Leap ahead”

I Multi-core:
'S lera-scale
ting Research

Jim Held
Intel Fellow & Director,
llera-scale Computing Research
Intel Corporation

.j-":f S intel)

http://techresearch.intel.com/articles/Tera-Scale/1421.htm



Agenda

* Tera-scale Computing
— Motivation
— Platform Vision
e Tera-scale Computing Research Agenda

» Teraflops Research Processor
— Key Ingredients
— Power Management
— Performance
— Programming
— Key Learnings
e Work Iin progress

e SumMmmary



Multi-core for
Energy-Efficient Performance

I Dual-Core
1.73x W Performance 1.73x
B Power

10]0)'%

Over-clocked Max Frequency Under-clocked
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Relative single-core frequency and Vcc
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Many Cores for Tera-scale
Performance

Optimized for speed Optimized for performance/watt

Pentium® processor era Today’s chips use cores Future: 10s-100s of

chips which balance single energy efficient, 1A

optimized for raw threaded and multi- cores optimized for
speed on single threads threaded performance multithreading
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Tera-scale Application Areas

= Personal Media Creation and Management -
: } . = Search for and edit photos and videos based on =" &
- w g W : . : p——l W ;e
- .}.,!f o image; no tagging F o X .ﬂ;‘g
*’_ - |  Easily create videos with animation P B e |
. .

' Entertainment
= Watch yourself star in a movie or game
= Hold and interact with objects in the virtual world

= Control with speech and gesture . f = |

= Immersive: 3D, interactive £ FE 4
Health R
= \/irtual health worker monitors and assists elders/patients living alone ~“*« o
= Real-time realistic 3D visualization of body systems — S
= Effects of changes in diet, exercise and disease on body http://vivp.med.umich.edu/Sur

gical-Simulation.jpg

Learning and Travel
= Surround yourself with sights and sounds of far-away places
= Practice new languages and customs

¥ _ Telepresence & Collaboration :
_ = As if you are in the same place with family and
A E friends—without the travel /
T = Appointments with doctors, teachers, leaders

Buell

= Develop and perform art with those far away intel)'

Source: Steven K. Feiner, Columbia
University



A Tera-scale Platform Vision

| Integrated |
Memory |
Controllers

High Bandwidth
Memory




Tera-scale Computing Research

App”C’dl'[iOﬂS — Identify, characterize & optimize

Programming — Empower the mainstream l

SY/SLEM SOIWENE = Scalable'senvices

Ve ory sligreireny — Fead the cormpuis el

On-Die Interconnect — High bandwidth, low latency

Cores - power efficient general & special function

intel)



Emerging Application Research

Cores — ldentify
Cache memory — Characterize
On-die fabric loads — Optimize

— Differentiate HW
— Disseminate

1/0, network, storage

decisions :
Platform firmware

Execution environments

Programming environments

Workloads

Parallelize

Marketin Prototype/Acquire Profile
Fe”OW g ID Key WOI’kloadS Convergence
Travelers input analysis Architectural Features
Source code, analysis,

Traces, etc
output

=
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Emerging Applications will demand
Tera-scale performance

Computer Vision Ray-Tracing
Computational Memory BW ' Computational ' Memory BW
(GFI®PS) 1 (GB/s) (GFLOPs) | LI@ (GB/s)
L 10000 060,
r\_"""--..'.’_
1000
100 : 100
e I

o) | | 10

I il 1

bo.l : 0.1

i
2 Webcam Video Surveillance 4 Camera Body Tracking Bar Scene, 1M pixel Beetle Scene 1M pixel
Physical Simulation Financial Analytics
T - AR Computational | Memory BW
bt 2 Lo ) i (GFLOPS) (GB/5)

10000) e 10000
1000 1000
100
10
1
0.1

i i ALM, 6 assets, ALM, 6 assets, " .--"_"":
CFD, 75x50x50, 10 fps CFD, 150x100x100, 30 fps BT 10 s, 1 s — n tel "
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| | | |

| | | |

Computer | _ | Phvsical = : |
Vi P ' Rendering | nysiea E (Flnanc_lal) ' Data Mini

ISIoN i i Simulation i Analytics i data Mining

| | | |

' ( ' N |

Body [ Face ]: Global |if cep || Face || Rigid E Portfolio || Option |!

Tracking J[Detection)! |||umination: Cloth ) | Body ) || Mgmt Pricing )|

| | |

Classification J Training

\ 4
Particle Filter/
Filtering transform

L'An ol

\
detection -

IPM
Fast Marching
Method

Collision

'

rMachine Cluster/|| Tiext
learning | |Classify) | Index

!

FIMI

Text
Monte Carlo Indexer

Krylov Iterative Solvers Direct Solver Basic Iterative Solver Non-Convex
(PCG) (Cholesky) (Jacobi, GS, SOR) Method
Basic matrix primitives Basic aeometry primitives
(dense/sparnse; structured/unstructuned) (partitioning structures, primitive tests) I

cintel.
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Application Acceleration:
HW Task Queues

@...

S o GTU
S — = —
- — —
e — = —
- & © tt 4
Task Queues Local Task Unit (LTU .
« scale effectively to many cores Prefetches and buff((ars tas)ks S;gr?jsl t-rlzgfzfskU;olf)l(GTU)
* deal with asymmetry > )
« supports task & loop parallelism Uses distributed task stealing
Loop Level Parallelism Task Level Parallelism

s deal s [deal

_ mmmm Carbon mmmm Carbon
—= Optimized Loop Software —— Optimized TaskQ Software

0 === -
Gauss Seidel Dense MMM Dense MVM Sparse MVM Scaled Vector Add Binomial Tree Game Physics Cholesky Backward Solve Forward Solve Canny Edge Detector

88% benefit optimized S/W 98% benefit over optimized S/W

[ ] | # ’
Carbon: Architectural Support for Fine-Grained Parallelism on Chip Multiprocessors. ( l n te
Sanjeev Kumar Christopher J. Hughes Anthony Nguyen, ISCA’'07, June 9-13, 2007, San Diego, California, USA.
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Programming Environment
Research

« Languages & programming abstractions

— Transactional Memory

— Data parallel operations

— Lightweight tasks

— Fine-grain synchronization
— Message passing

« Compilers
— Multi-language support
— Optimizations for Prog. Abst.
— Dynamic & static compilation
— Speculative multithreading

Parallel RMS workloads

Languages & abstractions

Tools
: : » Design
Libraries & Concurrency . Testg
HEINEWI IS front end « Deb
= Language-specific ebug
e RMS Single-core  © Tune
- Game engine compiler

Many-core runtime

MCA HW & scalable execution environment

e Many-core runtime scalability

— Efficient scalable support for
Programming Abstractions

(intel"



Ct Technology for Data Parallel
Operations

Element-wise operations Reductions

HEEEEEERR

EEEEEEEN I T T T T s
\* \i \+ \*

+ + + —+

CCE I S S
4- 4- 4- 4- 4- 4‘ 4‘ 4‘ T ¥
v v v v v v v v -t

: Arbitrary communication
Nested parallelism y

trees, graphs, sparse matrices, ... - - - - - - - -

[l 1T W] 11]
CCtTVEC<double> sparseMatrixVectorProduct(
CCtVEC<double> A, CCtVEC<int> rowindex,

CCtVEC<int> cols, CCtVEC<double> v)
{
CCtVEC expv = ctDistribute(v,cols);
CCtVEC product = A*expv;
return ctMultiReduceSum(product,rowindex);

t

Ghuloum, A, et al, “Future Proof Data Parallel Algorithms and Software on Intel Multi-core Architecture” ‘ II'ItEl

Intel Technology Journal, Volume 11, Issue 4, 2007
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Data parallel vector sum

VEC Bj;
Data parallel .

program x = Sum_OfF Elements(B);

Data parallel compiler Cr?(;np'lte_:n‘ﬂ”de?tf‘”ds
Automatic mapping & runtime and opumizes data

based on vector size parallel operations
and architecture / l \

11010001010000 : 1)
++E|+E|++E|+"' —
- \ /
(2 2020002020000 22| [22102000202000022
[2202000202000022]
Non-SIMD .
++++|E|+IE| +. .. (242024000404 0000% 2]
. M g [2]+[2]+[o]+[2]+[o]+[c] +. .. [2]
S . 2
SIMD =
Multi-core

[ Ct Manages Parallelism Without Exposing Thread?_ -
inte
u
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21.72mm

Teraflops Research Processor

12.64mMm

Y-

Technology

\ 4

65nm, 1 poly, 8 metal (Cu)

Transistors

100 Million (full-chip)
1.2 Million (tile)

Die Area

275mm? (full-chip)
3mm2 (tile)

C4 bumps #

8390

Le.

Goals:

e Deliver Tera-scale performance
— Single precision TFLOP at desktop power
— Frequency target 5GHz
— Bi-section B/W order of Terabits/s
— Link bandwidth in hundreds of GB/s

* Prototype two key technologies
— On-die interconnect fabric
— 3D stacked memory
* Develop a scalable design
methodology
— Tiled design approach
— Mesochronous clocking
— Power-aware capability

[} ¥
Vangal, S., et al., “An 80-Tile 1.28TFLOPS Network-on-Chip in 65 nm CMOS,” l n te|)

in Proceedings of ISSCC 2007(IEEE International Solid-State Circuits Conference), Feb. 12, 2007.

15
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Key Ingredients

4 11 Mesochronous )
Interface
[ |MSINT| (% J’
_,iyz Crosshar| Z| b—>
+— 2| Router = <—} 40 GB/s
39
IMSINTI
1‘ 2KB Data memory (DMEM)
s
w
0  A— T
> 5
5 . -
e
()
e :
*J‘; 321 :
k= 0 :
U¥3 Normalize Normalize :
™ —_ —l:
e EEMACO 7 %L FEMACL...
T| Ie Processing Engine (PE)

Special Purpose Cores
— High performance Dual FPMACs

2D Mesh Interconnect

— High bandwidth low latency
router

— Phase-tolerant tile to tile
communication

Mesochronous Clocking
— Modular & scalable
— Lower power

Workload-aware Power
Management

— Sleep instructions and Packets
— Chip voltage & freq. control



Fine Grain Power Management

21 sleep regions per tile (not all shown)

JOTE RSO E m s e RS e wm e P g

Data Memory FP
Sleeping: . Engine 1
57% less power ]
Nl == T Sleeping:
| Instruction 90% less
: . Memory power
Dynamic sleep Steeping=-
56% less power h‘
STANDBY: ot | .. 1-.-*:'_:]15 F_P
« Memory retains data & Engine 2
* 50% less powerftile Rou’_cer_ |
FULL SLEEP: OS|‘Isepln9- Sleeping:
sMemories fully off 10% less power 90% less
(stays on to power

*80% less powerltile pass traffic)

Scalable power to match workload demands

intel)



Frequency (GHz)
(@) - N w EAN o1 o

Power Performance Results

Average Power Efficiency

Peak Performance

1 80°C (1.63 TFLOP
i 5.1GHz %
(1.81 TFLOP)
(1 TFLOP) 5.67GHz
3.16GHz
10.32 TFLOP)
_16[12
N=80

06 07 08 09 1
Vee (V)

Measured Power

11 12 13 14

250
225 -
200 -

7~ b

; 175

~150 -

1 80°C, N=80
[] Active Power
B Leakage Power 152
1TFLOP @ 97W
78 +
{15.6 e

Stencil:

:—ﬂ-——r—ﬂ-—-r—ﬂ—-ﬂ—-—v—!—v—!ﬂ—!—r!ﬂ-!—v—!—v—!ﬂ—!—
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o+ .
200 400 600 800 1000 1200 1400
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|
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(Il'lte
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Single Precision TFLOPS @ 4.27 GHz

Programming Results

Application Kernel Implementation
Efficiency

Actual

m Theoretical

1.4

12

Peak = 1.37

0.8 -
0.6
0.4 ]

0.2

Stencil

SGEMM

Spread 2D FFT
Sheet

* Not designed as a general
Software Development Vehicle

— Small memory
— ISA limitations
— Limited data ports

e Four kernels hand-coded to

explore delivered performance:

— Stencil 2D heat diffusion
eguation

— SGEMM for 100x100 matrices

— Spreadsheet doing weighted
sums

— 64 point 2D FFT (w 64 tiles)

» Demonstrated utility and high
scalability of message passing
programming models on many
core

19



Key Learnings

Teraflop performance iIs possible within a mainstream
power envelope

— Peak of 1.01 Teraflops at 62 watts
— Measured peak power efficiency of 19.4 GFLOPS/Watt

Tile-based methodology fulfilled its promise
— Design possible with 42 the team in Y2 the time
— Pre & Post-Si debug reduced — fully functional on AO

Fine-grained power management pays off
— Hierarchical clock gating and sleep transistor techniques
— Up to 3X measured reduction in standby leakage power
— Scalable low-power mesochronous clocking

Excellent SW performance possible in this message-based
architecture

— Further improvements possible with additional instructions, larger
memory, wider data ports

20



Work Iin Progress:
Stacked Memory Prototype

256 KB SRAM per core I
4X C4 bump density 5
3200 thru-silicon vias

“Polaris”

anéoa

A

- W >

? & ©

- % ﬁ -1.
Y
.
\u, “\
AR s
ot | FWD 200
5,104 20063107 dnave

[ S8 B R < Denserthan

C4 pitch
“Freya”
—_— = C4 pitch
Package Tl
— — — - e
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Summary

* Emerging applications will demand teraflop
performance

* Teraflop performance is possible within a
mainstream power envelope

* Intel Is developing technologies to enable
Tera-scale computing



Questions?

23
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