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CGPACK - cellular automata microstructure simulation
library: https://sourceforge.net/projects/cgpack

I Solidi�cation,
recrystallisation, and
fracture of
polycrystalline
microstructures.

I Fortran 2008 coarrays
+ TS 18508 [1]
extensions.

I HECToR, ARCHER,
Intel,
OpenCoarrays/GCC
systems.

I BSD license f100g and f110g micro-cracks in individual

crystals merge into a macro-crack.

https://sourceforge.net/projects/cgpack


CGPACK design

I CA space
coarray - 4D
array, 3D
corank -
structured grid
[2, 3, 4].

I Integer cell
states

I Fixed or
self-similar
boundaries

I Traditional
halo exchange



CGPACK space coarray:
integer, allocatable :: space(:,:,:,:)[:,:,:]

I Discrete space,
discrete time

I Mesh
independent
results require
� 105 CA cells
per crystal on
average [5].

I Crystal (grain)
is a cluster of
cells of the
same value.



CGPACK IO - unresolved
I MPI/IO speeds

up to 2.3GB/s
on HECToR
(Cray XE6) [6].

I MPI/IO can
reach 14GB/s
on ARCHER
(Cray XC30)
[7].

I NetCDF (not
yet
implemented) -
higher level of
abstraction,
sits on top of
MPI/IO. [8].

106 grains, 1011 cells - 400GB dataset, > 4 hours on 1000 ARCHER nodes (24k cores).



CGPACK scaling
I Up to 32k

cores on
HECToR and
ARCHER for
solidi�cation
problems.

I Scaling varies
for di�erent
programs built
with CGPACK,
depending on
which routines
are called, in
what order and
requirements
for synchroni-
sation.
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ParaFEM - scalable general purpose �nite element library
I http://

parafem.

org.uk

I Fortran 90
MPI

I Highly
portable,
many users
[9]

I Excellent
scaling

I BSD license
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Cellular Automata Finite Element (CAFE)

I Used for solidi�cation
[10], recrystallisation
[11] and fracture
[12, 13].

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



CAFE design: structured CA grid + unstructured FE grid

body (domain)

material

multi−scale model

FE + CA = CAFE

MPI 1

MPI 4

MPI 2

multi−scale model

MPI 3

image 2

image 4

image 3

image 1

Example with 4 PE (4 MPI pro-
cesses, 4 coarray images). Arrows
are FE $ CA comms.

PE 4

PE 2PE 1

PE 3



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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All-to-all vs nearest neighbour for lcentr

I cgca pfem cenc - all-to-all routine.

I cgca pfem map - nearest neighbour - temporary arrays and
coarray collectives CO SUM and CO MAX, described in TS
18508 [1] and will be included in the next revision of the
Fortran standard, Fortran 2015. At the time of writing coarray
collectives are available on Cray systems as extension to the
standard [14]. The two routines di�er in their use of remote
communications.



cgca pfem map

i n t e g e r : : maxfe , s t a r t , pend , c tmps i z e
r e a l , a l l o c a t a b l e : : tmp ( : , : )
! Ca lc . the max num . o f FE s t o r e d on t h i s img

maxfe = s i z e ( c en t r o i d tmp%r , dim=2 )
c tmps i z e = maxfe
c a l l co max ( s ou r c e = maxfe )g
a l l o c a t e ( tmp( maxfe�num images ( ) , 5 ) , s ou r c e =0.0)
! Each image w r i t e s to a un ique p o r t i o n o f tmp

s t a r t = ( t h i s ima g e ( ) � 1)�maxfe + 1
pend = s t a r t + c tmps i z e � 1
tmp( s t a r t : pend ,1)= r e a l ( t h i s ima g e ( ) , k i nd=4)
! Wr i te e l ement number � as r e a l �

tmp( s t a r t : pend , 2 ) = &
r e a l ( (/ ( j , j = 1 , c tmps i z e ) /) , k i nd=4 )

! Wr i te c e n t r o i d coord
tmp( s t a r t : pend , 3 : 5 ) = &

t r a n s p o s e ( c en t r o i d tmp%r ( : , : ) )
c a l l co sum ( sou r c e = tmp )



Initial CAFE scaling
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ParaFEM/CGPACK MPI/coarray miniapp scaling on ARCHER
XC30 for a 3D problem with 1M FE and 800M CA cells.



Initial pro�ling

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



Initial pro�ling

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.



Pro�ling cgca gcupdn

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



Pro�ling cgca gcupdn

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



Scaling improvement with cgca gcupdn over cgca gcupda
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Runtimes and scaling for ParaFEM/CGPACK MPI/coarray
miniapp with the nearest neighbour, cgca gcupdn, and all-to-all,
cgca gcupda, algorithms.
Scaling limit increased from 2k to 7k cores.



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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Runtimes and scaling for ParaFEM/CGPACK MPI/coarray
miniapp with cgca pfem map and cgca pfem cenc.
cgca pfem map or cgca pfem cenc are called only once during the
execution of the miniapp. Hence only a minor improvement is
obtained, only from about 1000 cores.



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 indenti�ed by CrayPAT in a tracing
experiment of ParaFEM/CGPACK MPI/coarray miniapp with
cgca gcupda.



Future work - optimisation of coarray synchronisation

! ===>>> i m p l i c i t sync a l l i n s i d e <<<===
c a l l c g c a s l d ( cgca space , . f a l s e . , 0 , 10 , c g c a s o l i d )
c a l l c g c a i g b ( cgca spac e )
c a l l cgca gbs ( cg ca spac e )
c a l l c g c a h x i ( cg ca spac e )
sync a l l
c a l l cgca gcu ( cgca spac e )
sync a l l

I Some routines have sync inside.

I Other sync responsibility is left to the end user.

I Over-synchronisation?

I Enough sync is required by the standard. A standard
conforming Fortran coarray program will not deadlock or
su�er races.
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