
(shared)

m
em

ory
(interleaved

m
em

ory
banks)

2.D
istributed

m
em

ory
system

s
(a)

A
rray

com
puters

S
IM

D
distributed

m
em

ory
(b)

M
ulticom

puter
M

IM
D

(b1)
distributed

(local)
m

em
ory

(b2)
distributed

m
.w

ith
global

address
space

(N
C

C
-N

U
M

A
)

3.S
hared

m
em

ory
system

s
(a)

U
M

A
(S

M
P

)
M

IM
D

shared
m

em
ory

(b)
C

C
-N

U
M

A
M

IM
D

distributed
shared

m
em

ory
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V
ector

processor
architecture

(1)

P
rinciple:S

IM
D

+
pipelining

cf.assem
bly

line
m

anufacturing
ofcars

etc.

+
Idea:partition

“deep”
arithm

etic
circuits

(e.g.,floatingpoint-adder)
into

d

�

1
horizontallayers,called

stages,ofaboutequaldepth.
R

educe
clock

cycle
tim

e
such

thateach
stage

needs
one

cycle.

+
Interm

ediate
results

ofstage
k

are
forw

arded
to

stage
k

�

1

+
T

he
operands

and
result(s)

are
vectors,sequences

(arrays)
offloats

+
A

llstages
w

ork
sim

ultaneously,buton
differentcom

ponents
ofthe

vectors

+
S

tage
k

w
orks

on
l-th

vector
com

ponentin
cycle

k

�

l

+
F

irstresultavailable
after

d
cycles,

a
startup

phase
of

d
�

1
cycles

is
needed

to
fillthe

pipeline
t =

 0
t =

 1
t =

 2
t =

 3
t =

 4
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V
ector

processor
architecture

(2)

+
A

vector
operation,e.g.C

�1
:N

�
�

A

�1
:N

��

B

�1
:N

�(elem
entw

ise
addition)

takes
N

�
d

�

1
cycles

(com
pared

to
N

�

d
cycles

w
ithoutpipelining)

+
C

ondition:A
llcom

ponentcom
putations

ofa
vector

operation

m
ustbe

ofsam
e

operation
type

and
independentofeach

other

+
S

calar
operations

take
d

cycles
—

no
im

provem
ent.

+
P

rogram
s

m
ustbe

vectorized
(by

the
program

m
er

or
com

piler)

+
S

om
e

vector
supercom

puters:C
ray

1,C
D

C
C

yber
205,F

ujitsu
V

P
100

+
V

ector
nodes

in
m

assively
parallelsupercom

puters:

S
uprenum

V
X

,N
E

C
S

X
,Inteli860,C

ray
S

V
1

node

+
P

roblem
:M

em
ory

bandw
idth

m
ustm

atch
the

high
C

P
U

speed.

+
In

m
odern

m
icroprocessors,pipelining

is
applied

atsub-instruction
level.
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V
LIW

processors

V
LIW

:(very
long

instruction
w

ord)

+
m

ultiple
functionalunits

w
orking

in
parallel

+
single

stream
oflong

instruction
w

ords

w
ith

explicitly
pararallelsubinstructions

+
requires

static
scheduling

(�

com
piler)

A
D
D

S
H
I
F
T

M
E
M

a
d
d
i

l
o
a
d

N
O
P

N
O
P

R
E

G
IST

E
R

  FIL
E

F
M
U
L

P
C

C
om

pare
to

a
superscalar

processor:

+
m

ultiple
functionalunits

+
single

stream
ofordinary

instructions

(sequentialprogram
code,S

IS
D

)

+
m

ultiple
issue:

k-w
ay

superscalar
=

up
to

k

�

1
subsequentinstructions

m
ay

startexecution
sim

ultaneously

I-cache

........

I
I

n
n+1

internal instruction

D
ISP

A
T

C
H

E
R

buffer  (2 instructions)

U
nit 1

U
nit 2

U
nit 3

U
nit 10

place 1
place 2

+
dynam

ic
instruction

dispatcher
m

aps
instructions

to
available

units
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D
istributed

m
em

ory
architectures

1
2

p
M

M
M P

P
P1

2
p

Interconnection  N
etw

ork

(a)
A

rray
com

puters
(S

ystolic
arrays)

+
S

IM
D

,synchronous
(com

m
on

clock
signal)

+
channel-based,synchronous
com

m
unication

to
neighbor

P
E

s
+

e.g.,M
asP

ar
M

P
1/2,Transputer

netw
orks

+
now

outoffashion

(b)
M

ulticom
puter

+
M

IM
D

,asynchronous
+

m
ay

consistofstandard
P

C
com

ponents
+

very
successful

+
e.g.,C

ray
T

3E
,IB

M
S

P,P
C

clusters

+
scalable

�

“M
P

P
”

+
fast,exclusive

access

to
ow

n
localm

em
ory

+
access

to
rem

ote
variables

only
via

explicitm
essage

passing

+
data

structures
ofthe

user
program

(large
arrays!)

m
ustbe

distributed
across

the
processors
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Interconnection
netw

orks
(1)

netw
ork

=
physicalinterconnection

m
edium

(w
ires,sw

itches)

+
com

m
unication

protocol

(a)
connecting

processors
w

ith
each

other
(D

M
S

)

(b)
connecting

processors
w

ith
m

em
ory

m
odules

(S
M

S
)

direct/static
interconnection

netw
orks

directnetw
orks

w
ith

hardw
are

routers

�

offload
processors

from
m

ostcom
m

unication
w

ork

sw
itched

/dynam
ic

interconnection
netw

orks
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Interconnection
netw

orks
(2):sim

ple
topologies

y

x z P
P

P
P

P
P

P
P

P
P

P
P

P
P

P
P

2D
 g

rid

lin
ear array

b
u

s
e.g

. E
th

ern
et

to
ru

s:

rin
g

e.g
. T

o
ken

 R
in

g

3D
 g

rid
3D

 to
ru

s

P

P

P

P
P

P
P

tree

ro
o

t p
ro

cesso
r

is b
o

ttlen
eck

(e.g
. C

ray T
3E

)

1 w
ire  -  b

u
s satu

ratio
n

 w
ith

 m
an

y p
ro

cesso
rs

FatTree
=

bandw
idth-reinforced

tree
(e.g.,T

M
C

C
M

-5,S
G

IA
ltix

3700
B

x2)
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Interconnection
netw

orks
(3):fattree

E
xam

ple:
S

G
IN

U
M

A
link

T
M

dualfattree

S
ource:

M
.

W
oodacre

et
al.:

T
he

SG
I

A
ltix

T
M

3000
G

lo-
bal

Shared-M
em

ory
A

rchitec-
ture.W

hite
P

aper,S
G

I,2003.
w

w
w

.sgi.com

c�

2003
S

G
I
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Interconnection
netw

orks
(4):H

ypercube

k-dim
ensionalhypercube

C
k

has
2

k
nodes

0
P

C

2

1
0

1
k-1

01
00

10
11

k-1

k

co
n

n
ect co

rresp
o

n
d

in
g

 (= sam
e in

d
ex)

n
o

d
es o

f th
e su

b
h

yp
ercu

b
es C

k-1

C

C
C

C
C

P
P

P
P

P
P

p
refix 0 resp

. 1 to
 n

o
d

e in
d

ices

–
each

node
has

degree
k

(=
num

ber
ofdirectneighbors)

+

�
�p

i �p
j �

�

path
oflength

�

k
hops

shortestpath
p

i �
�

p
j has

length
H

D

�p
i �p

j �
�

#
1-bits

in
i	

j

(H
am

m
ing-distance)

+
routing:indices

ofneighbor
nodes

differ
in

1
bit

E
xam

ples:InteliP
S

C
(1990);

extended
hypercube

in
S

G
IO

rigin
3000
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Interconnection
netw

orks
(5):B

utterfly
netw

ork
[P

P
P

]p.86–88

B
utterfly-netw

ork
topology

+
B

k
connects

2
k

inputs
to

2
k

outputs
using

k2
k�

1
sw

itches

+
path

from
each

entry
to

each
exit

(and
vice

versa)
is

unique

... ...

k-1

k-1

2

...

1

...

k
k

10...0

01...1

00...0

11

B
   =

0110

11...1

B
   =

00

2   inputs / outputs

B
   =

00011011

abab

cdcd

01...1

00...0

10...0

11...1
11...1

10...0

01...1

00...0

d c
ab

B B

Sw
itch

either

or

+
routing:

j-th
stage

sw
itches

according
to

targetindex
bit

k

�

j

+
scalable:path

length
is

k
(logarithm

ic
in

#
processors)

E
xam

ple:S
B

-P
R

A
M

,U
niv.S

aarbrücken
2001
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Interconnection
netw

orks
(6):C

rossbar

C
rossbar

n
inputlines

connected
to

n
outputlines

by
m

atrix
of

n
2

sw
itches

inputs

outputs

sw
itch

status: either connected or open

+
very

flexible
(perm

utations,broadcast)

+
high

throughput

–
expensive

(chip
area,w

iring)

–
notscalable

(typ.
n

�

32)

e.g.A
lliantF

X
-8
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Interconnection
netw

orks
(7):hybrid

netw
orks

H
ybrid

netw
orks

as
com

binations
ofm

ultiple
netw

ork
types

(hierarchicalnetw
orks)

+
H

yper-C
rossbar

(e.g.C
P

-PA
C

S
),

+
R

ing
ofcrossbars

(e.g.C
onvex/H

P
E

xem
plar)

bar
C

ross
bar
C

ross
. . .

R
ing

. . .

+
R

ing
ofrings

(e.g.K
S

R
-1)
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Interconnection
netw

ork
topologies

(8):G
raph-theoretic

properties

node
degree

=
m

ax.#
neighbors

diam
eter

=
m

ax.distance
in

hops,

w
here

1
hop

=
1

sw
itch-stage

oder
1

interprocessor
connection

connectivity
node

connectivity,edge
connectivity

�

faulttolerance

bandw
idth

=
m

ax.#bytes/sec.for
one

connection

throughput

=
m

ax.#bytes/sec.for
allsim

ultaneously
active

connections
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Interconnection
netw

ork
topologies

(9):O
ther

issues

R
outing

determ
inistic

or
random

ized

usually
notaccessible

/notvisible
to

the
program

m
er

S
w

itching
w

ire
sw

itching




packetsw
itching

perm
anentinterconnection

fixed
packetform

at,variable
route

(cf.telephone
netw

ork)
(cf.m

ailsystem
)

faulttolerance

=
m

ax.dam
age

ifa
sw

itch
/processor

fails

scalability

=
asym

ptotic
behaviour

ofnode
degree,diam

eter,

�
�
�for

p

�

∞
“m

assively
parallel”:currently

about
p

�

64

em
beddability

=
m

ap
the

com
m

unication
structure

ofthe
program

(=
virtualnetw

ork)

suitably
to

the
physicalnetw

ork
topology:m

inim
ize

latency,contention
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E
xam

ple:C
ray

T
3E

atN
S

C
(1997-2003)

+
256

A
pplication

P
E

s

D
E

C
(C

om
paq)

A
lpha

21164
(E

V
5)

R
IS

C
m

icroprocessors
at300

M
H

z

up
to

2
floatingpointoperations

per
cycle

(m
ultiply&

add)

�

600
M

F
LO

P
S

peak
perform

ance
per

proc.

+
13

C
om

m
and

P
E

s
(log

in,com
pile,edit)

+
3

O
S

P
E

s
(used

by
the

operating
system

)

+
overallpeak

perform
ance:160.8

G
F

LO
P

S

+
45.6

G
B

ofm
em

ory

+
Interconnection

netw
ork

is
a

3-D
torus

x

y
z

+
H

ardw
are

/system
supportfor

shared
address

space

+
S

hortconnections:

e.g.256
nodes

as
4

�

8

�

8
torus

�

largestdistance
2

�

4

�

4

�

10
hops

+
low

blocking,high
bandw

idth,faulttolerance
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,Linköpings
U

niversitet,2007.

E
xam

ple:B
eow

ulf-class
P

C
clusters

C
haracteristics:

�

off-the-shelf(P
C

)
nodes

P
entium

,Itanium
,O

pteron,A
lpha;

also
(chip-)S

M
P

(“constellation”)

�

com
m

odity
interconnect

G
-E

thernet,M
yrinet,Infiniband,S

C
I

�

O
pen

S
ource

U
nix

Linux,B
S

D

�

M
essage

passing
com

puting
M

P
I,P

V
M

(H
P

F
)

A
dvantages:

+
bestprice-perform

ance
ratio

+
low

entry-levelcost

+
vendor

independent

+
scalable

(today:64..8192)

+
rapid

technology
tracking

T.S
terling:T

he
scientific

w
orkstation

ofthe
future

m
ay

be
a

pile
ofP

C
s,

C
om

m
unications

ofthe
A

C
M

39(9),S
ept.1996
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E
xam

ple:M
onolith

M
onolith

w
w
w
.
n
s
c
.
l
i
u
.
s
e
/
s
y
s
t
e
m
s
/
m
o
n
o
l
i
t
h

�

200
dual-processor

P
C

s
m

ounted
in

a
rack

each
w

ith
2

IntelX
eon

2.2
G

H
z,2

G
B

m
ain

m
em

ory,
80

G
B

disk
m

em
ory

�

400
processors

(396
for

users)

�

theoreticalpeak
perform

ance:1.8
T

F
lops

(achieved
on

LIN
PA

C
K

:0.96
T

F
lops)

7
T

B
com

m
on

m
ain

disk
storage

�

S
C

I(scalable
coherentinterface)

netw
ork

w
ith

ow
n

M
P

Iim
pl.(S

caM
P

I).

point-to-pointm
essage

latency:4.5
µs

for
sm

allm
essages,

point-to-pointm
essage

bandw
idth:260

M
B

/s
for

large
m

essages

�

allocate
processors

using
P

B
S

batch
queue

system

�

fastestsupercom
puter

in
S

w
eden

2002–2004:

firstentry
in

TO
P

500
in

N
ov

2002:rank
51,

N
ov

2003:rank
103
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M
essage

passing

 
 
 
 
 
P
2
,

 
 
 
 
 
5
,

s
e
n
d
(
0
x
7
e
f
0
,

 
 
 
 
 
5
,

 
 
 
 
 
A
n
y
T
a
g
)
;

 
 
 
 
 
P
7
,

r
e
c
v
(
0
x
4
3
8
a
,

7

 
 
 
 
 
1
2
3
4
)
;

P     (receiver)
2 P     (sender)

0
x
7
e
f
0
:

0
x
4
3
8
a
:

internal
buffer

send buffer

m
essage

system

receive buffer

unread m
essages

local m
em

ory
local m

em
ory

T
o
:
P
7

F
r
o
m
:
P
2
L
e
n
:
5

T
o
:
P
7

F
r
o
m
:
P
2

T
a
g
:
1
2
3
4 L
e
n
:
5

T
a
g
:
1
2
3
4

m
essage passing

H
E
L
L
O

H
E
L
L
O

tw
o-sided:sender

executes
s
e
n
d

,receiver
executes

r
e
c
v

usually:non-blocking
send,blocking

receive

�

partialsynchronization

one-sided
(D

R
M

A
):directrem

ote
m

em
ory

access

sender
sends

access
request,receiver’s

D
M

A
handler

executes
it
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M
essage

passing
(softw

are
interface):C

lassification

A
ddressing:

tw
o-sided,direct

(sender
nam

es
receiver

explicitly;

receiver
m

ay
nam

e
sender)

tw
o-sided,indirect

(via
nam

ed
channels/ports

or
m

ailboxes)

one-sided
(no

explicitreceive
operation)

(D
R

M
A

=
directrem

ote
m

em
ory

access)

B
locking:

asynchronous
(sender

injects
m

sg
into

com
m

.-system
and

continues)

synchronous
(sender

w
aits

in
send()

untilreceiver
receives)

rendezvous
(sender

w
aits

in
send()

untilreceive()
com

pleted)

B
uffering:

buffered
(sender

w
rites

m
essage

to
system

buffer,continues)

unbuffered
(sender

responsible
for

buffering
in

a
user

data
structure)
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S
hared

m
em

ory
architectures

(D
S

M
 / N

U
M

A
)

N
etw

o
rk

S
M

P
 w

ith
 cach

es

N
etw

o
rk

D
istrib

u
ted

 sh
ared

 m
em

o
ry

U
M

A

N
etw

o
rk  e.g

. b
u

s

S
M

P
 (S

ym
m

etric S
M

S
)

P

C
ache 1

m

p
PM

1

M P

p

C
ache p

P

...

M

C
ache p

P
p

...

11

......
1 1

C
ache 1

P

M

p

M

U
M

A
=

uniform
m

em
ory

access
tim

e
e.g.,A

lliantF
X

8,S
B

-P
R

A
M

,Tera
M

TA

N
U

M
A

=
non-uniform

m
em

ory
access

tim
e

e.g.,C
ray

T
3E

(S
H

M
E

M
)

C
C

-N
U

M
A

=
cache-coherentN

U
M

A
e.g.,S

tanford
D

A
S

H
,S

G
IO

rigin

C
O

M
A

=
cache-only

m
em

ory
architecture

e.g.,K
S

R
1,K

S
R

2

D
S

M
=

distributed
shared

m
em

ory

V
S

M
=

virtualshared
m

em
ory
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O
verview

ofshared
and

virtualshared
m

em
ory

system
s

M
M

M
P

P
P

N
E

T
W

O
R

K

E
m

ulated S
hared M

em
ory

B
B

N
 B

utterfly
N

Y
U

 U
ltracom

puter

C
ray T

3E

D
enelcor H

E
P

,  T
era M

T
A

S
B

-P
R

A
M

statically (hashing)
distribute addresses

S
ym

m
etric M

ultiprocessor (S
M

P
)

N
U

M
A

U
M

A

bus-based
caching

S
hared M

em
ory S

ystem
s (S

M
S

)

S
equent S

ym
m

etry
S

G
I P

ow
erC

hallenge
S

U
N

 E
nterprise

S
oftw

are D
S

M

bus-based
scalable netw

orks

S
G

I O
rigin

M
IT

 A
lew

ife
S

tanford D
A

S
H

 / F
lash

O
S

runtim
e-system

page-based
object-based

IV
Y

M
irage

M
unin

Linda
N

estS
tep

S
equent F

irefly

C

M

C
C

P
P

P

N
C

C
-N

U
M

A

explicit rem
ote accesses

C
ray T

3E
(M

M
U

)
uniform

 D
S

M
 access

C
C

-N
U

M
A

 / C
O

M
A

H
ardw

are D
S

M

D
istributed S

hared M
em

ory (D
S

M
)

(aka S
hared V

irtual M
em

ory S
V

M
,

        V
irtual S

hared M
em

ory V
S

M
)

caching/paging

P
P

N
E

T
W

O
R

K

PM
M

M

C
C

C
...

...
C

C
C

M
M

M

P
P

P

N
E

T
W

O
R

K

... ...

...
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,Linköpings
U

niversitet,2007.

C
ache

issues
(1)

C
ache

=
sm

all,fastm
em

ory
(S

R
A

M
)

betw
een

processor
and

m
ain

m
em

ory

contains
copies

ofm
ain

m
em

ory
w

ords

cache
hit=

accessed
w

ord
already

in
cache,getitfast.

cache
m

iss
=

notin
cache,load

from
m

ain
m

em
ory

(slow
er)

C
ache

line
size:from

16
bytes

(D
ash)

...

M
em

ory
page

size:...up
to

8
K

B
(M

erm
aid)

C
ache-based

system
s

profitfrom

+
spatialaccess

locality
(access

also
other

data
in

sam
e

cache
line)

+
tem

poralaccess
locality

(access
sam

e
location

m
ultiple

tim
es)

+
dynam

ic
adaptivity

ofcache
contents

�

suitable
for

applications
w

ith
high

(also
dynam

ic)
data

locality
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C
ache

issues
(2)

M
apping

m
em

ory
blocks

�

cache
lines

/page
fram

es:

�

directm
apped:

�

j

�!i:
B

j


�

C
i ,nam

ely
w

here
i

�

j
m

od
m

.

�

fully-associative:any
m

em
ory

block
m

ay
be

placed
in

any
cache

line

�

set-associative

R
eplacem

entstrategies
(for

fully-
and

set-associative
caches)

�

LR
U

least-recently
used

�

LF
U

least-frequently
used

�

...
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C
ache

issues
(3):M

em
ory

update
strategies

(stillconsidering
single-processor

system
w

ith
cache)

W
rite-through

+
consistency

–
slow

,w
rite

stall
(�

w
rite

buffer)

W
rite-back

+
update

only
cache

entry

+
w

rite
back

to
m

em
ory

only
w

hen
replacing

cache
line

+
w

rite
only

ifm
odified,m

arked
by

“dirty”
bitfor

each
C

i

–
notconsistent,

D
M

A
access

(I/O
,other

procs)
m

ay
access

stale
values

�

m
ustbe

protected
by

O
S

,w
rite

back
on

request
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C
ache

coherence
and

M
em

ory
consistency

C
aching

ofshared
variables

leads
to

consistency
problem

s.

A
cache

m
anagem

entsystem
is

called
coherent

ifa
read

access
to

a
(shared)

m
em

ory
location

x
reproduces

alw
ays

the
value

corresponding
to

the
m

ostrecentw
rite

access
to

x.

�

no
access

to
stale

values

A
m

em
ory

system
is

consistent(ata
certain

tim
e)

ifallcopies
ofshared

variables
in

the
m

ain
m

em
ory

and
in

the
caches

are
identical.

P
erm

anentcache-consistency
im

plies
cache-coherence.

F
or

perform
ance

reasons,w
eaker

consistency
m

odels
have

been
developed

[G
harachorloo/A

dve’96]
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C
ache

coherence
protocols

Inconsistencies
occur

w
hen

m
odifying

only
the

copy
of

a
shared

variable
in

a
cache,notin

the
m

ain
m

em
ory

and
allother

caches
w

here
itis

held.

W
rite-update

protocol

A
ta

w
rite

access,allother
copies

in
the

system
m

ustbe
updated

as
w

ell.

U
pdating

m
ustbe

finished
before

the
nextaccess.

W
rite-invalidate

protocol

B
efore

m
odifying

a
copy

in
a

cache,

allother
copies

in
the

system
m

ustbe
declared

as
“invalid”.

M
ostcache-based

S
M

P
s

use
a

w
rite-invalidate

protocol.

U
pdating

/invalidating
straightforw

ard
in

bus-based
system

s
(bus-snooping)

otherw
ise,a

directory
m

echanism
is

necessary
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C
ache-based

S
M

P
:

B
us-S

nooping

F
or

bus-based
S

M
P

w
ith

caches
and

w
rite-through

strategy.

A
llrelevantm

em
ory

accesses
go

via
the

centralbus.

C
ache 1

P
1

M ...

C
ache p

P
p

C
ache-controller

ofeach
processor

listens
to

addresses
on

the
bus:

w
rite

access
to

m
ain

m
em

ory
is

recognized

and
com

m
itted

to
the

ow
n

cache.

–
bus

is
perform

ance
bottleneck

�

poor
scalability
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C
C

-N
U

M
A

:D
irectory-protocols

for
non-bus-based

system
s

N
o

centralm
edium

:

(a)

�

no
cache

coherence
(e.g.C

ray
T

3E
)

(b)

�

directory
lookup

D
irectory

keeps
the

copy
setfor

each
cache

line
/m

em
ory

block

e.g.stored
as

bitvectors

�

1
presence

bitper
processor

�

status
bits

e.g.dirty-bitfor
the

status
ofthe

m
ain

m
em

ory
copy

S
ee

e.g.[C
uller’98,C

h.8]
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D
S

M
problem

:False
sharing

False
sharing

in
cache-

or
page-based

D
S

M
system

s

i

j
P

xy

xy

P
j

P

.
.
.
 
=
 
x

*
x
 
=
 
.
.
.

.
.
.

.
.
.

*
y
 
=
 
.
.
.

.
.
.

Pi
Pi  invalidates copy of Pj

Pj cannot w
rite y

Pj requests page

Pi  sends page

Pj  receives page
Pj  invalidates copy of Pi

Pi  w
ants to read x:

Pi  requests page

Pj  sends page

Pi  receives page
Pi  reads x

(idle)

(idle)

Pi  w
rites x

Pj  w
rites y

A
C

K

A
C

K

C
ache

lines
/pages

treated
as

units

�

sequentialization,thrashing
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D
S

M
problem

:False
sharing

(cont.)

H
ow

to
avoid

false
sharing?

S
m

aller
cache

lines
/pages

�

false
sharing

less
probable,but

�

m
ore

adm
inistrative

effort

P
rogram

m
er

or
com

piler
gives

hints
for

data
placem

ent

�
m

ore
com

plicated

T
im

e
slices

for
exclusive

use:

each
page

stays
for

�

d
tim

e
units

atone
processor

M
irage

H
ow

to
reduce

perform
ance

penalty
offalse

sharing?

U
se

w
eaker

consistency
m

odels
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E
xam

ple:S
G

I3800
–

H
ardw

are
structure

C
C

-N
U

M
A

architecture

�

128
M

IP
S

14000
R

IS
C

processors:

�

500
M

H
z,4-w

ay
superscalar,

�

2
floatingpointunits

�

1
G

F
LO

P
S

peak
perform

ance

�

total:128
G

F
LO

P
S

peak
perform

ance

�

1
G

B
yte

m
ain

m
em

ory

�

aggregate:128
G

B
m

ain
m

em
ory

�

8
M

B
yte

cache
m

em
ory

(Level-2,off-chip)

�

aggregate:1
G

B
cache

�

C
ache

line
size

128
bytes

�

Latency
from

m
em

ory
to

cache:290...440
ns

(dep.on
w

here
m

em
ory

is)
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S
G

I3800
–

N
ode

structure
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S
G

I3800
–

P
rogram

m
ing

environm
ent

+
Trusted

IR
IX

M
LS

(M
ultiLevelS

ecurity)
operating

system

+
LS

F
batch

queue
system

+
M

P
I,P

V
M

,S
H

M
E

M
and

O
penM

P
for

parallelization

+
C

,C
+

+
,F

ortran
77,F

ortran
90

+
Linear

algebra
packages

B
LA

S
1,2,3,E

IS
PA

C
K

,LIN
PA

C
K

,LA
PA

C
K

,F
F

T,...

+
lsload,

lsm
on,

xlsm
on

tools
display

load
inform

ation

+
perfex

perform
ance

analysis
tool,speedshop

profiling

+
vam

pir
M

P
Iprogram

execution
and

perform
ance

visualizer

+
dbx,(totalview

)
debuggers

+
S

ecurID
cards

required
for

access
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C
hip

m
ultiprocessors

(1)

S
uperscalar/V

LIW
processor

technology
has

reached
its

lim
its:

�

lim
ited

instruction-levelparallelism
in

applications

�

no
gain

in
adding

even
m

ore
functionalunits

�

lim
ited

clock
frequency,due

to
pow

er
consum

ption
/heatdissipation

�

lim
ited

chip
area

thatcan
be

reached
w

ithin
one

clock
cycle

�

but“M
oore’s

Law
”

w
illcontinue

for
exponentialgrow

th
ofchip

area

C
onsequence:

�

increase
throughputby

m
ultiprocessing

on
chip

�

put(L2-cache)
m

em
ory

on
chip

S
trategies

for
chip

m
ultiprocessors:

�

H
ardw

are
m

ultithreading
S

M
P

�

M
ulti-core

processors
S

M
P

�

P
rocessor-in-m

em
ory

(P
IM

)
D

M
S

/N
U

M
A
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M
ultithreading

and
S

im
ultaneous

M
ultithreading

/H
yperthreading

H
ardw

are
m

ultithreading
divides

a
physicalC

P
U

in
2

(or
m

ore)
virtualC

P
U

s

�

O
S

and
application

see
a

dual-processor
S

M
P

system

�

E
ach

thread
(virtualC

P
U

)
has

its
ow

n
context:

private
register

set,P
C

,status
register

�

T
he

virtualC
P

U
s

share
the

functionalunits

M
ultithreading

techniques:

�

C
oarse-grain

m
ultithreading

(e.g.,sw
itch

on
LO

A
D

/cache
m

iss)

�

C
ycle-by-cycle

interleaving
(e.g.S

B
P

R
A

M
)

�

S
M

T
/H

yperthreading
(e.g.IntelX

eon
(2002),later

P
entium

4)
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M
ultithreading

and
S

im
ultaneous

M
ultithreading

/H
yperthreading

M
ultiple

threads
share

the
functionalunits

ofa
single

processor
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�
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�
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�
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�
�
�

S
im

ultaneous
m

ultithreading

tim
e

4 threads
4 threads

2 threads
1 thread

functional units

S
uperscalar

C
oarse

m
ultithreading

F
ine

m
ultithreading
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,Linköpings
U

niversitet,2007.

M
ulti-C

ore
P

rocessors

Tw
o

or
m

ore
com

plete
processor

cores
(plus

caches)
fiton

one
chip.

�

typically:separate
L1

caches,shared
L2

cache
and

bus
interface

�

often
com

bined
w

ith
hardw

are
m

ultithreading
in

each
core

�

often
severalofthese

on
a

blade
server

E
xam

ples:

IB
M

P
O

W
E

R
4/P

O
W

E
R

5,A
M

D
O

pteron/A
thlon,S

un
U

ltrasparc
T

1
N

iagara,

IntelC
oreD

uo/X
eon,H

P
PA

-8800,IB
M

/S
ony/Toshiba

C
E

LL,...

(virtually
any

new
desktop/server

processor
after

2005)

B
y

ca.2012,expecthundreds
ofcores

per
processor

chip!
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C
hip

m
ultiprocessors

(3):P
rocessor-in-m

em
ory

(P
IM

)

Trend:

�

chip
density

�

10
9

gates/m
m

2,

�

clock
rate,

�

w
ire

delays

�

Idea:P
utalso

m
em

ory
m

odules
and

a
scalable

netw
ork

on
a

chip

�

N
U

M
A

architecture

P
M

R

P
M

R

P
M

R

P
M

R

P
M

RP
M

R

P
M

R

P
M

R

P
M

R

P
M

R

size lim
it

by w
ire length

each node
w

orks
independently
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S
um

m
ary:C

urrentcategories
ofsupercom

puter
architectures

M
P

P
’s

–
m

assively
parallelm

ultiprocessors

typically:M
IM

D
,distributed

m
em

ory,specialhardw
are,

p

�

64

C
ray

T
3E

,IB
M

S
P

-2,C
ray

X
D

1,...

�

expensive

C
lusters

–
N

O
W

,C
O

W
,B

eow
ulfcluster

M
IM

D
,distributed

m
em

ory,
p

�

512
and

m
ore

�

replaced
classicalM

P
P

s

S
M

S
–

shared
m

em
ory

m
ultiprocessors

typically:M
IM

D
,cache-based,

p
�

256

sym
m

etric
S

M
S

(S
M

P
):bus

/crossbar
netw

ork,
p

�

64

S
M

P
servers

“scalable”
C

C
-N

U
M

A
:S

G
IO

rigin
3000,S

U
N

E
nterprise

4000,...

C
hip

m
ultiprocessors

(m
ultithreaded,m

ulticore)

C
onstellations

–
C

lusters
w

ith
few

butheavyw
eightnodes

T
D

D
C

78/TA
N

A
77/F

D
A

125:P
arallelcom

puter
architecture

concepts.
46

C
.K

essler,ID
A

,Linköpings
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S
um

m
ary:C

urrently
successfulconcepts

in
supercom

puter
architectures

use
off-the-shelfcom

ponents
w

herever
possible!

�

standard
processors

(Itanium
,O

pteron,P
ow

erP
C

,...)

�

participate
in

the
steady

im
provem

ents
in

m
icroprocessor

technology

�

cheaper
than

self-designed
processors

(esp.,tim
e-to-m

arket!)

�

sim
ple,scalable

interconnection
netw

orks,standard
protocols

�

flexible
m

achine
sizes,easy

upgrading

�

hardw
are

m
ultithreading

�

m
em

ory
hierarchy

to
speed

up
m

em
ory

access
(caches)

exploits
spatialand

tem
porallocality

in
m

em
ory

accesses
ofthe

program

�

system
supportfor

a
shared

address
space

or
(virtual)

shared
m

em
ory

�

standard
languages,standard

program
m

ing
environm

ents

F
ortran,C

,P
V

M
/M

P
I,pthreads,H

P
F

/O
penM

P

�

standard
O

S
U

N
IX

-derivates,Linux
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TO
P

-500
list(1)

h
t
t
p
:
/
/
w
w
w
.
t
o
p
5
0
0
.
o
r
g
/

...

Listofthe
w

orld-w
ide

500
m

ost
pow

erfulsupercom
puter

installations

�

updated
and

published
tw

ice
a

year
(June

and
N

ovem
ber)

�

sorted
according

to
runtim

e
ofthe

LIN
PA

C
K

benchm
ark

program

N
ovem

ber
2006:

N
o

sw
edish

supercom
puter

in
the

TO
P

500
:-(

fastestin
Linköping:M

onolith
(R

ank
51

w
hen

introduced
2002)
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Top-500
list(2)

+
ranking

based
on

system
perform

ance
on

a
realapplication

program

takes
also

m
em

ory
bandw

idth,cache
sizes,com

piler
etc.into

account,

is
m

ore
fair

than
ranking

by
pure

peak
perform

ance

–
LIN

PA
C

K
=

solving
a

1000

�

1000
dense

linear
equation

system

is
a

good-natured,regular
application:

+
high

degree
ofparallelism

,

+
O

�n
3�

com
putation

on
O

�n
2�

data

+
m

uch
m

ore
com

putation
than

com
m

unication

+
high

data
locality

�

ranking
says

nothing
aboutperform

ance
on

irregular
applications!
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TO
P

-500
list(3):P

erform
ance

developm
ent
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TO
P

-500
list(4):Trends

in
parallelarchitectures
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G
rid

com
puting

+
distributed

com
puting

over
a

w
ide-area

netw
ork

+
m

ultiple
adm

inistrative
dom

ains
participate

+
often

for
special-purpose

applications

C
om

putationalgrids

clusters
ofclusters,V

P
N

backbone

�

virtualsupercom
puter

center

centralaccess
controlm

echanism
,scheduler

P
eer-to-P

eer
com

puting

self-organizing
netw

orks
ofend-user

devices

internet-based,no
centraladm

inistration

file-sharing
or

cycle-sharing

D
ata

grids

distributed
database

(usually
for

special-purpose
data)

W
eb

services
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C
om

putationalgrids

�

connectm
ultiple

parallelm
achines

to
a

huge
virtualsupercom

puter

�

coordinated
use

ofgeographically
distributed

resources

�

heterogeneous
hardw

are
butuniform

softw
are

layer
e.g.M

P
I,R

P
C

�

users
have

access
to

m
assive

com
putation

pow
er

on
dem

and

pay
for

service
instead

ofinvestm
ent

don’tcare
aboutw

here
the

w
ork

is
done

�
analogy

to
electricalpow

er
grid

�

requires
perform

ance-portable
parallelprogram

s

good-natured
task

farm
ing

applications

�

actualexecution
platform

(structure,processors,netw
ork,param

eters...)

notvisible
to

the
end

user

�

S
om

e
projects:Legion,G

LO
B

U
S

,C
ondor,N

orduG
rid,S

w
eG

rid,...

w
w
w
.
g
r
i
d
f
o
r
u
m
.
o
r
g
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P
eer-to-peer

com
puting

�

Internetas
interconnection

netw
ork

�

gather
unused

cycles
in

m
illions

ofend-user
P

C
s/w

orkstations:

run
a

task
ofa

supercom
puting

application
as

screensaver

�

E
xam

ple:S
E

T
I@

hom
e,2002:

�

400000
m

achines,average
26

T
F

lops

(search
for

extraterrestrialintelligence)

�

“P
eer-to-peer

com
puting”

(P
2P

)

com
p.equivalentto

P
2P

file
sharing

system
s

(N
apster,G

nutella,...)

�

highly
heterogeneous

and
dynam

ic

�

com
m

ercialaspects
versus

voluntary
cooperation

�

security
problem

(application
security

vs.hostsecurity)
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S
um

m
ary:P

arallelcom
puter

architecture
concepts

F
or

solving
large

problem
s

in
high-perform

ance
com

puting,w
e

need

parallelcom
puter

system
s

w
ith

thousands
to

m
illions

ofprocessors.

P
arallelcom

puter
architecture

classification:

�

controlorganization:S
IM

D
,M

IM
D

�

m
em

ory
organization:shared

m
em

ory,distributed
m

em
ory

�

interconnection
topology

P
arallelcom

puter
architecture

classes
considered:

�

S
IM

D
and

instruction-levelparallelism
:pipelining,V

LIW

�

M
IM

D
shared

m
em

ory
(S

M
P,C

C
-N

U
M

A
,m

ultithreading,C
M

P
)

�

M
IM

D
distributed

m
em

ory,m
essage

passing
(B

eow
ulfclusters)

�

M
IM

D
distributed,loosely

coupled
(com

putationalgrids,com
p.P

2P
)


