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The Two-Body Problem
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The Three-Body Problem
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The N-Body Problem

r..
_ — ij
F.=m.a. F.=Gm, M

r.(t+dt)=r,(t)+v.dt+1/2a,dt’

November 16, 2012 Slide 6



#) J0LICH

FORSCHUNGSZENTRUM

A serial implementation

void time step(...){

const double eps2 = le-14;

for (int 1 = 0; 1 < m.size(); ++1i){ FU
double ax = 0, ay = 0, az = 0; a,:G , .mj—3
for (int j = 0; j < m.size(); ++j){ A
double dx = (c.x[1i] - c.x[]]);
double dy = (c.y[i] - c.y[]j]);
double dz = (c.z[1i] - c.z[]j]);
double d2 = dx * dx + dy * dy + dz * dz +
eps2;
double invD3 = 1.0 / (sqrt(d2) * d2);
ax += m[j] * dx * invD3;
ay += m[j] * dy * invD3;
az += m[j] * dz * invD3;
}
ax *= G; r.(t+dt)=r,(t)
chew.x[1] = c.x[1] + v.x[1] * dt + 0.5 * ax * dt * 9
dt; +Vl-dt+1/2€lidt
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A faster serial implementation

We can take advantage of Newton's third law

F,=

and cut the work in half.

for (int 1

}

for (int

double
double
double
double
double
double
double
double
a.x[1]
a.yl[i]
a.z[1]

}

November 16, 2012

j

dx
dy
dz
d2

0; 1 < m.size(); ++i){
=1+ 1; j <m.size(); ++j){

(c.x[i] - c.x[j]);
(c.y[i]l - c.yl[il);
(c.z[i] - c.z[jl);
dx * dx + dy * dy + dz * dz + eps2;

invD3 = 1.0 / (sqrt(d2) * d2);

X

m[i] * m[j] * dx * invD3;
m[i] * m[j] * dy * invD3;
m[i] * m[j] * dz * invD3;
fx; a.x[j] -= fx;
fy; a.y[jl -= fy;
fz; a.z[j] -= fz;
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Scaling with System Size

10° ' '
— Serial
- - Simple serial
102_
g 10t
100_

-1 | ! ! ! | | |
10 1000 2000 4000 8000 16000 32000 64000
Number of Bodies

November 16, 2012 Slide 9



A faster serial implementation

We can take advantage of Newton's third law
F,=—F,

and cut the work in half.

for (int i = 0; 1 < m.size(); ++i){

for (int j = i '
double dx
double dy

(2) * d2);

* 1nvD3;
* 1nvD3;
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A Serial Implementation

void time step(...){

const double eps2 = le-14;

for (int 1 = 0; 1 < m.size(); ++1i){ rU
double ax = 0, ay = 0, az = 0; a=G) m;—
for (int j = 0; j < m.size(); ++j){ J# r
double dx = (c.x[i] - c.x[j1); /
double dy = (c.y[i] - c.y[]j]);
double dz = (c.z[1i] - c.z[]j]);
double d2 = dx * dx + dy * dy + dz * dz +
eps2;
double invD3 = 1.0 / (sqrt(d2) * d2);
ax += m[j] * dx * invD3;
ay += m[j] * dy * invD3;
az += m[j] * dz * invD3;
}
ax *= G; r.(t+dt)=r,(t)
chew.x[1] = c.x[1] + v.x[1] * dt + 0.5 * ax * dt * 7
dt; +v.dt+1/2a;dt
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A Parallel Implementation with OpenMP

void time step(...){

const double eps2 = le-14;

#pragma omp for rU
for (int i = 0; 1 < m.size(); ++i){ a=Gp,  m—
double ax = 0, ay = 0, az = 0; JEL S

for (int j = 0; j < m.size(); ++j){

double dx = (c.x[1i] - c.x[]]);
double dy = (c.y[i] - c.y[]j]);
double dz = (c.z[1i] - c.z[]j]);
double d2 = dx * dx + dy * dy + dz * dz +
eps2;
double invD3 = 1.0 / (sqrt(d2) * d2);
ax += m[j] * dx * invD3;
ay += m[j] * dy * invD3;
az += m[j] * dz * invD3;
} r.(t+dt)=r,(t)
ax *= G; 7
cnew.x[i] = c.x[i] + v.x[i] * dt + 0.5 * ax * dt * +v,dt+1/2a;dt
dt;
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A Parallel Implementation with Cilk Plus

void time step(...){

const double eps2 = le-14;

Cilk forg(int i = 0; i < m.size(); ++i){ r;
w=o, ay = 0, az = 0; a.=G m.—

for (int j = 0; j < m.size(); ++j){
double dx = (c.x[i] - c.x[]j]);
double dy = (c.y[i] - c.y[j]);
double dz = (c.z[i] - c.z[]j]);
double d2 = dx * dx + dy * dy + dz * dz +

eps2;
double invD3 = 1.0 / (sqrt(d2) * d2);
ax += m[j] * dx * invD3;
ay += m[j] * dy * invD3;
az += m[j] * dz * invD3;
}
ax *= G; r.(t+dt)=r,(t)
chew.x[1] = c.x[1] + v.x[1] * dt + 0.5 * ax * dt *

dt; +v.dt+1/2a.dt’
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Using the GPU

void time step(...){

for (int 1 =0; 1 < n; ++1){

data t ax = 0;

data t ay = 0;

data t az = 0;

for (int j =0; j < n; ++j){
if (i == j) continue; _ I
data_t dx = (x[i] - x[j1); a;=G 2, . . m—
data_t dy = (y[i] - y[jl); I
data t dz = (z[1] - z[j]);
data t d2 = dx * dx + dy * dy + dz * dz;
data t invD3 = 1.0 / (sqrt(d2) * d2);
ax += m[j] * dx * invD3;
ay += m[j] * dy * invD3;
az += m[j] _* dz * invD3;

) This makes a good'kernel!
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Using the GPU with OpenACC

void time step(...){

#pragma acc kernels
llllll!!!!l!lll!!l!l< n; ++1i){

data t ax

data t ay

data t az

for (int j = 0; j < n; ++j){

if (i == j) continue; Fij

data_t dx = (x[i] - x[j])
= )

i mnnu
oNoNO

~=

data_t dy = (y[i] - yI[j]
data t dz (z[1] - zI[j])
data t d2 = dx * dx + dy * dy + dz * dz;
data t invD3 = 1.0 / (sqrt(d2) * d2);

ax += m[j] * dx * invD3;

ay += m[j] * dy * invD3;

az += m[j] * dz * invD3;

’
; ij
’
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PGI Compiler Feedback for acc kernels
32, Generating copyin(m[0:n])
Generating copyin(z[0:n])
Generating copyin(y[0:n])
Generating copyin(x[0:n])
Generating copy(vx[0:n])
Generating copyout(xnew[0:n])
Generating copy(vy[0:n])
Generating copyout(ynew[0:n])
Generating copy(vz[0:n])
Generating copyout(znew[0:n])
Generating compute capability 1.3 binary
Generating compute capability 2.0 binary
33, Loop is parallelizable

Accelerator kernel generated
mctor(ﬂ& // blockldx.x threadldx.x

CC 1.3 : 38 reqisters; 112 shared, 4 constant, O local memory bytes
CC 2.0 : 38 reqisters; 0 shared, 168 constant, O local memory bytes
38, Loop is parallelizable
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Scaling with System Size

10°

— Serial

- - Simple serial
=—a QOpenACC

10 1000 2000 4000 8000 16000 32000 64000
Number of Bodies
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A Clever Parallel Implementation

November 16, 2012
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Steven Lewin-Berlin,
http://software.intel.com
/en-us/articles/A-cute-
technique-for-avoiding-
certain-race-conditions
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A Clever Parallel Implementation with Cilk Plus

12
10}
8_
o
=
% 5} o
Q
7))
4t
— Serial
--- Simple serial 2
e—e Simple parallely, | —/—/————™—™@m/¥/™/M/M/™//M//
e—e (Clever parallel| 0

0 2000 4000 8000 16000
Number of Bodies
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Comparing all implementations

18 . .
— Serial
16| - - Simple serial
e—e Simple parallel
14, Clever parallel
120%™ OpenACC
Q
% 10
g9
6_
4t
2_
[".""'.""""'T """"""""""
0 2000 4000 8000 16000

Number of Bodies
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Choosing a Better Algorithm
O(n°) == O(nlogn)
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Staying in the 'Hood

°1,2,3,4
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Long Range Interactions

s/d<0

J. Barnes and P. Hut, Nature 324, 446 (1986).
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S. Pfalzner and P. Gibbon, Many-Body Tree Methods in Physics (Cambridge University Press, 1996).
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Better Integration Schemes

= Leap frog
= Velocity Verlet
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What does this have to do with Molecular
Simulations?
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From Sequence to 3D Shape

ERVRISITARTKKEAEKFAAILIKVFAELGYNDINVTWDGDTVTEGQL

a-helix

~ B-sheet
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Levinthal Paradox

150 amino acid — 3 conformations each

3150

369,988,485,035,126,972,924,700,782,451,696,644,186,473,100,389,722,973,815,184,405,301,748,249

~

(370x10%)

- 10 years
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Modeling proteins
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Molecular Modeling

= Molecular Dynamics

" Gromacs }Perform part of the force

= NAMD calculation on GPU
70 ! ! ! ! ! ! =
—e CPU
50L| == GPU (Keeneland)
%40_.. _____,,__’___ .
-c L
Q P
Q g
201} s
10_.. ”f....
% 10 20 30 40 50 60 70
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Molecular Modeling

= Molecular Dynamics

" Gromacs }Perform part of the force
= NAMD calculation on GPU

= AMBER 1} Entire simulation on GPU
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‘ Myoglohin 2492 Atoms | |

DHFR 23,558 Atoms (NVE) ‘

S [«-<1mBO (GPU) |
/" /] == 1MBO(CPU)
" | =—= DHFR (GPU) |

| =—= DHFR (CPU) |.

3 4 5 6 7 8

25 \ \ i i \ \ 4.0
> : : 3.5
oD [ Sy e-"" 30’
@ : o LeemTT :

-7 : : 25
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[e] - : o
= I‘" : : : v 2.0
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Molecular Modeling

= Molecular Dynamics
= Gromacs
= NAMD
= AMBER
= Monte Carlo
= SMMP (SLBio)
= ProFASI (SLBIo, planned)

November 16, 2012
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Molecular Modeling

= Molecular Dynamics

= Gromacs

= NAMD

= AMBER
= Monte Carlo

= SMMP (SLBio)

= ProFASI (SLBIo, planned)
= Brownian Dynamics

= BDBox

November 16, 2012
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Sequence Alighment & Machine Learning

= MummerGPU (NGS)
= cudasw++

= GPUSvm

= GPUMLIb

November 16, 2012
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Data Analysis & Visualization

Dr. L (Dimensional Reduction Library)

-
X L) VD Main

VM D ",( Wolzcule File Browssi
Load files for: |D: 103

=l

-

Determine file type:

Browse...

)
File hdclecule Graphics Display kouse Extensions Help

ID T A D F Molecule Atoms Frames Vol

0 TADFIQYS 632 1 il

[ Automatically

PYMAFIA =

.
Frames:

(S L B I O y First:  Last  Stride:
0 -1 1

& Load in backgraund
O Load all at once

planned)

b
K MD 1

.1 OpenGL Display
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Volumetric Datasets

Load

Mool

l
4 |4l zoom O

[, »
Loop ¥ stepﬂﬁ] speed || ﬁ
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X Graphical Representations
Selected Molecule
[o:1avs =]
Create Rep Delete Rep
Style Color Selection
Lines MName all
MNewCartoon Structure all
Surf Structure all
Selected Atoms
fal

Draw style | Selections | Trajectory| Periodic|
Coloring Methad Ivlaterial
=l

‘Secnndary Strlj |G\a553
Default

Drawing Method
Surf -

Representation Ivlethod [ Solid Surface »
Probe Radius #|{4] 1.4 | F|#

& Apply Changes Automatically  Apply
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Proteins

ERVRISITARTKKEAEKFAAILIKVFAELGYNDINVTWDGDTVTEGQL

a-helix

~ B-sheet
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Simple Molecular Mechanics for Proteins (SMMP)

= Protein simulations with Monte Carlo

= Standard geometry (bond length and angle fixed)
= Dihedrals are degrees of freedom

= Force field: ECEPP/3 rapLoe

http://apple.sysbio.info/~mjhsieh/sstour/
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and GPUs

.

-

Photo by Mike Wesemann
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Python and GPUs

= Excellent bindings for CUDA (PyCUDA) and OpenCL
(PyOpenCL) by Andreas Kldckner
(http://mathema.tician.de/software/pycuda)

= Copperhead executes annotated Python code on GPU
(http://copperhead.github.com/)

=  Atomic Hedgehog translates annotated Python code to
OpenCL (http://ahh.bitbucket.org)

For some nice talks see GTC on Demand and search for
python
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Copperhead

from copperhead import *
import numpy as np
@cu
def axpy(a, X, y):

return [a * X1 + y1 for xi, yi1 1in zip(X, VYy)]
X = np.arange(100, dtype=np.float64)
y = np.arange(100, dtype=np.float64)
with places.gpu0:

gpu = axpy(2.0, X, y)
with places.openmp:

cpu = axpy(2.0, X, y)
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Python Interactive

A IPython <@zam520= @ @ &
Python 2.7.2 (default, Aug 19 2011, 20:41:43) [GCC] a
Type "copyright", "credits" or "license" for more information.

IPython 0.11 -- An enhanced Interactive Python.

? -> Introduction and overview of IPython's features.
%Squickref -> Quick reference.

help -> Python's own help system.

object? -> Details about 'object', use 'object??' for extra details.
%Sguiref -> A brief reference about the graphical user interface.

In [1]: import pyopencl as cl

In [2]: ctx = cl.createJ
create_program_with_built_in_kernels create_some_context
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PySMMP
Algorithms implemented Python modules:
on top of PySMMP ParallelTempering.py

algorithms.py

Wrapper around SMMP's Python modules:
Internal data structure and universe.py

property functions protein.py

Compiled Fortran code
Built with f2py with binding:
sSMmp.so

November 16, 2012 Slide 42
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Profiling Results

File Settings Processes View Sort Search Help
o d < - [ B o @ [osportme 8 % ¥
JuBGRIGRRNE crvehe & |
Function Count

@ enyshe 58,295 B
@ setvar I 10,9488 = 1% 58,295 =

@ eyring I 5.48002 = 1% 4

@ difang 4,56191 = 0% | 8,161,300 =

@ bl dmal 3.08634 = 0% 58,296 =

@ ishybd 1.41365 = 0% T 2,843,210

@ outpdb 1.1417 = 0% 41

@ hbond 0.98BE16 = 0% 51

@ metropolis 0.870465 = 0% 601

@ arnd 0.146926 = 0% I 230,641

@ energy 0.122203 = 0% 58,285 = =
@ Tndbrn 0.103234 = 0% 58,637

@ outvbs 0.081141 = 0% 1

@ Thdsba 0.076998 = 0% 58, 296

@ jendst 0.064457 = 0% 38,555

@ outvar 0.043566 = 0% 1=

@ eninteract 0.043082 = 0% 58,295

@ toupst 0.042004 = 0% 28,126 =

@ addang 0.037977 = 0% 57,231

@ setobl 0.037821 = 0% 58, 296

@ can_weight 0.026584 = 0% 114,182 ||
@ ibegst 0.024746 = 0% 28,230 =

@@ redres 0.02453 = 0% 22

@ setmvs 0.024101 = 0% 1

@ updtchl 0.021387 = 0% 36,013

@ setsys 0.019117 = 0% 55,298

@ accanalyze 0.018712 = 0% 584,140

@ bos 0.017306 = 0% 27,049 =

@ canon 0.011292 = 0% 1=

@ mk1ist 0.004038 = 0% 1

@ royr 0.003961 = 0% 51

@ quench 0.003740 = 0% 1,716 =
) SanEi A AN A o a s =1

Sort By Time

1. Compiler: PGF30 -
2. Options: pgf30 enyshe.f —c -fast -Mpre -Mpfo -Mprof=lines -Minfo =ccff

3. Build date: 05/03/2010 14:33:34 -

Parallelism l Histogram m System Information 1 Accelerator J

Profiled: ./smmp on Mon May 03 14:33:45 CEST 2010 for 936.770496 seconds |Pr|:|fi|e: ./pgprof.out
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60 — [
J e e+ ~ single-core
A . f . ]
50} S oy . S UL 1Lopo= 14 & ~ single-node
f b ] | H
! ° : :
S ;ot > .« v
D 30 e 3 0.6 B T T
8_ : g : - " I
? ;o 5 et B el ettty
20 ..,:.._ - 0.4 RO SR, R
; R
10_..;; 0.2
.
"’ : : : :
0 I I I 0_0 I I I
0 50 100 150 200 0 50 100 150 200
Number of Cores Number of Cores
2.65 ms on a single node (Q80).
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ECEPPI/3

qd. A. B.
p=320Y, Ly |50~
Joer Ulr.. y
] ]
z Cij Dij
ij 12 rlO
ij Ij
+2., U (1+cos(n/g)))
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ECEPPI3
E=320), quf +Z
+Z

I”U)
ru)

+Z, Ul 1+C05(”1§1)) _ Peptide

http://apple.sysbio.info/~mjhsieh/sstour/
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Implementation

= PyOpenCL

= Different kernels

Simple kernel

= Use local memory

Use float4 for distance calculation

= Calculate several interaction per work item
= Unroll loop and vectorize

= Tested with Intel SDK, AMD SDK, NVIDIA SDK on CPUs
and GPUs
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Performance of Quadratic Kernels (CPU)

10

Kernel ID
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Performance of Quadratic Kernels (GPU)

1.0

t [ms]

Kernel ID

Slide 49
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Where does the time go?

18

16|
14|
12}

Data £

Reduction

4_
2_

10}
8l
6

B
=

Kernel //.5

0
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Reduction on CPU or GPU

Q20 Q80
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Parallel Tempering with SMMP and PySMMP

SMMP PySMMP
partem_p ParallelTempering.py
metropolis algorithms.py

Python modules:
common blocks universe.py
protein.py

Calculation of Cartesian coordinates ar< Z..ciyy.
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Parallel Tempering Monte Carlo
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C-terminal Fragment of Top 7
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ProFASI: Protein Folding and Aggregation
Simmulator

Sandipan
Mohanty

Monte Carlo

F/(kgT)

E (kcal/mol)

Highly Optimized
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C-terminal Fragment of Top 7
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file:///home/genkin/2008/Weihnachtskolloquium_JSC/figures/cfr_w_title_960p.mp4
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C-terminal Fragment of Top 7
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C-terminal Fragment of Top 7
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C-terminal Fragment of Top 7
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C-terminal Fragment of Top 7
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C-terminal Fragment of Top 7
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