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Quiz

Moore's law states which of the

following roughly doubles
every 2 years?

1. Freguency

2. Performance

3. Transistors

4. Transistor Density
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transistors
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Historical Driving Forces

Increased Performance

via Increased Frequency SRS

100000
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1000 - Feature
Freguency. 3 Size
(hHl2) 100 - (um)

o in Main Memory 2300 Transistors 1B+ Transistors




The Challenges

[ Power Limitations ] [ Diminishing Voltage Scaling ]
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Energy Efficient Performance —
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High End

. NASA Columbia
e TS D MWatt

T el 60 TFlops goal
- 10,240 cpus - Itanium II

Computational
Efficiency

,066 Flops/Watt
467 Flops/Dollar

ASC Purple

6 MWatt
100 TFlops goal
12K+ cpus - Power5




The Classic Tradeoff

Higher :
Top Speed and Acceleration

INncreased
Range and Economy
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The Real Capabilities
Challenge

ARV
Vﬁlul mum,r,%’%
70 7,
] ', an %
140 . =
u'-e
| 180 = =



Reducing Power with Voltage
Scaling

« Power = Capacitance * Voltage? * Frequency
 Frequency ~ Voltage in region of interest
« Power ~ Voltage?®
« 109% reduction of voltage yields
— 109% reduction in frequency
— 30% reduction in power
— Less than 10% reduction in performance

Rule of Thumb

Voltage Frequency | Power |Performance

1906 1906 390 0.66%
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Dual Core example of
Voltage Scaling

Voltage Frequency |Power |Performance
1% 1% 3% 0.66%
cache | cache
Core Core Core
Voltage = 1 Voltage = -15%
Freq =1 Freq = -15%
Area =1 Area = 2
P Power =1 Power = 1
Zintel)
\— Perf =1 Perf = ~1.8
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Multiple cores deliver more
performance per watt

Povier Power = Y4

4 Performance = 1/2
3 | Performance

2 Small

; core 1

Many core is more
power efficient

Cache
Big core
C1 057
Cache
C3 C4

Power ~ area

Single thread

performance ~ area®*.5
13




Moore’'s Law will provide
transistors

Intel process technology capabilities

o e, | 2004 | 2006 | 2008 | 2010 | 2012 | 2014 | 2016 | 2018
Feature Size 90nm | 65nm | 45nm | 32nm | 22nm | 16nm | 11nm | 8nm
Integr_ation
e ) 4 S | 16 | 32 | B4 | 198 ) 956
Transistors)

Use transistors for
» Multiple cores

* On-core memory (caches)

* New features (*Ts)

Multiple cores and caches address power and

memory latency issues




~ TheDawnof
Energy-Efficient Performance
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Multi-Core Platforms Demand
Threaded Software

Biggest Performance Leap Since
Out-of-Order Execution

rformance at \ntroduction
l,nurma'.i.ud to 25MHz ABBDY)

Integer Pe

Single Threaded
& Multi Threaded
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The Importance of Threadingﬁ
» Do Nothing: Benefits Still Visible RS

— Operating systems ready for multi- processmg

- Background tasks benefit from more computer
resources N

e Parallelize: Unlock the Potential s, Wy
— Native threads
—Threaded libraries y -
— Compiler generated threads ’



SMP

CMP

fintal)

(ineet,

Multiple cores and Parallel
Programming

e No change in
fundamental
programming model

e Synchronization and
communication costs
greatly reduced

—Optimization
choices may be
different

—Makes it practical to
parallelize more
programs

19



Threading for Multi-Core

Architectural
Analysis

\

Introducing
Threads
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Threading for Multi-Core

Architectural
Analysis

Intel® VTune™
)Performance Analyzer

Introducing
i
m;a s Call Graph
— e Functional Structure
} e Execution Times

Periormance e Counts

Tuning
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% VTune{Th) Performance Environment - [Call Graph - [Call Graph Results - [HLZTIP] - Thu Mar 02 16:14:24 2006]] =S

ity1 [Call Graph) =k H Il X | o8




Threading for Multi-Core

int.
B4 Compiler |
T —

Arctitcctural “&= Intel® Compilers
nalysis B
Thread
i OpenMP Loop Construct
: o Creates one thread per core
Dehugging
! e Assigns iterations to threads
periormance
Tuning
/ii:;f) 23
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VTune(TM) Performance Environment - [Source View - [c:)... ponentMmportingVCIEXLoadManager.cpp]]

Views  Activity  Configure  Window Help

—l=]x]

= & B BE R(%k Hir ||| oF | |||activi (Call Graph) ~| P LRSS
4 B @
Source Call Site Time (841]4]
usz uElapsedTime = uCurrentTime - uStartTime:
sz i = 0:
—
// traverse each paldt] 553 plable[11++] = uFallnd;
for (i = 0; 1 < L : = .
HIEiaD 1,354 const U322 tid = IFEGetThreadID():
1,355 I3Z2 indx:
VT e Tﬁg = #praogma allel for schedule(runtime)
1,348 1 1,357 for ( indx = 0; indx < ii; ind=++ )
1,349
T5th 1,355 { 4
1,351 T332 uPalettelndex = pTable[indx]:
orkFeturntode) ; iPale 51
runtime) _
1,357 for [ indx = 0; indx < ii; indx++ )
1,358 {
1,359 U3z uPalettelndex = pTable[indx]:;
1,360 fielse
1,361 T332 uPalettelndex;
1,362 for (iPalettelteratorPeturncode = m pplecoderPalettes[i] -»First (guPalettelndex): IFZSUCCESS (iPalettelteratorPeturncodes):
1,363 fendif
1,364 // For each decoder in the component chain referenced by a palette entry,
1,365 /4 transfer [i.e. decode) that decoder's content to the scenegraph.
1,366 IFEDECLARELOCAL (IFEDecoderChaini, pecoderChain) ;
1,367 IFECHECEX (m ppDecoderPalettes[i] -»GetRegsourcePtr (uWPalettelndex, IID IFXDecodercChainX, (void**]&pDecoderChainX)): 8,469
1,368
1,369 U322 ulecoderCount = 0O;
1,370 plhecoderChain¥->GetbecoderCount X (ulecoderCount) ; 139
1,371
1,372 /4 for the next decoder palette entry.
1,373 I3Z 3;
1,374 for (j = 0; 3 < ubecoderCount; Jj++)
1,375 IFEZDECLARELOCAL ( IFEDecoder X, phecoder) ;
1,376 phecoderChainX->GechecoderX(j, phecoderX) ; 5,045
1,377 if (plecoderX)
1,378 i
1,379 /7 Perform idling sctivities.
1,380 #ifdef TLP_INPORT FRONT
1,381 if | tid == IFEGetThreadID(] | 148
1,382 fendif
1,383 ThurmpX () 2 531
1,384
1,385 IFXRESULT iResultTransfer = IFX_ OK;
1,386 plhecoderi->TransferX | iFesultTransfer) ; 157,575,790
1,387
1,388 BOOL bPartialTransfer = (IFZ W PARTIAL TRANSFER == iResultTransfer):
1,389
4 mEE i OTF & Aermder heao +romoaFoartvad a1l mfF te R lemlre andd Flae vrmad v remee bee e 1110l e



Threading for Multi-Core

Intel® Thread

Architectural

Analysis C h ec ke r
\ J

Introducing e ———

e Thread Safety Issues
e Data Races
Dehugyging
e Deadlocks

Periormance

Tuning
fimtal) 25



v% ¥Tune(TM) Performance Environment - [Thread Checker - Activity: 03:39 AM, 2006 Mar 01 (TC: sampleplayer.exe)]

EEiIe Edit Views Activity Configure indow Help

A & I=REERE= R A

g | ||| TC: sampleplayer exe (0F:50 PM, 2006 Feh 28] « | [

TN

[T ] Memory e st “cifumodiierchin.cpp” 1346 conficts with & prior memory wits ot "cifmodiferchaincpp 1380 foutput dependence] ———— [{]]

Location of the firzt thread that was executing at the time the conflict accured
Stack:

wzigned int)

iChain:: Invalidate(unsigned intunsigned int)
""cifsmodifierchain.cpp': 1434

[IF#Care.dll, 0=44449]

int CIF<MadifierD ataPacket::InvalidateD ataElement/unsigned int)
"cifemadifierdatapacket.cpp': 403

[IFsCore.dll, 0x45343]

int CIF<aAuthorCLO DR ezource: S etduthorb eshiclazs IFéuthorCLODMeszh )
""cifsauthorclodresounce. cpp':611

[IF<Core.dll, 0x231:0]

woid CIFauthorCLOD Decoder: Transfer=(int &)

"CIFAUthorCLODD ecoder.cpp': 199

[IFI mparting.dil, 0x20e8]

PProcessTransterddes@CIF:LoadM anager@@aAEXAMHEE_1433 par_loopl
"CIF+Loadi anager.cpp': 1462

[IF<mparting.dil, 0x1923a]

PProcessT ransferdider<@CIF-Loadh anager@@a A E-AAHEY_135E_ par_loopl
"CIF=Loadt anager.cpp': 1356

[IF<Importing. dil, 0x19520]

void CIF<Loadianager:ErecuteT ransker(vaid)

"CIF<Loadt anager.cpp'. 692

[IFxImporting.di, 0x18ebE] Ll

==-E R (R
Address Line |} | Source |“
1,370 /f Iterate -- follow all of the invalidation sequences
Ox442E2:1,371 while | IFE3UCCES3{ result ) && s _Invlepth > Jtarthepth |
1,372 i
Ox442EC:1,373 InvRecord® pCurlterdtate = s_pInvitate + =_InvDepth:
1,374
1,375 ff Get the current Inv Seq
1,378 IFXModifierDataPacketInternal® pDP =

Ox442F4:1,377

Ox44311:1,383

0x44316:1,385

0x44323:1,388

phataPacketState [pourlter3itate->NodIldx] .m_phataPacket;
IFEDidInvElement® pInwEl =
£ (pCurlterdtate->phEState->m pInvieq[pCurlterdtate->InvIdx])
plurIterState—>InwvIdx+4;

ff pop thisz iter state if we are processing the last entry
if{ pturlter3tate->InvIdx == plurlter3tate->plE3tate->m ulnvCount )
{

IFZInterlockedDecrement [ (U3iZ*) &3_InvDepth |;

Ff Get the Invalidation Target and Do The Invalidation
if{ pInvEl->uMIndex !'= APPENDED DATAPACKET_INDEX )
{
IFXDataPacket3tate® pTrgDP3tate =
LinTiaraParkarSraralnTrneFT oM Trdew1) -

¥

R _znthoomns 7] @ £t
Location of the second thread that was executing at the time the conflict occured iddress sl Q.J e — v
Stack: 0x44200i1,336 result = IFX E INWALID RANGE:

1,337

Ox4421C:1,3385 if | IFEXSUCCESS | result | )
1,339 {
1,340 /f Set the state for the Initial invalidation

""cifemadifierchain. cpp': 1494

[IF<Care.dll, 0x44449]

int CIF=ModifierD ataPacket: Invalidatel atak lement(unzigned int)
""cifsmodifierdatapacket. cpp': 403

[IF=Core.dll, 0245243]

int CIF<AutharCLODR ezaurce::S etiuthartd eshiclazs IF<AutharCLODMesh ¥
"cifwauthaorclodresource. cpp':610

[IFsCore.dll, 0x23160]

woid CIFauthorCLOD Decoder: Transfers(int &)

"CIF4uthorCLO DD ecoder.cpp': 199

[IF<Imparting.dil, 0x20=8]

PProcessTransferOrdet@CIFELoadt anager@i@asEXAAHEE_1433 par_loopl
"CIF+Loadi anager.cpp': 1462

[IF=Imparting.dll, 0x1923a]

PProcessT ransferdider<@CIF-Loadh anager@y@a A E-AAHEYY_135E_ par_loopl
"CIF=Load anager.cpp': 1356

[IFI mparting.dil, 0x19520]

void CIF<Loadianager:: EsecuteT ransfer(vaid)

"CIF+LoadiM anager.cpp':632

Ox34225:1,341

Ox44235:1,342

Ox44235:1,345
Ox 1 5
Ox34272:1,347

Ox3427D:1,356

MNvad4>99:1 =252

IFZAcquireMutex (| s_mInvitate |;
= _plnvitate[s_ InvDepth] .ModIdx = ulnModifierIndex;
5_plInvitace[s_InvDepth] .pDE3tate =

£ (phataPacket3tate[ulnModifierIndex] .

m phataElements[ulnDacaklementIndex] ) ;

IFXReleaselutex (| s_mInvitate ]!

A4 we never actually invalidate the proxy data packet
Ff all of the proxy data packet entries except for time
/4 should always be wvalid
if | IFXSUCCESS ([ result | && ulnModifierIndex '= 0 )
{ // invalidate this element
5_plInvitace[s_InvDepth] .plE3tate->3tvace = IFXDATAELEMENTSTATE_ INVALI

ifil =2 nTnvStarels Trnuhenthl . nhiFSrare—->d=2nertRit



Threading for Multi-Core

Architectural
Analysis

\j

Introtucing
Threads

\

Intel® Thread
Profiler

—

Find Contended Locks

e Most Overhead

e | argest Reduction in
Parallelism
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v% ¥Tune(TM) Performance Environment - [Thread Profiler - Activity: 03:33 PM, 2006 Mar 02 (TP: sampleplayer.exe)]

EEiIe Edit Views Activity Configure indow Help — | = &
SHER = e = R R 7Y & | || TP: sampleplayer exe [06: 20 PM. 2006 Feh 28] ~| = LRSS
Prafile Filter:|:| Grouping: 1] 5ource
% Ot E k[ el QRQ | @
&
o
0.05
0.05
0.04
8
s
o
o
E
" o3
D.m i i
0
T = 3 =2 =
= = =/ =/ =]
[&] [&] [&] [&) [a]
CP:1, AR
Executable 1




v% ¥Tune(TM) Performance Environment - [Thread Profiler - Activity: 03:33 PM, 2006 Mar 02 (TP: sampleplayer.exe)]

EEiIe Edit Views Activity Configure indow Help

A h &

@ Tranzition Source

Trangition Threads
Prev: Thread Unknown
Current: Threads 3.

G,

IFiec:eive Signal

4,

]

Mest: Threads 3,
5.

4,
1

=

Stack:

B BE D

4
T

Address

TN

| TP: sampleplayer eve [06:20 P, 2006 Feb 28] ~ | [B=

e 5

Source ~

SE1

Ox223E6

582

o83

OxZZ3EF

554

OxzZZ3F2

sS85

586

Se7

585

IFAquirebdutes
“ifsosthreads.cpp': 105

0x231350

L=

590

591

i
rpiuthorCLODMesh = m pluthorMesh;

IFZRETURN (rc) ;

wold* 5 _mIetluthorMesh = IFXAllocateMutex();
IFERESTULT CIFZiuthorCLODResource: :JetiuthorMesh (IFIAuthorCLODNeshY phuthorCLODMesh)
{

IFZEESULT rc = IFE OF:

depathowghmpu3dhzourcertyplatformiusin2 ireMut
La]} 5473
Ox23161 594 if (m_pluthorlesh '= piuthorCLoDMesh)
CIF<uthorCLODD ecoder.:~CIF<AuthorCLOD Decodsrvoid) = ¢
"CIF¥AutharCLOD Decoder.cpp': 257 DxZ316E 598 ClearMeshGroup () ;
Fath: ¢hg2dforcehdepotCw GRS MPL 3048 ourceSA T LA Compone: 597 }
woid * operator nesw(][unsigned int) =98
"IFCheck k' BE Oxz23179 539 if (pAuthorCLODMesh)
Fath % \Componentsdmpartings. . SKemeldnclude a0 {
Address: Oxlibguided . dil 0x2317D 601 piuthorCLODMesh-»AddRef () ;
Module: 3174 602 i
Fath: chg3dforcehdepot Cw G5 MPU DS ourceBuildyJ 3D 603
|
g‘ IE Transition S ource = E - E @ ):“33 ):‘S
& | Transition Threads | Address |[Line Source 4
“o | Prev: Thread Unknown Py
= | | Current: Threads 3,
o 5 Ox23183 604 IFZRELEASE (m_pluthorMesh)
b 4, 605 m_pluthorMesh = phuthorCLODMesh;
| E0E
gje”t: Threads 3, 607 m_bMeshGrouplirty = TRUE;
4' 505
1 OxZ2319C 605 if (m_pModifierDataPacket] {
ﬂ OxZ31E6 610 wm_pModifierDataPacket->Invalidatelataklement (m_uleshGrouplataklement Index) ;
Stack: 0xZ231C0 611 t pModifierDataPacket->InvalidateDataElement (m uBound3phereDatallement Index) ;
IFReleasebiuten 61z i
ifwosthreads.cpp' 113 513
gadforcehdepotiowgmpu3disourcentplatiormbuin AuthorMesh
615
" OxzZ31E0 616 IFEZRETUERN (re)
E OxZ31E3 517 }
"CIF<authorCLOD Decoder.cpp'™ 257 )
Path: ¢ hg2dforcetdepoth CwGSMPL 3045 ourceSA T LS Compone: 619 IFERESULT CIFZiuthorCLODResource: :GetiuthorMeshMap [ IFENeshMap **ppiuthorMeshMap)
woid ¥ operator nes[][unsigned int) Oxzz 200 620 {
"IF=Checks b' BE OxzzZ405 g21 IFZEESULT rc = IFE OF:
Path % AComponentsmpartings. . SKemeldnclude G2z
Address: Oxlibguide40.dll Oxzz407 623 if (ppiuthorMeshMap)
Module: 3174 G624 1
Path: c:hg3dforcehdepot Cw G Y MPU30YS ource BuildWJ 2D Oxz 240D 625 if (m pluthorMeshMap)




Momentum

Parallelization

)

II\
1§
3\
D
AN '

-’

Growing
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Software

Activision (Ravensoft)
Adobe

Algorithmics

Alias

Autodesk

Business Objects
Cakewalk
CodecPeople
Computer Associates
Corel (WordPerfect)
Cyberlink

Discreet

IBM

id Soeftware
Landmark
Macromedia
Mainconcept

Maxon

mental images
Microsoft (Office Suite)
Midway

MSC

Novell SUSE

Oracle

Pegasus

Other names and brands may be claimed as the property of others.

Pinnacle
Pixar (Renderman)
Paradigm
PTC

Red Hat

SAP

SAS

Siebel CRM
Signet

Skype

SLB
SnhapStream
Sonic (Roxio)
Sony
Steinberg
SunGard
Sybase
Symantec
Thomson
THQ

Ubisoft

UGS

Valve

Yahoo (Musicmatch)
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Multi-Core Trajectory
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Future Architecture
Many More Cores

Power delivery and management

: High bandwidth memory
Parallel extension of IA

— Homogeneous array of cores
— Fixed-function units

Reconfigurable cache

Scalable fabric

— Coarse- and fine-grained data-

and thread-level parallelism Cors] Cors Core |Cere Core
= GIObaI COherenCy hardware Core (Core Core (Core Core

o Core Core y Core
Partitioned array
. . . Core Core

— Application domains
— Isolated communication traffic

— Fault tolerance
Fixed-function units
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Parallel Software 2.0

e Ease of programming
— Programming language, compiler, tools
-lﬂmquﬁous - -
— Consumer/ 2ss Vs H Hf“ datz € '
— Hor Vs nuclear labs
EE ] Iega@y_aﬁbllcatle
 Explosion o er@

— 2X COKres evenRy 16 montas
50

alalo = PftWaRe

g Rellablll Y,
. User experlence P

8 Educatlon
— Mass vs elite
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magine what can be
Create what will be

arallel Software




