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Who are we? What type of careers have we had since we were students?

Why are we working with HPC? What are the challenges in our field?

How do large HPC codes evolve? Who develops them?




Why multiple life sciences lectures?
XSEDE usage over the past 7 days (prior to 2015 iHPC-SS)

,~ Biophysics
’18,228,279.0

All 73 others
27,372,549.0

— Molecular Biosciences
11,915,541.0

Stellar Astronomy and —
Astrophysics

3,294,543.0, .
' 'SPA‘\ysncal Chemistry

3,329,794.0
Gravitational Physics — - Materials Research
3,627,572.0 10,132,521.0
Astronomical Sciences
3,757,623.0

Meteorology —

4,386,752.0 Physics

Chemistry 9,102,499.0
8,386,071.0



WAI oy

SUSTAINED PETASCALE COMPUTING ‘

Ensembles of molecular dynamics engines for assessing force fields, conformational change, and free energies
of proteins and nucleic acids (Jobs:38) XK 28400 310,293.43
Pl: Thomas Cheatham, University of Utah

Predicting protein structures with physical petascale molecular simulations (Jobs:21)

XK 10240 276,988.80
Pl: Ken Dill, SUNY at Stony Brook

CURRENT RUNNING JOBS BY SCIENCE AREA

Stellar
Astronomy and
Astrophysics

Astronomical

Sciences
13.8% 15.3%
Molecular
Biosciences Atmospheric
5.8% Sciences
Engineering 16.8%
8.6%
(Djl;lr:aa;cs Biophysics
4.7% 13.7%
Chemistry

11.5%




AMBER 2 GROMACS
(Cheatham) (Lindahl)

ambermd.org gromacs.org

history, code development, philosophy,
approach, synergies, differences,
challenges, futures, lessons learned


http://ambermd.org
http://gromacs.org

Tom:

Thomas Cheatham, Il
Professor of Medicinal Chemistry, College of Pharmacy
Director, Center for High Performance Computing, University of Utah 7/1/14-

1988-1997 1990-1997 1997-2000 2000-present
programmer/analyst graduate school NIH postdoc Res Asst Prof - Professor
Harvard U (DAS/ACS) NSF centers NIH only CHPC+AAB-TG->XSEDE-BW

CM-2, CM-5, MasPar T3D, T3E, Crays beowulf, IBM SP-2 (many || + GPUs)

y,

: Allocations committee, chair
DOE Summer Institute @ Los Alamos (vector) TeraGrid Science Advisory Board, chair

PSC Summer Institute in parallel computing XSEDE User Advi C it hai
PSC Workshop on Hetereogeneous Computing XSEDE Slf/le'lt Sp\\/ésory Ommitse, chall
PSC AMBER Workshop (Teacher) Blue Waters SETAC



Erik:

Erik Lindahl

Professor of Biophysics, Stockholm University

Professor of Theoretical Biophysics, KTH Royal Institute of Technology
Vice Director, Swedish e-Science Research Center

1996-2001 2001 2002-2003 2004 2004 -present
grad. school  Groningen Univ. Stanford Univ. Inst. Pasteur Faculty
KTH, Sweden Local Local (NIH) Local+SNIC(SE) SNIC+PRACE
IBM SP2, PPC  Beowulf Linux/x86 clusters, PS3, F@H Everything+CUDA+OCL

Board of Directors, Swedish National Infrastructure for Computing

Vice chair, PRACE Scientific Steering committee

Platform director, Bioinformatics, SciLifeLab

Lead scientist, BioExcel Center of Excellence for biomolecular computation

Vice director, Swedish e-Science Research Center
Swedish Research Council



What do we want to do? Accurately model
the structure and dynamics of molecules In

their native environment

(i.e. follow the motions of the atoms subject to an energetic
potential or “force field” as a function of time...)




Accurate modeling of molecules requires:
accurate and fast simulation methods
validated RNA, protein, water, ion, and ligand “force fields”
“good” experiments to assess results
dynamics and complete sampling: (convergence, reproducibility)
Question: Is the movement real or artifact?




What is a molecular mechanical “force field” ?
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electrostatics

van der Waals

Key assumption: transferability of bonding



molecular simulation / molecular dynamics

...IS not new,
has a rich history,
and is largely solved (?)
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Computer chemists|(win Nobel prize 9 October 2013

By James Morgan and Jonathan Amos
Science reporters, BBC News

“for the development of multiscale models for complex chemical systems

The work of Levitt, Karplus and Warshel has spawned a worldwide industry

The Nobel Prize in chemistry has gone to three scientists who "took the chemical
experiment into cyberspace”.

Michael Levitt: “It's sort of nice in more general terms to see that computational science,
computational biology is being recognized,” he added. “It's become a very large field and
it's always in some ways been the poor sister, or the ugly sister, to experimental biology.”




Molecular S|mulat|ons
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Efficient averaging

van der Waals interactions Electrostatics

Less detail
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Simulations

Another iRNA moves inio the A
site in order to add

another amino acid to the
peptide chain.

Extreme detalil

Sampling issues!?

Parameter quality!?




Challenge 1:

Larger machines have
mostly enabled larger

systems, not longer
simulations

When we started, programs
could use O(10) cores

.....

How do we develop these codes -
and problems to use O(10,000+) cores”?



An example of code evolution ~1978 - present

amber

Assisted Model Building with Energy Refinement



An example of code evolution ~1978 - present

amber

Assisted Model Building with Energy Refinement

code vs. force field

the setup and
calculation
engines

the parameters
and potentials



An example of code evolution ~1978 - present

amber

Assisted Model Building with Energy Refinement

code vs. force field

the setup and
calculation
engines

the parameters
and potentials

not really a professional code (some experts, some beginners)

not really software engineered (parts were, like GPU code, optimizations)
it is continually evolving; one of the first “community codes”...
development efforts are not directly funded (except maybe GPU)



An example of code evolution ~1978 - present

amber

Assisted Model Building with Energy Refinement

code vs. force field

late 60°s: CFF (consistent force field) + early code

{Warshel, Levitt, Lifson} first protein
simulation ~1975

1978: Bruce Gelin thesis @ Harvard {Karplus}

Amber 1.1, 1981

GROMOS (minimization only, f”)

CHARMM ENCAD Discover

Amber 2, 1984 NAMD first nucleic acid

GROMACS (+ dynamics) simulation in H,0 ~1985




1986: amber3
l AG, QM/MM, non-additivity

1989: amber3a

code cleanup, bug fixes
increased performance, portability
vectorization, || on hypercube,
shared memory
Intel Paragon 1/3 speed of Y-MP

1990-1994. SPASMS- 1991: amber4.0

: NMR refinement, normal modes, AG

v serious code bifurcation
2 || message passing
- (TCGMSG, PVM, MPI, ...)
(blue matter)
~2004 | 1994: amber4.1
Special purpose? |
MD-GRAPE particle mesh Ewald &
SFE, Tera, ... more shared memory, MPI only

#ifdef MPI



D.A. Pearlman et. al. / Computer Physics Communications 91 (1995) 1-41
..evolution of AMBER 4.1 codes

db94.dat . Inkbin . edthin
B

—— ‘
[/ | sander, imanai

d ptraj
raparm,
CPPTRAJ /
e anal
rRdaqad

incorrect #’s




D.A. Pearlman et. al. / Computer Physics Communications 91 (1995) 1-41
...evolution of AMBER 4.1 codes

db94.dat edthin
3

e '
rarad
/ (3\ Sa-nder'

rdparm, ptraj spasms

Lessons CPPTRAJ | I

« simplify, make portable <arnal anal

° 1 et

i incorrect #’s

+ if development stops, code dies
* replace functioning code with new code most often fails



early days: ftp repository, makefiles (many), MACHINEFILE

4.1-7.0: CVS, C memory allocation move to F90, makefiles
compile script recognizing MACHINEFILE
(fight w/ compiler for giganet vs. myrinet vs. ...)

simplify, unify (as machines are becoming homogeneous)
drop vectorization, drop shared memory, drop machine specific opts

8.0: (2004) introduce fast engine pmemd, configure scripts

focus on fewer compilers: gnu, intel, pgi, pathscale
minimize #ifdefs to infrequently used code paths

~1995-2005: homogeneous hardware, standard MPI ||

/ Msent day...
optimize ||

accelerators special
purpose

floating point precision: single vs. double vs. mixed/fixed



early days: ftp repository, makefiles (many), MACHINEFILE

4.1-7.0: CVS, C memory allocation move to F90, makefiles
compile script recognizing MACHINEFILE
(fight w/ compiler for giganet vs. myrinet vs. ...)

simplify, unify (as machines are becoming homogeneous)
drop vectorization, drop shared memory, drop machine specific opts

8.0: (2004) introduce fast engine pmemd, configure scripts

focus on fewer compilers: gnu, intel, pgi, pathscale

minimize #ifdefs to infrequently used code paths
10.0: (2008) AmberTools (open source), OpenMP

separate configure for AmberTools, sander, pmemd

11:0: (2010)  git tree, full F90, make depend Callenge: building/patching
the code!
12.0: (2012) Unified “configure” script, easy compile, ...
I automatic bug patching !!!
14.0: (2012) GPU 1.23x, multi-GPU on node ||, ...
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Challenge 2:

are the force fields reliable?
(structure, dynamics, free energies)

can we fully sample the

conformational ensemble?
(convergence, reproducibility)
Computer power?

N\

experimental & %

VS.

energy ——

“reaction coordinate”



How to fully sample conformational ensemble?

[ I I U —

fs pS ns MS T ms S
: 16 ys/day!

brute force — long contiguous in time MD
requires: special purpose / unique hardware

D.E. Shaw’s Anton machine

Simulating protein movements using
Anton could aid drug design.

SCIENCE/AAAS



How to fully sample conformational ensemble?

[ I I U —

fs ps ns MS ms S
el 16 pys/day!

brute force — long contiguous in time MD
requires: special purpose / unique hardware

D.E. Shaw’s Anton machine

Simulating protein movements using
Anton could aid drug design.

SCIENCE/AAAS

AMBER on GPUs

v ensembles of
independent
» simulations

fs ps ns | y/ /

Y 220 ns/day!



Convergence, force field and salt dependence
in simulations of nucleic acids

d(GCACGAACGAACGAACGC) — Anton vs. GPUs

2 ns intervals (10 ns running average), render every 5t frame: ~10 us total time



How to test for convergence between two simulations?

 Aggregate independent runs into a single trajectory
« Calculate principal components and/or clustering

* Project principal components independently on each separate run,

compare cluster populations between individual runs

 Visualize results

PTRAJ and CPPTRAJ: Software for Processing and Analysis of

Molecular Dynamics Trajectory Data

Daniel R. Roe* and Thomas E. Cheatham, IIT*

l‘ I ‘ Journal of Chemical Theory and Computation _

Department of Medicinal Chemistry, College of Pharmacy, 2000 South 30 East Room 105, University of Utah, Salt Lake City, Utah

84112, United States

© Supporting Information

ABSTRACT: We describe PTRAJ and its successor
CPPTRAJ, two complementary, portable, and freely available
computer programs for the analysis and processing of time
series of three-dimensional atomic positions (ie., coordinate
trajectories) and the data therein derived. Common tools
include the ability to manipulate the data to convert among
trajectory formats, process groups of trajectories generated
with ensemble methods (e.g., replica exchange molecular

dynamics), image with periodic boundary conditions, create

.
(\ \\

. l y3)
trajin gaac.cdf i~ — 5 . \ ,‘
autoimage SR
strip :wat | @K+ ,Cl-
cluster averagelinkage
rms first mass out rms. agr
2drms out 2drms.gnu

.....

average structures, strip subsets of the system, and perform calculations such as RMS fitting, measuring distances, B-factors, radii
of gyration, radial distribution functions, and time correlations, among other actions and analyses. Both the PTRAJ and
CPPTRA] programs and source code are freely available under the GNU General Public License version 3 and are currently
distributed within the AmberTools 12 suite of support programs that make up part of the Amber package of computer programs
(see http://ambermd.org). This overview describes the general design, features, and history of these two programs, as well as
algorithmic improvements and new features available in CPPTRAJ.

2013



Test for convergence within and between simulations...

Anton1 vs Anton2
Central Residues (5-14, 23-32)

Anton1 PC1
Anton1 PC2
Anton1 PC3
Anton1 PC4
Anton1 PC5
Anton2 PC1
Anton2 PC2
Anton2 PC3
Anton2 PC4
Anton2 PC5

40-20 0 20 40 60 80
PC Projections

0.07

0.06

0.05

0.04

0.03

0.02

0.01



Test for convergence within and between simulations...

PC Histogram Kullback-Leibler Divergence

| | | | | | | | ! |
— PCH
— PC2
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All Residue

Central ten base pairs




If we cannot scale to larger machine (mmore cores),

couple independent MD simulations: i.e., use ensembles
(replica exchange, | | tempering, Markov State modeling, ...)

independent ||
MD engines

exchanging information
(e.g. T, force field, pH, ...)




o All MPI communications should be done using the new
communicators rather than MPI COMM WORLD. A number
of new communicators are defined:

CommSander -- communications within a given sander job
(replaces MPI COMM WORLD)

CommWorld -- communications to ALL processors across
multiple sander jobs

CommMaster -- communications to the master node of each

separate sander job each has corresponding
size and rank,
i1.e. MasterRank, MasterSi:ze

CommWorld = MPI COMM WORLD

call mpi comm rank( CommWorld, worldrank, 1error )
call mpi comm size( CommWorld, worldsize, 1error )
call mpi barrier( CommWorld, ierror )



CommwWorld




CommSander




CommMaster




! Create a communicator for each group of -ng NumGroup processors

commsander = mpi comm world
sandersize = worldsize
sanderrank = worldrank
nodeid = mod (worldrank, numgroup)
if (numgroup > 1) then
commsander = mpi comm null
call mpi comm split(commworld, nodeid, worldrank, &
commsander, lierror)

if (commsander == mpi comm null) then
i1f (worldrank == 0) then
write(6,' (a,i5,a,1i5)') 'Error: NULL Communicator',6 &
’ on PE’, worldrank, ' from group ', nodeid
end 1f
call mexit(6,1)
end 1f

call mpi comm size (commsander, sandersize, ierror)
call mpi comm rank (commsander, sanderrank, ierror)

end if



! Define a communicator (CommMaster) that only talks between the local
! "master" in each group. This is equivalent to a SanderRank .eq. O

masterid = 0

masterrank MPI UNDEFINED

mastersize = 0

if (numgroup > 1) then
commmaster = mpi comm null
if (sanderrank /= 0) then

masterid = MPI UNDEFINED

end if

call mpi comm split(commworld, masterid, worldrank, &
commmaster, ierror)
! will this be emitted when using the default MPI error handler °?
if (ierror /= MPI_ SUCCESS) then
write(6,*) 'Error: MPI COMM SPLIT error ', ierror, &
' on PE ', worldrank
end 1if

if (commmaster /= mpi comm null) then
call mpi comm size(commmaster, mastersize, ierror)

call mpi comm rank (commmaster, masterrank, ierror)
end 1if
end 1if



Standard MD

...a system where
we can get
complete
sampling

. !
1 ig

' i
: a !
. T
, ) s - .
) i - X ) | N R
i i FE . b

(GACC)

tetranucleotide
[Turner / Yildirim]

< explicit solvent >

Replica-exchange MD

| 1 1 1
500 1000 1500 2000
Time (ns)



Other issues:
 T-REMD still not “fully” converged (depending on def.)

R — _
0.6 )
24 replicas, 277-396K |

. ~3 ps / replica )
.2 )
_ -

0 _ 50000 1e+05 1.5e+05 2e+05 2.5e+05 3e+05
Frame



multi-D REMD

c | H

T

-

2 [H

& :

:cg Hy
Change in “energy representation” 24 Temperatures
- pH x 8 Hamiltonians
. restraints, umbrella potentials, ... =192 replicas

* force field / parameter sets
* biasing potentials (aMD)

Fukunishi, H., Wanatabe, O., and Takada, S., J. Chem. Phys. 2002.
Sugita, Y., Kitao, A., and Y. Okamoto, J. Chem. Phys. 2000.



0.08

H-REMD, Run 1 vs. Run 2

M-REMD, Run 1 vs. Run 2
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H-REMD, Run 1
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# Read in both trajectories

¢ CPPTRAJ

trajin traj.runl.nc

trajin traj.run?.nc in AmberTools

# RMS-fit to first frame
#
rms first :1-4&!'@H=

# Create an average structure

#

average gaccAvg.rst7 ncrestart
# Save coordinates as ‘crdl’

#

createcrd crdl
run

# Fit to average structure
#

reference gaccAvg.rst7.1 [avg]
# RMS-fit to average structure

#
crdaction crdl rms ref [avg] :1-4&!'@H=

# Calculate coordinate covariance matrix

#

crdaction crdl matrix covar :1-4&!'@H= name gaccCovar

# Diagonalize coordinate covariance matrix, first 15 E.vecs
#

runanalysis diagmatrix gaccCovar out evecs.dat vecs 15
# Now create separate projections for each trajectory

#

crdaction crdl projection Pl modes evecs.dat \
beg 1 end 15 :1-4&!'@H= crdframes 1,S$STOP1

crdaction crdl projection P2 modes evecs.dat \
beg 1 end 15 :1-4&!'@H= crdframes SSTART2,last

# Now histogram first 5 projections for each

#

hist P1:1,* ,* * 100 out pca.hist.agr norm name P1l-1
hist P1:2,*,* * 100 out pca.hist.agr norm name Pl1-2
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Problems with our tightly coupled approach (and/or
ensembles in general)

 How to analyze? Sort by replica? Temperature”? H?
(need parallel else Kills file system or sequential)

* |f one ensemble instance slows, they all slow...

» Start-up time is non-trivial as number of ensemble
instances grows...

aprun —n 4 myprogram.exe &
aprun —n 4 myprogram.exe &
aprun —h 4 myprogram.exe &

wait
versusS

aprun —n 40 myprogram.exe —np 40 &



Problems with our tightly coupled approach (and/or
ensembles in general)

 How to analyze? Sort by replica? Temperature”? H?
(need parallel else Kills file system or sequential)

* |f one ensemble instance slows, they all slow...

» Start-up time is non-trivial as number of ensemble
instances grows...

aprun —n 4 myprogram.exe & Needs:
aprun —n 4 myprogram.exe & asynchronous
aprun —n 4 myprogram.exe & fault tolerance

heterogeneous
wait easy spec / DSL / API

versus

aprun —n 40 myprogram.exe —np 40 &



Can converge r(GAAC) in 1 day, a tetraloop in ~1-2 weeks!!

Production MD is no longer rate limiting step in workflow!

Setup, analysis, data management, ...

Needs:

» ensemble management tools

» workflow tools

» data management solutions

* means to compare and share research results and codes



use tiered resources to facilitate
data analy3|s

Run jobs

Each resource has
special strengths

Process data
(deconvolute,

cluster) QM calcs

flash: moderate size,
lifetime ~days,
less trivial analysis
(fast timescales)




IBIOMES Home Search Documentation About Cart

Integrated Biomolecular Simulations jthibawult |

[ experiment | Small RNA - 1BIV (AMBER)

. ibiomesZone > home > jthibault > 1BIV Author jthibault

e Molecular dvnamics of small RNA (1BN) Uploaded on  8/2/12
Software package AMBER

o Method Molecular dynamics Structure and methods Files References
Molecule type Protein/ RNA

Molecular structure and simulation method

STRUCTURAL INFORMATION
Residue chain: RG5 RG RC RURC RG RU RG RURA RGRCRU RCRA RURURA RGRCRU RC RC RGRA RG RC RC3

- SER GLY PRO ARG PRO ARG GLY THR ARG GLY LYS GLY ARG ARG ILE ARG ARG
automate analysis

Normalized chains:

& « Protein: SER GLY PRO ARG PRO ARG GLY THR ARG GLY LYS GLY ARG ARG ILE ARG ARG
+ RNA: GGCUCGUGUAGCUCAUUAGCUCCGAGCC

to o I S fo r d e e p e r Number of atoms 20563

Number of water molecules 6449 3D structure

“ i n te ra Ct i ve 7 Number ofions 31[Cl-, Na+] 4 _Averaged structure based on clustering
analys iS MOLECULAR DYNAMICS

Force-field(s) AMBER 99 .
Solvent In vacuo : *
Constraints SHAKE

Electrostatics interactions PME

Boundary conditions Periodic

2D RMSd

RNSd e )
vs. .
time

Jmol_S




Molecule structure and simulation parameters

Residue chain: RG5 RC RC RC RG RG RA RU RA RG RC RU RC RA RG RU RC RG RG RU RA RG RA RG RC RA PSU RC RA RG RA RC RU USU
RURUTSA RAPSURCRU RCRARCGRCRCRURCRCRARGCRCRCRUPSURC RARARGRURC RCRCRURG RURURCRGRG RGRCRG
RCRCRASRCS RURCGRURCRARCRURCRURCGRCRURARARCRU RARCRARCRARURCRCRCRURCRARG RARCRC RARCRURC
RURARCRARCRCRCRURCRURARARARARARURCRURCRU RARGRCRARCRURCRCRCRCRCRCRCRCRARARCRARGRG

RCRARCRURURURARARARCRURCRARARARCRURARARCRARG RG RCG RAS

Non-standard residues:

@ PSU: P O1P O2P O5'C5' H5'1 H52 C4' H4' O4' C1"H1" N1 C6 H6 C5 C4 O4 N3 H3 C2 02 C3'H3'C2' H2'1 02' HOZ O3' H1

@ T6A: P O1P O2P O5'C5 H51 H52 C4'H4' O4'C1" H1" N9 (B H8 N7 C5 C6 N6 H6 N1 C2 H2 N3 C4 C3'H3' C2'H2'1 02
HO2 O3' C1ION11 O10C12 H11 C13 O13A 0138 C14 C15 014 H14 HO4 H12 H151 H152 H153

® UBU: PO1P O2P O5 C5 H51 HE2 C4' H4 O4' C1"H1"'N1 C6 H6 C5 C C4 O4 N3 H3 C2 52 C3'H3'C2'H2'1 O2'HO2 O3'N
CA HC1 HCZ HAT HAZ HA3 HN HN2

Number of atoms: 5746
Number of water molecules: 0
Number of ions: 0

Sample structure (min_test.pdb)

Force-field: AMBERS4

200

T

a 100 200 kDl LDl




Peta- or exa- scale science: the problem will only get worse!

Solutions? Analysis “on the fly...”
- [ & more coarse-grained sampling ]
+ workflow tools for ensembles

"~ - Do not move the data (?)
- Tiered resources
- Persistent storage
- Re-running the simulations

...what will we miss? Can we only get low hanging fruit?



Data challenges:
* no longer feasible to save all data (on local resources)
* Insufficient local resources (back-up, HSM)
* data risk: can reboot compute, not disk...
* unclear cost models
 domain specific
Solutions?
* save / distribute only what you need
* reduced data vs. raw vs. input decks
* host data on national servers, remote analysis



Data challenges:
* no longer feasible to save all data (on local resources)
* Insufficient local resources (back-up, HSM)
* data risk: can reboot compute, not disk...
* unclear cost models
 domain specific
Solutions?
* save / distribute only what you need
* reduced data vs. raw vs. input decks
* host data on national servers, remote analysis
Barriers to sharing data
* culture: "hidden gold” vs. exposing flaws
* cost models: how to pay?
Benefits:
* benchmarking results, assessment / validation



People: Hamed Hayatshahi, Dan Roe, Rodrigo Galindo,
Christina Bergonzo, Sean Cornillie, James Robertson,
Zahra Heidari

$99: @f" ‘.-(f National Science Foundation

NEA\ " WHERE DISCOVERIES BEGIN

/- 'f \

NIH R01-GM098102 “RNA-ligand interactions: simulation & experiment”

NSF CHE-1266307 “CDS&E: Tools to facilitate deeper data analysis, ...”

NSF ACI-1521728  “RAPID: Optimizing ... Ebola membrane fusion inhibitor ... design”
NSF ACI-1443054  “CIF21 DIBBS: Middleware and high performance analytics...”

NSF ACI-1341034 “CC-NIE Integration: Science slices...” network DMZ

NSF “Blue Waters” PetaScale Resource Allocation for AMBER RNA

Computer time:

CHPC

\H’—’PITTSBURGH X
SUPERCOMPUTING ﬂm
CENTER SUSTAINED PEﬁAAlE.[lIEPUHs
D E Shaw R h
aw meseart XRAC MCA01S027
“Anton” ~12M core hours ~7-14M GPU hours
~3M hours

(3 past awards) 11
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Z k rl]—r

Initial input data: bonds
Interaction function V(r) - "force field" g Z k )2
coordinates r, velocities v ik (O — B
angles
+ ), 4 ) ke[l +cos(nd—do)]
torsions n
Compute potential V(r) and + Y kEu—E&w)
forces Fi = ViV(r) on atoms aQ impropers
S s
£ _|_Z qiqdj
S 47[8()1’1]
i 7))
Upda_t9 coordlna_tes & = e &
velocities according to = +Z Th
equations of motion I= il el
O

Collect statistics and write
energy/coordinates to

trajectory files 0
8 Vi

More steps? BV (I’)
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The challenge:

~100,000 atoms

Each has ~500 neighbors

~50M interactions/step
~2B FLOPS per step
~1ms real time per step

/* load j atom coordinates */

ix1
iyl
jzl

/* Calculate distance */

dx11
dyll
dz1l1l
rsqll

/#* Calculate
rinvil ’

cl2
rinvsq

(k<njl); k++)

—and coordinate index */

= pos[j3+0];
pos[j3+1];
pos[j3+2];

ixl - jx1;
iyl - jyi;
izl - jzi;

o n

uoi3deJalul |

Narg
nti+2xtypeljnr];
vdwparam([tj];
vdwparam[tj+1];
rinvlilsrinvll;

LU LI | | B

/#* Coulomb interaction =/

vcoul
vctot

/* Lennard-Jones
rinvsix

Vvdwb

Vvdwl2

Vvdwtot

fscal

qg*rinvll;
vctot+vcoul;

interaction */

rinvsg#rinvsg*rinvsq;

cb*rinvsix;

cl2%rinvsix*rinvsix;
Vvdwtot+Vvdwl2-Vvdwb;
(vcoul+12.0%Vvdwl2-6.0%Vvdwb)*rinvsq;

/* Calculate temporary vectorial force */

tx

ty
tz

= fscalsdxll;
fscalxdyll;
fscalxdzll;

/* Increment 1 atom force */

fixl
fiyl
fizl

= fix1l + tx;
fiyl + ty;
fizl + tz;

/* Decrement j atom force =/

faction[j3+0]
faction[j3+1]
faction[j3+2]

= faction[j3+0]
faction[j3+1]
faction[j3+2]

/* Inner loop uses 38 flops/iteration */




Historical approaches to make our codes faster:

1970-1990: Reduce tloating-point operations
the fastest FLOP is the one we don’t calculate

1990-2000: Try to parallelize the existing algorithms
where we removed FLOPS




Example: Remove FLOPS
oy taking longer steps

« At limited by fast motions - 1fs l—lNCS:/- e
* Remove bond vibrations ‘F/ ® t=|
: SHAKE " 2fS A) Move w/o constraint

 Problematic in parallel (won’t work)
« Compromise: constrain h-bonds only - 1.4fs

+ LINCS: AN

B) Pro:ject out motion
along bonds

LINear Constraint Solver

Approximate matrix inversion expansion
Fast & stable - much better than SHAKE
Non-iterative

Enables 2-3 fs timesteps % -y el
Parallel: P-LINCS (from Gromacs 4.0)

These algorithms are complex to C) Correct for rotational
parallelize, but provide tremendous speedup Ll o
Performance is more important than relative scaling!



Example: Remove FLOPS
oy using smaller simulation boxes

8th-sphere

= AN
\/‘ Y
Iw\ («) /!2,\‘{‘\
\

Lysozyme, 25k atoms
Rhombic dodecahedron Load balancing Is tricky
36k atoms in cubic cell for arbitrary triclinic cells




How do we find parallelism®?

=t Fon_1l); »++)

U

/’V/;//G/e’t.j‘nevj.'g;\bor‘ ;ﬁdex, and co:‘dinate idex ¥ (Old Scaling data frOm 2008)

(3 A
¢ DPPC & Cholesterol
130k atoms

/* load j atom coordinates %/
jx1 = pos[j3+0];
jyl pos[j3+1];
jzl pos[j3+2];

/* Calculate distance */

dx11 ix1l - jx1;

dyll iyl - jyl;

dz1l1l izl - jz1;

rsqll dx11l%dx11+dyllsdyll+dz11lxdz1l;

Uolijoedolui

/* Calculate 1/r and 1/r2 %/

rinviil 1.0/sqrt(rsqll);
/* Load parameters for j atom */
ig*charge([jnr];
nti+2*typel[jnr];
vdwparam([tj];
vdwparam[tj+1];
rinvllsrinvll;

o uwnunw

rinvsq

/* Coulomb interaction */
vcoul gg*rinvll;
vctot vctot+vcoul;

Blue Gene/L & Blue Matter:

Vvdwb cb*rinvsix;

et u ol scaled to 3 atoms/CPU

Vvdwtot |
(vcoul+12.0%Vvdwl2-6.0%Vvdwb ) *r@invsq;
|

fscal

/* Calculate temporary vectorial force */ | ~'1 OnS/day On 8'1 92 CPUS

tx fscalxdx1l;
ty fscalsxdyll;
tz fscalxdzll;

/* Increment i atom force =/
fixl = fix1l + tx;

i Ly GROMACS 3: 2ns/day

/* Decrement j atom force */
faction[j3+0] faction[j3+0] - tx;

| ontizal - fectionlisn) - I --.On asingle dual dual-
core Opteron!




What does a modern CPU look like”?

Haswell

60 Entry Unified Scheduler

56-bit
VMUL
VShift JIL._MUL _

256-bit it 1L :
VALY eg SIMD:

VBlend

—SandyBrdae Single
-
Port O Port 1 Port 5 | nStru C-t I O n

ALU 128-bit ALU ALU 128-bit :
Fast LEA[|]] VMUL LEA Shift VALU I\/l u "tl p ‘ e
Shift VShift MUL Branch JI\VShuffle

256-bit ) ((128-bit ) ((256-bit D -t
FMUL 2;66*"3" vaLlu | |Fshuffie ala

FBlend VShuffle) | FBlend




for(k=nj0; (k<njl); k++)
{

Wl X cCUte 4 iterations of

/* load j atom coordinates */
jx1 pos[j3+0];
iyl pos[j3+1];
jz1 pos[j3+2];

the iInnermost loop at once

rsqll dx11%dx11+dyll*dyll+dz11%dz1l

o un

/* Calculate 1/r and 1/r2 */
rinvil 1.0/sqrt(rsqll);

2 waters
| | neighborlist entry
9 interactions

O-0O: Coulomb & L-}
All other: Coulomb

I

/* Load parameter

"]

rinvsq

/* Coulomb interaction */
vcoul qg*rinvill;
vctot vctot+vcoul;

/* Lennard-Jones interaction */

rinvsix rinvsg*rinvsg*rinvsq;

Vvdwb cb*rinvsix;

Vvdwl2 cl2%rinvsix*rinvsix;

Vvdwtot Vvdwtot+Vvdwl2-Vvdwb;

fscal (vcoul+12.0%Vvdwl2-6.0%Vvdwb

o uwonn

/* Calculate temporary vectorial force */
tx = fscalxdx1l;
ty fscal*dyll;
tz fscal*dzll;

/* Increment i atom force */
fixl fixl + tx;
fiyl fiyl + ty;
fizl fizl + tz;

/* Decrement j atom force */
\\faction[j3+0] = faction[j3+0] - tx;
Naction[j3+1] =

/* Inner loop uses 3B flops/iteration */

This has served us very well for 10+ years, but it’s
no longer good enough: We are spending way too
co | c1 | c2 | c3 | Much time shuffling data to fit 8-way SIMD registers




Expl

>

C

t Data Parallelism

Stream=your data
Kernel=algoritm

Without
dependencies,

all could be done In
parallel if enough
hardware

was available!
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't Is much easier to port and
scale a simple reference program

.e., YOU see much better relative scaling
pbefore introducing any optimization

Our first GPU-try was
100x slower than running
on CPUs...




A failed GPU attempt!

Gromacs running
entirely on CPU as
an interface

Act'ual S|mu}lat|o_n running

aFU performance



Option 1: Stay on the GPU

- o ey —

. - . b e -

This avoids the

- CPU to GPU
PCle bottleneck

completely

CPU irrelevant,
any node will work




AMBER
DHFR (NVE) HMR 4fs 23,558 Atoms

(4 GPUs) | , . , , 423.69
(2 GPUs) | , : , 334.05 K80
1(1GPU) | . . 229.29

4X K40 # 489.68

2X K40 . 36467
1X K40 ‘_ 266,07

2X K20 T 063 .85
1IX K20 W 196.99
1IXK8 116.09

1l board)
(2 board) ._ 261.82

=s Titan Z

tan Black 383.32

tan Black v , : 280.54 Tltan BIaCk

. G021

J.00 100.00 200.00



“I skate to where the puck is going to be, not where it has been.”

¢ | ike my 1980s integer unit, thank
you, so I'll emulate all floating-
point there

¢ 'm a floating-point person, so |
always use floating-point variables
as my for-loops counters
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Heterogeneous CPU-GPU acceleration in GROMACS

MD step
MPI receive non-local x MPI send non-local F

l A

CPWU g oo i Y oncedr | pwe L Watior waiior | negraion ||
penMP |\DD Hpair search}#pair search | ¢ ‘\Bonded F/ \ A= ) non-local F| | local F | | Constraints | ¢

N hN

»
= o
@ L X = N W
T S | % | ax g8
®N o = 8 o ® o NS -
&) _é ™ S ) N
= S - c c'M
4 N
— pr— Local ( ) —
Local ( | | |
“sfream "1 [Tomoommmmeeeee- —non-bonded F ’ \Clear FP
GPUVU | pair-list pruning X
Idle Idle| - » Idle
CUDA ) Non-local
'éNf(r)'ga'lr('r)\ga'l 2 ) B ‘ non-bonded F —
o T ’\ pair-list pruning | —

Wallclock time for a step:
~0.5 ms if we want to simulate 1us/day

We cannot afford to lose all {1 (0)0-500 MNS

previous acceleration tricks!



You cannot use neighborlists...

The Link-cell algorithm: Verlet, Phys Rev 159, 98-103 (1967)]

Too much data to send
each step, each atom has
different neighbors, memory bottleneck:

Worflt WOrk vvell on GPUs! VS B v
Trad|t|o.nal solqt on:l i I
Group Interactions into “tiles T T Y




T1ling circles Is difficult

serial computing stream computing

* YOu need a lot of cubes to cover a sphere

* All interactions beyond cutoff need to be zero



—-rom neignoborlists 1o cluster proximity lists

Organize

as tiles with
all-vs-all
interactions:

X,Y,Z J Cluster pairlist
gridding




Unified GPU/CPU architecture - completely portable

Classical 1x1 neighborlist on 4 -way SIMD 4x4 setup on SIMT-16
0/1/2|3(4|5|6|7|8|9/|10/11]1 1501234567891011\
=1 | ﬁ - —
3/5/6]|8 115 |8 91011| |12131415|
=000 1 0 ”
4x4 setup on 4-way SIMD n 1 ”
0|1]/2|3[4|5|6|7|8|9(10[{11]12[13|14|15 2 .’
, 3
CUDA |4 5|6 7| |12131415| 4
OpenCL = 0/0|0 9000 0000 . 5
Intel MIC A 10 Y O A 6
x86 SSE?2 iEREn 9099 9090 - 7
x86 SSE4.1 L[oToTo YYYY Y'Y ). 3
x86 AVX O Y g Y W 9
373330000 000e .
x86 AVX2 4l et Soway SIMD R 10
X86 AVX-512 A U O BTy 11
0|1]2|3(4|5|6|7|8|9(10]{11]12[13|14|15

o

. ¥ ¥ v
Armo64 Asimd
|45674567| |1213141512131415|

IBM VMX O[0(0|1|1]1
v
3

IBM VSX
Fujitsu HPC-ACE
Wanted: Fujitsu HPC-ACEZ2

N+ O

212|2




Surprisingly little CUDA code

_cuda lindahl$ 1ls -1ltar

lindahl staff 13012 Apr 18 15:10 nbnxn_cuda_types.h

lindahl staff 8155 Apr 18 15:10 nbnxn_cuda_kernels.cuh
lindahl staff 21576 Apr 18 15:10 nbnxn_cuda_kernel_utils.cuh
lindahl staff 20945 Apr 18 15:10 nbnxn_cuda_kernel.cuh
lindahl staff 1965 Apr 18 15:10 CMakelLists.txt

lindahl staff 39049 Apr 18 15:10 nbnxn_cuda_data_mgmt.cu
lindahl staff 3667 Apr 18 15:10 nbnxn_cuda.h

lindahl staff 30920 May 22 ©09:13 nbnxn_cuda.cu ‘® 00
lindahl staff 2686 May 22 ©9:13 .. - :

i 4 p ‘c‘cuda_kerneLc No Selection

lindahl staff 340 May 22 ©9:13 . 1
]
typei = atib[i = CL_SIZE + tidxil;
~3500 |
A tOtaI Of Ines o typei atom_types[ail;
#endif

of CUDA, compared [ INSERESES-.

[c] cuda_kernel.c

/* load the rest of the i-atom parameters */
gi = xqbuf.w;

#ifdef IATYPE_SHMEM

c6 tex1Dfetch<fl >(nbparam.nbfp_texobj, 2 * (ntypes % typei + typej));
cl12 tex1Dfetch<float>(nbparam.nbfp_texobj, 2 = (ntypes % typei + typej) + 1);
= = = #else
o m I IO n I neS O c6 tex1Dfetch{nbfp_texref, 2 * (ntypes %= typei + typej));
cl12 tex1Dfetch(nbfp_texref, 2 *x (ntypes = typei + typej) + 1);

#endif /* USE_TEXOB] =/

C/C++ /* avoid NaN for excluded pairs at r=0 */

r2 += (1.8f - int_bit) * NBNXN_AVOID_SING_R2_INC;

inv_r rsqrt(r2);
inv_r2 inv_r * inv_r;
inv_r6 inv_r2 = inv_r2 * inv_r2;
#if defined EXCLUSION_FORCES
/* We could mask inv_r2, but with Ewald
* masking both inv_r6 and F_invr is faster */
inv_r6 == int_bit;
#endif /* EXCLUSION_FORCES */

F_invr = inv_r6 = (c12 * inv_r6 - c6) * inv_r2;
#if defined CALC_ENERGIES || defined LJ_POT_SWITCH
E_lj_p = int_bit * (c12 % (inv_r6 = inv_r6 + nbparam.repulsion_shift.cpot)=0ONE_TWELVETH_F -
c6 = (inv_r6 + nbparam.dispersion_shift.cpot)*ONE_SIXTH_F);

#endif

#ifdef LI_FORCE_SWITCH
#ifdef CALC_ENERGIES
calculate_force_switch_F_E(nbparam, ¢6, c12, inv_r, r2, &F_invr, &E_1j_p);
#else
calculate_force_switch_F(nbparam, c6, c12, inv_r, r2, &F_invr);
#endif /% CALC_ENERGIES =/
#endif /= LJ_FORCE_SWITCH =/



Kernel timing

Single exec per
step for 1 GPU

0.18

-— C2070
GTX 580
0.16 =&— Quadro K5000
) GTX 680
—<TITAN
= K20c - 705 MHz
0.14 =¥ K20c - 758 MHz
K40c - 745 MHz
—+= K40c - 875 MHz
0.12
m
E
(D]
£ 0.1
=
[
)
=~ 0.08
0.06
0.04 — - =
0.02

1.5 3 6 12 24 48 9% 192 384 768 1536 3072

system size (x1000 atoms)

kernel time/1000 atoms (us/iteration)

% —ii— K20c 758 MHz
20 K40c 875 MHz
GTX 980
== GTX 780Ti
%0 —— GTX TITAN
—¢— Quadro M6000
50
40 e M
30 —
20
—————< ]
up to 40%
10 faster than the
GTX TITAN
0

1.5 3 6 12 24 48 96 192 384 768 1536 3072

system size (1000's of atoms)

We are starting to use a
lot of integer ops too
for pruning & tweaking



CUDA overhead & scaling issues

Straight from the log file
performance summary:

B Neighbor search
W Launch GPU ops
Bonded force

100%
90%
80%

&

- 70%

8 60%

E

= 50%

c

= 40%

= 30%

o

= 20%
10%

0%

Kernel scaling deteriorating:

water (1.5k)

the GPU can't keep up with the CPU

=> CPU waiting

illin (5k) mase (24k) adh (134Kk)

¥ PME mesh
B Wait for GPU Runtime breakdown of GPU
X/F buffer ops accelerated runs with:
B Update
Constraints » Hardware: Intel Core i7-3930
B Rest 12T + GeForce GTX 680
» Settings: PME, rc>=0.9,
nstlist=20

Overhead with small
systems: launching the GPU
operations takes up to 15%!

GPUs not designed for
~0.2 ms/step = 5000



A lot of low-level tuning:

GPU SMX scheduling/balancing

Balanced pair list Sorted lists

114 lists = blocks - split lists & apply 421 lists

- 8%13 =104 blocksin  shaping” curve - improve sorting:

flight! -» balancing heuristic: =~ pigeonhole sort
40*#SM

- 421 lists

-ii—- K20c 758 MHz
K40c 875 MHz

=¥ GTX 980

—a— GTX 780Ti

=»— GTX TITAN

—<¢— Quadro M600(Q

Raw pair list

- strong
inter-/intra-SM

300 |pad-imbalance )
>15% avg. imbalance <3% avg. imbalance

0.144 ms/step 0.117 ms/step

Split lists Sort lists

————
Unlucky SMX

B, ‘ime/1 000 atoms (us/iteration)

up to 40%
faster than the
GTX TITAN

Af 9% 192 384 768 1536 3072

9 A (1000's of atoms)

60us actual time (1500 atom

If we solve all latency bottlenecks,
we would be below 20us



Integrating the GPU cont.

Run-time breakdown for varying system sizes: Hardware: Intel Core i7-3930 12T + GTX680
« System: water 1.5k-768k
* PME, rc>=0.9, nstlist=20
182:2 I . B R - - m Neighbor search
80% ® Launch GPU ops
20% Bonded force
60% ¥ PME mesh
50% m Wait for GPU
40% I I | | X/F buffer ops
30% Hm Update
20% = Constraints
— - - m Rest
3

10%
0%

1 | e
1 1| |
| | e

g I
1 1| |

g | 1
I .
& 1T

-
w

12 24 48 96 192 192

~
(o)}
oo

—

Kernel scaling Let's assume we can solve We are still left with:
deteriorating: CPU waiting the kernel scaling issue CUDA runtime overhead
(or use faster GPU) up to 25%!
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~8,000 atoms

t solvent

ICI

expl

0]0)'¢

inic

tricl

o). St/

A WA

53
2

i7 3930K

i7 3930K+GTX680

E5-2690+GTX Titan

800 1000 1200

nsilday
546 FPS (beat that, Battlefield)

400

200
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Desktop example: Core i7 4790K & GTX Titan

100%
90%
80%

o 70%
£

* 60%

©

2 50%

(@)
S 40%
T
S 30%

L
20%
10%

0%

m Other

w Constraints

m Update/integration
Virtual sites

m NB X/F buffer ops.
Wait for GPU

m PME mesh

m Force
Launch GPU ops.

m Neighbor search

m Domain decomp. & comm

A: 1 thread

B: 1 thread, AVX2

C: 8 threads

D: 8 threads, AVX2

E: 8 ranks, AVX2, GPU

F: 8 threads, AVX2, GPU

% \oltage-sensor domain
embedded in POPC lipids
and water: 47,000 atoms

w ©

a Vv
mm [~

- 250

- 20

|
—_
)
-

performance (ns/day)

- 10

—- 50

0 W
T 1
A 454,

o))

0

0



Strong scaling:

Gromacs 4.6 on SuperMUC

physical cores

40_80 atOmS/COre 32 128 512 éngday 8192 32768 131072 524288
40 :
060 151 ns/da
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You have already lost
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Semiconductor Exponentially Declining Prices, 40 years
(price per transistor)
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NO longer true: 14nm transition

e [echnology limitations mean we get ~1./5x faster
performance instead of ~2x

e =Xtreme
il OX IO

y difficult engineering:

e expensive than 22nm

* \We are suddenly looking at 16% improvement in
bang-for-the-$ compared to 100% every 18M

e [he question is not w

feasible,

obut whether it Is financially

nether 5nm is technically

‘easible

 [hereis areal risk It might stop at 10nm



Memento mori.

The last vector computer (190)
was shipped by Cray in 1999

Performance was 2-50 GFLO
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1B Average: 0.5GB/s
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at=ata Monte Carlo SamplingS
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Average: 0.5GB/s
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Ensembles In action

The villin

headpiece - 244 trajectories
N 3840-5736 cores used

1, A0S Y- MSM clustering
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30 hours later

1.4 A RMSD

Transition state
matrix converges in

UANOtal



Method Development: Biophysics/ion
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