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Applications of Large-Scale Optimization and HPC

Power-Grid Optimization Computational Wave Seismic Inversion 7/
under Uncertainty Propagation

Global T h
(Stochastic Programming) obal Tomographny

SNF Projects (2006-...)

N l /

mxin F(x)

subject to ¢;(x) =0 forie &
ci(x) >0 forieXZ

© ICS 2015



TOP 500 List of Supercomputers

Rank Site System Cores Rmax in Rpeak in Power
Tflops/s Tflops/s  (KW)

1 National Super ComputerTianhe-2 (MilkyWay-2) - 3,120,000 33,862.7 54,902.4 17,808
Center Intel Xeon Intel Xeon Phi
China

2 DOE/SC/Oak Ridge Titan - Cray XK7 560,640 17,590.0 27,112.5 8,209
United States Opteron + NVIDIA K20x

3 DOE/NNSA/LLNL Sequoia - BlueGene/Q, 1,572,864 17,173.2 20,132.7 7,890
United States Power BQ, IBM

4 RIKEN, K computer, SPARC64 705,024 10,510.0 11,280.4 12,660
Japan Fujitsu

5 DOE/SC/Argonne United Mira - BlueGene/Q, IBM 786,432 8,586.6 10,066.3 3,945
States
CSCS, Piz Daint - Cray XC30, 115,984 6,271.0 7,788.9
Switzerland Intel Xeon , NVIDIA K20x

7 Texas Advanced Stampede - Intel Xeon, 462,462 5,168.1 8,520.1 4,510
Computing Center, US Intel Xeon Phi, Dell

8 Forschungszentrum JUQUEEN - BlueGene/Q, 458,752 5,008.9 5,872.0 2,301
Juelich (FZJ), Germany IBM

9 DOE/NNSA/LLNL Vulcan - BlueGene/Q, 393,216 4,293.3 5,033.2 1,972
United States IBM

10 Leibniz Rechenzentrum SuperMUC - Xeon E5- 147456 2,897.0 3,185.1 3,423
Germany 2680 IBM

S 3
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Agenda

Swiss Platform for Advanced Scientific Computing

» Supercomputing Architectures

Performance Characteristics of Many-Core Architectures

* Roofline model, Arithmetic intensity

Structured Grid Simulations on Many-Core Architectures

* High-Productivity & High-Performance Stencil Compiler Framework

Parallel Nonlinear Optimization Methods

Conclusion
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HP2C & PASC

Swiss Platform for

Advanced Scientific Computing
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How do computational scientists work?
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The Swiss Platform for High-Performance and High-
Productivity Computing (2010-2013)

© ICS 2015



What i1s a

supercomputer?

© ICS 2015 9



Units of Measure in Computing

« High Performance Computing (HPC) units are:

* Flops: floating point operations

* Flop/s: floating point operations per second

* Bytes: size of data (double precision floating point

number is 8)

 Typical sizes are millions, billions, trillions...

Mega Mflop/s = 10° flop/sec
Giga Gflop/s = 10° flop/sec
Tera Tflop/s = 102 flop/sec
Peta Pflop/s = 10 flop/sec

Exa Eflop/s = 1018 flop/sec

© ICS 2015

Mbyte = 10° byte
Gbyte = 10° byte
Tbyte = 1012 byte
Pbyte = 101° byte

Ebyte = 1018 byte
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Units of Measure in Computing

 Let us say you can print:
5 columns of 100 number each; on both sides of the
page = 1000 numbers (Kflop) in one second (1 Kflop/s)

1 page per second
500 numbers on each side = 1000 numbers

© ICS 2015



Units of Measure in Computing

« Let us say you can print:

1000 pages about 10 cm = 108 numbers (Mflop)
2 reams of paper per seconds (1 Mflop/s)

© ICS 2015
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Units of Measure in Computing

e Let us say you can print:
101> numbers (Pflop) = 100,000 km
(1/4 distance to the moon) stack printed per second (1Pflop/s)

1 Pflop/s

© ICS 2015
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ENIAC, USA, 1946

Electronic Numerical
Integrator And Computer

 Ballistic Calculations

« Size
e 27 t
* 24 Mx>x09mx>x30m
¢ 150 kW

« Cost: $5’900°000

S5 KFLOPS

© ICS 2015




Earth Simulator, Japan, 2002

* Run global climate models

« Size
* Interconnect 14 m x 13 m
e Computer 41 m x 40 m
* 6.4 MW

« Cost $400,000,000

35.86 TFLOPS

© ICS 2015




CSCS - The new office building

© ICS 2015
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The computer building: machine room
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Cray XC30 ,,Piz Daint”, Switzerland, 2015

« User Lab for Swiss Scientists e Size
e 115984 cores - 272 TB of RAM « 23t
- 4PB TB local disks « 47 m?
e 2,325 MW

6.700 PFlops

© ICS 2015
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TOP 500 List of Supercomputers (June 2014)

Rank Site System Cores Rmax in Rpeak in Power
Tflops/s Tflops/s  (KW)

1 National Super ComputerTianhe-2 (MilkyWay-2) - 3,120,000 33,862.7 54,902.4 17,808
Center Intel Xeon Phi
China

2 DOE/SC/Oak Ridge Titan - Cray XK7 560,640 17,590.0 27,112.5 8,209
United States Opteron + NVIDIA K20x

3 DOE/NNSA/LLNL Sequoia - BlueGen&(Q, 1,572,864 17,173.2 20,132.7 7,890
United States Power BQ, IBM

4 RIKEN, K computer, SPARC64 705,024 10,510.0 11,280.4 12,660
Japan Fujitsu

5 DOE/SC/Argonne United Mira - BlueGene/Q, 1B 786,432 8,586.6 10,066.3 3,945
States
CSCSs, Piz Daint - Cray X".30, 1:5,984 6,271.0 7,788.9

Switzerland

7 Texas Advanced
Computing Center, US

8 Forschungszentrum
Juelich (FZJ), Germany

9 DOE/NNSA/LLNL
United States

Leibniz Rechenzentrum
Germany

10
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Intel Xeon , NVID.A V2T A

Stampede - Intel Xeop, 462,462 5,168.1 8,520.1 4,510
Intel Xeon Phi, Dell

JUQUEEN - BlueGe 458,752 5,008.9 5,872.0 2,301
IBM

Vulcan - BlueGeng/Q, 393,216 4,293.3 5,033.2 1,972
IBM

SuperMUC - Xeon E5- 147456 2,897.0 3,185.1 3,423
2680 IBM



Accelerators / Development over time

© ICS 2014
© ICS 2015

[ 1ntel Xeon Phi SE10P
Intel Xeon Phi 3151P

[ intel Xeon phi 3120p

B intel mic

[ intel Xeon Bhi 71209

ATI GPU

B nvIDIA K20/K20%, Xeon Phi 5110P

[ nvipia 2050
AMD Radeon HD 7570
NVIDIA 2070

B nvidia k20m

[ intel xeon Bhi 5110P

NVIDIA K20x

[T tntel Xeon Phi SE10X

. Intel Xeon Phi

[ 18M Powerxcell &
K20M/Xeon Phi 5110P

. None

[l wvipia 2000

B 24O FirePro 510000

[ nvipia 2075

B intel Xeon Phi 7110

[ nvipia kzo

. Clearspeed CSXE00
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Three types of modern accelerators

© ICS 2015
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Swiss Platform for Advanced Scientific Computing (PASC)

http://www.pasc-ch.org |

© ICS 2015



PASC16 Conference, June 08-10, 2016, EPFL —
Lausanne, Cosponsored by ACM, www.pascl6.org

© ICS 2015

 PASC is delighted to
launch a Call for
Abstracts for its next
conference PASC15
cosponsored by the
Association for
Computing Machinery
(ACM).
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Geoscale / GeoPC projects (ETHZ, USI, CSCS)

e Moviel

Earth models for seismic
(compressional/shear) velocities

© ICS 2014
© ICS 2015
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Performance Characteristics

of Many-Core Architectures

© ICS 2015 25



Roofline Model

© ICS 2015
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Roofline Model on Intel Xeon Phi

& 168 5813
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Roofline Model on Intel Xeon Phi

& 168 5813
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Roofline Model on Intel Xeon Phi

© ICS 2015
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Roofline Model on Intel Xeon Phi

© ICS 2015
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Roofline Model on Intel Xeon Phi

© ICS 2015
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Seismic Structured Grid

Simulations on Many-Core

Architectures

© ICS 2015 32



PDE Solution Techniqgues

Numerical PDE Solvers

© ICS 2015 33



AWP-ODC: Earthquakes & Seismic hazard

Coulomb failure stress changes in a
simulation of an earthquake on the
o _ southern San Andreas Fault

San Di
3an Diego

Image courtesy: Southern California
Earthquake Center

« AWP: Scientific modeling code for anelastic waves
» Capable of simulate accurate earthquake wave propagations
» Used to conduct multiple significant SCEC simulations

« 600 x 300 x 80 km domain, 100m resolution, 14.4 billion grids,
50k time steps.

» Gordon Bell finalist (SC 2010), 220 TFlop/s on 223K Jaguar cores

© ICS 2015 34



Scalability of the AWP-ODC Stencil-Code on Jaguar

TABLE 2
EVOLUTION OF AWP-ODC
Code SCEC Sustain.
Year  ver- Simulations Optimization alloc. Ttlop/s
sion SUs
....... 2004 .10 .. TeraShake-K =~ MPltunmg . OSM .004 .
....... 2005....2:0....TeraShake-D = TOtanme = 1.4M_ 008 .

....... 2009 090 o W2W L SIngle CPU opt  32M 86T
2010 7.0 overlap
7.1 MS cache blocking  61M 220
7.2 reduced comm

Highly scalable AWP-ODC code: 220 TFlop/s sustained on
220k cores (Jaguar)

© ICS 2015 35



What Is a Stencil?

 Weighted sum of subset of neighbors of a grid point

A A0 (1) (2) (3) (4)
Uij A Gy Ui + Gy Uiy + Gy Uikay + Gy Uigi 1 + Gy Ui

5-point stencil in a regular 2D grid 7-point stencil in 3D

© ICS 2015
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Challenge: Arithmetic Intensity

Arithmetic Intensity := Flops / Transferred Data

Stencils Lattice Methods

Sparse Linear Algebra
BLAS 1
BLAS 2

O(1)
Low arithmetic intensity
= memory bandwidth

bound

© ICS 2015

O(logn)

Particle m

Dense Line
Algebra (B

O(n)
High arithmetic
intensity

= processor bound
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Arithmetic Intensity

 Arithmetic intensity to fully utilize the floating-point
©= 2 capabilities of HPC units on recent microarchitectures

38



Impact of AVX vectorization

* Impact of AVX vectorization for various stencils using 1 (on the left) and
10 cores (on the right) on one socket of an Intel Xeon 2660v2 IvyBridge.

© ICS 2015
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Stencil Variety

%9\0"5 e

3‘?\0?

3D 2nd order Laplacian

o9 ke
Gz\o?“'\e\{‘
o®

Gradient

© ICS 2015

o ?\o‘\"‘\'@{\.e
6?\0?5
2.2

o 2D 9pt stencil
edge detection, Game of Life)

Hyperthermia

6th order
Laplacian

Wave
4th order in time
2nd order in space
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Reduce Memory Traffic on Multi-/ZManycores

e Stencil performance usually limited by memory bandwidth
 Goal: Increase performance by minimizing memory traffic
— Even more important for many/multicore!

« Concentrate on getting reuse both:
« within an iteration (spatial blocking)

e across time iterations (temporal blocking, AX,
A2X, ..., AkX)

© ICS 2015 41



Naive Grid Traversal

Traverse the grid in the “usual” way
Locality not exploited
Performance will suffer if grid doesn’t fit into cache

© ICS 2015
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Spatial Cache Blocking — Reuse data in space

* 3D block partitioning
e Reuse data within an iteration

© ICS 2015 43



Temporal Cache Blocking — Reuse data in time

3
ax u’

2
ax u?

ax u(il)

Id u”

time

5

Redundant computation
Redundant data transfers

Sizes of the panels shrink with each stencil sweep
(-) Redundant computation and data transfers
(+) Easily parallelizable along the horizontal (y) axis

© ICS 2015 44



PATUS: Parallel Autotunic of Stencil Codes

© ICS 2015
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簡報者
簡報註解
One of the goals of Patus is to make writing high performance stencil codes more productive by automating adaptation to the hardware and performance tuning.
Idea for using Patus from the user’s perspective
Start with a stencil, which, e.g., comes from some mathematical mode (PDE)
stencil, written in a DSL, which is input for Patus.
Select HW platform
Patus will generate optimized C code for selected HW platform
Implemented backends: shared memory CPU (OpenMP), NVIDIA CUDA



PATUS: Code Optimization Technigues

NUMA optimization (NUMA-aware data initialization)
Cache blocking, block parallelization

Explicit vectorization

Loop unrolling

Inline assembly

» Efficient index calculations
* Register reuse
» Software prefetching

e Optimal instruction scheduling

Auto-tuning


簡報者
簡報註解
Different layers of optimizations
Auto-tuning => Strategies can be parametrized; code generator generates different unrolling variants / implements prefetching strategies


Specifying a Stencil

@ })

or (p3_idx_z=v2_idx_z; p3_idx_z<v2_idx_z_max; p3_idx_z+=1)

Code Optimization {
. for (p3_idx_y=v2_idx_y; p3_idx_y<(v2_idx_y max-1);
Techniques oo MYCPIAGKYI2)
c c c p3_idx_x=v2_idx_x;
> NUMA OptlmlzatIOn _idxe=((x_max*((y_max*p3_idx_z)+p3_idx_y))+p3_idx_x);
__asm__ __volatile__ (
(NUMA-aware data d1( TR e .
b "a , %krax\n\t"
iNnitiali i "and $31, %%rax\n\t"
initialization) o xt+and-$21, gy
. . . . "neg %%rax\n\t"
« Explicit Vectorization “shr $2, Wrax\nit” >~
"cmp %%rax, %11\n\t"
5 dl[X, "cmovng %11, %%rax\n\t"
C CaChe a.nd tlme "mov %%rax, %%krbx\n\t"
. Ul[) "or %%rax, %%rax\n\t" —
blocking, block "jz 1f\n\t" .
) . ] - X "vmovups 4(%1), %kymml\n\t"
_ "vmovups 32(%10), %%ymmo\n\t"
para“ellzatlon XZ[ "vaddps -4(%1), %%kymml, %%ymm3\n\t"
. ,Z] 7 "vaddps (%1,%7), %kymm3, %%ymm3\n\t"
° Loop unr0|||ng - xz| "vaddps (%1,%9), %%ymm3, %%ymm3\n\t" >
"vaddps (%1,%8), %%kymm3, %%ymm3\n\t"
- "vmovups 64(%10), %kymmi\n\t"
C In“ne aSSGmb|y "vmovups 8(%1), %%ymm2\n\t"
. "vaddps (%1,%6), %kymm3, %%ymm3\n\t"-/
COde IS generated "vmulps %%ymm@, %%ymm3, %%ymme\n\t"

- "vmovups %%kymm2, (%2)\n\t"
Auto-tuning "shl $2, %%rax\n\t"
"addq %%rax, %0\n\t"
"addq %%rax, %1\n\t"
"addq %%rax, %2\n\t"

© ICS 2015 K = /47




Integration & Application-Specific Tuning

void main(Q) {

#pragma patus
begin-..
// Patus code

#pragma patus end

se-r-ap-)plication
tode with PaTus
sections

o

Application
executable

© ICS 2015

void main(Q)

{
stencil(.);

Generated code

tuned
_para <
ms.h

Make

file

Benchmarking harness

vmovups 8(%1)
vmovups 4(%1)
vmovaps (%10), %Y
vmovaps 64(%10), ¢
vaddps -8(%1),
vaddps -4(%1),
vmovaps 32(%10), %%ymm4
vaddps (%1,%7,2), %%ymmn

Generated code

48



Auto-Tuning (Single-Precision Wave Stencil)

© ICS 2015
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簡報者
簡報註解
Slide shows the need for auto-tuning
Graph shows the performance distribution using the cache blocking Strategy for one particular stencil, [Wave stencil (4th order in space), 200^3 grid points,] 24 threads on dual-socket AMD Magny-Cours
Horizontal axis: performance in Gflop/s (max. perf around 50 Gflop/s), vertical axes: percentage of configurations that reached the performance
Around 5% of the configurations result in a performance, which is above 40 Gflop/s (within 20% of the maximum), ~0.5% within 10% of maximum

Problem: want to find configuration with near-optimal performance, but no a-priori knowledge of the search space due to the fact that the search space is generated by a Statetegy – which can be defined by the user. => search method needs to be general

120000 benchmark runs (5%=6000 runs)
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Stencil Kernel Benchmarks

Comparison of Vectorization Methods on Intel Sandy Bridge (Intel Xeon E5-2670)
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Stencil Kernel Benchmarks

Comparison of Vectorization Methods on Intel Sandy Bridge (Intel Xeon E5-2670)
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Single Precision GFlop/s
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Single Precision GFlop/s
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Single Precision GFlop/s
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Single Precision GFlop/s
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Earthquakes&seismic hazard /7 AWP-ODC Stencil
Kernels

© ICS 2015
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Single Precision GFlop/s

Performance Benchmarks AWP-ODC Code on AMD
Opteron “Magny Cours”™
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—+—Reference (Fortran)

M. Christen, O. Schenk et al., PATUS: A Code Generation and Autotuning Framework For Parallel Iterative
Stencil Computations on Modern Microarchitectures, SC12, IPDPS 2009, IPDPS 2010, IPDPS 2011
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Single Precision GFlop/s
B R NN W W
U o U o U o U

o

Performance Benchmarks AWP Code on AMD
Opteron “Magny Cours”™
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I Patus, Basic Cache Blocking — Peak  ——Reference (Fortran)

M. Christen, O. Schenk et al., PATUS: A Code Generation and Autotuning Framework For Parallel Iterative
Stencil Computations on Modern Microarchitectures, IPDPS 2009, IPDPS 2010, IPDPS 2011
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Performance Benchmarks AWP Code on AMD
Opteron “Magny Cours”

M. Christen, O. Schenk et al., PATUS: A Code Generation and Autotuning Framework For Parallel Iterative
Stencil Computations on Modern Microarchitectures, IPDPS 2009, IPDPS 2010, IPDPS 2011
© ICS 2015 60



Roofline Performance Model

For Unstructured Grids In

Seismic Simulations

© ICS 2015 61



PASC Project: GPU Version of SPECFEM3D

« SPECFEM3D is a higher-order
finite element code that
simulates elastic/acoustic waves
on arbitrary hexahedral meshes.

» Written using Fortran90 and MPI

» Excellent performance and
scalability (= 90%)

« Large user community across
large array of applications

» GPU Code for forward and
adjoint system with
SPECFEM3D.

e Seismic imaging via adjoint
methods

© ICS 2015
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HP2C: Strong Scaling for Case Study Turkey Earthquakes

« 19M mesh covering Europe, Middle East/Northern Africa.

M. Rietmann, O.S. et.al., Forward and Adjoint
Simulations of Seismic Wave Propagation on Emerging
Large-Scale GPU Architectures, ACM/IEEE
Supercomputing 2012

» Similar excellent performance on future manycore architectures? -
-> Roofline Model

© ICS 2015 63



SPECFEM and Roofline Model on GPU Tesla K20

© ICS 2015
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SPECFEM and Roofline Trend Model (2003-2015)

* Arithmetic intensity for Peak: 0.25(2003), 0.8(2009), 6.2 (2013)

 Re-design to increase arithmetic intensity on accelerators.

© ICS 2015
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Interior-point methods for large scale

seismic optimization on high-

performance computers

© ICS 2015




Inequality constrained minimization

© ICS 2014
© ICS 2015
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First Order Optimality Conditions

© ICS 2015

68



Convergence of IPM

© ICS 2015
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KKT systems in IPMs for LP, QP, and NLP

© ICS 2015
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Linear algebra of primal-dual interior-point methods (I1PM)

© ICS 2015
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Parallel Solution Procedure for KKT System

© ICS 2015

72



Application 3D Seismic Imaging (ETH, USI, SCEC)

© ICS 2015
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Application 3D Seismic imaging (ETH, USI, SCEC)

© ICS 2015
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Time per IPM iteration up to 131,072 cores of “Titan”

« 3D seismic imaging problem (2003), 8’192 Sensors (“Seismograms”)

 10,000s of control material variables -= NLP with several billions variables.

IPM for 8k Seismic PDEs on Cray XK7 ("Titan")
200 (8k nodes, 8k MPI ranks, 128k threads, k=1,024)

[
o

o = N w H (6] (o)) ~ [o0] (e}
#BiCGStab Iterations in predictor step

IPM lIteration

[ sparse @ dense [ 1 communication [ misc - - BiCGStab iterations for error correction

* Breakdown of the execution time for each IPM iteration when solving a seismic PDE-

constrained optimization problem (Helmholtz) on 8192 nodes.
© ICS 2015 75
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Conclusion

« Swiss Platform for Advanced Scientific Computing (PASC)
* Long-term initiative on supercomputing and computational science.

o Supercomputing and Exascale Computing
* Re-design algorithms to increase arithmetic intensity on manycores.

e [Un-] Structured Grid Simulations on Many-Core Architectures
 High-Performance & High-Productivity Stencil Compiler Project PATUS

* Integrated into anelastic wave propation code from Southern California
Earthquake Center.

« Spectral element solver for wave propagations: SPECFEM

 Code and algorithmic optimization necessary to tackle global seismic
tomography (stencil codes, nonlinear optimization, etc.)
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