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SUMMARY

Particle-in-cell (PIC) codes are among the major candidates to yield a satisfactory description
of the detail of kinetic effects, such as the resonant wave-particle interaction, relevant in
determining the transport mechanisms in magnetically confined plasmas. A significant
improvement of the simulation performance of such codes can be expected from parallelization,
e.g., by distributing the particle population among several parallel processors. Parallelization
of a hybrid magnetohydrodynamic-girokinetic code has been accomplished within the High
Performance Fortran (HPF) framework, and tested on the IBM SP2 parallel system, using a
"particle decomposition" technique. The adopted technique requires a moderate effort in
porting the code in parallel form and results in intrinsic load balancing and modest inter-
processor communication. The performance tests obtained confirm the hypothesis of high
effectiveness of the strategy, if targeted towards moderately parallel architectures. Optimal use
of resources is also discussed with reference to a specific physics problem.

(PARALLELIZATION, SIMULATION, PLASMA, PARTICLE-IN-CELL PARTICLE-
DECOMPOSITION)

RIASSUNTO

I codici Particle-in-cell (PIC) sono considerati tra i piu promettenti candidati per ottenere una
descrizione soddisfacente e dettagliata degli effetti cinetici, quali per esempio l'interazione
risonante particella-onda, rilevanti nel determinare i meccanismi di trasporto che interessano il
confinamento del plasma. Un significativo miglioramento delle prestazioni della simulazione
pud essere ottenuto distribuendo la popolazione di particelle tra diversi processori in parallelo.
La parallelizzazione di un codice ibrido MHD-girocinetico e stata effettuata, in ambiente HPF,
utilizzando la tecnica di "decomposizione per particelle", ed e stata provata sul sistema parallelo
IBM SP2. La tecnica adottata richiede uno sforzo moderato per la trasformazione del codice in
versione parallela, permette un intrinseco bilanciamento tra processori del carico di lavoro e
necessita di una modesta comunicazione tra processori. I risultati ottenuti confermano l'ipotesi
di alta efficenza di tale strategia, se applicata ad architetture moderatamente parallele. Si discute
inoltre l'uso ottimale delle risorse con riferimento ad uno specifico esempio fisico.
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PARALLEL PIC PLASMA SIMULATION THROUGH
PARTICLE DECOMPOSITION TECHNIQUES

1 Introduction

One of the main purposes of the theoretical investigation in the field of magnetic-
confinement fusion is represented by the comprehension of the transport mechanisms
which are responsible for the confinement degradation of the plasma.

It is generally recognized that such mechanisms can be traced back to turbulent
phenomena associated to the fluctuations that develop in plasmas due to the presence
of equilibrium inhomogeneities.

A relevant role in determining the stability of the plasma with respect to these fluc-
tuations, as well as their saturation level and, eventually, the magnitude of the transport
coefficients is played by kinetic effects, like the resonant wave-particle interaction. These
effects depend on the details of the particle distribution function or, more precisely, of
its deviation from the equilibrium one; so, they require the direct solution of Boltzman-
n equation, and cannot be studied in the framework of a fluid magnetohydrodynamic
(MHD) description of the plasma. Such a description, indeed, corresponds to take a
set of velocity-space momenta of Boltzmann equation and closing them with suited
approximation of the unknown transport coefficients.

The task of exactly solving Boltzmann equation for a particle population which
evolves in the presence of external fields and particle-particle interactions can be greatly
simplified, for a plasma, because the latter are dominated by long-range effects, as long
as the number of particles in a Debye sphere is much larger than one (nAfj >> 1, with
XD being the Debye length and n the particle density). This means that the collision
term, related to short-range interactions, can be neglected in the Boltzmann equation,
which then reduces to the Vlasov one. Long-range interactions maintain, instead, their
role in this equation, under the form of smooth electromagnetic fields. An accurate
description of these interactions can then be obtained by particle-in-cell (PIC) simulation
techniques [1], which consist in following the continuous phase-space evolution of a
"macro-particle" (or simulation-particle) population, each of whom representing a cloud
of non-mutually-interacting physical particles, while taking into account the mutual



interaction between each pair of simulation particles by means of an electromagnetic
field, computed only at the points of a discrete spatial grid and then interpolated at
each particle position. Identifying the charge and the mass of each simulation particle
with those of the whole cloud, and imposing that such a particle moves as its physical
counterpart, all the relevant parameters (Debye length, Larmor radius, etc.) of the
simulation plasma coincide with the corresponding parameters of the physical plasma,
notwithstanding that the simulation-particle density is much lower than the physical-
particle one.

Mediating particle-particle interactions by fields reduces the order of magnitude of
the number of operations needed for each time step from 0{N^art) (typical of a A^-body
calculation) to O(Npart), with Npart being the number of simulation particles. Moreover,
the discreteness of the field computation and the consequent artificial cut-off imposed
on the short-distance interactions, far from negatively affecting the overall calculation
(such interactions are indeed expected to be physically irrelevant), allows for satisfying
the physical condition of dominating long-range interactions even if the corresponding
requirement n\3

D » 1 can not be fulfilled by the simulation plasma. In fact, it can
be shown that the latter requirement is replaced by the less stringent one, nL\ > > 1,
with Lc being the typical spacing of the grid points. In other words, the presence of
a discrete grid avoids that short-range interactions become spuriously dominant in the
numerical simulation, due to the relatively small number of simulation particles.

Between the two extreme simulation approaches represented by MHD and PIC codes
- the former being suited for the investigation of macroscopic plasma behaviour, the
latter for the exploration of kinetic effects -, several intermediate (hybrid) techniques
have been developed in order to address "mixed" problems, in which a particular plasma
component (e.g., a particle species) exhibits relevant kinetic behaviour, while the other
components do not appreciably depart from fluid-like dynamics.

A relevant example of these kind of "mixed" problems is represented by the in-
vestigation on linear and nonlinear behaviour of the shear-Alfven modes in tokamaks.
Shear-Alfven waves are transverse waves, which propagate along the magnetic-field lines
with group velocity equal to the Alfven velocity VA = B/y/Airnirrii, where B is the mag-
nitude of the magnetic field and n, and ra; are the bulk-ion density and mass respectively.
The displacement of the fluid element and the perturbation of magnetic field oscillate in
phase, behaving as a massive elastic string under tension and causing field-line bending.
Such modes can be destabilized, in plasmas close to ignition conditions, by the resonant
exchange of energy with the energetic a particles produced, e.g., by fusion reactions,
whose confinement properties can, in turn, be strongly affected by the nonlinear in-
teraction with the modes themselves. Due to the high values of the phase velocity of
these modes (of the order of the Alfven velocity), the details of the distribution func-
tion of electrons and bulk ions (deuterons and tritons) can be neglected, and these two
components play a role in determining Alfven modes behaviour, only affecting the fluid
properties of the system.

On the basis of theoretical studies, the most unstable Alfven modes are expected to
be those characterized by wavelengths of the order of few hundredths of the typical size of
the macroscopic system. The need for adequate spatial resolution then impose to handle



spatial grids with hundreds thousand cells. Such requirement, together with the above
condition of large number of simulation particles per cell, brings to face simulations
characterized by millions particles, beyond the limits of computational resources offered
by today single-processor computers. It is then a high-priority task that of implementing
efficient distributed versions of existing numerical codes, in order to adequately exploit
parallel architectures.

Aim of this paper is to present a particular parallelization strategy, applied to a hy-
brid MHD-PIC code (but, in fact, applicable to any PIC code), based on the condition
nl?c >> 1. Different from other approaches, such strategy consists in particle decom-
position, rather than domain decomposition: the whole spatial grid is assigned to each
processor, which however takes care only of a subset of the particle population. Partial
contributions to the total pressure at the grid points, which is required to update the
electromagnetic fields, are then communicated among processors and summed togeth-
er. This strategy implies a data parallel execution scheme for the implementing code.
Thus the approach presents, over the domain-decomposition strategy, the advantages of
(1) intrinsic load balancing and very modast amount of inter-processor communication,
and (2) moderate effort in porting existing sequential programs into parallel form: the
High Performance Fortran [2] (HPF) parallel model is well suited for this strategy, and
the parallelization of a sequential Fortran 77/Fortran 90 code can be carried out quite
straightforwardly by translating it into a HPF program.

On the other side, the strategy comes out to be efficient only as long as the condition
of a large average number of particles per cell is satisfied even on the single processor. In
the opposite case, indeed, the effort required to calculate and communicate grid quanti-
ties becomes comparable with or even greater than that needed for particle calculation.
Although it cannot then represent the optimal solution for the ambitious task of an
indefinitely scalable spatial resolution, the particle-decomposition method is in practice
particularly suited for code porting on moderately parallel architectures (up to few tens
of processors, each of whom capable to support the entire spatial grid).

The paper is organized as follows. Section 2 introduces the mathematical model for
the investigation of Alfven modes, and describes the essential features of the Hybrid
MHD-Gyrokinetic initial-value Code, implemented to simulate the behaviour of these
modes. The parallelization strategy based on the particle decomposition is discussed
in Sec. 3, and the particular implementation in the HPF framework is presented in
detail in Sec. 4. Speed-up factors obtained by the parallel version of the code are
reported in Sec. 5, while Sec. 6 contains remarks concerning the validity of the proposed
decomposition. Conclusions are drawn in Sec. 7.

2 The mathematical model for hybrid fluid-particle
simulation of Alfven modes

An adequate model for the investigation of Alfven-mode stability and saturation is
yielded by the following resistive-MHD equations, containing a driving term related to



the energetic-ion population [3]:

Tt =

^- = -v?-v-nE + -
at c

-at = " c V x E

f =
E = r]J - -v x B

c

J = — V x B

V B = 0.

In the above equations, v is the fluid velocity, J the plasma current, B the magnetic field,
E the electric field, Q and P are, respectively, the mass density and the scalar pressure of
the bulk plasma, 7 the ratio of the specific heats, r] the resistivity, c the speed of light, and
djdt = d/dt+v • V. The term UH is the pressure-tensor of the energetic (hot) ions; it can
be expressed in terms of the corresponding distribution function (UH = ^H f d3vwfij,
with run being the energetic-ion mass), to be determined by solving Vlasov equation.

Two important simplifications can be introduced in the above model, by taking into
account the particular situation of interest in the field of tokamak plasmas for nuclear-
fusion research [4]. Tokamak devices are characterized by toroidal configurations with
major radius RQ much larger than the minor radius a, and intense magnetic field. The
first simplification is then obtained [5] by expanding Eqs.(l) in powers of the small
inverse aspect ratio e = a/RQ. At the order e3, neglecting the bulk-plasma pressure and
the time dependence of the density, and introducing a cylindrical-coordinate system
(R,Z,<p), Eqs.(l) reduce, in terms of the poloidal-magnetic-field stream function tp
(Bp = RoVibxVip) and the scalar potential <£, to the following form [6, 7]:

(2)

where
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x ~ RdR dR

the Grad-Shafranov operator A* is defined by

A* = RJLLJL Q2

dRRdR dZ2''

Bo is the vacuum magnetic-field amplitude at R = Ro and the subscript i . denotes
components perpendicular to V< .̂

The second simplification concerns the determination of the energetic-ion distribu-
tion function, needed to compute the pressure tensor and to close the set of reduced
MHD Eqs. (2). It is worth [8, 9] to solve Vlasov equation in the gyrocenter-coordinate
system Z = (R, M, U, 6) , where R is the gyrocenter position, M is the magnetic mo-
mentum, U is the parallel velocity (i.e., the velocity along the magnetic-field line), and 0
is the gyrophase. This corresponds to averaging the single-particle equations of motion
over the fast Larmor precession and allows one to retain the relevant finite-Larmor-
radius effects (the time scales of the phenomena of interest being much longer than the
precession period) without resolving the details of the gyromotion. Such a choice is
particularly suited for numerical particle pushing, as the numerical-stability constraint
on the time-step size comes out to be much less severe than in the unaveraged case.

The hot-particle pressure tensor assumes, in terms of the gyrocenter-coordinate dis-
tribution function, the form

(3)

where I is the identity tensor (7^ = 8ij), FJJ U,R, M, C/J is the energetic-particle dis-
tribution function in gyrocenter coordinates, and Dz _^ is the Jacobian of the transfor-
mation from canonical to gyrocenter coordinates.

Vlasov equation can be written as

Jr..
(4)

dt

with
dL=d_ dZi d
di = dt+ dt ~^ '
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with dZ'/dt given by the following equations of motion [10, 11, 12, 13]

U
dt b x V<£-

mH

-b x Van

b x VlnB,

dM
~df

= 0, (5)

dt mH mH

Here, e# and £ljj = ejjBjmjjc are, respectively, the energetic-ion charge and Larmor
frequency; b = B / 5 is the unit vector of the equilibrium magnetic field. The fluctuating
potential ay is related to the stream function V> through the relationship

eH Ro , ,„,.
all = r^r- (6)

Note that the magnetic momentum M is exactly conserved in this coordinate system and
that, correspondingly, neither Fff nor the equations of motion contain any dependence
on the gyrophase 6.

Particle-simulation approach to the solution of Vlasov equation, Eq. (4), consists in
representing any phase-space function G(t, Z) by its discretized form,

G (t,Z) = Jd6Z'G(t,Z' 5(z~ (7)

where A; is the volume element around the phase-space marker Zi, and assuming that
each marker evolves in time according to the gyrocenter equations of motion, Eqs. (5).
Such markers can then be interpreted as the phase-space coordinates of a set of iVpart

"particles", and G(t.Z) can be approximated by

Npart

(8)

The time-variation of the volume element A; (t) is then given by

dA; A , , / d dT\
dt \dT dt ) _ (9)

For the purpose of calculating the pressure tensor components, Eq.(3), it is worth to
directly represent the quantity Dz _^FH according to its discretized form

c_z (*, Z) FH (<, Z) (10)
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with the weight factor wi defined by

wt (t) = A, (t) DZc^z (t,% (*)) FH (t,% (*)). (11)

From Eqs.(4), (9), and from the Liouville theorem,

it is immediate to show that

3 A particle decomposition strategy for the paral-
lelization of the Hybrid MHD-Gyrokinetic Code

A hybrid MHD-gyrokinetic initial-value code has been developed [10] to integrate the
coupled sets of reduced MHD equations for the fluctuating fields, Eqs. (2), and gyroki-
netic equations of motion for the energetic ions, Eqs. (5).

It is an approximatively-16,000 lines F77 code, distributed over more than 40 pro-
cedures. The core computation performs a typical PIC plasma simulation. At a very
coarse grain level, the structure of the computation can be described as follows.

The physical domain is represented by a three-dimensional toroidal grid, for which
quasi-cylindrical coordinates are adopted: the minor radius of the torus, r, and the
poloidal and toroidal angles, $ and <p, respectively.

Phase-space coordinates and weights for the simulation particles are initially deter-
mined in such a way to yield a prescribed (e.g., Maxwellian) distribution function.

At each time step,

1. a field solver computes the fluctuating electromagnetic fields at the Ngrid grid
points of the toroidal domain.

2. Phase-space coordinates and weights of the particles are then evolved (particle
pushing) in the fluctuating fields interpolated at each particle position, according
to Eqs. (5), (9) and (13).

3. The pressure-tensor components at the grid points are updated, in order to close
the MHD equations for the next time step, by distributing the contribution of each
particle among the vertices of the cell the particle belongs to.

The field solver for the O(e3) reduced MHD equations [7, 14] is based on a previous
O(e2) version [15] and uses finite differences in the minor radius direction and Fourier
expansion in the poloidal and toroidal directions.

Particle pushing is performed by integrating Eqs. (5), (9) and (13) by a second-
order Runge-Kutta method, more accurate \O(At2) is properly retained], although more
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expensive, than the standard O(At) Euler method. Field values at each particle position
are obtained by trilinear interpolation of the fields at the vertices of the cell the particle
belongs to. A corresponding trilinear weight function is adopted in order to distribute
the contribution of each particle to the pressure tensor components among the vertices
of the cell.

Several quantities (both scalar and vectorial) - e.g., the number of particles that
hit the wall (r = a) and are considered lost - are also calculated cumulating particle
contributions in time, while performing the main computation.

The high resolution required, both in physical and in velocity space, because of
the need for realistic, accurate and noise-free simulations, has justified a large effort,
in the last years, in implementing parallel versions of PIC codes. The most widely-
explored approach [16, 17] consists in decomposing the physical domain among the
different processors, assigning to each of them only the portion of particle population
that resides into the subdomain of pertinence. At each time step, particles that have
migrated from a subdomain to another must be withdrawn from the original processor
and assigned to the new one.

The most important merit of such a method is represented by the intrinsic scalabil-
ity of the physical-space resolution with increasing number of processors: keeping the
resolution in velocity space fixed, indeed, the maximum number of cells that a single
processor can handle is determined by its memory (RAM) resources; adding further
processors then allows for adding new cells to the physical domain and hence, once
fixed the whole-domain size, increasing the spatial-resolution degree of the simulation.
Unfortunately, this positive feature is balanced by at least the two following negative
elements. First, parallelization of an existing serial code is not straightforward: tasks
as updating each-processor population after particle pushing, for example, are peculiar
of the parallel version and make it completely different from the original serial one.
Second, serious load-balancing problems can take place: in principle, the whole particle
population could be assigned, at a certain time step, to the same processor, causing the
advantages of parallelization to vanish or requiring complicate dynamical redefinition of
the subdomains.

On the basis of the previous considerations, it can be advantageous, in several prac-
tical cases, to adopt an alternative approach to parallelization, consisting in distributing
statically the particle population among the processors, while assigning the whole do-
main to each processor. The respective merits of this particle decomposition are exactly
complementary to those of the domain decomposition: the differences between the se-
rial and the parallel version are expected to be very contained and load balancing is
automatically ensured (apart from the typically small amount of lost particles); on the
opposite side, the physical-space resolution is limited by the RAM resources of the s-
ingle processor, and increasing the number of processors only allows for increasing the
velocity-space resolution.

Anyway, if the number of particles assigned to each processor is much larger than the
number of cells (the domain size), the single-node memory occupation of a replicated
domain becomes negligible with respect to the memory occupation of a particle decom-
position. This condition is equivalent to require that the number of particles per cell
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must be sensibly larger than the number of processors. Thus if the target architecture
presents a moderate number of nodes, not exceeding the average number of particles
per cell, the benefits of a domain decomposition on the memory occupation become
negligible with respect to a particle decomposition. A large number of particles per cell
represents anyhow, as stated above, the condition for the accuracy of the simulation
(interactions dominated by long-range effects); thus, such limitation on the number of
nodes is typically not too severe.

The condition of large number of particles per cell, which is needed for both the
accuracy of the simulation and the effectiveness of the particle-decomposition strate-
gy, plays a role also in the definition of a strategy for the work distribution. In fact,
such a condition means that the work related to the on-grid field-computation phase
is negligible with respect to the one needed for the other two phases (particle pushing,
and pressure-tensor updating), which involve scans over the particle population. The
computational load is thus of the order O(Npart), with Npart being the number of simu-
lation particles; it is then worth to distribute the second- and third-phase work, and to
replicate the first-phase one, consistently with the replication of the domain.

Distributing work for the second and third phase means to distribute the computa-
tions that access (read and/or modify) the data structures related to the particles.

The second phase is thus inherently parallel, with no communication required by
non-local accesses (except for the computation of the time-cumulating quantities; see
below): pushing of each particle is performed by updating the quantities related to
the particle, making use of the previous-step computed values for that particle only
(i.e., with no dependence on other-particle quantities), and of the replicated-field values
interpolated at the particle position; all these quantities are locally available.

The third phase presents two strictly linked problems: (1) the quantities to be up-
dated (the pressure-tensor components at the grid points) are replicated, and thus must
be kept consistent among the processors, and (2) each quantity takes contribution from
a number of particles that can reside on different nodes. The solution relies on the
associative and distributive properties of the updating laws for the pressure terms, with
respect to the contributions given by every single particle: the computation for each
update is split among the nodes into partial computations, involving the contribution
of the local particles only, and the partial results are then reduced into global results,
which are broadcasted to all the nodes.

In addition, all the quantities that cumulate with particles and time present these
same properties; thus we can apply the same strategy.
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4 Implementation of the parallelization strategy in
HPF

High Performance Fortran (HPF) is a programming language designed to support the
data parallel 1 programming style. HPF eliminates the complex, error-prone task of
explicitly programming how, where and when to pass messages between processors on
distributed memory machines. The underlying HPF compiler is responsible for pro-
ducing code to distribute the array elements on the available processors. The Single
Program Multiple Data (SPMD) [18] message-passing code produced by the compiler
instructs each processor to update the subset of the array elements which are stored
in the local memory, possibly by getting values, corresponding to non-local accesses,
owned by the other processors via communication primitives. HPF provides a stan-
dardized set of extensions to Fortran 90 (F90) and Fortran directives to enable the
execution of a sequential program on (distributed memory) parallel computer systems.
Compiler directives such as PROCESSORS, ALIGN, DISTRIBUTE and TEMPLATE are intro-
duced to control the alignment and distribution of array elements on the (abstract)
processors; directives such as INDEPENDENT and language constructs such as FORALL are
introduced to express data parallelism. An extended set of intrinsic functions and a
standard library provide parallel functionality at a high level of abstraction. EXTRINSIC
procedures standardize the interface with other languages and sequential or parallel ex-
ecution schemes, and there are directives to address sequence and storage association
issues. See Refs. [2, 19, 20] for an extended overview of the language and its features.

The strategy depicted in the previous section, both for data and work distribution,
can be implemented quite straightforwardly in the framework of the HPF paradigm.In
particular, HPF directives for (cyclic) data distribution can be applied to all the data
structures related to the particle quantities, and the HPF INDEPENDENT directive can be
used to distribute the above-described second- and third-phase loop iterations over the
particles. The underlying HPF compiler will distribute those iterations by following the
"owner-computes rule" applied to the distributed data.

The scheme to handle with the "inhibitors of parallelism" within the loops over the
particles (the pressure-tensor components, and the quantities that cumulate with parti-
cles and time), can be implemented in HPF by restructuring the code in the following
way:

• the data structures, [scalars and (multi-dimensional) arrays] which store the values
of these quantities, are replaced, within the bodies of the distributed loops, by-
corresponding data structures augmented by one dimension; their rank must be
equal to or greater than the number of available processors;

• these data structures are distributed, along the added dimension, over the pro-
cessors; each of the distributed "pages" will store the partial computations of the

1In this model, the same operation is performed on many data elements by many processors simul-
taneously. Global data structures are distributed uniformly, and processor power follows data. Thus a
single program controls the distribution of, and operations on, data distributed across all processors.
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quantities, which include the contributions of the particles that are local to each
processor;

• at each iteration of the loops over the particles, the contribution of the correspond-
ing particle to an element of the quantities under consideration is added to the
appropriate element of the distributed page;

• at the end of the iterations, the temporary data structures are reduced along the
added and distributed dimension, and the results are assigned to the correspond-
ing original data structures. This is implemented with the use of HPF intrinsic
reduction functions such as SUM.

As an example, we consider the following skeletonized F90 code excerpt, where each
element of the three-dimensional array pressure is updated by the contribution of the
particles falling in the closeness of the corresponding grid point.

pressure = 0.
do l=l,n_part

weight_l = weight_part(l)
r_l = r_part(l)
theta_l = theta_part(l)
phi_l = phi_part(l)
j _ r = f_l(r_l)
j_ theta = f_2(theta_l)
j . p h i = f_3(phi_l)
pressure(j_r,j . theta,j_phi) = pressure(j_r,j . theta,j_phi) +

& f_4(weight_l,r_l,theta_l,phi_l)
enddo

Here f _1, f _2, f _3 and f_4 are suited nonlinear functions of the particle weight and/or
phase-space coordinates. This excerpt represents, very schematically, the update of the
pressure-tensor components, by trilinear weighting of the contribution of each particle
among the vertices of the cells. The computation of the array pressure is anyway
representative of any computation of all the quantities that inhibit the parallel execution
of the loops over the particles.

The code, restructured according to the above guidelines, looks like the following:

real*8, dimension (O:n_r,n_theta,n_phi,
& number_of_processors()):: pressure_par
real*8, dimension (n_part) : : weight_part, r_part,

& theta_part, phi_part
!HPF$ DISTRIBUTE (CYCLIC) : : weight.part, r .pa r t ,
!HPF$& theta .part , phi_part
!HPF$ ALIGN WITH weight_part(:) : : pressure_par(*,*,*,:)

nprocs = number_of.processors()
pressure_par = 0.

17



!HPF$ INDEPENDENT, NEW(weigh t_ l , r_ l , t he t a_ l ,ph i_ l , j _ r , j . t he t a ,
!HPF$& j_phi 3 i_proc)

do l= l ,n_par t
weight . l = weight .par t (1)
r_ l = r_part( l)
theta_l = theta_part(l)
phi_l = phi_part(l)
j _ r = f_l(r_l)
j . t h e t a = f_2(theta_l)
j . p h i = f_3(phi_l)
if (mod(l,nprocs) = 0) then i_proc = nprocs
else i_proc = mod(l,nprocs)
endif
pressure_par(j _r , j _theta,j _phi,i_proc) =

& pressure_par(j_r,j_theta,j_phi,i_proc) +
& f_4(weight_l3r_l,theta_l,phi_l)

enddo
pressure(0:n_r,n_theta,n_phi) =

& SUM(pressure_par(O:n_r,n_theta,n_phi,:),dim=4)

The pages of the structure pressure-par are distributed to the processors. The
code restructuring within the loop is limited to the computation (if . . . ) of the page
of pressure_par that is local to the particle considered in that iteration, and the update
of the proper element belonging to that page.

The reduction of the (distributed) pages of pressure-par in pressure (replicated)
is very easily performed with the use of the HPF intrinsic function SUM. The only need
for communication is related to this reduction and the subsequent broadcast, and thus it
is embedded in the execution of the intrinsic function. If the underlying HPF compiler
supports the implementation of highly optimized versions of the HPF intrinsics proce-
dures for distributed parameters, these communications are performed as vectorized and
collective minimum-cost communications.

The computation for the selection of the page of pressure_par local to each parti-
cle, even if not complex, is anyway a non-linear function of the loop index (l). This,
together with the presence of indirect references (through the elements of an array) to
the elements of each page of pressure-par, could represent a problem if the target
HPF compiler is able to perform data-dependence analysis for array elements, and ac-
tually performs an unrequested check about the assertion of independence of the loop
iterations, provided by the user with the INDEPENDENT directive. In this case, such a
compiler would not distribute the loop iterations, because the nonlinearity and the indi-
rect character of the indexing expressions prevent any state-of-the art dependence test
from proving the actual independence of the loop iterations, and would make worst-case
assumption of dependence. This problem can be anyway quite easily bypassed with the
help of the HPF extrinsics HPF-LOCAL.

HPF programs may call non-HPF subprograms as extrinsic procedures [2]. This
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allows the programmer to use non-Fortran language facilities, handle problems that are
not efficiently addressed by HPF, hand-tune critical kernels, or to call optimized libraries.
This facility can also be used to interface HPF to other languages, such as C. An extrinsic
procedure can be defined as explicit SPMD code by specifying the local procedure code
that is to execute on each processor. HPF provides a mechanism for defining local
procedures in a subset of HPF that excludes only data mapping directives, which are
not relevant to local code. If a subprogram definition or interface uses the extrinsic-
kind keyword HPF_L0CAL, then an HPF compiler should assume that the subprogram
is coded as a local procedure. All distributed HPF arrays passed as arguments by the
caller to the (global) extrinsic procedure interface, are logically divided into pieces; the
local procedure executing on a particular physical processor sees an array containing just
those elements of the global array that are mapped to that physical processor. A call
to an extrinsic procedure results in a separate invocation of a local procedure on each
processor. The execution of an extrinsic procedure consists of the concurrent execution
of a local procedure on each executing processor. Each local procedure may terminate
at any time by executing a RETURN statement. However, the extrinsic procedure as a
whole terminates only after every local procedure has terminated.

In our case, we use the extrinsic mechanism to achieve the same effect as the
INDEPENDENT directive, i.e., the distribution of the execution of loop iterations over
the processors, when this latter cannot be enabled due to the complex and/or indirect
references to distributed arrays within the yet independent loop iterations. To this pur-
pose, the loops over the particles become the bodies of the extrinsics, as exemplified, for
the example under examination, in the following:

INTERFACE
EXTRINSIC(HPF.LOCAL)

&subroutine extr_pressure(weight_part,r_part,theta_part,
& phi.part, pressure_par)
real*8, dimension(:), intent(in) :: weight.part,r_part,
& theta_part,phi_part
real*8, dimension(:,:,:,:), intent(out) :: pressure_par

!HPF$ DISTRIBUTE (CYCLIC) :: weight.part,r_part,
!HPF$& theta_part,phi_part

!HPF$ ALIGN WITH weight_part(:) :: pressure.par(*,*,*,:)
end subroutine extr_pressure
END INTERFACE

call extr_pressure(weight_part,r_part,theta_part,phi_part,

& pressure_par)

pressure(O:n_r,n_theta,n_phi) =
& SUM(pressure_par(O:n_r,n_theta,n_phi,:),dim=4)

EXTRINSIC(HPF.LOCAL)
&subroutine extr.pressure(weight.part,r_part,theta_part,
& phi.part, pressure.par)
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real*8, dimension(:), intent(in) : : weight_part,r_part,
& theta_part,phi_part
real*8, dimension^:,: , : , :) , intent(out) : : pressure_par

pressure_par = 0.
do 1=1, UBOUMD(weight_part,dim=l)

weight_l = weight_part(l)
r_l = r_part(l)
theta_l = theta_part(l)
phi_l = phi_part(l)
j_ r = f_l(r_l)
j_theta = f_2(theta_l)
j_phi = f_3(phi_l)
pressure_par(j _r,j _theta,j _phi,1) =

& pressure_par(j_r,j_theta,j_phi,l) +
& f_4(weight_l,r_l,theta_l,phi.l)
enddo
end subroutine extr_pressure

Here each local procedure executing on a given processor sees the portion of the arrays
related to the particles (weight.part, r_part, theta_part and phi_part), and the page
of the "partial results" array pressure^ar assigned to that processor. It executes
only the set of loop iterations that access the particles local to the processor (L=l,
UBOUND(weight.part, dim=l)), and updates the page of pressure_par (pressure_par
(j_r, j . theta , j .phi , 1)) assigned to it. At the end of the execution of the local
extrinsics, all the partial updates of the components of pressure_par are collected in the
global-HPF-index-space pressure_par. Then, pressure_par is reduced to pressure
with the use of the SUM intrinsic function, as seen before.

5 Results

In this section, we present the results obtained from the described HPF parallel version
of the Hybrid MHD-Gyrokinetic Code compiled with the IBM xlhpf compiler [21] (an
optimized native compiler for IBM SP systems), and running it on an IBM Scalable
Power system (SP2) at the ENEA Research Centre of Frascati (Rome).

The results presented here refer to executions on a spatial grid with n_r=32 points in
the radial direction, n_theta=16 points in the poloidal direction, and n_phi=16 points
in the toroidal one; we performed several executions by varying both the number of
processors nprocs (ranging from nprocs=2 to nprocs=8) and the average number of
particle per cell NPPC = Npart/Ngrid (ranging from NPPC=2 to NPPC=1024).

The cpu-times per time step are reported in the Table 5, where the results relative
to the sequential code, obtained by compiling the source code with the xlhpf compiler
under the nohpf option, are also reported.
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NPPC

4
8

16
32
64

128
256
512

1024

cpu-time (s)
sequential

1.31
2.35
4.56
9.33

18.40
36.60
73.20

140.80
308.90

cpu-time (s)
nprocs=2

0.92
1.43
2.39
4.44
9.08

17.40
34.35
68.50

153.00

cpu-time (s)
nprocs=4

0.70
0.98
1.47
2.46
4.57
9.00

17.50
34.50
69.00

cpu-time (s)
nprocs=8

0.63
0.76
1.00
1.51
2.49
4.56
9.07

17.50
35.00

Table 1: The cpu-times per time step

Note that, because of the limited memory resources of the single SP2 node of the
Frascati machine, it was not possible to execute the largest cases (NPPC > 512) on such
a machine. These cases have been instead executed on a more powerful 595 RISC/6000
IBM node, and the cpu-times reported in the above table have been extrapolated by
comparing the results obtained on the two different nodes for the NPPC = 256 case.
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Figure 1: Scaling of the speed-up with respect to the number of processors nprocs
for different values of the average number of particles per cell NPPC. The curve cor-
responding to efficiency equal to one (solid line) is also reported for comparison.
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These results are reported in graphical form in Figs. 1 to 3, under different views.
Figure 1 shows the scaling of the speed-up with respect to the number of processors for
different values of the average number of particles per cell. The curve corresponding
to efficiency equal to one is also reported for comparison. The speed-up scales well
with the number of processors, for all the considered cases. Both the scalability and
the absolute value of the speed-up improve with increasing NPPC. Note that for the
largest simulations, superlinear results are obtained, which can possibly be traced back
to memory effects and compiler options.

These effects are better shown in Fig. 2, which displays the scaling of the efficiency
with NPPC, for different values of the number of processors. We can observe that the
efficiency tends to saturate at larger values of NPPC the greater the number of processors
is. This feature is due to the fact that, increasing the number of processors, the average
number of particles per cell assigned to each processor decreases, and the importance
of the grid-related calculation tends to overcome the particle-related one. In fact, the
scattered results shown in Fig. 2 approximatively fall on a "universal" curve, when
plotted against NPPC/nprocs, as shown in Fig. 3.
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Figure 2: Scaling of the efficiency with the average number of particles per cell NPPC,
at different values of the number of processors nprocs.
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6 Validity of the particle-decomposition approach

Figure 4 reports the findings of Hybrid-MHD-Gyrokinetic-Code simulations correspond-
ing to different values of NPPC. In particular, the growth rate 7 of an Energetic Particle
Mode [22], normalized to the inverse characteristic time of Alfven-mode propagation,
is shown. Such a quantity corresponds to the rate at which a small electromagnetic
perturbation to a given equilibrium grows exponentially in time. In the present case
an equilibrium characterized by a ratio between the kinetic pressure of a destabilizing
energetic population and the equilibrium magnetic pressure equal to 0.03 has been con-
sidered. It can be observed that, by increasing NPPC (and thus the resolution in the
velocity space), the growth rate converges to a limiting value. Defining conventionally
the accuracy of the simulation as the relative deviation from this value, the requirement
of a given accuracy fixes the minimum needed resolution, i.e., the minimum NPPC value
(NPPCjnin). Note that the determination of such a value may depend strongly on the
different physical scenarios considered.
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Figure 4'- Growth rate of an Energetic Particle Mode normalized to the inverse char-
acteristic time of Alfven-mode propagation versus the average number of particles
per cell NPPC.

Once fixed NPPC « NPPC_min, we see from Fig. 3 that the requirement of high effi-
ciency (« 1) puts an upper bound on the number of processors that can be used in a
simulation: nprocs < nprocsjnax « NPPC_min/10. For the particular case considered
in Fig. 4, an accuracy level of 5% in the determination of the growth rate of the Alfven
mode corresponds to NPPC_min « 120 and nprocs_max « 12. Different conclusions,
corresponding to a larger number of processors can be motivated by the need for a
higher value of the speed-up (which monotonically increases with nprocs) and/or larger
global-memory resources, in spite of a lower efficiency value. With reference to the latter
point, we indeed observe that the optimal-accuracy-and-efficiency choice corresponds to
a number of particles per processor given by Ngrid x NPPC_min/nprocs_max « l O A ^ ;
thus, requiring higher spatial resolution (i.e., higher values of Ngrid) would eventually
exceed the single-node memory resources. Such a limitation can be, of course, overcome
by using a higher number of processors.

7 Conclusions

In the present paper, we have described a paralellization strategy for PIC codes, applied
to the Hybrid MHD-Gyrokinetic Code, developed to study the Alfvenic turbulence in
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magnetically confined plasmas. Such a strategy, which relies on the particle decompo-
sition, instead of the more usual domain decomposition, has been implemented within
the HPF framework, and seems particularly attractive if targeted towards moderately
parallel architectures. Its main advantages are represented by a perfect load balancing
among processors, a modest amount of inter-processor communications and a moderate
effort in porting the code in the parallel form.

A very high efficiency (= speed-up/number-of-processors) can be expected in the
limit of high average number of particles per cell (NPPC) per processor. In fact, we
get efficiency close to unity for NPPC/nprocs> 10. Thus, once fixed the accuracy level
needed for the particular physics problem investigated (and, hence, the average number
of particles per cell requested), an upper bound on the number of processors to be used
in the simulation is put by the requirement of high efficiency. Such a bound, however,
can be removed if different priorities (high speed-up or high global-memory resources)
are present.
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