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1946 — The Monte Carlo method.

1947 — Simplex Method for Linear Programming.

1950 — Krylov Subspace Iteration Method.

1951 — The Decompositional Approach to Matrix Computations.
1957 — The Fortran Compiler.

1959 — QR Algorithm for Computing Eigenvalues.

1962 — Quicksort Algorithms for Sorting.

1965 — Fast Fourier Transform.

1977 — Integer Relation Detection.

1987 — Fast Multlpole Method Dongarra& Sullivan, IEEE Comput. Sci. Eng.,
Vol. 2(1):22-- 23 ( 2000)
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14 Gordon Bell awards for N-body



Gordon Bell awards for N-body

» Performance 1992 — Warren & Salmon, 5 Gflop/s
® Price/performance 1997 — Warren et al., 18 Gflop/s / $1 M

® Price/performance 2009 — Hamada et al., 124 Mflop/s / $1

» Performance 2010 — Rahimian et al., 0.7 Pflop/s on Jaguar

Petascale airect numerical simulation of blood tow,
on 200K cores and heterogeneous architectures i

Abtin Rahimian®, Ilya Lashuk®, Shravan K. Veerapaneni’, Aparma Chandramowlishwaran®

Dhairya Malhotra®, Logan Moon*, Rahul Sampath*, Aashay Shringarpure®,
Jeffrey Vetter®, Richard Vuduc*, Denis Zorin', and George Birne* '
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Gordon Bell awards for N-body

» Performance 1992 — Warren & Salmon, 5 Gflop/s
e Price/performance 1997 — Warren et al., 18 Gflop/s / $1 M -,

\ 6200x

| 34x more than 1
’ j cheaper

Moore's law

® Price/performance 2009 — Hamada et al., 124 Mflop/s / $1

» Performance 2010 — Rahimian et al., 0.7 Pflop/s on Jaguar

Petascale airect numerical simulation of blood tow,
on 200K cores and heterogeneous architectures i

Abtin Rahimian®, Ilya Lashuk®, Shravan K. Veerapaneni’, Aparma Chandramowlishwaran®

Dhairya Malhotra®, Logan Moon*, Rahul Sampath*, Aashay Shringarpure®,
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Petascale airect numerical simulation of blood tiow )
on 200K cores and heterogeneous architectures i

Abtin Rahimian®, llya Lashuk®, Shravan K. Veerapaneni’, Apama Chandramowlishwaran®

Dhairya Malhotra*, Logan Moon®, Rahul Sampath®, Aashay Shringarpure®,
Jeffrey Vetter®, Richard Vuduc®, Denis Zorin', and George Birn<* '

» largest simulation — 90 billion unknowns
» scale — 256 GPUs of Lincoln cluster / 196,608 cores of Jaguar

» numerical engine: FMM (kernel-independent version, ‘kifmm”)




N-body simulation on GPU hardware:
The algorithmic and hardware speed-ups multiply.



FMM on GPU: multiplying speed-ups

[2-norm error
(normalized):

104

“Treecode and fast multipole method for N-body simulation with CUDA", R Yokota & L A Barba,
Ch. 9 in GPU Computing Gems Emerald Edition, Elsevier/Morgan Kaufman (2011)
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FMM on GPU: multiplying speed-ups

[2-norm error
(normalized):
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“Treecode and fast multipole method for N-body simulation with CUDA", R Yokota & L A Barba,

Ch. 9 in GPU Computing Gems Emerald Edition, Elsevier/Morgan Kaufman (2011)



Advantage of N-body algorithms on GPUs

» quantify using the Roofline Model

- shows hardware barriers (‘ceiling’) on a computational kernel

» Components of performance:

Computation

Communication



Performance: Computation

Metric:

o Gflop/s

® dp/sp
Peak achivable if:

Computation

e exploit FMA, etc.

. ® non-divergence (GPU)
Communication

. » Intra-node parallelism:
Locality @ explicit in algorithm

® explicitin code

Source: ParLab, UC Berkeley



Performance: Communication

Metric: Computation

o GB/s

Peak achivable if optimizations
are explicit

Communication

e prefetching
@ allocation/usage Locality e
@ stride streams

® coalescing on GPU

Source: ParLab, UC Berkeley



Computation

Performance: Locali

Communication

.. . Localit

“Computation is free y
© Maximize locality > minimize communication

© Comm lower bound
Optimizations via

Hardware aids software
® minimize capacity ® cache size e blocking
ISES
© minimize conflict misses @ associativities ® padding

Source: ParLab, UC Berkeley



Roofline model

“Roofline: An Insightful Visual Performance Model for Multicore Architectures”,
S. Williams, A. Waterman, D. Patterson. Communictions of the ACM, April 2009.

» Operational intensity = total flop / total byte = Gflop/s / GB/s
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Advantage of N-body algorithms on GPUs
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“Hierarchical N-body simulations with auto-tuning for heterogeneous systems”, Rio
Yokota, L A Barba. IEEE Computing in Science and Engineering, 3 January 2012



Hierarchical N-body simulations with auto-tuning for heterogeneous
systems (por) \

PrePrint
ISSN: 1521-9615

Rio Yokota, Boston University, Boston
Lorena Barba, Boston University, Boston

DOI Bookmark: http://doi.ieeecomputersociety.org/10.1109/MCSE.2012.1

X ABSTRACT

Algorithms designed to efficiently solve this classical problem of physics fit very well on
GPU hardware, and exhibit excellent scalability on many GPUs. Their computational
intensity makes them a promising approach for many other applications amenable to an
N-body formulation. Adding features such as auto-tuning makes multipole-type algorithms
ideal for heterogeneous computing environments.
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Computing in Science and Engineering (CiSE), 3 January 2012, IEEE Computer Society,
doi:10.1109/MCSE.2012.1.
Preprint arXiv:1108.5815
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Scalability of FMM
in many-GPUs & many-CPU systems



Scalability of FMM

Our own progress:

1) 1billion points on 512 GPUs (Degima)

2) 32 billion on 32,768 processors of Kraken

3) 69 billion on 4096 GPUs of Tsubame 2.0
achieved 1 petaflop/s on turbulence simulation

http://www.bu.edu/exafmm/



Computer Physics Communications 182 (2011) 1272-1283

Contents lists available at ScienceDirect COMPUTER PHYSICS
COMMUNICATIONS

Computer Physics Communications

www.elsevier.com/locate/cpc

Biomolecular electrostatics using a fast multipole BEM on up to 512 Gpus and
a billion unknowns

Rio Yokota?, Jaydeep P. Bardhan”, Matthew G. Knepley©, L.A. Barba®*, Tsuyoshi Hamada ¢

* Department of Mechanical Engineering, Boston University, Boston, MA 02215, United States

Y Dept. of Molecular Biophysics and Physiology, Rush University Medical Center, Chicago, IL 60612, United States
* Computation Institute, University of Chicago, Chicago, IL 60637, United States

4 Nagasaki University, Advanced Computing Center (NACC), Nagasaki, japa
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discretized with 102,486 boundary elements

Lysozyme molecule

Demo
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Tsubame 2.0

1408 nodes with 12 CPU cores each,
3 NVIDIA M2050 GPUs,
54 GB of RAM.

Total of 4224 GPUs

peak performance 2.4 Petaflop/s.
#5in Top500 (Jun'11 & Nov'11)




Weak scaling on Tsubame

» 4 million points per process

30

N N
- Q1

Time (sec)
p—
Q1

4 32 256
Number of processes (GPUs)

2048

B Tree construction
[ 1 GPU communication
[ ]MPI communication
[ |FMM evaluation
B 1 ocal evaluation

~9 billion points,
30s on 2048 GPUs




FMM vs. FFT, weak scaling
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Petascale turbulence simulation

» using vortex method
» 4,0967 grid, 69 billion points
» 1Pflop/s

» Energy spectrum well-matched

10° | ——spectral method |,
——vortex method

10




How will FMM fare in exascale?



Pressure from hardware

» Overall byte-to-flop ratios —machine balance— are declining

» Machine balance is converging

B u.vz -

Vendor | Microarchitecture Model Byte/s | Flop/s | Byte/flop
Intel Sandy Bridge Xeon E5-2690 51.2 243.2 0.211
AMD Bulldozer Opteron 6284 SE 51.2 217.6 0.235
AMD Southern Islands | Radeon HD7970 (GHz Ed.) | 288 1010 0.285

NVIDIA Fermi GF110 Tesla M2090 177 665 0.266
IBM PowerPC PowerPC A2 (BG/Q) 42.6 204.8 0.208
Fujitsu SPARC64 SPARC64 IXfx (FX10) 85 236.5 0.359




Features of FMM for exascale

» The tree data structure extracts data locality from nonuniform and
multi-scale resolutions;

» benign synchronization requirements;
» some kernels are purely local

» hierarchichal communication pattern

= The FMM is not a locality-sensitive application

s e —— T ————

In the sense of: Bergman et al. (2008) “Exascale Computing Study”, DARPA IPTO



Double precision performance (Gflop/s)
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Brief Announcement:
Towards a Communication Optimal Fast Multipole
Method and its Implications at Exascale

Aparna Jee Whan Choi Kamesh Madduri
Chandramowlishwaran Georgia Institute of Pennsylvania State University
Georgia Institute of _ Technology madduri@cse.psu.edu
Technology jee@gatech.edu
aparna@gatech.edu
Richard Vuduc
Georgia Institute of
Technology

richie@cc.gatech.edu
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http://www.cc.gatech.edu/~aparna/pubs/papers/chandramowlishwaran2@12-spaa.pdf
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1'his paper reports on three key advances. First, we present
lower bounds on cache complexity for key phases of the FMM
and use these bounds to derive analytical performance models.
Secondly, using these models, we present results for choosing
the optimal algorithmic tuning parameter. Lastly, we use these
performance models to make predictions about FMM’s scal-
ability on possible exascale system configurations. based on

current technology trends. Looking forward to exascale, we
suggest that the FMM, though highly compute-bound on to-
day’s systems, could in fact become memory bound by 2020.

m—




Hybrio I\/\emory Cube

C O N

http://www.hybridmemorycube.org
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25 September 2013



DRAM layers

Memory &

Contoler ayer g Pl | 15x the bandwidth
Tsvs << of a DDR3 module
e — 70% less energy per
e bit compared to

DDR3



Hardware balance

Vendor Microarchitecture Model GB/s Gflop/s Bf{:;/
AMD Bulldozer Opteron 6284 59.7 217,6 (DP) 0.235
AMD Southern Islands Radeon HD7970 288 1010 (DP) 0.285
Intel Sandy Bridge Xeon E5-2690 51.2 243,2 (DP) 0.211
Intel MIC Xeon Phi 300 1024 (DP) 0.292

. . Tesla M2090 665 (DP) 0,266
Nvidia Fermi GF110 (16 SMs) 177 1331 (SP) 0133

. Tesla K20X 1310 (DP) 0,190
Nvidia Kepler GK110 (14 SMXs) 250 3950 (SP) 0.063

. with Stacked 4000 (DP) 0,256
Nvidia  Volta GPU 3D DRAM 1024 12000 (SP) 0,085

Thanks: Manuel Ujaldén



Volta

Kepler
Xeon Phi

Radeon
Fermi

GFLOP/s (double precision performance)
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Thanks: Manuel Ujaldén FLOP/byte (operational intensity)
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GFLOP/s (double precision performance)

Memory-bound
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Balance zone

Compute-bound
kernels
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GFLOP/s (double precision performance)

Memory-bound
kernels
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Most of the algorithms in our toolbox are

bandwidth-bound.

Forecasts with current trends are gloomy.

Stacked memory changes the game.



Backup



Treecode & Fast multipole method

- reduces operation count from O(N2) to O(N log N) or O(N)

N
Z Y — X;i) y € [1...N]

root
0
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leaf level

“A tuned and scalable fast multipole method as a preeminent algorithm for exascale systems”, Rio
Yokota, L A Barba. Int. J. High-perf. Comput. 26(4):337-346 (November 2012)
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“A tuned and scalable fast multipole method as a preeminent algorithm for exascale systems”, Rio
Yokota, L A Barba. Int. J. High-perf. Comput. 26(4):337-346 (November 2012)



