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Abstract
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Department of Energy Science
Doctor of Engineering

Large — scale Global MHD Simulation for Solar Wind Interaction with
Magnetosphere on Multi — GPU Systems

by Un Hong WoNG

Nowadays, the physics of the space environment is not only a frontier topic in science
but is also closed to our daily live. Understanding the environment in space is becom-
ing increasingly important. To investigate large-scale space phenomenon such as the
solar wind interacting with the planet’s magnetospheres, global magnetohydrodynamic
(MHD) simulation with huge amount of computations is often used. The recent devel-
opment of modern graphics processing units (GPUs) makes the simulation process be
performed in a more efficient manner. GPUs have been widely utilized in magnetohy-
drodynamic (MHD) simulations in recent years. However, due to the limited memory of
a single GPU, the use of multi-GPU systems needs to be explored for large-scale MHD

simulations.

In this dissertation, we firstly clarify the limitation of executing the current space sim-
ulation caused by the computational resources, which then motivates us to develop a
large-scale global MHD simulation code that efficiently runs on multi-GPU systems.
A GPU Direct-MPI hybrid framework for efficient data communication of large-scale
grid-based simulation on multi-GPU systems is presented. Large-scale global MHD
simulation of the solar wind interaction with Earth’s magnetosphere with in-situ visual-
ization has been implemented. The magnetosheath and polar cusp caused by the solar
wind interacting with the Earth’s magnetosphere are examined. A new block-based
structured for efficient Adaptive Mesh Refinement (AMR) is also presented. With AMR
we improve the simulation model and enlarge the simulation domain to reproduce the
whole structure of the bow shock. The variation of the size of the magnetosphere is
found. Moreover, the variation affect to the period of the Moon staying in different
part of the magnetosphere, which is very important in investigating the evolution of the
Moon. Application of our simulation to solar wind-Earth’s magnetosphere interaction

for the geomagnetic reversal is also carried out.
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Chapter 1

Introduction

1.1 General Introduction

Human have been interested in the starry night sky since ancient history. For thousands
of years, study of the stars/space — astronomy and related subjects — was conducted
by the naked eye. Even from these early observations, many notable achievements were
made such as the armillary sphere, which models the sky as well as the orbit of the
astronomical objects. After the advent of the telescope in the 17*" century, followed
by the very first Luna program and Apollo project, the human race has entered the
era of space exploration. In recent years, many countries including Japan, China, and
India also focus on developing their own space exploration projects. For example, the
lunar missions SELENE project (Japan), Chang’E project (China) and Chandrayaan
project (India). The United States also conducted the lunar exploration LRO (Lunar
Reconnaissance Orbiter) project and had claimed that Mars will be the main target in
the following years, while in the past they had been focusing on the artificial orbiting
construction — the International Space Station (ISS) for many years. The development
of the space technology eventually improves the convenience and the quality of our
life. For example, artificial satellites play an important role in many aspects in our
daily life, such as the communication network, weather observation, space-based satellite

navigation system etc..

The theory of solar wind and the plasma environment of space had been suggested in
the 19"" century. After the first measurement of the strength of solar wind by the Soviet
satellite Luna 1 in 1959, it was proved that space is not vacuum. The stream of plasma
— the solar wind flows outward from the upper atmosphere of the Sun. It consists of
mostly electrons, protons and alpha particles with energies usually between 1.5 and 10

keV. The solar wind fills the region which covers the solar system. It is very important

1



Chapter 1. Introduction 2

to understand the plasma environment of the space - the space weather in applications
and explorations to the space. Especially the electromagnetic induction caused by the
plasma shock can damage electronic devices used in artificial orbiting objects. On the
other hand, launching a rocket to carry the orbiting object escaping from the Earth’s
gravity requires a lot of fuel. The orbiter/spacecraft also needs fuel for thrusting in
space. Fuel carried within the orbiter is limited and can not be refill after it has been
launched to the space. Therefore, the use of the electron/ion, photon released from
the sun as well as the magnetic field of the planet is used to produce thrust to the
orbiter/spacecraft. As one of the recent achievements, the world’s first interplanetary
solar sail spacecraft “IKAROS” (Interplanetary Kite-craft Accelerated Radiation of the
Sun) had been successfully launched to Venus by JAXA (Japan Aerospace Exploration
Agency) on 215 May 2010.

Space weather is a branch of space physics and aeronomy concerned with the time
varying conditions within the Solar System, including the solar wind, conditions in the
magnetosphere, ionosphere and thermosphere. The interest in space weather expanded
in many businesses since space weather phenomena can interfere with or damage the
communications satellites, weather satellites and the satellites of the Global Positioning
System (GPS). Many countries have their own space weather prediction/forecast/re-
search center to provide real-time observation, analysis and research to space weather.
Beside, the U.S. National Space Weather Program [8] had been carried out by several
U.S. government agencies in 1994 motivated to speed improvement of space weather
services. Similar to the weather of the atmosphere, except some big events such as solar
storms, small changes occur frequently in the space. Figure 1.1 shows the observation
data of the solar wind from the the NASA (National Aeronautics and Space Adminis-
tration) Advanced Composition Explorer (ACE) satellite [1] in 2 weeks (From 4" July
to 17" July). For example, the velocity of the solar wind increased from 300 km/s to
600 km/s in one day (4" July to 5" July).

Space is vast. Observations depend on orbiters or telescopes that have high cost, and the
observation region is limited. Therefore, numerical simulation has become an important
tool to help understand the space environment. The development of scientific computing
and the term “numerical experiment” manifest the usability, reliability and importance
of numerical simulation in various modern science disciplines. Global magnetohydrody-
namic (MHD) models play a major role in investigating large-scale space phenomenon
such as solar wind — magnetosphere interaction. But the huge computation require-
ment in global MHD simulations is also a problem that needs to be solved. Most of the
existing simulations to the magnetosphere only included the part of the magnetosphere,

because the computational domain is so huge to cover the whole magnetosphere. Thus,
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the variations of the whole magnetosphere under different situation of the solar wind

are important but had not yet be examined.

Graphics processing units (GPUs) have been widely utilized in MHD simulations in
recent years. Due to the limited memory of a single GPU, multi-GPU systems are
needed for large-scale MHD simulations. However, the data transfer between GPUs

limits the efficiency of the simulations on such systems.

In this thesis, we study the limitation of the current space simulation caused by the
computational resource. We present an efficient large — scale global MHD simulation of
the solar wind interacting with the planet’s magnetosphere using multi-GPU systems,
including the GPU-rich supercomputer TSUBAME 2.5 of Tokyo Institute of Technol-
ogy. Our approach not only increases the efficiency but also extends the usability of
the global MHD simulation. The full structure of the Earth’s magnetosphere is exam-
ined. The variation of the magnetosphere under different velocities of the solar wind
are simulated and investigated. In our experiment results, the size of the structures
of the magnetosphere including the bow shock as well as the magnetosheath is vary in
the vertical direction (pole direction), but no obviously changes had been found in the

horizontal direction (equator plane).

This thesis organized as follows: Chapter 1 is a brief introduction to space plasma and
MHD simulation, the research background and motivation, as well as GPGPU and GPU
systems. Related work of the state of the art GPU accelerated plasma simulation and
our single GPU implemented ideal MHD simulation described in Chapter 2. Chapter 3
presents our GPU Direct-MPI hybrid data communication framework for efficient large-
scale MHD simulations on distributed multi-GPU systems. Performance measurements
of running our ideal MHD simulation of the GPU-rich TSUBAME supercomputer are
given to show the efficiency. Implementation of large-scale global MHD simulation and
practical applications to solar wind interaction with the Earth’s magnetosphere are given
in Chapter 4. Application of our simulation to the geomagnetic reversal is also carried
out. In Chapter 5, the novel block-based structure for efficient AMR, on multi-GPU
systems and simulations of the whole bow shock are presents. And we conclude our

work with explain the expectations of the possible future work in Chapter 6.

1.2 Magnetosphere

A magnetosphere is the area of space near an astronomical object in which charged
particles are deflecting by that object’s magnetic field. The structure of a magnetosphere

is illustrated in Figure 1.2. Near the surface of the object, the magnetic field lines
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resemble those of a magnetic dipole. Farther away from the planet surface, the magnetic
field lines are significantly distorted by electric currents of the plasma flow. When
talking about the Earth, magnetosphere is typically used to refer to the outer layer of

the ionosphere.

The solar wind is kept away by the pressure of the Earth’s magnetic field. The magne-
topause, the area where the planetary magnetic field is balanced with the pressure from
the solar wind, is the boundary of the magnetosphere. Although the Earth’s magnetic
field is approximately a symmetric dipole field, the magnetosphere is asymmetric. The
frontside (sunward side) of the magnetosphere is being compressed to about 10 R, (ra-
dius of the Earth) out but the tail side stretching out in that being extended beyond far
beyond (about 200 R.) by its interaction with the solar wind.

The tail side of the magnetosphere is called the magnetotail. It contains two lobes,
referred to as the northern and southern tail lobes. The magnetic lines of the northern
tail lobe points towards the object and the southern tail lobe points away. The tail lobes
are almost empty, with few charged particles opposing the flow of the solar wind. The
two lobes are separated by a plasma sheet, an area where the magnetic field is weaker

and the density of charged particles is higher.

The inner region of the Earth’s magnetosphere is the plasmasphere. It is located above
the ionosphere and is consisting of low energy plasma (cool plasma). The outermost layer
of frontside of the magnetosphere is the bow shock, where the solar wind slows abruptly.
The polar cusp is a region in which the magnetosheath plasma has direct access to the
ionosphere. The magnetosheath is the region of the magnetosphere between the bow
shock and the magnetopause. It is formed mainly from shocked solar wind, though it
contains a small amount of plasma. The regularly magnetic field generated by the planet
becomes weak and irregular in the magnetosheath due to interaction with the incoming
solar wind, and is incapable of fully deflecting the highly charged particles. This is caused
by the collection of solar wind gas that has effectively undergone thermalization. It acts
as a cushion that transmits the pressure from the flow of the solar wind and the barrier
of the magnetic field from the object. The Earth’s magnetosheath typically occupies
the region of the space approximately 10 R. on the frontside of the Earth, where on
the tail side it is extended farther out due to the pressure of the solar wind. The exact
location and width of the magnetosheath does depend on variables of the solar wind.
The motivation of our simulation is to examine the variations of the magnetosphere’s

structure including the magnetosheath under different situations.
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FIGURE 1.2: Schematic of the structure of Earth’s magnetosphere.

1.3 Space Plasmas and MHD Simulations

Space plasma is the plasma that occurs naturally in the universe. Description of the
space plasma spans the scale from single particle (micro): an element with a distribution
function in 6D phase space(position and velocities) based on the plasma kinetic theory,
to a bulk of electrically conducting fluid (macro, the fluid description). The simulation

form micro scale to macro scale is listed as following :

1. Full particle model

2. Particle-in-cell — Charged particles interact with magnetic fields of (generally the

cell face) a mesh
3. Hybrid model — Heavy ions as particles where electrons behave as massless fluid
4. Two-fluid — Ions and electrons

5. One-fluid — The magnetohydrodynamics (MHD), only heavy ions are considered

since electrons are 1836 lighter.
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Since density of space plasma is very low (several particles cm~3) and the temperature
is very high (order of 10 ~ 108), its mean-free path becomes very long. For an example,
the mean-free path of solar plasma is about 1 AU (Astrophysical Unit = the distance
from the Sun to the Earth). Thus, space plasma is assumed to be collisionless. In col-
lisionless plasmas, the direct binary collisions between two particles are so infrequent
compared with any relevant variation in the fields or the time scales of particle dynamics
that they can be safely neglected. In such plasmas the mean free path of a particle is
much larger than the typical scales of interest (The Knudsen number Kn > 1). Most
plasmas in space are sufficiently dilute to belong to this type. Therefore, particles inter-
act with each other not through Coulomb collisions, but by the emission and absorption
of collective excitations of the plasma (long-range Coulomb interaction). Each charged
particle “feels” the long-range Coulomb force with a bulk of charge particles surrounding

it. In plasma, the potential produced by an external point charge is

r

d(r) ) (1.1)

= exXpl——
47T€07“ P /\D

where r is the distance to the point charge and g is the dielectric constant. Ap is the
Debye length — the measure of a charge carrier’s net electrostatic effect in solution, and

how far those electrostatic effects persist. It is given by

kT T
AD V drne? 0 9\/ n (1.2)

where kp is the Boltzmann constant, n the number density (uint : cm™3), T’ the temper-

ature, and e the charge. It can be found that in the above Equation 1.1, the Coulomb
potential is exponentially reduce with 7/Ap. There is a influence when the distance of
the charge carrier is r ~ Ap. A volume(sphere) whose radius is Ap, is called a Debye
sphere. Charges outside the Debye sphere are electrically screened. In space plasmas
where the electron density is relatively low, the Debye length may reach macroscopic
values, such as in the solar wind and magnetosphere. For example, taking the typical
values of temperature and density of the solar wind (n =5 cm™3, T : 5 x 10* K), the
Debye length of the space plasma is 690 cm. The kinetics of collisionless plasma is

described by the Vlasov equation:

Ofs [ Ofs | 4 gy g)%s

ot + or  mg ov =0 (1.3)

where E, B, r and v represent the electric field, the magnetic field, the position, and
the velocity, respectively. The subscript s represent to the species of the particles (for
example, s = i for ions and s = e for electrons). f(r,v,t) is the distribution function

describes the number of particles of the species s in a position-velocity phase space.
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The quantities gs and ms are the charge and mass of singly-charged particle. Spatial-
temporal development of electromagnetic fields is described by the full-set of Maxwell’s

equations (Vlasov-Maxwell system):

1 E
VxB = NOJ"‘;&
0B
VxE = -2
. i
V.E = £
€0
V.B = 0 (1.4)

where J, p, o, €0 and ¢ represent the current density, the charge density, the magnetic
permeability, the dielectric constant and the speed of light, respectively. These are the

first-principle equations for collisionless plasma.

Ideally, the magnetosphere-ionosphere system should be modeled using the Vlasov equa-
tions together with Maxwell’s equations. However, the computational complexity of di-
rect Vlasov simulation is much higher than MHD. According to a recent research from
Umeda et al. [9], Even with the fastest supercomputer in the world in 2014, it is im-
possible to use realistic physical parameters in their research. Reduction of the physical
parameters is needed to enable a numerical simulation with a limited computer resource.
High resolution run in 5D (or so-called 2.5D) Vlasov simulation of 1920 x 2560 grid points
for two spatial dimensions, 60 x 60 x 60 grid points for the three velocity dimensions
requires 50 TB memory and 6,144 computational nodes (49,152 CPU cores) of the K
computer. And it considering that a full six-dimensional global Vlasov simulation will
require massive computing resources beyond Exascale which is left as a far future study.
Therefore, MHD are commonly used as the basis of a numerical model. Although the
MHD equations appear relatively simple at a first glance, the development of efficient
and accurate numerical algorithms for their solution is a formidable task that has not

yet come to conclusion.

In fluid descriptions of plasmas (MHD), the velocity distribution is not considered. This
is achieved by replacing f(r,v,t) with plasma moments such as number density n, flow
velocity u and pressure p (Note that in order to avoid confusion, u is used for the
flow velocity, where v is used for the velocity of the charged particles of the Vlasov

equation). They are named plasma moments because the n-th moment of f can be
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found by integrating v" f over velocity.

The zeroth moment (Density) = n( / f(r,v,t)d
The first moment (Momentum) = nu(r,t) = /Vf(r,v,t)dv

The n-th moment = /v”f(r,v,t)dv

These variables are only functions of position and time which can be treated as fluid.
In two-fluid or multifluid model, the different species of particles are treated as different
fluids with different densities, flow velocities and pressures. Taking the zeroth, first and
second order moments of the Vlasov equation (Equation 1.3) and using the Maxwell’s
equations (Equation 1.4), full kinetics of pair-particles is neglected in collisionless plasma;
instead, the hydrodynamic equations are obtained. The governing equations of MHD is
the combination of the Navier-Stokes equations of fluid dynamics and Maxwell’s equa-
tions of electromagnetics. The simplest form of MHD, the ideal MHD, assumes that
the fluid has so little resistivity that it can be treated as a perfect conductor. This is
the limit of infinite magnetic Reynolds number (R, = po LU, where p is the magnetic
permeability, o the electrical conductivity, L the typical length scale of the flow, U the
typical velocity scale of the flow). The ideal MHD equations with the assumption of
the magnetic permeability g = 1 can be expressed as hyperbolic system of conservation

laws as follows [10]

dp
at—FV(pu) 0
8gtu+V(puu BB) + VP =0
%—?—Vx(uxB) 0
OF .
4V (E+PHu—-B(B-u))=0 (1.5)

ot

The first equation is mass continuity. The second equation is the motion of an element of
the fluid(The Navier-Stokes Equation). The third and forth equations are derived from
the energy equation with Maxwell’s equations. This is a closed set of eight nonlinear
partial differential equations (PDEs) for the eight (2 scalar and 2 vector) variables. In
ideal MHD equations, this is often accomplished with approximations to the heat flux
through a condition of adiabaticity or isothermality. Here, p is the density, pu the
momentum, B is the magnetic field, and E is the total energy. The total pressure is

P* =P+ 372 where P is the gas pressure that satisfies the equation of state, P =
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(v—1)(F - p% - %2) The divergence-free constraint V - B = 0 is satisfied by the flux
constrained transport (CT) [11].

An important dimensionless number measures of a plasma effects to a magnetic field
is called the plasma beta (3), and is defined as the ratio of the gas pressure (thermal
energy density) P to the magnetic energy density B2 /2.

2,[1,0P
=g

(1.6)
When the magnetic field dominates in the fluid, § < 1, the fluid is forced to move
along with the field. In the opposite case, when the field is weak, 5 > 1, the field
is swirled along along by the fluid. In collisionless plasmas, It turns out that in both
varieties of MHD the motion of the plasma parallel to magnetic field-lines is associated
with the dynamics of sound waves, whereas the motion perpendicular to field-lines is
associated with the dynamics of Alfvén waves. The MHD equations remain a reasonable
approximation in a collisionless plasma in situations where the dynamics of sound waves,
parallel to the magnetic field, are unimportant compared to the dynamics of Alfvén
waves, perpendicular to the field. It is easily demonstrated that 3 ~ (Vg/V4)?, where
Vs is the sound speed (thermal velocity), and V4 is the speed of an Alfvén wave. Thus,
it obtains 8 < 1 which ensures that the collisionless parallel plasma dynamics are too

slow to affect the perpendicular dynamics.

The resistivity term nV?B is neglected in the ideal MHD equations. implies that the
magnetic field is tightly coupled to the fluid. In astrophysical systems R, is usually very
large because the scales are large (not because the resistivity is small). However, even if
the resistivity is very low, MHD turbulence often produces very small-scale structures
and large magnetic gradients, which lead to a finite rate of magnetic diffusion through
the resistivity term, though the magnetic Reynolds number may be very big. When
the fluid cannot be considered as completely conductive, but the other conditions for
ideal MHD are satisfied, it is possible to use an extended model called resistive MHD
(including the resistivity term). Resistive MHD describes magnetized fluids with finite
electron diffusivity (n # 0). This diffusivity leads to a breaking in the magnetic topology;
magnetic field lines can “reconnect” when they collide. Usually this term is small and
reconnections can be handled by thinking of them are similar to shocks; this process has

been shown to be important in the Solar-Earth magnetic interactions.

Shocks are transition layers across which there is a transport of particles, where the
plasma properties change from one equilibrium state to another. The relation between
the plasma properties on both sides of a shock (see Figure 1.3) can be obtained from

the conservative form of the MHD equations. Information in MHD fluids is carried via
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Shock

FIGURE 1.3: A schematic diagram of a shock wave situation with the density p, velocity
v, pressure p and magnetic field B indicated for each region.

three different waves — fast (compressional-Alfvén) waves, intermediate (shear-Alfvén)
waves, and slow (magnetosonic) waves. Therefore, MHD fluids supports three differ-
ent types of shock (fast-mode, intermediate and slow-mode shocks), corresponding to
disturbances traveling faster than each of the those three types of waves. In general,
a shock propagating through an MHD fluid produces a significant difference in plasma
properties on either side of the shock front. The thickness of the shock is determined by
a balance between convective and dissipative effects. However, dissipative effects in high
temperature plasmas are only comparable to convective effects when the spatial gradi-
ents in plasma variables become extremely large. Hence, MHD shocks in such plasmas
tend to be extremely narrow, and are well-approximated as discontinuous changes in
plasma parameters. The MHD equations, and Maxwell’s equations, can be integrated
across a shock to give a set of jump conditions which relate plasma properties on each
side of the shock front. If the shock is sufficiently narrow then these relations become
independent of its detailed structure. The jump conditions across a time-independent
MHD shock or discontinuity are referred as the Rankine-Hugoniot equations for MHD
(These relations are often called Rankine-Hugoniot relations). In the frame moving with

the shock or discontinuity, those jump conditions are as follows:

P1Un1 = P2Un2
13n1 lgn?
B? B2
2 D1 2 Dig
P1Vnp1 +p1 + o P2Upo + P2 + om
I3t113n1 I3t213n2
P1Un1Vil — ————— P2Un2 Vi — —————
Ho Ho
< Y D1 U%) vmBY  Bui(Bu - vi)
——— 4+ — | pP1Un1 -
y—=1p1 2 1o Ho
2 B2 B9 (Bys -
_ ( v P2 vg> o Un2Biy  Bna(Bez - vio)
vy—1p2 2 Ho 1o
(V X B)tl (V X B)tQ

(1.7)
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where p, v, p, B are the plasma density, velocity, (thermal) pressure and magnetic field
respectively. The subscripts ¢ and n refer to the tangential and normal components
of a vector with respect to the shock front. The subscripts 1 and 2 refer to the two
states of the plasma on each side of the shock. Intermediate shocks are non-compressive
— the plasma density does not change across the shock. Fast-mode and slow-mode
shocks are compressive and are associated with an increase in entropy. The tangential
component of the magnetic field increases across the fast-mode shock. In the opposite
case, it decreases across slow-mode shock. The type of shocks depend on the relative
magnitude of the upstream velocity in the frame moving with the shock with respect to
some characteristic speed. Those characteristic speeds, the slow and fast magnetosonic

speeds, are related to the Alfvén speed, V4 and the sound speed, Vg as follows:

2 _
Qfagt =

[(Vs2 + VA2) + \/(V32 + ‘/,42)2 — 4V52V 42 cos? 9]3”]

no
N = N =

Aglow

|:(VS2 + VAQ) - \/(V52 + VA2)2 — 4V52VA2 cos? 9Bn:|
(1.8)

where 0p, is the angle between the incoming magnetic field and the shock normal
vector. The normal component of the slow shock, intermediate shock and fast shock
propagate with velocity agow, Van and afqs, respectively, and in the frame moving with
the upstream plasma. The fast mode waves have higher phase velocities than the slow
mode waves because the density and magnetic field are in phase, whereas the slow mode
wave components are out of phase. The Earth’s bow shock, which is the boundary where
the solar wind’s speed drops due to the presence of the Earth’s magnetosphere, is a fast

mode shock.

Although the MHD equations are often under scrutiny when applied to space plasmas,
experience and many successful approaches have proven that they are adequate in many
situations where the spatial scale of interest is larger than the ion gyroradius (r; =
vTi/wei, where vp; is the ion trapping rate and wy,; the ion gyrofrequency) and the ion
inertial scales (the scale at which ions decouple from electrons and the magnetic field
becomes frozen into the electron fluid rather than the bulk plasma, d; = ¢/wy;, where
c is the speed of light and wy; the ion plasma frequency), and the temporal scale is
longer than the ion gyroperiod. In assessing the validity of the MHD equations one
must consider that they are conservation equations. Specifically, MHD describes the
conservation of mass, momentum, energy, and magnetic flux. As far as the plasma is
concerned the only significant underlying assumption is that the velocity distribution
functions of the plasma constituents are only a function of |[v —vg4| in phase space, where

vg is the drift speed (first moment of the distribution). This is trivially fulfilled for
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a Maxwellian distribution and causes all moments higher than the scalar pressure to
vanish, or at least to decouple [12]. Violations of the f(v—v4) = f(Jv —vq4|) assumption

are mostly mild in large parts of the magnetosphere.

MHD equations can be used in modelling phenomenon in a wide range of applications
including astrophysics [13, 14], and space plasmas [15, 16]. For example, 3D MHD
simulations have been widely adopted in space weather simulations. The historical
review and current status of the existing popular 3D MHD models can be found in
[17, 18].

Global MHD model has been used in modeling various phenomenon in space physics
since it was developed by Leboeuf et al. [19]. The first global MHD model was a two-
dimensional (2D) model and the same group then developed the first three-dimensional
(3D) model [20]. The physical and numerical foundation of global MHD models can be
found in [21]. Global MHD simulation is useful in investigating the the features of the
magnetosphere [22]. Ogino et al [7, 23, 24] developed the global MHD simulation model
to simulate and investigate the solar wind interaction with the Earth’s magnetosphere.
This has been widely used in investigating the solar wind-planetary magnetosphere inter-
action, such as the Jupiter’s magnetosphere [25-28] and Saturn’s magnetosphere [29-32].
Other applications of MHD simulation of the solar wind are interaction with Mercury
[33] which has dipole as the Earth but very weak. In recent year, the simulation of the

lunar wake [34] which does’t have a dipole field was also presented.

The wide use of MHD simulation shows it is applicability to planet’s magnetosphere.
However, single fluid MHD is not sufficient and is constantly being improved, modi-
fied and applied to particular studies. For example, MHD has difficulties in magnetic
reconnection since it ignores the electrons. Therefore, Hall MHD is generally used in
simulations of reconnection [35, 36]. Extensions of multispecies MHD simulation was
used in investigating the crustal fields of Mars [37]. In the past, due to the lack of
computational power, scientists prefer to use the most simple MHD with resistivity for
space plasma problems. Nowadays, the computational power is much improved. More
accurate schemes, modification or extensions of MHD is becoming more popular. Feng et
al have adapted the conservation element/solution element method (CESE) method to
MHD with curvilinear coordinates and applied it to the three-dimensional MHD simu-
lations of the interaction between the solar wind and Saturn’s magnetosphere. However,
to the extent of the author’s knowledge, almost all enhancements of MHD simulations
focus on the details of the internal structure of the magnetosphere. For the planet’s
magnetosphere, only the region surrounding the planet is being simulated. As a result,
there are many ad hoc settings that had to be added to perform a correct simulation.

For example, according to the simulation model proposed by Ogino et al. the shear
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boundary condition is used at the y and z boundaries which are in the region within the
bow shock and the magnetosheath. Therefore, only a few number of simulations cover
the wide region and investigate the variation of the whole structure of the magnetosphere
as well as the bow shock [38, 39]. The bow shock covers a wide region. So enlarging
the domain to cover the whole bow shock requires a large number of grid points, which
leads to high memory usage and computational time. Scientists prefer to allocate their
limited resource to increase the resolution or the accuracy of the simulation. In fact, the
simulation domains of [38, 39] are very limited. Beside, only a 1/4 of the magnetosphere
is simulated in [40]. This gives the motivation of not only enhancing the performance,
but also to save the memory usage so that one may enlarge the simulation domain to

investigate the whole mangetosphere.

1.4 GPU Computing

Computing power is a critical resource in numerical simulation, especially at large-scale.
Large-scale high resolution simulations require huge computational power and usually
needs to be run on supercomputers (cluster) for hours, days or even weeks to get the
result. This is a consequence of the high resolution, complexity of the calculation dur-
ing each step and because the simulation results are time dependent. Scientists and
researchers are in need of a faster hardware or methods to speedup their simulation.
This is why General-purpose computing on graphics processing units (GPGPU) has be-
come popular. Graphics processing units (GPUs) used to be the graphics acceleration
hardware for boosting up the calculations in computer graphics. Due to its high paral-
lelism, GPUs have been used as an accelerator and now play an important role in high
performance computing (HPC). Thousands of researches using GPGPU to achieve fast

computation results have been published in the past decade.

1.4.1 GPUs and GPGPU

GPUs were originally a graphics processing hardware, providing high parallelism to
accelerate the calculations in computer graphics. GPU has higher floating-point ca-
pability and bandwidth compared to CPU, and they are being increased faster than
CPU as shown in Figures 1.4 and 1.5. The reason is that the GPU is specialized for
compute-intensive, highly parallel computation and therefore designed such that more
transistors are devoted to data processing rather than data caching and flow control,
as schematically illustrated in Figure 1.6. To exploit of the high parallelism and high
GFLOPS (Giga Floating-point Operations Per Second), GPUs had been used for gen-

eral purpose computations since the very first programmable GPUs appeared in 2001.
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The programmable shading language — shader, was introduced to allow GPUs to run
user-defined shading processes(program). However, a shader runs as an alternative to
the default shading process in the graphics pipeline. Therefore, it is a difficult task
to use GPUs for computational purposes because we still have to use the shader for
the computations and the program flow needs to follow the rule(default settings) of the
graphics pipeline, such as the coordinate system, and only floating point number(single
precision and half precision) is supported. In addition, data passed as the input to be
processed in a shader has to be stored in texture memory. We have to retrieve the re-
sults from the framebuffer or from texture with a render—to-texture technique. In 2006,
Compute Unified Device Architecture (CUDA) [2] was introduced, where GPUs could be
used for computation without following the graphics pipeline. Following that, compute
purpose Tesla GPUs impacted the fields related to high performance computing (HPC)
and had became a common device in the nodes of a cluster. Nowadays, not only the
graphics related fields such as image processing and computer vision take advantages of
the parallelism of GPUs, but also Artificial Intelligence (AI) and numerical simulations.
In fact, scientific computing related to astrophysics and space simulation were the very
first users that benefited from the acceleration of GPGPU and GPU computing, due
to their high computational intensity. GPGPU and GPU computing also influence the
development of GPUs. New features such as GPU-Direct of the Fermi generation GPUs
for faster communication between multiple GPUs and the Hyper-Q to increase the par-
allelism of multi-streaming of the Kepler generation GPUs had been proposed for better

efficiency in scientific computation using GPUs.

1.4.2 Distributed Multi-GPU Systems

GPUs have become commonplace in the high performance computing related areas in-
cluding numerical simulations. In recent years, an increasing number of work about
numerical simulations on GPUs have been presented [41-46]. GPUs not only provide
very high FLOPS (floating-point operations per second), but the energy efficiency mea-
sured by FLOPS per Watt, is also impressive.The capacity of video memory (GRAM,
device memory) on a single GPU is limited. Thus, multi-GPU systems are needed for
large scale computation. Nowadays, many high ranking supercomputers in the TOP500
[47] of GREENS00 [48] lists contain GPUs as acceleration devices to speedup the com-

putation.

The GPU-rich supercomputer TSUBAME (Tokyo Tech Supercomputer and Ubiqui-
tously Accessible Mass Storage Environment, Figure 1.7) is one of the most representa-
tive GPU supercomputers in the world. It began operating as TSUBAME 1.0 in 2006,
after upgrading to TSUBAME 1.2, in 2010, TSUBAME was upgraded to TSUBAME 2.0
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FIGURE 1.4: Recent development of GPUs and CPUs (FLOPS)]2].

in November 2010. TSUBAME 2.0 consists of 1,408 Hewlett-Packard Proliant SL390s
nodes and each node is equipped with three NVIDIA Tesla M2050 (Fermi architecture)
GPUs (see Figure 1.8), thus the total number of GPUs is 4,224. TSUBAME 2.0 was
the first petaflop(PFLOP) supercomputer in Japan, at 2.4 PFLOPS theoretical perfor-
mance. TSUBAME 2.0 also achieved world-leading power efficiency as No. 2 in the
Greenb00 rankings for supercomputer energy efficiency. Several interesting applications
have been implemented on TSUBAME 2.0, for examples, ASUCA model for weather
simulation [42], phase-field simulation for dendritic solidification [43, 49], and lattice-
Boltzmann based incompressible flow computation [44]. In the fall of 2013, all the Fermi
GPUs of the computing nodes of TSUBAME had been upgraded to the next generation
Kepler GPUs. Theoretical peak performance has increased to 17.1 PetaFLOPS in single
precision, which is 3.6 x compared to TSUBAME 2.0. On the other hand, TSUBAME
2.5 uses 20 percent less electrical power than TSUBAME 2.0.
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FIGURE 1.6: The GPU devotes more transistors to data processing[2].
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FIGURE 1.7: The TSUBAME supercomputer [3].
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GPU Accelerated Space Plasma

Simulations

2.1 Plasma Simulations on GPUs

Modern graphics processing units (GPUs) have been gaining popularity as a acceler-
ator device in high performance scientific computing for that past decade, since the
advent of NVIDIA Compute Unified Device Architecture (CUDA) [2, 50]. More and
more numerical simulations in different fields have been performed on GPUs. Numeri-
cal simulations of astrophysics and space science, whose computational complexity are
generally very high, were the very first research field to utilize GPUs to accelerate the

simulation process.

In recent years, an increasing number of work about plasma simulations (particle-in-cell
(PIC) and MHD models) on GPUs have been presented, though most of them work on
a single GPU. The early work of Stantchev et al. [51, 52] implemented a PIC code on
GPUs for plasmas simulations and visualizations. The code demonstrated a speedup of
11-22 for different grid sizes on a NVIDIA GeForce 8800 Ultra graphics card. Abreu et al.
[53] developed a 2D relativistic GPU PIC code and this code can perform simulations on
a NVIDIA Tesla C1060 graphics card and direct visualizations on a NVIDIA Quadro FX
1800 graphics card. Kong et al. [54] developed a 2D3V fully relativistic electromagnetic
code on a NVIDIA GeForce GTX 280 graphics card and achieved speedup of 81x and
27x over an Intel Core 2 Duo E7200 2.53 GHz CPU using only a single core for cold
plasma runs and extremely relativistic plasma runs, respectively. Decyk and Singh
[55] developed a new parameterized PIC algorithm and data structure on a NVIDIA
GeForce GTX 280 graphics card. They reported speedups of about 15-25 compared to
an Intel Nehalem 2.66 GHz processor for a simple 2D electrostatic code. Madduri et

19
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al. [56] reported the first study on tuning gyrokinetic PIC algorithms for GPUs, using
a NVIDIA C2050 graphics card. For multi-GPU implementations, Burau et al. [41]
presented one of the first multi-GPU PIC implementation called PIConGPU, which is
a fully relativistic, 2D electromagnetic code for simulating the acceleration of electrons
in an under-dense plasma by a laser-driven wakefield. Bastrakov et al. [45] presented
an approach to high-performance implementation of PIC algorithms on heterogeneous

cluster systems.

There are also some implementations of MHD simulations on GPUs, though most of
them only utilize a single GPU. Our previous work GPU-MHD code [57] implemented a
total variation diminishing (TVD) algorithm on a NVIDIA GeForce GTX 290 graphics
card and achieved a speedup of 84 times in 3D over an Intel Core i7 965 3.2 GHz CPU.
Pang et al. [58] also implemented the same algorithm on NVIDIA GTX 260 graphics card
and reached a speedup of 105 times in 3D over a Xeon E5506 2.13 GHz CPU. Wang et al.
[59] implemented a compressible inviscid fluid solver and extended it to support MHD
simulations on a NVIDIA Quadro FX 5600 graphics card. The code achieved a factor
of ten speedup over a 3 GHz CPU. They also tested the code on a small cluster with
four nodes and each has a NVIDIA GeForce 8300 GT graphics card. They reported
a close ideal speedup for up to four GPUs. Ueda et al. [60] implemented the CIP-
MOCCT method on a NVIDIA GeForce GTX 480 graphics card and obtained speedups
of 30 over a Intel i7 2.93 GHz CPU. Zink [61] developed a GPU-accelerated general
relativistic MHD code HORIZON and tested it on a NVIDIA GeForce GTX 580 graphics
card and two NVIDIA Tesla C2070 graphics cards installed in a workstation. Lin et
al. [62] presented the large-scale high-Lundquist number reduced MHD simulations of
the solar corona on GPU accelerated distributed memory machines, but a very limited
amount of implementation details were reported in Lin’s work. Recently, Wasiljew and
Murawski [63] presented a GPU implementation of the 2D Athena code [14] and tested
it on a NVIDIA GeForce GTX 460 graphics card. Although there are quite a large
number of GPU MHD implementations available, no optimization techniques dedicated
to improve the performance of MHD simulations on distributed multi-GPU systems have

been presented in detail.

2.2 The GPU-MHD Code

In this section, we briefly review our GPU-MHD code for ideal MHD simulations on
a single GPU. This work had been published in [57]. GPU-MHD was designed to be
run entirely on the GPU and it supports both single and double precision. Here we

summarize our strategies for the design as follows:
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FIGURE 2.1: Mapping between 1D array and 3D array.

e One or more CUDA kernels were designed and implemented for each step of the

numerical scheme to exploit the parallelism of GPUs;

e Storage of the intermediate results (such as the “flux” and some interpolated values
of each grid point), which will not be used in the next calculation step, are reused

to reduce memory usage;

e In order to provide effective memory access, the eight components (p, pvy, pvy,
pvz, E, By, By, B.) of the MHD equations are stored in separate arrays and each
component of a grid point is stored close to the same component of the neighboring
grid points. In addition, only the necessary component of a calculation kernel will

be accessed.

For memory arrangement of GPU-MHD, we store the data in one-dimensonal arrays
and perform the parallel computation with one-dimensional threads due to the limited

support of multidimensonal threads by the early version of CUDA.

Figure 2.1 shows the data storage arrangement of GPU-MHD. The storage and threading
method can be extended to solve multidimensional problems using an simple index

calculation shown in Equations 2.1 and 2.2.

INDEX, = index / (SIZE, x SIZE,)
INDEX, = lindex mod (SIZE,x SIZE.)|/SIZE, (2.1)
INDEX, =index wmod SIZE,

INDEX, +1 = index + (SIZE, x SIZE.)
INDEX,+1 = index +SIZE,
INDEX,+1 = index=+1 (2.2)

Here INDEX,, INDEX,, and INDEX, are the indexes of a 3D matrix. index is the
1D index used in the 1D array (storage) of GPU-MHD, SIZE,, and SIZE, are the
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matrix size (number of grid points in our case) of a 3D matrix. Equation 2.1 expresses
the mapping of three-dimensional indexes to one-dimensional indexes. Equations 2.2 is
the shift operations. Shift operations are very important in numerical solution because

it is necessary to find out the neighboring grid points in the stencil calculations.

A second-order accurate (in space and time) total variation diminishing (TVD) method
[64] is used for solving the ideal MHD equations (Equation 1.5). In this method, we
first hold the magnetic field fixed and then update the fluid variables. Then we per-
form a reverse procedure to complete one time step. The three dimensional problem is
solved by splitting it into one-dimensional sub-problems using a Strang-type directional
splitting [65]. Here we summarize the numerical method. The ideal MHD equations
can be written in flux-conservative vector form by considering the advection along the

x direction as follows

87u N OF (u)
ot ox

where the conserved fluid variables and the flux vectors are given by

=0 (2.3)

p PV
Pz pv2 + P* — B2
u=| pv, |, F= pUzUy — By By (2.4)
pUz pUzV; — By B,
E (E+ P*)vy, —B;B-v

Equation A.1 is solved by Jin and Xin’s relaxing TVD method [66]. The fluxes are ob-
tained using a monotone upwind scheme for conservation laws (MUSCL) with a second-
order TVD (van Leer limiter) correction. A second-order Runge-Kutta scheme is used

for the time integration. Let L; be the update operator of u! to u!*4t

including the
flux along the i-direction with time step At. Each L; includes three update operations
in sequence, for example, L, includes the fluid update along x, the update of B, along
x, and the update of B, along x. A forward sweep and a reverse sweep are defined as
utA = [, L,Lyut and w2 = [, L, L, u'™! respectively. Then the dimensional

splitting of the relaxing TVD can be expressed as the follows:

uw? =20 = L L, L, Lyult
u =2t = L[ L,L,L,L.u'"

u =uBt2A = [ L, L, L, Lyu® (2.5)
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where Aty, Ato, and Ats are sequential time steps after each double sweep. The operator
L; contains the majority of the calculations in the numerical method. Each sweeping
operation L; will update both the fluid variables and orthogonal magnetic fields along
the i-direction. Since the updates in L; are first performed along the z-direction, then
y-direction, and then z-direction, the numerical kernel only has to be implemented once
and can be used for all directions by changing the targeting index. The calculation
steps in GPU-MHD are shown as the follows, The corresponding flow chart is shown as
Figure 2.2:

1. CUDA/OpenGL initialization

2. Setup the initialize condition for the specified MHD problem:
u = (u1,u2,u3,us,us) of all grid points, B = (B, By, B.) of cell faces, and set

parameters such as time ¢, etc.
3. Copy the the initialize condition u, B to device memory (CUDA global memory)

4. For all grid points, calculate the ¢4, by Equation A.17 (implemented with a
CUDA kernel)

5. Use cublasIsamax (in single precision mode) function or cublasIdamax (in double
precision mode) function of the CUBLAS library to find out the maximum value

of all ¢;naz, and then determine the At

6. Since the value of At is stored in device memory (GRAM), read it back to host
memory (RAM)

7. Sweeping operations of the relaxing TVD (Calculation of the L;,i = z,y, z)
8. t=t+2At

9. If t reaches the target time, go to next step

else repeats the procedure from step (4)
10. Read back data u, B to host memory

11. Output the result

Implementing parallel computation using CUDA kernels is somewhat similar to parallel
implementation on a CPU-cluster, but it is not the same. The major concern is the
memory constrain in GPUs. CUDA makes parallel computation process on GPUs which
can only access their graphics memory (GRAM). Therefore, data must be stored in
GRAM in order to be accessed by GPUs. There are several kinds of memory on graphics

hardware including registers, local memory, shared memory, and global memory, etc.,
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FIGURE 2.2: The flowchart of GPU-MHD .
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and they have different characteristics and usages [2], making memory management of
CUDA quite different compared to parallel computation on a CPU-cluster. In addition,
even the size of GRAM in a graphics card increases rapidly in newer models, but not all
the capacity of GRAM can be used to store data arbitrarily. Shared memory and local
memory are flexible to be used, however, their sizes are very limited in a block and thus
they cannot be used for storing data with large size. In general, numerical solution of
conservation laws will generate many intermediate results (for example, ultAY2 F o,
w, etc.) during the computation process, these results should be stored for subsequent

steps in the process. Therefore, global memory was mainly used in GPU-MHD.

After the ¢pq, in Equation A.17 is found, we can get the At by determining the Courant-
Number (¢fl). The sequential step is the calculation of L; (i = z,y, z). The implemen-
tation of L; includes two parts: update the fluid variables and update the orthogonal
magnetic fields. The first part of the L; calculation process is named fluid; for the fol-
lowing description. The fluid variables will be updated along z-direction. Algorithm 1
shows the steps and GPU kernels of the processes of fluid, (the data of u and B are
already copied to device memory), all the steps are processed on all grid points with
CUDA kernels in parallel.

Algorithm 1 Algorithm of fluid,, all equations and difference calculations are pro-
cessed using CUDA kernels

1: Load u, B and At

2: Memory allocation for the storage of the intermediate results: Btemp, Wtemp,
fluXtemp, otheriemp, (othertemp includes the storage of F, ¢, w, etc)

3: Btemp < results obtained by Equation A.18 using B

4: otheriemp ¢« results obtained by Equations A.8 and A.10 using u

5: fluxgemp ¢ the flux of a half time step: difference calculation obtained by Equation
A.15 using othertemp

6: Utemp ¢ calculate the intermediate result (uHAt/ 2) using Equation A.15 using w
and flux¢emp

7: otheriemp < results obtained by Equations A.8 and A.10 using wemp

8: fluX¢emp < the flux of another half time step: difference calculation obtained by
Equation A.16) and the limiter (Equation A.13) using othertemp

9: Calculate the result of u!*2* using fluxtemp using Equation A.16 and save it back
to u

10: Free the storage of the intermediate results

11: (Continue to the second part of L,, update the orthogonal magnetic fields)

In this process, we have to calculate the magnetic fields of the grid point (Equation
A.18) first because all the magnetic fields are defined on the faces of the grid cell [64].
To update the fluid variables of L;, the main process, which includes one or even several
CUDA kernels, is to calculate the affect of the orthogonal magnetic fields to the fluid
variables. After the above processes of flux calculation is processed, the value of fluid

— u will be updated from u! to uttA?,
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The second part of the L; calculation process is to update the orthogonal magnetic fields
(For example, magnetic fields in y-dimension (By;), and z-dimension (B,_,,) will be
updated after the fluid, of L, is finished). Algorithm 2 shows the calculation steps
of the magnetic fields.

Algorithm 2 Algorithm of (B,_,;) and (B.—;), all equations and difference calculations
are processed using CUDA kernels

1. (After the processes of fluid, we obtain an updated u)

2: Load w; (density p), uz (pv,), B and At

3: Memory allocation for the intermediate results: Btemp, HUXtemp; VXtemp and
VXface

4: VXgemp < determine the fluid speed with the updated w; and ug in fluid,, with
the difference calculated in y-dimension

5: VXface < Results obtained by Equation A.19

6: luxX¢emp < the flux of a half time step: difference calculation of “flux of magnetic
field in y-dimension” obtained by Equations A.15 and A.20)

7: Biemp ¢ calculate the intermediate result (ut+At/ 2) by applying Equation A.15 to
B, (not by applying Equation (A.15) to w) with B, and flux¢emp

8: luxX¢emp < the flux of another half time step: difference calculation obtained by
Equation A.15, the limiter of Equation A.13 and Equation (A.20)

9: Calculate the result of B2 and B2 with fluXgemp by applying Equation A.16)
to By, and save it back to B

10: (the following steps is similar to above steps but the affected orthogonal magnetic
field is changed from y to z)

11: VXgemp ¢ determine the fluid speed with the updated w; and ug in fluid,, with
the difference calculated in z-dimension

12: VXface < Results obtained with Equation A.19 using index of i, j, k + 1/2

13: fluXgemp < the flux of a half time step: difference calculation of “flux of magnetic
field in z-dimension” obtained by Equations A.15 and (A.20)

14: bgemp < calculate the intermediate result (uHAt/ 2) by applying Equation A.15 to
B. (not by applying Equation A.15 to u) with B, and flux¢emp

15: fluXgemp < the flux of another half time step: difference calculation obtained by
Equation A.15, the limiter of Equation A.13 and Equation A.20

16: Calculate the results of B2t and BUFAY with fluxgemp by applying Equation A.16)
to B,, and save it back to B

17: Free the storage of the intermediate results

After one whole process of L, is processed, both fluid and magnetic fields are updated
to t + At with the affect of the flow in z-dimension. One whole sweeping operation
sequence includes two L, L,, and L, (see Equations A.22). So we actually get the
updated fluid and magnetic fields of ¢ 4+ 2At after one sweeping operation sequence.
As the only difference among L,, Ly, and L, is the dimensional index, we only need to
change the targeting index to get a generic sweeping operator L; to work for a particular
dimension by performing indexing operations in all L; kernels. Figure 2.3 shows the flux
computation of GPU-MHD. Once the one step of the whole computation pipeline in

Figure 2.2 is completed, the MHD simulation results will be stored in graphics memory
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FIGURE 2.3: Flux computation in GPU-MHD. The same kernel is called in L; with
different indexing for the calculation in different direction.

(GRAM). These results are ready for real-time visualization or copy back to the CPU

for recording the data of other usages.

GPU-MHD provides different visualization methods for one-dimensional, two-dimensional
and three-dimensional problems. Since the simulation data are stored in the GRAM of
the GPU board. It can be visualized directly using the graphics features of the GPU.
Referring to the flowchart of Figure 2.2, the simulation results of each step will be visual-
ized with different operations, depending on the dimension of the simulation. For GPUs
doesn’t support graphics features, or if the user prefer not to visualize the result in real-
time (disable the real-time visualizatoin), visualization steps after L; will be skipped. To
visualize one-dimensional problems for each time step, the simulation results are copied
to the CUDA global memory that mapped to the Vertex Buffer Object (VBO) [67].
For all grid points, one grid point is mapped to one vertex. The position of each grid
point is mapped as the z-position of the vertex and the selected physical value (p, p,
etc.) is mapped as the y-position of the vertex. Then a curve of these vertices is drawn.
Since the VBO is mapped to CUDA global memory and simulation results are stored in
GRAM, the copying and mapping operations are fast. Experimental result shows that
GPU-MHD with real-time visualization can achieve 60 frame per second (FPS) in single

precision mode and 30 FPS in double precision mode.

The operational flow of visualization of 2D problems is similar to that in 1D visualization.
However, instead of Vertex Buffer Object (VBO), Pixel Buffer Object(PBO) [67] is used.
For each time step, the simulation results are copied to the CUDA global memory that
are then mapped to the PBO. For all grid points, one grid point is mapped to one pixel.
The = and y position of each grid point are mapped as the corresponding x-position
and the y-position of the vertex and the selected physical value (p, p, etc.) is mapped
as the color of the pixel to form a color image. To render this color image, a transfer
function is set to map the physical value to the color of the pixel and then the resulting

image is drawn. Similar to VBO, PBO is also mapped to CUDA global memory and
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FIGURE 2.4: 1D real-time visualization during the evolution (top) and the correspond-
ing final result (bottom) of the density (p) of Brio-Wu shock tube problem with 512
grid points using GPU-MHD.

the simulation results are stored in GRAM, so the copying and mapping operations are
also fast and do not affect too much to the performance. Although the number of grid
points in 2D problem is much larger than those in the one-dimension problem, the FPS
still reaches 10 in single precision mode and 6 in double precision mode, still giving
acceptable performance to the user. Visualization of 3D problem is different to 1D and
2D problems. GPU-based volume visualization method [68] and texture memory (or
video memory) are used. The screen captured images of the real-time visualization are

shown in Figures 2.4 to 2.6.
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FIGURE 2.5: 2D real-time visualization during the evolution (top) and the correspond-
ing result at ¢t = 5s (bottom) of the density (p) of Orszag-Tang vortex test with 5122
grid points using GPU-MHD.
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FIGURE 2.6: 3D real-time visualization of the Energy (E) of 3D Blast wave problem
with 1283 grid points using GPU-MHD.

The GPU-MHD code achieves speedups (in single precision) of about 10x (1D problems
with 4096 grid points), 200x (2D problems with 10242 grid points), and 84x (3D prob-
lems with 1283 grid points), respectively, compared to the corresponding serial CPU
MHD implementation. More implementation details, numerical tests as well as perfor-

mance measurements and accuracy analysis are given in [57].
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GPU Direct-MPI Hybrid

Framework

3.1 Multi-GPU Systems and the Data Communication Over-
head

To use GPUs for computations, data have to be stored in the video memory (GRAM)
which is on the graphics board. But the capacity of GRAM on a single GPU is far
less than the requirement for large-scale simulations. Thus, distributed multi-GPU
systems are needed. Nowadays, many supercomputers with high rankings in the Top
500 list [47] use GPUs as the accelerator to offer extremely high computation power,
including Titan, Cray CS-Storm, TSUBAME 2.5, and Tianhe-1A. Many-core GPUs
provide very high floating point operations per second (FLOPS) and their power are
increasing rapidly. The wide use of GPUs also drives their development, where the
architecture of GPUs is now being renewed in every two years. For example, the Kepler
GPUs have about two times (in double precision) the peak FLOPS [69] of the Fermi
GPUs [70], but the bandwidth is not increasing as fast as the computational power.
Moreover, data exchanges between GPUs have to go through the host memory (memory
on the motherboard). This can cause extra overheads for computations using distributed
multi-GPU systems. If the data are fragmented in the GRAM, the overheads will be
quite heavy. That’s why the common way of using distributed multi-GPU systems for
large-scale scientific simulations is to decompose the whole computational domain in
two-dimension (2D) (only do the partitioning along the y and z dimensions — where
most of the data to be exchanged stored in continues memory address). On the other
hand, data transfers between GPUs on distributed multi-GPU systems are also the

bottleneck. Because the whole computational domain is decomposed into a certain

31
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number of partitions, and these partitions are stored and calculated in different nodes,
it is necessary to exchange the halo data of a partition with its adjacent partitions.
Data communication between computing nodes are processed through the network. The
supercomputer or cluster typically has highly optimized network specification (such as
InfiniBand) and settings for fast data communication. However, data stored in GRAM
has to be copied to the main memory before being transferred to another node. It is

also necessary to copy the received data from the main memory to the GRAM.

We hereby propose an efficient GPU Direct-MPI hybrid framework, providing fast data
communication to tackle the data transfer bottleneck. GPU Direct 2.0 [2, 50] for peer-
to-peer data transfer between GPUs has been used in our approach. Our framework
can be used for any grid-based numerical simulation including CFD and MHD. An
implementation of magnetohydrodynamic (MHD) simulation by the GPU parallelization
of a TVD algorithm for solving the multidimensional ideal MHD equations. An extension
our previous work GPU-MHD code [57] for single GPU computation to multiple GPUs
is presented (called MGPU-MHD code). The MGPU-MHD code has been implemented
and tested on the TSUBAME supercomputer [3, 71] at the Tokyo Institute of Technology.

3.2 Efficient Data Communication on Distributed Multi-
GPU Systems

Numerical simulations using GPUs usually can achieve high efficiency, though the limited
size of the memory on a graphics cards restricts the resolution of a MHD simulation that
runs on a single GPU. According to the ideal MHD equations, there are eight physics
quantities (p, pvg, pvy, pvs, E, By, By, B;) for the 3D simulation. Extra memory for
storing the intermediate results of the numerical method is also required. In our previous
experiments, the maximum resolution of a MHD simulation that runs on a NVIDIA Tesla
M2050 GPU with 3GB memory is 2253. Therefore, distributed multi-GPU systems are

needed for large-scale MHD simulations.

In a MHD simulation, the physics quantities of a grid point are updated by using one or
more physics quantities of its adjacent grid points. Such calculation is called the stencil
calculation. When performing simulations on clusters, the whole calculation domain is
divided into many partitions and each partition is stored in a node. When calculating
the elements on the boundary of a partition, boundary elements from the adjacent
partitions are needed as the inputs for the stencil calculation. Hence, a node needs a
copy of the boundary elements of its adjacent partitions in every direction. The copy

of the required elements of the adjacent partitions are called the halo (See Figure 3.1).
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FIGURE 3.1: The halos for the stencil calculation.

The halo is updated at every calculation step by copying the boundary data from the
adjacent partitions. Therefore, data exchanges between GPUs and nodes are required,

leading to the overhead in every step of the calculation.

For a 3D MHD simulation, there are eight physics quantities and the relaxing TVD
scheme for the MHD equations needs four halos in every direction. This huge amount
of the halo data exacerbates the data transfer bottleneck. In this section, we introduce
several techniques employed in our implementation in order to enhance the efficiency of

the MHD simulations on distributed multi-GPU systems.

3.2.1 Overlapping

Overlapping the calculation and data communication is an effective technique used in
GPU computing. Similar to the direct memory access (DMA) mechanism of the host sys-
tem, NVIDIA GPUs with compute capability higher than version 1.1 contain dedicated
DMA engines for data transfers over PCle that work concurrently with CUDA kernel
executions. The concept of overlapping for grid-based MHD simulations is to calculate
the boundary elements first. Then, renew the halo by copying the updated boundary
elements between every partition and calculating the interior grid points simultaneously

(see Figure 3.2).

Overlapping has some overhead because of breaking the computation into two steps.
The processing time of a kernel is usually Tnon—0vertapped < TOverlapped- Nevertheless,

overlapping can hide the latency of 1/O, resulting in a performance gain in total. The
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time expense can be calculated by the following equations:

TNOn—Overlapped < TOverlapped = TBoundary + Tlnterior (31)

Without overlapping;:

Ttotal = TNonvaerlapped + TDataE:rchange (32)

Overlapping:

Tiotal = TOverlapped = TBoundary + maX(TIntem'orv TDataEzchange) (33)

It will be an ideal situation if the data exchange can be totally hidden by the calculation
of the interior grid points (Equation 3.3 where T'pytaExchange < Tinterior)- This situation
can happen in GPU applications on a single workstation with multiple GPUs. However,
the time for data exchanges between nodes on a cluster is generally longer then the

calculation time, and it is even longer for distributed multi-GPU systems. The data
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FIGURE 3.3: The number of the pre-computed boundary elements.

of the simulation is stored in the dedicated memory on the graphics board, so a GPU-
CPU-GPU copy is required. That means the data has to be copied from the “device”
(GPU) memory to the “host” (CPU) memory in a node (so-called “D2H copy”), and
then transfer to another node, and copy from the “host” memory to the “device” memory
(so-called “H2D copy”) of the another. In addition, the amount of the exchanging data

is large in MHD simulation.

If the calculation of the interior is hidden by the data transfer, the larger the Trpterior
compared to the Tpoyndary, better performance will be obtained. The “thickness” of the
boundary elements is the same as the size of the halos (= 4 in the TVD MHD method).
However, the evolution of the physics quantities of the numerical simulation in a dt
requires many calculation steps. And the stencil calculation of each step needs one
or more adjacent grid points invoked. In our implementation, we need four boundary
elements in each direction to be updated before the overlapping process of the data
transfer and the calculation of interior. To update four fluid vectors w of the MHD
equations, 4 + 1 = 5 fluxes F' are needed to be calculated first. To get five fluxes, more
intermediate results calculated by the boundary elements are required. Even though we
only need four updated u. The number of the boundary elements of the intermediate
results of each step is an incremental number counting from the last process block to the
first process block of Figure 3.2. For both the fluid and the magnetic field parts of every
L; (i = x,y,z), the concept is illustrated in Figure 3.3. The total number of computed
elements is the same as the non-overlapped approach. However, the increasing number
of the pre-computed boundary elements affects the performance gain of the overlapping

technique.

L., L, and L, of GPU-MHD contains the same calculation kernels with different in-

dexing operations (see Figure 2.3 of Section 2.2). To extend the computation of L;
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with overlapping, we only need new index operations for the traversal of the boundary
elements and the interior elements. The calculation parts are still the same for both

boundary and interior calculations of L, Ly, and L., as shown in Figure 3.4.

Overlapping somehow enhances the efficiency, but due to the high workload of data

exchanges, a better method is still needed to speedup the data exchanges.

3.2.2 GPU Direct-MPI Hybrid Communication

Distributed multi-GPU systems usually have more than one GPU installed on the PCle
interfaces in each node. Before GPU Direct 2.0 was available, data exchanges between
two GPUs had to proceed through a GPU-CPU-GPU memory copy. This indirect way
dramatically reduces the performance of distributed multi-GPU systems. The overhead
is large and cannot be hidden by the overlapping technique. In order to enhance the per-
formance of large-scale MHD simulations on distributed multi-GPU systems, we hereby
propose a GPU Direct-MPI hybrid communication approach. In this approach, MPI
is only used for the data exchange between computer nodes where GPU Direct 2.0 is
applied for the internal data exchange between GPUs within a node. It is different from
the commonly used flat MPI approach which launches the same number of processes
as the number of GPUs, we only need to launch one process in each node to drive all
the GPUs in a node. Therefore, the computational domain is divided by the number
of nodes rather than the total number of GPUs of the system. As a result, only two
MPI data transfers on each direction are needed per node, as showed in Figure 3.5.

Our approach reduces the MPI traffic and achieves higher efficiency in data exchanges,
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F1GURE 3.5: Multiple partitions in the z-dimension can be handled by multiple GPUs
in one single process.

resulting in total efficiency enhancement since the data exchange is the bottleneck of
large-scale MHD simulations on distributed multi-GPU systems. More details of the

strategies used in our approach:

1. Using GPU Direct for fast internal data exchange between GPUs

2. Using CUDA kernel to speedup the fragmented data exchange,

will be explained in the following subsections.

3.2.2.1 GPU Peer-to-peer Data Transfers

GPU Direct 2.0 is a feature of Fermi or newer generation GPUs and it is available for
CUDA 4.0 (since 2011) or later. It provides peer-to-peer data communications between
two GPUs in the same node (see Figure 3.6). By using GPU Direct 2.0, data transfers
between two GPUs become straightforward and much more efficient. On the other
hand, a single process can handle all the GPUs in a node in a easier way by using
CUDA runtime APIs. Figure 3.7 shows the difference between two approaches of using
flat MPI and GPU Direct 2.0 for data communications between GPUs.

Because multiple GPUs within a node are handled by a single process, the decomposi-
tion of the computational domain becomes a two-layer process. At the first layer, the
whole computational domain is decomposed by the number of computation nodes of the
system, and communication is done using MPI, where one process is assigned to every

node. At the second layer, a partition domain in a node is decomposed in one dimension
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FIGURE 3.6: Peer-to-peer communication between GPUs on the same PCle bus[2].
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FIGURE 3.7: Comparison between using flat MPI (top) and GPU Direct 2.0 (bottom)
for inter-node data exchanges.
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(z-dimension in our case) and assigned to every GPU. For the data exchange in the
z-direction, only the first GPU and last GPU have to exchange the data to the adjacent
node via MPI (see Figure 3.5). The data exchanges in y and z directions can be done by
packing the data to a single buffer and transferring the packed data to other nodes via
MPI. When a node receives the packed data, it unpacks the data and then distributes
them to every GPU in that node. More detail about the data exchange in y and =
directions will be explained in the following subsection. The data exchange between
GPUs in the z-direction in the same node is done via GPU peer-to-peer data transfer.
The cudaMemcpyAsync CUDA API is used to exchange the data inside a node instead
of MPI_isend and MPI_irecv (or MPI_sendrecv). This approach not only increases the
efficiency of the data exchange between the GPUs inside a node, but also reduces the
number of MPI communications. Asynchronous copy (non-blocking copy with synchro-
nization) is used to let the GPUs transfer the data concurrently. Furthermore, internal
data exchanges using GPU Direct 2.0 transferring data between GPUs via PCle interface
directly. Thus, it can be run simultaneously with MPI transfers. Experimental results

shows the great benefit of our approach compared to the common flat MPI approach.

3.2.2.2 Fragmented Data Movement via CUDA Kernel

To run large-scale MHD simulations using many nodes on a distributed multi-GPU
system, it is necessary to decompose the whole computational domain into a certain
number of partitions and assign each partition to a node for computation. For 3D MHD
simulations, in theory, the best way is to use 3D decomposition since each partition
will have the smallest surface area. In other words, each partition will have less halo
elements which means less memory usage for the halo and less data to be transferred.
Thus, it shortens the data exchange time. Besides, since the memory usage of the halo
is reduced, the saved memory can be used for the non-halo data. More grid points can
be calculated in each node. Table 3.1 shows an example of the halos of a 3D MHD
simulation with the resolution = 10803 using different decomposition methods. There
are eight quantities and four halos in each direction. The calculation of the memory

usage of a node is simply by the following equations:
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PartitionSizeyithout Halo = PartitionSize,
x PartitionSize,
x PartitionSize, (3.4)
PartitionSizeyithHalo = (PartitionSize, + 2 x Halo)

x (PartitionSize, + 2 x Halo)
x (PartitionSize, + 2 x Halo)
= (PartitionSizey + 8)
X (PartitionSize, + 8)
X (PartitionSize, + 8) (3.5)
NumberO fHalo = NumberO fQuantities
X (PartitionSizeith Halo
—PartitionSizeyithout Halo)

= 8 x (PartitionSizeyithHalo

—PartitiOnSizewithoutHalo) (36)
MemoryUsage = (NumberO fHalo) x (BytesO fVariable)
= (NumberO f Halo) x —1024X10824X1024 (3.7)

Where PartitionSize is the size of a partition domain. For example, PartitionSize of
the 1080 domain with 6 x 6 x 6 decomposition is :
(PartitionSize,, PartitionSize,, PartitionSize,) = (1080/6, 1080/6,1080/6) = (180, 180, 180).

Unfortunately, the I/O of the fragmented data of the device memory has extremely low
performance (see Figure 3.8). In our experience, it spends dozens or even hundreds
of times for copying the halo data in z-direction compared to z-direction. However,
we found that moving the data via a CUDA kernel (simply launch a “a = b” CUDA
kernel) preforms a fast data copy. This improves the efficiency of the data transfer in
the 3D decomposition. As a result, 3D decomposition becomes useful and is used in our
large-scale MHD simulation implementation. Moreover, it shows higher efficiency than

the commonly used 2D decomposition approach.
The procedures of the data exchange in x and y-directions are as follows and and shown

in Figure 3.9.

1. For each GPU, copy the data beside the halo to a continue/linear memory space
of the same GPU.
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FiGure 3.8: Data addresses on the memory: Boundary data in the z-boundary is

fragmented and shows poor performance in memory copy.

TABLE 3.1: The number of HALO elements and its memory usage (double precision)
in different decomposition methods of a 1080% MHD simulation.

Decomposition | Number of the halo per node | Memory usage (GBytes)
1 x1x 216 76453376 0.56962204
1 x 12 x 18 11347456 0.084545135
6 x6x6 6501376 0.048439026

2. All GPUs copy the data to one single host buffer via asynchronous copy.
3. Copy host memory of the combined data to adjacent node via MPI.

4. Copy the data from the host buffer to a continuous/linear memory space of each

GPU via asynchronous copy.

5. For each GPU, copy the data to the halo from the continuous/linear memory space
of the same GPU.

Copying the fragmented data directly from device to host is very slow. A buffer is
used to align the data before the D2H and H2D copy. GPU has high bandwidth in
device-to-device (D2D) copy. Copying data to a linear buffer and then proceeding the
D2H or H2D copy shows better performance than a D2H/H2D copy directly with the

discontinued memory space of the device memory.

In Steps 1 and 5, D2D copy is done within each GPU concurrently. For the D2D copy in
each GPU, CUDA asynchronous copy is used in the y-direction where as a CUDA kernel
is used in the z-direction. As we mentioned, data copy of the fragmented data in the -
direction is very slow but it is fast if we use a CUDA kernel. In our experimental results,

the average transfer rate of a whole process of the data copy including all five steps we
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FIGURE 3.9: Data exchange in x and y directions. Data copy between device memory
of each GPU and host memory are concurrent.

listed above was 0.153 GB/s in the y-direction and 0.174 GB/s in the z-direction. The
data exchange in z-direction can even provide faster speed compared to the y-direction
in a breakdown measurement. However, since the CUDA kernel is launched for the data
exchange in z-direction, overlapping technique cannot be applied for the data exchange
in z-direction. Therefore, we only use data copy with overlapping for y-direction and

z-direction. For z-direction, a non-overlapped CUDA kernel data copy is used.

In Step 2, each GPU copies the data to the buffer of a single host memory with different
starting points of the address. The packed data from all GPUs will be transferred
to another node via one MPI transfer process. After that, the packed data will be
distributed to each GPU on the other node using a D2H copy. CUDA asynchronous
copy are used in Steps 2 and 4, allowing multiple GPUs to copy data to/from the host

buffer simultaneously.

Using CUDA kernels for fragmented data exchanges instead of cudaMemcpy is simple
but the benefit is huge. In the common flat MPI approach on distributed multi-GPU
systems, 3D decomposition is always much slower than 2D decomposition due to the low
efficiency of the fragmented data exchange. The breakthrough of making 3D decompo-
sition available on distributed multi-GPU systems, minimizes the number of halos in
large-scale MHD simulations, resulting in a performance gain in both data exchanges

and calculations.
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3.3 Numerical Tests

The ideal MHD simulation of our previous work using the GPU-MHD code [57] is
adopted in our implementation for testing the performance of the GPU Direct-MPI
Hybrid framework for large — scale MHD simulations. For more detailed information

about the numerical scheme, please refer to Section 2.2, Appendix A and [57].

In this section, we present several 2D and 3D numerical tests for validating our imple-
mentation. All tests were performed in double precision on the TSUBAME 2.0 super-
computer at the Tokyo Institute of Technology.

3.3.1 MHD Rotor Problem

The first test is the 2D MHD rotor problem taken from [4]. It initiates a high density
rotating disk with radius r9 = 0.1 of fluid measured from the center point (z,y) =
(0.5,0.5). The ambient fluid outside of the spherical region of r; = 0.115 has low
density and v, = v, = 0. The fluid between the high density disk fluid and ambient

fluid (r1 > r > 7y, where r = \/(z — 0.5)2 + (y — 0.5)2) has linear density and angular
speed profile with p = 1+ 9f,v, = —fvo(y — 0.5)/r and v, = fug(x — 0.5)/r where

f=1(r1—7r)/(r1 —ro). The initial condition is listed as follows

r<rg
Vg ( —vo(y —0.5) /7o
vy ¢=19 vo(z—0.5)/rg (3.8)
V=) 0 J
ro<r<m
Uy —fvo(y — 0.5)/r
vy = foo(x —0.5)/r (3.9)
v, 0 )
>
Vg
vy =4 0 (3.10)
Vz
10 r <To
pP=9 1+9f ro<r<nr (3.11)

1 r>1r
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spherical region center = (0.5,0.5)
ro = 0.1, r; = 0.115 (3.12)
f=1=7)/(ri—m), (0<2<1), (0<y<1)

A set of initial value of vg, p, B, and 7 provided in [4] was tested

B, 2.5/V4m
w=1, p=05 ~v=5/3, { B, §= 0 (3.13)
B, 0

Figure 3.10 presents the images of the density computed with 600 x 600 grid points.

The results are in excellent agreement with those presented in [4].

3.3.2 Blast Wave Problem

The second test is the 2D MHD blast wave problem. The MHD spherical blast wave
problem of Zachary et al. [72] is initialized by an over pressured region in the center of
the domain. The result is a strong outward moving spherical shock with rarified fluid
inside the sphere. We followed the test suite [5] of Athena [14]. The initial condition for
2D MHD blast wave problem is listed as follows [5]

Uy = 0 (3.14)

B, 1/v/2
B, =1 1/V2 (3.15)
B, 0

10  inside the spherical region

p=1 7=5/3, p=
/ { 0.1 outside the spherical region

(3.16)
spherical region center = (0.5,0.5), r = 0.1

(0<z<1), (0<y<1)
In Figure 3.11, we present images of the density computed with 600 x 600 grid points.

The results are in excellent agreement with those presented in [5].

The third test is the 3D MHD spherical blast wave problem. The velocity, density p,

pressure p, and v are the same as those in 2D case. The different part of the initial
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FIGURE 3.10: The figure given in [4] (top, t = 0.15s) and our simulation results of the
density of the 2D MHD rotor problem computed with 600 x 600 grid points at ¢t =

0.01s (middle-left), 0.09s (middle-right), 0.17s (bottom-left), and 0.25s (bottom-right).
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FIGURE 3.11: The figure given in [5] (top, ¢ = 0.2s) and our simulation results of the
density of the 2D blast wave problem computed with 600 x 600 grid points at ¢ = 0.01s
(middle-left), 0.16s (middle-right), 0.29s (bottom-left), and 0.38s (bottom-right).
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condition is listed as follows [5]

B, 1/V3
B, =1 1/V3 (3.17)
B, 1/V3

) 10  inside the spherical region
b= { 0.1 outside the spherical region
p=1 v=5/3 (3.18)
spherical region center = (0.5,0.5,0.5), r = 0.1
0<z<1), (0<y<1), (0<z<1)

Figure 3.12 shows the results of the density computed with 300 x 300 x 300 grid points.
Due to the scarcity of published 3D test results, we are not able make direct comparisons

with results presented in the literature here.

3.3.3 Orszag-Tang Problem

The fourth test is the 2D Orszag-Tang vortex problem [73], which is used to study
incompressible MHD turbulence. In our test, the boundary conditions are periodic
everywhere. The density p, pressure p, initial velocities (vs,vy,v,), and magnetic field

(Bz, By, B;) are given by

Vg —sin(27my)
vy = sin(27z) (3.19)
Vy 0
B, — By sin(27y)
B, ¢=4 Bosin(4rx) where By = 1/V4n (3.20)
B, 0

The 2D Orszag-Tang vortex test was performed in a 2D periodic box with 600 x 600
grid points. The results of the density are shown in Figure 3.13, where the complex
pattern of interacting waves is perfectly recovered. The results agree well with those in
Lee et al. [6].

The fifth test is the 3D Orszag-Tang vortex obtained from [74], which is used to study
the creation and evolution of small-scale structures in 3D MHD flows. In our test, the

boundary conditions are periodic everywhere. The density p, pressure p, and v are the
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FI1GURE 3.12: Results of the density of the 3D blast wave problem computed with 300
x 300 x 300 grid points at t = 0.07s (top-left), 0.18s (top-right), 0.41s (bottom-left),
and 0.62s (bottom-right).

same as those in 2D case. Initial velocities (vg, vy, v,), and magnetic field (B, By, B.)

are given by

Uy —2sin(27y)
vy ¢=19 2sin(27mz) (3.22)
Vy 0
B, By|[2sin(4my) + sin(27z)]
B, =14 DBo2sin(27z) + sin(27z)] whereBy = 1/V4r. (3.23)
B, Bylsin(2nz) + sin(27y)]
0<z<1), (0<y<1), (0<2<1) (3.24)

The 3D Orszag-Tang vortex test was performed in a 3D periodic box with 300 x 300
x 300 grid points. The results of the density are shown in Figure 3.14, where the
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FIGURE 3.13: The figure given in [6] (top, ¢ = 0.5s) and our simulation results of the

density of the 2D Orszag-Tang vortex problem computed with 600 x 600 grid points

at ¢ = 0.15s (middle-left), 0.50s (middle-right), 0.83s (bottom-left), and 1.19s (bottom-
right).
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FI1GURE 3.14: Results of the density of the 3D Orszag-Tang vortex problem computed
with 300 x 300 x 300 grid points at ¢t = 0.24s (top-left), 0.35s (top-right), 0.52s (bottom-
left), and 0.57s (bottom-right).

complex pattern of interacting waves is perfectly recovered. Unfortunately, there is lack

of published 3D test results, so that we are not able make direct comparisons here.

3.4 Performance Measurements

The performance measurements of our code — MGPU-MHD are carried out in this
section. All the tests were performed in double precision on the TSUBAME 2.0 super-
computer [3, 71] at the Tokyo Institute of Technology using 216 NVIDIA Tesla M2050
GPUs (72 nodes). Before we analyze the performance, we briefly explain the configura-
tion of a calculation node of the TSUBAME 2.0 shown in Figure 1.7 in Section 1.4.2.
Each calculation node has three NVIDIA Tesla M2050 (Fermi architecture) GPUs in-
stalled and each GPU contains 3GB device memory.
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TABLE 3.2: The comparison of different decomposition methods with respect to the
elapse time on TSUBAME 2.0 (ms/step).

Decomposition | Flat MPI | GPU Direct-MPI Hybrid | Speedup
6 X6 x6 937.13 776.59 1.2
1 x 18 x 12 1362.00 1092.80 1.25
1 x 12 x 18 1299.46 974.05 1.33
1 x1x 216 4708.47 3197.14 1.47

Data transfers between GPUO and GPU1 or GPU2 cannot be done via peer-to-peer
transfer since there are two IOHs between them. CUDA will automatically switch to
GPU-CPU-GPU data copy without the requirement of allocating extra host memory.
The transfer rate between GPUO and GPU1 or GPU2 is from 2.88 to 3.56 GB/s and it
is 4.9 GB/s using peer-to-peer transfer between GPU1 and GPU2 on a calculation node
of the TSUBAME 2.0.

Performance measurements are shown in Table 3.2 and Figure 3.15. The resolution of
the whole computational domain was 8643 in all tests. By using CUDA kernels to move
the halo data along the z-direction, simulations using the 3D decomposition achieved
about 1.39x faster then those using 2D decomposition flat MPI approach. Furthermore,
we obtained about 1.2x speedup more (1.67x in total) by using GPU Direct 2.0. Hav-
ing the fastest elapse time, simulations using 3D decomposition with GPU Direct 2.0
showed enhancements in performance, supporting the benefits of our proposed method.
In addition, 3D decomposition reduced the memory usage for the halo data, thus each
GPU could calculate more data. In our tests using 216 GPUs, the maximum resolution
of the whole computational domain that could be processed was 1200% for 3D decom-
position and achieved 2 TFLOPS while 1D decomposition and 2D decomposition could
only performed 0.42 TFLOPS and 1.4 TFLOPS, respectively. Without using our GPU
Direct-MPI hybrid communication, the common 2D decomposition flat MPI implemen-
tation only achieved 1 TFLOPS. In conclusion, we achieved 2x speedup with our 3D
decomposition method using GPU Direct-MPI hybrid approach.

Data exchange is a bottleneck preventing the improvement of the performance of numer-
ical simulations on distributed multi-GPU systems. To further analyze our data transfer
techniques for performance enhancements, tests and analysis of the data transfer of our
GPU Direct-MPI hybrid communication using 216 GPUs were done. For breakdown
measurements, we got the data exchange rate per node as 0.174 GB/s, 0.153 GB/s, and
0.462 GB/s along the -, y-, and z-directions, respectively.

For the data exchanges along the z-direction, only the GPUO or GPU3 is invoked in the
data exchanges between nodes. The amount of data transferred via MPI is about % of

that of the total data exchange in the z or y direction. Data exchanges between GPUs
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FIGURE 3.15: The comparison of different decomposition methods with respect to the
elapse time (ms/step) (Resolution: 8643).

in the same node are performed using the non-blocking and concurrent peer-to-peer

transfers. In addition, data exchanges in different directions contain different overheads:

1. In the z-direction — Fragmented data copy to linear memory via CUDA kernels.

2. In the y-direction — Fragmented data copy to linear memory via CUDA memory

copy.

3. In the z-direction — Synchronization of the non-blocking memory between GPUs.

As a result, the data transfer rate of the data exchange along the z-direction is about

3x of that of the data exchange in the other two directions.

Applying overlapping technique results in 11% performance gain. As we mentioned in
Section 3.2.2.2, data exchanges along the z-direction block the overlapping. Therefore,

overlapping is only applied to the y- and z-directions.

On the other hand, the number of the pre-computed boundary elements increases with
respect to the number of the calculation steps (see Figure 3.3 in Section 3.2.1). TBoundary
increases when Trpterior decreases. Therefore, the overhead (Trpserior in this case) can be
hidden by the overlapping. We are aware that restricts the performance enhancement

when applying overlapping technique to 3D MHD simulations.

Table 3.3 and Figure 3.16 show the results of the data transfer efficiency of the whole
data exchange process without the calculation part of our MGPU-MHD code. It can be
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TABLE 3.3: The comparison of different decomposition methods with respect to the
data transfer rate using 216 GPUs on TSUBAME 2.0. (GBytes/s).

Decomposition | Flat MPI | GPU Direct-MPI Hybrid | Ratio
1x72x3 6.72558 6.62219 0.98
1x36x6 11.1391 12.4836 1.12
1 x 18 x 12 15.2803 18.9758 1.24
1 x12 x 18 15.5393 22.182 1.43
1 x6 x 36 9.57825 19.0974 1.99
1 x3x72 5.64327 10.8108 1.93

—s=— GPU Direct-MPI Hybrid / Flat MPI
2.0

1.5

1.0 -

1x72x3 1x36x6  1x18x12 1x12x18  1x6x36 1x3x72
Decomposition

FIGURE 3.16: The ratio of the data transfer rate between flat MPI approach and GPU
Direct-MPI hybrid communication using 216 GPUs (¢LUDirect),

seen that we obtain a greater benefit of the data exchange along the z-direction. This
benefit increases if we have more partitions along the z-direction. The reason is that
GPU Direct 2.0 is invoked for in-node GPU data exchanges. The larger number of 2z-
decomposition the higher speedup we get, compared to the flat MPI approach. Besides,
the 1 x 72 x 3 decomposition (it is almost a 1D decomposition along the y-dimension)
was only a little bit slower because of the overhead of the data exchange along the y-
direction. For the data exchanges along the y-direction, both MPI only and GPU Direct
approaches copy the data into a linear buffer on the GPU. The overhead was caused by
the synchronization of the non-blocking copies. The same overhead also exists in the
data exchanges along the z-direction. According to these results, it is evident that the

overhead is small and acceptable.

The above performance measurements show that our GPU Direct-MPI hybrid communi-
cation enhances the performance in many aspects, achieving great speedups of large-scale

MHD simulations on distributed multi-GPU systems. Experimental tests of ideal MHD
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TABLE 3.4: Comparison of different decomposition methods with respect to the elapse
time (ms / step) on TSUBAME 2.5 (Resolution: 1296%)

Decomposition | Flat MPI | GPU Direct-MPI Hybrid | Speedup
6 x 6 x6 2500.30 2077.36 1.2
1 x 18 x 12 2967.00 2218.16 1.34
1 x 12 x 18 2773.12 2044.43 1.36
1 x1x 216 10719.40 5936.13 1.8
- Flat MPI GPU Direct-MPI Hybrid

Decomposition

6x6x6(3D) |

1x18x12(2D) |

1x12x18(2D) |

1x1x216(1D)

I \
0 2000 4000 6000 8000 10000 12000

Elapsed Time (ms per step)

FicUure 3.17: Comparison of different decomposition methods with respect to the
elapse time on TSUBAME 2.5 (Resolution: 12963).

simulation on TSUBAME 2.0 of Tokyo Institute of Technology showing 2x the peak
performance compared to a common flat MPI 2D decomposition approach. In the fall
of 2013, TSUBAME had been upgraded to TSUBAME 2.5. All the GPUs had been
replaced with more powerful Kelper generation K20X GPUs. The following Table 3.4
and Figure 3.17 show the performance tests on TSUBAME 2.5, which are similar to
Table 3.2 and Figure 3.15. Since K20X contains more memory, the resolution of the

computational domain of the tests are enlarged to 12963 (it was 8643 in [75]).

Significant speedup of our GPU Direct-MPI hybrid communication compared to flat
MPI are also shown in the experiment results of TSUBAME 2.5. However, the maximum
speed is obtained by the 2D decomposition (1 x 12 x 18) where as the 3D decomposition
was the fastest in our tests running on TSUBAME 2.0. We conjecture that the reason is
the number of GPUs of peer-to-peer communication and the amount of data exchange.
Each node of TSUBAME contains 3 GPUs. 3D decomposition only has 2 intra-node
communication groups in z-direction where the 1 x 12 x 18 decomposition has 6 groups.
On the other hand, in the 1D decomposition (1 x 1 x 216), the GPU Direct-MPT hybrid
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communication achieves 1.8x speedup which is much higher than the speedup ratio of
the 1D decomposition test in [75] (1.47x). It is evident that GPU Direct-MPI hybrid
parallel approach achieves high performance gain in the tests on TSUBAME 2.5 with
the resolution of 12963. Furthermore, another 2D decomposition (1 x 18 x 12) which has
less intra-node communication groups, performed slower than the 3D decomposition,
which also supports our theory. 3D decomposition requires less memory for the halo.
The maximum resolution of using 216 GPUs for our ideal MHD simulation is 1500 and
achieves 2.92 TFLOPS. For comparison, the performance of the maximum resolution
of using 216 GPUs for our ideal MHD simulation on TSUBAME 2.0 — 1200° is also
tested. Performance test shows 2.1 TFLOPS on TSUBAME 2.5 where it is not a great
improvement compared to TSUBAME 2.0 (2 TFLOPS). TSUBAME upgraded the GPUs
but the other components are the same as TSUBAME 2.0. The computation speed and
the amount of device memory of GPUs are largely improved but hardware related to data
communication speed is the same. Therefore, we conclude that the similar performance

is attributed to the data communication.

Figure 3.18 shows the percentage of the elapsed time between the calculation and the
data communication of the break-down test of our simulation on each node. It can be
realized that the data communication spend longer than the calculation even though we
optimized the data communication a lot. We considering the inter-node data copy is
done via MPI with H2D and D2H copy cause the overhead. Therefore, we're looking
forward to use GPU Direct RDMA for fast inter-node data communication in the future

when the feature is enable after the next upgrade of TSUBAME.

3.5 Summary

Performing large-scale MHD simulations on distributed multi-GPU systems provide us
an opportunity to obtain the simulation results more efficiently. However, the overhead
caused by the data transfer limits the simulation performance. In this section, a GPU
Direct-MPI hybrid framework is proposed in order to address this problem. The follow-
ing strategies are used to overcome this problem, which will fully exploit the massive

computational power of GPUs :

1. We use GPU Direct 2.0 for peer-to-peer GPU data transfers to speedup the data
exchange between GPUs inside each node and reduce the total number of MPI

data exchanges;

2. We design CUDA kernels instead of using memory copy for copying the fragmented
data.
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FIGURE 3.18: Percentage of the elapsed time of each process(M-Field : magnetic field).

These two strategies accelerate the data exchange along the z-direction and overcome
the problem of the 3D decomposition of MHD simulations on distributed multi-GPU
systems. Furthermore, since the 3D decomposition is available, it reduces the memory
usage for the halo data. More data can be stored and calculated in every GPU, thus
improving the overall efficiency. An Ideal MHD simulation was presented using the GPU
Direct-MPI hybrid framework, which achieved 2 TFLOPS on TSUBAME 2.0 and 2.92
TFLOPS on TSUBAME 2.5 in double precision using 216 GPUs, respectively. Both
the performance measurements on TSUBAME 2.0 and upgraded 2.5 show a significant
enhancement with our approach compared to that of a flat MPI implementation. To
achieve higher efficiency, we’re looking forward to apply GPU Direct RDMA for efficient

inter-node data communication.



Chapter 4

Large-Scale Global MHD

Simulation

4.1 Large-scale Global MHD Simulation for Solar Wind-
Earth’s Magnetic Field Interaction

Studies in the space plasma environment are necessary for space exploration. The elec-
tromagnetic effect of natural phenomenon such as solar wind shock waves can damage
the electronic components of an observation satellite. Although 3D global MHD models
are very powerful for studying the solar wind-magnetosphere interaction, performing
3D global MHD simulations is very computationally expensive. Thus these models are
often implemented on massively parallel computers [76-82]. The rapid advances in the
development of graphics processing units (GPUs) provide us an alternative choice to
implement global MHD models on GPUs rather than on central processing unit (CPU)-

based parallel architecture.

We hereby present an efficient 3D global MHD simulator on multiple GPUs using peer-to-
peer GPU communication (GPUDirect 2.0) [83]. Our method is based on the 3D global
MHD model proposed by Ogino et al. [7, 23, 24] for simulating the interaction between
the solar wind and the Earth’s magnetosphere. For applications to large-scale space
simulation, we extend our global MHD simulation for distributed multi-GPU systems
using GPU Direct-MPI hybrid framework.

o7
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4.1.1 Global MHD Model for Simulating the Solar Wind-Magnetosphere

Interaction

The global MHD model we used in our implementation was developed by Ogino et al
[7, 23, 24] to simulate and investigate the solar wind interaction with the Earth’s mag-
netosphere. This model has also been proven to be very useful for simulating the solar
wind-planetary magnetosphere interaction, such as Jupiter’s [25-28] and Saturn’s mag-
netosphere [29-32]. The model is based on the conservation laws (density, momentum,
and energy) and Maxwell equations, which form a couple of partial differential equations
(PDEs) — the MHD equations. The time evolution of the solar wind-magnetosphere
interaction can be simulated by solving the MHD equations. Numerical solutions of
a domain (mesh) of the MHD equations along with the boundary conditions can be
calculated via a numerical scheme such as the two-step Lax-Wendroff scheme [84]. In
our code, the modified leapfrog scheme [24] has been implemented for performing 3D
global MHD simulations on multiple GPUs. Our multi-GPU simulator is based on the
following normalized resistive MHD equations 4.1, [7, 23, 24]:

dp 2

A v D

5t V- (vp) + DV<p

ov 1 1 o
— = —(v-V)v—-Vp+-(IxB)+g+ —
5 (v-V) P p( ) 5
op 2

5 = ~(VVp—pVev+ DV

%—]? = Vx(vxB)+1V’B

where p is the plasma density, v the velocity, B the magnetic field vector, and p the
plasma pressure. The fifth equation of Equation 4.1 is adopted to removed the numerical
error of a finite difference method. By is the magnetic field of a planet. In our test case
— the solar wind interaction with the Earth’s magnetosphere, B is the magnetic dipole
as the approximation of the Earth’s magnetic field. ® = pV?v is the viscosity. 1 is the
resistivity, which was taken to be uniform throughout the simulation box with the range
0.0001 < 5 < 0.002 for the magnetospheric configuration, g = go/&3 (€ = \/m,
go is the standard gravity (9.8 m/s?)) is the force of gravity, and v = 5/3 is the ratio of
specific heat. D is the diffusion coefficient of particles and D), is the diffusion coefficient
of pressure. Coefficient p was artificially assigned in order to control numerical oscillation

of the short wavelength resulting from an initial value or a rapid magnetic field change,
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FIGURE 4.1: Simulation domain of solar wind interacting with the Earth’s magneto-
sphere. The Sun is located in the positive side along the z-axis, and the north magnetic
pole is assumed along the z-axis positive side.

D = D, = u/psw = 0.001, where pg, is the solar wind density. R, = 6.37 x 103 km is
the radius of the Earth.

The calculation domain of our global MHD simulation of solar wind-magnetosphere
interaction is shown in Figure 4.1. The whole computational domain of the simulation
is (z,y,2) = (=60R¢, —30R., —30R.) ~ (30R¢,30R.,30R,.). The Earth is placed at the
origin of the coordinate system. The initial condition is set to a constant source of
density, velocity, and temperature from the upper stream (x = () of the simulation
domain. The magnetic field of the Earth is defined as By = (_5’5”, 7535“ , x2+g§ 722).
The parameter of the solar wind is set as follows: density pgs, = 5 x 10~% (equivalent
to 5/cm™3), Vo = (Usw,0,0), Vs = 0.0627 to 0.117(400 to 750 km/s), psw = 3.56 x
1078(Tyy, = 2 x 10° K) at the upper stream (x = xg). The interplanetary magnetic field

(IMF) is set to By = —1.5 x 1074 (=5 nT) for in the following tests.

The ionospheric boundary condition is imposed surrounding the Earth [23]. Solar wind
comes as the constant source along the x-axis from the upstream boundary at r = zg =
30R. to the free/open(Neumann) boundary at x = x;1 = —60R.. At y = +yo and

z = £z the free/open boundaries are set to the direction with 45 degrees to the z-axis.

The implementation of the global MHD simulation is straightforward. GPU Direct-

MPI hybrid framework will handle the data decomposition and the data communication
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between GPUs of the distributed multi-GPU system. Other issues such as file I/O can be
the same, follow, or even reuse from the ideal MHD simulation. The only differences are

the numerical scheme, the parameter setting of the model and the boundary conditions.

4.1.2 GPU Implementation of the Modified Leapfrog Scheme for Global
MHD Simulation

The modified leapfrog method [24] is one of the finite difference method. Finite dif-
ference methods have ease of computational complexity but at the cost of stability. In
preliminary analysis to our work [57, 75, 83], we found that the computational complex-
ity of the modified leapfrog method is about a half of the relaxing TVD method. On
the other hand, the relaxing TVD method requires 2 halos in each direction because of
the magnetic field is set on the cell face, where ther modified leapfrog method require 1
halo only since all the quantities is cell-centered. In addition, The dimensional splitting
of the relaxing TVD requires more data communication processes in each calculation
step. The relaxing TVD requires data communication in the calculation of each direction
(each L;, described in Section 2.2). Therefore it requires 6 data communications in one
calculation step, where the modified leapfrog method only requires one data communi-
cation per step. Since efficiency are memory usage are demanding to reach our goal of
large-scale simulation as well as the in-situ visualization, we chose the modified leapfrog
method instead of the relaxing TVD method for the global MHD simulation. In fact,
our global MHD simulations using the modified leapfrog achieve 4.38 TFLOPS in double
precision, where our ideal MHD simulations using the relaxing TVD method only achieve
2.92 TFLOPS. As we explained in Section 4.3, In-situ visualization of our global MHD
simulations achieve real-time frame rate. However, it is not efficient enough to provide

real-time visualization with user interaction if we used the relaxing TVD method.

The modified leapfrog method is a combination of the two-step Lax-Wendroff scheme [84]
and the leapfrog scheme [84]. In each sequence [, the first time step is calculated using
the two-step Lax-Wendroff scheme and the subsequent [ — 1 time steps are calculated
using the leapfrog scheme. These steps will be repeated until the calculation reaches the
target time step. The modified leapfrog scheme adopts both the numerical stabilization
of the two-step Lax-Wendroff scheme and the numerical attenuation of the leapfrog
scheme to provide numerical results in a way that is much more stable than using one
of the two schemes individually. The analysis and experiments in [24] suggest that [ = 8
is the optimal number for the modified leapfrog scheme to provide stable results. For

the detail of the modified leapfrog scheme, please refer to Appendix B.
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The modified leapfrog scheme is used to solve the MHD equations and Maxwell’s equa-
tions. In the following description, in order to avoid confusion between the index and
the direction, data of a grid-point will be shown as v,(i, j, k, t), where (3, j, k) is a 3D
index of the mesh (they actually have the same direction as (z,y,z)). Then, we can
express the discretized equation of v,. We have the 1st step of the numerical scheme of

v, of Equation 4.1 as follows:

1) =v,(I) — %vx(I)DI[UI(iJ’ k)]

2
At
— ——w, (1D i, ]
4Ayvy( ) y[’U$<Z,j,k,t)]
At
— ——
4Nz 7
A:D ] (4.2)
N = [p(i, 4, 7t)]m
At 1 1 1
TG+ =+ = ~,)B.(I

A | 1
—Jz(z—i—§,j+§,k+§,t)By(I)]+a

(+1'+1k+1t+
,ULEZ 27.] 2) 2’

(1D [vx(i, j, k, t)]

where we let « represent the gravity term and viscous term for brevity. Index I =
(z'—i—%,j—i—%, k+%, t) for the two-step Lax-Wendroff scheme and I = (i—i—%,j—l—%, k—l—%, t—%)
for the leapfrog scheme. D, (¢), Dy(¢), and D,(¢) are the functions for calculating the

differences in x, y and z directions for any physics quantity ¢(i, j, k, t):

Dy(p(iyj, k,t)) =p(i+ 1,5+ LLE+1,t) + (i + 1,5 + 1, k, t)
+o(i+1,5,k+1,t)+ (i + 1,7, k, t)
—o(i,j+ 1, k+1,t) — ¢, + 1,k, 1)

— ¢, J,k+1,t) — o3, j, k, t)

Dy(o(i, 4, k,t) =p(i +1,j+ Lk+1,t)+p(i+ 1,5+ 1,k, 1)
+o(i,j+ 1, k+1,t)+ o3, + 1,k 1)
—o(i+ 1,5, k+1,t) —p(i + 1,7, k, )
— o, 4,k + 1,t) — ¢(i, 4, k, t)

(4.3)

Dz(¢(i,j, k,t)) :qb(z +1,;+1,k+1, t) + qb(z +1,5,k+1, t)
+ (i, + 1, k+1,8)+ (i, 4, k+1,t)
—p(i+ 1,5+ 1,k t)— i+ 1,5,k t)
— ¢(i, 5+ 1k, t) — o(i, 5, k, )
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From the above equations one can easily see that there are many inputs for the calcula-
tion kernels. This situation is problem for a CPU program, however, as we mentioned
above, such huge number of inputs will cause the CUDA kernels to underperform. It
is an important issue that needs to be addressed when implementing a GPU program.
Actually, this issue can be solved straightforward by splitting Equation (4.2) into many

short equations (steps) as follows:

1 1 1 1 At
. Lo + L 3y — I - =% nND ..
’U$(Z+ 27]+27k+ 27t+ 2) Uﬂ:( ) 4A.’L’U$( ) .T[UID(Zv.]akat)]
At ..
B mvy(I)Dy[’Uz(l,], kvt)] (44)
At
— —v,(I)D i, ]
4szz( ) Z[vl‘(7’7.77k7t)]
11 1 1 11 1 1
Uw(Z+§,]+§,k’+§,t+§) —UI(Z+§,]+§,k+§,t+§)
At ’ . 1 (4.5)
- x '7 '7 7t
1 1 1 1 1 1 1 1
x ‘ 77‘ 77k 77t o) Uz ‘ 77‘ 77]{: 77t a
v(z+23+2 +3 +2) v(z+2]+2 +3 +2)
At 1 1 1
=T+ =5+ = k+ =, )B.(I .
+p(I)[Jy(Z+ 2>]+27k+ 27t) () (46)
—nG+ g ke Loy«
z\1 27.] 27 27 Yy «

Equation (4.2) is now split into three steps (Equations (4.4), (4.5), and (4.6)). To
improve the efficiency, we have tried our best to minimise the number of the input
parameters of each kernel (function) call. The same method is applied to other equations
in every step in the modified leapfrog scheme. Beside the initialization, the overall

program flow is shown as follows, noted that the physics quantity is ¢ = {p,v,p, B}:

For large-scale global MHD simulation using distributed multi-GPU system, our GPU
Direct-MPI hybrid framework which is introduced in the previous section is used. Data
communication between the partitions stored on the dedicated GRAM of different GPU
is handled using our framework to achieve high efficiency. On the other hand, the
computational complexity and required halo size of the modified leapfrog scheme is

lower then the relaxing TVD scheme. Thus, the elapse time per step is faster.

4.2 Experimental Results

Large-scale global MHD simulations were run using the TSUBAME 2.5 supercomputer of
Tokyo Institute of Technology. In this section, experiments of solar wind interacting with

a magnetic dipole field of a planet is presented. The first test is the solar wind interacting
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Algorithm 3 GPU implementation of the modified leapforg scheme

1: Exchange the data at the HALO with the adjacent partition domain.
2: Assign boundary conditions and calculate the boundary data;
3: Calculate the current, J < B(t);
4: If | = 1, interpolate ¢(i + %,j + %,k + %,t) and proceed with the two-step Lax-
Wendroff scheme.
Else use ¢(i + %,j + %, k+ %, t— %) to proceed with the leapfrog scheme;
5: The 1st step of the numerical scheme,
If | =1, two-step Lax-Wendroff scheme
i+ 3,5+ 3. k+ 18+ 1) (3,00, 5,k,t), 06+ 3,5+ 3,k + 1,1)
Else, the leapfrog scheme
i+ 3,5+ 5. k+ 38+ 1) — (3,000, 4,k,t), (i + 2,5+ 2 b+ 3,6 = D)3
6: Calculate the current, J «+ B(t + %),
7: The 2nd step of the numerical scheme, ¢(i, k,j,t + 1) < [J, ¢(i, 7, k, t), p(i + %,j +
k43 t+ 1))
8: If t <tpinish,t =t+ At,l = (I + 1) mod 8, repeat from Step 1.
Else finish the simulation and output the results.

with Earth’s magnetosphere. The magnetosphere is approximated by a vertical dipole
— magnetic poles along to the z-axis. Phenomenon such as the bow shock, polar cusp
and magnetopause were successfully reproduced in our simulation. The magnetic poles
of the second test is a dipole field inclined to the z-axis. These are preliminary studies
of simulating solar wind interacting with the Earth’s magnetic field while geomagnetic
reversal happens. Difference of the polar cusp, as well as the asymmetry plasma flow at

the tail side can be found.

4.2.1 Solar Wind-Earth Magnetosphere Interaction

3D visualization (isosurface) of our simulation results of the solar wind interacting with
Earth’s magnetosphere are shown in Figures 4.3 to 4.6 (Total pressure : p). Figures 4.7
to 4.9 show the x — z plane at y = 0 of the corresponding result of the total pressure
as well as the magnetic field. The evolutions of the solar wind pressing the front side of
the Earth’s magnetic field as well as stretching the tail side are shown. The structure of
the Earth’s magnetic field including the bow shock, polar cusp, magnetosheath, magne-
topause and magnetotail are reproduced in our simulations. Figure 4.2 shows that our

simulation results are in good agreement to [7].

4.2.2 Application to Geomagnetic Reversal

Most magnetic fields of the planets in the Solar System can be approximated by a
dipole field, but with an inclination (Dipole tilt). As a related matter, the theory of the

geomagnetic reversal has been proposed. In this section, we present our simulation with
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FiGURE 4.2: Comparison between our simulation results and the results pre-

sented in [7]. The upper half of the figures is the x — z plane, where the

lower half is the & — y plane. Note that our simulation domain ((z,y,z) =

(=60Re, —30R., —30R.) ~ (30R.,30R.,30R.)) is larger than the simulation domain
of [7] ((z,y,2) = (—48R¢,0R.,0R,) ~ (24R,,24R.,24R.))

a inclined dipole field. Considering that in real practice, the magnetic field of a planet
may be input from observation data rather generate with a function, we do not modified
the function B, but use a unit quaternion [85] to rotate the dipole field. In 3-dimensional
space, according to Euler’s rotation theorem, any sequence of rotations of a rigid body
or coordinate system about a fixed point is equivalent to a single rotation by a given
angle ¢ about a fixed axis (called Fuler axis) that runs through the fixed point. The
Euler axis is typically represented by a unit vector . A Euclidean vector (az,ay,az)
can be rewritten as a,i+ a,j + a .k, where i, j and k are unit vectors representing the
three Cartesian axes. A rotation through an angle of ¢ around the axis defined by a
unit vector

U = Ug, Uy, Uy = Uzl + Uyj + uk
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FIGURE 4.3: Results of the density (isosurface) evolution of the Solar Wind-Earth
interaction (1/2).
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FIGURE 4.4: Results of the density (isosurface) evolution of the Solar Wind-Earth
interaction (2/2).
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FIGURE 4.5: Results of the pressure (isosurface) evolution of the Solar Wind-Earth
interaction (1/2).
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FIGURE 4.6: Results of the pressure (isosurface) evolution of the Solar Wind-Earth
interaction (2/2).
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FIGURE 4.7: Results of the pressure evolution of the Solar Wind-Earth interaction

(1/3).
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FIGURE 4.8: Results of the pressure evolution of the Solar Wind-Earth interaction

2/3).

(
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FIGURE 4.9: Results of the pressure evolution of the Solar Wind-Earth interaction

(3/3)-



Chapter 4. Large-Scale Global MHD Simulation 72

Quaternions give a simple way to encode this four numbers. A quaternion q = (w +
xi+ yj + zk) has an (z,y, z) component to represent the Euler axis (7) The angle ¢
is presented by the w component. Then, the above unit vector can be represented by a
quaternion. This can be done using an extension of Euler’s formula:

q= exp[%(uxi + uyj +uk)| = cos% + (ugd + uyj + uzk) sing

A rotation matrix with a given axis @ (The Euler axis, where u2 + uf/ +u2=1) by an

angle ¢ is
cos ¢ + uZ(1 — cos @) Uzty(1l — cos @) —u,sing  uzu,(1 — cos @) + uy sin ¢
Uytz (1 — cos @) + u sin ¢ cos ¢ + ug(l — cos @) Uyt (1 — cos @) — uy sin ¢
U Uz (1 — cos @) — uysing  u uy (1 — cos @) + uy sin ¢ cos ¢ + uZ(1 — cos ¢)

By using a unit quaternion, the rotation matrix can be expressed as

1—2y2 —222  2(xy —wz) 2(zz + wy)
2wy +wz) 1—222—-222  2(yz — wr)
2(xz — wy) 2(yz +wzx) 1—2z22 -2y

In the following tests, the rotation matrices had been calculated with a unit quaternion
of the inclination angle and then applied to By using matrix multiplication to obtain
the accurate rotated dipole field. Simulation results of the solar wind interacting with

the Earth’s magnetic field with inclination are presented in Figures 4.11 to 4.16.

S

Solar
wind

N
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N

FIGURE 4.10: Dipole magnetic fields of inclined magnetic pole
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FIGURE 4.11: Results of the pressure evolution of the solar wind interaction with
inclined dipole field (1/3).
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FIGURE 4.12: Results of the pressure evolution of the solar wind interaction with

inclined dipole field (2/3).
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FIGURE 4.13: Results of the pressure evolution of the solar wind interaction with
inclined dipole field (3/3).
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FIGURE 4.14: Results of the pressure evolution of the solar wind interaction with

horizontal dipole field (1/3).
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FIGURE 4.15: Results of the pressure evolution of the solar wind interaction with

horizontal dipole field (2/3).
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FIGURE 4.16: Results of the pressure evolution of the solar wind interaction with

horizontal dipole field (3/3).
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4.2.3 Discussion and Analysis

Phenomenon of solar wind interacting with the Earth’s magnetosphere are reproduced
with an approximated vertical dipole magnetic field. The evolution of the solar wind
pushing the front side of the Earth’s magnetic field to cause the bow shock, where the
charged particles (ions) are deflected is reproduced in our simulation results. Other
features such as the polar cusp, where the incoming solar wind particles can reach the
atmosphere of the north pole and south pole (where the aurora appears), as well as
the magnetosheath and the magnetopause are also reproduced in our simulation. Our
simulation result show a very good symmetry to the y = 0 plane and z = 0 plane, which
is in good agreement with the assumptions of [7]. These results show that the IMF has
less influence on the magnetosphere since the magnetic field of the Earth is relatively

strong.

Interesting findings occur in the tests of the inclined dipole. The results of the inclined
dipole field are shown in Figures 4.11 to 4.13. The evolution of the magnetosphere shows
a displacement of the vertical dipole field. The largest difference is the variation of the
polar cusp. Because of the south pole is close to the direction that facing to the incoming
solar wind, not only the pressure of the solar wind but also the size of the polar cusp is
enlarged. The polar cusp becomes narrow and the pressure of the solar wind is weakened
at the north pole. For the results of the horizontal dipole field, there is only one polar
cusp (polar cusp of the south pole) that can be found clearly. The north pole is totally
hidden inside the magnetosphere where it contains low-energy plasma. According to the
magnetic field lines, charged particles are actually still able to get into the atmosphere
at the north pole. Another discovery is the asymmetric pattern of the magnetosphere

¢

as well as a “wave-like” pattern of its evolution. This shows the affect of the IMF has

been taken into account.

4.3 In-Situ Visualization

Performance tests achieve 4.38 TFLOPS in double precision for a computational domain
of 1980 x 1320 x 1320 using 216 GPUs. This shows that our large—scale global MHD
simulations is very efficient. However, it is indispensable to record the simulation re-
sults in our research activities. For large-scale simulation, the amount of the data of a
simulation result is very large. Recording such large amount of simulation data every
time step for post-visualization is storage-demanding. In addition, writing files to disk is
time consuming, resulting in a decrease in simulation performance. In our experiment,

it took 25.6 seconds to record the 8 physics quantities of the MHD equations and 205.63
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FIGURE 4.17: Real-time simulation and visualization for distributed multi-GPU system

GBytes was needed to store the data for one record. Therefore, in-situ visualization is
significantly helpful in reducing disk storage and providing fast preview of the simula-
tion results. In-situ visualization of large-scale simulation run on clusters has been a
hot topic in the visualization research society. Serveral works have been proposed such
as [86][87][88], but most of them are for CPU clusters. Burau et al. [41] also presented
an in-situ visualization of their PIConGPU code, using the GPU for simulation, while

using the CPU for in-situ visualization.

Our implementation of in-situ visualization of the large-scale global MHD simulations
on distributed multi-GPU systems using GPU Direct-MPI hybrid framework will be
explained in this section. When running a large-scale simulation using distributed multi-
GPU systems, the simulation results of each partition are stored on the GRAM of the
corresponding GPU. To efficiently perform visualization of the simulation data on each
GRAM, a GPU based visualization program should also be run on each GPU. The
visualization result of each partition is generated directly on the corresponding GPU,
and will then be composited for rendering. A schematic of our framework is shown in
Figure 4.17.
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FIGURE 4.18: Volume ray casting for multiple partition volumes

For real-time direct volume visualization, volume ray casting [68] on multiple GPUs is
implemented and used. The volume ray casting is one of the widely used direct volume
rendering (DVR) algorithms for visualizing volume data. The color of a pixel on the
image plane is calculated as the projection of the sample points along a ray shot through
the volume. Volume ray casting algorithm calculates the accumulation of all the sample
points of the data volume lying on a ray. Equation 4.7 of the ray casting algorithm allows
us to calculate the result of each partition first and then combine them together as shown
in Figures 4.18 and 4.19 . Blending the results of two partitions has no difference from
blending the RGBA value of two sample points. What we need to do is to calculate the
a factor correctly. By extending Equation 4.7 to Equation 4.8, where Ciyrrent, Qeurrent
represent the current accumulated Color and «, Chew, Qnew represent the Color and « of
a new sample point, Cpartition, and Qpartition,, represent the accumulated Color and o of
a partition. For each partition n, (Cpartition, s Qpartition.,) is calculated by accumulation
of its sample points. After that, the results of all partitions (Cpartition, » Opartition, ) Lying
on the same ray will be accumulated to generate the final (C, ) of a pixel of the image

plane.

C = Ceurrent + (1-0 - acurrent)cnewanewy
o = Qeyrrent T (10 - acurrent)anew- (47)
Cpartz’tionn = Ceurrent + (1-0 - acurrent)cnewanew7
Qpartition, — Qcurrent + (10 - acurrent)anewa
Cc = Cpartiti(ml + (10 - apartitionl)cpartitionz Qpartitions s

& = Qpartition, + (10 - apartition1)apartition2- (48)
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FIGURE 4.19: Composition of the volume ray casting for multiple partition volumes

One important issue is that the coordinate system of the viewing volume of each partition
must be aligned with the cell face of the boundary grids (not the halo grids). This issue is
seldom being considered in volume visualization of a single volume. Since the partitions
won’t be composed to the whole dataset, if the coordinates between each partition do not
align, overlapped grids or a gap will appear in the composed results (see Figure 4.20). On
the other hand, when processing volume visualization on GPUs, the dataset is stored as
a 3D texture. It is common to use normalized coordinate for the texels. However, using
a normalized coordinate system for each partition will make the composition process
much more complicated. More transformation and scaling of the coordinate system will
be needed. In addition, the precision(machine error) of these calculations may cause two
partition to become misaligned. Therefore, we suggest to use the original coordinates
as the computation domain of the simulation. Choosing between normailized or non-
normailized coordinate systems when creating the 3D texture is very simple. It can be

done by changing a parameter in the CUDA APIs.

Blending order is another key point of combining the visualization results of partitions
in DVR using multiple GPUs. Blending order must be the same as the accumulation
order of the sample points of volume ray casting. For example, if the ray casting is front-
to-back, then the blending order of the partitions must also be front-to-back. As shown
in Figure 4.21, the order of the partition will be different depending on the position of
the viewer. Thus, the direction and the position of the viewing points have to be tested
and broadcasted to all computing node before combining the visualization results of the

partitions. Figure 4.21 shows an example of composition in 1D. For 3D composition, we
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F1cURE 4.20: Align the partition by cell face to prevent overlapped grid points or a
gap.

can simply blend the results in each direction one by one. For example, first blending
in the z-direction and then the y-direction, and finally the the z-direction. The infor-
mation of the viewing point and the decomposition of the computational domain of the

simulation can be used to identify the correct blending order.

A reduction algorithm is used for combining the visualization results (see Figure 4.22).
Based on our GPU Direct-MPI hybrid framework, the data communication is a 2-layer
model. Thus, the composition of the visualization results are also done in two steps.
The visualization results of multiple GPUs of each computing node are being composited
via GPU Direct peer-to-peer communication first. Then, the visualization results of the
computing nodes will be composited. For example, for a computing node that contains
four GPUs, which are named GPUy, GPU,, GPU; and GPUs, the reduction process will
composite the results between GPUy and GPUy, GPU; and GPU3, and then composite
the results between GPUy and GPUs, as shown in Figure 4.22. After that, the same
reduction process will be performed between the computing nodes. An example of
composing the final visualization results from 4 partitions of our MHD simulation is
shown in Figure 4.23. Rather than gathering the data to a single node for visualization,
our approach copies the visualization results to another GPU/computing node. As a
result, it has less overhead of data copy and requires less memory than gathering the data

of the whole computational domain onto a single GPU for visualization. Furthermore,
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FIGURE 4.21: Blending order for combining the visualization results (Black : forward
blending. Red : reverse blending).

every GPU of every computing node invokes not only the simulation process but also the
visualization process, resulting in better load balancing than using specific visualization

nodes.

For composing the visualization results, one important issue is that the coordinate sys-
tem of the viewing volume of each partition must be aligned with the cell face of the
boundary grids. Otherwise, overlapped grids of a gap will appear when combining the

visualization results.

Large-scale global MHD simulations were run using the TSUBAME 2.5 GPU-rich super-
computer of the Tokyo Institute of Technology. All test results were computed in double
precision. Our global MHD simulation performs 4.38 TFLOPS with the resolution of
1980 x 1320 x 1320 domain, using 216 Kepler (K20X) GPUs of TSUBAME 2.5. Fig-
ure 4.24 shows the in-situ visualization results of the solar wind-Earth’s magnetosphere
interaction with lower resolutions (810 x 540 x 540) of the simulation domain. The di-
rect volume visualization results of the partition domains was generated and composited
using multiple GPU as mentioned in the above section. Rendering in real-time to the
screen via OpenGL was done simultaneously with the simulation using multiple GPUs
on TSUBAME 2.5. The evolution of the simulation as well as the appearance of the bow
shock can be visualized in on the fly for each simulation step. The FPS is bottlenecked

by the overheads of synchronization, image composition, and the data communication of
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FI1GURE 4.22: Composite the visualization results of partition domain by reduction

TABLE 4.1: Performance of the real-time global MHD simulation and visualization on

TSUBAME 2.5
Domain resolution | Number of GPUs | Step per Second (=FPS) | ms/step
180 x 120 x 120 1 7.4 135.14
180 x 120 x 120 3 13.2 75.76
270 x 180 x 180 3 6.9 144.93
270 x 180 x 180 6 9.9 101.01
540 x 360 x 360 24 5.7 175.44
540 x 360 x 360 81 8.2 121.95
810 x 540 x 540 81 5.0 200.00

remote rendering (OpenGL via ssh X11 forwarding). Nevertheless, 5 to 13.2 FPS can be
achieved with different resolution and number of GPUs. The results are shown in Table
4.1. The results show the steps per second, which is equal to FPS since visualization is
done on the fly for every simulation step. In our analysis, most of the computational
time is spent on the simulation itself. Therefore, user interaction such as changing the

viewing angle does not show significant difference in the frame rate.

4.4 Summary

In this section, large-scale global MHD simulations for solar wind interaction with the

Earth’s magnetosphere using distributed multi-GPU system developed using our GPU
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FIGURE 4.23: Real-time rendering results of the composited final image (bottom) from
the visualization results of 4 partitions (top).
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FIGURE 4.24: Real-time visualization of the solar wind-Earth’s magnetosphere inter-
action

Direct-MPI hybrid framework is presented. By utilizing the high floating-point com-
putational power of GPU to accelerate the calculation, the performance reached 4.38
TFLOPS in double precision for simulations with a resolution of 1980 x 1320 x 1320
domain using 216 GPUs of TSUBAME 2.5. Simulations for the geomagnetic reversal
were also carried out. A unit quaternion is used for the rotation of the dipole field. Com-
pared to the vertical dipole field, the asymmetry pattern of the magnetosphere caused
by the inclination of the dipole field as well as the IMF is found. On the other hand,
the slow I/O time for recording the large amount data from the large-scale simulation
is pointed out. To solve this problem, an in-situ visualization on distributed multi-GPU
systems is presented. Simulation and visualization are processed using multiple GPUs
simultaneously. By minimizing the overheads of copying and gathering the data, only
the visualization results of each partition needed to be composited for rendering. Ex-

perimental results of our global MHD simulation and visualization running 81 GPUs
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achieves up to 8.2 FPS and 5.0 FPS for the simulations of solar wind magnetosphere

interaction for the 540 x 360 x 360 and 810 x 540 x 540 domain, respectively.



Chapter 5

Advanced Simulation for Solar
Wind — Earth’s Magnetosphere

Interaction

5.1 Computational Resource Issues

The resolution or size of the calculation domain of the numerical simulation is limited
by the memory of the system. As we discussed in previous sections, the computational
complexity of global MHD simulation is high. Many new techniques in HPC has been
proposed to speedup the process. However, there is always a trade-off between memory
and performance. In many cases, especially for parallel computing, users “pay” more
memory to “gain” performance. For example, large—scale simulations running on su-
percomputer or cluster require halo grid points and some additional buffers for data
communication, which is not necessary for a simulation running on a standalone ma-
chine. For multi-processes/multi-threading simulation code, each process/thread has to
have its own memory space for the intermediate results (we call it workspace hereafter)
in the calculation of the numerical scheme. Therefore, it requires more memory of each
node than a single process/thread simulation code. Higher percentage of memory usage
has to be allocated to the workspace and less memory can be used for the computa-
tional domain and the simulation results. Nowadays, memory of a high-end workstation
or computing node of cluster is large. However, GRAM of a GPU is relatively small
for the requirement of large-scale MHD simulations. In this section, we present a novel
approach of handling the whole mesh (computational domain) block-by-block(we name

it “block-based structure”) to save to memory usage of GPU computing while retaining

89
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the performance. In addition, an efficient adaptive mesh refinement (AMR) on multi-
GPU systems is developed using our approach. As a result, we enlarge the simulation
domain of the simulation to reproduce the full structure of the magnetosphere. Restric-
tions on the boundary condition of the solar wind interaction with the magnetosphere
is also clarified. Improvements of the boundary condition as well as new findings of the

simulation results are also presented.

5.2 A Block-Based Structure for Efficient AMR on Multi-
GPU Systems

In this section, we describe the detail of our block-based structure. To explain the
principle, we first take a look into to the numerical scheme of how a partial differences
equation (PDE) and see how it relates to a simulation program. As an example, a PDE

is shown in Figure 5.1, where the following descriptions are given:

Data structure

wl__[F]

Time = = — :
Evolution Spaﬂal
Difference
(Program (Memory
Flow) Access)

FIGURE 5.1: The perspective of how a PDE relates to the components of a program

1. The physics quantities U and F' are reflect to data storage and data structure

(mesh or particles)
2. Ot is related to the programming flow — the sequence of the simulation code

3. Ox is related to the data access between the elements — the stencil computation.
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The definition of our block-structure for mesh-based simulation is given as the follows:
1. The whole mesh is decomposed into a fixed number of partitions (called blocks
hereafter).

2. Each block is a subset of the whole computational domain, where the resolution

of each block may vary.
3. Each block has only one neighbour in each direction (z+,z—,y+,y—, 2+, 2—).
4. A geometry map is used to link all the blocks, and also for finding the adjacent

block (in Figure 5.2).

Multi-stream task-parallel and adaptive mesh refinement (AMR) based on this data

structure will be introduced in the following sections.

Geometry Map
Mesh of the whole domain PREN
/

—>

Decomposed Blocks

FIGURE 5.2: The block-based structured mesh

5.2.1 Multi-stream Task Parallel on GPU

In general, the workflow of mesh-based simulation is :

1. Calculate F* from the governing equations using U*
2. Evolve U to U (for example, using the Runge-Kutta method)

3. Addition processes such as limiters, smoothing etc. .

W

. Repeat from step 1 until the simulation ends.

In this processes, except the main physics quantities U, many other data such as F*
and the intermediate results of ¢ + % of the Runge-Kutta method or other multiple
steps scheme have to be generated. Each of these intermediate results generally requires

the same number of data (grid points) of U for parallel computing. For example, even



Chapter 5. Advanced Simulation for SW-Earth’s Magnetosphere Interaction 92

there is not a except resolution is mentioned, Fukazawa et al. reported that 64 MB/core
had been used for the computational domain where additional 192 MB/core for the
workspaces for the computation scheme in [82]. In our block-based structure, a block is
a unit to be processed. Therefore, the storage of the intermediate results is only required
to be the same size as the block. In fact, even on the many-core GPUs, it is not yet
possible to process all the data of a large mesh at once. In addition, the memory space
is defined as a buffer pool and will be reused to store the intermediate results in each
calculation step. As a result, a lot of memory of the intermediate results is saved for
a larger simulation domain. In our tests, memory usage of our MHD simulation with
2563 requires 1.025 GB for the main physics quantities, another 1.025 GB for the physics
quantities at the half grid points (needed by the scheme) and 2.45 GB for the workspace.
By using our block-based structure and decomposed the mesh into 4 x4 x 4 = 64 blocks,
the memory usage is 1.125 GB for the main physics quantities, another 1.125 GB for the
physics quantities at the half grid points (needed by the scheme) and 0.056 GB for the
workspace, respectively. Although 0.1 GB is increased of the data communication (the
halo) between the blocks for the physics quantities and the half grid data, a huge number
of memory of 2.394 GB is saved for the workspace. In total, our block-based structure
save 2.194 GB. As shown in Figure 5.3, the calculation sequence with the buffer pool
is defined as a task, and multiple streams for concurrent kernel execution are applied
to fully utilize the GPU. Moreover, it is possible to launch multiple tasks with different
calculation kernels. For example, as shown in Figure 5.4, a task for the calculation of
the interior grids and another task that calculates the boundary grid with the boundary

condition are launched in parallel.

Task running on Stream 1 Task running on Stream 2
’ Buffer Pool ’ Buffer Pool
Calculation Sequence Calculation Sequence
- Stencil Calculation 0 - Stencil Calculation 0
- Stencil Calculation 1 - Stencil Calculation 1

FIGURE 5.3: Multi-stream task parallel on GPU with the block-based structure(same
task)
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Task running on Stream 1 Task running on Stream 2

. Buffer Pool ’ Buffer Pool

Calculation Sequence

of Interior Grids Calculation Sequence

- Stencil Calculation 0 with
v Booundary Condition
- Stencil Calculation 1 - Stencil Calculation 0

FIGURE 5.4: Multi-stream task parallel on GPU with the block-based struc-
ture(different tasks)

5.2.2 Adaptive Mesh Refinement

Adaptive mesh refinement techniques (AMR) that automatically adapt the computa-
tional grid to the solution of the governing PDEs can be very effective in treating prob-
lems with disparate length scales. Let the resolution of the mesh high enough only in
regions deems of interest (for example the regions with high gradient), thereby saving
orders of magnitude in computing resources for many problems. For typical solar wind
flows, length scales can range from tens of kilometers in the near Earth region to the
Earth-Sun distance (1 AU ~ 1.5 x 10! m), and timescales can range from a few seconds
near the Sun to the expansion time of the solar wind from the Sun to the Earth (~ 10°s).
The use of AMR is extremely beneficial for solving problems with such disparate spatial

and temporal scales.

In general implementations, a hierarchical tree data structure and additional intercon-
nects between the “leaves” of the trees is used to keep track of mesh refinement and the
connectivity between solution blocks. As shown in Figure 5.5, the blocks of the initial
mesh are the roots, which are stored in an indexed array data structure. Associated
with each root is a separate “octree” data structure that contains all of the blocks mak-
ing up the leaves of the tree which were created from the original parent blocks during
mesh refinement. Each grid block corresponds to a node of the tree. Traversal of the
tree structure by recursively visiting the parents and children of solution blocks can be
used to determine block connectivity. However, in order to reduce overhead associated
with accessing solution information from adjacent blocks, the neighbors of each block are
computed and stored directly, providing interconnects between blocks in the hierarchical

data structure that are neighbors in physical space.
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FIGURE 5.5: Tree data structure for AMR.

Adaptive mesh refinement (AMR) is a method that, partitions blocks of a mesh into
different resolution (level) to save the computation time and memory usage. However,
additional processes of calculations or data exchange of the halo between partitions at
different levels are needed. Since data communication is relatively slow compare to com-
puting, these additional process between grid blocks with different levels cause a huge
overhead for AMR on multi-GPU systems. AMR generally uses tree data structure to
mange the partitioning. Therefore, grid blocks with different levels can have multiple
neighbors in one direction. We found that this cause large overhead in data communi-
cation and greatly decreases the efficiency of AMR on GPUs. Many implementations of
AMR on GPU [89] use the CPU to help data management and communication. It is easy
to perform AMR by changing the resolution of each block of our block-base structure
(see Figure 5.6). According to the definition, each block only has one neighbour in each
direction which reduces the overheads of the data communication between grid blocks
at different levels. However, there are still 9 neighbours between one pair of the high
and low level grids in a three dimensional simulation and the overhead is quite big. We
found that when updating the halo region of the low level grid points from the high level
grid points (we refer to this as H2L copy in the following sections. Conversely, updating
the high level grid points from the low level grid points will be referred to as L2H copy.)
using linear interpolation, halo grid points of the high level grid can be ignored. On the

other hand, if the halo region of the low level grid is updated, the halo grid at the corner
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as well as the border of the high level grid can also be updated from the adjacent grid

(as shown in Figure 5.8). Therefore, to achieve further speedup, the following strategy

is applied:

Mesh of the whole domain

—

Geometry Map

-

/1 N~
¥y %

Decomposed Blocks (AMR)

FIGURE 5.6: AMR of the block-based structure.

FIGURE 5.7: The 9 neighbours for updating one slice of the halo (in one direction) of

Halo at the corner : 4 neighbors

Halo at the border : 4 neighbors

Halo at the face : 1 neighbors

a 3D mesh-based simulation.

1. Copy the data between all blocks with the same level.

2. H2L copy with 9 neighbors in each direction (ignores the duplicated corner and

border).

3. L2H copy with 1 neighbor in each direction.

In this data communication sequence, neighbour access in the L2H copy is reduced to 1.
Besides, peer-to-peer access of GPU Direct is used in the interpolation kernel to update

the halo grid points. Therefore, no additional buffer for storing the interpolation results

is required, resulting in savings in memory usage.
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FI1GURE 5.8: The interpolation of grid points between different level

Refine the resolution (changing the level) of a block is time consuming. According to the
modified leapfrog scheme (Appendix B, Figures B.1 and B.2), when the Lax-Wendroff
scheme is processed every 8 steps, value of the of grid points of (i + %, i+ %, k+ %) will
be interpolated again. The results of last step does not have to be kept. Therefore, we
only process the refinement every 8 steps to skip the interpolation of the grid points of

(i+17+1k+3) itself.

The dipole field By which is invoked in the simulation but never changed by the simu-
lation, is stored in texture memory. Texture memory is a special feature of GPU which
not only provids fast read with a specific texture cache, but also perform fast linear
interpolation. Even though it only supports single precision, the accuracy is enough for

the constant value By.
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5.3 Restriction and Improvement for Simulating the Whole

Bow Shock

Due to the lack of computational power, the simulation domain of the solar wind and
Earth’s magnetosphere interaction introduced by Ogino et al [7, 23, 24] was 1/4 the size of
the simulation domain of the model (z,y, z) = (—60R¢, 0R.,0R.) ~ (30R.,30R., 30R,).
Symmetry (mirror) boundary condition was applied to the boundary of y = 0 and
z = 0. After the upgrade of the computer hardware, it was extended to the full do-
main (z,y,2) = (—60Re, —30R., —30R,) ~ (30R.,30R.,30R.) and has been applied to
solar wind interaction with the Saturn’s magnetosphere. However, Neumann boundary
condition at 45 degrees to the z-axis was applied to to y = yp and z = zy boundary as

shown in the following figure 5.9
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FI1GURE 5.9: The boundary condition at 45 degrees to the x-axis

The reason for this boundary condition setting is the assumption of making the magnetic
field align with the blow shock. Otherwise, an erroneous reflection will appear during

the simulation as shown in Figure 5.10:

The 45 degrees shear boundary condition also lead to difficulties for the data updates
at the halo region. There are 2 workflows to update all the halo grids. As shown in the
left figure in Figure 5.11 :

1. Data communication in x-direction is processed.
2. Update the boundary condition in y-direction.

3. Data communication in x-direction is processed to update the halo grid at the

corner
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An alternative workflow is shown in the the right figure in Figure 5.11:

1. Update with the boundary condition in y-direction.
2. Data communication in x-direction is process.

3. Update with the boundary condition in y-direction.

Therefore, whether we copy the data first or process of the boundary condition first, an
additional second copy(boundary condition process) is always needed to update all the

halos.

On the other hand, it is found that there is minimum requirement of dx < % for the
resolution for the solar wind and Earth’s magnetosphere interaction. This leads to a
minimum requirement for the memory for a given size of simulation domain. To assess
the problem and the affected region, we use the block-based structure we introduced in
Section 5.2 and decompose the domain in several partitions (blocks) and analyze the
simulation. We found that the erroneous reflection did not occur if a normal Neumann
boundary condition is applied to the region where this boundary is outside of the bow
shock. This evidently shows that it is not necessary to use the 45 degrees shear Neu-
mann boundary condition if all the y and z boundaries are outside of the bow shock.
Use of the block-base structure allows us to save the memory usage and extend the
simulation domain from (z,y,2) = (—60R., —30R., —30R.) ~ (30R.,30R.,30R,) to
(z,y,2) = (=T0Re, —T0R.,—70R.) ~ (70R., T0R., T0R.) which is large enough to cover
the boundary of the bow shock as well as the whole magnetosphere in the y and z direc-
tion. Therefore, the Neumann boundary condition is applied to the y and z boundary

without the erroneous reflection as shown in Figure 5.10.

The gradient of the pressure field is used as the metric to determine the blocks with
the highest resolution when applying AMR to the simulation. In our experiment, AMR
in three dimension largely increase the overhead of data communication between the
blocks with different level. On the other hand, additional process for load balancing
between each GPU is needed. Therefore, we only refine the mesh along the x-direction.
As it shown in Figure 5.13, the blocks of the large gradient of the pressure field are
refined to the highest level. The neighboring blocks in y-direction(z-direction, also) are
also refined as the highest level. In this method, H2L and L2H copy only needed in
x-direction. Moreover, we distribute the partition domains to each GPU in y and z
direction. So that all the GPUs contain the same number of grid points (load balance).
In our performance test with 5123 resolution using 2 K40c and 2 K80 GPUs. Our
approach reduce the total memory usage from 4.670 GB to 3.504 GB for each GPUs
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and speedup the simulation from 1070.19 ms/step to 938.406 ms/step. However, the

process of refining the blocks requires additional 7304.87 ms to process the refinement.

Simulation results of the whole magnetosphere with slow solar wind (400 km/s) are
presented in Figures 5.14 and 5.15. Simulation results with fast solar wind (750 km/s)
are given in Figures 5.16 and 5.17. Beside the obvious difference in the strength of the
pressure, comparison of the results between slow and fast solar wind reveals that the
size of the bow shock, as well as the size of the magnetosheath and the position of the
magnetopause is different in the z-direction. However, there is no difference in the y-
direction. Comparison of figures are shown in Figures 5.18 to 5.20 to see the difference

clearly.

The Moon orbits the Earth with a mean radius of 385 x 10° km ~ 60.3R. with mean
inclination of 5.145 degree. The inclination of the Moon’s orbit means that the Moon
doesn’t pass the plasma sheet but the Northern tail lobe and it across the magne-
tosheath and the magnetotail. Since we enlarged the simulation domain to (x,y,z) =
(=70R., —70R., —T0R.) ~ (T0R., 7T0R., 7T0R,), the whole trajectory of the Moon’s orbit
is included in our simulation. The clipping plane of the Moon’s orbit is illustrated in
Figure 5.21. Analysis of our simulation results for the Moon’s orbit are shown in Fig-
ure 5.22. Although the size of bow shock is almost the same, the different sizes of the
magnetosheath as well as the magnetotail are found. These results show that under the
different solar wind speed, the period of the Moon exposed directly to the sun is similar.
However, the period of staying in the magnetosheath, where the density of the particles
is lower than that outside of the bow shock, is quite different. The Moon doesn’t have
a magnetic field to block the incoming charged particles. Understanding the period of

the Moon contacting with different density of charged particles is very important.

5.4 Summary

In this chapter, we deal with the limitation of the size of calculation domain. We found
the restriction of the current global MHD simulation of the boundary condition at the y
and z boundary that not only affects to the simulation results, but also the performance.
A new block-based structure for task parallel and efficient adaptive mesh refinement on
multi-GPU systems is developed to save the memory usage while retaining the efficiency.
The performance of AMR is actually based on the problem. In our simulation of the solar
wind interaction with the Earth’s magnetosphere, we use low level blocks in the region of
in front of the bow shock to achieve the same resolution of the magnetosphere as a 5123
mesh using 2 K40c and 2 K80 GPUs. Our AMR reduces the total memory usage from
4.670 GB to 3.504 GB for each GPUs and speedup the simulation from 1070.19 ms/step
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t0 938.406 ms/step. However, if mesh refinement is needed, the simulation AMR requires
additional 7304.87 ms to process the refinement. We enlarge the simulation domain,
which enables our simulation to contain the whole bow shock. Therefore, the specific
45 degree shear Neumann boundary condition can be replaced with a simple Neumann
boundary condition. We also simulated and compared the results of slow and fast solar
wind interaction with the Earth’s magnetosphere. Different height (size in z direction)
but similar width (size in y direction) of the bow shock as well as magnetosheath is found.
The magnetosphere is taller when solar wind speed is low. In addition, the region of the
Moon’s orbit across the magnetosphere is also examined. It is found that, the period of
the Moon exposed directly to the sun is almost the same but the period at which it stays
within the magnetosheath is different. The density of the charged particles within the
magnetosheath is lower than the region found beyond the bow shock, but greater than
within the magnetopause. Thus, the period and the amount of the charged particles

hitting the lunar surface is changed when the solar wind speed is changed.
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FIGURE 5.10: A Neumann boundary condition is applied to the y and z boundary and
the erroneous reflection
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FIGURE 5.12: Enlarged simulation domain which contains the whole magnetosphere
with Neumann boundary condition.
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FIGURE 5.13: Image illustrates the blocks with different level (Note that it is not the

real resolution). Refining the mesh along x-direction and distribute to each GPUs by

the other direction for less communication overhead and well load balancing. Red lines
show the partition of the blocks.
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FIGURE 5.14: Simulation results (density : p) of the full structure of the Earth’s
magnetosphere with slow solar wind (400 km/s). Top : X-Z plane. Bottom : X-Y
plane.
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FIGURE 5.15: Simulation results (total pressure : p) of the full structure of the Earth’s
magnetosphere with slow solar wind (400 km/s). Top : X-Z plane. Bottom : X-Y
plane.
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FIGURE 5.16: Simulation results (density : p) of the full structure of the Earth’s
magnetosphere with fast solar wind (750 km/s). Top : X-Z plane. Bottom : X-Y
plane.
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FIGURE 5.17: Simulation results (total pressure : p) of the full structure of the Earth’s
magnetosphere with fast solar wind (750 km/s). Top : X-Z plane. Bottom : X-Y plane.
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FIGURE 5.18: Comparison of the simulation results (density : p) between slow and

fast solar wind. Results of the fast solar wind are shown where the corresponding bow

shock and the magnetopause of the slow solar wind results are shown as contours. Top
: X-Z plane. Bottom : X-Y plane.
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FIGURE 5.19: Comparison of the simulation results (total pressure : p) between slow

and fast solar wind. Results of the fast solar wind are shown where the corresponding

bow shock and the magnetopause of the slow solar wind results are shown as contours.
Top : X-Z plane. Bottom : X-Y plane.
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FIGURE 5.20: Comparison of the simulation results (Density p) between slow and fast
solar wind. The isosurfaces are separated in the z-direction where they overlap in the
equator plane. (Top : Front view, bottom : Back top view
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FIGURE 5.21: The red line illustrates the inclination of the Moon’s orbit.
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FIGURE 5.22: Comparison of the simulation results between slow and fast solar wind.

The contours of the magnetopause of fast solar wind is shown in red color where it is

shown in white for the slow solar wind for clear view(Top : Density p. Bottom : Total
pressure : p. The white circle illustrates the Moon’s orbit.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

After human had been successfully reach to the space, we have entered the era of space
exploration. Understanding of the space environment is not only important in space
exploration, but also important to space weather that interferes to our daily life and
commercial community. Within the solar system, space weather is influenced by the so-
lar wind and the interplanetary magnetic field (IMF) carried by the solar wind plasma.
The Earth is protected by the magnetosphere from the charged particles of the solar
wind. The Earth’s magnetic field is distorted further out by the solar wind. In actual-
ity, the solar wind is far from being a stationary flow. Observation data shows that fre-
quent changes always occur. Space observations using detectors on spacecrafts or space
telescopes are very useful but expensive, and the observed range is limited. Therefore,
numerical simulations have become the powerful alternative tools in the study of the
space environment. Global magnetohydrodynamic (MHD) simulation is widely used in
simulating the phenomenon of the plasma environment around planets. However, the
computational complexity of global MHD simulation is high. In addition, it is storage
demanding. In this dissertation, we point out that the current space simulation is limited

due to the computational resource.

1. The scale of space is vast. A large number of elements is required for high resolution

of the mesh in global MHD simulation, which results in large memory usage.

2. The computational complexity of global MHD simulations is high. Therefore, it is
time consuming to perform large-scale simulation and requires high computational

power.

113
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3. The large amount of the high resolution data is storage demanding and hard to

analyze.

The above issues lead to:

1. Limitation on the size of the simulation domain.
2. Trade-off between performance and memory.

3. Simulation results can not be stored every step.

These factors decease the usability of space simulations, including global MHD simu-
lations. We realise that not only the high computational complexity slows down the
research activities when using global MHD simulation for studying the space plasma
environment, but also the requirement of the memory usage limits the size of the sim-
ulation domain. As a result, specific boundary conditions have to be invoked in the

simulation which affects the simulation results and the performance.

The motivation of our study is to provide an extended space simulation framework as well
as its application to the investigation of the phenomenon in very large space environment.
With this research we reach the following conclusions. They will be explained in detailed

afterwards:

1. An efficient GPU Direct-MPI hybrid data communication framework is developed.
A large-scale global MHD simulation with in-situ visualization is implemented on
multi-GPU systems. High efficiency is shown in running the simulation on the
GPU-rich supercomputer TSUBAME 2.5.

2. A block-based structure for efficient adaptive mesh refinement on multi-GPU sys-
tems is developed. Improvement of the global MHD simulation is made, and the

restriction of the specific boundary condition is solved.

3. Simulation of solar wind interaction with the Earth’s magnetosphere is conducted.
Where the geomagnetic reversal is examined. Asymmetric patterns of the mag-
netosphere related to the inclination of the dipole field and the interplanetary
magnetic field (IMF) are observed.

4. Simulation of the whole structure of the magnetosphere under slow and fast solar
wind is examined. The size of the magnetosphere in the vertical direction (along
north pole) and is decreased when the solar wind speed is fast. However, there is

obviously variation at the equatorial plane.
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5. It is found that the Moon’s orbit crosses the same area beyond the bow shock under

the slow and fast solar wind, but in the different areas within the magnetosheath.

6.1.1 An Efficient Large—scale MHD Simulation Code with In-situ Vi-

sualization

GPGPU (general-purpose computing on graphics processing units) and GPU comput-
ing have been widely utilized in scientific computating including MHD simulation in
recent years. Our previous work — the GPU-MHD code [57] — achieves great speedup
compared to CPU. However, the capacity of memory on a GPU board is relatively
small. It limits the scale/resolution of the simulation. Scale and resolution are impor-
tant issues in large-scale space simulation, especially for a phenomena occurring in wide
region such as the interaction solar wind and magnetosphere . Therefore, multi-GPU
systems such as the GPU-rich supercomputer TSUBAME 2.5 of the Tokyo Institute
of Technology are needed to explore to perform this research. Data communication
overhead between each GPU of the multi-GPU system limits the total efficiency when
running large-scale simulations on GPU supercomputers. To solve this problem, an effi-
cient GPU Direct-MPI hybrid data communication framework is presented. Large-scale
global MHD simulations implemented using our GPU-Direct MPI hybrid framework is
proposed. Experimental results show the significant improvement compared to a flat
MPI approach. Performance tests show that our global MHD simulation achieves 4.38
TFLOPS in double precision for a computational domain of 1980 x 1320 x 1320 using
216 GPUs on TSUBAME 2.5.

Visualization is indispensable in analyzing the simulation results. However, storing
data for each time step of the simulation is time consuming. Writing files at every
step will cause big overhead and delay the simulation process. It will also demand a
lot of storage. Recording data every few steps is a feasible way but some important
snapshots that may contain interesting phenomena of the simulation will be skipped.
Therefore, in-situ visualization during the simulation process will be significantly helpful.
In-situ visualization of the simulation results using distributed multi-GPU systems is
also developed and presented. Simulation and visualization are processed using multiple
GPUs simultaneously, minimizing the overheads of copying and gathering the data,
only the visualization results of each partition needed to be composited for rendering.
Experimental results of our global MHD simulation and visualization of solar wind
interacting with the Earth’s magnetosphere running 81 GPUs achieves up to 8.2 FPS
and 5.0 FPS for the computational domain of 540 x 360 x 360 and 810 x 540 x 540

domain, respectively.



Chapter 6. Conclusion and Future Work 116

6.1.2 Advanced Global MHD Simulation using the Block-Based Struc-
ture for Efficient AMR on Multi-GPU Systems

Memory usage is an important issue that determine the size and resolution of the sim-
ulation domain. We found that the global MHD simulation for solar wind interaction
with the Earth’s magnetosphere has a minimum requirement of dr < % at the region
where the bow shock occurs. Moreover, it is found that the specific Neumann bound-
ary condition inclined at 45 degrees to the z-axis is necessary due to the reason that
not the whole bow shock (the whole magnetosphere) is included in the computational
domain. The y and z boundary are on the inside the magnetosphere. Therefore, the 45
degrees shear boundary condition is necessary to avoid numerical errors. A block-based
structure for efficient AMR on multi-GPU systems as well as task parallelism using
multi-streaming of Compute Unified Device Architecture (CUDA) is developed. Peer-
to-peer direct access is used so that no temporary buffer for the data exchange between
different level grids is needed. Memory usage of the simulation is reduced while keeping
a good performance of computation using GPU. Special techniques of refining the blocks
only when the Lax-Wendroff step which to skip the interpolation of the values of the half
grid points ((i + 3,7 + 3,k + 3)). We also use texture memory to store the dipole field
B,. As a result, we are able to enlarge the simulation domain enough to simulate the
full structure of the magnetosphere. Thus, we find that it is possible to replace the 45
degree shear Neumann boundary with a simple Neumann boundary (align to the y-axis

and z-axis, respectively).

6.1.3 Large-scale Solar Wind Interaction with the Earht’s Magneto-

sphere

Simulation of the solar wind interaction with the Earth’s magnetosphere is presented.
Features such as the bow shock, the polar cusp, magnetosheath, magnetopause and
the plasma sheet are examined. The symmetric structure of the magnetosphere shows
good agreement with the assumptions of [7, 23, 24]. In addition, simulations for the
geomagnetic reversal is carried out by rotating the dipole field with a unit quaternion.
Asymmetric results of the inclined dipole and the horizontal dipole are found. By
comparing the results to the symmetric magnetosphere of the vertical dipole field, it is
found that the interplanetary magnetic field (IMF) has less influence when it is parallel
to the dipole due the strong magnetic field of the Earth. The different size and pressure
of the polar cusp between different inclinations of the dipole field are found. A “wave-
like” pattern is also found in the evolution of the magnetotail of the horizontal dipole
field.
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By using the advanced global MHD simulation implemented with our block-based struc-
ture and AMR, we extended the simulation domain to (z,y,2) = (—70R., —7T0R., —70R.)
~ (7T0R¢, 70R,, T0R,) which not only contains the whole magnetosphere but also includes
the Moon’s orbit. Simulations and comparisons of the Earth’s magnetosphere interact-
ing with the slow and fast solar wind are performed. It is found that the size of the
Earth’s magnetosphere along the pole (z-direction) is decreased if the solar wind speed
is fast. On the other hand, the Earth’s magnetosphere in the area of the Moon’s orbit
beyond the bow shock is almost the same regardless of the solar wind speed. We are
looking forward to increase the simulation resolution to get more accurate results as well

as the comparison to the theoretical calculation to find that difference precisely.

6.2 Future Work

Several techniques to enhance the efficiency and usability of the global MHD simulation
for solar wind interaction with magnetospheres are developed and presented. Peer-to-
peer data transfer and access of GPU-Direct 2.0 has contributed to the enhancement
of our simulation on multi-GPU systems. Our simulations show high efficiency on the
GPU-rich supercomputer TSUBAME 2.5. However, according to the specification of
the computation node of TSUBAME, only two of the three GPUs can use GPU-Direct.
Inter-node data communication via MPI is another bottleneck since a D2H and H2D
copy is needed before and after the MPI communication. GPU Direct RDMA is a
feature that can speedup the inter-node data communication. Unfortunately it is not
yet available on TSUBAME 2.5. We are looking forward to improve the efficiency using
GPU Direct RDMA after the next upgrade of TSUBAME completes.

The global MHD simulation as well as the modified leapfrog scheme are considered as
one of the most simple simulation model applyed to the solar wind interaction with
magnetosphere, where the computational complexity as well as the memory usage are
relatively low. We are looking forward to implementing higher order methods such as a
hybrid simulation for efficient large-scale simulation. Due to the limitation of time, only
the magnetosphere of the Earth is examined, therefore, we are also looking forward to

applying our simulation to other planets.

The different heights of the magnetosphere under the slow and fast solar wind is observed.
The different area crossing with the Moon’s orbit are also found. However, a depth
study is needed to make the quantities more precisely. One remarkable result is that,
by enlarging the calculation domain, we can have the whole Moon’s orbit within our
domain. To the author’s knowledge, almost all the existing simulations of solar wind

interaction only contain one astronomical body. Simulations of solar wind interaction
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with the moon only has the moon placed in the center of the domain. The profile of
the situation of the Moon’s orbit at different location (for example, within/outside of
the magnetosphere) as well as the incoming solar wind is set artificially. Therefore, we
are looking forward to extending the simulation to simulate the Earth’s magnetosphere
with the Moon’s orbit to examine the coupling between the moon and the Earth’s
magnetoshpere, due to the difference of the scale between the Moon and the Earth. In
addition, the solar wind interacts with the lunar surface directly since the moon does
not have a dipole field as the Earth does. Very high resolution (or very high level block,
dynamic range) is need in the surrounding area of the moon. Therefore, improvement

of our AMR is also needed to reach the target.



Appendix A

Numerical Scheme of the Ideal
MHD Equations

In the TVD scheme proposed by Pen et al. [64, 90] for solving the ideal MHD equations,
the magnetic field is held fixed first and then the fluid variables are updated. A reverse
procedure is then performed to complete a one time step. Three dimensional problem is

split into one-dimensional sub-problems by using a Strang-type directional splitting [65].

Firstly, we describe the fluid update step in which the fluid variables are updated while
holding the magnetic field fixed. The magnetic field is interpolated to cell centers for
second-order accuracy. By considering the advection along the x direction, the ideal

MHD equations can be written in flux-conservative vector form as

ou N OF (u)
ot ox

=0 (A1)

Equation (A.1) is then solved by Jin & Xin’s relaxing TVD method [64, 66, 90, 91].
With this method, a relaxation system — a linear system with a stiff low order term of

is introduced

Ou + ﬁv =0
ot oz
ov 0 1
e + A%u = —z(v — F(u)) (A.2)

where the small positive parameter € is the relaxation rate and

A:diag{alaa%”' 7an}7 a; >0 (1 §z§n) (A3)
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If € is sufficiently small, solving A.2 can obtain good approximation to the original
conservation laws A.1. In Pen et al.’s approach [91], Equation A.1 is replaced by the

following linear advection equation with a nonlinear stiff source term

ou 0
o e =0
ov 0 1

where c(x,t) is called the freezing speed. Jin & Xin [66] considered the freezing speed to
be a positive constant where Pen et al. [64, 90, 91] generalized it to be a free positive
function. Jin & Xin [66] showed this algorithm to be TVD under the constraint that
¢ be greater than the characteristic speed OF (u)/0u. One can now take the limit as
€ — 0, which results in a relaxed algorithm. The linear part of Equation A.4 is decoupled

through a change of variables w; = u+v and wy = u—v as the following linear equation

ow 0

It is solved by the monotonic upstream-centered scheme (MUSCL) and successfully

implemented for simulating cosmological astrophysical fluids by Pen [91].

The MUSCL scheme for solving the linear advection equation is explicitly asymmetric
since it depends on the sign of the advection velocity. A symmetrical approach that
applies to a general advection velocity was proposed in [90]. The flow can be considered
as a summation of a right-moving wave uf* and a left-moving wave u”. For a posi-
tive advection velocity, the amplitude of the left-moving wave is zero. For a negative
advection velocity, the amplitude of the right-moving wave is zero. In a compact rep-
resentation, the right- and left-moving waves can be defined as uf* = u(1 4+ v/c)/2 and

u? = u(1 —v/c)/2 where ¢ = |v|. The two waves are traveling in opposite directions

with advection speed ¢ and can be described by the advection equations:

outt o,
W + %(C’LL ) 0
3uL 8 L

The MUSCL scheme is straightforward to apply to solve the above equations A.6 since
the upwind direction is left for the right-moving wave, and it is right for the left-moving
wave. The one-dimensional relaxing advection equation then becomes

ou OFR QFL
EJF e on =0 (A.7)
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where F® = cu® and F* = cu”. Note that the relaxing advection equation will correctly
reduce to the linear advection equation for any general advection velocity. Using this
symmetrical approach, a general algorithm can be written to solve the linear advection
equation for an arbitrary advection velocity. For ideal MHD equations, we have u =

(u1, ug, us, uq, us) = (p, pvg, pvy, pvs, E) and the flux vector is given by

pUg
pv2 + P* — B2
F = pUzvy — By By (A.8)
pUzvy — By B,
(E+P*)v, —B,B-v

A new variable w = F(u)/c is defined as an auxiliary vector to calculate fluxes. The
vector conservation law is replaced by the following relaxation system of symmetrical

method

ou 0
E + %(cw) =0
ow 0

These equations can be decoupled through a change of right- and left-moving waves
uf = (u+w)/2 and u* = (u — w)/2

oult o,
TS + %(cu ) = 0
oul 0 I

The above pair of equations is then solved by an upwind scheme, separately for right- and
left-moving waves, using cell-centered fluxes. Second-order spatial accuracy is achieved
by interpolating of fluxes onto cell boundaries using a monotone upwind schemes for
conservation laws (MUSCL) [92] with the help of a flux limiter. Runge-Kutta scheme is

used to achieve second-order accuracy of time integration.

We denote u!, as the cell-centered values of the cell n at time ¢, F, as the cell-centered
flux in cell n, As an example, we consider the positive advection velocity, negative
direction can be obtained in a similar way. We obtain the first-order upwind flux Féi_)it/z
from the averaged flux F in cell n. Two second-order flux corrections can be defined
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using three local cell-centered fluxes as follows

Lt F!-F!_
AFn+1/2 = R
Rt F. -F!
AFn+1/2 = —n (A.11)

When the corrections have opposite signs,there is no second-order correction in the case

of near extrema. With the aid of a flux limiter ¢ we then get the second-order correction

t Lt Ryt
AFTL—H/Q = ¢(AFn+1/27AFn+1/2) (A12)
The van Leer limiter [93]
2ab
vanleer(a,b) = - i ; (A.13)

is used in GPU-MHD. By adding the second-order correction to the first-order fluxes we
obtain second-order fluxes. For example, the second-order accurate right-moving flux
Fi:ﬁ /o can be calculated

Rt gt t
Foip=F,+AF, ) (A.14)

The time integration is performed by calculating the fluxes F(u!,) and the freezing speed

ct in the first half time step is given as follows

F! — F! At
A +1/2 —1/2
ult t/2:u£l_< n /Axn /)2 (A.15)
WhereFfL 412 = Ffi1 2~ FTLL-L /2 is computed by the first-order upwind scheme. By
using the second-order TVD scheme on u?At/ 2, we obtain the full time step ufjrm
FUHAY2 _ pitAt/2
ultAt =yt — ntl/2 nl2 N A (A.16)

Ax

To keep the TVD condition, the flux freezing speed c is the maximum speed information
can travel and should be set to |v,|+ (yp/p+ B2 /p)'/? as the maximum speed of the fast
MHD wave over all directions is chosen. As the time integration is implemented using
a second-order Runge-Kutta scheme, the time step is determined by satisfying the CFL
condition
Cmaz = [maa(|vg], vy, [v:]) + (vp/p + B2/p)'/?]
At = cfl/emax

where cfl is the Courant-Number and cfl <1 is generally set to cfl ~ 0.7 for stability,

(A.17)

and B is the magnitude of the magnetic field. Constrained transport (CT) [11] is used
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to keep the V - B = 0 to machine precision. Therefore, the magnetic field is defined on

cell faces and it is represented in arrays [64]

B.’L’(i,j, k) - (Bl‘)i—l/Q,j,k
By(i, j, k) = (By)ij—1/2,k (A.18)
Bz(i,j, k) = (B2)i jk—1/2

where the cell centers are denoted by (4, j, k) = (24,9, 2), and faces by (i £1/2, j,k),
(i,j £1/2,k), and (i,7,k £1/2), etc. The cells have unit width for convenience.

Secondly, we describe the update of the magnetic field in separate two-dimensional
advection-constraint steps along z-direction while holding the fluid variables fixed. The
magnetic field updates along y and z-directions can be handled in a similar matter. We
follow the expressions used in [94]. For example, we can calculate the averaging of v

along z direction as follows

1
(va)ijt1/26 = 1 [(Ux)z‘+1,j+1/2,k +2 (”w)i,j+1/2,k + (Ux)z‘—l,j—f—l/Q,k} (A.19)

A first-order accurate flux is then obtained by

(U:L‘By)i’]qu/g’k ) (vz)i+l/2,j+l/2,k >0
(vaBy)ii1/2,41/2.6 = (A.20)
(vay)iJ,.l’j_Fl/Q’k v (Ve)iv1/2541/26 <0
where the velocity average is
1
(Uw)i+1/2,j+1/27k =3 [('Um)i,j+1/27k + (Ux)iJrLjJrl/Q,k} (A.21)

B, is updated by constructing a second-order-accurate upwind electromotive force (EMF)
vy B, using Jin & Xin’s relaxing TVD method [66] in the advection step. Then this same
EMF is immediately used to update B, in the constraint step.

Extension to three dimensions can be done through a Strang-type directional split-
ting [65]. Equation (A.1l) is dimensionally split into three separate one-dimensional
equations. For a time step At, let fluid, be the fluid update along x, B,_,, be the up-
date of B, along vy, and L; be the update operator of u! to u!T2! by including the flux
along 4 direction. FEach L; includes three update operations in sequence, for example,
L, includes fluid,, By, and B,_,;. A forward sweep and a reverse sweep are defined
as w!tA = L, L,L,u! and u!'t?A! = L, L, L, u'™! respectively. A complete update

combines a forward sweep and reverse sweep. The dimensional splitting of the relaxing



Appendix A. The TVD Scheme for Solving the Ideal MHD Equations 124

TVD can be expressed as follows [90]

w? =22 — 1L L L, Lout (A.22)
ul =228 — [ [ L, L, L, L u” (A.23)
uwlt =22 — [ L, L, L, Lyu' (A.24)

where At1, Atg, and At3 are sequential time steps after each double sweep.



Appendix B

The Modified Leapfrog Scheme

The modified leapfrog scheme is a finite difference method (FDM) which is a combination
of the Lax-Wendroff scheme and leapfrog scheme. We provide the details of the modified

leapfrog scheme in the following section. For a simple partial differential equation,

of _ _of of of _
ot Ox Oy 0Oz ! (B-1)

the two-step Lax-Wendroff scheme is listed as follows. The 1st step is obtained by

1

' Lo b
it art =g i tivnge + fijre + fijrn (B2)

t t t t
+ fiv1 o1k T fivt e T fije1 e T fiv1 a1 er1)

ft+% __rt _ gft
i+3,g+5k+s  Jitgatakty 9 Jitgitgkts
At
t t t t
T 3Ar (fivt et b1 T fixrjoie + fiva e T fivjk

t t t t
ik~ Jigeik = g = fijiiksn)

At
- @(fzﬂ,ﬁl k+1 T fz+1,]+1 v i1kl T I i1k (B-3)
t,j k ff+1,j,k - ff,j,kﬂ - ff+1,j,k+1)

At
t t t
N (ff i1 411 T Jipt 1 T Jijet e T Jijes

t t
gk fi+1,j,k - fi,j+1,k - fi+17j+17k)

The 2nd step is obtained by

t+3 1 +g t+3 t+3 +3
figk =gUitgmpn-t Hikspu-y i 27+2,k—l+f IR gy
t+2 t+2 t+2
JrferQ,ﬁQ,lf:—l +fz+2,j 3:k+3 +f ,J+2,k+1 +fz+2,a+2,k+%
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t+1 t+2
f 1,5,k f igk A f 1,3,k
At t+1 t+31 i+ t+1
- (f 1 1+f 2 k—1+f‘ f‘—lk ;"‘f- f‘—lk—l
t+3 t+% t+3 t+%
—f 2. _;_f- Li+lk-1 —f i —Lkrl T sl Lyl 1)
i—5.J—5.k—3 Jt3, i—5.0—5.k+3 i—5.0+35
At 44l i+ t+2 t+1
_ = 2 2 3 p
4Ay(ﬁ+20+2£+1ﬁ_ﬁ+%J+%£7%+_ﬂféj+%k+%+_ﬂféd+ak 5 (B.5)
1 1 1 1
_f%ur? 1 1_ft+1§ 1 1_.](.?‘/+15 1 1_f-t+1§ 1 1)
i—5,j—5.k—3 i+5,J—5.k—3 i—5.J—5.k+3 i+5.0—5.kt3
At 4+l t+3 t+3 t+3
(f+ +3 k+1+—f+l —lk+l+_f—l + k+l+—f—l'—lk+l
4AZ 7 27] 27 7 27] 27 2 27] 27 2 7 27‘7 27 2
t+§ t+1 ft+% ft+% )
e s s T e

The only difference between the two- step Lax-Wendroff scheme and the leapfrog scheme

At st
instead of
24+2k+1 f+2,+2k+

(B.3). The leapfrog scheme uses the result of last time step (¢ — 7) where the two-step

is that the leapfrog scheme uses At f 1 in Equation

Lax-Wendroff uses the interpolation between the n and n+1 grid-points in the same time
step t. Calculations of a time step of these two schemes are shown in Figure B.1. Figure
B.2 shows the whole procedure of the modified leapfrog scheme. For each sequence [,

the two-step Lax-Wendroff scheme is used for the 1% time step and the leapfrog scheme

is used for the subsequent [ — 1 time steps.

O O
\/ \/

l
A WTFWIC

Sl fn12 fn fat1/2 fu+l

—> Iststep 2nd step

J S
fo-l o fa-12 fa far12 fatl

FIGURE B.1: Calculations of one time step of the two-step Lax-Wendroff scheme (left)
and the leapfrog scheme (right).

Experimental results show that the modified modified leapfrog scheme is better then the
two-step Lax-Wendroff scheme and the leapfrog scheme in controlling the numerical os-
cillation. Comparison results of the Brio-Wu shock tube test between the three schemes

are shown in Figure B.3.
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1-1 ~
Time steps N
Leapfrog
scheme / T E ;T \
) O )
O O O
) Two-step
1 Time step | 4. Wendroff
scheme /
O I O I O
I-1 = B = I
Time steps ) : )
)
()
Leapfrog
scheme / T E ;T \
I Y
A NS A
) Two-step l
1 Time step [ g Wendroff At
scheme / l

fo-l o fa-12 fu fat12 fa+l
—> Iststep 2nd step

FiGURE B.2: Tllustration of the modified leapfrog scheme.
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FIGURE B.3: Comparison between the modified leapfrog scheme (top), the two-step
Lax-Wendroff scheme (middle) and the leapfrog scheme (bottom).
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