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Accelerating an iterative Helmholtz solver with FPGAs
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Oh by the way: I have a stutter.
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Big Picture

Goal: Accelerate solution of the seismic 
forward problem.
Method: Implement time-harmonic wave 
equation solver on reconfigurable hardware 
(FPGAs).
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Why FPGAs?

Execution time directly proportional to size of 
problem.
Algorithm complexity irrelevant.
Success of time-domain wave simulation on 
FPGAs. [Pell, 2013]
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Projected Results

Speed-up of time-harmonic seismic forward 
problem: 
1 FPGA = 1 unit of time
1 Intel Xeon core (MATLAB/C): 32 units of time
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Earth	  model	  	  	  	  	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )

Fourier	  transform	  of	  pressure	  
wavefield	  

The Helmholtz System
wave equation
frequency domain
acoustic
constant density
isotropic
3 x 3 x 3 cube stencil
[Operto, 2007]
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Solving the Helmholtz System

Use iterative solver: the method of 
conjugate gradients (CG).

7



Solving the Helmholtz System

Problem:        is not symmetric positive 
semidefinite.
Solution: Precondition to obtain a different but 
equivalent system.
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The Kaczmarz Algorithm 
[Kaczmarz, 1937]
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DKSWP(A,u0,q, w)

Adapted	  from	  [van	  Leeuwen,	  2012]



The Kaczmarz Algorithm
one iteration
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blue: values read
red:   values read + modified

  



CG + Kaczmarz = CGMN 
[Björck & Elfving 1979]

A different but equivalent system:

Double Kaczmarz sweep as preconditioner.
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(I �DKSWP(A, ·, 0, w))u = DKSWP(A, 0,q, w)



Our Contribution

Implement Kaczmarz sweeps on CPU + 
accelerator platform.
Integrate accelerated sweeps into SLIM’s 
MATLAB, object-oriented workflow.
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Adapted	  from	  [Pell,	  2013]

Target Platform: Maxeler

13












 









14

Low levels of abstraction are scary
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Design at high level of abstraction



Parallelism through Pipelining

Challenge: Kaczmarz iterations are sequential.
Each iteration takes many FPGA clock ticks.
Solution: Independent Kaczmarz iterations are 
used for pipelining.
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Parallelism through Pipelining

Solve several forward problems.
Re-order elements of the Kaczmarz iterate.
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Where CGMN used to spend its time
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Kaczmarz	  sweeps
(C)

rest	  of	  CGMN
(MATLAB)



Where CGMN spends its time now*

19

rest	  of	  CGMN
(MATLAB)

Kaczmarz	  sweeps
(DFE)

*Debugging	  ongoing

Total	  speed	  up:	  12	  x	  Intel	  Xeon	  core



Where CGMN will spend its time: projection

20

All	  of	  CGMN
(DFE)

Total	  speed	  up:	  32	  x	  Intel	  Xeon	  core
(projected)
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What remains to be done

Fact: Kaczmarz sweeps account for 95% of 
CGMN time.
Result: Port all of CGMN to the DFE.
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What remains to be done

Fact: On-chip memory (4 MB) limits block size 
to 300 x 300 in the two faster dimensions.
Result: Implement domain decomposition for 
larger systems.
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What remains to be done

Fact: Currently only 1 (of 4) chips is used.
Result: Parallelize CGMN to CARP-CG 
[Gordon & Gordon, 2010] or solve several 
forward problems at once.
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What remains to be done

Estimate: Reading      from memory limits 
optimizations like increasing FPGA frequency.
Result: Read only earth model       and 
generate       on the DFE.
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Conclusion

Have implemented frequency-domain wave 
simulation using reconfigurable hardware.
A projected acceleration of 32 x 1 Intel Xeon 
core results from a dataflow computing 
paradigm.
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