
Analytical Performance Modeling and 

Simulation for Blue Waters

Torsten Hoefler

With contributions from: Greg Bauer, Steven Gottlieb, William 

Gropp, William Kramer, Marc Snir, IBM, and the Blue Waters team

Keynote at the Workshop on Productivity and Performance (PROPER 2010)

August 30th Ischia Italy



Imagine é

Åé youôre planning to construct a multi-million 

Dollar Supercomputer é

Åé that consumes as much energy as a small 

[european] town é

Åé to solve computational problems at an 

international scale and advance science to the 

next level é 

Åé with ñhero-runsò of [insert verb here] scientific 

applications that cost $10k and more per run é
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é and all you have (now) is é

Åé then you better plan ahead! (same for Exascale)
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HPC is all about ñPerformanceò ïWhat is this?

ÅFLOP/s? 

ÅMerriam Webster ñflop: to fail completelyò

ÅHPCC: MB/s? GUPS? FFT-rate?

ÅItôs a multi-dimensional vector space 

ÅIdentify independent vectors

Ånetwork: bandwidth, latency, injection rate, é 

Åmemory and I/O: bandwidth, latency, random access rate, é

ÅCPU: latency (pipeline depth), # execution units, clock speed, é

ÅCategorize each vector for a particular machine

Åopen a ñfeasible regionò in the n-dimensional space
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Example: Memory Subsystem

Åeach application has particular coordinates
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ñinformaticsò 

applications regular mesh 

computations

highly irregular

mesh computations

ÅApplication A

ÅApplication B



Multi-dimensional Performance Metrics

ÅVery helpful for HW/SW co-design

ÅGood for comparison of applications

ÅGood for comparison of machines

ÅDesign application-optimized (specific) HW

ÅNot good for absolute estimates

ÅApp. A on machine A vs. app. B on machine B

ÅñAbsolute performanceò is very hard to define

ÅMost useful (universal) metric: ñtimeto solve problem Xò

ÅAlso most important as time is fundamentally limited
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What is Performance Modeling?

ÅUnderstand the resource usage of an application 

on a particular architecture

ÅWe  focus mostly on time as a resource

ÅGenerate analytic expressions to estimate runtime

ÅClosely related to ñPerformance Engineeringò 

ÅOften builds on empirical techniques

ÅAlso cutting into complexity theory

ÅMore pragmatic (asymptotes often insufficient)

ÅComplex (low-order terms cannot be dropped)
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Performance Modeling and Productivity?

ÅPredict resources and costs to solve a particular 

problem instance

ÅEvaluate effectiveness of a computing platform to 

solve a particular problem

ÅUnderstand bottlenecks, i.e., HW/SW Co-Design

ÅFind performance bugs and assess upper and 

lower bounds of code optimizations

ÅMakes programmers think about the structured 

performance profile of an application or platform
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Performance Modeling from 10.000 Feet

Platform or System Model 

(Hardware, Middleware)

Application Model

(Algorithm, Structure)

Performance Model
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Of course itôs more complex than that
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How to Derive a Platform Model

Platform or System Model 

(Hardware, Middleware)

Application Model

(Algorithm, Structure)

Performance Model
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Example: Blue Waters - Overview

Å>300.000 compute cores

ÅBased on POWER7

Å10 PF/s peak (not important, more later)

Å1 PF/s sustained

ÅDirect network with 1.1 TB/s per hub

ÅTotal approx. 10 PB/s

Å>1.2 PB main memory

Å>18 PB on-line disk storage

Å>500 PB near-line storage
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From Chip to Entire Integrated System
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POWER7 Chip (8 cores)

Å Base Technology

Å 45 nm, 576 mm2

Å 1.2 B transistors

Å Chip

Å 8 cores

Å 4 FMAs/cycle/core

Å 32 MB L3 (private/shared)

ÅDual DDR3 memory 

Å128 GiB/s peak bandwidth 

Å(1/2 byte/flop)

ÅClock range of 3.5 ï4 GHz
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Quad-chip MCM
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L3 Cache/On-Chip Communication

16

Å L1 32KB Instruction / core

Å L1 32KB Data / core

Å L2 = 256KB / core

Å L3 = 4MB eDRAM / core

Å Fast private and

shared region
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Å32 cores

Å 32 cores*8 F/core*4 GHz = 1 TF

Å4 threads per core (max)

Å 128 threads per package

Å4x32 MiB L3 cache

Å 512 GB/s RAM BW (0.5 B/F)

Å800 W (0.8 W/F)
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Adding a Network Interface (Hub)
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Å Connects QCM to PCI-e 

Å Two 16x and one 8x PCI-e slot

Å Connects 8 QCM's via low latency, 

high bandwidth, copper fabric.

Å Provides a message passing 

mechanism with very 

high bandwidth

Å Provides the lowest possible 

latency between 8 QCM's 
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Å 192 GB/s Host Connection

Å 336 GB/s to 7 other local nodes

Å 240 GB/s to local-remote nodes

Å 320 GB/s to remote nodes

Å 40 GB/s to general purpose I/O

Å cf. ñThe PERCS interconnectò @HotIô10 
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National Petascale Computing Facility
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Designing a Platform Model

ÅKey Platform parameters:

ÅMemory

ÅCPU and Caches

ÅNetwork

ÅI/O subsystem (e.g., disk)

ÅOS (e.g., noise)

ÅMiddleware Parameters (e.g., MPI)
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Determine a Memory Model

ÅMemory parameters

ÅLatency ïtime to access a single element (cf. L)

ÅAccess Rate ïper-element overhead (cf. g)

ÅBandwidth - linear access time (cf. G)

ÅNetgauge memory benchmark

ÅRandom pointer-chase to measure latency

ÅBulk random access to measure access rate (cf. GUPS)

ÅBulk linear access to measure bandwidth (cf. stream)

25Performance Modeling and Simulation on Blue Waters



Single Core Memory on the IBM 780 (P7 MR)

26

512 MB (8 Byte) random read: 143 MB/s, write: 320 MB/s, copy: 121 MB/s

latency: 132 ns

compiled with  gcc 4.3.4

Performance Modeling and Simulation on Blue Waters

cached uncached



Single Core Modeling Strategy

ÅModeling performance of modern CPUs is well 

understood but very complex

ÅUpper bounds are (among others) FLOP-rate and 

memory performance

ÅDetails are not too important as we mostly care 

about scalability

ÅSemi-empirical modeling: run application 

benchmarks to determine single-core models

ÅSimulation: simulate CPU performance (Mambo)

27Performance Modeling and Simulation on Blue Waters



Determining a Network Model

ÅThe network is most important

ÅBecomes dominant at scale

ÅWe cannot simply ñrunò benchmarks to determine a 

model as in the single-core case (too expensive)

ÅParameters:

ÅTopology (bisection bandwidth)

ÅCollective parameters (e.g., Alltoall bandwidth)

ÅPoint-to-point  parameters (e.g., LogGP)

Ålatency, CPU overhead, injection rate/gap, bandwidth

28Performance Modeling and Simulation on Blue Waters



ÅLL Topology

Å24 GB/s

Å7 links/Hub

ÅFully connected

Å8 Hubs

29Performance Modeling and Simulation on Blue Waters
Source: B. Arimilli et al. ñThe PERCS High-

Performance Interconnectò



ÅLR Topology

Å5 GB/s

Å24 links/Hub

ÅFully connected

Å4 Drawers

Å32 Hubs

30Performance Modeling and Simulation on Blue Waters
Source: B. Arimilli et al. ñThe PERCS High-

Performance Interconnectò
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ÅD Topology

Å10 GB/s

Å16 links/Hub

ÅFully 

connected

Å512 SNs

Å2048 Drawers

Å16384 Hubs

Performance Modeling and Simulation on Blue Waters
Source: B. Arimilli et al. ñThe PERCS High-

Performance Interconnectò



Routing

ÅDeterministic routing

ÅHits Borodin-Hopcroft bound (                  )

ÅBad worst-case performance

ÅIndirect (random) routing

ÅIncreases latency 

ÅEffectively halves (global) bandwidth

ÅWorst-case becomes very unlikely

32Performance Modeling and Simulation on Blue Waters



SN-SN Direct Routing

SuperNode A

Direct Routing

SuperNode B

L-Hops:  2

D-Hops: 1

Total: 3 hops

D3

LR12

LR21

Performance Modeling and Simulation on Blue Waters 33
Source: B. Arimilli et al. ñThe PERCS High-

Performance Interconnectò



SN-SN Indirect Routing

SuperNode A SuperNode B

SuperNode x

L-Hops:  3

D-Hops: 2

Total: 5 hops

D5

D12

LR21

LL7

LR30

Total paths = # SNs ï2

Performance Modeling and Simulation on Blue Waters 34
Source: B. Arimilli et al. ñThe PERCS High-

Performance Interconnectò



Example Model: BW Global Alltoall Bandwidth

ÅAssume all communications happen simultaneously

ÅDerive upper (expected) bound for direct routing

ÅSimple counting argument

ÅEach CN can be reached through series of LL, LR, D

ÅNot more than one D link or LL-LR, LR-LL, LL-LL, LR-LR

ÅDenote e(P) as number of nodes reachable through path P

Åe(LL) =7, e(LR)=24, e(D)=d (variable number of D-links)

Å# nodes reachable in two hops:

Åe(LL-D)=e(D-LL)=7d

Åe(LR-D)=e(D-LR) = 24d

35Performance Modeling and Simulation on Blue Waters
Source: B. Arimilli et al. ñThe PERCS High-

Performance Interconnectò



Example: Alltoall Bandwidth Continued é

Å# nodes reachable in three hops:

Åe(LL-D-LL) = 49d

Åe(LL-D-LR)=e(LR-D-LL) = 168d

Åe(LR-D-LR)=576d

ÅNumber of paths from each source: 31+1024d

ÅNow count the number of paths (i.e., congestion) through 

each LL, LR, D link c(L): (omitted uninteresting parts of summation)

Åc(LL) = 1+64d 

Åc(LR) = 1+64d

Åc(D) = 1024

36Performance Modeling and Simulation on Blue Waters
Source: B. Arimilli et al. ñThe PERCS High-
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Example: Alltoall Bandwidth Continued é

ÅEffective (expected) bandwidths for each link-type:

Åbandwidth = link bandwidth / congestion 

Åb(LL) = 24 GB/s / (1+64d)

Åb(LR) = 5 GB/s / (1+64d)

Åb(D) = 10 GB/s / 1024

ÅIf d<8, D is the bottleneck, otherwise LR

ÅBandwidth per PE: 5 GB/s / 1+64d * total # paths

Åd=9 (294912 cores): 80.13 GB/s

Åd=10 (327680 cores): 80.11 GB/s total ~ 0.8 PB/s J

ÅConnection to P7 chips: 4*24 GB/s = 96 GB/s  ~ 83% J

37Performance Modeling and Simulation on Blue Waters
Source: B. Arimilli et al. ñThe PERCS High-

Performance Interconnectò



Influence of the Routing Strategy

ÅIndirect routing would effectively half the bandwidth

ÅFirst route to intermediate supernodes 

ÅNot desirable for global Alltoall case

ÅOther patterns could benefit

ÅExample: bad pattern for direct routing:

Åall nodes in SN A send to all nodes in SN B

Åcongestion of 32, i.e., 312.5 MB/s

Å(optimal) indirect routing would improve to 5 GB/s

ÅDetailed routing strategy is still under discussion

ÅMay be influenced by outcome of application modeling

38Performance Modeling and Simulation on Blue Waters



Complete Network Models

ÅLogGP parameters can be measured (Netgauge)

ÅOr estimated based on documentation

ÅTraffic patterns need to be modeled or simulated

ÅPerformance depends on task-to-node mapping

ÅSignificant effort but only done once per machine

ÅNCSA is working on a detailed system model of 

Blue Waters

39Performance Modeling and Simulation on Blue Waters



How to Derive an Application Model

Platform or System Model 

(Hardware, Middleware)

Application Model

(Algorithm, Structure)

Performance Model

Performance Modeling and Simulation on Blue Waters 40



Application Models

ÅAre often much more complex than platform models

ÅSerial performance models:

ÅCPU + Cache requirements

ÅMemory requirements

ÅI/O requirements

ÅParallel performance models:

ÅAmdahlôs law (scaling)

ÅCommunication overhead

ÅCommunication/computation overlap

41Performance Modeling and Simulation on Blue Waters



Rough Application Classification

42

Static Adaptive Dynamic

fixed control-

and dataflow
fixed control-flow 

and variable dataflow

variable control-

and dataflow

e.g., structured

n-dimensional 

meshes/tori

e.g., MILC, WRF,

Abinit, Sweep3D

e.g., TDDFT/Octopus,

Enzo,  ACES III

e.g., AMR, N-body,

unstructured mesh

e.g., high-impact AMR,

graph computations

e.g., PBGL, BFS

easy to model é é hard to model 

Performance Modeling and Simulation on Blue Waters



A Strategy for Static Applications

ÅTwo of the three NSF Petascale benchmarks are static

ÅTurbulence & Quantum Chromodynamics

ÅApplication modeling in three simple steps:

1. Identify all performance-critical parameters

2. Identify code-blocks that share a performance signature

Å derive serial performance model for each

3. Determine application communication pattern

Å including communication sizes 

43Performance Modeling and Simulation on Blue Waters



An Application Modeling Example: MILC

ÅMIMD Lattice Computation

ÅGains deeper insights in 

fundamental laws of physics

ÅDetermine the predictions of 

lattice field theories (QCD & 

Beyond Standard Model)

ÅMajor NSF application

ÅChallenge:

ÅHigh accuracy (computationally intensive) required for 

comparison with results from experimental programs in 

high energy & nuclear physics
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MILC - Performance-critical Parameters

45

Name simple complex comment

P X Number of processes

nx, ny, nz, nt X Latticesize in x,y,z,t

warms, trajecs X Warmuprounds and trajectories

traj_between_meas X bǳƳōŜǊ ƻŦ άǎǘŜǇǎέ ƛƴ ŜŀŎƘ ǘǊŀƧŜŎǘƻǊȅ

beta, mass1, mass2, 
error_for_propagator

X Physical parametersςinfluence 
convergence of conjugate gradient

max_cg_iterations X LimitsCG iterations per step

ÅIf parameters are more complex (e.g., input files) then the 

user has to distill them into single values (domain specific)
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MILC ïCritical Blocks 

ÅIdentify sub-trees in

call-graph with same 

performance characteristic

ÅFive blocks in MILC

46

Name Function

LL load_longlinks

FL load_fatlinks

CG ks_congrad

GF imp_gauge_force

FF eo_fermion_force

Ignored 

insignificant 

sub-trees
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