Computer Science - Research and Development manuscript No.
(will be inserted by the editor)

Modeling the propagation of elastic waves using spectral elem&on a
cluster of 192 GPUs

Dimitri Komatitsch - Dominik G dddeke - Gordon Erlebacher - David Michéa

Received: Jan 11, 2010 / Accepted: Feb 24, 2010

Abstract We implement a high-order finite-element appli- 1 Introduction

cation, which performs the numerical simulation of seismic

wave propagation resulting for instance from earthquakes &ver the past several years, graphics processors (GPUs) hav
the scale of a continent or from active seismic acquisitiorrapidly gained interest as a viable architecture for gdnera
experiments in the oil industry, on a large GPU-enhancegurpose computations. Current GPUs can be seen as wide-
cluster. Mesh coloring enables an efficient accumulation o5IMD many-core designs, with a hardware scheduler that
degrees of freedom in the assembly process over an ukeeps thousands of threads ‘in flight’ simultaneously by effi
structured mesh. We use non-blocking MPI and show thagiently suspending threads stalled for memory transagtion

computations and communications over the network and bésPUs thus maximize computational and memory through-
tween the CPUs and the GPUs are almost fully overlappediut of an entire ‘compute kernel’ (a sequence of compu-
The GPU solver scales excellently up to 192 GPUs and achi@tions that does not need synchronization in DRAM), in
ves significant speedup over a carefully tuned equivalergontrast to CPU (cores) that minimize the latency of indi-

CPU code.

Keywords GPU computing finite elements spectral
elements seismic modeling CUDA - MPI

vidual operations and alleviate the memory wall problem
by ever larger hierarchies of on-chip cache memory. We re-
fer to a recent article by Fatahalian and Houston (2008) for
an overview of GPU architecture and a comparison to mul-
tithreaded CPU designs. Significant speedups in the range
of five to fifty have been reported for many application do-
mains, see for instance recent surveys on the field by Owens
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ciency and other costs related to operating large-scale HPC
installations, a topic that is becoming increasingly intant
(‘green computing’).

Related work on GPU clusters: Fan et al (2004) described,
for the first time, how an existing cluster (and an associated
MPI-based distributed memory application) could be im-
proved significantly by adding GPUs, not for visualization,
but for computation. More recently, @&deke et al (2007)
used a 160-node GPU cluster and a code based on OpenGL
to analyze the scalability, price/performance, power oons
tion, and compute density of low-order finite-element based
multigrid solvers for the prototypical Poisson problem. A
molecular dynamics framework on GPU clusters has been
presented by Phillips et al (2008), and Phillips et al (2009)



have accelerated an Euler solver on a 16-node GPU clusté2008)). Another use is to simulate ultrasonic laboratory e

Finally, Kindratenko et al (2009) discuss many issuesedlat periments (van Wijk et al (2004)). The SEM solves the vari-

to installing and operating large GPU clusters. ational form of the elastic wave equation in the time domain
on a non-structured mesh of elements, called spectral ele-

Seismic modeling and geosciences on GPUs. Micikevicius ~ ments, in order to compute the displacement vector of any

(2009) and Abdelkhalek et al (2009) have recently calcupoint of the medium under study. Itis more flexible than tra-

lated seismic reverse time migration for the oil and gas inditional global pseudospectral techniques (Komatitschl et

dustry on GPUs. They implemented a finite-difference methGR96)).

in the case of an acoustic medium with either constant or We consider a linear anisotropic elastic rheology for a

variable density running on a cluster of GPUs with MPI heterogeneous solid part of the Earth, and therefore the sei

message passing. In previous work, we have used finitanic wave equation can be written in the strong, i.e., differ-

difference and finite-element algorithms to model forwardential, form

seismic wave propagation (Komatitsch et al (2009), M&h . _

. pui=0-0+f,
and Komatitsch (2010)). o =C:¢, )

e = 3[0u+(Ou)T],

1.1 Article contribution and overview whereu is the displacement vectar,the symmetric, second-
order stress tensagthe symmetric, second-order strain ten-
Despite all advances and achievements, it must be kept &br, C the fourth-order stiffness tensqr,the density, and
mind that GPUs are co-processors in the traditional sensan external force representing the seismic source. A colon
Several GPUs within one cluster node have to be coordidenotes the double tensor contraction operator, a Sufrscr
nated by the CPU(s); and for parallel computations on clusT denotes the transpose, and a dot over a symbol indicates
ters, the CPU retains full control of the interconnect. Dataime differentiation. The material parameters of the salid
must be moved from device memory to host memory prioand p, can be spatially heterogeneous and are given quan-
to its transmission over the network, and vice versa. Additities that define the geological medium. Let us denote the
tionally, the bus to the host can be shared by several GPUphysical domain of the model and its boundary®yand
Given the high speedups that have been reported for the sesspectively. We can rewrite the system (1) in a weak, i.e.,
rial case and on small clusters of GPUs, a satisfactory scalariational, form by dotting it with an arbitrary test fuiarn
ing is not an automatic consequence. The ratio of compuwy and integrating by parts over the whole domain,
tation to communication changes unfavorably, and sequen-.

tial and communication-intensive stages of the code may bef pw-idQ + QDW :C:0udQ (2)
come dominant. Efficiency also decreases (for a given serial o A
component) when the time taken by the parallel component = /QW' fdQ+/r(a~n) -wdr .

decreases, which is the case when it is accelerated via ef'f_li_-h | . h . | ishes becatl
cient GPU implementation. This effect can only be avoided e lastterm, I.e., the contour integral, vanishes becatise

by reducing the serial cost of CPU to CPU and CPU to GPLJhe f_ree surface bOUPdary cbondltlon, "ﬁ" the} fact that the
communication to a negligible value. traction vectorr = o - i must be zero at the surface.

In this article, we report on our experiences in extending In a SEM, the physical domain is subdivided into mesh

the geophysics software SPECFEM3D to execute on cpGells within which variables are approximated by high order

clusters. We demonstrate how to overlap all additional bugnterpolants. For better accuracy, the edges of the element

transfers and the interconnect communication with compub_Onor t_he_t_opography of the model and its main internal
iscontinuities, i.e., the geological layers and faultsJa

tations on the device via techniques that are applicabte ald

in other application domains, and demonstrate almost peP—_Obian fcransform then d.ef.ines the mapping between Carte-
fect weak scalability on a 192-GPU cluster. sian pointsx = (x,y,z) within a deformed, hexahedral ele-
mentQe and the reference cube.

To represent the displacement field in an element, the
2 Background SEM uses Lagrange polynomials of degree 4 to 10, typ-
ically, for the interpolation of functions (Seriani and Pri
2.1 The spectral element method and solution algorithm  olo, 1994; De Basabe and Sen, 2007). Chaljub et al (2007)
and De Basabe and Sen (2007) find that choosing the de-
We resort to the Spectral Element Method (SEM) to simu-green = 4 gives a good compromise between accuracy and
late numerically the propagation of seismic waves reguiltin time step duration. The control poinég are chosen to be
from earthquakes or from active seismic acquisition experithe n+ 1 Gauss-Lobatto-Legendre (GLL) points. The rea-
ments in the oil industry (Chaljub et al (2007); Tromp et alson for this choice is that the combination of Lagrange in-



terpolants with GLL quadrature greatly simplifies the algo-  In this article we extend SPECFEM3D to a cluster of
rithm because the mass matrix becomes diagonal and ther&PUs to further speed up calculations by more than an or-
fore permits the use of fully explicit time schemes (Chaljubder of magnitude, or alternatively, to perform much longer
et al, 2007; Tromp et al, 2008), which can be implementegbhysical simulations at the same cost. The two key issues
efficiently on large parallel machines (e.g., Carringtoalet to address are 1) the minimization of the serial components
2008). Functiond that represent the physical unknowns onof the code to avoid the effects of Amdahl’s law and 2) the
an element are then interpolated in terms of triple producteverlap of MPI communications with calculations.
of Lagrange polynomials of degree

Solving the weak form of the equations of motion (2)
requires numerical integrations over the elements. A GLL3 Porting SPECFEM3D to GPU clusters
integration rule is used for that purpose, and therefore in _ o .
our case each spectral element contans1)3 =125 GLL ~ 3-1 Meshing, partitioning and load balancing

points. We can then rewrite the system (2) in matrix form as . , )
In a preprocessing step, we mesh the region of the Earth in

MU+KU=F, (3)  which the earthquake occurred with hexahedra. Because the
h is the disol computational costs associated with this stage are aradrtiz
where U is the displacement vector we want to compuite, M)ver many time steps in the course of the simulation, a CPU

is the diagonal mass matrix, K is the stiffness matrix, F I%mplementation is justified, rather than also porting ithe t
the source term, and a double dot over a symbol denotes thes ; Next we split the mesh into slices, i.e., cone-shaped

sgcond derivative V_V'th respect FO time. For d(_etaned EXPreSsactions of the Earth from its surface to the outer core. The
sions of these matrices, see for instance Chaljub et al (32007model of the Earth that we use is that of Dziéwski and An-

Time integration of this system is usually performed baseqjerson (1981), which is classical in the seismological com-

on a second-order centered finite-difference Newmark tim?nunity We identify slices with MPI ranks, and schedule one
scheme (e.g., Hughes (1987); Chaljub et al (2007); Tromglice per processor core, or per processor core orchestrat-

et al (2008)), although higher-order time schemes can bﬁ‘lg a GPU. The mesh in each slice is unstructured in the

used if necessary (N|§sen-Meyer gt al .(2008))' ) finite-element sense so that regions of interest, e.gaioert
In the SEM algorithm, the serial time loop dominates yenihs in the Earth where the earthquake occurred, are cov-
the total cost because in almost all wave propagation applisreq with more elements than other regions. The mesh as a

cations a large number of time steps is performed, typically, o6 is block-structured, i.e., each mesh slice is compose
between 5,000 and 100,000. All the time steps have identis¢ 5 \ynstructured mesh, but all the mesh slices are topolog-
cal cost because the mesh is static and the algorithm is fullpéa”y identical.

explicit, which greatly facilitates optimization. The resulting decomposition is topologically a regular

grid and all the mesh slices and the cut planes, at which MPI
_ _ neighborhood communication occurs, have the same num-
2.2 Our simulation software: SPECFEM3D ber of elements and points. This implies that perfect load

_ . _ balancing is ensured between all the MPI processes.
In the last decade, in collaboration with several colleague

we developed SPECFEMS3D, a software package that per-

forms the three-dimensional numerical simulation of seis3.2 Serial implementation

mic wave propagation resulting from earthquakes or from

active seismic experiments in the oil industry, based on th&/e use NVIDIA CUDA for our implementation, and refer
spectral-element method (SEM, Komatitsch et al (2003); Lito the CUDA documentation (NVIDIA Corporation (2009))
et al (2004); Chaljub et al (2007); Tromp et al (2008)). In or-and conference tutorialg€{tp://gpgpu.org/developer)

der to study seismic wave propagation in the Earth at veryor further information. In a CUDA program, the execution
high resolution (i.e., up to very high seismic frequencies)f a ‘kernel’ is manually partitioned into a so-called grid
the number of mesh elements required is very large. Typief thread blocks. Blocks within the grid cannot communi-
cal runs require a few hundred processors and a few hourste with each other, while the threads in each block can
of elapsed wall-clock time. Large simulations run on a fewsynchronize via a small on-chip shared memory. The thread
thousand processors, typically 2,000 to 4,000, and take twblocks are virtualized multiprocessors (‘cores’), andfare

to five days of elapsed wall-clock time to complete (Ko-ther partitioned automatically into ‘warps’ of 32, which-ex
matitsch et al (2003, 2008)). The largest run that we havecute in lockstep with a shared instruction pointer, irea i
performed ran on close to 150,000 processor cores with single instruction multiple thread (superset of SIMD) fash
sustained performance level of 0.20 petaflops (Carringtoion. If threads within a warp diverge in their execution path
et al (2008)). the branches are serialized. Special care must be taken that



the threads within a (half-) warp access contiguous regionsarefully tune the implementation so that at any given time,
in off-chip DRAM, to maximize the effective memory band- two blocks (8 warps) are concurrently active. This enables
width because the hardware coalesces memory accesses ittie hardware scheduler to switch threads when stalled-at off
one transaction per half-warp under certain conditions.  chip memory accesses, and results in better throughput. The

The implementation of the serial case follows the a|go_final kernel is a result of repeated optimization and reseurc
rithm outlined in Sect. 2.1 by mapping each of the fonowingbalancing every time new features have been added, because
three steps into separate CUDA kernels. The first step ugPlitting the computation into two kernels and paging out
dates the global displacement vector based on the previo@dl data to off-chip memory in-between is very expensive
time step, the second step performs the finite-element adnd should be avoided if at all possible. We refer to a previ-
sembly, and the last step computes the global acceleratidtS publication for the technical details of the implementa
vector. The first and last steps are trivially parallel agthe tion omitted here due to page constraints (Komatitsch et al
only affect the uniquely numbered data, and are mapped 1&009))-
CUDA in a straightforward fashion to automatically max-
imize multiprocessor occupancy and coalesce memory ac-
cesses into more efficient block transactions. In the follow 3 3 parallel implementation
ing, we concentrate on the second step, as benchmarking
reveals that it consumes more than 85 % of the time per timghere are several challenges to address in mapping this com-
step (Komatitsch et al (2009)). We identify an element with ayutation to a GPU cluster. The elements that compose the
block of 128 threads (4 warps), and use one thread per cubgresh slices are in contact through a common face, edge or
ture point. 125 out of 128 threads thus do useful work, angoint. To allow for overlap of communication between clus-
we avoid conditionals by zero padding. We first copy theter nodes with calculations on the GPUs, we create — inside
global displacement vector corresponding to each elemeriach slice — a list of all these ‘outer’ elements, and an analo
into shared memory using the global-to-local mapping. Thgyous list of the ‘inner’ elements. We compute the outer ele-
derivative matrix of the Lagrange polynomials is stored inments first, as it is done classically. Once these computatio
the so-called constant memaory, and the kernel then mLI'tihave been Comp|eted, we copy the associated data to the
plies it with the local coefficients of the displacement & th respective MPI buffers and issue a non-blocking MPI call,
GLL points. Constant memory is cached, and it is as fasfyhich initiates the communication and returns immediately
as registers if all threads access the same item simultangyhile the messages are traveling across the interconnect, we
ously. The third stage performs numerical integration withcompute the inner elements. Achieving effective overlap re
the discrete Jacobian to obtain the local gradient of the disjuires that the ratio of the number of inner to outer elements
placement vector. In the final step, the elementwise contripe sufficiently large, which is the case for large enough mesh
butions need to be assembled at each global point. Each sugfices. Under these conditions, the MPI data transfer will
point receives contributions from a varying number of eledjkely complete before the completion of the computation of
ments due to the non-structured mesh, which calls for athe inner elements. We note that to achieve effective over-
atomic summation, i.e., an order-independent sequemtial ajap on a cluster of GPUs, this ratio must be larger than for
cumulation. We decouple these dependencies, which do nefassical CPU clusters, due to the speedup obtained by the
parallelize in a straightforward manner, by using a colprin GpUs.
scheme, resulting in one kernel call per color. Accordingly  The PCle bus between the CPUs and the GPUs exhibits
we pre-compute maximally independent sets of mesh elgsandwidth and latency similar to an Infiniband interconnect
ments during the meshing step (see Sect. 3.1). To alleviate this bottleneck, we insert two additional kesn

To maximize efficiency, we apply a number of CUDA- before and after the loop over the element colors in the as-
specific optimizations: Data is arranged so that accesses sembly process. The first one packs the contributions of the
local data stored in global memory (off-chip DRAM) can outer elements in the current slice into an auxiliary buffer
be coalesced into large memory transactions, and bank coifhis buffer is transferred to the host, as PCle transfers are
flicts in shared memory are avoided. Accesses to arrays comuch faster when performed in one large batch rather thanin
responding to global data cannot be fully coalesced due tmany small batches. The CPU unpacks the data, distributes
the indirect addressing implied by the unstructured mesthit to the MPI buffers associated with the four neighboring
and we route these accesses through the texture cachedles and issues the non-blocking MPI call. A second auxil-
improve performance, although the improvement is ratheiary kernel performs the other way round, i.e., the unpagkin
small, as expected. A trade-off is required between the resf a PCle transfer and the indirect writes to device memory.
quirements of each block (due to the solution scheme) ankh our experiments, we found that this approach is faster
the available resources, as shared memory and the registarerall than performing several PCle transfers, despie th
file in each multiprocessor are shared by resident blocks. Wienplied indirect reads and writes in device memory. CUDA



allows for two alternative implementations to achieve ever 0.025 = ' '

lap of PCle communication and device computation. A fea- 0.02 |
ture called ‘streams’ is used in a way similar to our ap-
proach, where we decouple the outer from the inner ele-
ments at the MPI level (e.g., by overlapping computation@ 0.01
of the elements sharing data in one direction with transfers ;505
of data for the other directions). This feature can be coms
bined with ‘zero copy’, which maps a buffer on the CPU <
into device memory space. As the mesh is unstructured, the -0.005
additional bookkeeping overhead is sufficient to nullifyan
performance improvements and thus we do not use these
features. -0.015

UzGPU — —
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Fig. 1 We compare the result of our single-precision GPU + MPI code
(solid line) and our reference existing single-precision CPU RIM
code (dashed line) for the time variation of the vertical congmbrof
the displacement vector at a given point in the mesh. The two surve
are almost perfectly superimposed and the absolute difference-ampl
4 Results fied by a factor of 3,000 (dotted line) is very small.

4.1 Test configurations
4.2 Numerical validation

The machine we use is a cluster of 48 Teslas S1070 at CCRT/ , . i

CEA/GENCI in Paris, France: each Tesla S1070 has fou§pectral-element codes for linear seismic wave propagatio
GT200 GPUs and two PCI Express-2 buses (i.e., two GPU@odeling are always sufficie_ntly acgurate in single preci-
share a PCI Express-2 bus). The GT200 cards have 4 Ggon as demonstrated,_e.g., in Chaljub et ql (2007), Tromp
of memory, and the memory bandwidth is 102 gigabytes pe?t al (2008) and Komatitsch et al (_2(_)09). Itis th_erefore un-
second with a memory bus width of 512 bits. The Teslag]gcessary to resgrt tp double precision calculations tgesol

are connected to BULL Novascale R422 E1 nodes with twcgh'S problem, which is an advantage on current GPUs be-

quad-core Intel Xeon Nehalem processors operating at 2.gHuse single precision calculations are significantlyefast

GHz. Each node has 24 GB of RAM and runs Linux kernelalthough the situation of double precision operations will
26 1.8 The network is Infiniband improve, in particular on the FERMI architecture. In the re-

mainder of this article, we thus use single precision on both
For the Scalabi“ty teStS, we use slices of 446,080 Speqhe CPUs and the GPUs. Before we proceed with perfor-
tral elements each, out of which 122,068 are ‘outer’ elemance analysis of the GPU implementation, let us present
ments, i.e., elements in contact with MPI cut planes by af validation test that we performed for the GPU-accelerated
least one mesh point, and 324,012 elements are ‘inner’ egode on 64 GPUs. Figure 1 shows a comparison of our single-
ements. The ratio between outer and inner elements is thlﬂﬁvecision GPU + MPI code and our reference existing single-
approximately 27.5% to 72.5 %. Each slice contains approxprecision CPU + MPI code for the time variation of the ver-
imately 29.6 million unique grid points, i.e., 88.8 million tical component of the displacement vector at a given point
degrees of freedom, corresponding to 3.6 GB (out of 4 GBjn the mesh. Calculation of the absolute difference between
memory footprint per GPU. The largest possible problemyoth curves shows that the differences are negligible. i§his
size, using all 192 GPUs in the cluster, is thus 17 billionthe expected behavior because single precision is sufficien
unknowns. All our measurements correspond to the durasn CPUSs and the different order of computation on the GPU

tion (i.e., elapsed time) of 1,000 time steps, keeping indnin goes not lead to different results as the solution method is
that each time step consists of the exact same numerical 0ggple.

erations (see Sect. 2.1). To get accurate measurements, not

subject to outside interference, the nodes that parteeijpat

a particular run are not shared with other users. Each rug.3 Weak scalability

is executed three times to ensure that the timings are reli-

able, and to determine whether there are any fluctuation&ig. 2 shows the average elapsed time per time step of the
The CPU reference code is heavily optimized (KomatitscH SEM algorithm for simulations on 4 to 192 GPUs (i.e., the
et al (2003, 2008)) using the ParaVer performance analysiwhole machine), in steps of four GPUs. Weak scaling is
tool, in particular to minimize cache misses. close to perfect; the small fluctuations we observe are on
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Fig. 2 Weak scalability using GPUs, with and without bus sharing.  Fig. 3 Performance breakdown, assessment of MPI and PCle overlap.

the order of 2-3%. We repeat this experiment using onlyaPPed with computations, and observed differences are due
one GPU per node, and consequently, we can only go up {9 PCle bus sharing. A comparison with the modified cal-
96 GPUs when keeping the load per GPU fixed. The fluctuaulation in which the MPI buffers are not built and MPI is
tions are now entirely removed, which shows that all fluctu-ComMPletely turned off (magenta squares) gives an estinate o
ations are caused by the shared PCle bus in each half-Ted[¥ total cost of running the problem on a cluster rather than
S$1070. Furthermore, the entire run is on average only 39@ Single core, i.e., building MP! buffers, sending/reasyi
faster when the PCle buses are not shared, i.e., the PCfam with MPI, and processing them once they are received.
sharing implied by the design of the S1070 Tesla is not Ve measure that this total cost is of the order of 0.325/0.291
dominant bottleneck. This demonstrates convincingly that 1-117 = 11.7%. We emphasize that this cost does not affect

the overlap of non-blocking MPI communication, PCle transthe efficiency (speedup) of the code, as it is not serialized.
fers and computation on the devices is excellent. We did not try to estimate the cost of running the code with-

L : . out overlap between communication and computation since
We now examine in more detail the extent to which com-, . . : .
is would imply using blocked MPI, which creates a bot-

munications and computations overlap each other. Fig. 2 o
eneck when there is in excess of 2,000 cores, a situation
compares four sets of measurements (averaged over three

runs in each case): the two curves of the last experiment, %nt|C|pated on future large GPU clusters.
calculation in which we completely turn off both the MPI
communications and the creation and processing of the MPI

buffers (magenta), and a calculation in which we create and.4 Speedup

process the MPI buffers but replace the MPI send/receives

with zeroing of the buffers (blue). The last two configura- To measure the speedup, we repeat the weak scaling experi-
tions are used for this analysis only; they give incorreet rement with two different CPU configurations. In the first one,
sults, but execute the same number of computations per tinvee assign each slice of 3.6 GB to a CPU core, and to bal-
step. A comparison between the full calculation for the reabnce resource sharing with idle resources, we schedule two
problem with sharing of the PCle bus (red tics) and the modslices to each CPU. In the second one, we cut each slice in
ified calculation, in which the MPI buffers are built and thus half and assign four of these smaller slices to the four cores
the communication costs between GPU and CPU are takén each CPU. We use process pinning to make sure that each
into account but the MPI send/receives are disabled (bluBPI process uses its desired core exclusively. These exper-
stars), provides a good estimate of the time spent waitingments thus only require half the amount of cluster nodes,
for communications (an upper bound of 3% of the time),because more memory is available to each CPU than in each
i.e., this experiment is a good illustration of how effeetiv.  GPU board. Fig. 4 depicts the weak scaling measurements
communications and calculations overlap. We also obserwe obtain. The fluctuations are larger than in the CPU case
that the full calculation for the real problem without simari  (because the elapsed time is longer), but the relative amoun
of the PCle bus (green crosses) constitutes a lower bouraf noise in the measurements is the same as in the pure GPU
for the runtime, and several runs of the experiment depictedun. We currently cannot explain the repeatable peak in one
with blue stars fortuitously reach this bound. We can thereef the configurations. The configuration that uses four cores
fore conclude that all communications are perfectly overper node to compute four half-sized slices is 1.6 timesfaste



8 : : : : : perform the majority of the calculations. Such a configura-
tion would be imbalanced on this cluster because we can-
! ; g not easily vary the size of the mesh slices, and more impor-
6r 1 tantly because the speedup of one GPU over one CPU core
5L i is much higher than that obtained by the remaining CPU
cores, even assuming perfect strong scaling. A hybrid par-
allelization that uses pThreads within each node and MPI
3r 1 only in between nodes would require a lot of coding effort,
Run 1, 4 cores per CPU —— but in our opinion would yield only small returns in terms of

Averaged elapsed time per timestep (s)

2+ Run 2, 4 cores per CPU 4
Run 3, 4 cores per CPU —— ici
a RN 1 2 cores ber P —— | overall efficiency. _
Run 2, 2 cores per CPU In future work, we plan to re-implement our approach

0 ) ) Run 3, 2 cores per CPU —«—
4 32 64 96 128 160 192

Problem size

using OpenCL to expand the range of hardware on which the
accelerated code will run, in particular to include AMD. We
Fig. 4 Weak scalability using only CPU cores. Note that the two con will also perform these experiments on the Lincoln machine
fig%rations compute thye samge prglblem, the préblem size per CP¥ is thIn the Tgragrld, which has CPUs from an older teChr?OIOgy
same (and the same as per GPU in Fig. 2). generation and a total of 384 of the same GPUs, which are
connected via shared PCle x8 (i.e., half the lanes compared
to the machine used in these tests). We expect identical scal
than using only two cores for the full slices. We do not ob-a_bility results, butit would be interesting t_o evaluate fte
serve the ideal factor of two due to resource sharing. d|ffer_ent factors (PCle lanes, PCle sharing, NUMA effects
When combining the measurements in Fig. 2 and Fig. 4etc.) influence performance_ and speedup. The new features
we can derive an average speedup of one GPU in a Tesi)f FERMI (NVIDIAS upcoming new GPU generation) are

S1070 over four cores in a Nehalem CPU by a factor of 12.9‘?ﬁso worth further investigation: This chip al-most quadru-
les the amount of shared memory per multiprocessor, and

and of 20.6 over using only two CPU cores. Both factors aré . .
we expect the tuning effort when adding new features to our

equally meaningful, because we need to halve the size ?( mels to be sianificantly reduced. This i rticularly im
each slice for the eight-core run, which changes the ratioc o> 0 be signiica y. educea. . S. s pa .cu a .y
ortant for more challenging and realistic physical simula

between inner and outer elements, and the communicaticﬁ1 ns that would require anisotropic or vi lasti |
pattern, size and amount of the MPI messages. In these typeg S that woulld require anisotropic or VISCoetastic ggolo

. . . . . .lcal media. Our current multi-GPU code is limited to the —

of experiments in geophysics, one is usually interested in". ) . S

. . : still relevant in many problems of interest — case of isatrop

running the largest problem size possible. We have thexefor ) ! : :

. . . elastic rheology (while our classical multi-CPU code has

based our experiments as to fill up the device memory t? ) ; . .

90 % ull support for anisotropy and viscoelasticity). Finalye
' would like to assess the energy efficiency of the accelerated
solver, i.e., measuring electrical energy consumptiorarge

5 Conclusions and future work discussing this possibility with BULL engineers.
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