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Micro-structures in Materials
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Given a free energy functional E(¢), the gradient flow in L:
06 OE(),
ot do

or the gradient flow in H™L:
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ot Yo
It is easy to see that they satisfy, respectively the following energy
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Phase Field Model CC Finnzse

Given a free energy functional E(¢), the gradient flow in L:
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Explicit time marching- small time step G

Allen-Cahn (AC) equation
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Takashi Shimokawabe et. al., SC2011. Martin Bauer et. al., SC2015. 8 x10° cells.
4 x109 cells, TSUBAME 2.0. SuperMUC, Hornet and JUQUEEN.

(a) 5% 10%h step (b)2Xx10thstep (c)2X 10%h step (d) 1 X 107th step

Tomohiro Takaki et. al. Acta Materialia, 2016. 4 x10° cells, TSUBAME 2.5.



Energy stability CoC omnc
To fix the idea, we let E(¢) = fﬂ[z\\_/@\z 1 F({b)]dx, where

F (@) is a general nonlinear free energy, and consider the gradient
flow in H~1:

O0E
V V— anw‘ﬁg — 0;
O
SE | 1, o
w = % = —Ag + ?f(r;)), (‘)n@‘ﬁg = 0.

which satisfies the energy law:

0 1., 1 _, R R
— [ (V2 + 5F(9) ) = - ~A¢ + —F(8))]2
ot s (2‘le T (@)) /Q\V( o+ .27 0))

Goal: Design simple, efficient and accurate numerical schemes
that satisfy a discrete energy law.



Large Scale Phase Field Simulations Gt~

AC equation, explicit time marching CH equation, implicit time marching
Small time step-size Large time step-size
Integration scheme design, easy Integration scheme design, hard
Stencil computing Multi-level preconditioner-solver
performance ~ 25% peak performance < 10% peak
Large scale simulation ~10 billion cells Large scale simulation ~ 0.1 billion cells

The limited resolution in 3D simulations(CH) constitutes bottlenecks in
validating predictions based on the phase field approach.

Accurate large-time-step marching scheme, scalability, efficiency
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Exponential Time Differencing (ETD) ~ €aC &z

u, = Lu+ N(u,t).

At
u(t,..) =e"tu(t,) +eLAtj0 e “N(u(t, +s),t, +s)ds.

L L L

exact integration polynomial approx.

Stable large time step-size

Exact integration & proper splitting of L and N
High order accuracy

Multi-step, prediction-correction, Runge-Kutta
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Second order ETD scheme N
{%% =V (M(u)V(—yAu + u® —u)), x € Q,t € [to, to + T,

ule—ty = uo, x € Q,

% = —C(yA%u) =V - (M (u) — O)V(yAu)) + V - (M (u)V (u? — u)).

C>C—M(U),;) >0 C = max M((U):;).
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Time Integration Accuracy N

ss-Euler, M(u) = 1, time step size urit 5=1x 107 CETDMsl, Miu} = 1, time step size urit 5=1x10™ CETDMs2, M{uj= 1, time step size unit 3=1-10"
941 9.4

.41

9309

High order accuracy in time
Is important for simulating .
coarsening dynamics with

2.36

large-time-step schemes.

1.25 13 1.35 1.4 1.25 13 1.35 14 1.25 L3 1.35 14
In(Time) In(Time) In(Time)

ca-Enler, M{u)=[1-1"], time etep size unit 5=1x10"" CETDMsl, M{u)={1-1’), time step size urit 3=1:107 SETDMe2, M{u)={1-u%, time step size unit 3=1<10"
85, 9.85 9.85
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Time step-size can be 10-100X )
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ime) In(Time) (Time)

S 4 O rd e rs Of m a g n itu d e Ia rg e r sa-Euler, Maw=| Lu]i2, time step size urit 3=110™ GETDMe, M(uy=/1-+0/2, time step size vt 3=1:10° CETDM:2, Miu=IL+u}2, time etep size unit 5=1+10*
10112 10112 10,112
h I. . E I h 10110 Ny 1w N 1011
than explicit Euler scheme.
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Extensive numerical 1st order stabilized 1st order cETD 2 order cETD
experiments can be found in semi-implicit Euler

)

“Fast and accurate algorithms for simulating coarsening dynamics of Cahn—Hilliard equations”,
Computational Materials Science, 108 (2015), pp 272-282.
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Fig. 1. Specific free energy vs composition curves for both

the ordered and disordered solid solutions calculated ac-

cording to equation (3) with n =un,(c) and 4 =62.5.

B =150, C =120, D=6.25 and G =250. See text for
explanations.
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Example

Fa+ ELC\. - Efc, + kg T[cy Injc,) + ¢ Infcy) + (1

F.r'{r})(F"{c\,.ci]—Fm{cv.q])—;’(;Vzr;,-—V(knz).Vq— Gy
- —q)In{1—-c, —q)
(1 - 7y ' URIB
o (v’?) }‘rr }\W’] _% + k’rﬂ S
)t [ (n.F +(n,) ] ( )[{vm’\/(m%(a,)‘m Flena) = AT(H -1 +4)
e _
. (0001) .
é \ \
e—f:—x o (Vn) (k,) (;\][{}’?ﬁ +(kw][ }1\/(%’?;) — m et E
) 71, (V) (n) +(7, as —— L v DT
By - N LR (1071) >
Y X (195740) | : ]
NG (n.) +(m,) P : "
¢ Vr}) kfr }‘m‘i‘ B a— a a;
( ( ) ( )[ {V I]r‘) }J] Fig. 2. An illustration of five representative planes in an hep lattice.
oz
a. m( 1) 6 FV CV Cl -
6? =V-| (M )V{(lh(r})) ( )-I-h(}}‘} ( 6?((: ))N}/OJ?QC ¢, ® >
ac. 5( m((,w(,l)) a(Fv (Cv Cl)) (d) i@ o i
L-V. \% - _
o (M) [(1 h(n)) oc. h(n) 2 Yoll . . '
— ’
®




PERARR
" " HROFASERPD
Localization CC FFimunars_

ETD

boundary condition

° o O [ ]
computing grid
° o O [ ] :
LAt
U= e = .
e o --- o
N, xNyxN, (NXxNnyZ)x(NXxNyXNZ)

M. Hochbruck and A. Ostermann, “Exponential integrators,” : G
Acta Numerica, vol. 19, pp. 209-286, 2010. control region

compa ct ETD . boundary condition for subdomain 0
subdomain 0 computing region +~——
¢ ° control region 4—: :
AAt ¢ ° I ;
e = | — control region

I v i
L scomputing region

. o o ' PUIE T8 subdomain 1

Ny <Ny boundary condition for subdomain 1

Efficient direct subdomain integration + subdomain coupling techniques

based on FD spatial discretization overlapping
BC & discretization

large time step-size, stable and accurate, compute intensive




GPU Acceleration
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26 adjacent subdomains

Twice per step

3-round scheme
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send buf recv buf send buf



Simulation setup (N L

P100-PCle-12GB: 4.7T=4812.8GFlops; 540GB

subdomain: 768*768*384=0.2109G Points,
216 subdomain = 45G points; 20,000~50,000 time steps, average step size ~ 10,000X vs. explicit
Subdomain divided into 192*192*192 blocks when calculating matrix exponentials

~ perform 32 tensor dot production simultaneously

2.45TFlops/step
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Between subdomain: 73ms (pack,copy,MPI)

Tensor dot production: 2.42T@3.19T/sec, 759ms, ~ 66% peak

Stencil & pointwise: 47ms

Overall performance: DP 2,787GFlops ~ 58% peak, ~880ms/step

Explicit FD scheme

Stencil : 12.8GFlops/step @ 40% peak ~6.2ms/step
10,000 steps= 62 sec

ETD is 70X faster!


mailto:2.42T@3.19T/sec，759ms

Other Platforms




Sunway TaihuLight
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40,960 SW26010 many-core processors;

CPE cluster 0

CPE cluster 1

CPE controller

CPE controller

CPE cluster 2

CPE controller

CPE cluster 3

MMI

260 cores, divided into 4 core groups (CGs),
1 MPE + 64 CPEs

8GB main memory for each CG

~ 64KB SPM for each CPE

MPI recommended among CGs
DMA available SPM «— main memory
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4,160 cores 33,280 cores 266,240 cores 532,480 cores

24%92% 2.4% 50 2.9% 1% 3.0%

9. 9. 9.0%
14.7% 14.7% 14.6%

14.6%

1,064,960 cores 2,129, 920 cores 4,259,840 cores 10,649,600 cores

3.3% 1% 4.3%
9.0% 9 1% 8.9%

14.5% 14.4% 14.4%

9.1%
14.4%

DGEMM: 457.2 and 408.5 GFlops, 60% and 53% peak
Aggregate DMA BW in T and SP: ~ 22GB/s
Overall : 316.1 to 324.5 Gflops, 41%-42% peak




Summary
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A promising algorithm for a variety of architectures
Large time step, scalable, compute intensive

|dea applicable to other stiff evolution equations
fluid dynamics, structure-fluid interaction...

Thank you!




