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Seismic Wave Simulation




Seismic Exploration
for Oil and Gas




Full-waveform Inversion

Seismic Wavefield (u) Earth model (m)
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Full-waveform inversion is
SLOW




The Accelerators Have Arrived

Yeon Pt Coprocessor

Top 10 of “Top 500” Supercomputers

Site

National Super Computer Center
in Guangzhou
China

DOE/SC/Oak Ridge National
Laboratory
United States

DOE/NNSA/LLNL
United States

RIKEN Advanced Institute for
Computational Science (AICS)
Japan

DOE/SC/Argonne National
Laboratory
United States

Swiss National Supercomputing
Centre (CSCS)
Switzerland

[+1]
=
F 3

Texas Advanced Computing
Center/Univ. of Texas
United States

Forschungszentrum Juelich (FZJ)
Germany

=

DOE/NNSA/LLNL
United States

€ Leibniz Rechenzentrum
Germany

System

Tianhe-2 (MilkyWay-2) - TH-IVB-FEP Cluster, Intel Xeon E5-
2692 12C 2.200GHz, TH Express-2, Intel Xeon Phi 31S1P
NUDT

Titan - Cray XK7 , Opteron 6274 16C 2.200GHz, Cray Gemini
interconnect, NVIDIA K20x
Cray Inc.

Sequoia - BlueGene/Q, Power BQC 16C 1.60 GHz, Custom
IBM

K computer, SPARC64 VllIifx 2.0GHz, Tofu interconnect
Fujitsu

Mira - BlueGene/Q, Power BQC 16C 1.60GHz, Custom
IBM

Piz Daint - Cray XC30, Xeon E5-2670 8C 2.600GHz, Aries
interconnect , NVIDIA K20x
Cray Inc.

Stampede - PowerEdge C8220, Xeon E5-2680 8C 2.700GHz,
Infiniband FDR, Intel Xeon Phi SE10P
Dell

JUQUEEN - BlueGene/Q, Power BQC 16C 1.600GHz, Custom
Interconnect
IBM

Vulcan - BlueGene/Q, Power BQC 16C 1.600GHz, Custom
Interconnect
IBM

SuperMUC - iDataPlex DX360M4, Xeon E5-2680 8C 2.70GHz,
Infiniband FDR
IBM

Cores

3,120,000

560,640

1,572,864

705,024

786,432

115,984

462,462

458,752

393,216

147,456

Rmax
(TFlopls)

33,862.7

17,590.0

17,173.2

10,510.0

8,586.6

6,271.0

5,168.1

5,008.9

4,293.3

2,897.0

Rpeak
(TFlopl/s)

54,902.4

27,112.5

20,132.7

11,280.4

10,066.3

7,788.9

8,520.1

5,872.0

5,033.2

3,185.1
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The Punchline




Modelling Seismic Waves
Mathematical Formulation
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Modelling Seismic Waves: The Wave Equation

w'm+ A)u=q

L]

Frequency Laplacian Seismic Source
(right-hand side)

Earth Model Wavefield ¢
(iterate)
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Modelling Seismic Waves: Discretization
[Operto, 2007}
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Solving the Helmholiz System




The Kaczmarz Algorithm

[Kaczmarz, 1937]

Ve
DKSWP(A,u, q, \) nitia
P guess
solution _
7
7
—— \ 7
P,
7
/ —
7
7
7
7

Adapted from [van Leeuwen, 2012]
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The Kaczmarz Algorithm: Equivalent o SSOR-NE

[Bjorck and Elfving, 1979]

Double Kaczmarz sweep One iteration of SSOR on

on the original system: ¢t the normal equations:
Au = q AAy =q
Ay =u

Both are computed as:

>k
a;

Uipt1 = Ui + >\(bz’ — <az'7 uk>) || H2
a;

k:1— 2N
1:1—> N,N —1

Art Petrenko, M.Sc. defence |5



Kaczmarz + CG = CGMN

[Bjorck & Elfving 1979]
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CGMN: Solves for Fixed Point of Kaczmarz Row
Projections

DKSWP(A,u,q,\) =Q1:-QnQn---Q1u+ Rq
= Qu + Rq.

Assume u Is a solufion and re-arrange:

(I —Q)u= Rq
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Contribution of This Work




Compute Node Overview

[Maxeler Technologies, 2011]

Algorithm 1 CGMN (Bjorck and Elfving [4])
Input: A, u, q, A\

1: Rq& DKSWP(A,0,9.\] >
2: T+ Rq — u{ DKSWP(A,u,0, A
Intel CPU cores accelerator 3. p T o

T | 1. while ||r[|2 > tol do
— i Memory | 5. s+« ([ —2Q)p:p—DKSWP(A,p®
Memor — | | 6: < |r||”/(p,s)
130 GBy . |‘ T i FPGA H (LMem) i 7. u<-u+ap T
== ZGBe/ i 38GB/s| 24GB || [ LIS Lp
S : : : curr rev . .
' 10 e rl2. Kernel: running on
11: p+r+p6p accelerator
12: end while
Adapted from [Pell, 2013] Output: u
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Design at high level of abstraction

((x[2]*R[24] + x[L1l]*R[25]) +
x[0]*R[26]));
DFEVar relaxationFactor = 1o.scalarInput("relaxationFactor", kaczmarzEngineCode.KaczmarzWritelLMemKernel. TruncatedFloatingPoint);
DFEComplex kaczmarz numerator = computation stage ? relaxationFactor*(b - dot product) : 0;
DFEComplex[] R_con] = new DFEComplex[kaczmarzEngineCode.KaczmarzManager.array _size];
for(int j=0; j<kaczmarzEngineCode.KaczmarzManager.array size; J++){
R conj[j] = kaczmarzEngineCode.KaczmarzWritelLMemKernel.ComplexTruncatedFloatingPoint.newInstance(this);
R conj[j].setReal(R[]].getReal());
R conj[j].setImaginary(-R[j].getImaginary());
}
DFEComplex[] R_scaled = new DFEComplex[kaczmarzEngineCode.KaczmarzManager.array_size];
for(int j=0; j<kaczmarzEngineCode.KaczmarzManager.array _size; J++){
R_scaled[]] = kaczmarzEngineCode.KaczmarzWritelLMemKernel.ComplexTruncatedFloatingPoint.newInstance(this);
R_scaled[j] = kaczmarz_numerator*R _conj[j];

}

//DFEComplex[] x updated = new DFEComplex[kaczmarzEngineCode.KaczmarzManager.array size];
for(int j=0; j<kaczmarzEngineCode.KaczmarzManager.array size; J++){

Xx_updated[j] <== x[j] + R _scaled[]];
}
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Implementation Details




Layout of 3D Wavefields in 1D Memory

3D layout
24 | 29
fast 25 30
26 | 31
Linear layout (for 5 x 5 x 5 system)
30 -25  -20 -9 0 5 20 25 30
Y vy Y vy YooYy

>
increasing memory addresses
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Buffering: Overcoming Latency of Memory Access

Memory (24 GB)
[TT T T T T T T T T P T T P P T TP P PN T T T T T T T T T T T T T T T T T TITITITITT]

0 v
(1]
(11
[TTT]

On-chip Buffers (BRAM)

4.6 MB maximum

HENEEEEEEREEEER
(11
(1]
[TTT1
(1]
(1]
[TTT]
(11
(1]
(1]
(1]
[TTT]
(11
(11
[TTT]
(1]
{11

Art Petrenko, M.Sc. defence 24



Pipelining: Overcoming Latency of Computation

fast
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Pipelining: Overcoming Latency of Computation

fast
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Pipelining: Overcoming Latency of Computation

fast
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Memory Access: 384 bytes / burst

Number of bits in a real | Number of bitsin a | Complex numbers
number complex number per burst

24 48 64

32 (single precision) 64 48

48 96 32

64 (double precision) 128 24
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Backward Sweep: Double Buffering

First 48 ticks

burst i-1 burst i

WRITE > | < READ

Second 48 ticks
burst i-1 burst i-2

< READ WRITE >
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Number Representation

Matrix row storage
efficiency
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32 bits used in this work

25

30 39 40

45

50

55

Number of bits in a real number

30

60




Results
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End-to-end Execution Time

1000
one Intel Xeon E5-2670 core

300 1

600 r

Time (s)

400 + |1 Intel core + FPGA-based accelerator

200

0 0.5 1.0 1.5 2.0
Number of gridpoints (x10)
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Kaczmarz Sweeps: No Longer the Bottleneck

Reference Accelerated

Implementation Implementation
other CGMN operations

(inner products, vector addition, etc.)

Kaczmarz sweeps
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Effect of matrix row ordering on CGMN
convergence

\ - Waveﬁeléd
- N SOU_I'CGE

point
source

| Sequential (1 to V)
107

“Accelerator ordering”

Relative residual norm

L NN N N

1 10 100 1000 10
Iteration
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FPGA Resource Usage

inner product: (a;,x;)
. . *
row projection component: X a

updating the iterate: x, + ...

l kernel (other)
| |

¥ ¥

LUTs
automatically generated
FEs low-level components (manager)
BRAMs
buffers memory controller
DSPs
| | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fraction of available resources
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Recent Work: Multiple Kaczmarz Sweeps / CGMN lteration

(432 x 240 x 25 system)

600

500 [

400

300 [

200 [

Iterations to converge to a
relative residual norm < 107°

100 [

1 10 100 1000

Number of double Kaczmarz sweeps / CGMN iteration
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Time to converge to a relative

residual tolerance of 10°

36

2000

1500 r

1000 1

500

Number of double Kaczmarz sweeps / CGMN iteration

Total

Kaczmarz sweeps
on accelerator

CGMN on
CPU host

1 10 100 1000



Avoiding Future Communication Bottlenecks

40

39

Q)
an
<
4%30
=
= 25
g
=
< 20
3
@,
~ 15
g
< 10
5
25
—

0

current
accelerated

CGMN on FPGA

CGMN on the FPGA,
matrix on the fly

efficient matrix storage -

<«—— 38.4 GB/s: memory bandwidth limit

PCle requirement for current
~ accelerated version |
--------------------- |« GBs: PCle bandwidth limit
79 100 150 200 250

FPGA frequency (MHz)
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The Next Step

Problem: On-chip memory (4 MB) limifs block
size to 300 x 300 in the two faster dimensions.

Solution: Implement domain decomposition
for larger systems.
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Straight-forward Extension

Goal: Systematically use all 4 accelerators.

Solution: Solve several forward problems af
once.
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Future Work

Problem: Kaczmarz sweeps now account tfor
only approximately 10% of CGMN time.

Solution: Port all of CGMN to the DFE.
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Future Work

Fact: Reading A from memory limits
optimizations like increasing FPGA frequency.
Result: Read only earth model m and

generate A on the DFE.
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Future Work

Problem: Domain size mited by memory size:
24 GB.

Solution: Parallelize CGMN 1o CARP-CG
|Gordon & Gordon, 2010].
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Conclusion

Have implemented frequency-domain wave
simulation using reconfigurable hardware.

A speed-up of 2 x 1 Intel Xeon core results
from a dataflow computing paradigm.
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