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* We propose a hew approach to scientific computing that
enables transformational changes for science

—Choose the science target first (climate in this case)
—Design systems for applications (rather than the reverse)

—Design hardware, software, scientific algorithms together
using hardware emulation (RAMP) and auto-tuning

—This is the right way to design efficient HPC systems!

Apply approach to broad range of Exascale-class
scientific applications
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Global Cloud System Resolving Models -
are a Transformational Change recee)

BERKELEY LaB
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Requirements for 1km Climate Computer 7 .

Must maintain 1000x faster than real
time for practical climate simulation

e ~2 million horizontal subdomains

* 100 Terabytes of Memory
—5MB memory per subdomain

* ~20 million total subdomains
—20 PF sustained (200PF peak)
—Nearest-neighbor communication

* New discretization for climate model
—CSU Icosahedral Code
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Low-Power Design Principles ey

rreeeee m
Uil STy * Cubic power improvement with
Intel Atom lower clock rate due to V3F

| *+ Slower clock rates enable use
of simpler cores

* Simpler cores use less area
(lower leakage) and reduce

cost D

* Tailor design to application to
REDUCE WASTE

This is how iPhones and MP3 players are designed to maximize battery life
and minimize cost
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Low-Power Design Principles ’\l A

BERKELEY LaB

* Power5 (server)
— 120W@1900MHz
— Baseline

1 * Intel Core2 sc (laptop) :

— 15W@1000MHz

— 4x more FLOPs/watt than
| baseline

d  Intel Atom (handhelds)

— 0.625W@800MHz

— 80x more

Tensilica XTensa

Intel Atom

* Tensilica XTensa (Moto Razor) :
— 0.099W@600MHz
— 400x more (80x-120x sustained)
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Embedded Desigh Automation /\I

A
(Example from Existing Tensilica Design Flow) GLLLAA L |"'
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Application-
optimized processor
implementation

(RTL/Verilog)

@ II—) Base CPU | OCD
: Apps .
O atians| Cache [Timer

— Extended Registers | FPU

) Processor
Processor configuration Generator N
1. Select from menu (Tensilica) — Build with any
2. A_utomatic instruction _ Tailored SW Tools: process in any fab
discovery (XPRES Compiler) Compiler, debugger,
3. Explicit instruction simulators, Linux,
description (TIE) other OS Ports

(Automatically
generated together
with the Core)
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Advanced Hardware Simulation (RAMP) -
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Enabling Hardware/Software/Science Co-Design

e Research Accelerator for Multi-Processors
(RAMP)

— Simulate hardware before it is built!

— Break slow feedback loop for system designs
— Enables tightly coupled hardware/software/science 5
co-design (not possible using conventional approach)




Problem: want to compare best

Auto-tuning
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Autotuning Results for Buoyancy Loop, 16KB and 32KB Cache

A
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32K Cache -

potential performance of diverse (o cantSoRRE -
architectures, avoiding I e
— Non-portable code P 5 % % g’%?
— Labor-intensive user Pl &%% x%% 5 of *’gx% = ﬁ
. . . P 3 o e s L b, 5wk 5 s
optimizations for each specific I e 5 G ";‘%1
architecture ’ « 1 % R
* Our Solution: Auto-tuning T T e
AVDQdEan 0 $sByess
— Automate search across a mo — B
complex optimization space w0 1 N | S e
. 40 0 NUVA
— Achieve performance far oo | = oo
beyond current compilers 0o - T Ex
— achieve performance =l j '
agm - a0
portability for diverse e =
architectures! 2o |
oo |
a 2 a4 i 2 a4 8
#H#Caxes(SP) #Cxes (P
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Traditional New Architecture
Hardware/Software Design

m‘

How long does it Desigh New System

take for a full (2 year concept phase)
scale application

to influence
architectures?

Build
Hardware
(2 years)

& | Cycde Time
4-6+ years

Tune
Software
(2 years)

pofr EEEEE

Port Application
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Proposed New Architecture

A\
n

Hardware/Software Co-Design

How long does it
take for a full Synthesize SoC (hours)
scale application
to influence
architectures?

= Cycle Time Emlélate
Autotune - —F ardware
Software | - 1-2 days (RAMP)
(Hours) (hours)

Build application
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Climate System Desigh Concept ‘\l
Strawman Design Stud -
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VLIW CPU:

* 128b load-store + 2 DP MUL/ADD + integer op/ DMA
per cycle:

* Synthesizable at 650MHz in commodity 65nm

* Imm?core, 1.8-2.8mm? with inst cache, data cache
data RAM, DMA interface, 0.25mW/MHz

* Double precision SIMD FP : 4 ops/cycle (2.7GFLOPSs)

* Vectorizing compiler, cycle-accurate simulator,
debugger GUI (Existing part of Tensilica Tool Set)

* 8 channel DMA for streaming from on/off chip DRAM

* Nearest neighbor 2D communications grid

=y
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32 boards O000000000000000
Qooaoon 0000000 G2 [ 3 I G [ I
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8 DRAM per
processor chip:

K 0 I I )

100 racks @ 32 chip + memory ~50 GB/s o]
~25KW clusters per board (2.7 _
TFLOPS @ 700W 32 processors per 65nm chip

83 GFLOPS @ 7W



Green Flash Strawman L,
System Design In 2008 /N

BERKELEY LaB

We examined three different approaches:

 AMD Opteron: Commodity approach, lower efficiency for
scientific applications offset by cost efficiencies of mass market

* BlueGene: Generic embedded processor core and customize
system-on-chip (SoC) services to improve power efficiency for
scientific applications

* Tensilica XTensa: Customized embedded CPU w/SoC provides
further power efficiency benefits but maintains programmability

~rocessor

AMD Opteron

BM BG/P

reen Flash /
ensilica XTensa
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Green Flash Hardware Demo B m
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* Demonstrated during SC ‘08 =mpaE ()
* Proof of concept e Semma et
—CSU atmospheric model ported ~—+—+—11

to Tensilica Architecture SNIIENTENTIENTR

—Single Tensilica processor
running atmospheric model at
50MHz

* Emulation performance e
advantage Tt

—Processor running at 50MHz
vs. Functional model at 100
kHz

—500x Speedup

* Actual code running - not
representative benchmark

_________________________________
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What Have We Learned?
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Peel Back the Historical Growth of
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Instruction Sets (accretion of cruft)

From Chris Rowen (Tensilica.lnc)

System Input/Output Memory
Interface  wires Systems
Coherent
MP Split Caches
Data Transaction
Streaming Tightly
Ports Block Coupled
Data Inst Memories
Slave DMA Bus Cache
Access Write-back
Bus
Bridges Data Cache
Cache
16b GP DSP Debug

Superscalar Gen 2

Interrupts  Timers

24b Audio Memory
Protection
Image
multimedia
Gen 3 yvu
Secure
Gen 4 Rings
Computatlon . Processor
Instruction Control
Set

Time per variant: years

s L. AWRENCE BERKE4

System

NATI

Interface

Input/Output
Wires

MP Split

Transaction
Data
Streaming
Ports

Slave DMA
Access

Block
Data
Bus

Bus
Bridges

16b GP DSP

Special-

Purpose
DSP

Superscalar
24b Audio

Image
multimedia

Packet
processing

Encryption

Computation
Instruction

Set

Memory
Systems

Coherent
Caches

Tightly
Coupled
Inst Memories
Cache
Write-back
Data Cache

Cache

Base

Debug

Interrupts Timers

Memory
Protection

bl Secure

Rings

Processor
Control

Time per variant: days
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A Short List of x86 Opcodes that - ,\
Science Applications Don’t Need! “~ |"

BERKELEY LaB

nemmoTic opl opE opd opd | iext [p£|oF|pe|zc|c|proc] =t |m|z1 [|ce=tea £ modif £ £ walues| description, notes
E&A AL ar 270 11 1! L l----- a..|o..ssapc A3CII Adjust After Addition
AAD AL an D5|0a @..TEdpc AECII &djust &X Ezfore Divizion
AAM &r iy Da|oa _=zapc ASCII Adjus=t AX After Multiply
&&3 AL ax 2F .smapc A3CII Adjust AL After Subtraction
anc »/ms x5 1o T L _=mapec 2dd mwith Carrzy
&DC r/mi6/32/64 16/ 322/ 64 11 4 Lf....... c|o..szapc 2dd with Carry
AOC FL] =/ wE iz 3 I (N O I (N c|e..=zapec 244 with Carry
ADC r16/32,/64 /mlEf 22/ 64 1z = | (! | |------- c|o..=zapc 2dd with Carry
ADC BL inant F ] I I I R I R [ c|le..szapc &dd with Carzy
aDC ¥ inmlE/ 32 57 I I I I I c|o..=zape 2dd with Carry
&DC /mE imani &0 z Lf....... c|o..szapc 2dd with Carry
ADC rimi16 52/ 64 inmlE 22 a1 z L....... z|a. .=mape 2dd mwith Carrzy
ADC x/mE imand 33 Z Lf...-.... c|o..=zapc 2dd with Carry
ADC =/mlE/32/64 inant g2 z Lf....... c|e..szapc &dd with Carzy
ADD imE & 00 P L o. . =zapc add
&DD r/mi6/32/64 16/ 22/ 64 0l 4 L 0. .SEApC &dd
ADD rE o TE 0z r 5. =mapc add
&DT r16/32,/64 /mlEf 32/ 64 Lik] 4 0. .SEApC &dd
ADD AL irand 0 @..TEdpc &d4
ADD b4 inmlE/ 22 ns 0. .=Eapc add
&DD /mE inant &0 o L 2..TEARPC Add
ADD rimi6 52 64 inmlE/ 2E a1 0 L o. . =zapc add
&DD /mE imani 82 o L 0. .SEApC &dd
A0D r/mlE/32/64 o 52 1} L &..=zapc 2dd
ADDFD Jamm sman lEE ==ef |G6|0OF(5& (Fat 2dd FPacked Double-FF Values
ADDP3 . sman' mlZE szel OF(58 = (P2+ &dd Packed Zingl:-TF Valuss
ADDED amam. scrimy’ T & ==af |FZ|0F|55 |Pat 2dd Scalar Double-FF Valua=
&DD3B3 Jamm sman’ i & ssel |F2|0F(58 (P3+ &dd Bcalar Single-TF Values
ADDZUERD T, serimy’ Tl E ==a} |&E|0OF|DO T |Pa++ Packad Double-FF 2447 Bubtracet
ADDBUEF S Jamm sman' il & s=sel |FZ|0F(DO r(Pa++ Facked Bingle-FF 2dd/S3ubtracs
ADE AL an inand D5 @..TEdpc . -TEL.P. L I Bdju=t AX EBafore Diwvision
ALTER £ Pa+ |yl Altarnating branch prafix (ussd oenly with Jee instructisns)
AT AL an inand ks @..TEdpc . -TEL.P. L I Adju=t A Afver Mulwiply
2N /s 5 z0 T L o..=zmapc o, =m.pc ... P E c|Logical a¥D
&NT r/mi6/32/64 16/ 22/ 64 21 4 L 0. .SEApC o..ss.pc |..... a..fo...... c|Logical &ND
ANT v P 2z T 5. =mapc o mm_pe f.---. PR P z|Lagizal aND
ZHT ri6/32/64 /mlE/ 32/ 64 23 P o..=zmapc o .=m.pc fo---. N P c|Logical a¥D
AND AL irand Zd @..TEdpc e..m.ps ... TR - c|Legical AND
2N ] inanl6/ 2 25 o..=zmapc o .=m.pc  f.-... P E c|Logical awD
ND wfma i s0 4 L @..smapc PR P P c|Legical aND
ANT rimi6 52 64 inmlE/ 2E a1 4 L o. . =zapc o..=m.pc f.--.. a. fo. ... c|Logical aND
ANT r/ma ian 5z q L o..smapc o..sm.pc  |e--.. a. fe. ... c|Logical awn
ANT rimi16 52/ 64 imm& a3 aloz+ L o..=mape PR P z|Lagizal aND
ANTHFD Jamm sman' il & ssei |GE6|0OF(55 (Pat+ EBitwise Logical ANWD HOT of Packed Double-TF Walues
ANLNE 2 . sman' mlZE szel OF(55 = (P2+ Eitwise Leogical AMD MOT of Packed Single-TP Valuzs
ANDFD amam. scrim Tl ==ef |65|0F|53 |Pat Fitwixe Logical AND of Facked Double-TF Talues
ANLP3 Jamm sman 128 ssel OF(5% (P3+ Bitwise Logical AND of Packed Single-TP Walues
maaassssssssssssmn L AWRENCE BERKELEY NATIONAL LABORATORY



More Wasted Opcodes
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CUTESZPD amn. wran’ mlE
CUTPS2P I . wran’ mi
I, 5T 5D 25 T 32764 v i
CUTEDEZEE semm, s mE 4 e = =
CUTEIZED semm, o w3z Bl
T b = e ¥16,/ 32764 oimlE 264 FHCTE an aTi
B OUND 16/ 22 w16/ 2ELL16/ 22 |=Flags P At i Ry ea ¥16/32/64 =/ mlE/ 22/ 64
BSF ¥16/32/64 o/ ml6f 22/ 64 ] (EECEEEED | snand m3E v16/32/64 r/mlEf 22/ Ea FRCHT =iy STi
ESR r16/52/64 rimlEf 22/ 64 [cop| CHTEE2ET 32764 snand m3E =/ w8 (i FRCHT =t ET4
ESWAP r16/52/64 E Bl iz . a1 § il eaie oS TR FXRETOR =k Sri
BT fmlEf 22/ 64 16/ 22/ 64 [crp| coTTEDEF T [ oy’ mlZ G b o/ md renon) = =
BT =/miEf3E/5a s CF| CUTTES200  |smm s M1ZH :5”32*’“ ‘ii:;”sz”“ P o =
BTC eim 1B 52764 imms [P cveTTEEZP T [ semnand b
BTC E/mi6/32/64 £16/ 22/ 62 | corranzar  |=52/64 e w4 ThE T’“"‘lﬁmz e e =5
BTR E/mi6/32/64 16/ 22/ 62 e e e =/ md ?’““‘3 TATRACT =5
ETER rimi6/32/64 immé CHP o/ mlf/ 32/ 64 imm15/ 32 FYLEX S0 5T
ETZ emiB 52764  |clE/ 28762 ey o i = i i
ETS wimi6/32,64 ot [earp| CT E Ax imlEd 22/ 64 i FHERI7L =5 &
CALL rell&/ 22 [oum] FP'2 EDX Bax s, semmy’ ™12 & immd =3 2
CALL zel2g [crp] ERO RDE RAX »emn. sy w12 & inmnd HADDED xamam, smmy mlE &
caLL =/ml/ 32 s ERY AX i) i HADDPS o= senm 128
CaLL /mEa cvr|Daa ar mi ey p—
CALLT przlé: 16/ 28 CMF|TIAS an mlE TlE
CALLF ml6: 16,
CBW TS
CBW P
CUDE mx
CDQE mx
g Erx
Lo
LD
CLEFLUEH P
cL1
CLTE cRO
[
CMOVE ¥16/32
CMOVNAE ¥16/32
CHOVE 16752
CMOVEE *16/32
MR A ¥16 /32
CMOVL ¥16/32
CHOVNGE 16752
CMOVLE ¥16/32
CHOVNG ¥16 /32
CMOVHE ¥16/32
CHMOVAE ri6/52
cHoe ¥16/32
CMOVNEE ¥16 /32
Moy ¥16/32
CHMOUNL ri6/52
CMOVEE ¥16/32
CMOVNLE ¥16 /32
Mo ¥16/32
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Architectural Support for Pmodels /\l
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- , |
Make hardware easier to program!

TIE Queus used

tc:f&raddr{:ss ° Logical topology iS a full
Tensillica rrnmssc-r Tensillica 2F‘n::-::crss::lr c ro S S bar
Local / Local
som | === | « Each local store mapped to
RE | B global address space
Memary controller ° To initiate al DMA tranSfer

between Processors.

—Processors exchange starting
LS 1 | Local Store for uProc 1 addresses through TIE Queue
Interface

* Optimized for small transfers

—When ready, copy done
directly from LS to LS

—Copy will bypass cache
hierarchy

LS 2 Local Store for uProc 2

LS n | Local Store for uProc n

A

Global address space

eeaasssssssssmmm L AWRENCE BERKELEY NATIONAL LABORATORY B
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CMP Architecture - Physical View .2

BERKELEY LaB ‘

ér N[ \r \'r y *Concentrated
55 oG os o torus
ST R RN _
) -Direct connect
oo oo oo oo between 4
% 1 ~ D processors on a
i i e e tile
a\., = \L; \L ) —Packet switched
“ NG network connecting
tiles
: HITH ™S ¢ HIIH |
i Xitensa | - Xtensa i ° Between 64 and
g | | | fam{ 128 processors
i tensza _DE_/,-‘ \_DID_ tensa : per dle
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Memory: Perhaps we don’t need /\I

1 Byte/FLOP (Scripted Memory Movement) \|

BERKELEY LaB

* Trace analysis key to Memory footprint (KB)
memory requirements 2000
—Actually running the code 5% |
gives realistic values for 1400 |
memory footprint, temporal 2% -
reuse, DRAM bandwidth 800 -

requirements preal

200 -

* Memory footprint: unique 0 -
addresses accessed 2
size of local store needed

* Temporal reuse: maximum Bandwidth Requirements (MB/s)
number of addresses (Instructions/Cycle=1, 500 MHz)
which will be reused at any
time =» size of cache 600 -
heeded 0

* DRAM bandwidth ol

— (instruction throughput) X 100
(memory footprint)/ .

(instruction count) R T S A S TP N T B I S
Q7 Q" WO RV X XNV 0 WO W QT W WX
———— L AWRENCE BERKELEY N AT RA R LABEI&ATCI@



Discretization
128 vertical levels
s 20M horizontal

ar cores in
imimize memory

°* maximize co 0
to minimize surface-to-
volume ratio
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Silicon Photonics for Energy- -
.. = .
Efficient Communication N

BERKELEY LaB

Silicon Photonic

Ring Resonator (a) Off state (b) On state (a) Mesh 1(\l/){) Eoncentrated EI?) Concentrated
cs orus
° S| | icon photonics Performance/Joule Relative to Electronic Mesh

Applications

enables optics to be
Integrated with
conventional CMOS

B Electronic Conc Mesh
M Electronic Conc Torus
B Photonic Torus

H Hybrid Torus

B Photonic Conc Torus

B Hybrid Conc Torus

* Enables up to 27x
Improvement in
communication energy
efficiency! 0

Energy Efficiency (higher is Better)
N
o

CACTUS GTC MADBENCH PARATEC
LAWRENCE BERKELEY NATIONAL LABORATORY




Technology Continuity for S,
A Sustainable Hardware Ecosystem —/\{

Energy Efficient High
mt.‘? S Cloud Performance
Efficient

Embedded Computing (Exascal.e)
(Future Data Computing

Centers)

System Platform

Need building blocks for a compelling environment at
all scales

LAWRENCE BERKELEY NATIONAL LABORATORY
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Summary
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* We propose a hew approach to scientific computing that
enables transformational changes for science

—Choose the science target first (climate in this case)
—Design systems for applications (rather than the reverse)

—Design hardware, software, scientific algorithms together
using hardware emulation and auto-tuning

—This is the right way to design efficient HPC systems!

Apply approach to broad range of Exascale-class
scientific applications
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Our Approach
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* Identify target applications FIRST
—Demonstrate using Climate Application (Green Flash)

* Tallor system to requirements of target scientific
problem

—Use design principles from embedded computing

* Tightly couple hardware/softwarel/science development
—Simulate hardware before you build it (RAMP)
—Use applications as the test, not kernels (V&V)
—Automate software tuning process (AutoTuning)

meeesessssssssmmm L AWRENCE BERKELEY NATIONAL LABORATORY B



Processor Power and Performance —
Embedded Application-Specific Cores %

BERKELEY LaB

Courtesy of Chris Rowen, Tensilica Inc.

Application-Targeted Core

Performance

(ARM1136 @ 333MHz = 1.0)

erf40rmance
ARM1136 @ 333MHz = 1.0)

S

100

Power
(core mW) )

ARM1026EJ-S, Tensilica Diamond 570, T1050 and T1030, MIPS 20K, NECVR5000). MIPS M4K, MIPS 4Ke, MIPS 4Ks, MIPS 24K, ARM

968E-S, ARM 966E-S, ARM926EJ-S, ARM7TDMI-S scaled by ratio of Dhrystone MIPS within architecture family. All power figures from
vendor websites, 2/23/2006.
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