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Rationale Behind This Talk

A Track technology trends

AUnderstand fibest of br ece
A Project ahead

Aldentify dAtall pol eso

A Do so on yearly basis

I First as part of EXASCALE technology report
I Then as yearly updates under Sandia XGC project

T In future under DOE PSAAP C -SWARM Center
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Topics

A2004: Technology fPer
A Our Current Architecture Spectrum

A The Exascale Memory Energy Horror
Show

A TOP500 Lessons
A GRAPH500 Lessons

AHPCC Lessons
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The Technology Environment

AWe all believe death of Moor
AAnd A TOP50a®Ds c o murabatedifer @0 years

A But the world already changed in 2004

A Problem: Power Wall Limits Clock

A Problem: Loss of Memory Density

A Problem: Loss of off Chip Bandwidth

A Result: Have entered era of very massive
parallelism
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We All Know The Story:
Unbroken Growth in TOP500 Rmax
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Compound Annual Growth Rate: CAGF
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But When We Look Deeper

Something
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Big Happened in 2004!

2004

Rmax Growth Continue!
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Flops/cycle increased
even faster

Total Cores increased

A A ‘ even faster
v 'l" \1,,“ Cores/socket increased
M-P% e/ Yo Memory/core went flat

N

2N

Clock rates went flat

01/01/96

01/01/00

=== Rmax (Gflop/s)
==fe== Ave Cycles/sec per core (Mhz)
=== Ave. Cores/Socket
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The 2004 nPerfect :
2004 J020

Today
az22NBQa [ | ¢ YandfliMdingicidalay GoatiNue &olecte&se

1970s

Single core microprocessors: The rise of multcore:
A more capable & faster A More, simpler, cores patie
A power increase offset by lower A Slower clocks

voltages A Relatively constant offlie bandwidth
Memory: more memory/chip Memory:
A Due to densityncreases. bigger A Slow density increase

chips A Slow grow in ofinemory bandwidth
A Memorylatency improves slowly Interconnect:
Interconnect: tracks clock A Complex, power consuming wire
A Wire driven A Very complex fiber optics

A Operating Voltage stops decreasing
A Chip power exceeds inexpensi@oling
A No more performance gains from most complex cores
A Off-chip I/0O maxes out

A Economics of DRAM inhibits bigger chips
A Wire interconnect peaks
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Power : THE 1St Design Constraint

AMooreds Law: feature reduct.i
A Power in CMOS circuit: . CFV?2
~ C: average capacitance switchec

F: clock rate; Intrinsic peak scales as S
V: operating voltage: This is the problem!

- CF essentially flat for different Moore generations
But we can pack S? more circuits on same chip size
Thus power: S? V2

Before 2004, V declined, reducing increase in power

After 2004, V has flattened; power can run wila
And better cooling is too expensive

Only option: reduce clock E
=T RTING ?ﬁe
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Flattening Operating Voltage
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a Power
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The Clock Celling
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Memory Density Increasing, But
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DRAM Die Sizes Are Flattening or

Decreasing
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So Memory Density Growth/Die Is
Slowing
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Chip I/O Pitch is Flattening
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Signalling Rate (GTps)
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And Commodity Off
Rates At Best Slow Rise

- Chip Signaling

100
0.1
2000 2005 2010 2015 2020 2025
——@==DDR e DDR2 —i— DDR3
=f— DDR4 === CAGR of 17% == CAGR of 12%
- GDDR - = PCI-Express = <A= Hypertransport
- B= QPI —¢=— Differential
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Thus APer Unit -GhipB/Wc 0O
Decaying
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With Even Less B/W When We
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Todayos Heavywel ¢
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LightWeight Architectures
Starting with BlueGene L

2 Nodes per nComput e
AA low power compute chip

ASome memory chips

AiNot hing EIl seo

"i 1 A2 simple dual issue core:
| .i. AEach with dual FPUs

AMemory controller

System Architecture:
A Multiple Identical Boards/Rack
A Each board holds multiple Compute Card

A ANothing EIl sebd A3D message interface

¥ ACollective interface

' AAII at subGHz clock

g the Blue Gene/L supercomput e R&D,
ompute chip: Synthesis, timing, and,mé al

APackagin
ABl ue Genel/ L ¢
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BlueGene /Q

o et L T

<§( A&- Processor 199 %
P[P > > 4 91
aphp Socket 1142

Serdes

Integrated
A NIC
A Memory controllers

http://www.heise.de/newsticker/meldung/S€010IBM -zeigt-BlueGeneQ-mit-17-Kernen-1138226.html
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Other Lightweight Systems
Emerging

Dual LAN switch modules Up to 45 Moonshot server/blade/cards
(6 x 10GbE uplinks) /7 / / ,ﬁ
/

Redundant power and cooling , 4 e 4 /
SMBIOS 2.6.1 & PXE support P , / / I

HP Moonshot 1500 System -

Calxedaquad-socket, quadcore ARMs HP Moonshot
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Heterogeneous Architectures

Host | jquip| HOSt Conventional Computer
Processor | i...: | Memory

¢

Kernel Scheduler

GPU: Graphics
Processing Unit
L 2 ‘ | - ,
P Multithreaded

- Instruction
A 4 1 - - Unit

Streaming
Multi Processor
(SM)

\AAAAAA S~

[ L2&Memory Channel Interfaces | =~ <

Stream Processor
Stream Processor
[}

Stream Processor

~ Local
~ Memory

Memory é . Memory )
Chips Chips Graphics Memory

A Titan Blade
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Big Little  Architectures

A Heterogeneous multi -core with same ISA

AfiBiggero cor e
I Higher performance
I But less energy efficient

AfALittlero cor
Less performance
But more energy efficient (@) Fto-1 (b) 2to-1

'r
'r
A Ability to move program states from core to core

A Examples:
I ARM Cortex -Al15 and A7, A53 and A57
T Almost Intel Xeon and Xeon PHlI
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Topics

A2004: Technology fPer
A Our Current Architecture Spectrum

A The Exascale Memory Energy
Horror Show

A TOP500 Lessons
A GRAPH500 Lessons

AHPCC Lessons
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The Exascale Study Analysis:
67MW for 1EF/s = 67pj/ilo

Interconnect intra and extra Cabinet Links

0«

(a) Quilt Packaging B(Unf warnﬁticé
Most-of Memai

Leakage
28%

1
I

Reg File

o vhe T o nne e
11% BN ox ST o TP L
: i I E L1 ?? L1 :
. I : : ] : ]
Off-chip 131: ;s !
13% i i d E
‘ Cache Access E E
On-chip DRAM A 20% L& ___§
6% ccess 1 Group

1%
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The Access Path: Interconnect -

Driven

More

ROUTER

Routers

FFJ‘

Mel

notry
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Sample Path T Off Module Access

1. Check local L1 (miss)
2. Gothru TLB to remote L3 (miss)
3. Across chip to correct port (thru routing table RAM)
4.  Off-chip to router chip
5. 3times thru router and out
6. Across microprocessor chip to correct DRAM I/F
7.  Off-chip to get to correct DRAM chip
8. Cross DRAM chip to correct array block
9. Access DRAM Array
10. Return data to correct I/R
11. Off-chip to return data to microprocessor
12. Across chipto Routre Table
13. Across microprocessor to correct 1/0O port
14. Off-chip to correct router chip
15. 3times thru router and out
16. Across microprocessor to correct core
17. Savein L2, L1 as required
18. Into Register File
-] o=

L UNIVERSITY OE
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Taper Data from Exascale Report

Memory Level | Capacity | Bandwidth BW Taper FPower | Energy Taper
=H GB/s Crperands/clock | mW /Hop | Operands/pl
Hegister File 1KE 35,0960 4 =2 (.56
L1 e B 8,902 0.25 5.5 0065
L2 26KE 4,406 0,125 1.5 0,054
L3 9TME 2288 00625 1.8 0.025
Local DREAM 16GE 712 002 10,5 00029
Metwork DRAM [ 15PE 216 0006 11.5 00000
s
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Relook at Exascale Strawman
—

. Access Directory— Move to Port«—Chip-Chip (TSV)<«—Move to Por-Read 1W DRAM
—Read L1 (1W) O Write 4W to L1
l Miss Hit Move to Port—» — hru — —Thru
>— Move to L2/L3— +—>Read 4W— Move 4W to L1
Miss «~—Thru #— Rack-Rack«=——Thru +<— Rack-Rack

M tl Port—— A Direct Loc%lh_ Chip (TSV M to DRAM Block l

’ : : ) _BSeY

ove to Por ccess Directory>Chip-Chip ( ) ove to | oc . Moveto RF —»
Non-local Read 4W DRAM—*\love to Port—Chip-Chip (TSV) AND THI'S DOESNOT ACCOUNT |

Move to Port— —¥hru — —Thru

In 2015, core energy per flop
| . . .
l —Move to Port%—»Chip-Chip(TSV)—»Moveto DRAM Block for LlnpaCk IS < 10p\]

<—Thru #—— Rack-Rack«——Thru +—— Rack-Rack

Operation Ener J/bit Step Target | pJ |#Occurrances | Tothl pJ|% of Total
Register File Access 0.16 Read Alphas |Remote|13,819 4 55276 | 16.5%
SRAM Access 0.23 Read pivot row |[Remote[13,819 4 55276 | 16.5%
DRAM Access 1 Read 1st Y[i] | Local | 1,380 88 121 5OX 3%
On-chip movement 0.0187 Read Other Y[i]s| L1 39 264 10} %
Thru Silicon Vias (TSV) 0.011 Write Y's L1 39 352 13J900 [ 4.2%
Chip-to-Board 2 Flush Y's Local | 891 88 78%880 | 23.4%
Chip-to-optical 10 Total 334
Router on-chip 2 Awve per Flop 475
) -

If this I1s true, 1 EF/s = 0.5 GW'
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Access vs Reach

1.E+05

1.E+04
Tianhe-2

1.E+03 9000pJ

1.E+02 -

Curve Fit = 626TGB°-2

pJ to Access a Word

1.E+01

1.E+00

1.E-05 1.E-03 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07
Reachable GB
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And This Means You Can Reference
Memory Occasional |l ye

A 100 % L1 Hit, once every 6.5 Flops

A 80% L1 Hit and 100% L2/L3 Hit, once
every 18 Flops

A80% L1 Hit, 90% L2/L3 Hit, and all the
rest Is local, once every 35 Flops

A 80% L1 Hit, 90% L2/L3 Hit, 60% local,
and 40% Global, once every 118 Flops

= 7 b=
NSOV AION
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What Does This Tell Us?

A Cannot afford ANY memory references

A Many more energy sinks than you think

A Cost of Interconnect  Dominates

A Must design for on -board or stacked DRAM
A Need to redesign the entire access path:

I Alternative memory technologies I reduce access cost
I Alternative packaging costs i reduce bit movement cost
I Alternative transport protocols I reduce # bits moved

I Alternative execution models i reduce # of movements

AND IT GETS MUCH WORSE

FOR CACHE UNFRIENDLY PROBLEMS

UNIVERSITY OE
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The Key Take Away

YoUu can hi de
But

YouCan Ot thdHnetgy
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Emergence of Lightweight, Hybrid
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Sockets and Cores Growing
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TC: Flops per Cycle (Rmax)
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Flops/Cycle: This Drives
Programming Complexity
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Floating Point Efficiency
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Memory Growth Has Slowed
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And Memory per Flop/s Is Dropping!
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Ceiling on System Power
ANnper Socketo
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Energy per Flop is Dropping

1.E+07
X . am
1.E+06 ~~\\ —
~ [ 1]

2 NG . Technology alone
< 1E+05 k. L / 9y
o
IS
L

i it .

OneglmmeoL!g. ‘tweign @.5.. Trends vs 20pJ/Flop goal
= One-ti o A Heavyweight never
S 1.E+03 " i i .

o LE* ..\A Lightweight: close
=~ A Hybrid : Possible
1E+02 s o
ﬂ.
=2
1.E+01 ;
(o] (o] o < [e0] (q\V] O o <
(o] (o] o o o — — AN N
S ¢ § & §& & §& 8 &g
= Heavyweight - 8 = Heavyweight - Scaled e« Heavyweight - Constant
s Lightweight - o= Lightweight - Scaled ceen Lightweight-C«BrUt th IS IS Rpeak
A Heterogeneous == /== Hetergeneous - Scaled x  Historical

CMOS Projection - Hi Perf e == = CMOS Projection - Low Powes= sr== UHPC Goal

i UNIVERSITY OF
&) NOTRE DAME



But Energy Efficiency _imits Performance
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Conclusions

A TOP500 continues to grow at 2X/year
I With 80% efficiency

A But less and less relevance to real problems

A And need to program for 10s of millions of
flops/cycle

A With falling relative memory footprint
A New HPCG benchmark due out June
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Graph 500

A Start with a root, find reachable nodes

A Simplifications: only 1 kind of edge, no weights

A Performance metric:

TEPS : Traversed Edges/sec

Scale Size GB Edge(B)
26 Toy 17 272
29 Mini 140 280
32 Small 1024 256
36 Medium | 17408 272
39 Large | 143360 280
42 Huge | 1153434| 281.6

Average

L UNIVERSITY OE
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TEPS vs Time
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TEPS vs # Nodes
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TEPS per Node vs Time
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Combined Metric: TEPS*# Vertices
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TEPS per Node vs # Nodes
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Where Does Improvement Come
From? BlueGene Analysis
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TEPS/Node vs Node Count
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Conclusions

A GRAPH500 has two metrics: TEPS & problem size
I With problem size growing towards petabytes

A Algorithm: heavy on
I remote atomic accesses
I Alltoall comm patterns

A Near perfect weak scaling, but lose 100X in going
from shared memory to distributed

A Comparative BlueGene data: ¥z hardware, ¥
algorithm (driven by new architectural features)

A New benchmarks coming: search, shortest path,
max independent set
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Topics

A2004: Technology fPer
A Our Current Architecture Spectrum

A The Exascale Memory Energy Horror
Show

A TOP500 Lessons
A GRAPH500 Lessons

AHPCC Lessons
A 3D Stack Projections
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The HPCC Challenge Benchmarks

A Outgrowth of the DARPA HPCS program
A Focus on large -scale parallel MPI implementations
A 362 system measurements reported since 2003

A Benchmarks:
I HPL* :the LINPACK benchmark used in TOP500
I DGEMM : DP FP matrix -matrix multiply

I STREAM* : Sustainable memory B/W for 4 long vector ops
A TRIAD: a[ i]=Db[ i]+c[ i]*SCALAR

I PTRANS : Comm capabilities for parallel matrix transpose
I RandomAccess *:Integer random updates (GUPS)
i FFT* :DP FP

A *ed versions reported at HPC Challenge Awards at SC
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Performance/Process vs Time
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Performance/Process vs # Processes
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How Does HPL Relate to Streams?
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How Does HPL Relate to Interconnect?

Seems like weak correlation
between Network B/W & Flops

IPDPS Keynote May 21, 2014



