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Goals/Motivation/Vision

* Create a multi-ensemble, open source Monte Carlo (MC) molecular simulation engine comparable
to existing open source GPU-accelerated molecular dynamics (MD) engines [1,2,3].
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Abstract

This work describes an implementation of canenical and Gibbs ensemble Monte Carle simulations on
graphics processing units (GFU). The pair-wise energy calculations, which censume the majority of the
computational effort, are parallelized using the energetic decomposition algorithm. While energetic
decomposition is relatively inefficient for traditienal CPU-bound codes, the algorithm is ideally suited to the
architecture of the GFLL. The performance of the CPU and GPU codes are assessed for a variety of CPLU and

GFLU combinations for systems containing between 512 and 131,072 particles. For a system of 131,072 .

particles, the GFU-enabled cancnical and Gibhs ensemble codes were 10023 and 29.1 times faster (GTX 480
GPU ws. i5-2500K CPU), respectively, than an optimized serial CPU-bound code. Due to overhead from
memory transfers from system RAM to the GPLU, the CPU code was slightly faster than the GPU code for
simulaticns containing less than 600 particles. The critical temperature TF = 1.312(2) and density
pF = 0.316(3) were determined for the tail corrected Lennard-Jenes potential from simulations of 10,000
particle systems, and found to be in exact agreement with prior mixed field finite-size scaling calculations
[J.J. Potoff, AZ. Panagictopoulos, J. Chem. Phys. 109 (1298) 10214].
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Gibbs Ensemble Monte Carlo (GEMC)

Molecule Displacement
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Gibbs Ensemble Monte Carlo (GEMC)

Molecule Transfer




Gibbs Ensemble Monte Carlo (GEMC)

Volume Transfer

¢ 6 ¢ ¢ ¢ ¢
¢ ¢ "“ ¢ &
¢® 6 _6¢ ¢ 6 &




Optimizations
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Validation: n-Fluoroalkanes, n-Alkanes
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Angle Picking: A Cautionary Tale
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Angle Picking: A Cautionary Tale
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A Cautionary Tale

Angle Picking
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Samples

*Note: accepted. trial were scaled to be more visible

Angle Picking: A Cautionary Tale
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GPU: Computing Resource Hierarchy

Unique Pair Interactions

Ui(r) @--'@ Uir) @'--@
Un(r) ®-—- @ U...;(r)@-—- @ Q00

-_ _____

GPU Resources

THREADS %,

WARPS

3 ~1sc CUDA _ syncthreads()
IL@QK& (small performance penalty)

-_Lfi
<< GeFoRce ‘ Grid (GPU)
= == | 7
——
. |



Start Main
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GPU Code Flow

Generate Random
MNumbers

Initialize System atoms,
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Basic Memory Approach

Things we write once per move and save between moves,
or things that never change...

Block statistics:

Particle Coordinates:
Global Memory ] | 1 | Global Memory

m Adjustable move constants:
' Global Memory
A
‘ ‘\ "

Things we only use inside the move and that need to be accessed fast...

£ - Volume

nergetics:

Shared memory

(thread calcs.) Trial variables:
Register variables

Global memory

(block totals) |ncex

'l":,

i lls

Temperature: <ﬁ "y
Constant Memory N’
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Basic Logic Porting Approach

PORT ENERGETICS

S
Code v0.1:
Lennard-Jonesium
Volume Swap
Q

PORT MOVE ¥ scenene
FUNCTIONS ¢ fomaton - 5=

PORT INITIALIZATION) €™ >
TRACKING LOGIC

Code v0.9:
n-Alkanes

21



22

GPU: Computing Resource Hierarchy

Memory coalescing to fetch particle positions.

Loop unrolling.

Thread load balancing.
GPU hardware functions.
Texture lookup table.

<>
g

GOMC



Distributing O(N?) Operations on Unique Index Pairs

Need to calculate index
Naive thought #2:
Just count all pairs, then

Traditional indexing in serial code:

Double ‘for’ loop . :
HOW TO PORT? Naive thought:
Use for loop to get

foriinT1toN divide by
forjinitoN thread to correct index C!VI0€ DY TWO
0 1 2 ceo N22 N4 N2ON2e ... N3 N2 N Problem: Problem:

Thread waste — one in two
threads does a redundant
calc.

Thread divergence

Unigue pair

. N Solution:
_

Remap indexes!

Mapped pair

weww | Often, not N? threads available,
plus application is operation
limited not bandwidth limited:
Thus 4*N threads is
performance sweet spot _,

&»

N GOMC
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GCMC Results

N Serial code | CUDA | Speedup
512 2.8 22.3 0.13
1024 1.9 22.5 0.35
2048 14.2 22.8 0.62
4096 52.8 234 2.25
8192 116.3 26.7 4.36
16384 237.7 36.7 6.48
32768 502.2 36 8.96
63336 991.8 91.6 10.83
131072 2061 154.6 13.33
262144 4534.8 287 15.8
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GEMC Results

N Serial code | Parallel code | Speedup
1024 54.5 28.5 2.0
2048 159.4 32.3 4.9
4096 360.7 43.1 12.4
8192 2114.3 83.9 25.2
16384 8417.4 234.1 35.9
32768 32228.3 7138.6 43.6
635336 121750.4 2728.3 44.6
131072 340139.6 10873.0 49.6




Current Work

Current development path focuses on
simulating molecules of arbitrary geometry
with established methods.

Structure the code to enable easy data
movement to and from the GPU.

Refactor the code to have structures of arrays,
as there are many arrays involved with
Molecules.

Float vs Double. &

GOMC



** Master’s student

** B.S. Computer Sci.—
XiDian University,

China

27

Yuanzhe Li

Schwiebert Group
Dept. of Comp. Sci.

Pl: Prof. Loren Schwiebert
Wayne State Univ.




28

Meet Kepler

Hardware Improvements:

* More resource:
13 SMX, 192 cores per SMX,
2048 threads per SMX

 Two new features:
Dynamic Parallelism,
WarpShuffle
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Why Use Kepler?

Pre-Kepler -- Kernel Issues:

* So much expense on transporting data
* So many synchronizations
* High latency caused by the shared memory

Kepler -- Potential Gains:

e Using Dynamic Parallelism to move the original CPU workload to
GPU

* Using WarpShuffle to exchange the data between two threads



GEMC — Dynamic Parallelism

Dynamic Parallelism Challenge
* A parent kernel * How to reduce the idle time
« Three move kernels are set to from synchronization
child kernels  Ensuring all data is
e All data kept on chip synchronized

* Tuning block size accordingly

Parent-Child Launch Nesting
Time —»

CPU Thread B
Grid A Launch Grid A Complete
Grid A Threads ———e
Grid A - Parent @ !
\ s 7
Grid B Launch Grid B Complete

g &

Grid B - Child Grid B Threads

. COMC




Warp Shuffle — Register Optimization

WarpShuffle

Between threads within a
warp.

Making use of registers

Challenge

Only 4 bytes of data can be
moved per thread

The parallelism sometimes is
not good

Comparison

* Code with shared memory

cage 3@
cErergy [threadldx. x] += cErnergy[threadld=.= + 16];
cWirial [threadId=x.x] += cVirial [threadId=.= + 16];

* Code with WarpShuffle

case J2:
newVal, iwal [0] = __shfl down (EnerVal.iwal[0], 16, 32 ;
newVal. iwal[1] = __shfl down(EnerVal.iwal[l], 16, 32);
EnerWal. dval += newWal. dval ;
newVal. 1wal [0] = __shfl down(ViriVal.iwal[0], 16, 32);
newVal. iwal[1] = __shfl down(ViriVal.iwal[l], 16, 32);

WiriWal. dwal += newial. dwal;



Kepler — Preliminary Results

The histogram illustrates the
running time for each function

The table shows the running
time for all three functions

Original code  481.47s
on GTX 480

Original code  343.536s
on K20c

Dynamic 285.746s
Parallelism

WarpShuffle 280.312s
DP+WS 270.506s
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Concluding Remarks

Coding a robust, open source code is a
lot of work, but vital for community
research progress

: : ~ ¢
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