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iPIC3D	(GASPI+MPI)	
Introduction	
iPIC3D	 is	 a	 Particle-in-Cell	 (PIC)	 code	 for	 the	 simulation	 of	 space	 plasmas	 in	 space	 weather	
applications	during	the	 interaction	between	the	solar	wind	and	the	Earth’s	magnetic	 field.	The	
iPIC3D	 code	 was	 initially	 written	 entirely	 in	 C++	 with	 MPI	 C	 bindings	 and	 consists	 of	
approximately	10,000	lines	of	code,	but	now	makes	use	of	hybrid	MPI	+	OpenMP.	

The	magnetosphere	is	a	large	system	with	many	complex	physical	processes,	requiring	realistic	
domain	 sizes	 and	 billions	 of	 computational	 particles.	 Hence,	 the	 iPIC3D	 code	 is	 based	 on	 the	
implicit	 moment	 algorithm,	 using	 the	 numerical	 discretization	 of	 Maxwell’s	 equations	 and	
particle	equations	of	motion	that	allows	simulations	with	large	time	steps	and	grid	spacing	when	
compared	to	common	PIC	codes,	but	still	retaining	the	numerical	stability.	Plasma	particles	from	
the	 solar	 wind	 are	 mimicked	 by	 computational	 particles.	 At	 each	 computational	 cycle,	 the	
velocity	and	location	of	each	particle	is	updated,	the	current	and	charge	density	are	interpolated	
to	 the	 mesh	 grid,	 and	 Maxwell’s	 equations	 are	 solved.	 Figure	 1	 depicts	 these	 computational	
steps.	The	communication	kernel	comprises	several	files	for	the	communication	of	the	particles’	
values	and	quantities	defined	on	the	computational	mesh.	

	
Figure	1:	Computational	steps	in	iPIC3D.	

iPIC3D	 is	 parallelized	 using	 domain	 decomposition	 and	message-passing	 communications:	 an	
iPIC3D	 simulation	 is	 being	 run	 on	 a	 number	 of	 processors	 and	 on	 a	 network	 of	 cells,	 so	 each	
processor	handles	a	number	of	cells.	However,	at	certain	intervals,	each	processor	must	find	out	
the	values	of	the	cells	adjacent	to	those	in	its	own	domain.	The	process	of	each	processor	finding	
these	 values	 out	 is	 called	 halo	 exchange.	 To	 achieve	 the	 full	 3D	 halo	 exchange,	 the	 standard	
approach	 of	 shifting	 the	 relevant	 data	 in	 each	 co-ordinate	 direction	 in	 turn	 is	 adopted.	 This	
requires	appropriate	synchronization,	that	is,	a	receive	in	the	first	co-ordinate	direction	must	be	
complete	before	a	send	in	the	second	direction	involving	relevant	data	can	take	place,	and	so	on.	
Note	that	only	“outgoing”	elements	of	the	distribution	need	to	be	sent	at	each	edge.	

Motivation	
The	 iPIC3D	MPI	 communication	 is	 dominated	 by	 non-blocking	 point-to-point	 communication,	
occurring	 from	communication	of	particles	and	ghost	cells	among	neighboring	processes	(halo	
exchange),	and	by	global	reductions	resulting	from	solving	two	linear	systems	every	simulation	
time	step.	In	order	to	reduce	the	communication	burden	in	iPIC3D,	we	aim	at	replacing	the	MPI	
communication	with	the	GASPI	asynchronous	one-sided	communication	on	the	communication	
critical	 parts	 of	 the	 code	 such	 as	 halo	 exchange	 in	 the	 field	 solver.	We	 expect	 to	 enhance	 the	
performance	due	to	the	ability	of	GASPI	to	effectively	overlap	computation	and	communication.	
This	study	is	also	an	example	of	a	transition	stage	for	large	scientific	codes	in	moving	from	MPI	
to	PGAS	programming	models	like	GASPI.	
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Implementation	details	and	performance	results	
The	 main	 halo	 exchange	 routine,	 responsible	 for	 exchanging	 data	 between	 neighbor	
subdomains,	uses	non-blocking	MPI	and	MPI	derived	datatypes.	MPI	derived	datatypes	allow	us	
to	specify	non-contiguous	data	 in	a	convenient	manner	and	yet	 treat	 it	as	 if	 it	was	contiguous.	
GASPI	requires	the	creation	and	later	use	of	the	so-called	GASPI	segments.	In	the	case	of	iPIC3D,	
there	is	one	GASPI	segment	per	plane	and	direction.	As	there	are	three	planes	and	two	directions	
per	plane,	iPIC3D	will	require	six	different	GASPI	segments.	The	size	of	the	segments	is	defined	
as	twice	the	size	of	buffer	to	be	sent	as	we	will	use	the	same	segment	to	send	and	receive	data	
from	 the	 neighbor	 subdomains.	 As	 iPIC3D	 uses	 MPI	 datatypes,	 complex	 data	 layouts,	 it	 is	
necessary	 to	unpack	 the	MPI	datatypes	and	 copy	 the	data	 contiguously	 into	a	GASPI	 segment.	
Once	the	data	has	been	sent	and	notified,	we	need	to	put	the	data	back	from	the	GASPI	segment	
to	the	original	buffer	to	be	able	to	continue	with	the	execution	of	iPIC3D.	

Tests	 were	 performed	 on	 the	 Beskow	 supercomputer	 (Cray	 XC40)	 at	 KTH.	 To	 compare	 the	
original	version	of	 the	 iPIC3D	code	with	the	new,	GASPI-based,	version,	we	used	two	standard	
simulation	cases	called	GEM	3D	and	Magnetosphere	3D.	In	addition,	we	used	two	different	data	
sizes/regimes	 for	 both	 simulation	 cases,	 namely	 field-	 and	 particle-dominated,	 with	 a	 fixed	
number	of	iterations	(20)	in	the	filed	solver.	

Figure	2	 shows	 the	 results	of	 the	weak	 scaling	 tests	 for	one	of	 the	 iPIC3D	simulations.	Three-
dimensional	decomposition	of	MPI	processes	on	X-,	Y-	and	Z-axes	was	used,	resulting	in	different	
topologies	 of	MPI	 processes.	 For	 this	 particle	 dominated	Magnetosphere	 3D	 simulation	 on	 64	
cores	 (4x4x4	MPI	 processes	 x	 4	 OpenMP	 threads),	 27x106	 particles	 and	 30x30x30	 cells	were	
used,	and	the	simulation	size	increased	proportionally	to	the	number	of	processes.	

	
Figure	2:	Weak	scaling	tests	for	one	of	the	simulations	of	the	original	and	new	versions	of	iPIC3D.	

For	 this	 simulation	 test	 case,	 the	new	version,	based	on	GASPI,	 is	 slightly	 faster	 (by	1-2%)	on	
different	number	of	cores.	The	challenge	of	a	successful	porting	of	iPIC3D	to	GASPI	depends	on	
the	optimal	utilization	of	one-sided	communication	mechanism	to	achieve	performance	gain	and	
scalability	on	pre-Exascale	supercomputers.	GASPI	provides	the	one-sided	communication	that	
facilitates	 asynchronous	 procedures	 between	 processes.	 However,	 this	 requires	 the	 local	
processes	 to	manage	 the	communication	 in	an	optimized	way	 to	maximum	the	overlapping	of	
communication	 and	 computation.	 The	 tradeoff	 between	 asynchronicity	 and	 data	
synchronization	requires	further	experiment	and	investigation.	
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