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Final Exam!

e Friday May 22 at 1:30PM in FRIEND 006
e Closed book
e One Front/Back 8.5x11
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What about Parallel Programming? —or-
What is Good About the Sequential Model?

< Sequential 1s easier
» People think about programs sequentially
» Simpler to write a sequential program

< Deterministic execution
» Reproducing errors for debugging
» Testing for correctness

< No concurrency bugs
» Deadlock, livelock, atomicity violations
» Locks are not composable

< Performance extraction

» Sequential programs are portable
Y Are parallel programs? Ask GPU developers ©

» Performance debugging of sequential programs straight-forward
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Compilers are the Answer? - Proebsting s Law
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Conclusion — Compilers not about performance!



Are We Doomed?

A Step Back in Time: Old Skool
Parallelization



Parallelizing Loops In Scientific Ap_p_lications

Corel Core?2

Independent 0T
Multithreading @

10
for (i=1; i<=N; i++) // C (IMT) 1 J

a[i] = a[i] + 1; // X @

Example: DOALL 5+
parallelization @

3T

Scientific Codes (FORTRAN-like)




What Information 1s Needed to Parallelize?

< Dependences within iterations are fine

< Identify the presence of cross-iteration data-

dependences

» Traditional analysis 1s inadequate for parallelization.
For instance, it does not distinguish between different
executions of the same statement 1n a loop.

< Array dependence analysis enables optimization
for parallelism in programs involving arrays.

» Determine pairs of iterations where there 1s a data

dependence

» Want to know all den

n

ences. not st ves/no

for (i=1; i<=N; i++) // C
al[i] = a[i] + 1; // X

for (i=1; i<=N; i++) // C
al[i] = a[i-1] + 1; // X




Affine/Linear Functions

+ f( i}, 1 1, 18 affine, if it can be expressed as a sum of a
constant, plus constant multiples of the variables. 1.e.

n
f=cot 2 e
i=1
< Array subscript expressions are usually affine functions
involving loop induction variables.

< Examples:

» a[1] affine

» a[i1t)-1] affine

» al 1% ] non-linear, not affine

» a| 2%1+1, 1% ] linear/non-linear, not affine

e DODlIncAr Gndexed subscrip) notaftine
-10 -



Array Dependence Analysis

for(1=1;1<10;1++) {
X[1] = X[1-1]
h

To find all the data dependences, we check if

1. X[i-1] and X]i] refer to the same location;

2.  different instances of X[1] refer to the same location.

»  For 1, we solve fori1and 1’ in
1<1<10,1<r<I10andi—-1=1

»  For 2, we solve foriand 1’ in
1<1<10,1<1°<10,1=1 andi#1 (between different dynamic accesses)

There 1s a dependence since there exist integer solutions to 1. e.g. (1=2, 1’=1),
(1=3,1’=2). 9 solutions exist.

There 1s no dependences among different instances of X[1] because 2 has no

b
- 11 -



Array Dependence Analysis - Summary

Array data dependence basically requires finding integer
solutions to a system (often refers to as dependence system)
consisting of equalities and inequalities.

Equalities are derived from array accesses.
Inequalities from the loop bounds.

It 1s an integer linear programming problem.
ILP 1s an NP-Complete problem.

Several Heuristics have been developed.
» Omega — U. Maryland

-12 -



Loop Parallelization Using Affine Analysis Is
Proven Technology

<+ DOALL Loop

» No loop carried dependences for a particular nest

» Loop interchange to move parallel loops to outer scopes
< Other forms of parallelization possible

» DOAcross, DOpipe
< Optimizing for the memory hierarchy

» Tiling, skewing, etc.
< Real compilers available — KAP, Portland Group, gcc
< For better information, see

» http://gcc.gnu.org/wiki/Graphite?
action=AttachFile&do=get&target=graphite lambda tuto

rial.pdf

-13 -



Back to the Present — Parallelizing C
and C++ Programs



Loop Level Parallelization

/7\‘,“'/' D /‘\r,“’\ """ — Loop Chunk
| ]

Bad news: limited number of parallel
loops in general purpose applications

—1.3x speedup for SpecINT2000 on 4 cores

- 15 -



DOALL Loop Coverage
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What’s the Problem?

1. Memory dependence analysis

for (1=0; 1<100; 1++) {

- Memory dependence profiling
and speculative parallelization

-17 -



_L. Coverage — Provable and Profiled

—
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What’s the Next Problem?

2. Data dependences

while (ptr = NULL) {

I = ptr->next;

m = sum + foo;

‘ Compiler transformations

-19 -



We Know How to Break Some of These
Dependences — Recall ILP Optimizations

Apply accumulator variable expansion!

i L :

| 1 i |

i | :

sum+=x , suml +=x | ' sum2 +=x |
' :

sum = suml + sum?2

-20 -



Data Dependences Inhibit Parallelization

< Accumulator, induction, and min/max expansion
only capture a small set of dependences
< 2 options
» 1) Break more dependences — New transformations

» 2) Parallelize in the presence of dependences — more
than DOALL parallelization

<« We will talk about both, but for now ignore this
i1ssue

221 -



Low Level Reality

What’ S the NeXt PrOblem? Core 1 Core 2 Core 3

M)
alloc,

3. C/C++ too restrictive

alloc, \
'mkm3

char *memory;

volid * alloc (int size);

Time

alloc,
volid * alloc(int size) { \ J\N, \
void * ptr = memory; alloc;
memory = memory + size;
return ptr;

}

allocg

-0



Low Level Reality

Core 1 Core 2 Core 3

M)
alloc,

char *memory;

void * alloc (int size);

alloc, \
'a"oc3

vold * alloc(int size) {
void * ptr = memory; {i;)

memory = memory t+ size;

L
return ptr; é
} kaIIoc4)\‘N
( )
alloc;
Loops cannot be parallelized even 1f

10N 1S 1 alloc
computation 1s independent 6

_23 .



Commutative Extension

< Interchangeable call sites

» Programmer doesn’t care about the order that a
particular function 1s called

» Multiple different orders are all defined as correct
» Impossible to express in C

< Prime example 1s memory allocation routine

» Programmer does not care which address is returned
on each call, just that the proper space 1s provided

< Enables compiler to break dependences that flow
from 1 invocation to next forcing sequential
behavior

-4 -



Low Level Reality

Core 1 Core 2 Core 3

)
alloc,
char *memory;
@Commutative
void * alloc(int size); alloc; |
( )
alloc,
volid * alloc (int size) {
void * ptr = memory;
memory = memory + size; 2
return ptr; =
alloc,
} Q J
( N
alloc,
allocg
—

_25.-



Low Level Reality

Core 1 Core 2 Core 3

aHoc1L

char *memory;

@Commutative
void * alloc (int size);

void * alloc(int size) {
void * ptr = memory;
memory = memory + size;
return ptr;

}

Time

Implementation dependences should
not cause serialization.

-26 -




What 1s the Next Problem?

<+ 4. C does not allow any prescribed non-
determinism

» Thus sequential semantics must be assumed even
though they not necessary

» Restricts parallelism (useless dependences)

< Non-deterministic branch = programmer does not
care about individual outcomes

» They attach a probability to control how statistically
often the branch should take

» Allow compiler to tradeoff ‘quality’ (e.g.,
compression rates) for performance

Y When to create a new dictionarx In a comEression scheme

_27 -



#define CUTOFF 100
diet = ereate_diet ()
gaung (Fclar = read(1))) {
whpiefiehpre==read(l))) {
profitalkpress (char, dict)
compress (char, dict)
if (!profitable) {
ifg{éprefigabiet (dict) ;
} dict=restart(dict);
} 1f (count == CUTOFF) {
finidhc8teesgactygict);
count=0;

j
)

}

count++;

}
finish dict (dict);

-28 -

Sequential Program

( N [ N [ N [ )

70
280 chars
chars

520
chars

Iprofit
~———— | 3000

Iprofit | chars

Iprofit
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Iprofit

Parallel Program
( N [/ N [/ N [/ )

80

100 100 || <hars || 100
chars chars | \ ) | chars

Iprofit

\. A J 20 \. J

cutoff cutoff cutoff cutoff




dict = create dict();
while ( (char = read(l))) {
profitable =

compress (char, dict)
@YBRANCH (probability=.01)
if (!profitable) {

dict = restart(dict);
}

}
finish dict (dict);

Compilers are best situated to make
the tradeoff between output quality
and performance

-29.

2-Core Parallel Program

4 N [ N [ N [ N
800 1200
1500 chars | | chars
chars
—
I
| | el
Iprof
1700 1300
1000 chars chars
chars
\_ J J \_ )

cutoff cutoff

cutoff cutoff

64-Core Parallel Program

4 N [ N [ \N [ N
80
100 100 || chars [ | 100
chars chars | \ ) | chars
Iprof
\_ J \_ ) 20 \_ )

cutoff cutoff cutoff cutoff

Reset every
2500 characters

Reset every
100 characters



Capturing Output/Performance Tradeoff: Y-
Branches in 164.gzip

Speedup vs. Single Threaded

dict =
while ( (char =

create dict();
read(1l))) A
profitable =
compress (char, dict)
@YBRANCH{prebability=.00001)
ifdi¢prsfreabder (dict) ;
} dict = restart(dict);
bl
finish dict (dict);
finish dict (dict);

4 8 16

I
1hJ

#define CUTOFF 100000

dict = create dict();

count = 0;

while ((char = read(1l))) {
profitable =

compress (char, dict)
1f (!profitable)
dict=restart (dict);

if (count == CUTOFF) {

dict=restart (dict);
count=0;

count++;

}
finish dict (dict);



256.bzip2

unsigned char *block;

int last written;
doReversibleTransform () {

compressStream(in, out) { ,

while (True) { l sortIt();

'\loadAndRLEsource (in) ; l I .

I \f 'last) break; \},

I d'{eversibleTransform();

I dMTFVal (out) ; SﬁtIt() {

sin alues (ou / .

|, | E!intf(...);
1 7
\'/

Parallelization techniques must look inside function calls to
expose operations that cause synchronization.

_31 -



197.parser

batch process () {
whmle (True) {
i?lntence = read() ;
' iﬁ‘ (!sentence) break;

| pa’se (sentence) ;

\
y N

int (sentence) ;

High-Level View:

Parsing a sentence is
independent of any other
sentence.

-32 -

char *memory;

vOoldesy xalloc (int size) {
oid~’§¢17= memory;

'memory = ory + size;

lrgfurn ptr;

NJ

Low-Level Reality:

Implementation dependences
iInside functions called by
parse lead to large
sequential regions.
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164.gzip 26 |x X X
175.vpr 1 X X X
176.gcc 18 | x X X X
181.mcf 0 X
186.crafty 9 |x X X X X
197.parser 3 X X
253.perlbmk 0 |x X X
254.gap 3 X X X
255.vortex 0 X X X
256.bzip2 0 |x X
300.twolf ] X X X

Modified only 60 LOC out of ~500,000 LOC



Performance Potential

32
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What About Non-Scientific Codes???

Scientific Codes (FORTRAN-like) General-purpose Codes (legacy C/C++)
for (i=1; i<=N; i++) // C while (ptr = ptr->next) // 1D
a[i] = a[i] + 1; // X ptr->val = ptr->val + 1; // X
Corel Core2 Corel Core2
Independent 0T Cyclic Multithreading o T
Multithreading @ @ (CMT)
(IMT) AT T P
Example: DOALL , | Example: DOACROSS , |
parallelization @ @ [Cytron, ICPP 86] \ @
3T E 3 3T E a
4 T g a 4 T a g
Tl To|®

-35-



Alternative Parallelization Approaches

while (ptr = ptr->next) // LD
ptr->val = ptr->val + 1; // X

Cyclic
Multithreading
(CMT)

Corel Core?2

(

/

@ @ \ e @ \ @ @
\ \
\ \
\ / \
\ 7 \
7
\ , \
v
’

A @
3
N
N
N
\‘

N
L
N~
N
N
N

Pipelined
Multithreading (PMT)

Example: DSWP
[PACT 2004]

-36 -
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Comparison: IMT, PMT, CMT
IMT PMT CMT

Corel Core?2 Corel Core?2 Corel Core?2

W N
| |
- | |
M\ M\ M
R4 \\\ R \\\ R4
//' ‘\ ,/' ‘\ //'
’ ’ ’
@/ M’ M’
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Comparison: IMT, PMT, CMT

0
Tele
4
1O

lat(comm) = 1: 1 iter/cycle

PMT

Corel Core?2

@

0000
6104

efey

1 iter/cycle

-38 -

CMT

Corel Core?2

1 iter/cycle



Comparison: IMT, PMT, CMT

IMT PMT
Corel Core 2 Corel Core 2
0T 0T
17T 17T
O
2T 2T
@ )
37 37T
olie S
4 T 4 T
@ ©
ST ST
FO[OENNTCIO
lat(comm) = 1: 1 iter/cycle 1 iter/cycle
lat(comm) = 2: 1 iter/cycle 1 iter/cycle

-39
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1/
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/

1 iter/cycle
0.5 iter/cycle



Comparison: IMT, PMT, CMT

Thread-local Recurrences = Fast Execution

/\

—

MT

Core 2

O-® OG-0 OC

T &
E
27T @
37 @
4" @
10|

CMT

Core 1

0]

T

)+

3t

4+

5T

\
AY
\
\
\
\
AY
\
\
/
4
/
4
/
4

4
/
/

| ()

Core 2

_/

v

Cross-thread Dependences = Wide Applicability

- 40 -



Our Objective: Automatic Extraction of

Pipeline Parallelism using DSWP

Speedup vs. Single Threaded

16 - :
14 197.parser ,
12 ]
10 |- :
8- d
6 |- |
u @
4 P
B o
2
®__——— 1 I I I I
1 2 4 bo3 16 32 64
Threads

Find
English
Sentences

Parse
Sentences
(95%)

Decoupled Software Pipelining il

PS-DSWP (Spec DOALL Middle Stage)



Decoupled Software Pipelining



[MICRO 2005]

Decoupled Software Pipelining (DSWP)

A: while (node)

B: ncost = doit (node) ;
C cost += ncost;

D node = node->next;

Dependence Thread 1 Thread 2

Graph

\ DAGscc A D

,’
— ()
\
N -
O -
i
\
N

register
control
—» intra-iteration

- - loop-carried
B communication queue

Inter-thread communication
latency is a one-time cost

-43 -



Implementing DSWP

OFG. Curt =MID =
i~ ,

SPAWN(Aux)

:
rl pl ,/
oyl Lo’
> = 7| \\
Sy A
b : CONSUME 1 =[1]
/ | ' B: r2=rl+4
| | C: 13=M[r2]
| ! D: r4d=1r3+1
3 : E: M[r2]=r4
|
,
/’ control
4

- — intra-iteration
- --%» loop-carried

-44 -



Optimization: Node Splitting

To Eliminate Cross Thread Control

ol
A\
1‘1\
\
()
I
AN

rliply

@ rl L.1

_45 -

A:

F:

G:

rl = M[rl]
PRODUCE [1] =1l
pl=rl!=(
PRODUCE|2] =pl
br pl, L1

monw

CONSUME r1 +=[1]
2=rl+4
13 = M[r2]
4=1r3+1
M[12] =14
CONSUME pl = [2]

y’: brpl, L2

control

— intra-iteration

- --%» loop-carried




Communication

(a)om

\
rl

Q‘
S

rl/ pl\ pl

[GIRO:

i \

!
!

i
i
|
I 1
|
|
I

\
I
I
I
I
I
| I
| |
I
I
I
I

r3/

®

rd
4 -

/

b

L1
rl
\
rl\rl |
P \
DI08
SO
\
rl pl pl v
GO}
/ /
N L2
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Optimization: Node Splitting To Reduce

A:

F:

QG:

rl = M[rl]

PRODUCE [1] =1l

pl=r1!=0
br pl, L1

CONSUME rl = [1]

2=rl+4
13 = M[r2]
4=13+1
M[r2] =14

c pl=r1!=0
t brpl, L2

control

— intra-iteration

- --%» loop-carried



Constraint: Strongly Connected Components

Consider: @ rl

\
rl\

SPAWN(Aux)

A: rl =M[rl]

B: 2=r1+4

C: 13=M[r2]
PRODUCE [1] =13
CONSUME 10\=[2]

F: pl=11!=0

G: brpl, LI

Solution: DAGg

=

@ ’ Eliminates pipelined/decoupled property

CONSUME 13 =[1]
D: 14=13+1
E: M[12]=14
PRODUCE [2] =10

_47 -

control

— intra-iteration

- --%» loop-carried



2 Extensions to the Basic Transformation

< Speculation
» Break statistically unlikely dependences
» Form better-balanced pipelines
< Parallel Stages
» Execute multiple copies of certain “large” stages

» Stages that contain inner loops perfect candidates

- 48 -



Why Speculation?

while (node)
ncost doit (node)
cost += ncost;
node node->next;

A:
B:
C:
D:

.
4

Dependence N DAGg

Graph

register
control
—» intra-iteration

- =% loop-carried
B communication queue

- 49 -
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Why Speculation?

ncost doit (node)
cost += ncost;
node node->next;

A:
B:
C:
D:

while(cost < T && node)

.
4

Dependence N DAGg
Graph !
- // I
L -
4
\ *
\\ - ”’
0”
Yo, ®
register e, %
Y, Y0, e
control . AR PRLIN
= a0 ¢
—> intra-iteration S—-7 Tase
_ Predictable
- =% loop-carried
Dependences

B communication queue

- 50 -
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Why Speculation?

while(cost < T && node)

cost += ncost;

A:

B: ncost = doit (node) ;
C

D

node = node->next;

Dependence
Graph

register \ .
\ o, ¢
control \ AL IR PN
ol :..0
—» intra-iteration p
_ Predictable
- =% loop-carried
Dependences

B communication queue

-51 -
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Execution Paradigm

O 1@

— —
e am omm e -— -

O

register
control
—» intra-iteration

- =% loop-carried
B communication queue

ot

Q
=}
L]
®
s

!

!

!

EHE{DDE

/
!
/

/
/
!

/
]
/

!
!
!

C/E/
alalef

Core 3

7’
7’

7’

7’ 7
’ 7’
4 4

7

N

\

Core 4

Misspeculation Recovery
Rerun Iteration 4

]

{2

/
/
/

/
]
!

o
oo
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Misspeculation



Understanding PMT Performance

Corel Core?2
0T

6‘@*@699
O E

Slowest thread: 1 cycle/iter
Iteration Rate: 1 iter/cycle

0 -

Corel Core?2

-53.-

Idle

2 cycle/iter
0.5 iter/cycle

Time

T« max(t,)

Rate ¢, is at least as large
as the longest dependence
recurrence.

NP-hard to find longest
recurrence.

Large loops make problem
difficult in practice.



Selecting Dependences To Speculate

A: while(cost < T && node)
B: ncost = doit (node) ;
C cost += ncost;

D node = node->next;

/
Dependence
Graph

I
\
<

Thread 1

Thread 2

— — L
_een mm mm e == =-—

Thread 3

register

control

. . . ARG ST a4
—» intra-iteration -

- - loop-carried
B communication queue

_54 -
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Detecting Misspeculation

Thread 2 Thread 1

Thread 3

Thread 4

Al': while (consume (4))

D : noda = node->next
prcduce ({0,1},node) ;

A?: while ((:onsume (5))

B : ncost = doit (node) ;
prccuce (2 ,ncost) ;

D?: noce = consume (0) ;

A3: while consume (6))

B3: ncc 1. = consume (2) ;

C : cos . += ncost;
prcduace (3,cost) ;

A : while cost < T && node)

B* cos . = consume (3) ;

C4: nod : = consume (1) ;

produce ({4,5,6},cost < T
&& node) ;

- 55 -
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Thread 2 Thread 1

Thread 3

Thread 4

Detecting Misspeculation

Al: whil2 (TRUE)
D : ncde = node->next
produce ({0,1},node) ;

A2: while (TRUE)

B : nccst = doit (node) ;
pi1¢duce (2,ncost) ;
D2 nocle = consume (0) ;

A3: whil¢ (TRUE)
B3: ncost = consume (2) ;
C : cc st += ncost;

p1 :duce (3,cost) ;

A : whil :(cost < T && node)
B4: cc 3t = consume (3) ;
c?: ncde = consume (1) ;
produce ({4,5,6},cost < T
&& node) ;

- 56 -
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Thread 2 Thread 1

Thread 3

Thread 4

Detecting Misspeculation

Al: while (TRUE)

D : node = node->next
produce ({0,1} ,node) ;

A2: while (TRUE)

B : ncost = doit(node);
produce (2 ,ncost) ;

D?: node = consume (0) ;

A3: while (TRUE)

B3: ncost = consume (2) ;

C : cost += ncost;
produce (3,cost) ;

A : while(cost < T && node)

B4: cost = consume (3) ;

c?: node = consume (1) ;

if(!'(cost < T && node))

FLAG MISSPEC() ;

-57 -
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Breaking False Memory Dependences

Oldest Version
Committed by
Recovery Thread
=1:\
Dependence S \\\ :0
Graph / /: \ R
\ o
1
| K |
! |
l
I
I
, Memory
false memory Version 3
register [
control -—
—» intra-iteration

- =% loop-carried
B communication queue
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Adding Parallel Stages to DSWP

0

_Corel

<&
<

&-O-0-0-0-0-0-0

Core2 Core3

-59.

while (ptr = ptr->next) // LD
ptr->val = ptr->val + 1; // X

LD =1 cycle
X =2 cycles

Comm. Latency = 2 cycles

Throughput

DSWP: 1/2 iteration/cycle
DOACROSS: 1/2 iteration/cycle
PS-DSWP: 1 iteration/cycle



Thread Partitioning

p = list;
sum =0;
A: while (p '= NULL) {
B: id=p->id;
E: g = p->inner_list;
C: if (Ivisited[id]) {
D: visited[id] = true;
F:
G:
H:
|:

while (foo(q)]

g = g->next;
if (g = NULL]
sum += p->value;

}

J: p=p->next;

) — register dependence ;@ /
... control dependence 4.
3 @ Reduction
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Thread Partitioning: DAGg

— rcgister dependence

----p= control dependence




Thread Partitioning

Merging Invariants

e No cycles

¢ No loop-carried
dependence inside a doall
node

—» register dependence
----- » control dependence

Q doall

sequential



Thread Partitionin

20 AJ

‘:' 1
1

|

|

!

I

|

A

| |

|

, =—> Treated as sequential

15 CD



Thread Partitionin

45 ABCDI

< Modified MTCG[Ottoni, MICRO’05] to generate
code from partition

-64 -



Discussion Point 1 — Speculation

<« How do you decide what dependences to speculate?

» Look solely at profile data?

» How do you ensure enough profile coverage?

» What about code structure?

» What if you are wrong? Undo speculation decisions at run-time?
<« How do you manage speculation in a pipeline?

» Traditional definition of a transaction 1s broken

» Transaction execution spread out across multiple cores

- 65 -



Discussion Point 2 — Pipeline Structure

< When 1s a pipeline a good/bad choice for parallelization?

< Is pipelining good or bad for cache performance?
» Is DOALL better/worse for cache?

< Can a pipeline be adjusted when the number of available
cores increases/decreases?

- 66 -



CFGs, PCs, and Cross-lteration Deps

67

1. M1 =10

1. M=r1+1
2. r2=MEMr1]
3. r2=r2+1
4. MEM[r1] =r2

5. Branchr1 <1000

No register live outs



Loop-Level Parallelization: DOALL

68

1.

r1 =10

M=rl+1
r2 = MEM[r1]
2=r2+1
MEMI[r1] = r2

Branch r1 < 1000

Mn=9 r1=10
M=r1+2 M=r1+2
r2 = MEM[r1] r2 = MEM[r1]
2=r2+1 2=r2+1
MEM[r1] = r2 MEM[r1] = r2

Branch r1 <999

Branch r1 <1000

No register live outs




Another Example

69

1. M1 =10

1. M=r1+1
2. r2=MEMr1]
3. r2=r2+1
4. MEM[r1] =r2

5. Branchr2==10

No register live outs



Another Example
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1.

r1 =10

M=rl+1
r2 = MEM[r1]
2=r2+1
MEMI[r1] = r2

Branch r2 == 10

Mn=9 r1=10
M=r1+2 M=r1+2
r2 = MEM[r1] r2 = MEM[r1]
2=r2+1 2=r2+1
MEM[r1] = r2 MEM[r1] = r2

Branch r2 == 10

Branch r2 == 10

No register live outs




Speculation

71

MN=9 r1=10
M=r1+2 M=r1+2
r2 = MEM[r1] r2 = MEM[r1]
2=r2+1 2=r2+1
MEM[r1] = r2 MEM[r1] = r2

Branch r2 == 10

Branch r2 == 10

No register live outs




Speculation, Commit, and Recovery

1.

rMN=9

M=r1+2
r2 = MEM[r1]
2=r2+1

Send{1} r2

Jump

72

No register live outs

1.

2.

r2 = Receive{1}

Branch r2 1= 10

MEMIr1] = r2

r2 = Receive{2}

Branch r2 1= 10

MEM[r1] = r2

Jump

1. =10

1. M=r1+2
2. r2=MEM|r1]
3. 1r2=r2+1

4. MEM[r1] =r2

5. Jump

1. Kill and Continue




Difficult Dependences

73

r1 = Head

5.

6.

r1 = MEM[r1]
Branch r1 ==
r2 = MEM[r1 + 4]
r3 = Work (r2)

Print (r3)

Jump

No register live outs



DOACROSS

74

r1 = Head

5.

6.

r1 = MEM[r1]
Branch r1 ==

r2 = MEM[r1 + 4]
r3 = Work (r2)
Print (r3)

Jump

No register live outs




PS-DSWP

75

r1 = Head

5.

6.

r1 = MEM[r1]
Branch r1 ==

r2 = MEM[r1 + 4]
r3 = Work (r2)
Print (r3)

Jump

No register live outs




Era of DIY:
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P66 SUPERSCALAR ARCHITECTURE (CIRCA 1994)

L2 Cache

S'Slem Bus (External)
‘ Cache Bus

Bus Interface Unit
_ﬁ

Instruction Fetch Unit | Instruction Cache (L1)

Next 1P

Instruction Decoder

Simple
Instuction
Decoder

Simple
Instuction
Decoder

Complex
Instuction

Decoder Microcode

Instruction
Sequencer

Automatic

Pipelining

SIMD FP Floating-
Unit Point Unit

Memory
Interface

Parallel Resources

Automatic
Speculation

Memory
Reorder
Buffer

Integer
Unit

Commit

Automatic
Allocation/Scheduling




MULTICORE ARCHITECTURE (CIRCA 2010)
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ACE
ACT+
Active messages

ADDAP
AFAPI
ATWAN
AM
AMDC

Amoeba
ARTS
Athapascan-Ub
Awora
Automap
bb_threads
Blaze

BSP
BlockComm
Cs

"C¢*mC
C*+

CalOsS

CC+—+

Charlotte

Cd
Gk
CM-Fortran

COOL

CORRELATE

CSP

CUMULVS
DAGGER
DAPPIE
Data Parallel C
DC+—
DCE+

DDD

DICE.

DIPC

DOLIB
DOME
DOSMOS.
DRL
DSM-Threads

Falcon
Filaments

The FORCE
Fork
Fortran-M
FX

GAMMA

GLU
GUARD

HPC++
JAVAR.
HORUS

IMPACT
ISIS.
JAVAR
JADE
JavaRMI
JjavaPG
JavaSpace

Joyce

KOANFortran-S
LAM

JADA
WWWinda
ISETL-Linda
ParLin

P4-Linda

Mentat
Legzon
Meta Chaos
Midway
Mallipede
CparPar
Mirage

MOSIX
Modula-P
Modula-2*
Multipol

MPI

MPC++
Munin
Nano-Threads

Pablo
PADE
PADRE

Parafrase?
Paralation
Parallel-C++
Parallaxas

ParLib++

Quick Threads

SCANDAL
SAM

pC+—
SCHEDULE
SaTL
POET
SDDA.
SHMEM
SIMPLE
Sma

SISAL.
dismbuted smalltalk
SML

SONC
Sphit-C.

SR

Sthreads
Strand.
SUIF.

Synergy
Telegrphos
SuperPascal
TCGMSG.
Threads h++
TreadMarks
TRAPPER
uC+
UNITY

UC

v

ViC*
Vizifold V-NUS
VPE

Win32 threads
WmPar
WWWinda
XENOOPS
XPC

Zounds

ZPL



Parallel Library Calls

(2]
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Realizable parallelism

Credit: Jack Dongarra




,II

“Compiler Advances Double Computing Power Every 18 Years!
— Proebsting’ s Law
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Spec-PS-DSWP

PO6 SUPERSCAILAR ARCHITECTURE
Corel Core2 Core3 Core4d

S'stem Bus (External) L2 Cache

Cache Bus

Bus Interface Unit

Next 1P

Memory
Branch Reorder

Instruction Decoder Target Buffer
Buffer

Simple Complex

Instuction Instuction Instuction
Decoder Decoder Decoder Microcode From
Instruction Integer

R S Sequencer_| " Uni

Register Alias Table

Retirement

Retirement Unit Register File
(Intel Arch

Registers)

Execution Unit

SIMD FP Floating- Integer Integer Memory
& Interface

Unit Point Unit
(FPU) (FPU) Unk Unk Unit

Internal Data-Results Buses




Example

while (node) {
node = node->next;
res = work (node) ;
write (res);

J

Program Dependence Graph

===%» Control Dependence
—p Data Dependence




Spec-DOALL

Example

while (node) {

node = node->next;

res = work (node) ;
write (res);

J

Program Dependence Graph

===%» Control Dependence
—p Data Dependence
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Spec-DOALL

Example

while (node) {
node = node->next;
res = work (node) ;
write (res);

J

Program Dependence Graph

===%» Control Dependence
—p Data Dependence




Spec-DOALL

Example
A: while (hode) {
node = node->next;
res = work (node) ;
write (res) ;

J

Program Dependence Graph

(PN A9Fparser

Number of Threads
LUIILI'VUL peperuerice

—” Data Dependence




Spec-DOACROSS Spec-DSWP

Throughput: 1 iter/cycle Throughput: 1 iter/cycle

Core 2 Core 3 Core 1 Core 2 Core 3
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Comparison: Spec-DOACROSS and Spec-DSWP

Comm.Latency = 1: 1 iter/cycle Comm.Latency = 1: 1 iter/cycle
Comm.Latency = 2: Comm. Latency 2:

Core 2 Core 3 Core 1 Core 2 Core 3

.
%

Pipeline
Fill time

99
N

Core 1
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Spec-DOACROSS vs. Spec-DSWP

[MICRO 2010]
Geomean of 11 benchmarks on the same cluster

—TLS
-#-Spec-PS-DSWP

o

o

N W W b
U

U

N
o

=
(92

X
—
Q.
=
©
()
(J]
Q.
(Vs]
()
(@)
c
©
£
| S
o
[ Pt
-
Q
Q.

=
o

\9\@\?‘\@\3’\@’0\“‘\@@%@@
VQ@‘ W cbqbgb“’\/‘q/rﬁb
X' X \Q’Q’Q’Q’

NG UARR RN
(Number of Total Cores, Number of Nodes)




Performance relative to Best Sequential
128 Cores in 32 Nodes with Intel Xeon Processors [MICRO 2010]
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Restoration of Trend
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,II

“Compiler Advances DoubilenContputing Power Every 18 Years!
— Progbsing’ s Law
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CFGs and PCs




Dependence Graphs and Parallelism
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