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2010: ~300,000 cores

2014: ~3M cores
2012: ~1M cores

2016: ~10M cores
2018: ~30M cores

2020: ~100M cores
2022: ~300M cores

~2024: 1B ‘cores’
These will soon be small computers

How will YOU
use a billion cores?



We’re all doing
Embarrassing Parallelism

We’re investing huge efforts in parallelizing algorithms that 
only reach 50-75% scaling efficiency on large problems

But not the way you think.

Not a chance they will scale to 1B cores

Close-to-useless for smaller problems of commercial interest

100% focus on programs, forget the problem we’re solving

Pretty much the de!nition of ‘embarrassing’?
Ask taxpayers to foot the bill



Molecular Dynamics

Understand biologyProtein Folding

Free Energy &
Drug Design

www.gromacs.org
GROMACS

http://www.gromacs.org
http://www.gromacs.org


Scaling as an Obsession?

prior to the improvement. The new implementation of the
load balancing is now part of the GIT version of the
GROMACS and will also be included in GROMACS 4.1.

To highlight the computational benefit of using the RF,
the scaling of a simulation of the 3.3 million lignocellulose
system using the PME method is also shown in Figure 9.
The PME simulation was run using NAMD, since this MD
application is known to have good parallel efficiency.57 To
ensure a “fair” comparison between the two electrostatics
methods, some of the parameters of the PME simulation were
adjusted to improve its performance (standard 2 fs time step
for RF and 6 fs full electrostatics time step and neighbor-
list distance update for PME, see Section 2.1 for details). In
particular, the reason the RF calculation is faster than the
PME at low levels of parallelization is that, on a single
processor, the time per step for GROMACS with RF is

shorter than for NAMD with PME. However, we stress that
the aim of this benchmark is a comparison between the
electrostatic treatments and not between the different MD
applications. Two different applications were used simply
because a direct comparison of simulations using different
electrostatics methods with one application is presently not
possible: NAMD, which is presently the most scalable code
using PME on Cray XT, does not have RF implemented,
and GROMACS does not yet have an efficiently scaling PME
implemented, with the consequence that PME calculations
using GROMACS currently scale up to less than 1 000 cores
for large systems (for more details see the Supporting
Information).

The significant difference in the parallel efficiency of the
PME and the RF electrostatics methods, demonstrated in
Figure 9, can be understood by examining the weak scaling
of the parallel FFT required for PME, shown in Figure 11.
In weak scaling, the ratio of the problem size to the number
of cores used in the simulation is held constant. The FFT is
a new and improved implementation, the technical details
of which are presented in Supporting Information, A.3. The
Inset of Figure 11 shows that the new FFT is faster than the
FFTs from LAMMPS-FFT,58 FFTE 4.0,59 and FFTW 3.2.60

In ideal weak scaling, the time, tf, required to perform one

Figure 8. Potentials of mean force for the primary alcohol dihedral ! ) O6-C6-C5-C4: (a) results from all 36 origin chains
and (b) results from all 36 center chains.

Figure 9. Strong scaling of 3.3 million atom biomass system
on Jaguar Cray XT5 with RF. With 12 288 cores the simulation
produces 27.5 ns/day and runs at 16.9TFlops. As a compari-
son, the performance of PME is shown.

Figure 10. Strong scaling of 5.4 million atom system on
Jaguar Cray XT5. With 30 720 cores, 28 ns/day and 33TFlops
are achieved.

Figure 11. Weak scaling of complex-to-complex FFT on Cray
XT5 with FFT implemented as described in Supporting
Information, A.3. The 3.3 million atom system requires the
588 ! 128 ! 128 FFT. The time required to compute one
FFT step is represented by tf.

ohio2/yct-yct/yct-yct/yct99907/yct2688d07z xppws 23:ver.3 8/11/09 11:00 Msc: ct-2009-00292r TEID: mmh00 BATID: 00000

H J. Chem. Theory Comput., Vol. xxx, No. xx, XXXX Schulz et al.
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prior to the improvement. The new implementation of the
load balancing is now part of the GIT version of the
GROMACS and will also be included in GROMACS 4.1.

To highlight the computational benefit of using the RF,
the scaling of a simulation of the 3.3 million lignocellulose
system using the PME method is also shown in Figure 9.
The PME simulation was run using NAMD, since this MD
application is known to have good parallel efficiency.57 To
ensure a “fair” comparison between the two electrostatics
methods, some of the parameters of the PME simulation were
adjusted to improve its performance (standard 2 fs time step
for RF and 6 fs full electrostatics time step and neighbor-
list distance update for PME, see Section 2.1 for details). In
particular, the reason the RF calculation is faster than the
PME at low levels of parallelization is that, on a single
processor, the time per step for GROMACS with RF is

shorter than for NAMD with PME. However, we stress that
the aim of this benchmark is a comparison between the
electrostatic treatments and not between the different MD
applications. Two different applications were used simply
because a direct comparison of simulations using different
electrostatics methods with one application is presently not
possible: NAMD, which is presently the most scalable code
using PME on Cray XT, does not have RF implemented,
and GROMACS does not yet have an efficiently scaling PME
implemented, with the consequence that PME calculations
using GROMACS currently scale up to less than 1 000 cores
for large systems (for more details see the Supporting
Information).

The significant difference in the parallel efficiency of the
PME and the RF electrostatics methods, demonstrated in
Figure 9, can be understood by examining the weak scaling
of the parallel FFT required for PME, shown in Figure 11.
In weak scaling, the ratio of the problem size to the number
of cores used in the simulation is held constant. The FFT is
a new and improved implementation, the technical details
of which are presented in Supporting Information, A.3. The
Inset of Figure 11 shows that the new FFT is faster than the
FFTs from LAMMPS-FFT,58 FFTE 4.0,59 and FFTW 3.2.60

In ideal weak scaling, the time, tf, required to perform one
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Figure 9. Strong scaling of 3.3 million atom biomass system
on Jaguar Cray XT5 with RF. With 12 288 cores the simulation
produces 27.5 ns/day and runs at 16.9TFlops. As a compari-
son, the performance of PME is shown.

Figure 10. Strong scaling of 5.4 million atom system on
Jaguar Cray XT5. With 30 720 cores, 28 ns/day and 33TFlops
are achieved.

Figure 11. Weak scaling of complex-to-complex FFT on Cray
XT5 with FFT implemented as described in Supporting
Information, A.3. The 3.3 million atom system requires the
588 ! 128 ! 128 FFT. The time required to compute one
FFT step is represented by tf.
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Gromacs has scaled
to 150k cores on 
Jaguar @ ORNL

But: Small systems won’t scale to large numbers of cores!
How shall we break this impasse?

...

Only gigantic systems scale - limited number of applications
...
...
...
...

......
1M-100M atoms



Stream computing
First Gromacs GPU project in 2002 
with Ian Buck & Pat Hanrahan, Stanford
Promise of theoretical high FP
performance on GeForce4
Severe limitations in practice...

More general than mere hardware acceleration!

Think in 
Parallel 
Problems!

Fermi: 448 cores
TFLOP-desktops!

ScalaLife
Life Science on next-gen hardware



Ensemble Simulation

Every dot is a simulation!
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Vesicle Fusion 
(1M atoms)

4,000 20-ns simulations

Hard statistics
on fusion rates

Anna Johansson, Peter Kasson



Molecular Dynamics with CUDA

Scott LeGrand, Peter Eastman
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All-vs-all (CUDA book) Newton’s 3rd law Sort atoms in tiles
N^2 (N^2)/2 N log N

Absolute performance critical,
not speedup relative to a
reference implementation!



MD Performance in CUDA
Not sufficient to accelerate nonbonded 
interactions - need to send to/from GPU

Prefer to do entire simulation on GPU

Don’t rewrite 2M lines-of-code
in a separate CUDA-Gromacs...

~5GB/s

OpenMM: Core MD functionality in separate library
Stanford, Stockholm, Nvidia & AMD

Fully public API, hardware-agnostic, use anywhere



Gromacs & OpenMM in practice
• GPUs supported in Gromacs 4.5

mdrun  ...  -device “OpenMM:Cuda” 

• Same input !les, same output !les: “It just works”

• Subset of features work on GPUs for now (checked)

• No shortcuts taken on the GPU:

• At least same accuracy as on the CPU (<1e-6)

• Potential energies calculated, free energy works

• Prerelease availability: NOW! www.gromacs.org/gpu

http://www.gromacs.org
http://www.gromacs.org


PME Reaction-field
Implicit All-vs-all

Fermi (C20) performance over C10
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1450We’re conservative:
2fs time steps!

BPTI (~21k atoms)
Villin (600 atoms, implicit)

1.5μs/day for 
small proteins!

A millisecondwould take ~1 year



PME Reaction-field
Implicit All-vs-all

GPU performance over x86 CPU
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Caveats/Limitations
• Beware of Memory Errors: happens on all hardware

• Gromacs runs tests to check for GPU memory errors

• Low-end consumer cards can sometimes be bad

• Even !ne cards can exhibit random errors

• For production scienti!c work we strongly 
recommend Fermi Tesla C20 cards

• Why? ECC memory! (C2050/C2070)



Think Massively Parallel -
Scale the Problem, not Runs

• Stream Computing is the future
• Everything is statistical mechanics!
• No algorithm will parallelize 5000 degrees of 

freedom over 1 billion processors
• Parallelize in the problem domain instead
• CUDA provides amazing performance on each node
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