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Using a supercomputer powered by

University of Illinois scientists performed the first
all-atom simulation of the HIV virus and discovered
the chemical structure of its capsid — “the perfect
target for fighting the infection.”

Without gpu, the supercomputer would need to be
5x larger for similar performance.
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Overview of Life & Material Accelerated Apps

f!';“ Tt el Yl :

MD: All key codes are GPU-accelerated QC: All key codes are ported or optimizing

Great multi-GPU performance Focus on using GPU-accelerated math libraries,

OpenACC directi
Focus on dense (up to 16) GPU nodes &/or large # of PE frectives

GPU nodes GPU-accelerated and available today:

, BAND, CHARMM, DESMOND, ESPResso, ABINIT, ACES Ill, ADF, BigDFT, CP2K, GAMESS, GAMESS-
Folding@Home, GPUgrid.net, GROMACS, HALMD, , UK, GPAW, LATTE, LSDalton, LSMS, MOLCAS, MOPAC2012,
LAMMPS, Lattice Microbes*, mdcore, MELD, miniMD, NAMD, NWChem, , PEtot, QUICK, Q-Chem, QMCPack,
OpenMM, PolyFTS, SOP-GPU* & more Quantum Espresso/PWscf, QUICK,

Active GPU acceleration projects:

CASTEP, GAMESS, Gaussian, ONETEP, Quantum
Supercharger Library®, VASP & more

* = application where >90% of the workload is on GPU 3 <ANVIDIA



MD vs. QC on GPUs

“Classical” Molecular Dynamics

Quantum Chemistry (MO, PW, DFT, Semi-Emp)

Simulates positions of atoms over time;
chemical-biological or
chemical-material behaviors

Calculates electronic properties;
ground state, excited states, spectral properties,
making/breaking bonds, physical properties

Forces calculated from simple empirical formulas
(bond rearrangement generally forbidden)

Forces derived from electron wave function
(bond rearrangement OK, e.g., bond energies)

Up to millions of atoms

Up to a few thousand atoms

Solvent included without difficulty

Generally in a vacuum but if needed, solvent treated
classically (QM/MM) or using implicit methods

Single precision dominated

Double precision is important

Uses cuBLAS, cuFFT, CUDA

Uses cuBLAS, cuFFT, OpenACC

Geforce (Accademics), Tesla (Servers)

Tesla recommended

ECC off

ECC on
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Indicates Performance Slides Included

GPUGrid.net MELD
HALMD OpenMM
DESMOND PolyFTS
ESPResSO
Folding@Home mdcore

GPU Perf compared against dual multi-core x86 CPU socket.

5 NVIDIA.



Why wouldn’t you want to turbocharge your research?

3x-8x Faster than CPU only systems in all tests (on average)
Most major compute intensive aspects of classical MD ported
Large performance boost with marginal price increase
Energy usage cut by more than half

GPUs scale well within a node and/or over multiple nodes

K80 GPU is our fastest and lowest power high performance GPU yet

Try GPU accelerated MD apps for free —


http://www.nvidia.com/GPUTestDrive

ACEMD




@ acallerar

www.acellera.com

ACEMD: Extremely efficient and robust MD software
built on GPUs

470 ns/day on 1 GPU for L-lIduronic acid (1362 atoms)
116 ns/day on 1 GPU for DHFR (23K atoms)

M. Harvey, G. Giupponi and G. De Fabritiis, ACEMD: Accelerated molecular dynamics simulations in the microseconds timescale, ). Chem. Theory and
Comput. 5, 1632 (2009)



@ acallerar

www.acellera.com

ACEMD

Standardised and easy to use: ACEMD reads CHARMM/NAMD and AMBER input files and
uses similar syntax to other MD software.

Fully featured: NVT, NPT, PME, TCL, PLUMED, CAMSHIFT!

Robust: ACEMD is a proven computational engine and is used in one of the largest distributed
computing projects worldwide: GPUGRID.

Compatible: ACEMD works with CUDA and OpenCL, the new standard framework for parallel
and high-performance computing.

Validated: ACEMD is used in reputable academic and industrial institutions. Results describing
its applications have appeared in peer-reviewed journals of high impact such as PNAS, PLoS
and JACS.2

1 M. J. Harvey and G. De Fabritiis, An implementation of the smooth particle-mesh Ewald (PME) method on GPU hardware, J. Chem. Theory Comput., 5,
2371-2377 (2009)
2 For a list of selected references see http://www.acellera.com/acemd/publications



AMBER 14




Ross Walker (AMBER developer) video




AMBER 14 vs. AMBER 12
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AMBER 14 Performance Improvement
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Courtesy of
Scott Le Grand
From GTC 2014
presentation
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AMBER 14; large P2P and small Boost Clocks impacts

13

AMBER 14 (ns/day) on 4x K40; P2P and Boost Clocks Impact

DHFR NVE PME, 2fs Benchmark (CUDA 6.0, ECC off)

250
215.18
200 196.68
150
132.97
% 125.77
=
2]
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100
50
(0]
2 x Xeon E5-2690 v2@3.00GHz + 4 x 2 x Xeon E5-2690 v2@3.00GHz + 4 x 2 x Xeon E5-2690 v2@3.00GHz + 4 x 2 x Xeon E5-2690 v2@3.00GHz + 4 x
Tesla K4A0@745Mhz (no P2P) Tesla K4A0@875Mhz (no P2P) Tesla K40@745Mhz (P2P) Tesla K4A0@875Mhz (P2P)
z Seriesl 125.77 132.97 196.68 215.18




AMBER Performance Over Time
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Protein Folding Simulation With AMBER
Accelerated By GPUs

2.95x Faster

g‘ -.:‘bo “/
\v;““' ~ \
\ YR §/

» S
168 ns/day 585 ns/day

2x8xE5-2670 CPU 2x8xE5-2670 CPU + Tesla K20X GPU

Data courtesy of AMBER.org
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AMBER 14 with P2P, Higher Density Nodes

AMBER 14 (ns/day) on K40 with P2P and Boost Clocks

DHFR NVE PME, 2fs Benchmark (CUDA 5.5, ECC off)

250
223.56
200.58
200
150
. 133.74
©
RS
(9]
c
100
)
23.79
0 -
2 X Xeon E5-2690 v2@3.00GHz + 1 x 2 x Xeon E5-2690 v2@3.00GHz + 2 x 2 x Xeon E5-2690 v2@3.00GHz + 4 x
2 X Xeon E5-2690 v2@3.00GHz Tesla K40@875Mhz Tesla K40@875Mhz Tesla K40@875Mhz
x Series1 23.79 133.74 200.58 223.56
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AMBER 14 and K40 with P2P, fastest GPU yet!
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AMBER 14 (ns/day) on K40 with P2P and Boost Clocks
Factor IX NPT PME, 2fs Benchmark (CUDA 5.5, ECC off)

60.27

56.08

6.1

2 x Xeon E5-2690 v2@3.00GHz

2 x Xeon E5-2690 v2@3.00GHz + 1 x
Tesla K40@875Mhz

2 x Xeon E5-2690 v2@3.00GHz + 2 x
Tesla K40@875Mhz

2 x Xeon E5-2690 v2@3.00GHz + 4 x
Tesla K40@875Mhz

z Seriesl

6.1

37.15

56.08

60.27
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AMBER 14 and K40 with P2P, fastest GPU yet!
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16
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12

10

ns/day

AMBER 14 (ns/day) on K40 with P2P and Boost Clocks
Cellulose NVE PME, 2fs Benchmark (CUDA 5.5, ECC off)

16.64

14.03

J.2L

129
L. OZ

2 x Xeon E5-2690 v2@3.00GHz

2 x Xeon E5-2690 v2@3.00GHz + 1 x
Tesla K40@875Mhz

2 x Xeon E5-2690 v2@3.00GHz + 2 x
Tesla K40@875Mhz

2 X Xeon E5-2690 v2@3.00GHz + 4 x
Tesla K40@875Mhz

z Seriesl

1.32

9.22

14.03

16.64
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AMBER 14 and K40 with P2P, fastest GPU yet!

16
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10

ns/day
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(0

AMBER 14 (ns/day) on K40 with P2P and Boost Clocks

Nucleosome GB, 2fs Benchmark (CUDA 5.5, ECC off)

13.77

3.97

0.08

2 x Xeon E5-2690 v2@3.00GHz

2 x Xeon E5-2690 v2@3.00GHz + 1 x
Tesla K40@875Mhz

2 x Xeon E5-2690 v2@3.00GHz + 2 x
Tesla K40@875Mhz

2 x Xeon E5-2690 v2@3.00GHz + 4 x
Tesla K40@875Mhz

z Seriesl

0.08

3.97

7.6

13.77




Cellulose on K40s, K80s and M6000s

20 Running AMBER version 14
PME-Cellulose_NVE

The blue node contains Dual Intel E5-

16 15.38 14.90 2698 v3@2.3GHz, 3.6GHz Turbo CPUs
13.67
8.0X The green nodes contain Dual Intel E5-

- 1 11.76 7.7X 2698 v3@2.3GHz, 3.6GHz Turbo CPUs +
§ 1049 7.1X either NVIDIA Tesla K40@875Mhz, Tesla
e 8.96 6.1X K80@562Mhz (autoboost), or Quadro
g 7.87 M6000@987Mhz GPUs
% 4.6X 5.4X
5 4.1X
E 4

1.93

,

1 Haswell 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node
Node +1x K40 +0.5x K80 +1x K80 + 1xM6000 + 2x K40 +2x K80 + 2x M6000




Factor IX on K40s, K80s and M6000s

Simulated Time (ns/day)

80
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30

20

10

9.68

B

PME-FactorIX_NVE

61.18 60.93

50.70 6.4X

47.80 6.3X

40.48 5.2X

33.59 5.0X

4.2X
3.5X

66.89

7.0X

1 Haswell 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node

Node

+1xK40 +0.5x K80 + 1x K80 + 1xM6000 + 2x K40

+ 2x K80

+ 2x M6000

Running AMBER version 14

The blue node contains Dual Intel E5-
2698 v3@2.3GHz, 3.6GHz Turbo CPUs

The contain Dual Intel E5-

2698 v3@2.3GHz, 3.6GHz Turbo CPUs +
either NVIDIA Tesla K40@875Mhz, Tesla
K80@562Mhz (autoboost), or Quadro
M6000@987Mhz GPUs




JAC on K40s, K80s and M6000s

Simulated Time (ns/day)

250

200

150

100

50

,

1 Haswell 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node 1 CPU Node

37.38

134.82

3.6X

PME-JAC_NVE
174.34
161.53
4.7X
121.30 4.3X
3.2X

200.34

5.4X

225.34

6.0X

219.83

5.9X

Node

+ 1x K40

+ 0.5x K80

+ 1x K80

+ 1x M6000

+ 2x K40

+ 2x K80

+ 2x M6000

Running AMBER version 14

The blue node contains Dual Intel E5-
2698 v3@2.3GHz, 3.6GHz Turbo CPUs

The contain Dual Intel E5-
2698 v3@2.3GHz, 3.6GHz Turbo CPUs +
either NVIDIA Tesla K40@875Mhz, Tesla
K80@562Mhz (autoboost), or Quadro
M6000@987Mhz GPUs







Cellulose on M40s

18

16

—_ —_ —_
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Simulated Time (ns/Day)

1.07

1 Node

PME - Cellulose_NPT

10.12

9.5X

14.40

13.5X

15.90

14.9X

1 Node +
1x M40 per node

1 Node +
2x M40 per node

1 Node +
4x M40 per node

Running AMBER version 14

The blue node contain Single Intel Xeon
E5-2698 v3@2.30GHz (Haswell) CPUs

The green nodes contain Single Intel
Xeon E5-2697 v2@2.70GHz (lvyBridge)
CPUs + Tesla M40 (autoboost) GPUs




Cellulose on M40s

PME - Cellulose NVE

Simulated Time (ns/Day)

16 T 1541 16.0X Running AMBER version 14
14 The blue node contain Single Intel Xeon
14.4X E5-2698 v3@2.30GHz (Haswell) CPUs
12
10.50 The green nodes contain Single Intel
10 Xeon E5-2697 v2@2.70GHz (lvyBridge)
9 8X CPUs + Tesla M40 (autoboost) GPUs
8 [ ]
6
4
2 1.07
o N
1 Node 1 Node + 1 Node + 1 Node +

1x M40 per node 2x M40 per node 4x M40 per node



FactorlX on M40s

Simulated Time (ns/Day)

80
PME - FactorIX_NPT

70 67.37 Running AMBER version 14

60 1 3 * 6X The blue node contain Single Intel Xeon
1 2 5X E5-2698 v3@2.30GHz (Haswell) CPUs

50 46.90 The contain Single Intel

Xeon E5-2697 v2@2.70GHz (lvyBridge)

40 CPUs + Tesla M40 (autoboost) GPUs

30

20

10

5.38

)

1 Node 1 Node + 1 Node + 1 Node +
1x M40 per node 2x M40 per node 4x M40 per node



FactorlX on M40s

90

80

Simulated Time (ns/Day)

PME - FactorIX_NVE

49.33

9.0X

5.47

73.00

13.3X

80.04

14.6X

1 Node 1 Node +
1x M40 per node

1 Node +
2x M40 per node

1 Node +
4x M40 per node

Running AMBER version 14

The blue node contain Single Intel Xeon
E5-2698 v3@2.30GHz (Haswell) CPUs

The contain Single Intel
Xeon E5-2697 v2@2.70GHz (lvyBridge)
CPUs + Tesla M40 (autoboost) GPUs




JAC on M40s

250
PME - JAC_NPT
211.97
200
10.9X
_ 10.2X '
a 149.40
g 150
£
- 7.2X
% 100
E
50
20.88
, 1
1 Node 1 Node + 1 Node + 1 Node +

1x M40 per node 2x M40 per node

4x M40 per node

Running AMBER version 14

The blue node contain Single Intel Xeon
E5-2698 v3@2.30GHz (Haswell) CPUs

The contain Single Intel
Xeon E5-2697 v2@2.70GHz (lvyBridge)
CPUs + Tesla M40 (autoboost) GPUs




JAC on M40s

300

250

N
o
o

150

Simulated Time (ns/Day)

—
o
o

50

, N

21.11

1 Node

PME - JAC_NVE

157.68

7.5X

230.18

10.9X

246.15

11.7X

1 Node +
1x M40 per node

1 Node +
2x M40 per node

1 Node +
4x M40 per node

Running AMBER version 14

The blue node contain Single Intel Xeon
E5-2698 v3@2.30GHz (Haswell) CPUs

The contain Single Intel
Xeon E5-2697 v2@2.70GHz (lvyBridge)
CPUs + Tesla M40 (autoboost) GPUs




Myoglobin on M40s

350
GB - Myoglobin
300 500.86 Running AMBER version 14
30 6X 32° 8X The blue node contain Single Intel Xeon
250 5 ¢ E5-2698 v3@2.30GHz (Haswell) CPUs
5 The contain Single Intel
£ 200 Xeon E5-2697 v2@2.70GHz (lvyBridge)
g CPUs + Tesla M40 (autoboost) GPUs
£ 23.6X ‘ )
B 150
2
“ 100
50
9.83
0 — ——
1 Node 1 Node + 1 Node + 1 Node +

1x M40 per node 2x M40 per node 4x M40 per node



Nucleosome on M40s

Simulated Time (ns/Day)
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—_
N
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GB - Nucleosome

4.67

35.9X

0.13

9.05

69.6X

16.11

123.9X

1 Node 1 Node +
1x M40 per node

1 Node +
2x M40 per node

1 Node +
4x M40 per node

Running AMBER version 14

The blue node contain Single Intel Xeon
E5-2698 v3@2.30GHz (Haswell) CPUs

The contain Single Intel
Xeon E5-2697 v2@2.70GHz (lvyBridge)
CPUs + Tesla M40 (autoboost) GPUs




TrpCage on M40s

Simulated Time (ns/Day)

900

800
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0

408.88

1 Node

=GB - TrpCage

2.03X

1.3X

464.63

1.1X

1 Node + 1 Node +
1x M40 per node 2x M40 per node

1 Node +
4x M40 per node

Running AMBER version 14

The blue node contain Single Intel Xeon
E5-2698 v3@2.30GHz (Haswell) CPUs

The green nodes contain Single Intel
Xeon E5-2697 v2@2.70GHz (lvyBridge)
CPUs + Tesla M40 (autoboost) GPUs




JAC on K40s and K80s

AMBER 14; PME-JAC_NVE on Intel Phi, Tesla K40s and K80s & IVB CPUs
(1 Node: Simulation Time in ns/Day)

250

200

150

100

Simulated Time (ns/Day)

a
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NVIDIA

218.62
205.30

195.39

167.81

131.03

24.94

2 x Xeon E5-2697
v2@2.70GHz (1
Ivybridge node)

2 x Xeon E5-2697
Vv2@2.70GHz + 1 x
Tesla K40@875Mhz (1
node)

116.67

2 x Xeon E5-2697
v2@2.70GHz + 0.5 x
Tesla K80 (autoboost)

(1 node)

2 x Xeon E5-2697
v2@2.70GHz + 4 x
Tesla K40@875Mhz (1
node)

2 x Xeon E5-2697
V2@2.70GHz + 2 x
Tesla K80 (autoboost)
(1 node)

2 x Xeon E5-2697
v2@2.70GHz + 2 x
Tesla K40@875Mhz (1
node)

2 x Xeon E5-2697
Vv2@2.70GHz + 1 x
Tesla K80 (autoboost)
(1 node)




FactoriX on K40s and K80s ,f,%A

AMBER 14; PME-FactorIX NVE on Intel Phi, Tesla K40s and K80s & IVB
CPUs
(1 Node: Simulation Time in ns/Day)

70

59.45

(o]
(@]

53.90 53.28

a1
(@]

46.65

N
o

36.31

31.52

w
o

Simulated Time (ns/Day)

[EEN
o

6.61

2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697
V2@2.70GHz (1 Vv2@2.70GHz + 1 x v2@2.70GHz + 0.5 x Vv2@2.70GHz + 1 x Vv2@2.70GHz + 2 x V2@2.70GHz + 2 x v2@2.70GHz + 4 x
Ivybridge ) Tesla K40@875Mhz (1 | Tesla KBO@562Mhz (1 | Tesla KBO@562Mhz (1 | Tesla KA0@875Mhz (1 | Tesla KBO@562Mhz (1 | Tesla K4A0@875Mhz (1

node) node) node) node) node) node)




Cellulose on K40s and K80s ,f,%A

AMBER 14; PME-Cellulose_NVE on Intel Phi, Tesla K40s and K80s & IVB
CPUs
(1 Node: Simulation Time in ns/Day)

18

14.68

[EEY
(&)

13.48
12.49

[EEY
N

10.96

7.36

Simulated Time (ns/Day)

1.35

, 1N

2 x Xeon E5-2697
v2@2.70GHz (1
Ivybridge node)

2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697 2 x Xeon E5-2697
Vv2@2.70GHz + 1 x v2@2.70GHz + 0.5 x Vv2@2.70GHz + 1 x Vv2@2.70GHz + 2 x V2@2.70GHz + 2 x v2@2.70GHz + 4 x
Tesla K40@875Mhz (1 | Tesla KBO@562Mhz (1 | Tesla KBO@562Mhz (1 | Tesla KA0@875Mhz (1 | Tesla KBO@562Mhz (1 | Tesla K4A0@875Mhz (1
node) node) node) node) node) node)




Kepler - Our Fastest Family of GPUs Yet

250.00

200.00

150.00

100.00

ns/Day

50.00

0.00
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AMBER 14, SPFP-DHFR_production_NVE

196.69 196.86
175.43
159.25 159.06
134.08 132.68
111.32 110.87
25.80
14.54
' 4.08 3.82
— P—
1 x Xeon |1 x Xeon 1 x Xeon 1 x Xeon 1 x Xeon 1 x Xeon |1 x Xeon 2 x Xeon 2 X Xeon 2 x Xeon 2 X Xeon
E5-2697 | E5-2697 E5-2697 E5-2697 | E5-2697 E5-2697 E5-2697
1 x Xeon E5-2697 E5-2697 2 x Xeon | E5-2697 E5-2697
v2@2.70 | v2@2.70 v2@2.70 v2@2.70 | v2@2.70 v2@2.70 v2@2.70
E5-2697 v2@2.70 v2@2.70 E5-2697 |v2@2.70 v2@2.70
GHz+1|GHz+1 GHz +1 GHz+1|GHz+2 GHz +1 GHz + 2
v2@2.70 . . GHz +1 GHz + 2 v2@2.70| GHz + 1 GHz + 2
GHz x Phi x Phi  Tesla | X Tesla x Tesla | X Tesla | x Tesla GHz  Tesla | X Tesla  Tesla | X Tesla
5110p 7120p K20X K40@87 K20X K80 K40@87 K20X K40@87 K20X K40@87
(Offload) | (Offload) 5Mhz Board 5Mhz 5Mhz 5Mhz

<3

NVIDIA

Running 14

The blue node contains Dual
E5-2697 CPUs (12 Cores per
CPU).

The green nodes contain Dual
E5-2697 CPUs (12 Cores per
CPU) and either 1x or 2x
NVIDIA K20X, K40 or K80 for
the GPU

DHFR (JAC)



Kepler - Our Fastest Family of GPUs Yet <3

NVIDIA
AMBER 14, SPFP-Factor_IX_ Production_NVE
70.00
60.00 57.89 57.83 Running 14
51.12 The blue node contains Dual
50.00 4658 LRSI E5-2697 CPUs (12 Cores per
CPU).
> 40.00 38.65 38.60 |
A The green nodes contain Dual
()] 32.45 32.30
T E5-2697 CPUs (12 Cores per
c 30.00 CPU) and either 1x or 2x
NVIDIA K20X, K40 or K80 for
10.00 6-87
3.70 3.29 3.35 .
0.00 |_4 4 1
' 1 x Xeon|1 x Xeon 1 x Xeon 1 x Xeon |1 x Xeon 2 X Xeon 2 X Xeon
E5-2697 | E5-2607 | L X X€0N | 5. 5697 | L X X€ON| £5 5697 | E5-2697 2 XXeon| £5 5gq7 |2 X Xeon (e 5zq7
1 x Xeon E5-2697 E5-2697 2 X Xeon | E5-2697 E5-2697
v2@2.70|v2@2.70 v2@2.70 v2@2.70(v2@2.70 v2@2.70 v2@2.70
E5-2697 v2@2.70 v2@2.70 E5-2697 [v2@2.70 v2@2.70
GHz+1|GHz +1 GHz +1 GHz+1|GHz + 2 GHz +1 GHz + 2
v2@2.70 . . GHz +1 GHz + 2 v2@2.70( GHz + 1 GHz + 2
GHz X Phi X Phi x Tesla X Tesla x Tesla X Tesla | x Tesla GHz x Tesla X Tesla x Tesla x Tesla
5110p 7120p K20X K40@87 K20X K80 K40@87 K20X K40@87 K20X K40@87
(Offload) | (Offload) 5Mhz Board 5Mhz 5Mhz 5Mhz
SEE 3.70 3.29 3.35 32.45 38.65 46.58 51.12 57.89 6.87 32.30 38.60 46.50 57.83
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Kepler - Our Fastest Family of GPUs Yet

AMBER 14, SPFP-Cellulose Production_NVE

<3

NVIDIA

Running 14

The blue node contains Dual
E5-2697 CPUs (12 Cores per
CPU).

The green nodes contain Dual
E5-2697 CPUs (12 Cores per
CPU) and either 1x or 2x
NVIDIA K20X, K40 or K80 for
the GPU

Cellulose

14.00 13.29 13.29
12.00 11.86 e
10.82 10.83
10.00 =
8.95 8.95

> 8.00 7 60 7 60 S

©

o

~

(7]

C 6.00 =
4.00 I
2.00 +56 1.56 1.38 —

= A |
0.00 '
1 x Xeon | 1 x Xeon 1 x Xeon 1 x Xeon 1 x Xeon 1 x Xeon | 1 x Xeon 2 x Xeon 2 X Xeon 2 % Xeon 2 X Xeon
E5-2697 | E5-2697 E5-2697 E5-2697 | E5-2697 E5-2697 E5-2697
1 x Xeon E5-2697 E5-2697 2 x Xeon | E5-2697 E5-2697
v2@2.70 | v2@2.70 v2@2.70 v2@2.70 | v2@2.70 v2@2.70 v2@2.70
E5-2697 v2@2.70 v2@2.70 E5-2697 | v2@2.70 v2@2.70
GHz+1 | GHz+1 GHz +1 GHz+1 | GHz+2 GHz +1 GHz + 2
v2@2.70 . . GHz +1 GHz + 2 v2@2.70 | GHz + 1 GHz + 2
GHz x Phi X Phi  Tesla X Tesla x Tesla x Tesla | x Tesla GHz x Tesla x Tesla  Tesla X Tesla
5110p 7120p K20X K40@87 K20X K80 K40@87 K20X K40@87 K20X K40@87
(Offload) | (Offload) 5Mhz Board 5Mhz 5Mhz 5Mhz
fg Seriesl 0.74 1.50 1.56 7.60 8.95 10.82 11.86 13.29 1.38 7.60 8.95 10.83 13.29




Cost Comparison

4 simultaneous simulations, 23,000 atoms, 250ns each, 5 days maximum time to
solution.

Nodes Required 12 1 (4 GPUSs)
Interconnect QDR IB None
Time to complete simulations 4.98 days 2.25 days
Power Consumption 5.7 kW (681.3 kWh) 1.0 kW (54.0 kWh)
System Cost (per day) $96,800 ($88.40) $5200 ($4.75)
Simulation Cost (681.3 * 0.18) + (88.40 * 4.98) (54.0 * 0.18) + (4.75 * 2.25)
$562.87 $20.41

>25x cheaper AND solution obtained in less than half the time

SDS' SAN DIEGO SUPERCOMPUTER CENTER
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Replace 8 Nodes with 1 K20 GPU

90.00

80.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

40

- 35000
81.09 $32,000.00
- 30000
- 25000

- 20000

- 15000

- 10000
$6,500.00

- 5000

Nanoseconds/Day Cost

Cut down simulation costs to /4 and gain higher performance

<3

NVIDIA.

Running 12 GPU Support Revision
12.1 SPFP with CUDA 4.2.9 ECC Off

The eight (8) blue nodes each contain 2x
Intel E5-2687W CPUSs (8 Cores per CPU)

Each green node contains 2x Intel E5-
2687W CPUs (8 Cores per CPU) plus 1x
NVIDIA K20 GPU

Note: Typical CPU and GPU node pricing
used. Pricing may vary depending on node
configuration. Contact your preferred HW
vendor for actual pricing.




Replace 7 Nodes with 1 K10 GPU

Performance on JAC NVE

80

70
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w
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Nanoseconds / Day
N
(@]

Cut down simulation costs to /4 and increase performance by 70%

41

CPU Only GPU Enabled

$35,000.00

$30,000.00 H

$25,000.00 -

$20,000.00 H

$15,000.00 H

$10,000.00 -

$5,000.00 -

$0.00 -

Cost

$32,000

CPU Only

GPU Enabled

>

NVIDIA

Running 12 GPU Support Revision
12.1 SPFP with CUDA 4.2.9 ECC Off

The eight (8) blue nodes each contain 2x
Intel E5-2687W CPUs (8 Cores per CPU)

The green node contains 2x Intel E5-2687W
CPUs (8 Cores per CPU) plus 1x NVIDIA
K10 GPU

Note: Typical CPU and GPU node pricing
used. Pricing may vary depending on node
configuration. Contact your preferred HW
vendor for actual pricing.




Extra CPUs decrease Performance <3

nviDiA
Cellulose NVE Running 12 GPU Support Revision 12.1

The orange bars contains one E5-2687W CPUs
(8 Cores per CPU).

~l

The blue bars contain Dual E5-2687W CPUs (8
Cores per CPU)

»

w

g

05

(2]

o

<4 x 1 E5-2687W
O

o 2 E5-2687W
o

c

©

Z

N

1 CPU 2 GPUs

2 CPUs 2 GPUs

-

o | e N

CPU Only CPU with dual K20s

Cellulose

When used with GPUs, dual CPU sockets perform worse than single CPU sockets.



Energy Expended (kJ)

Kepler - Greener Science

2500

2000 +

1500 -

1000 -

500 -

Energy used in simulating 1 ns of DHFR JAC

Lower is better

A B m

CPU Only CPU + K10 CPU + K20 CPU + K20X

The GPU Accelerated systems use 65-75% less energy

>

NVIDIA

Running 12 GPU Support Revision 12.1

The blue node contains Dual E5-2687W CPUSs
(150W each, 8 Cores per CPU).

The green nodes contain Dual E5-2687W CPUs
(8 Cores per CPU) and 1x NVIDIA K10, K20, or
K20X GPUs (235W each).

Energy Expended
= Power x Time



Recommended GPU Node Configuration for
AMBER Computational Chemistry

Workstation or Single Node Configuration

# of CPU sockets 2
Cores per CPU socket 6+ (1 CPU core drives 1 GPU)
CPU speed (Ghz) 2.66+
System memory per node (GB) 16
GPUs Kepler K20, K40, K80
1-4

# of GPUs per CPU socket

GPU memory preference (GB) 6
GPU to CPU connection PCle 3.0 16x or higher
Server storage 2TB
Network configuration Infiniband QDR or better

Scale to multiple nodes with same single node configuration



CHARMM




X

NVIDIA

Heterogeneous CPU+GPU
MD Engine in CHARMM

: oo oy
T. 2 L —~ »

CHARMM meeting 2013, Zurich
Antti-Pekka Hynninen

antti.pekka.hynninen@nrel.gov

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.




DOMDEC_GPU MD step cycle for PME A

——

NVIDIA

Constraints,

Bonded Reciprocal

integration,
Force I Force &
etc..

Distance Non-bonded Force

Exclusion

MPI node 1
CPU GPU

* GPU calculates non-bonded force /. | ||| NS L
* CPU calculates everything else |
* Fully integrated with DOMDEC | MPI node 2

o MPI task = CPU + GPU -pair | lcffl - GPU
o Built-in multinode GPU support U

NATIONAL RENEWABLE ENERGY LABORATORY




Performance for DHFR on Tesla C2075*

70 =
> . Single node run using
60 7 DOMDEC GPU
corresponds to 62 CPU
>0 - cores = 7-8 CPU nodes
40 * Great for the user, only
g ~6-DOMDEC CPU single node taken for
% |
€30 = <#-DOMDEC GPU the run!
* Lots of room for
25 ns/day . .
50 - improvement: Amber,
Gromacs 4.6, and
10 - OpenMM run at about
50ns/day on a similar
62 CPU cores
0 _ _ . _ . system
0 100 200 300 400 500

#CPU cores

*23558 atoms. Profiling run on 8 core Intel Xeon X5667 + NVIDIA Tesla C2075

ATIONA AB ABORATO 0



Conclusions & Future Work

Conclusions

* Heterogeneous CPU + GPU MD
engine implemented for
CHARMM

o Version 0.1
* Reasonable initial
performance
* Natively multi-node capable
o Scalable GPU computing
* OpenMP threads in CPU code

o Important for current and
future CPU architectures

Acknowledgements:
Michael Crowley, NREL
Charles Brooks, University of Michigan

NATIONAL RENEWABLE ENERGY LABORATORY

Future Work

Optimize (both CPU and
GPU)

* Test & optimize multi-node
simulation runs

* Load balancing PME
calculation
* Looking for beta testers!

> Need a relatively modern
NVIDIA GPU computing
node (compute capability
2.0 and above)

15

X

NVIDIA

Courtesy of

Antti-Pekka
Hynninen @
NREL




Greener Science with NVIDIA

Energy Used in Simulating 1 ns Daresbury G1nBP 61.2k Atoms
18000

16000 -

14000 -

12000 -

10000 -

Lower is better

8000 -+

[e2]
o
o
o

Energy Expended (kJ)

4000 +

2000 +

64x X5667 2x X5667 + 1x C2070 2x X5667 + 2x C2070

Using GPUs will decrease energy use by 75%

<3

NVIDIA

Running release C37b1

The blue nodes contains 64 X5667 CPUs
(95W, 4 Cores per CPU).

The green nodes contain 2 X5667 CPUs and
1 or 2 NVIDIA C2070 GPUs (238W each).

Note: Typical CPU and GPU node pricing
used. Pricing may vary depending on node
configuration. Contact your preferred HW
vendor for actual pricing.

Energy Expended
= Power x Time



CHARMM c40a2

May 2016




465K System on K80s

2.5
. 465K System
2.0
1.80
1.5
g 5.0X
[ ]

1.0
0.5 0.36

1 Haswell node 1 Node + 1 Node + 1 Node + 1 Node +

1x K80 per node 1x K80 per node 2x K80 per node 4x K80 per node
(gpuonly) (gpuon) (gpuon) (gpuon)

Running CHARMM version c40a2

The blue node contains Dual Intel Xeon
Intel Xeon (R) ES-2698@2.30 MHZ
(Haswell) CPUs

The contain Dual Intel
Xeon Intel Xeon (R) ES-2698@2.30 MHZ
(Haswell) CPUs + Tesla K80 (autoboost)

GPUs

“Gpuonly” means all the forces are
calculated in GPU
“Gpuon” means only non-bonded
forces are calculated in GPU



534K System on K80s

2.0

1.6

1.2

ns/day

0.8

0.4

0.18

534K System

1.43

8.0X

1.44

8.0X

1.44

8.0X

1.86

10.3X

1 Haswell node

1 Node +
1x K80 per node

(gpuonly)

1 Node +
1x K80 per node

(gpuon)

1 Node +
2x K80 per node

(gpuon)

1 Node +
4x K80 per node
(gpuon)

Running CHARMM version c40a2

The blue node contains Dual Intel Xeon
Intel Xeon (R) ES-2698@2.30 MHZ
(Haswell) CPUs

The contain Dual Intel
Xeon Intel Xeon (R) ES-2698@2.30 MHZ
(Haswell) CPUs + Tesla K80 (autoboost)

GPUs

“Gpuonly” means all the forces are
calculated in GPU
“Gpuon” means only non-bonded
forces are calculated in GPU



GROMACS 5.1

October 2015

< NVIDIA.




Erik Lindahl (GROMACS developer) video




384K Waters on K40s and K80s

Simulated Time (ns/day)

30

25

20

15

10

Water [PME] 384k

3.5X

16.99 17.07 3.2X
3.1X

2.4X 2.4X

10.45

7.16 1.5X

1 Haswell 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node +
Node 1x K40 1x K80 2x K40 2x K80 4x K40 4x K80

Running GROMACS version 5.1

The blue node contains Dual Intel E5-
2698 v3@2.3GHz CPUs

The contain Dual Intel E5-
2698 v3@2.3GHz CPUs + either NVIDIA
Tesla K40@875Mhz or Tesla
K80@562Mhz (autoboost) GPUs



384K Waters on Titan X

Simulated Time (ns/day)

25

20

—_
(S)]

—_
o

(S,]

Water [PME] 384k

18.13 3.0X

16.08

2.5X
2.2X

1 Haswell Node

1 CPU Node + 1x TitanX 1 CPU Node + 2x TitanX 1 CPU Node + 4x TitanX

Running GROMACS version 5.1

The blue node contains Dual Intel E5-
2698 v3@2.3GHz CPUs

The contain Dual Intel E5-
2698 v3@2.3GHz CPUs + GeForce GTX
TitanX@1000Mhz GPUs



/68K Waters on K40s and K80s

Simulated Time (ns/day)

15

10

Water [PME] 768k 178

11.36 11.31
3.6X

8.50 8.60 3.2X

3.2X
2.4X
2.4X

5.37

3.58 1.5X

1 Haswell 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node +
Node 1x K40 1x K80 2x K40 2x K80 4x K40 4x K80

Running GROMACS version 5.1

The blue node contains Dual Intel E5-
2698 v3@2.3GHz CPUs

The contain Dual Intel E5-
2698 v3@2.3GHz CPUs + either NVIDIA
Tesla K40@875Mhz or Tesla
K80@562Mhz (autoboost) GPUs



/68K Waters on Titan X

Simulated Time (ns/day)

16

12

4 3.58

N

Water [PME] 768k

11.51

9.12 3.2X
2.5X

8.19

2.3X

1 Haswell Node

1 CPU Node + 1x TitanX 1 CPU Node + 2x TitanX 1 CPU Node + 4x TitanX

Running GROMACS version 5.1

The blue node contains Dual Intel E5-
2698 v3@2.3GHz CPUs

The contain Dual Intel E5-
2698 v3@2.3GHz CPUs + GeForce GTX
TitanX@1000Mhz GPUs



1.5M Waters on K40s and K80s

Simulated Time (ns/day)

Water [PME] 1.5M

5.67 5.61

3.5X
4.13 4.16 3.3X 3.3X

54X 2.4X

2.69

1.72

1.6X

1 Haswell 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node +
Node 1x K40 1x K80 2x K40 2x K80 4x K40 4x K80

Running GROMACS version 5.1

The blue node contains Dual Intel E5-
2698 v3@2.3GHz CPUs

The contain Dual Intel E5-
2698 v3@2.3GHz CPUs + either NVIDIA
Tesla K40@875Mhz or Tesla
K80@562Mhz (autoboost) GPUs



1.5M Waters on Titan X

Water [PME] 1.5M

6 5.87
Running GROMACS version 5.1

> 4.64
3 3 '4X The blue node contains Dual Intel E5-
= 4 37 2698 v3@2.3GHz CPUs
£ 2.7X ,
B 2 ZX The contain Dual Intel E5-
5 5 1.77 . 2698 v3@2.3GHz CPUs + GeForce GTX
E TitanX@1000Mhz GPUs

i

1 Haswell Node 1 CPU Node + 1x TitanX 1 CPU Node + 2x TitanX 1 CPU Node + 4x TitanX



3M Waters on K40s and K80s

4
Water [PME] 3M
3
2.72 276 4.0X Running GROMACS version 5.1

E? 3.4X ) The blue node contains Dual Intel E5-
2 3 1.88 1.85 2698 v3@2.3GHz CPUs
= 1.32 2.3X 2.3X The contain Dual Intel E5-
Q 2698 v3@2.3GHz CPUs + either NVIDIA
=R 0.81 Tesla K40@875Mhz or Tesla
£ I 1.6X K80@562Mhz (autoboost) GPUs

0

1 Haswell 1 CPU Node +1 CPU Node +1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node +
Node 1x K40 1x K80 2x K40 2x K80 4x K40 4x K80



3M Waters on Titan X

Water [PME] 3M

2.99

2.36 3.7X

Running GROMACS version 5.1

S The blue node contains Dual Intel E5-
g 2 2698 v3@2.3GHz CPUs

"g’ 1.53 2, 9X

- The contain Dual Intel E5-
= 2698 v3@2.3GHz CPUs + GeForce GTX
E 1 0.81 TitanX@1000Mhz GPUs

1.9X

B

1 Haswell Node 1 CPU Node + 1x TitanX 1 CPU Node + 2x TitanX 1 CPU Node + 4x TitanX




GROMACS 5.0: Phi vs. Kepler K40 fastest GPU!

ns/day

30

25

20

15

10

0

GROMACS 5.0 RC1 (ns/day) on K40 with Boost Clocks and Intel Phi
192K Waters Benchmark (CUDA 6.0)

<3

25.84

19,29

18.19

18.55

7.9

6.02 59
4.96
5 l l l

1 x Xeon E5-2697
Vv2@2.70GHz

1 x Intel Phi 3120p
(Native Mode)

1 x Intel Phi 5110p
(Native Mode)

1 x Xeon E5-2697
V2@2.70GHz + 1 x
Tesla K40@875Mhz

1 x Xeon E5-2697
V2@2.70GHz + 2 x
Tesla K40@875Mhz

2 x Xeon E5-2697
v2@2.70GHz

2 X Xeon E5-2697
V2@2.70GHz + 1 x
Tesla K40@875Mhz

2 X Xeon E5-2697
V2@2.70GHz + 2 x
Tesla K40@875Mhz

NVIDIA




GROMACS 5.0 & Fastest Kepler GPUs yet! >

NVIDIA

GROMACS 5.0, cresta_ion_channel
Single Node with & without Kepler GPUs

30.00

26.00

25.49

25.00

21.79

20.00

15.00

ns/Day

10.00

5.00

0.00

1 x Xeon E5-2697
V2@2.70GHz + 1 x
Tesla K80
(autoboost)

2 x Xeon E5-2697
v2@2.70GHz + 1 x
Tesla K4A0@875Mhz
(1 node)

1 x Xeon E5-2697
v2@2.70GHz + 1 x
Tesla K20X

1 x Xeon E5-2697
v2@2.70GHz + 1 x
Tesla K40@875Mhz

2 X Xeon E5-2697 2 x Xeon E5-2697
v2@2.70GHz (1 v2@2.70GHz + 1 x
node) Tesla K20X (1 node)

1 x Xeon E5-2697
v2@2.70GHz




GROMACS 5.0 & Fastest Kepler GPUs yet!

50.00

45.00

40.00

35.00

30.00

25.00

ns/Day

20.00

15.00

10.00

5.00

0.00

<3

NVIDIA

GROMACS 5.0, cresta_ion_channel _vsites
Single node with & without Kepler GPUs

45.37

45.29

42.57

37.00

35.27

31.86

17.96

13 66
1 x Xeon E5- 1 x Xeon E5-
1 x Xeon E5- = );‘égg = 2697 2697
2697 v2@2.70GHz + vV2@2.70GHz + | v2@2.70GHz +
v2@2.70GHz 1 x Tésla K20X 1 x Tesla 1 x Tesla K80
K40@875Mhz Board

2 x Xeon E5- 2 x Xeon E5-
2xXeonE5- | 2XFEONES 2697 2 X eon B 2697
2697 V2@2.70GHz + v2@2.70GHz + V2@2.70GHz + v2@2.70GHz +
v2@2.70GHz (1 1 x Tesla K20X 1 x Tesla 2 x Tesla K20X 2 x Tesla
node) K40@875Mhz (1 K40@875Mhz (1
(1 node) (1 node)
node) node)



GROMACS 5.0 & Fastest Kepler GPUs yet! >

ns/Day

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

NVIDIA

GROMACS 5.0, cresta_methanol
Single node with & without Kepler GPUs

1 x Xeon E5-
1 x Xeon E5- 1 x Xeon E5- 2697 2 % Xeon E5- 2 x Xeon E5-

1 xXeon ES- 2697 282 V2@2.70GHz + 2697 2697
' v2@2.70GHz +

2697 v2@2.70GHz +
V2@2.70GHz v2@2.70GHz + 1% Tesla 1x Tesla K80 [ v2@2.70GHz (1 1 x Tesla K20X
(1 node)

2 x Xeon E5- 2 X Xeon E5-
2697 2 x Xeon E5- 2697

2697
v2@2.70GHz + V2@2.70GHzZ + v2@2.70GHz +
1 x Tesla 2 x Tesla K20X 2 x Tesla
K40@875Mhz (1 K40@875Mhz (1

1 x Tesla K20X Board node) (1 node)
node) node)

K40@875Mhz (autoboost)



GROMACS 5.0 & Fastest Kepler GPUs yet!

ns/Day

0.60

0.50

0.40

0.30

0.20

0.10

0.00

<3

NVIDIA
GROMACS 5.0, cresta_methanol_rf
Single Node with & without Kepler GPUs
0.52
0.46
0.36
0.34
0.31 050
0.27
0.19 _
0.12
1 x Xeon E5- 1 x Xeon E5- 2 x Xeon E5- 2XXeONES- | 5, yeonE5- | 2XXEONES-
1 x Xeon E5- 2 x Xeon E5- 2697 2697
LS GO E 2697 2T el 2697 A v2@2.70GHz + 1 Ze3) v2@2.70GHz + 2
2697 V2@2.70GHz + 1 |v2@2.70GHz + 1 V2@2.70GHz + 1 ' V2@2.70GHz + 2 '
v2@2.70GHz + 1 v2@2.70GHz (1 x Tesla x Tesla
v2@2.70GHz X Tesla X Tesla K80 x Tesla K20X (1 X Tesla K20X (1
x Tesla K20X node) K40@875Mhz (1 K40@875Mhz (1
K40@875Mhz Board node) node) node) node)




GROMACS 5.0 & Fastest Kepler GPUs yet!

<3

NVIDIA
GROMACS 5.0, cresta_virus_capsid
Single Node with & without Kepler GPUs
6.00
5.18
5.00
4.58

4.00 3-83

> 3.30 3.24
2.99

Q 300
)
c

2.00

1.54
1.00 0.92
0.00 2 XX E5 2 XX E5
1 x Xeon E5- 1 x Xeon E5- 2 x Xeon E5- X Ae0n o 2 x Xeon E5- X Aeon o
1 x Xeon E5- 2 x Xeon E5- 2697 2697
e s 2697 2257 A 2697 2697 V2@2.70GHz + ey v2@2.70GHz +
2697 V2@2.70GHz + | v2@2.70GHz + v2@2.70GHz + ' v2@2.70GHz + '
V2@2.70GHz + v2@2.70GHz (1 1 x Tesla 2 x Tesla
v2@2.70GHz 1 x Tesla K20X 1 x Tesla 1 x Tesla K80 node) 1 x Tesla K20X K40@875Mhz (1 2 x Tesla K20X K40@875Mhz (1
K40@875Mhz Board (1 node) node) (1 node) node)




GROMACS 5.0 & Fastest Kepler GPUs yet!

<3

NVIDIA
GROMACS 5.0, cresta_ion_channel
2 to 8 Nodes, with & without Kepler GPUs
90.00
80.00 78.48
72.18
70.00 68.11
62.95
5928  0L16
60.00 54.72
> 52.25
48.85
cu 50.00 44.49 495.92
D .
?‘) 40.00 =
. 939.9Y
(- 31.80 33.76
30.00
21.32
20.00 —
10.00 —
0.00 4 x X 4 x X 8 x X 8 x X 16 x X 16 x X
4 x Xeon E;-Zgg? 4 x Xeon E)5(-26eg? 8 x Xeon E;-Zgg? 8 X Xeon E;-Zgg? 16 x Xeon E5>f26egc;n 16 x Xeon E5)f26%o7n
4 x Xeon | E5-2697 V2@2.70G E5-2697 v2@2.70G 8 x Xeon | E5-2697 V2@2.70G E5-2697 V2@2.70G 16 x Xeon| E5-2697 V2@2.70G E5-2697 V2@2.70G
E5-2697 (v2@2.70G ’ v2@2.70G ’ E5-2697 |v2@2.70G ’ v2@2.70G ’ E5-2697 |v2@2.70G ’ v2@2.70G )
Hz + 2 x Hz + 4 x Hz + 4 x Hz + 8 x Hz + 8 x Hz + 16 x
v2@2.70G| Hz + 2 x Hz + 4 x v2@2.70G| Hz + 4 x Hz + 8 x v2@2.70G| Hz + 8 x Hz + 16 x
Hz (2 Tesla K 4-5(2;'275 Tesla K 4Toeé’)lg75 Hz (4 Tesla K 4-56@3';75 Tesla K 4-5%‘;'275 Hz (8 Tesla K 4-52'375 Tesla K 4-525;275
nodes) K20X (2 Mhz (2 K20X (2 Mhz (2 node) K20X (4 Mhz (4 K20X (4 Mhz (4 node) K20X (8 Mhz (8 K20X (8 Mhz (8
nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes)




GROMACS 5.0 & Fastest Kepler GPUs yet!

GROMACS 5.0, cresta_ion_channel_vsites
2 to 8 Nodes, with & without Kepler GPUs

160.00

140.00

120.00

100.00

80.00

ns/Day

60.00

40.00

20.00

0.00

=

NVIDIA

131.88
105.78
99.26 98.37 102.47
81.26 82.31
76.48 7550
70.02
53:98 =300
47.92
3281
4 x Xeon 4 x Xeon 8 x Xeon 8 x Xeon 16 x Xeon 16 x Xeon
4 x Xeon E5-2697 4 x Xeon E5-2697 8 x Xeon E5-2697 8 x Xeon E5-2697 16 x Xeon E5-2697 16 x Xeon E5-2697
4 x Xeon | E5-2697 V2@2.70G E5-2697 V2@2.70G 8 x Xeon | E5-2697 V2@2.70G E5-2697 V2@2.70G 16 x Xeon | E5-2697 V2@2.70G E5-2697 V2@2.70G
E5-2697 |v2@2.70G Hy +'2 » v2@2.70G Hy +'4 » E5-2697 |v2@2.70G Hy +'4 » v2@2.70G Hy +.8 X E5-2697 |v2@2.70G Hy +.8 X v2@2.70G Hy + '16 ”
v2@2.70G| Hz + 2 x Hz + 4 x V2@2.70G| Hz + 4 x Hz + 8 x v2@2.70G| Hz + 8 x Hz + 16 x
Hz (2 Tesla K 4-835275 Tesla K 422’)'375 Hz (4 Tesla K 4-5%?)'375 Tesla K 4-85@;';75 Hz (8 Tesla K 4-85@;';75 Tesla K 4Be@S|§75
nodes) K20X (2 K20X (2 node) K20X (4 K20X (4 node) K20X (8 K20X (8
Mhz (2 Mhz (2 Mhz (4 Mhz (4 Mhz (8 Mhz (8
nodes) nodes) nodes) nodes) nodes) nodes)
nodes) nodes) nodes) nodes) nodes) nodes)




GROMACS 5.0 & Fastest Kepler GPUs yet!
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0.50
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GROMACS 5.0, cresta_methanol
2 to 8 Nodes, with & without Kepler GPUs
2.85
2.73
1.83
1.73
1.53
138
1.25
0.97
0.63 0.60
0.44 0.47
0.33

4 x Xeon 4 x Xeon 4 x Xeon 4 x Xeon 8 x Xeon 8 x Xeon 8 x Xeon 8 x Xeon 16 x Xeon 16 x Xeon 16 x Xeon 16 x Xeon

E5-2697 E5-2697 E5-2697 E5-2697 E5-2697 E5-2697
4 x Xeon | E5-2697 V2@2.70G E5-2697 V2@2.70G 8 x Xeon | Eb5-2697 V2@2.70G E5-2697 V2@2.70G 16 x Xeon | E5-2697 V2@2.70G E5-2697 V2@2.70G
E5-2697 |v2@2.70G Hy +'2 " v2@2.70G Hy +'4 8 E5-2697 |v2@2.70G Hy +'4 8 v2@2.70G Hy +.8 8 E5-2697 |v2@2.70G Hy +.8 8 v2@2.70G Hy + '16 «

vV2@2.70G| Hz+2x Hz + 4 x v2@2.70G| Hz +4 x Hz + 8 x v2@2.70G| Hz +8x Hz + 16 x

Hz (2 Tesla K 4225)'275 Tesla K 4%2?75 Hz (4 Tesla K 4225)'275 Tesla K 4-56@%'275 Hz (8 Tesla K 41(-)2?75 Tesla K 4-56@?)'275

nodes) K20X (2 Mhz (2 K20X (2 Mhz (2 node) K20X (4 Mhz (4 K20X (4 Mhz (4 node) K20X (8 Mhz (8 K20X (8 Mhz (8

nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes) nodes)




GROMACS 5.0 & Fastest Kepler GPUs yet!
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GROMACS 5.0, cresta_methanol _rf
2 to 8 Nodes, with & without Kepler GPUs
4.50
4.16
4.00
3.65
3.50
3.00
>
o 2.50 553
| 2.12
?) 1.86
D 2.00 1.73 -
1.48
1.50
1.17
0.89 105 0.91
A 0.75 '
0.57
0.50 Q38 0.49
0.00 4 x X 4 x X 8x X 8xX 16 x X 16 x X
4xxeon | ‘g 5e0n | 4xXeon | L1 SR 8xXeon |tz 5e0n | 8 x Xeon | 2 ST 16 x Xeon | "2 16 x Xeon| "2 e
4 x Xeon | E5-2697 v2@2.70 E5-2697 v2@2.70 8 x Xeon | E5-2697 v2@2.70 E5-2697 v2@2.70 16 x Xeon| E5-2697 v2@2.70 E5-2697 v2@2.70
E5-2697 | v2@2.70 GHz +.2x v2@2.70 GHz +.4x E5-2697 | v2@2.70 GHz +.4x v2@2.70 GHz +.8x E5-2697 | v2@2.70 GHz +.8x v2@2.70 GHz +' 16
v2@2.70 [GHz + 2 x GHz + 4 x v2@2.70 |GHz + 4 x GHz + 8 x v2@2.70 [GHz + 8 x GHz + 16
GHz (2 Tesla K 4-5(2;'275 Tesla K 4-5(3;75 GHz (4 Tesla K 41(;2'275 Tesla K 4BEIS75 GHz (8 Tesla K 4-{)%;'375 X Tesla KZ(-)I-@%S;%
nodes) | K20X (2 K20X (2 node) | K20X (4 K20X (4 node) | K20X (8 K20X (8
Mhz (2 Mhz (2 Mhz (4 Mhz (4 Mhz (8 Mhz (8
nodes) nodes) nodes) nodes) nodes) nodes)
nodes) nodes) nodes) nodes) nodes) nodes)




GROMACS 5.0 & Fastest Kepler GPUs yet!
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GROMACS 5.0, cresta_virus_capsid
2 to 8 Nodes, with & without Kepler GPUs
25.00
22.01
20.30
20.00
15.24 15.57
15.00 1420
>
o] 12.93
O
~~
2 9.81
o oo . Q019
10-00 8.36 8_63 o.vv 4
5.44 5.71 5.53
5.00
2.93
0.00 4 x X 4 xX 8 x X 8 x X 16 x X 16 x X
4 x Xeon E&)S(-Zgg;] 4 x Xeon E;-Zggg 8 x Xeon E;-Zgg? 8 x Xeon E&)S(-Zgg;] 16 x Xeon E5)f26%c;n 16 x Xeon E5>526ego7n
4 x Xeon | E5-2697 E5-2697 8 x Xeon | E5-2697 E5-2697 16 x Xeon| E5-2697 E5-2697
v2@2.70 v2@2.70 v2@2.70 v2@2.70 v2@2.70 v2@2.70
E5-2697 | v2@2.70 GHz + 2 x v2@2.70 GHaz + 4 x E5-2697 | v2@2.70 GHz + 4 x v2@2.70 GHz + 8 X E5-2697 | v2@2.70 GHz + 8 x v2@2.70 GHz + 16
v2@2.70 |GHz + 2 x GHz +4 x v2@2.70 |GHz + 4 x GHz + 8 x v2@2.70 |GHz + 8 x GHz + 16
GHz (2 Tesla K 4-5(35275 Tesla K 42%%'275 GHz (4 Tesla K 4-5(2;?75 Tesla K 4‘Be@slg75 GHz (8 Tesla K 4-52'375 X Tesla K);(-)réssl%
nodes) | K20X (2 Mhz (2 K20X (2 Mhz (2 node) K20X (4 Mhz (4 K20X (4 Mhz (4 node) K20X (8 Mhz (8 K20X (8 Mhz (8
) nodes) e nodes) e nodes) o) nodes) 1B nodes) 1EES) nodes)
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Kernel performance and scaling

0.15 —— M2090

GIX 760
GTX TITAN
Strong scaling : —+—K20c - 758 MHz
; . —+—K40c - 875 MHz
regime: e
—+—K80 875 MHz

« e 16000 1151 MHz
This is where R
most of our = =i = AMD R290X
efforts go!

Benchmark “show-off"”
regime;
-

kernel time (ms)

This is where the
“free lunch” from
new hardware

— f "
. ek

ety comes in full effect

12 24 48 96 192 384 768 1536 3072

system size (x1000 atoms)
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Slides - courtesy of GROMACS Dev Team

GLIC 5fs

150k
atoms

rnase dodec 5fs

16k
atoms

villin 5fs
6k
atoms

8.1
23.6

65.6
59.3
19.5
30.2
34.2
10.9

i7-3930K

W i7-3930K + K20c

W i7-3930K + Tesla K20c - 6 repl

W i7-5690X

W i7-5690X + M6000

W i7-5690X + Quadro M6000 - 6 repl
Opteron 6376

B Opteron 6376 + GTX TITAN

B Opteron 6376 + GTX TITAN - 8 repl

701.7

1000

ns/day
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Energy Expended (KiloJoules Consumed)

Greener Science <A

NVIDIA.
ADH in Water (134K Atoms)

Running 4.6 with CUDA 4.1
12000

The blue nodes contain 2x Intel X5550 CPUs
(95W TDP, 4 Cores per CPU)

10000

Lower is better The green node contains 2x Intel X5550 CPUSs,
4 Cores per CPU) and 2x NVIDIA M2090s GPUs
(225W TDP per GPU)

8000

6000

Energy Expended
= Power x Time

4000

2000

4 Nodes 1 Node + 2x M2090
(760 Watts) (CZIAVEUE))

In simulating each nanosecond, the GPU-accelerated system uses 33% less energy



Recommended GPU Node Configuration for
GROMACS Computational Chemistry

Workstation or Single Node Configuration

# of CPU sockets 2
Cores per CPU socket 6+
CPU speed (Ghz) 2.66+
System memory per socket (GB) 32
GPUs Kepler K20, K40, K80
1x
# of GPUs per CPU socket Kepler GPUs: need fast Sandy Bridge or lvy Bridge, or

high-end AMD Opterons

GPU memory preference (GB) 6
GPU to CPU connection PCle 3.0 or higher
Server storage 500 GB or higher

Network configuration Gemini, InfiniBand
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3000

2500

2000

1500

1000

Hours to complete 10e6 sweeps

500

2”23 dodecahedral in HPMC,

24 CPU running on Comet

cores

4 K80 192 CPU
GPUs %gﬁo cores 384 CPU
S 16 K80 cores 768 CPU
GPUs —— cores L 5C3:reCSPU
+
1 2 4 8 16 32 64
Nodes

Blue nodes contain Dual Intel Xeon E5-2680 v3@2.50 GHz (Haswell) CPUs
contain Tesla K80 (autoboost) GPUs
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HOOMD-Blue 1.0, K40 & K80, Boost impact!

Average Timesteps (s)

2500

2000

1500

1000

500

LiqUid 2068.27

1496.42 1516.91 Running HOOMD-Blue version 1.0

1184.44 The contain Dual Intel E5-
2697 v2@2.70GHz CPUs + either NVIDIA
Tesla K40@875Mhz or Tesla K80
(autoboost) GPUs

1 CPU Node + 1x K40 1 CPU Node + 1x K80 1 CPU Node + 2x K40 1 CPU Node + 2x K80



Average Timesteps (s)

HOOMD-Blue 1.0, K40 & K80, Boost impact!

2000
PO lymer 1580.45
1500
1173.01 1203.83 Running HOOMD-Blue version 1.0
1031.79
1000 The contain Dual Intel E5-
2697 v2@2.70GHz CPUs + either NVIDIA
Tesla K40@875Mhz or Tesla K80
(autoboost) GPUs

500
0

1 CPU Node + 1x K40 1 CPU Node + 1x K80 1 CPU Node + 2x K40 1 CPU Node + 2x K80



HOOMD-Blue 1.0, K40 & K80, Boost impact!

2500.00

2000.00

1500.00

1000.00

Average Timesteps per second

500.00

0.00

HOOMD-Blue 1.0, Liquid

Single Node with 1 or 2 Kepler GPUs

<3

NVIDIA

2068.27

1496.42

1184.44

1516.91

2 x Xeon E5-2697 v2@2.70GHz + 1 x
Tesla K4A0@875Mhz (1 node)

2 x Xeon E5-2697 v2@2.70GHz + 1 x
Tesla K80 (autoboost)

2 x Xeon E5-2697 v2@2.70GHz + 2 x
Tesla K4A0@875Mhz (1 node)

2 x Xeon E5-2697 v2@2.70GHz + 2 x
Tesla K80 (autoboost)




HOOMD-Blue 1.0, K40 & K80, Boost impact!

1800.00

1600.00

1400.00

1200.00

1000.00

800.00

600.00

Average Timesteps per Second

400.00

200.00

0.00

HOOMD-Blue, Polymer

Single Node with 1 or 2 Kepler GPUs
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1580.45

1173.01

1203.83

1031.79

2 x Xeon E5-2697 v2@2.70GHz + 1 x
Tesla KA0@875Mhz (1 node)

2 x Xeon E5-2697 v2@2.70GHz + 1 x
Tesla K80 (autoboost)

2 x Xeon E5-2697 v2@2.70GHz + 2 x
Tesla K4A0@875Mhz (1 node)

2 x Xeon E5-2697 v2@2.70GHz + 2 x
Tesla K80 (autoboost)




HOOMD-Blue 1.0.0 and K40, Boost impact!

HOOMD-Blue (Timesteps/Sec) on K40 with and without Boost Clocks
lj_liquid (64K particles) Benchmark (CUDA 5.5, ECC on, gcc 4.7.3)

<3

NVIDIA

2500
2232.1
1989.7

2000 —
o 1599.0
o
8 1500 14329 i
(7]
g 1180.6
0
& 1017.4
2 1000 —
=
|_

500 —
183.6
(0] I
2 x Xeon E5-2690 2 x Xeon E5-2690 2 x Xeon E5-2690 2 x Xeon E5-2690 2 x Xeon E5-2690 2 x Xeon E5-2690 2 x Xeon E5-2690
v2@3.00GHz v2@3.00GHz + 1 x v2@3.00GHz + 1 x v2@3.00GHz + 2 x v2@3.00GHz + 2 x v2@3.00GHz + 4 x v2@3.00GHz + 4 x
’ Tesla K40@745Mhz Tesla K40@875Mhz Tesla K40@745Mhz Tesla K40@875Mhz Tesla K40@745Mhz Tesla K40@875Mhz
z Seriesl 183.6 1017.4 1180.6 1412.9 1599.0 1989.7 2232.1




HOOMD-Blue 1.0.0 and K40, fastest GPU yet!
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HOOMD-Blue (Timesteps/Sec) on K40 with Boost Clocks
lj_liquid (64K particles) Benchmark (CUDA 5.5, ECC on, gcc 4.7.3)
3500
3235.4
3000
2721.6 2684.5
g 0 2257.0
5 2Rz 2166.2 :
o]
¢ 2000
(6]
% 1599.0 1621.9
& 1500
% 1180.6
S
= 1000
582.5
500 343#
183.6 '
0
2 x Xeon E5- [ 2 x Xeon E5- | 2 x Xeon E5- 4 x Xeon E5- | 4 x Xeon E5- | 4 x Xeon E5- 8 x Xeon E5- | 8 x Xeon E5- | 8 x Xeon E5-
2 x Xeon E5- 2690 2690 2690 4 x Xeon E5- 2690 2690 2690 8 x Xeon E5- 2690 2690 2690
2690 v2@3.00GHz |v2@3.00GHz | v2@3.00GHz 2690 v2@3.00GHz |v2@3.00GHz |v2@3.00GHz 2690 v2@3.00GHz | v2@3.00GHz | v2@3.00GHz
V2@3.00GHz +1xTesla | +2xTesla | +4x Tesla V2@3.00GHz +2xTesla | +4xTesla | +8x Tesla V2@3.00GHz +4xTesla | +8xTesla | + 16 x Tesla
' K40@875Mh | K4A0@875Mh | K4A0O@875Mh ' K40@875Mh | KA0@875Mh | K4A0O@875Mh ’ K40@875Mh | KA0@875Mh | K4A0O@875Mh
z z z z z z z z z
z Seriesl 183.6 1180.6 1599.0 2232.1 343.4 1621.9 2166.2 2721.6 582.5 2257.0 2684.5 3235.4




HOOMD-Blue 1.0.0 and K40, fastest GPU yet!
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HOOMD-Blue (Timesteps/Sec) on K40 with Boost Clocks
polymer(64,017 particles) Benchmark (CUDA 5.5, ECC on, gcc 4.7.3)
3000.0
2500.0 2434.8
o A3, 2038.4
§ 2000.0 ae
g ey 1696.5 :
@
S—) 1500.0
g 1249.5 1214.2
2 10155
£ 1000.0
—
576.2
179.4 l
0.0 -
8 x Xeon E5-
2 X Xeon E5- [ 2 x Xeon E5- | 2 x Xeon E5- 4 x Xeon E5- | 4 x Xeon E5- | 4 x Xeon E5- 8 x Xeon E5- | 8 x Xeon E5- 2690
2 x Xeon E5- 2690 2690 2690 4 x Xeon E5- 2690 2690 2690 8 x Xeon E5- 2690 2690 V2@3.00GH
2690 v2@3.00GH | v2@3.00GH | v2@3.00GH 2690 v2@3.00GH | v2@3.00GH | v2@3.00GH 2690 v2@3.00GH | v2@3.00GH e '16 ”
V2@3.00GH |z+1xTesla|z+2x Tesla|z+ 4 xTesla| v2@3.00GH |z+2x Tesla|z+4 xTesla|z+ 8 x Tesla| v2@3.00GH |z+ 4 x Tesla| z + 8 x Tesla Tesla
z K40@875Mh | KA0@875Mh | K40O@875Mh y4 K40@875Mh [ K4A0@875Mh | K4A0@875Mh z K40@875Mh [ KA0@875Mh K40@875Mh
z z z z z z z y4 7
z Seriesl 179.4 1015.5 1249.5 1759.0 338.5 1214.2 1696.5 2082.1 576.2 1773.6 2038.4 2434.8




HOOMD-Blue 1.0.0 and K40, fastest GPU yet!
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HOOMD-BIlue (Timesteps/Sec) on K40 with Boost Clocks
lj_liquid (512K particles) Benchmark (CUDA 5.5, ECC on, gcc 4.7.3)
1400.0
1200.0 11502
- 1000.0
=
o
]
»  800.0 778.9 757 &
@
o
a
@ 600.0
é 458.0 4635 474.0
4000
268.3 273.9
200.0 161.6
40.2 7.5
20.6
0.0 = — -
' 2 x Xeon E5- [ 2 x Xeon E5- [ 2 x Xeon E5- 4 x Xeon E5- | 4 x Xeon E5- | 4 x Xeon E5- 8 x Xeon E5- [ 8 x Xeon E5- [ 8 x Xeon E5-
2 x Xeon E5- 2690 2690 2690 4 x Xeon E5- 2690 2690 2690 8 x Xeon E5- 2690 2690 2690
2690 v2@3.00GHz | v2@3.00GHz | v2@3.00GHz 2690 v2@3.00GHz | v2@3.00GHz | v2@3.00GHz 2690 v2@3.00GHz | v2@3.00GHz | v2@3.00GHz
V2@3.00GHz +1xTesla | +2xTesla | +4x T Tesla V2@3.00GHz +2xTesla | +4xTesla | +8x T Tesla V2@3.00GHz +4xTesla | +8xTesla | +16 x Tesla
' K40@875Mh | KA0@875Mh | KA0@875Mh ’ K40@875Mh | K4A0@875Mh | KA0@875Mh ’ K40@875Mh | K4A0@875Mh | KA0@875Mh
z z z z z z z z z
r Seriesl 20.6 161.6 268.3 458.0 40.2 273.9 463.5 778.9 77.5 474.0 757.5 1150.2




HOOMD-Blue on ARM vs. Ivy Bridge w/ & w/o K20 <X
Equivalent Performance on ARM + K20

1000

900

800

700

600

500

400

Timesteps per Second

300

200

100

0

HOOMD-Blue 1.0.0 (Timesteps/Sec) on ARM & lvy Bridge with/without K20

lj_liquid (64K particles) Benchmark (OpenMPI Ver 1.8.1)

NVIDIA

896.2

896.2

181.8

31.04057

85.4

ARMvV8 64-bit (2.4 GHz) 8
cores, no GPU

ARMv8 64-bit (2.4 GHz) 8 cores
w/K20

Ivy Bridge (E5-2690 v2 @
3.00GHz) 8 cores

Ivy Bridge (E5-2690 v2 @
3.00GHz) 20 cores

Ivy Bridge (E5-2690 v2 @
3.00GHz) 20 cores w/K20

z Seriesl

31.04057

896.2

85.4

181.8

896.2




Application-Level Evaluation (HOOMD-blue)

HOOMD-blue Strong Scaling HOOMD-blue Weak Scaling

23000 EMV2-2.0b-GDR B MV2-NewGDR-Loopback B MV2-NewGDR-Fastcopy u MV2-2.0b-GDR = MV2-NewGDR-Loopback = MV2-NewGDR-Fastcopy
00

AT%e  48% o
2500

4000 -
0 0
3500 | 53%  56%
o i
Q- 3000
© 2500 -
g 2000 -
0 1500 -
< 1000 -

500 -

2000

Average TPS
[y
a
o
o

=
o
o
o

500 -

4 8 16 32 64

4 8 16 32 64
Number of GPU Nodes

Number of GPU Nodes

Platform: Wilkes (Intel Ivy Bridge + NVIDIA Tesla K20c + Mellanox Connect-1B)
« Strong Scaling: fixed 64K particles

» Loopback and Fastcopy get up to 45% and 48% improvement for 32 GPUs
« Weak Sailing: fixed 2K particles / GPU

« Loopback and Fastcopy get up to 54% and 56% improvement for 16 GPUs

Webinar - June ‘14 93
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Lennard-Jones on K20X, K40s & K80s

8 . . Running LAMMPS
Atomic Fluid - Lennard Jones (2.5 Cutoff)
Single Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon
6.19 1 Ivvbridge Nod E5-2697 v2@2.7GHz CPUs
. vy ge Node
The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
O NVIDIA Tesla K20X@732Mhz, Tesla
£ 4 K40@875Mhz or Tesla K80 (autoboost)
- GPUs
8 2.86 eyl raaiile hdnats
g 2 2% 251 2.31 2.32 - o
g 2
<<
2.5X 27X 2.7X ]
2.9x 28
0

1 lvybridge 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + B s G S
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80 R i ey



Lennard-Jones on K20X, K40s & K80s

12 Running LAMMPS
Atomic Fluid - Lennard Jones (2.5 CUtOff) The blue node contains Dual Intel Xeon
Double Precision (2,048,000 atoms) E5-2697 v2@2.7GHz CPUs
7.98 1 lvybridge Node The green nodes contain Dual Intel

8 Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla

2 o K40@875Mhz or Tesla K80 (autoboost)
E
s 1.3X
S 4 3.60 =
%ﬂ 2.56 2.1X 2.62 2.47
2 2.2X
3.1X 3.0X

3.2X

1 lvybridge 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80




Lennard-Jones on K20X, K40s & K80s

Atomic Fluid - Lennard Jones (2.5 Cutoff)

Average Loop Time (s)

3.15

Single Precision (2,048,000 atoms)
2 Ivybridge Node

3.0X

3.2X

3.0X

2 Ivybridge 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node +

Node

1x K20X

1x K40

1x K80

2x K20X

2x K40

2x K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)

GPUs




Lennard-Jones on K20X, K40s & K80s

Average Loop Time (s)

Atomic Fluid - Lennard Jones (2.5 Cutoff)
Double Precision (2,048,000 atoms)
2 Ivybridge Node

4.08

2.56
2.03

1.53
1.6X 1.30 1.29

2.0X
2.7X

3.1X 3.2X |

2 Ivybridge 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)




Lennard-Jones on K20X, K40s & K80s

Average Loop Time (s)

* Atomic Fluid - Lennard Jones (2.5 Cutoff)
1.64 Single Precision (2,048,000 atoms)
s 4 Ilvybridge Node
1.00
1.0
1.6X 0.80
: 0.65 0.61
2.1X 0.53 0.53
0.5
2.5X
2.7X
3.1X 3.1X
0.0

4 |lvybridge 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)




Lennard-Jones on K20X, K40s & K80s

2.8 :
Atomic Fluid - Lennard Jones (2.5 Cutoff) Running LAMMPS
Double Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon
2.09 4 |lvybridge Node E5-2697 v2@2.7GHz CPUs
2.1
The green nodes contain Dual Intel
o Xeon E5-2697 v2®@2.7GHz CPUs + either
g 1.46 NVIDIA Tesla K20X@732Mhz, Tesla
L K40@875Mhz or Tesla K80 (autoboost)
8 1.17
- 1.4X
S 0.86
3 1.8X 0.7 0.71
0.7 0.61
2.4X
2.7X
2.9X
3.4X
0.0

4 Ivybridge 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80



Lennard-Jones on K20X, K40s & K80s

1.2 Running LAMMPS
Atorrpc Fluid - ,L,ennard Jones (2.5 Cutoff) The blue node contains Dual Intel Xeon
oo Single Precision (2,048,000 atoms) E5-2697 v2@2.7GHz CPUs
8 Ivybridge Node .

0.8 The green nodes contain Dual Intel
= Xeon E5-2697 v2@2.7GHz CPUs + either
o 0.62 NVIDIA Tesla K20X@732Mhz, Tesla
£ K40@875Mhz or Tesla K80 (autoboost)
§' 1 5X 0.48 GPUs o
%ﬂ 0.4 ; 0.36 R e
5 0.29 '

2 1.9X
2.5X
3.1X
0.0

8 Ivybridge Node 8 CPU Node + 1x 8 CPU Nodes + 1x 8 CPU Node + 2x 8 CPU Node + 2x
K20X K40 K20X K40



Lennard-Jones on K20X, K40s & K80s

15 Running LAMMPS
Atomic Fluid - Lennard Jones (2.5 CUtOff) The blue node contains Dual Intel Xeon
1.18 Double Precision (2,048,000 atoms) E5-2697 v2@2.7GHz CPUs
8 Ivybrldge Node The green nodes contain Dual Intel
z 0 0.89 Xeon E5-2697 v2@2.7GHz CPUs + either
g NVIDIA Tesla K20X@732Mhz, Tesla
= 1.3X 0.70 K40@875Mhz or Tesla K80 (autoboost)
8 GPUs
GOJD 0.51 0T g Lass > .-’,,,,. ohe o
¥ 05 0.41
2 1.7X
2.3X
2.9X
0.0

8 Ivybridge Node 8 CPU Node + 1x 8 CPU Node + 1x 8 CPU Node + 2x 8 CPU Node + 2x
K20X K40 K20X K40



Lennard-Jones on K20X, K40s & K80s

30

N
o

—_
o

Average Loop Time (s)

0

Atomic Fluid - Lennard Jones (5.0 Cutoff)
23.80 Single Precision (2,048,000 atoms)
1 Ivybridge Node

11.76

2.0X

6.36

3.7X

7.56

3.1X

6.57

3.6X

3.95

6.0X

1 Ivybridge Node 1 CPU Node + 1x 1 CPU Node + 1x 1 CPU Node + 2x 1 CPU Node + 2x 1 CPU Node + 2x

K40

K80

K20X

K40

K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)

GPUs




Lennard-Jones on K20X, K40s & K80s

40

30

N
o

—_
o

Average Loop Time (s)

0

Atomic Fluid - Lennard Jones (5.0 Cutoff)
Double Precision (2,048,000 atoms)
1 Ivybridge Node

31.31

18.77

1.7X

8.76

3.6X

11.81

2.7X

10.30

3.0X

5.23

6.0X

1 Ivybridge Node 1 CPU Node + 1x 1 CPU Node + 1x1 CPU Node + 2x 1 CPU Node + 2x 1 CPU Node + 2x

K40

K80

K20X

K40

K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)

GPUs




Lennard-Jones on K20X, K40s & K80s

Average Loop Time (s)

15

10

Atomic Fluid - Lennard Jones (5.0 Cutoff)

12.23 . o o
Single Precision (2,048,000 atoms)
2 lvybridge Node
6.25
4.21
Z.OX 3.53 3.64
2. 9X 3 4X 2.27
3.5X :
5.4X
2 lvybridge 2 CPU Node + 1x2 CPU Node + 1x2 CPU Node + 2x2 CPU Node + 2x2 CPU Node + 2x

Node K40 K80 K20X K40 K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)

GPUs




Lennard-Jones on K20X, K40s & K80s

20 . . Running LAMMPS
Atomic Fluid - Lennard Jones (5.0 Cutoff) 8
16.03 Double Precision (2,048,000 atoms) The bluEe5 n206d9e7 cc;nt;ir;sé aua(l: ,Lﬁtel Xeon
: : - V2@2. yA S
. 2 Ivybridge Node
The green nodes contain Dual Intel
_ Xeon E5-2697 v2@2.7GHz CPUs + either
o NVIDIA Tesla K20X@732Mhz, Tesla
£ 10 9.24 K40@875Mhz or Tesla K80 (autoboost)
2 GPUs_ _
& 1.7X 6.05 o
E 4.46 002
20 6X 3 2X 2.73
3.6X
: 5.9X

2 lvybridge Node 2 CPU Node + 1x 2 CPU Node + 1x 2 CPU Node + 2x 2 CPU Node + 2x 2 CPU Node + 2x O A v ‘
K40 K80 K20X K40 K80 o< B R e



Lennard-Jones on K20X, K40s & K80s

Average Loop Time (s)

Atomic Fluid - Lennard Jones (5.0 Cutoff)
Single Precision (2,048,000 atoms)

6.41 4 Ivybridge Node
6
3.14
} 2.30
2.0X 1.78 2 8X 1.74
- 1.22
3.6X 3.7X

5.3X

4 |lvybridge Node 4 CPU Node + 1x 4 CPU Node + 1x 4 CPU Node + 2x 4 CPU Node + 2x 4 CPU Node + 2x
K40 K80 K20X K40 K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)

GPUs




Lennard-Jones on K20X, K40s & K80s

12 .
Atomic Fluid - Lennard Jones (5.0 Cutoff) Running LAMMPS
Double Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon
4 Ivybridge Node E5-2697 v2@2.7GHz CPUs
9 8.56

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either

2 NVIDIA Tesla K20X@732Mhz, Tesla
E 6 K40@875Mhz or Tesla K80 (autoboost)
o) .12 GPUs
¢ 1.7X 3.38
o 2.82
Z 3 2.49
3.4X

5.4X

4 lvybridge Node 4 CPU Node + 1x 4 CPU Node + 1x 4 CPU Node + 2x 4 CPU Node + 2x 4 CPU Node + 2x Ry B A Do S A3
K40 K80 K20X K40 K80 i« B L *

0




Lennard-Jones on K20X and K40s

4 Running LAMMPS
3.52

Atomic Fluid - Lennard Jones (5.0 Cutoff)
Single Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon

] E5-2697 v2@2.7GHz CPUs
8 Ivybridge Node ve@2.7Ghz

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either

? NVIDIA Tesla K20X@732Mhz, Tesla
E o K40@875Mhz or Tesla K80 (autoboost)
g GPUs
g" 1 ,9X 1.28
E 1.03
1
2.8X
3.4X

8 Ivybridge Node 8 CPU Node + 1x K40 8 CPU Node + 2x K20X 8 CPU Node + 2x K40 Rcuaieae il o



Lennard-Jones on K20X and K40s

6 Running LAMMPS
Atomic Fluid - Lennard Jones (5.0 Cutoff) The blue node contains Dual Intel Xeon
Double Precision (2,048,000 atoms) E5-2697 v2@2.7GHz CPUs
8 Ivybridge Node

4.60

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either

2 NVIDIA Tesla K20X@732Mhz, Tesla

£ K40@875Mhz or Tesla K80 (autoboost)
e 2.73 GPUs

é, : s Sce ittt

E 1.7X e

2.4X

3.1X

8 lvybridge Node 8 CPU Node + 1x K40 8 CPU Node + 2x K20X 8 CPU Node + 2x K40




Tinesteps / Second

Lennard-Jones single/multi-node throughout

LAHHPS Leonard=Jones Throughput

LAHHPS Leonard=Jones Heak Scaling

m

1X NVIDIA K48n —+—
2X NVIDIA K46n

Xeon E5-2690 v2 @ 3,88 GHz —#—
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Figure 1: Leonard-Jones single-node throughout (strong scaling)
Figure 2: Leonard-Jones multi-node throughout

Nodes




EAM on K20X, K40s & K80s

Average Loop Time (s)

250

200

150

100

50

203.01

EAM - Single Precision (2,048,000 atoms)

106.32

1.9X

1 Ivybridge Node

85.71

2.4X

44.17

4.6X

47.53

4.3X

40.27

5.0X

44.12

4.6X

1 lvybridge 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node +

Node

1x K20X

1x K40

1x K80

2x K20X

2x K40

2x K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)




EAM on K20X, K40s & K80s

250

200

150

100

Average Loop Time (s)

Ul
o

202.76

EAM - Double Precision (2,048,000 atoms)

150.44

1.3X

1 Ivybridge Node

119.60

1.7X

66.51

3.0X

67.65

3.0X

54.34

3.7X

67.93

3.0X

1 Ivybridge 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node + 1 CPU Node +

Node

1x K20X

1x K40

1x K80

2x K20X

2x K40

2x K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)




EAM on K20X, K40s & K80s

120 Running LAMMPS

el : s Th tains Dual Intel X
EAM - Single Precision (2,048,000 atoms) © bl”Ee5f‘2°6d9“—‘7c\/°2%§‘0%H‘;aCPfl‘J <l Xeon
2 lvybridge Node

The green nodes contain Dual Intel

80 Xeon E5-2697 v2@2.7GHz CPUs + either
@ NVIDIA Tesla K20X@732Mhz, Tesla
= 57.77 K40@875Mhz or Tesla K80 (autoboost)
'é 1.8X 46.95
T 40
g 2.2X 23.68 AilE 22.08 23.65

4.0X
4.4X 4.7x 44X
0

2 Ivybridge 2CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80




EAM on K20X, K40s & K80s

120 Running LAMMPS

104.81 . |
EAM - Double Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon
2 Ivybridge Node E5-2697 v2@2.7GHz CPUs

" 80.30 The green nodes contain Dual Intel
= Xeon E5-2697 v2@2.7GHz CPUs + either
o 1.3X 64.62 NVIDIA Tesla K20X@732Mhz, Tesla
= : K40@875Mhz or Tesla K80 (autoboost)
3 1.6X
& 36.89
% 40 33.49 29.96 32.67
2.8X
3.1X 3.5 3.2X
0

2 Ilvybridge 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node + 2 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80




EAM on K20X, K40s & K80s

60 Running LAMMPS
54.89
EAM - Single Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon
4 |Vybr'|dge Node E5-2697 v2@2.7GHz CPUs
45

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either

§ 33.38 NVIDIA Tesla K20X@732Mhz, Tesla
£ 30 28.09 K40@875Mhz or Tesla K80 (autoboost)
8 1.6X
o 2.0X
2 s 0 13.96 15.00 12.99 14.03

3.9 3.7X 3.9X

4.2X
0

4 lvybridge 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80




EAM on K20X, K40s & K80s

60 Running LAMMPS
54.63
EAM - Double Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon
e 4 Ivybridge Node E5-2697 v2@2.7GHz CPUs
0 The green nodes contain Dual Intel
_ S Xeon E5-2697 v2@2.7GHz CPUs + either
- 1.2X NVIDIA Tesla K20X@732Mhz, Tesla
£ K40@875Mhz or Tesla K80 (autoboost)
5 1.5X
S 20.78
gﬂ 20 18.41 17-41 18.21
g 2.6X
3.0X 3.0X

3.1X

4 |lvybridge 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node + 4 CPU Node +
Node 1x K20X 1x K40 1x K80 2x K20X 2x K40 2x K80




EAM on K20X and K40s

Running LAMMPS

40
EAM - Single Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon
8 |vybridge Node E5-2697 v2@2.7GHz CPUs
3 - The green nodes contain Dual Intel
24.46 Xeon E5-2697 v2@2.7GHz CPUs + either
= 21.49 NVIDIA Tesla K20X@732Mhz, Tesla
g 20 K40@875Mhz or Tesla K80 (autoboost)
o 1.2X
% 1.3X 1235 11.06
g 10
2 2.3X
2.6X

8 Ivybridge Node 8 CPU Node + 1x 8 CPU Node + 1x 8 CPU Node + 2x 8 CPU Node + 2x
K20X K40 K20X K40




EAM on K20X and K40s

Average Loop Time (s)

40

30

20

10

EAM - Double Precision (2,048,000 atoms)
8 Ivybridge Node

29.11

24.39

1.2X

14.35

2.0X

12.66

2.3X

8 lvybridge Node

8 CPU Node + 1x K40

8 CPU Node + 2x K20X

8 CPU Node + 2x K40

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)




EAM single/multi-node throughput

LAKMMPS EAM Throughput LAHHPS EAH Heak Scaling
146 T T T T T T T T T 140 T T 1 T 1 J
1X NVIDIA K48n —+— 1X NVIDIA K48n —+—
2X NVIDIA K4Bn — 2X NVIDIA K40n —
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Figure 1: EAM single-node throughout (strong scaling)

Figure 2: EAM multi-scaling throughout




Gay-Berne on K20X, K40s & K80s

200 Running LAMMPS

Gay-Berne - Single Precision (2,097,152 atoms) .
162.20 1 Ivybridge Node The blue node contains Dual Intel Xeon
160 : E5-2697 v2®@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either

z 120 NVIDIA Tesla K20X@732Mhz, Tesla
= K40@875Mhz or Tesla K80 (autoboost)
= GPUs
g 80
%ﬂ 52.66
2 0 o 34.06 39.05 35.35 -
. 4.2X 4.6X
4.8X y
0 5.9X

1 Ivybridge Node 1 CPU Node + 1x 1 CPU Node + 1x1 CPU Node + 2x 1 CPU Node + 2x 1 CPU Node + 2x
K40 K80 K20X K40 K80




Gay-Berne on K20X, K40s & K80s

300 Running LAMMPS

. 8$3ay-Berne - Double Precision (2,097,152 atoms) e bt . Dl Intel X
: . e blue node contains Dual Intel Xeon
1 Ivybridge Node E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel

5 20 VL Xeon E5-2697 v2@2.7GHz CPUs + either
v NVIDIA Tesla K20X@732Mhz, Tesla
i 1.4X K40@875Mhz or Tesla K80 (autoboost)
o . 133.79 GPUs
§,, 102.55
T 100
o 80.08
< 1 .9X
49.06
2.5X
3.2X
5.2X

0

1 lvybridge Node 1 CPU Node + 1x 1 CPU Node + 1x 1 CPU Node + 2x 1 CPU Node + 2x 1 CPU Node + 2x
K40 K80 K20X K40 K80




Gay-Berne on K20X, K40s & K80s

100 Running LAMMPS
82AOGay-Berne - Single Pregswn (2,097,152 atoms) The blue node contains bual Intel Xeon
2 Ivybridge Node E5-2697 v2@2.7GHz CPUs

80

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either

z 60 NVIDIA Tesla K20X@732Mhz, Tesla
= K40@875Mhz or Tesla K80 (autoboost)
= GPUs
§ 40
%” 24.98
< 4 17.02 18.60 16.89 408
, * 4. 9X 5 . 9X

2 lvybridge Node 2 CPU Node + 1x 2 CPU Node + 1x 2 CPU Node + 2x 2 CPU Node + 2x 2 CPU Node + 2x
K40 K80 K20X K40 K80




Gay-Berne on K20X, K40s & K80s

160 Running LAMMPS

Gay-Berne - Double Precision (2,097,152 atoms) The blue node contains Dual Intel Xeon
128.97 2 Ivybridge Node E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either

120

= f— NVIDIA Tesla K20X@732Mhz, Tesla
£ K40@875Mhz or Tesla K80 (autoboost)
= 80
) 66.49 GPUs
:ol)n 1 ’4X 53.11 50.85
5 1.9X
Z 40
2.4X 2.5X 23.95

9.4X

2 lvybridge Node 2 CPU Node + 1x 2 CPU Node + 1x 2 CPU Node + 2x 2 CPU Node + 2x 2 CPU Node + 2x
K40 K80 K20X K40 K80

0




Gay-Berne on K20X, K40s

Average Loop Time (s)

50

40

30

20

10

0

& K80s

Gay-Berne - Single Precision (2,097,152 atoms)

42.43

12.38

3.4X

4 Ilvybridge Node

9.19

4.6X

9.53

4.5X

8.47

5.0X

7.31

5.8X

4 lvybridge Node 4 CPU Node + 1x 4 CPU Node + 1x 4 CPU Node + 2x 4 CPU Node + 2x 4 CPU Node + 2x

K40

K80

K20X

K40

K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)
GPUs




Gay-Berne on K20X, K40s & K80s

80.00 Running LAMMPS
66_%ay'Berne - Double Pre.ClSlon (2,097,152 atoms) 1, ¢ node contains Dual Intel Xeon
4 Ivybridge Node E5-2697 v2@2.7GHz CPUs
60.00
The green nodes contain Dual Intel
o e Xeon E5-2697 v2@2.7GHz CPUs + either
2 : NVIDIA Tesla K20X@732Mhz, Tesla
F 40,00 K40@875Mhz or Tesla K80 (autoboost)
g 1.4X 33.24 GPUs
o 25.26 g
g 19.43 2.0X
20.00
2.6X 12.33
3.4X
5.4X
0.00

4 lvybridge Node4 CPU Node + 1x4 CPU Node + 1x4 CPU Node + 2x4 CPU Node + 2x4 CPU Node + 2x
K40 K80 K20X K40 K80




Gay-Berne on K20X and K40s

Average Loop Time (s)

30

25

20

15

10

Gay-Berne - Single Precision (2,097,152 atoms)
8 Ivybridge Node

22.51

6.16

3.7X

5.14

4.4X

4.35

5.2X

8 lvybridge Node

8 CPU Node + 1x K40

8 CPU Node + 2x K20X

8 CPU Node + 2x K40

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)
GPUs




Gay-Berne on K20X and K40s

Average Loop Time (s)

50

40

30

20

10

Gay-Berne - Double Precision (2,097,152 atoms)
8 Ivybridge Node

35.00

23.23

1.5X

17.05

2.1X

13.01

2.7X

8 lvybridge Node

8 CPU Node + 1x K40

8 CPU Node + 2x K20X

8 CPU Node + 2x K40

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)
GPUs




Rhodopsin on K20X, K40s |

120

80

40

Average Loop Time (s)

0

104.04

& K80s

Rhodopsin - Single Precision (2,048,000 atoms)
1 lvybridge Node

55.25

1.9X

30.12

3.5X

38.96

2.7X

32.17

3.2X

23.34

4.5X

1 Ivybridge Node 1 CPU Node + 1x 1 CPU Node + 1x 1 CPU Node + 2x 1 CPU Node + 2x 1 CPU Node + 2x

K40

K80

K20X

K40

K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)
GPUs




Rhodopsin on K20X, K40s & K80s

200 Running LAMMPS
Rhodopsin - Double Precision (2,048,000 atoms)

1 Ivybridge Node

The blue node contains Dual Intel Xeon

160 E5-2697 v2@2.7GHz CPUs

138.20 The green nodes contain Dual Intel

. Xeon E5-2697 v2@2.7GHz CPUs + either
1 10037 NVIDIA Tesla K20X@732Mhz, Tesla
: K40@875Mhz or Tesla K80 (autoboost)

GPUs
80 76.35

Average Loop Time (s)

56.53 1.4X
1.8X

40 32.43

2.4X
4.3X

1 lvybridge Node 1 CPU Node + 1x 1 CPU Node + 2x 1 CPU Node + 2x 1 CPU Node + 2x
K80 K20X K40 K80




Rhodopsin on K20X, K40s & K80s

60 Running LAMMPS
53.28

Rhodopsin - Single Precision (2,048,000 atoms)  The blue node contains Dual Intel Xeon
2 Ivybridge Node E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
40 Xeon E5-2697 v2@2.7GHz CPUs + either

O NVIDIA Tesla K20X@732Mhz, Tesla
£ - K40@875Mhz or Tesla K80 (autoboost)
= ' GPUs
% 2.0X 19.57
@ “ 14.93 15.85
2 11.99
= 2' 7X 3 04X
3.6X

4.4X

2 Ivybridge Node 2 CPU Node + 1x 2 CPU Node + 1x 2 CPU Node + 2x 2 CPU Node + 2x 2 CPU Node + 2x
K40 K80 K20X K40 K80

0




Rhodopsin on K20X, K40s & K80s

90

Running LAMMPS
Rhodopsin - Double Precision (2,048,000 atoms) The blue node contains Dual Intel Xeon

70.42 2 lvybridge Node E5-2697 v2@2.7GHz CPUs
The green nodes contain Dual Intel
_ 0 Xeon E5-2697 v2@2.7GHz CPUs + either
Py 20.59 NVIDIA Tesla K20X@732Mhz, Tesla
£ K40@875Mhz or Tesla K80 (autoboost)
5 38.15 GPUs
8 1.4X
%n 30 27.42
g 1. 8X 15.78
2.6X

4.5X

2 lvybridge Node 2 CPU Node + 1x 2 CPU Node + 2x 2 CPU Node + 2x 2 CPU Node + 2x
K80 K20X K40 K80




Rhodopsin on K20X, K40s & K80s

Average Loop Time (s)

40

30

20

10

0

Rhodopsin - Single Precision (2,048,000 atoms)
4 Ilvybridge Node

28.52

14.64

1.9X 10.18

8.34 8.58

2.8X
3ax %% 33X

7.04

4.1X

4 |lvybridge Node 4 CPU Node + 1x 4 CPU Node + 1x 4 CPU Node + 2x 4 CPU Node + 2x 4 CPU Node + 2x
K40 K80 K20X K40 K80

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)
GPUs




Rhodopsin on K20X, K40s |

Average Loop Time (s)

50

40

30

20

10

0

& K80s

Rhodopsin - Double Precision (2,048,000 atoms)

37.36 36.97

1.0X

4 |lvybridge Node

14.21

2.6X

25.49

1.5X

19.68

1.9X

8.33

4.5X

4 |lvybridge Node 4 CPU Node + 1x 4 CPU Node + 1x 4 CPU Node + 2x 4 CPU Node + 2x 4 CPU Node + 2x

K40

K80

K20X

K40

K80

Running LAMMPS

The blue node contains Dual Intel E5-
2698 v3@2.3GHz CPUs

The green nodes contain Dual Intel E5-

2698 v3@2.3GHz CPUs + either NVIDIA

Tesla K20X@732Mhz, Tesla K40@875Mhz
or Tesla KB0@562Mhz GPUs




Rhodopsin on K20X and K40s

Average Loop Time (s)

20

15

10

Rhodopsin - Single Precision (2,048,000 atoms)
8 Ivybridge Node

15.10

7.93

1.9X

5.50

2.7X

4.79

3.2X

8 lvybridge Node

8 CPU Node + 1x K40

8 CPU Node + 2x K20X

8 CPU Node + 2x K40

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)
GPUs




Rhodopsin on K20X and K40s

Average Loop Time (s)

30

20

10

Rhodopsin - Double Precision (2,048,000 atoms)
8 Ivybridge Node

19.64

19.31

1.0X

13.40

1.5X

10.28

1.9X

8 lvybridge Node

8 CPU Node + 1x K40

8 CPU Node + 2x K20X

8 CPU Node + 2x K40

Running LAMMPS

The blue node contains Dual Intel Xeon
E5-2697 v2@2.7GHz CPUs

The green nodes contain Dual Intel
Xeon E5-2697 v2@2.7GHz CPUs + either
NVIDIA Tesla K20X@732Mhz, Tesla
K40@875Mhz or Tesla K80 (autoboost)
GPUs
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Speedup Compared to CPU Only
N w

-

More Science for Your Money (LAMMPS) N>

NVIDIA.
Embedded Atom Model

Blue node uses 2x E5-2687W (8 Cores
and 150W per CPU).

Green nodes have 2x E5-2687W and 1
or 2 NVIDIA K10, K20, or K20X GPUs (235W).

55
4.5
3.3
2.92
2.47

CPUOnly CPU + 1x CPU + 1x CPU + 1x CPU + 2x CPU + 2x CPU + 2x
K10 K20 K20X K10 K20 K20X

Experience performance increases of up to 5.5x with Kepler GPU nodes.



Excellent Strong Scaling on Large Clusters

LAMMPS Gay-Berne 134M Atoms

600

A\ ——GPU Accelerated XK6

——CPU only XE6

Loop Time (seconds)
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300 400 500 (]0]0] 700 t{0]0] 900
Nodes

From 300-900 nodes, the NVIDIA GPU-powered XK6 maintained 3.5x performance
compared to XE6 CPU nodes

Each blue Cray XE6 Nodes have 2x AMD Opteron CPUs (16 Cores per CPU)
Each green Cray XK6 Node has 1x AMD Opteron 1600 CPU (16 Cores per CPU) and 1x NVIDIA X2090



GPUs Sustain 5x Performance for Weak Scaling

LAMMPS Weak Scaling with 32K Atoms per Node

IS
6]

40 - - A
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S 6.7X 5.8x 4.8x
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£ 20
|_
o
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|
10
5
0 T T T T T T T T
1 8 27 64 125 216 343 512 729

Nodes

Performance of 4.8x-6.7x with GPU-accelerated nodes
when compared to CPUs alone

Each blue Cray XE6 Node have 2x AMD Opteron CPUs (16 Cores per CPU)
Each green Cray XK6 Node has 1x AMD Opteron 1600 CPU (16 Core per CPU) and 1x NVIDIA X2090



Energy Expended (kJ)

140

120

100 -

80 +

60

40

20

Faster, Greener — Worth It! (LAMMPS)

Energy Consumed in one loop of EAM

GPU-accelerated computing uses

Lower is better 53% less energy than CPU only
T Energy Expended = Power x Time
L Power calculated by combining the component’s TDPs

1 Node 1 Node + 1 K20X 1 Node + 2x K20X

Blue node uses 2x E5-2687W (8 Cores and 150W per CPU) and CUDA 4.2.9.
Green nodes have 2x E5-2687W and 1 or 2 NVIDIA K20X GPUs (235W) running CUDA 5.0.35.

Try GPU accelerated LAMMPS for free — www.nvidia.com/GPUTestDrive



http://www.nvidia.com/GPUTestDrive

Accelerate LAMMPS Simulations with GPUSS,%A

“Summary of best speedups
Versus running on a single
XK7 CPU for CPU-only and
accelerated runs. Simulation
Is 400 timesteps for a 1
million molecule droplet. The
xkrwousrcpy | SPeedups are calculated
T based on the single node
loop time of 440.3 seconds.”

*Brown, W.M., Yamada, M.,
“Implementing Molecule Dynamics on
Hybrid High Performance Computers
— Three-Body Potentials,” Computer
Physics Communications (2013,
submitted)

1 Node



Accelerate LAMMPS Simulations with GPUSS,%A

250

“Summary of best speedups
Versus running on a single
XK7 CPU for CPU-only and
accelerated runs. Simulation
Is 400 timesteps for a 1
million molecule droplet. The
speedups are calculated
based on the single node
loop time of 440.3 seconds.”

211

200

150

x XK7 w/out GPU
x XK7 w/ GPU

Speedup

100

50

*Brown, W.M., Yamada, M.,
“Implementing Molecule Dynamics on
Hybrid High Performance Computers
] — Three-Body Potentials,” Computer
64 Nodes Physics Communications (2013,
submitted)




Recommended GPU Node Configuration for
LAMMPS Computational Chemistry

Workstation or Single Node Configuration

# of CPU sockets 2
Cores per CPU socket 6+
CPU speed (Ghz) 2.66+
System memory per socket (GB) 32
GTX Titan X,
GPUs Kepler K20, K40, K80, M40
# of GPUs per CPU socket 1-2
GPU memory preference (GB) 6+
GPU to CPU connection PCle 3.0 or higher
Server storage 500 GB or higher
Network configuration Gemini, InfiniBand

Scale to thousands of nodes with same single node configuration



NAMD 2.11 - Up to 2X Faster

< NVIDIA.




New GPU features in NAMD 2.11

GPU-accelerated simulations up to twice as fast as NAMD 2.10
Pressure calculation with fixed atoms on GPU works as on CPU

Improved scaling for GPU-accelerated particle-mesh Ewald calculation
CPU-side operations overlap better and are parallelized across cores.

Improved scaling for GPU-accelerated simulations
Nonbonded force calculation results are streamed from the GPU for better overlap.

NVIDIA CUDA GPU-acceleration binaries for Mac OS X

146 NVIDIA.



NAMD 2.11 is up to 2x faster

25

APoA1 (92,224 atoms)

20

15

10

Simulated Time (ns/day)

ul

1 Node 2 Nodes 4 Nodes

NAMD 2.10 & NAMD 2.11 contain Dual Intel E5-2697 v2@2.7GHz (lvyBridge) CPUs + 2 Tesla K80 (autoboost) GPUs



NAMD 2.11 APoA1 on 1 and 2 nodes

25

20

—_ —_
o Ul

Simulated Time (ns/day)

Ul

n

2.77

APoA1

(92,224 atoms)

16.99

6.1X

11.67

4.2X

5.22

19.73

3.8X

24.31

4.7X

1 Node

1 Node + 1 Node +
1x K80 2x K80

2 Nodes

2 Nodes +
1x K80

2 Nodes +
2x K80

Running NAMD version 2.11

The blue nodes contain Dual Intel E5-
2698 v3@2.3GHz (Haswell) CPUs

The green nodes contain Dual Intel E5-
2698 v3@2.3GHz (Haswell) CPUs + Tesla
K80 (autoboost) GPUs




NAMD 2.11 APoA1 on 4 and 8 nodes

30

25

- )
al o

-_
o

Simulated Time (ns/day)

APoA1

(92,224 atoms)

2.3X
2.0X

27.83 27.74
Running NAMD version 2.11

The blue nodes contain Dual Intel E5-
1.7X 1.6X 2698 v3@2.3GHz (Haswell) CPUs

The green nodes contain Dual Intel E5-

2698 v3@2.3GHz (Haswell) CPUs + Tesla

K80 (autoboost) GPUs

8 Nodes + 8 Nodes +

1x K80 2x K80



NAMD 2.11 is up to 1.8x faster

10

F1-ATPase (327,506 atoms)

o

N

Simulated Time (ns/day)

N

1 Node 2 Nodes 4 Nodes

NAMD 2.10 & NAMD 2.11 contain Dual Intel E5-2697 v2@2.7GHz (lvyBridge) CPUs + 2 Tesla K80 (autoboost) GPUs



NAMD 2.11 F1-ATPase on 1 and 2 nodes

15

F 1 ATP Running NAMD version 2.11

ase The blue nodes contain Dual Intel E5-

(327,506 atoms) 10,58 2698 v3@2.3GHz (Haswell) CPUs

10 The green nodes contain Dual Intel E5-
2698 v3@2.3GHz (Haswell) CPUs + Tesla
5 . 7X K80 (autoboost) GPUs
7.23 :
6.11 3 9X
5
3.87 6 . 5X

Simulated Time (ns/day)

4.1X s
. n

1 Node 1 Node + 1 Node + 2 Nodes 2 Nodes + 2 Nodes +
1x K80 2x K80 1x K80 2x K80




NAMD 2.11 F1-ATPase on 4 and 8 nodes

20
F 1 _ATPase Running NAMD version 2.11
15.74 The blue nodes contain Dual Intel E5-
15 (327’ 506 atoms) . 2698 v3@2.3GHz (Haswell) CPUs
12.62 2' 3X The green nodes contain Dual Intel E5-
11.66 2 1X 2698 v3@2.3GHz (Haswell) CPUs + Tesla

K80 (autoboost) GPUs

3.5X
3.2X

6.88

Simulated Tl\me (ns/day)
o

Ul

3.63

.

4 Nodes 4 Nodes + 4 Nodes + 8 Nodes 8 Nodes + 8 Nodes +
1x K80 2x K80 1x K80 2x K80




NAMD 2.11 is up to 1.5x faster
STMV (1,066,628 atoms)

3.5

3.0

2.5

2.0

1.5

Simulated Time (ns/day)

1.0

0.5

0.0

1 Node 2 Nodes 4 Nodes

NAMD 2.10 & NAMD 2.11 contain Dual Intel E5-2697 v2@2.7GHz (lvyBridge) CPUs + 2 Tesla K80 (autoboost) GPUs



NAMD 2.11 STMV on 1 and 2 nodes

Simulated Time (ns/day)

STMV Running NAMD version 2.11

3.27 .
1.066.628 atoms The blue nodes contain Dual Intel E5-
(1,066, ) 2698 v3@2.3GHz (Haswell) CPUs

7- 1X The green nodes contain Dual Intel E5-
2698 v3@2.3GHz CPUs (Haswell) + Tesla
K80 (autoboost) GPUs

1.98

4.3X

1.75

7.6X

1.03

4.5X »

4
3
2
1
0.23
, 1R
1 Node

1 Node + 1 Node + 2 Nodes 2 Nodes + 2 Nodes +
1x K80 2x K80 1x K80 2x K80



NAMD 2.11 STMV on 4 and 8 nodes

Simulated Time (ns/day)

STMV

(1,066,628 atoms)

4.54

4 3.61 5.0X

4.0X

1.74

Running NAMD version 2.11

6.24 The blue nodes contain Dual Intel E5-
5.86 2698 v3@2.3GHz (Haswell) CPUs
3 . 6X The green nodes contain Dual Intel E5-
2698 v3@2.3GHz CPUs (Haswell) + Tesla
3.4X K80 (autoboost) GPUs

2
0.90
0 J
4 Nodes 4 Nodes + 4 Nodes +

1x K80 2x K80

8 Nodes

8 Nodes + 8 Nodes +
1x K80 2x K80



Recommended GPU Node Configuration for
NAMD Computational Chemistry

Workstation or Single Node Configuration

# of CPU sockets 2
Cores per CPU socket 6+
CPU speed (Ghz) 2.66+
System memory per socket (GB) 32
GPUs Kepler K20, K40, K80
# of GPUs per CPU socket 1-2
GPU memory preference (GB) 6-12
GPU to CPU connection PCle 3.0 or higher
Server storage 500 GB or higher
Network configuration Gemini, InfiniBand

Scale to thousands of nodes with same single node configuration



Why wouldn’t you want to turbocharge your research?

3x-8x Faster than CPU only systems in all tests (on average)
Most major compute intensive aspects of classical MD ported
Large performance boost with marginal price increase
Energy usage cut by more than half

GPUs scale well within a node and/or over multiple nodes

K80 GPU is our fastest and lowest power high performance GPU yet

Try GPU accelerated MD apps for free —


http://www.nvidia.com/GPUTestDrive

Molecular Dynamics (MD) on GPUs

February 11, 2016

< NVIDIA.



