
Multi-scale CAFE framework for simulating
fracture in heterogeneous materials implemented

in Fortran coarrays and MPI

A. Shterenlikht1, L. Margetts2, L. Cebamanos3,
J.D. Arregui-Mena2

1Mech Eng Dept, The University of Bristol
Bristol BS8 1TR, UK, Email: mexas@bris.ac.uk

2School of Mechanical, Aero and Civil Engineering, The University of Manchester,
Manchester M13 9PL, UK, Email: Lee.Margetts@manchester.ac.uk

3Edinburgh Parallel Computing Centre (EPCC), The University of Edinburgh,
King's Buildings, Edinburgh EH9 3FD, UK, Email: l.cebamanos@epcc.ed.ac.uk

PGAS Applications Workshop, MON 14-NOV-2016
Held in conjunction with SC16



Fracture in heterogeneous materials

polycrystal cleavage reinforced concrete CFRP

metal matrix bone graphite

I All real materials are heterogeneous

I Multiple fracture and damage processes happen at di�erent
time and length scales ! need multi-scale framework



Fracture: CA + FE = CAFE multi-scale model CGPACK

I Structured grids - cellular automata (CA), unstructured grids -
�nite elements (FE)

I CA (microstructure) + FE (continuum mechanics) = CAFE

I Transgranular cleavage - fracture stress or strain criteria

I FE ! CA (localisation) - stress, strain �elds

I CA ! FE (homogenisation) - damage variables

http://cgpack.sourceforge.net


Fortran coarrays for CA

I Fortran native SPMD parallel programming feature

I Fortran standard since 2008. More features in 2015.

I Cray, Intel, OpenCoarrays/GCC support

I CGPACK - cellular automata microstructure simulation
library: cgpack.sf.net . See also [1, 2, 3].

I Easy halo exchange

I CA space coarray - 4D array, 3 codimensions:

i n t e g e r , a l l o c a t a b l e : : space ( : , : , : , : ) [ : , : , : ]

I Ideal for structured grids:

 18 imgs; 64 imgs !

http://cgpack.sf.net


Coarray IO - no native Fortran parallel IO

I MPI/IO up to 2.3GB/s
on Cray XE6 BCS talk

I MPI/IO up to 8GB/s on
Cray XC30 (can reach
14GB/s [4])

I NetCDF 4.3, HDF5
1.8.14 - only up to
1.2GB/s on Cray XC30.

I lfs stripe count, size,
number of images, �le
size, Cray hugepages...

I 0.5 - 1TB datasets
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CGPACK solidi�cation scaling
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Scaling varies for di�erent programs built with CGPACK,
depending on which routines are called, in what order and
requirements for synchronisation.



ParaFEM - scalable general purpose �nite element library
I http://

parafem.

org.uk

I Fortran 90
MPI

I Highly
portable,
many users
[5]

I Excellent
scaling

I BSD license
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CAFE design: structured CA grid + unstructured FE grid

material
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FE ! CA mapping via a private allocatable array of
derived type:

type mcen
i n t e g e r : : image , elnum
r e a l : : c e n t r (3 )

end type mcen
type ( mcen ) , a l l o c a t a b l e : : l c e n t r ( : )

based on coordinates of FE centroids calculated by each MPI
process and stored in centroid tmp coarray:

type r ca
r e a l , a l l o c a t a b l e : : r ( : , : )

end type r ca
type ( r ca ) : : c en t r o i d tmp [ � ]
:

a l l o c a t e ( c en t r o i d tmp%r (3 , n e l s p p ) )

where nels pp is the number of FE stored on this PE.



lcentr arrays on images P and Q

PE, image, MPI process P
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Fracture modelling

I Diverse CAFE fracture models can be constructed from
CGPACK + ParaFEM libraries.

I Simple case: isotropic linear elastic FE (E; �) + cleavage
(fully brittle transgranular fracture mode) CA.

I FE stress tensor t passed to CA, resolved on normal stresses
on f100g and f110g crystal planes - t100; t110 [1, 6].

I 2 parameters - fracture stress, �F , linked to the free surface
energy, 
, and a characteristic length, L.

I If t100 � �F or t110 � �F then a CA crack extends by L per
unit of time.

I Crack morphology is reduced to a single damage variable, d.
d = 1 initially (no damage). d = 0 - integration point has
failed, no load bearing capacity.



Cleavage in a steel cylinder under tension



CrayPAT pro�ling 1

Pro�ling function distribution for ParaFEM/CGPACK MPI/coarray
miniapp with all-to-all routine cgca gcupda at 7200 cores.



CrayPAT pro�ling 2

Raw pro�ling data for ParaFEM/CGPACK MPI/coarray miniapp
with all-to-all routine cgca gcupda at 7200 cores.



cgca gcupda - all-to-all

i n t e g e r : : gcupd ( 1 0 0 , 3 ) [ � ] , r nd i n t , j , &
img , g c u p d l o c a l (100 ,3 )

r e a l : : rnd
:
c a l l random number ( rnd )
r n d i n t = i n t ( rnd �num images ( ) ) + 1
do j = rnd i n t , r n d i n t + num images ( ) � 1
img = j
i f ( img . gt . num images ( ) ) &

img = img � num images ( )
i f ( img . eq . t h i s ima g e ( ) ) c y c l e
:
g c u p d l o c a l ( : , : ) = gcupd ( : , : ) [ img ]
:

end do



cgca gcupdn - nearest neighbour

do i = �1 , 1
do j = �1 , 1
do k = �1 , 1
! Get the co i ndex s e t o f the ne i ghbou r
ncod = mycod + (/ i , j , k /)
:
g c u p d l o c a l ( : , : ) = &

gcupd ( : , : ) [ ncod (1 ) , ncod (2 ) , ncod ( 3 ) ]
:

end do
end do
end do

Note: the nearest neighbour must be called multiple times to
propagate changes from every image to all other images.



CrayPAT pro�ling cgca gcupdn

Pro�ling function distribution for ParaFEM/CGPACK MPI/coarray
miniapp with the nearest neighbour routine cgca gcupdn at 7200
cores.



CrayPAT pro�ling cgca gcupdn

Raw pro�ling data for ParaFEM/CGPACK MPI/coarray miniapp
with the nearest neighbour routine cgca gcupdn at 7200 cores.



Scaling improvement with cgca gcupdn over cgca gcupda
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CrayPAT - load imbalance on 7k cores on Cray XC30

Whole program activity, shown in % total time per process.
Processes 6363 to 7199 are shown.



TAU pro�ling: Intel 16 coarray implementation - MPI RMA

2x 16-core nodes, 32 images. Poor optimisation? TAU

https://www.cs.uoregon.edu/research/tau/home.php


CA - coarray (over)synchronisation?

c a l l c g c a n r ( space ) ! sync a l l i n s i d e
c a l l c g c a r t ( g r t ) ! sync a l l i n s i d e
c a l l c g c a s l d ( space ) ! sync a l l i n s i d e
c a l l c g c a i g b ( space )
sync a l l
c a l l c g c a h x i ( space )
sync a l l
c a l l c gca gbs ( space )
sync a l l
c a l l c g c a h x i ( space )
sync a l l
c a l l cgca gcu ( space ) ! l o c a l r o u t i n e no sync

I All images sync with their 26 neighbours.

I Some routines have sync inside.

I Other sync responsibility is left to end user.



Fortran 2015 events: more 
exible than SYNC IMAGES [7]

use , i n t r i n s i c i s o f o r t r a n e n v , on l y : e v e n t t y p e
type ( e v e n t t y p e ) : : va r [ : , : , : ]
i n t e g e r , a l l o c a t a b l e : : space ( : , : , : , : ) [ : , : , : ]
i n t e g e r : : e r r s t a t , myrank (3 )
! a l l o c a t e var , space
myrank = t h i s ima g e ( space )
! do some work , then n o t i f y n e i ghbou r s
even t pos t ( va r [ myrank (1)�1 ,myrank ( 2 ) , myrank ( 3 ) ] , &

s t a t=e r r s t a t )
! 25 more po s t s
:
e ven t wa i t ( var , u n t i l c o u n t =26, s t a t=e r r s t a t )
! when a l l 26 ne i ghbou r s posted , c on t i nu e work
:



Future: thread level parallelism: OpenMP,
DO CONCURRENT

main : do i t e r = 1 ,N
do x3 = l b r ( 3 ) , ubr (3 )
do x2 = l b r ( 2 ) , ubr (2 )
do x1 = l b r ( 1 ) , ubr (1 )
l i v e : i f . . .
c a l l c g c a c l v g n ( c l v g f l a g )
i f ( c l v g f l a g ) c a l l sub ( space )

end i f l i v e
end do
end do
end do
c a l l co sum ( c l v g g l o b )
sync a l l
c a l l c g c a h x i ( space )
sync a l l
c a l l c g c a da c f ( space )



Conclusions

I Fortran coarrays are an ideal match for cellular automata

I Hybrid coarray+MPI multi-scale fracture framework is feasible

I Scaling up to 7k cores currently, work ongoing

I Pro�ling/tracing tools: CrayPAT, TAU, Score-P, Scalasca -
coarray support is improving

I Coarray synchronisation - major issue: data integrity &
performance
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Cellular automata (CA) basics

I discrete space, discrete time, discrete states - fully digital
framework, structured grids

I �nite or in�nite space

I �nite space: �xed or self-similar boundaries

I cell neighbourhood, e.g. von Neumann's: ,

or Moore's:

I iterative process

I state of a cells at next iteration is a function of the state of
this cells and of the states of its neighbourhood cells at the
current iteration

Wikipedia

https://en.wikipedia.org/wiki/Cellular_automaton


Primitive 3D solidi�cation - probabilistic CA
I States: liquid = 0, crystals > 0.

I Cell state uniquely encodes crystal
orientation tensor, i.e. a look-up table.

I Each iteration a liquid cell acquires a
state of a randomly chosen neighbour (3D
Moore's neighbourhood - 26 cells).
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Primitive probabilistic 3D solidi�cation - results

For more results CGPACK

http://cgpack.sf.net


Recrystallisation

I The grain boundary velocity
_x = nmp, n - the normal to
the grain boundary segment,
m - mobility, p - the driving
force.

I If _x�t � c, where �t - time
increment, c - cell size, then
a cell joins the growing
grain.

I Mobility strongly depends
on temperature:
m � � exp (��=T ), �; � -
some parameters, T -
temperature.

Dierk Raabe site

http://www.dierk-raabe.com/reprints/cellular-automata


Other CA examples

Sand pile formation

Ising magnetisation more info

Land use more info

Di�usion animation info

Fire more info

Epidemics, from The Open Med.
Inform. J. 2(1):70-81, 2008.

PDF

http://cs.adelaide.edu.au/~paulc/physics/spinmodels.html
http://pubs.sciepub.com/aees/1/6/5/index.html
https://www.youtube.com/watch?v=8dTmUr5qKvI
http://www.karlsims.com/rd.html
http://cormas.cirad.fr/en/applica/fireautomata.htm
https://www.researchgate.net/publication/24401444_A_Cellular_Automaton_Framework_for_Infectiou s_Disease_Spread_Simulation


More CAFE examples

I Used for solidi�cation
[8], recrystallisation
[9] and fracture
[10, 11].

I FE - continuum
mechanics - stress,
strain, etc.

I CA - crystals, crystal
boundaries, cleavage,
grain boundary
fracture

I FE ! CA - stress,
strain

I CA ! FE - damage
variables



Issues with CrayPAT

cgca gcupda is top in sampling results, but is absent from tracing.
It is called the same number of times as cgca hxi.



Issues with CrayPAT

All pro�ling was done with single thread.

Incorrect number of threads identi�ed by CrayPAT in a tracing
experiment of ParaFEM/CGPACK MPI/coarray miniapp with
cgca gcupda.



Pro�ling with cgca pfem map

Pro�ling function distribution for ParaFEM/CGPACK MPI/coarray
miniapp with cgca gcupdn and cgca pfem map at 7200 cores.



Pro�ling with cgca pfem map

Raw pro�ling data
for ParaFEM/CG-
PACK MPI/coarray
miniapp with
cgca gcupdn and
cgca pfem map at
7200 cores.



Pro�ling with cgca pfem map
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