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A The HPC Energy Crisis
A Computer Architecture Speculations
A Algorithmic Power Estimates
A Network Power Consumption

A Power-aware Programming
A Quick Primer on Power Modeling

A This is not an ExascaletalklBut i t 6s f u
A All images used in this talk belong to the owner!

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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Some Ammunition for Politics
A US EPA Report to Congress on Server and Data Center
Energy Efficiency, Public Law 109-431

A Data centers consumed 61 billion kilowatt-hours (kWh) in
2006 (1.5% of total U.S. electricity consumption)

A Electricity cost of $4.5 billion (~15 power plants)
A Doubled from 2000-2006 eyseworkimes

Data Centers’ Power Use Less Than Was Expected

OOOOOOOOOOO

A Ko o mergpdrs(Jul. 2011) SAN RANCISCO — Dt il it Sty s s by s

A Only 56% increase through 2006-2011 though
A Attributed to virtualization and economic crisis in 2008
AWe l | , we 0 rexposential curvelo n  an

T. Hoefler: Energy-aware Software »Development for Massive-Scale Systems
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Development and Projection of Energy Costs
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A Exponential requirements times linear cost growth: L

Source: T. Hoefler: Software and Hardware Techniques for Power-Efficient HPC Networking

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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What 1 s this nEnergy Cr

A Expectation: double performance every 18 months
at roughly equal costs (including energy)

A Realization: Explicit parallelism at all levels
A Instruction (out-of-order execution comes to an end)
A Memory (implicit caching and HW prefetch end)
A Thread (simple tasking may not be efficient)

A Process (oversubscription overheads unaffordable?)

SMP MPP . hgMny go“re‘ e Many Thread

A Not only parallelism! A more parallelism!

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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System Power Breakdown Today (Longer Story)

Memory
9%

Network
33%

inefficient!

Source: Kogge et al. Exascale Computing Study

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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CPU Power Consumption Prediction (56%)
2500
2000 -
Huge Overheads! w Local
1500 - ~ .
/ = Off-Chip
1000 - m OnChip
mOp
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O _ | | ] | ——
Now Scaled Ideal Localized
A Overhead: Branch prediction, reg. renaming, spec.
executi on, | LP, decoding ( x38

Source: Bill Dally, 2011

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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Current Commodity Architectural Solutions

| @ Vector pipe Multi-threaded
— Many registers Shared units
Core™2 Quad m Pipelined mem. Parallel memory
| A | i) Low power Many core
» i . Cheap Specialized
c _  FujiTsu Very Low power
ommodity Very Cheap
Superscalar Server
0O |(1) Issue Superscalar Vector e
7 0052AA
E(I)Q\JN [feol’\]iver OO0 issue Low power : , ARM Cortex-A8
' VLIW/EPIC? ) S sl A e
Very cheap High perf. P02 Wir 7
Med. power Expensive “;
High perf. P
Expensive

T. Hoefler: Energy-aware Software\DeveIopment for Massive-Scale Systems
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Future Power-aware Architectures?

A Overheads are too large!
A Especially complex logic inside the CPU
A Too complex instruction decode (esp. x86)
A OOO moves data needlessly

A Architectures are simplified B&m
AE.g., Cell, SCC %@ﬁWZﬂW( )

A Small or no OO0 fetch and instruction window
A Emphasize vector operations

A Fix as much as possible during compile time
AVLIW/EPIC comeback?

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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(V)LIW/EPIC to the Rescue?

A (Very) Large Instruction Word ((V)LIW)

A No dynamic operation scheduling (i.e., Superscalar)

A Static scheduling, simple decode logic
A Explicit Parallel Instruction Computing (EPIC)

A Groups of operations (bundles)

A Stop bit indicates if bundle depends on previous bundles
A Complexity moved to compiler

A Very popular in low-power devices (AMD/ATI GPUSs)

A But non-deterministic memory/cache times make static
scheduling hard!

T. Hoefler: Energy-aware SoftwareDeveIopment for Massive-Scale Systems



BLUE WATERS A S I, GRS CONSORTION

SUSTAINED PETASCALE COMPUTING

Trends in Algorithms (Towards Co-Design)

A Most early HPC applications used regular grids
A Simple implementation and execution, structured
A However, often not efficient

ANeeds to compute all grid pomts at full preC|5|on

le,

A Adaptive Methods
A Less FLOPs, more science!
A Semi-structured

. ” 4“!111(!)
A Data-driven Methods i ﬂggiﬁzgffff‘

Al nf or mati cso é’?e%"
A Completely unstructured .

T. Hoefler: Energy-aware SoftwareDeveIopment for Massive-Scale Systems
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The Full Spectrum of Algorithms

for (int i=0; i<N, i++)
Cl[i] = A[i] + BJi]

for (int i=0; i<N, i++)
spawn(A[i] = B[i]+CJl]

mem

while(v = Q.pop()) {
for(int i=0, i<v.enum(), i++) {

u = v.edgesli]; // mark u
Q.push(u);
}

—~——

while(v = Q.pop()
for(int i=0, i<v.en
vec_load(u, v.e
vec_store(Q.e

while(spawn(Q.pop())) {
for(int i=0, i<v.enum(), i+=s) {

spawn(update(v.edges]i], Q)
}

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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General Architectural Observations

A Superscalar, RISC, wide OOO outside of power budget
AMaybe fAsmall/ simpleod versi
A VLIW/EPIC and Vector: very power-efficient

A Performs best for static applications (e.g., graphics)
A Problems with scheduling memory accesses

A Limited performance for irregular applications with
complex dependencies

A Multithreaded: versatile and efficient
A Simple logic, low overhead for thread state

A Good for irregular applications/complex dependencies
A Fast synchronization (full/lempty bits etc.)

T. Hoefler: Energy-aware SoftwareDeveIopment for Massive-Scale Systems
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Network
66%

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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Memory Power Consumption Prediction

A DRAM Architecture (today ~2 nJ / 64 bit)
Current RAS/CAS-based Desired Address-based

All pages active Few pages active

Many refresh cycles Read (refresh) only needed data
Small part of read data is used All read data is used

Small number of pins Large number of pins

A Cache is 80% throw-away A scratchpad memory!

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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Optimized DRAM System Power Consumption

Memory
2%

Network

79%

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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The Network 1 s the Com

A We must obey the network
A Everything is a (hierarchical) network! | Building Block

SuperNode
Blue Gene/Q packaging hierarchy ‘32 Compute Cards, (1024 cores)
3. Compute Card ptical Mod_;:)l:z‘;ss, LinkChips,
i SQ%BE"Q%?%%? '
Singie O - Drawer

1. Chip
d S (256 cores)

5% llllcc)) g;::;er 6. Rack 7. System S M P n Od e

8 PCle Gen2 slots e O 20PFIs (3 2 core S)

& -
i P7 Chip
= (8 cores)

T. Hoefler: Energy-aware Software‘bevelopment for Massive-Scale Systems
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Network Power Consumption
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Source: S. Borkar, Hot Interconnects 2011

T. Hoefler: Energy-aware Software\Development for Massive-Scale Systems
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A Quick Glance at Exascale
I N

Exaflop 20 MW Data Center
Petaflop 20 kW Rack/Cabinet

Teraflop 20 W Chip

ExaScale Computiog Stedy:
Techmlogy Challenges in
Achicying Essocule Systems

A 20 MW A 20 pJ/Flop s
A 20% leakage A 16 pJ/Flop i

»
uuuuuuuuuu
hhhhhhh

A 7nm prediction: 10 pJ/Flop S

A 6 pJ/Flop for data movement J =
AExpected to be 10x-100x more!

T. Hoefler: Energy-aware SoftwareDeveIopment for Massive-Scale Systems
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Programming a NnNNetwor Kk

A Surprise: Locality is important! % 600 - .
<

weel,
A Energy consumption grows 400 - cabinefs
with distance

AdHiIi ddeno dOpsnMP i
A Problem: locality not exposed

ARExpl i ci t.o di stri Igu%lwhatls
A User handles locality

A MPI supports process mapping x?
A Probably MPI+X in the future

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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So, Is it really about Flops? Of course not!

A But: Flops is the default algorithm measure

A Often set equal to algorithmic (time) complexity

A Numerous papers to reduce number of Flops

A Merriam Webster:fif | op: to fail com
A HPC is power-limited!

A Flops are cheap, data movement is expensive, right?
UJust | 1 ke using the DRAM &

use algori thmic techniqgues

A Need to consider I/O complexity instead of FP
A Good place to start reading: Hong&Kung: Red-Blue Pebble Game

T. Hoefler: Energy-aware SoftwareDeveIopment for Massive-Scale Systems
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How much Data Movement is Needed? MatMul?

A Matrix Multiplication: A=BC
ANXNmat ri %r e O®Nwrit€s N

A Textbook algorithm has no reuse
A Example memory hierarchy model:

Functionality Energy Performance Capacity (FP)

Source: Dally, 2011

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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/O Complexity and Power Complexity
A Trivial algorithm (no reuse, N>50Kk):

A E(N) = (2N3+ N2) * 1 nJ

A E(55k) = 332.75 kJ

A FP(55k) = 55.0003 * 50 pJ = 8.32 kJ

A Block algorithm (B=(N/C)2 CxC blocks fit in cache)
A DRAM ops: B(2N/C + C?) |

A Cache ops: B(2C3 + C?) 2391059
A E(N,C) = [DRAM ops]*1nJ+[Cache ops]*0.1nJ AR

A E(55k,35) = 10.78 kJ + 21.48 kJ = 32.26 kJ

A Can be improved with space-filling curves ;:i:;
A Lower bound for DRAM: 1.66 kJ S e

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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Energy- or Power-Optimal Blocking?

A Assuming single-level hierarchy (ignoring register)

DRAM dominated 300

(2N2/C3 + N2)*1 nJ
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Runtime -
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Optimal Runtime

A Non-obvious optimization, derive & repeat

T. Hoefler: Energy-aware Software\Development for Massive-Scale Systems
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Fast Fourier Transform

A N point transform (lower bounds!!)
A 5N log N FP operations
A Cache of size C + R registers

A 1/0 lower bound (Hong&Kung):
A E(N) = (N log N/log C)+(N log N/log R)*0.1+(N log N)*0.01 [nJ]
A FP(N) = 5N log N * 50 pJ
A E(100M) = 0.22 J (2.65 J w/o cache) | FP(100M) = 0.66 J
A E(100G) = 300 J (3.65 kJ w/o cache) | FP(100G) = 913 J

A Caches are well-dimensioned
A Hiding access costs, FP costs dominate (depending on constants)
A Can be easily adapted to remote communication

T. Hoefler: Energy-aware Software Development for Massive-Scale Systems
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Power Consumption of Traditional Networks

A Most networks draw constant power
A Full speed link protocol
A Some networks (will) have innovative features
AE.g.,1 nf i n idpnamiciti@atling
APotential probl enisHoedhet
A Other power-saving options
A Network power states (explicit throttling)
A Power-aware routing (source vs. distributed routing)
A Applicaton-s peci fic routing (f

Hoefler, Schneider, Lumsdaine: The Effect of Network Noise on Large-Scale Collective Communications

T. Hoefler: Energy-aware SoftwareDeveIopment for Massive-Scale Systems
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What about Large-Scale Topologies?

A Fiber optics are most efficient for off-node comm.
Ad di s t-imvariangé number of transceivers count
A Power consumption
A Number of links/lanes
A Maximum/average distance
A vs. performance?
A Bisection bandwidth (increases number of links)
A Link bandwidth (increases number of lanes)

T. Hoefler: Energy-aware Software\DeveIopment for Massive-Scale Systems
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Arimilli et al.: The PERCS High-Performance Interconnect
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