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Why run in parallel or on a GPU?

« Sampling.
— We can get more simulation done in a
given amount of wall clock time.

— Wall clock time defines how much science
you can do before you die.

* Each new generation of processor is
getting slower.



Serial vs Parallel
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The Problem

« Each MD step requires knowledge of
the previous step.

— We start step N+1 until we have completed
N, N-1, N-2 etc etc.

* This means we need a fast way to
communicate between processors.

— Bandwidth and latency of the interconnect
limits scaling.

— Performance CAN be improved by running
In parallel, however.



AMBER in Parallel

* Uses the Message Passing Interface

(M P I ) Machine A Machine B
 Parallel codes mt | ts«o —
separately. El@; T |
task 2 otwork task 3
 Data is sent | data |
between nodes o___""" “en0

each MD step.



Always test performance

* Using more CPUs is not always faster.

 Different problem sizes scale differently.
— GB scales better than PME

— Larger simulations can typically be run on
more CPUs.

— Writing to mdcrd, mdout or restrt file too
often can hurt performance.

— PMEMD provides better performance than

sander

* |f it supports your simulation settings you
should use it.
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GPU Support

» Collaboration with NVIDIA t
produce CUDA version of
AMBER.

— PMEMD Engine
— Implicit Solvent GB
— Explicit Solvent PME

* Provides a way to make a
desktop very fast.

 More info here:
« ambermd.org/gpus



http://www.nvidia.com/page/home.html

Supercomputers in a Desktop

4.44TFlop Peak

ASCII Red (LANL), 3.2TFlop,
#1 Top 500, June 2000.




What is a GPU?

» Graphics Processing Unit

— ‘Specialist’ processor for accelerating the rendering
of computer graphics.

— Invented by 3DFX (Later bought by NVIDIA) in 1997.

e 91 QOriginally fixed function pipelines

* Invention of OpenGL added
programmability.

: * Pixels can be programmed with specific

52 rapcs Vi 1902 textures.

* Onboard memory for storing textures.

‘Voodoo3 2000 AGP card 1000

GeForce 6600 GT Perzonal Cinema 2004

MYIDIA GeForce GTX 280 2008



2003 - First attempts to use GPUs for general
computing.
— Programmed as graphics primitives (heroic)
— problems had to be expressed in terms of vertex
coordinates, textures and shader programs.

— Hardware lacking certain ‘features’ — No random reads or
writes etc.

2004 — ‘Brook’ programming language for GPUs.
2007 — NVIDIA announce CUDA at SCO7
— Release GPUs with specific ‘computational’ features.

2008 — OpenCL language ratified.

— Mainly aimed at embedded devices but has features for
GPU computation.
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What' s the Catch?




GPUs Require Rewriting Lots of

Code(ls it worth it?)

(a) CPU (b) GPU
| Controll | | | HA_

ALU ALU

ALU ALU

Caclhe | | | |

Spoiler: Yes. But LOTS of work.



CUDA Computing with Tesla T10 <3

NVIDIA.
® 240 SP processors at 1.45 GHz: 1 TFLOPS peak 30 multiprocessors

® 30 DP processors at 1.44Ghz: 86 GFLOPS peak
® 128 threads per processor: 30,720 threads total

1.45*3flops/cycle(FMAD+FMUL)*240 cores

(R

SP SP

gl sp sP
SP SP
SP SP

SFU SFU

© NVIDIA Corporation 2008



* Excellent list on:
 http://www.nvidia.com/cuda/

« Examples available form almost all fields.

Computational

Chemistry

Life Sciences =l F e
Astrophysics
Finance e

M ed i Ci n e / M e d i Ca I Directionally Unsplit Raal~tima]ntranparaﬁvaﬂ.D BP;J \."lsil;n::h::’al;raﬁ;g. =

Hydrodynamic Schemes with full-range FD-OCT base... Computer Vision algorithm...
Hy... 10 x

Imaging
Natural Language | _
Processing e e e e

Social Sciences

using ...

Processing and rendering of
Fourier domain optical...

Running the High
Performance Linpack (HPL)

Practical Time Bundle
Adjustment for 3D

300x | Reconstruc...

Textbook: Programming
Massively Parallel Processor

A demonstration of Exact
String Matching Algorithm
100x




Towards routine microsecond
molecular dynamics simulations of

proteins on commodity hardware:
Extreme GPU acceleration of
AMBER

Sy




What is AMBER?

An MD simulation
package

12 Versions as of 2012

distributed in two parts:

- AmberTlools, preparatory and analysis
programs, free under GPL

- Amber the main simulation programes,
under academic licensing

independent from the accompanying
forcefields

A set of MDD forcefields

fixed charge, biomolecular forcefields:
94, {199, f199SB, {103, {f11

experimental polarizable forcefields e.g.
ffO2EP

parameters for general organic
molecules, solvents, carbohydrates

(Glycam), etc.

in the public domain



* Approximately 850 site licenses (per

version) across most major countries.

]
o
o
o

Amber 11

I CHARMM
AMBER
GROMACS
GROMOS
NAMD
LAMMPS
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Why do we need Supercomputers?
Lots of Atoms




Why do we need Supercomputers?

Lots of Time Steps

 Maximum time per step is limited by fastest
motion in system (vibration of bonds)

= 2 femto seconds (0.000000000000002
seconds)

(Light travels 0.006mm in 2 fs)

 Biological activity occurs on the nano-second
fo micro-second timescale.
1 micro second = 0.000001 seconds

SO WE NEED
500 million steps to reach 1 microsecond!!!



* Molecular Dynamics is inherently serial.

— To compute t+1 we must have computed all
previous steps.

— We cannot simply make the system bigger since
these need more sampling (although many
people conveniently forget this).



GPU Support

N
AMBER
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Routine Microsecond Molecular Dynamics Simulations with AMBER

on GPUs. 1. Generalized Born
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ABSTRACT: We pmsent an implementation of genealined Born implict sobvent allatom classical molemlar dynamic (M)
within the AMBER progmm package that rons entindy on CUDA enabled NVIDIA graphics processing onis (GPTk). We
discnzs the algorrthms that are nsed o arploft the proeessing power of the GFLE and showthe parformance ghat can be achievad
in evmparison to simoleioens on conwengonal (LU closters. The implementation supports tuee diffsent preasion madeds in
which the contribations o the forees are calolawd in single preasion Soating point asthmetc bot acomuolaed in dooble
precision  [SFDF), or everything s compoted in single peecidon [SPSP) or doohle pecison [DFDF). In addison ©
peformance, we hawe focosed on undersanding e implications of the different prcision modds on the ooome of impliat
solvent MD simulatsons. We show resdlts for a range of tests induding $he aconracy of single point foece emalnasions and enargy
Consvason as well @ stoctoral properSes partainining to pmizin dynamics. The nomerical noise doe © rounding eros within
the SPSF precision modd s suficiently luge 0 bead to an acoomaolation of errors which can resolt in nphysical frajeconies for
long time sale simoleions. We moommend the ose of the moed: preasion SFDF mode] since the nomerical resalts obained are
comparahle with those of the foll dovble precision DFDF modd and the referene dogble precision TFL imp lementation bt a
significandy mdnoed compoisonal cost. Oar implementasion provides performance for GB simolasions on 2 single desktop ghat

& on par with, and in some @ses arceeds, that of radmional sopercompaters.

1. INTRODUCTION

Since the frst simolson of an empme osing moleonler
dymamics (WMD) was reported by MoCamman etal' in 1977,
MWD simulasions have evolved 0 bemme impartant tools in
rasonalizng the behavior of biomolacnles. The fidd has geown
frosm dhat first 10-ps-bong, simolation of amesx 500 atoms to the
point where small ereymes @n be simdaied on the mioo-
second tme scale™™ and smaleions contaning millions of
atoms can be @naidered roatine. ¥ However, sach simulations
are nomencally very intensive, and using tradmionad CPLL
centric hardware requires access to lagesalke soperoompaiens
or welldesigned dosiers with expensive interconneds St ane
bepond the reach of many ressarch groops.

Nuomemos atemps haw been made over the pars to
accderate chasical MD simolations by exploiting aliemasive hasd:
ware technologies. Some notble emmples indode ATOMS by
ATET Bl Labomtwies,” FASTRUN by Columbi Universiy
and Brookhawen Natonal Tabominey MDHERAPE by RIFER]
and most weently Anton by DE Shaw Besarch LLC' Al of
these approaches hawe, however, Giled 0 make an impact on
mainaream: reserch beomee of their excessne ot Addmonally,
these technologies hawe been hawed on aastom hasdware and do
mot form past of whatwoold be oo neidened a stand ard wodstasion
speanficason The hes made it difienlt to experiment with soch
technalogies, leading 0 a lack of sostained devdopment or

o ACS Publications — ©mm32 smean thamio sadey

a2

innovason and nitimaely their falore to matre into ohiquiions
comemanity mantuned rewardh ool

Gaphis poastng onits (GPLUs), an the othe hand, have
been an integml past of personal compates for decades, and a
strong demand fom the consomer decoonis indostry has
resdited in significant sosained indnstrial inwstment in the
stable, bongterm dewlopment of GFU echnology. In addition
o ke paces for GPLL, dhis has led toa congnoons inaresss in
the computationa power and memosy bandwidth of GPU, sig-
nifcandy omsmipping the improvemsns i CPlk As a
comequena, high-ad G can be aonsideed standard equip
ment in scientific worksations, which means ®ia dey either
aleady exist in many reseanch hboratores or can be panchased
easily with new equipment. This makes them readily awildhe
rearchers and ths aracoe oges @ acoderason of many
scientific applictions indoding MDD simelasons.

The mature of GPU hasdware, however, has onal recently
made their ose in general porpes e compuoaing challenging o all
bt Siose with extersive three-dimensonad (3D gmphic pro-
gramming experience. Howers, ®ie derdopment of applicasion
programming indesees [APE) tangeeed ot general porpose scien-
tific compoting has redoced his complerity sobstanin By soch that

Recciwmd: Dwacesbes 20 2001
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e hodagy 10 W R SOOI I . Tty Commpart O, B, 1540 155

Goetz, A. W.; Williamson, M.
J.; Xu, D.; Poole, D.; Grand,
S.: Walker, R. C. “Routine
microsecond molecular
dynamics simulations with
amber - part i: Generalized
born", Journal of Chemical
Theory and Computation.,
2012, 8 (5), pp 1542—-1555,
DOI:10.1021/ct200909j



Supported Features

e Supports ‘standard” MD

— Explicit Solvent (PME)
* NVE/NVT/NPT

— Implicit Solvent (Generalized Born)

e Thermostats
New in AMBER 12

— Berendsen, Langevin, Anderson .
* Umbrella Sampling

 Restraints / Constraints - REMD

: : « Simulated Annealing
— Standard harmonic restraints |, ,..qjerated MD

— Shake on hydrogen atoms - Isotropic Periodic Sum
« Extra Points




Design Goals

* Transparent to the user.
— Easy to compile / install.
— AMBER Input, AMBER Output
— Simply requires a change in executable name.

« Cost effective performance.

— C2050 should be equivalent to 4 or 6 standard IB
nodes.

* Focus on accuracy.
— Should NOT make any additional approximations.

— Accuracy should be directly comparable to the
standard CPU implementation.



Precision Models

* Multiple codes have simply used single
precision without any ‘REAL’ consideration

of accuracy implications.
— Validation is now the ‘worst’ part of
programming.
* We have focused on accuracy first.
— Get the answers correct and validate!
— Then improve performance.

* WWe have implemented several precision
models for testing.



When Does Single Precision Fail?

32-bit floating point has approximately 7
significant figures

1.456702 1456702.0000000
+0.3046714 + 0.3046714

1.761373 1456702.0000000
-1.456702 -1456702.0000000
0.3046710 0.0000000
Lost a sig fig Lost everything.

When it happens: PBC, SHAKE, and
Force Accumulation.



SPSP - Use single precision for the entire
calculation with the exception of
SHAKE which 1s always done in

double precision.

SPDP - Use a combination of single precision
for calculation and double precision
for accumulation. (Default)

DPDP - Use double precision for the entire
calculation



Table 5: Deviations of forces (in kca]f(molﬁ\)) of the AMBER PMEMD GPU implementation
using different precision models as compared to reference values obtained with the CPU imple-

mentation.
Precision model TRPCage ubiquitin apo-myoglobin  nucleosome
(304 atoms) (1.231 atoms) (2,492 atoms) (25,095 atoms)

max deviation

SPSP 3.0x107° 48x1073 4.2x 1073 2.7 % 1072
SPDP 56x107  37x107* 1.6 x 1074 [.1x1073
DPDP 1.I1x107%  73x1078 3.4x 1078 8.0x 1078
RMS deviation

SPSP 50x107%  6.1x107* 4.1x 107 1.5%x 1073
SPDP 70x107%  1.5x107° 8.1x 107 3.0 x 107
DPDP 1.5x1077  3.6x107° 2.6 x 1077 3.2x 1077




Energy Conservation: Implicit Solvent
(kT/ns/d.o.f

)
UBIQUITIN
GB

CPU -0.000008 -0.000835
DPDP -0.000001 -0.000780
-0.000008 -0.000631

0.000589 0.001139

- 0.005411

0.000008 kT/ns/dof = 0.01798 kcal/mol/ns.



Energy Conservation: Explicit Solvent
(kT/ns/d.o.f)

CPU 0.000000 0.000001 -0.000047

DPDP 0.000007 0.000024 -0.000101
SPDP -0.000052 0.000050 -0.000066
SPSP 0.001969 0.001171 3.954495
--- 0.011xxx 0.005xxx

Desmond --- 0.017xxx 0.001xxx

--- 0.023xxx ---

+ = J. Chem. Theory Comput., Vol. 4, No. 3, 2008
* = shake on H bonds. 0.000008 kT/ns/dof = 0.01798 kcal/mol/ns.
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http://upload.wikimedia.org/wikipedia/commons/f/f0/Ubiquitin_cartoon-2-.png

* NVE does not work, but we can use a
thermostat no?

GPU (SPSP)

C, RMSD/ A
C,RMSD/ A

time / ns

fime/ ns

Figure 4: Root-mean-square deviations (RMSDs) of the C backbone carbon atoms of ubiquitin
(excluding the flexible tail, residues 71 to 76) with respect to the crystal structure for 50 inde-

pendent trajectories as obtained with the CPU implementation and the GPU implementation of
PMEMD using different precision models.
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GPU (SPSP)
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C, RMSF/ A
o
C,RMSF/ A

A\ 10

residue number residue number

Figure 5: Root-mean-square fluctuations (RMSFs) of the Cy backbone carbon atoms of ubiquitin
residues 71 to 76 with respect to the crystal structure for 50 independent trajectories of 100 ns

length as obtained with the CPU implementation and the GPU implementation of PMEMD using
different precision models.



Performance

AMBER 11
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As expected the performance
differential is larger for bigger
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Explicit Solvent Performance

JAC DHFR Production Benchmark

8 x M2090 (New Code) 88.71
4 x M2090 (New Code) 78.06

2 x M2090 (New Code) 5851

1 x M2090 (New Code) 43.57

1 x M2090
Performance-on-single-$500-

50.17 €—— GTX580:GPU-after-code:
optimization'under-our-SSE-
funding.q

1 x GTX580 (New Code)
1 x GTX580

1 x C2050 (New Code) 37.91
1 x C2050

1 x C1060 (New Code)

1 x C1060
Maximum-achievable-

46.10 &——— performance-on-Cray-XT5:
(Kraken)q

48 x Cray-XT5 nodes (192 active cores)
8 x Intel E5462 (2.8GHz)

0 10 20 30 40 50 60 70 80 90 100
Throughput (NS/day)




TRP-CAGE, SMALL TEST

CPU 8xE5462

GPU C2050

[103501lzaffeing 0,001 0row 1 20059_11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0, 001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0, 001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10450][caffeine:0, 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50][caffeine 0, 001 Drew :2005_11_13_Bernchmark_for_SCO9_Talkls
[10t501[caffeine:0, 001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[103501[caffeing ;0,001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[103501lcaffeine 0,001 0row 1 20059_11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0,001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10350]0caffeine 0, 001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10450][caffeine:0, 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50]Lcaffeine 0, 001 Drew :2005_11_13_Bernchmark_for_SCO9_Talkls
[10:50][caffeine:0, 001 0row 1 2005_11_13_Benchmark_for_SC09_Tallkls
[103501[caffeinge ;0,001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[1031501lcaffeine 0,001 0row 120059 _11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0, 001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10350]0caffeine 0, 001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10450][caffeine:0, 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50][caffeine 0, 001 Drew :2005_11_13_Bernchmark_for_SCO9_Talkls
[10:50][caffeine:0, 001 0row 1 2005_11_13_Bernchmark_for_SC09_Tallkls
[103501[caffeine ;0,001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[103501lcaffeine 0,001 0row 1 20059_11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0,001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10:50]lcaffeine 0, 001 0row ;20059_11_13_Benchmark_for_SC09_Talkls
[10450][caffeine0 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50][caffeine 0, 001 Drew 1 2005_11_13_Bernchmark_for_SCO9_Talkls
[10t50][caffeine:0, 001 0row 1 20059_11_13_Benchmark_for_SC09_Tallkls
[103501[caffeinge ;0,001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[103501lzaffeine 0,001 0row 1 20059_11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0, 001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10:50]lcaffeine 0, 001 0row ;20059 _11_13_Benchmark_for_SC09_Talkls
[10450][caffeine:0, 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50][caffeine 0, 001 Drew :2005_11_13_Bernchmark_for_SCO9_Talkls
[10t501[caffeine:0, 001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[103501[caffeing ;0,001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[103501lcaffeine 0,001 0row 1 20059_11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0,001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10:50]lcaffeine 0, 001 0row ;20059_11_13_Benchmark_for_SC09_Talkls
[10450][caffeine:0, 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50]Lcaffeine 0, 001 Drew :2005_11_13_Bernchmark_for_SCO9_Talkls
[10:50][caffeine:0, 001 0row 1 2005_11_13_Benchmark_for_SC09_Tallkls
[103501[caffeinge ;0,001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[1031501lcaffeine 0,001 0row 120059 _11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0, 001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0, 001 0row ;20059_11_13_Benchmark_for_SC09_Talkls
[10450][caffeine:0, 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50][caffeine 0, 001 Drew :2005_11_13_Bernchmark_for_SCO9_Talkls
[10:501[caffeine:0, 001 0row :2005_11_13_Benchmark_for_SC09_Talkls
[103501[caffeine ;0,001 0row 1 2005_11_13_Benchmark_for_SC09_Talkls
[103501lcaffeine 0,001 0row 1 20059_11_13_Benchmark_for_SC09_Talkls
[10350]lcaffeine 0,001 0rew ;20059 _11_13_Benchmark_for_SC09_Talkls
[10:50]lcaffeine 0, 001 0row ;20059_11_13_Benchmark_for_SC09_Talkls
[10450][caffeine0 001 0rew :20059_11_12_Benchmark_for_SC09_Talkls
[10:50][caffeine 0, 001 Drew 1 2005_11_13_Bernchmark_for_SCO9_Talkls

[10:50]lcaffeine 0,001 0row :20059_11_13_Benchmark_for_SC09_Talkls tail —-f mdout

[10:35][caffeine 0,98 10rcw 12009_11_1Z_Benchmark_for_SC0S_Talkl$ rm —f mdout
[10:35][caffeine 0, 8310rcw 12009_11_13_Benchmark_for_SC09_Talkl$ touch mdout

[10:35][caffeine 0, Fa1lrow 12009_11_13_Benchmark_for_SC09_Talkl#
[10:35][caffeine 0, Fa1lrow 12009_11_13_Benchmark_for_SC09_Talkls
[10335][caffeine 0, Fa10rcw 12009_11_13_Benchmark_for_SC09_Talkl#
[10:35[caffeine: 0, Fa10rcw 12009 1113 Benchmark_for_SC09_Talkl#
[10335][caffeine 0, Fa1lrow 12009 11_13_Benchmark_for_SC09_Talkl#
[10:35][caffeine:0, F610rcw 12009 1112 Benchmark_for_SC09_Talkls
[10:35][caffeine:0, F610rcw 12009 1112 Benchmark_for_SC09_Talkls
[10:35][caffeine:0, 7610rcw 12009 1112 Benchmark_for_SC09_Talkls
[10:35][caffeine:0, 7610rcw 12009_11_12_Benchmark_for_SC0Y9_Talkls
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