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Márcio Castro1, Emilio Francesquini2,3, Thomas Messi Nguélé4
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MOTIVATION	
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MoPvaPon	
  

•  Simula5ons	
  of	
  large	
  scale	
  seismic	
  wave	
  
propaga5on	
  
– 	
  Risk	
  miPgaPon	
  	
  
– 	
  Study	
  of	
  future	
  hypothePcal	
  earthquakes	
  
– 	
  Oil	
  and	
  gas	
  explora5on	
  

•  Realis5c	
  simula5ons	
  !	
  complex	
  models	
  
– 	
  Intensive	
  computaPons	
  on	
  large	
  amounts	
  
of	
  data	
  	
  

– 	
  Need	
  of	
  HPC	
  plaKorms	
  to	
  achieve	
  reliable	
  
results	
  in	
  feasible	
  5me	
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MoPvaPon	
  

•  Un5l	
  the	
  last	
  decade	
  
– 	
  Performance	
  of	
  HPC	
  plaWorms	
  has	
  been	
  
quanPfied	
  by	
  their	
  processing	
  power	
  (Flops)	
  

•  Nowadays	
  
– 	
  Energy	
  efficiency	
  (Flops/WaR)	
  is	
  as	
  
important	
  as	
  processing	
  power	
  

– 	
  Cri5cal	
  aspect	
  to	
  the	
  development	
  of	
  
scalable	
  systems	
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MoPvaPon	
  
•  Example:	
  data-­‐centers	
  

– 	
  Power	
  and	
  cooling	
  costs	
  largely	
  dominate	
  the	
  
opera5onal	
  costs	
  
•  	
  30%	
  of	
  the	
  energy	
  is	
  used	
  for	
  cooling	
  
•  	
  10-­‐15%	
  is	
  lost	
  in	
  power	
  conversions	
  and	
  
distribuPon	
  losses	
  

•  Defense	
  Advanced	
  Research	
  Projects	
  
Agency,	
  EUA	
  (DARPA)	
  report	
  
– 	
  Acceptable	
  energy	
  efficiency	
  for	
  Exascale	
  
systems	
  à	
  50	
  GFlops/WaR	
  

– 	
  TSUBAME-­‐KFC:	
  number	
  one	
  plaWorm	
  in	
  
Green500	
  performs	
  4.5	
  GFlops/WaR	
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MoPvaPon	
  

•  New	
  alterna5ves	
  for	
  low-­‐power	
  HPC	
  
– 	
  Light-­‐weight	
  manycore	
  processors	
  
– 	
  Examples:	
  Tilera	
  TILE-­‐Gx,	
  Kalray	
  MPPA-­‐256	
  

•  Light-­‐weight	
  manycores	
  vs.	
  GPUs	
  
– 	
  Autonomous	
  cores	
  
– 	
  Cores	
  can	
  be	
  used	
  to	
  accomplish	
  both	
  data	
  
and	
  task	
  parallelism	
  

– 	
  Low	
  power	
  consump5on:	
  few	
  tens	
  of	
  wa^s	
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MoPvaPon	
  

•  Developing	
  efficient	
  scien5fic	
  parallel	
  
applica5ons	
  for	
  light-­‐weight	
  manycores	
  
is	
  challenging	
  
– 	
  Built	
  and	
  opPmized	
  for	
  specific	
  classes	
  of	
  
embedded	
  applica5ons	
  

– 	
  Memory	
  constraints	
  
– 	
  Absence	
  of	
  coherent	
  caches	
  
– 	
  Peculiar	
  Networks-­‐on-­‐Chip	
  (NoCs)	
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Our	
  work	
  

•  Adapt	
  a	
  main	
  kernel	
  of	
  a	
  seismic	
  wave	
  
propaga5on	
  simulator	
  (Ondes3D	
  -­‐	
  BRGM)	
  
to	
  a	
  recent	
  light-­‐weight	
  manycore	
  
– 	
  Kalray	
  MPPA-­‐256	
  

•  Compare	
  the	
  performance	
  and	
  energy	
  
efficiency	
  of	
  our	
  soluPon	
  with	
  opPmized	
  
soluPons	
  for	
  GPUs	
  and	
  general-­‐purpose	
  
mul5cores	
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Outline	
  

•  Seismic	
  wave	
  propagaPon	
  kernel	
  
•  MPPA-­‐256	
  overview	
  
•  Proposed	
  soluPon	
  
•  Results	
  
•  Conclusions	
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  PROPAGATION	
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Seismic	
  wave	
  propagaPon	
  

•  In	
  our	
  case,	
  the	
  earthquake	
  process	
  is	
  
described	
  as	
  elastodynamics	
  

•  Finite-­‐differences	
  scheme	
  is	
  used	
  for	
  
solving	
  the	
  wave	
  propagaPon	
  problem	
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Seismic	
  wave	
  propagaPon	
  

•  SimulaPon	
  composed	
  by	
  5me	
  steps	
  
•  In	
  each	
  5me	
  step	
  (3D	
  simula5on)	
  

–  The	
  first	
  triple	
  nested	
  loop	
  computes	
  
the	
  velocity	
  components	
  	
  

–  The	
  second	
  loop	
  reuses	
  the	
  velocity	
  
results	
  of	
  the	
  previous	
  Pme	
  step	
  to	
  
update	
  the	
  stress	
  field	
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Indeed, all the unknowns are evaluated at the same location for classical collocated methods317

over a regular Cartesian grid whereas the staggered grid leads to a shift of the derivatives by half318

a grid cell (Figure 5). The equations are rewritten as a first-order system in time and therefore319

the velocity and the stress fields can be simultaneously evaluated at a given time step.320
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Figure 5: Elementary 3D cell of the staggered grid and distribution of the stress (�) and the velocity (v) components.

The computational procedure is described in Algorithm 3.5. Inside the time step loop, the321

first triple nested loop is devoted to the computation of the velocity components, and the second322

loop reuses the velocity results of the previous time step to update the stress field. For instance,323

the stencil applied for the computation of the velocity component in the x-direction is given324

by Equation 4. Exponents i, j, k indicate the spatial direction, �i jk = �(i�s, j�s, k�s), �s325

corresponds to the space step, �t to the time step and a1, a2 and a3 are defined as three constants.326

Algorithm 3.5: Sequential SeismicWave Propagation Kernel(�, v)

for x 1 to x dimension

do

8>>>><
>>>>:

for y 1 to y dimension

do
(

for z 1 to z dimension
do
n
compute stress(�xx,�yy,�zz,�xy,�xz,�yz)

for x 1 to x dimension

do

8>>>><
>>>>:

for y 1 to y dimension

do
(

for z 1 to z dimension
do
n
compute velocity(vx, vy, vz)

One particularity of the three-dimensional simulation of seismic wave propagation is the327

consideration of a finite computing domain whereas the physical problem is unbounded. Addi-328

tional numerical conditions are then required to absorb the energy at the artificial boundaries.329

At the lateral and bottom edges of the three-dimensional geometry, a specific set of equations is330

implemented. For instance, the classical Perfectly Matched Layer (PML) relies on the implemen-331
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for x 1 to x dimension

do

8>>>><
>>>>:

for y 1 to y dimension

do
(

for z 1 to z dimension
do
n
compute velocity()

for x 1 to x dimension

do

8>>>><
>>>>:

for y 1 to y dimension

do
(

for z 1 to z dimension
do
n
compute stress()
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Seismic	
  wave	
  propagaPon	
  

•  Current	
  parallel	
  implementa5ons	
  
– 	
  Mul5cores:	
  OpenMP	
  to	
  parallelize	
  the	
  triple	
  
nested	
  loops	
  (3D	
  domain)	
  

– 	
  GPUs:	
  sliding-­‐window	
  algorithm	
  that	
  relies	
  
on	
  a	
  two-­‐dimensional	
  Pled	
  decomposiPon	
  of	
  
the	
  3D	
  domain	
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Kalray	
  MPPA-­‐256	
  overview	
  

•  Kalray	
  
– 	
  French	
  semiconductor	
  and	
  sohware	
  company	
  
(Grenoble	
  and	
  Paris)	
  developing	
  and	
  selling	
  a	
  
new	
  generaPon	
  of	
  manycore	
  processors	
  for	
  
HPC	
  

•  MPPA-­‐256	
  	
  
– 	
  MulP-­‐Purpose	
  Processor	
  Array	
  (MPPA)	
  
– 	
  Manycore	
  processor:	
  256	
  cores	
  in	
  a	
  single	
  chip	
  
– 	
  Low	
  power	
  consumpPon	
  (5W	
  -­‐	
  11W)	
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Primeiras impressões sobre o uso do processador manycore MPPA-256 para computação de alto desempenho sustentável
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KALRAY products

● A New family of Manycore Processors

● High processing performance

● Low Power Consumption

● Faster time to Market for complex embedded systems

● Leading edge standard IOs for easy system integration

● A complete Parallel Programming Development environment

● Eases the development of applications on MPPA processors

● Manycore compilers, debuggers, and system trace analyzer

● High level C-based Dataflow language

● Low Level POSIX programming

● A development platform

● “all in one” ready to use development station

● Perfect tools to quickly design, evaluate and optimize 

applications
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MPPA®-256 Architecture overview 
The MPPA®-256 is the first processor of KALRAY MPPA processor 

and is composed by an array of 16 clusters and 4 I/O 

subsystems, themselves connected by two NoCs. 

Core architecture 
The MPPA® core is a 32-bit Very Long Instruction Word (VLIW) 

processor made of: 

! One Branch/Control Unit 

! Two Arithmetic Logic Units 

! One Load/Store Unit including simplified ALU 

! One Multiply-Accumulate (MAC) / FPU including a 

simplified ALU 

! Standard IEEE 754-2008 FPU with advanced Fused Multiply-

Add (FMA) and dot product operators 

! One Memory Management Unit (MMU) 

This enables to execute up to five 32bit RISC like integer 

operations every clock cycle. 

Compute Cluster  
Each compute cluster is composed of:  

! 16 identical cores with private FPU and MMU 

! Dynamic Voltage and Frequency Scaling (DVFS) and 

Dynamic Power Switch off (DPS) support    

! 1 system core with private FPU and MMU  

! An instruction and data L1-cache per core 

! 1 smart Direct Memory Access (DMA) 

! A shared memory 

! 1 Debug Support Unit 

The cores are connected to a multibank memory enabling low 

latency access or bank private access depending on the 

configuration.  

Network on Chip 
The NoC is a 2D-wrapped-around torus structure providing a 

full duplex bandwidth up to 3.2 GB/s between each adjacent 

cluster.  The NoC implements a Quality of Service mechanism, 

thus guaranteeing predictable latencies for all data transfers.  

 

Figure 1 – MPPA®-256 block diagram 

Interfaces 
The MPPA MANYCORE processor communicates with the 

external devices through I/O subsystems located at the 

periphery of the NoC. The I/O subsystems implement various 

standard interfaces.  

Here below the description of MPPA-256 interfaces: 

! Two DDR3 channels 

Each channel is 64-bit with optional ECC and delivers up to 

12,8GB/s. 

! Two PCIe Gen3 X8 

Each interface embeds an advanced DMA with 

scatter/gather supports providing efficient data transfer as 

PCIe Bus master.  

! Two smart Ethernet Controllers 
Each controller can be configured to provide 4x1GbE, 

4x10GbE or 1x40GbE interface. 

! Universal Static Memory Controller 
This controller enables to connect up five external devices 

like NAND/NOR Flash, serial Flash and asynchronous SRAM 

memories 

! Two banks of 64 General Purpose I/Os 
Each bank can be configured in PWM, UARTs, SPI or I2C. 

These banks can work also in Direct Network Access mode, 

providing a very low latency interface to directly stream 

data from/to the processing array. 

! NoC eXpress interfaces (NoCX) 
Providing an aggregate bandwidth of 40Gb/s, the NoCX 

enables to easily scale the number of cores by connecting 

multiple MPPA MANYCORE processors on the same board. 

The NoCX is also an efficient way to couple the MPPA with 

an external FPGA used as a co-processor or interface bridge. 

 

© Copyright 2014 Kalray S.A. 

KALRAY, the Kalray logo, MPPA, ACCESSCORE and other designated 
included herein are trademarks of Kalray in France and other countries. 
All other trademarks are the property of their respective owners 
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•  256	
  cores	
  (PEs)	
  @	
  400	
  MHz:	
  16	
  clusters,	
  16	
  PEs	
  per	
  cluster	
  
•  PEs	
  share	
  2	
  MB	
  of	
  memory	
  
•  Absence	
  of	
  cache	
  coherence	
  protocol	
  inside	
  the	
  cluster	
  
•  Network-­‐on-­‐Chip	
  (NoC):	
  communicaPon	
  between	
  clusters	
  
•  4	
  I/O	
  subsystems:	
  2	
  connected	
  to	
  external	
  memory	
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•  A	
  master	
  process	
  runs	
  on	
  an	
  RM	
  of	
  one	
  
of	
  the	
  I/O	
  subsystems	
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•  The	
  master	
  process	
  spawns	
  slave	
  
processes	
  

•  One	
  slave	
  process	
  per	
  cluster	
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•  The	
  slave	
  process	
  runs	
  on	
  the	
  PE0	
  and	
  may	
  
create	
  up	
  to	
  15	
  threads,	
  one	
  for	
  each	
  PE	
  
– 	
  POSIX	
  or	
  OpenMP	
  

•  Threads	
  share	
  2	
  MB	
  of	
  memory	
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Proposed	
  soluPon	
  
•  Challenge	
  1:	
  memory	
  

–  	
  Real	
  simulaPon	
  data	
  don’t	
  fit	
  in	
  2	
  MB	
  per	
  cluster	
  
–  	
  Data	
  transfers	
  from/to	
  the	
  DDR	
  explicitly	
  managed	
  
by	
  the	
  programmer	
  

•  Challenge	
  2:	
  data	
  transfers	
  
–  	
  Specific	
  API	
  to	
  perform	
  data	
  movements	
  
–  	
  Assynchronous	
  data	
  transfers	
  to	
  overlap	
  
communica5ons	
  with	
  computa5ons	
  

•  Challenge	
  3:	
  NoC	
  
–  	
  Data	
  transfers	
  should	
  match	
  the	
  NoC	
  topology	
  to	
  
reduce	
  communicaPon	
  costs	
  

–  	
  Send	
  few	
  data	
  transfers	
  containing	
  large	
  amounts	
  
of	
  data	
  is	
  be^er	
  than	
  several	
  data	
  transfers	
  
containing	
  few	
  data	
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•  Two-­‐level	
  5ling	
  scheme	
  to	
  exploit	
  the	
  
memory	
  hierarchy	
  of	
  MPPA-­‐256	
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Figure 2: Two-level tiling scheme to exploit the memory hierarchy of MPPA-256.

Thus, the global data must be tiled and transferred between
the DDR and the compute clusters’ during computation. Next
section discusses our approach to deal with this memory
constraint.

Overlapping data transfers. MPPA-256 allows both syn-
chronous and asynchronous data transfers. A specific API
allows the master process (running on the I/O subsystem
connected to the DDR) to write data to compute clusters’
memory as well as PEs to write the result back to the DDR
after computation. Real wave propagation simulations demand
several data transfers. Thus, we only employ asynchronous
data transfers to alleviate communication costs by overlapping
communication with computation.

Matching NoC topology and communication. Compute
clusters and I/O subsystems are connected by two parallel
NoCs, one for data (D-NoC) and another for control (C-NoC).
There is one NoC node per compute cluster whereas there are 4
NoC nodes per I/O subsystem. To achieve high bandwidth, the
master process running on the I/O subsystem must explicitly
select which NoC node to use for the data transfer in accor-
dance to the NoC topology and the application communication
pattern. Additionally, it is preferable to perform few data
transfers containing large amounts of data instead of several
data transfers containing few data to reduce communication
costs. These characteristics also guided our algorithmic and
implementation decisions discussed in the following section.

IV. ELASTODYNAMICS NUMERICAL KERNEL ON
MPPA-256

Performing stencil computations on the MPPA-256 proces-
sor is a challenging task. This class of numerical kernels has
an important demand for memory bandwidth. This makes the
efficient use of the low-latency memories distributed among
compute clusters indispensable. In contrast to standard x86
processors in which it is not uncommon to find last-level cache
sizes of tens of megabytes, the MPPA-256 has only 32 MB
of low-latency memory divided into 2 MB chunks spread
throughout the 16 compute clusters. These chunks of memory
are directly exposed to the programmer that must explicitly
control them. Indeed, the efficiency of our algorithm relies on
the ability to fully exploit this low-latency memories.

On classical distributed memory architectures, the standard
parallel implementations of the elastodynamics equations are
based on MPI Cartesian grid decomposition. The strategy is

based on data-parallelism in which each processor solves its
own subdomain problem. The time-dependent computational
phase corresponding to the resolution of the first-order system
of equations (1) and (2) is the following: at each time step,
the stress variables are computed first, then each domain ex-
changes interface information with its neighbors and finally the
velocity variables are updated again by exchanging information
on the edges [11].

As we mentioned earlier, the 3D data required for seismic
wave modeling do not fit in MPPA-256 low-latency memories
making this standard distributed approach ineffectual. There-
fore, we need to design efficient master-to-slave and slave-to-
master communications to make use of the 2 GB of memory
connected to the I/O subsystem and carefully overlap commu-
nications with computations to mask communication costs. For
that, we implemented a two-level algorithm that decomposes
the problem with respect to the memory available on both
I/O subsystem and compute clusters. Figure 2 illustrates the
general idea of our two-level tiling scheme.

The three dimensional structures corresponding to the
velocity and stress fields are allocated on the DDR connected
to the I/O subsystem to maximize the overall problem size that
can be simulated. Next, we divide the global computational
domain into several subdomains corresponding to the number
of compute clusters involved in the computation (Figure 2- 1 ).
This decomposition provides a first level of data-parallelism.
To respect the width of the stencil (fourth-order), we maintain
an overlap of two grid points in each direction. These regions,
called ghost zones, are updated at each stage of the computa-
tion with point-to-point communications between neighboring
clusters. Unfortunately, this first level of decomposition is not
enough because three-dimensional tiles do not fit into the 2 MB
of low-latency memories available to the compute clusters.

A second level of decomposition is therefore required.
We performed this decomposition along the vertical direction
as we tile each three-dimensional subdomain into 2D slices
(Figure 2- 2 ). This leads to a significant reduction of the
memory consumption for each cluster but requires maintaining
a good balance between the computation and communication.
Our solution relies on a sliding window algorithm that traverses
the 3D domains using 2D planes and overlaps data transfers
with computations. This can be viewed as an explicit prefetch-
ing mechanism (Figure 2- 3 ) as 2D planes required for the
computation at one step are brought to the clusters during the
computation performed at previous steps.
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Results	
  

•  Xeon	
  E5	
  
– 	
  Sandy	
  Bridge-­‐EP	
  with	
  8	
  cores	
  at	
  2.4	
  GHz	
  
– 	
  32	
  GB	
  of	
  DDR3	
  

•  SGI	
  Al5x	
  UV	
  2000	
  
– 	
  ccNUMA	
  (24	
  NUMA	
  nodes)	
  	
  
– 	
  NUMA	
  node:	
  Xeon	
  E5	
  (8	
  cores	
  at	
  2.4	
  GHz)	
  
– 	
  192	
  cores	
  and	
  768	
  GB	
  of	
  main	
  memory	
  in	
  total	
  

•  NVIDIA	
  Quadro	
  K5000	
  GPU	
  
– 	
  Kepler	
  architecture	
  
– 	
  768	
  CUDA	
  cores	
  at	
  800	
  MHz	
  
– 	
  3	
  GB	
  of	
  main	
  memory	
  (GDDR5)	
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Although our solution is flexible enough to handle a
variable number of prefetched planes, the maximum value de-
pends on the problem dimensions and the amount of available
memory on each compute cluster. To better exploit the NoC,
we carefully select the NoC node on the I/O subsystem with
which the compute cluster will communicate. This choice is
based on the NoC topology and aims at the reduction of the
number of hops necessary to deliver a message. Moreover,
the prefetching scheme also allows us to send less messages
containing more data, which has been empirically proven to be
more efficient than sending several messages of smaller sizes
due to the important communication latency imposed by the
NoC. Finally, OpenMP directives are employed inside each
compute cluster to compute 2D problems with up to 16 PEs
in parallel (Figure 2- 4 ).

V. EXPERIMENTAL RESULTS

In this section, we evaluate the performance and en-
ergy consumption of seismic wave propagation simulations
on MPPA-256 as well as other common-place platforms.
Section V-A presents the measurement methodology and the
platforms used in this study. Experimental results are discussed
in Sections V-B and V-C. Section V-B concentrates on the
performance and energy efficiency aspects of the execution
whereas Section V-C discusses the scalability of the proposed
algorithm.

A. Methodology

We analyze the energy efficiency and performance of
our seismic wave propagation on MPPA-256 and three other
platforms:

Xeon E5. This platform features a Xeon E5-4640 Sandy
Bridge-EP processor, which has 8 physical cores running at
2.40GHz and 32GB of DDR3 memory.

Altix UV 2000. The SGI Altix UV 2000 is a Non-Uniform
Memory Access (NUMA) platform composed of 24 NUMA
nodes. Each node has a Xeon E5-4640 Sandy Bridge-EP pro-
cessor (with the same specifications of the Xeon E5 platform)
and 32GB of DDR3 memory shared in a ccNUMA fashion
(NUMAlink6). Overall, this platform has 192 CPU cores.

Quadro K4000. The NVIDIA Quadro K4000 graphics
board features NVIDIA Kepler architecture with 768 CUDA
parallel-processing cores running at 800MHz and 3GB of
GDDR5 GPU memory.

We use three metrics to compare the energy and computing
performance: time-to-solution, energy-to-solution and speedup.
Time-to-solution is the time spent to reach a solution for a
seismic wave propagation simulation. Analogously, energy-to-
solution is the amount of energy spent to reach a solution for a
seismic wave propagation simulation. Speedups are calculated
by dividing the time-to-solution of the sequential version
by time-to-solution of the parallel/distributed version with n

cores. All results represent averages of 30 runs to guarantee
statistically relevant values.

The energy-to-solution was obtained through each plat-
form’s specific power measurement sensors. Both Xeon E5

and Altix UV 2000 are based on Intel’s Sandy Bridge microar-
chitecture. This microarchitecture has Intel’s Running Average

Power Limit (RAPL) interface which allows us to measure the
power consumption of CPU-level components through hard-
ware counters. Power measurements obtained from RAPL are
very accurate as shown in [12], [13]. We used this approach to
obtain the energy consumption of the whole CPU package in-
cluding cores and cache memory. Analogously, Quadro K4000

has NVIDIA’s Management Library (NVML), an API for
monitoring and managing various states of the NVIDIA GPU
devices. We used the NVML to gather the power usage for
the GPU and its associated circuitry (e.g., internal memory).
On Kepler GPUs the reading is accurate to within ±5% of
current power draw3. Finally, MPPA-256 features a tool called
K1-POWER to collect energy measurements of the whole chip,
including all clusters, on-chip memory, I/O subsystems and
NoCs. We used this tool to measure the energy consumption of
MPPA-256 when running the seismic wave propagation kernel.
According to the Kalray’s reference manuals, the measurement
precision on MPPA-256 is ±0.25 W.

B. General Energy and Performance Results

In this section we compare the performance and energy
consumption of our solution on MPPA-256 against the other
multicore and GPU reference implementations discussed in
Section II-C. On Xeon E5, we used the solution proposed
in [9], which applies OpenMP to parallelize the seismic wave
propagation kernel. On Quadro K4000, on the other hand, we
used the solution proposed in [10], which is a state-of-the-art
parallel solution for seismic wave propagation simulations on
GPUs. Figure 3 compares the time-to-solution and energy-to-
solution across the processors using a problem size of 2 GB
(1803 grid points) and 500 time steps.

COMPILE(WITH(,O3

Processor Problem Cores Time-(s) Energy-(kJ)
Xeon-E5
(8-cores) 256x256x256 8 56.7 2.0
Altix-UV-2000-
(192-cores) 256x256x256 192 2.29 2.7
Quadro-K4000
(768-cores) 256x256x256 768 11.87 0.69
MPPAK256
(256-cores) 256x256x256 256

ofast
x86=1000(time(steps mppa=500(time(steps,(prefetch=8
Processor Problem Cores Time-(s) Energy-(J)
Xeon-E5
(8-cores) 128x128x128 8 20.0 1331
Altix-UV-2000-
(192-cores) 128x128x128 192 1.50 2216
Quadro-K4000
(768-cores) 128x128x128 768 16.34 915
MPPAK256
(256-cores) 128x128x128 256 44.09 307.7

prefetch=7
time energy
62.837581 452.430583

Gains-(MPPA) Xeon Altix Quadro
Time 2.20 29.36 2.70
Energy 4.33((((((((((((((( 7.20((((((((((((((( 66%

ofast
x86=1000(time(steps mppa=500(time(steps,(prefetch=6
Processor Problem Cores Time-(s) Energy-(J)
Xeon-E5
(8-cores) 180x180x180 8 61.0 3892.0
Altix-UV-2000-
(192-cores) 180x180x180 192 2.96 4418.0
Quadro-K4000
(768-cores) 180x180x180 768 46.24 2609
MPPAK256
(256-cores) 180x180x180 256 100.23 751.7

Gains-(MPPA) Xeon Altix Quadro
Time 1.64 33.90 2.17
Energy 5.18((((((((((((((( 5.88((((((((((((((( 71%

total 202854
stencil 32881
% 0.837908052
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Figure 3: Chip-to-chip comparison.

To the best of our knowledge, GPUs are among the most
energy efficient solutions currently in use for seismic wave
propagation simulation. However, the important amount of
registers and shared memory required by seismic wave kernels
on GPUs leads to low overall core occupancy which in turn
results in limited performance. Yet, our proposed solution
on MPPA-256 achieves the best energy-to-solution among the
analyzed processors, consuming 71% less energy than Quadro

3NVML reference manual: http://docs.nvidia.com/deploy/pdf/NVML API
Reference Guide.pdf
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Although our solution is flexible enough to handle a
variable number of prefetched planes, the maximum value de-
pends on the problem dimensions and the amount of available
memory on each compute cluster. To better exploit the NoC,
we carefully select the NoC node on the I/O subsystem with
which the compute cluster will communicate. This choice is
based on the NoC topology and aims at the reduction of the
number of hops necessary to deliver a message. Moreover,
the prefetching scheme also allows us to send less messages
containing more data, which has been empirically proven to be
more efficient than sending several messages of smaller sizes
due to the important communication latency imposed by the
NoC. Finally, OpenMP directives are employed inside each
compute cluster to compute 2D problems with up to 16 PEs
in parallel (Figure 2- 4 ).

V. EXPERIMENTAL RESULTS

In this section, we evaluate the performance and en-
ergy consumption of seismic wave propagation simulations
on MPPA-256 as well as other common-place platforms.
Section V-A presents the measurement methodology and the
platforms used in this study. Experimental results are discussed
in Sections V-B and V-C. Section V-B concentrates on the
performance and energy efficiency aspects of the execution
whereas Section V-C discusses the scalability of the proposed
algorithm.

A. Methodology

We analyze the energy efficiency and performance of
our seismic wave propagation on MPPA-256 and three other
platforms:

Xeon E5. This platform features a Xeon E5-4640 Sandy
Bridge-EP processor, which has 8 physical cores running at
2.40GHz and 32GB of DDR3 memory.

Altix UV 2000. The SGI Altix UV 2000 is a Non-Uniform
Memory Access (NUMA) platform composed of 24 NUMA
nodes. Each node has a Xeon E5-4640 Sandy Bridge-EP pro-
cessor (with the same specifications of the Xeon E5 platform)
and 32GB of DDR3 memory shared in a ccNUMA fashion
(NUMAlink6). Overall, this platform has 192 CPU cores.

Quadro K4000. The NVIDIA Quadro K4000 graphics
board features NVIDIA Kepler architecture with 768 CUDA
parallel-processing cores running at 800MHz and 3GB of
GDDR5 GPU memory.

We use three metrics to compare the energy and computing
performance: time-to-solution, energy-to-solution and speedup.
Time-to-solution is the time spent to reach a solution for a
seismic wave propagation simulation. Analogously, energy-to-
solution is the amount of energy spent to reach a solution for a
seismic wave propagation simulation. Speedups are calculated
by dividing the time-to-solution of the sequential version
by time-to-solution of the parallel/distributed version with n

cores. All results represent averages of 30 runs to guarantee
statistically relevant values.

The energy-to-solution was obtained through each plat-
form’s specific power measurement sensors. Both Xeon E5

and Altix UV 2000 are based on Intel’s Sandy Bridge microar-
chitecture. This microarchitecture has Intel’s Running Average

Power Limit (RAPL) interface which allows us to measure the
power consumption of CPU-level components through hard-
ware counters. Power measurements obtained from RAPL are
very accurate as shown in [12], [13]. We used this approach to
obtain the energy consumption of the whole CPU package in-
cluding cores and cache memory. Analogously, Quadro K4000

has NVIDIA’s Management Library (NVML), an API for
monitoring and managing various states of the NVIDIA GPU
devices. We used the NVML to gather the power usage for
the GPU and its associated circuitry (e.g., internal memory).
On Kepler GPUs the reading is accurate to within ±5% of
current power draw3. Finally, MPPA-256 features a tool called
K1-POWER to collect energy measurements of the whole chip,
including all clusters, on-chip memory, I/O subsystems and
NoCs. We used this tool to measure the energy consumption of
MPPA-256 when running the seismic wave propagation kernel.
According to the Kalray’s reference manuals, the measurement
precision on MPPA-256 is ±0.25 W.

B. General Energy and Performance Results

In this section we compare the performance and energy
consumption of our solution on MPPA-256 against the other
multicore and GPU reference implementations discussed in
Section II-C. On Xeon E5, we used the solution proposed
in [9], which applies OpenMP to parallelize the seismic wave
propagation kernel. On Quadro K4000, on the other hand, we
used the solution proposed in [10], which is a state-of-the-art
parallel solution for seismic wave propagation simulations on
GPUs. Figure 3 compares the time-to-solution and energy-to-
solution across the processors using a problem size of 2 GB
(1803 grid points) and 500 time steps.
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Processor Problem Cores Time-(s) Energy-(kJ)
Xeon-E5
(8-cores) 256x256x256 8 56.7 2.0
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Figure 3: Chip-to-chip comparison.

To the best of our knowledge, GPUs are among the most
energy efficient solutions currently in use for seismic wave
propagation simulation. However, the important amount of
registers and shared memory required by seismic wave kernels
on GPUs leads to low overall core occupancy which in turn
results in limited performance. Yet, our proposed solution
on MPPA-256 achieves the best energy-to-solution among the
analyzed processors, consuming 71% less energy than Quadro

3NVML reference manual: http://docs.nvidia.com/deploy/pdf/NVML API
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Although our solution is flexible enough to handle a
variable number of prefetched planes, the maximum value de-
pends on the problem dimensions and the amount of available
memory on each compute cluster. To better exploit the NoC,
we carefully select the NoC node on the I/O subsystem with
which the compute cluster will communicate. This choice is
based on the NoC topology and aims at the reduction of the
number of hops necessary to deliver a message. Moreover,
the prefetching scheme also allows us to send less messages
containing more data, which has been empirically proven to be
more efficient than sending several messages of smaller sizes
due to the important communication latency imposed by the
NoC. Finally, OpenMP directives are employed inside each
compute cluster to compute 2D problems with up to 16 PEs
in parallel (Figure 2- 4 ).

V. EXPERIMENTAL RESULTS

In this section, we evaluate the performance and en-
ergy consumption of seismic wave propagation simulations
on MPPA-256 as well as other common-place platforms.
Section V-A presents the measurement methodology and the
platforms used in this study. Experimental results are discussed
in Sections V-B and V-C. Section V-B concentrates on the
performance and energy efficiency aspects of the execution
whereas Section V-C discusses the scalability of the proposed
algorithm.

A. Methodology

We analyze the energy efficiency and performance of
our seismic wave propagation on MPPA-256 and three other
platforms:

Xeon E5. This platform features a Xeon E5-4640 Sandy
Bridge-EP processor, which has 8 physical cores running at
2.40GHz and 32GB of DDR3 memory.

Altix UV 2000. The SGI Altix UV 2000 is a Non-Uniform
Memory Access (NUMA) platform composed of 24 NUMA
nodes. Each node has a Xeon E5-4640 Sandy Bridge-EP pro-
cessor (with the same specifications of the Xeon E5 platform)
and 32GB of DDR3 memory shared in a ccNUMA fashion
(NUMAlink6). Overall, this platform has 192 CPU cores.

Quadro K4000. The NVIDIA Quadro K4000 graphics
board features NVIDIA Kepler architecture with 768 CUDA
parallel-processing cores running at 800MHz and 3GB of
GDDR5 GPU memory.

We use three metrics to compare the energy and computing
performance: time-to-solution, energy-to-solution and speedup.
Time-to-solution is the time spent to reach a solution for a
seismic wave propagation simulation. Analogously, energy-to-
solution is the amount of energy spent to reach a solution for a
seismic wave propagation simulation. Speedups are calculated
by dividing the time-to-solution of the sequential version
by time-to-solution of the parallel/distributed version with n

cores. All results represent averages of 30 runs to guarantee
statistically relevant values.

The energy-to-solution was obtained through each plat-
form’s specific power measurement sensors. Both Xeon E5

and Altix UV 2000 are based on Intel’s Sandy Bridge microar-
chitecture. This microarchitecture has Intel’s Running Average

Power Limit (RAPL) interface which allows us to measure the
power consumption of CPU-level components through hard-
ware counters. Power measurements obtained from RAPL are
very accurate as shown in [12], [13]. We used this approach to
obtain the energy consumption of the whole CPU package in-
cluding cores and cache memory. Analogously, Quadro K4000

has NVIDIA’s Management Library (NVML), an API for
monitoring and managing various states of the NVIDIA GPU
devices. We used the NVML to gather the power usage for
the GPU and its associated circuitry (e.g., internal memory).
On Kepler GPUs the reading is accurate to within ±5% of
current power draw3. Finally, MPPA-256 features a tool called
K1-POWER to collect energy measurements of the whole chip,
including all clusters, on-chip memory, I/O subsystems and
NoCs. We used this tool to measure the energy consumption of
MPPA-256 when running the seismic wave propagation kernel.
According to the Kalray’s reference manuals, the measurement
precision on MPPA-256 is ±0.25 W.

B. General Energy and Performance Results

In this section we compare the performance and energy
consumption of our solution on MPPA-256 against the other
multicore and GPU reference implementations discussed in
Section II-C. On Xeon E5, we used the solution proposed
in [9], which applies OpenMP to parallelize the seismic wave
propagation kernel. On Quadro K4000, on the other hand, we
used the solution proposed in [10], which is a state-of-the-art
parallel solution for seismic wave propagation simulations on
GPUs. Figure 3 compares the time-to-solution and energy-to-
solution across the processors using a problem size of 2 GB
(1803 grid points) and 500 time steps.

COMPILE(WITH(,O3

Processor Problem Cores Time-(s) Energy-(kJ)
Xeon-E5
(8-cores) 256x256x256 8 56.7 2.0
Altix-UV-2000-
(192-cores) 256x256x256 192 2.29 2.7
Quadro-K4000
(768-cores) 256x256x256 768 11.87 0.69
MPPAK256
(256-cores) 256x256x256 256

ofast
x86=1000(time(steps mppa=500(time(steps,(prefetch=8
Processor Problem Cores Time-(s) Energy-(J)
Xeon-E5
(8-cores) 128x128x128 8 20.0 1331
Altix-UV-2000-
(192-cores) 128x128x128 192 1.50 2216
Quadro-K4000
(768-cores) 128x128x128 768 16.34 915
MPPAK256
(256-cores) 128x128x128 256 44.09 307.7

prefetch=7
time energy
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Altix-UV-2000-
(192-cores) 180x180x180 192 2.96 4418.0
Quadro-K4000
(768-cores) 180x180x180 768 46.24 2609
MPPAK256
(256-cores) 180x180x180 256 100.23 751.7
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Figure 3: Chip-to-chip comparison.

To the best of our knowledge, GPUs are among the most
energy efficient solutions currently in use for seismic wave
propagation simulation. However, the important amount of
registers and shared memory required by seismic wave kernels
on GPUs leads to low overall core occupancy which in turn
results in limited performance. Yet, our proposed solution
on MPPA-256 achieves the best energy-to-solution among the
analyzed processors, consuming 71% less energy than Quadro
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Reference Guide.pdf
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K4000 and 81% less energy than Xeon E5. MPPA-256 is a low-
power embedded processor optimized for energy consumption
that in theory presents the best Flops/W ratio. Our results
corroborate this fact experimentally.

When we consider the time-to-solution, on the other hand,
every other processor achieved better performance. One of the
reasons for this significant difference in the execution times is
the time spent in communications. The simulation algorithm
is memory bound and, in our tests, communication accounted
for at least 58% of the wall execution time on MPPA-256.
Contrary to the other architectures, the small (2 MB) amount
of memory available at each compute cluster on MPPA-256

obliges us to perform an important number of data transfers
from/to the DDR. Due to the limited on-chip memory, were
able to prefetch only up to eight planes before exhausting the
available local memory in each compute cluster. Additional
factors to the observed performance difference of Xeon E5

and Quadro K4000 in comparison to MPPA-256 include the
working frequency of the cores (6x and 2x higher on Xeon E5

and Quadro K4000, respectively) and the number of cores (3x
more on Quadro K4000).
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Figure 4: Prefetching impact.

Figure 4 shows the impact of the number of prefetched
planes on communication and computation times. As we
increase the number planes available at the compute cluster
memory level, we improve the reuse of data in the vertical
direction. This allows us to overlap a considerable portion
of data transfers with computations. However, we observed
only slight improvements past six planes. This is due to the
saturation of the NoC as this strategy increases the data traffic
each time we increase the number of prefetched planes.

C. Algorithm Scalability Analysis

In the previous section we compared the overall perfor-
mance and energy consumption of the seismic wave propaga-
tion kernel on MPPA-256 against other processors (Xeon E5

and Quadro K4000). In this section we extend the previous
analysis by comparing the scalability of our solution on MPPA-

256 to the one obtained using an established solution on an
HPC platform: the Altix UV 2000. To isolate the communication
overhead imposed by the NoC on MPPA-256, we first compare
the performance scalability of the parallel version (OpenMP)
on a single compute cluster of MPPA-256 against a single node
of Altix UV 2000. For this experiment, we used a restricted input

3D space of size 163 grid points to be able to allocate all data
in to the compute cluster memory (2 MB) and 50000 time
steps. Figure 5(a) compares both the speedup and the energy-
to-solution with this problem size on both platforms. To make
a fair comparison, we measured the energy consumed by the
entire chip on MPPA-256 and only the energy consumed by a
single processor of Altix UV 2000.

Figure 5(a) shows that our seismic wave propagation
algorithm has similar performance scalability on a single
processor of Altix UV 2000 and a single MPPA-256 compute
cluster. Considering the energy consumption, we observed that
the energy consumption may significantly vary depending on
the number of cores/PEs used. When comparing the energy
efficiency of a single processor of Altix UV 2000 against a
single MPPA-256 compute cluster, we noticed that the former
outperformed MPPA-256 on low core counts. For more than
12 cores, however, the MPPA-256 compute cluster consumed
up to 17.3% less energy with 16 cores. This comes from the
fact that the power consumed by a single processor of Altix UV

2000 almost doubled from 2 to 8 cores (from 18 W to 30 W)
whereas the power consumed by the whole MPPA-256 chip
increased only slightly from 1 PE to 16 PEs (from 4.1 W to
5 W), while achieving the same scalability.

Figure 5(b) presents the weak scalability of the seismic
wave propagation kernel on Altix UV 2000 and MPPA-256 when
varying the number of nodes (on Altix UV 2000) and clusters
(on MPPA-256). In this case the problem size assigned to
each node/cluster stays constant as we increase the number of
nodes/clusters. Thus, linear scaling is achieved if the execution
time stays constant at 1.00 while the workload is increased in
direct proportion to the number of nodes/clusters. As it can
be noticed, Altix UV 2000 achieved almost linear scaling. On
MPPA-256, however, we observed a considerable performance
degradation as we increased the number of clusters. Although
the prefetching scheme considerably hides the communication
costs on MPPA-256, the latency and bandwidth of the NoC
still hurts its performance and thus limits the scalability.

Table I: Time-to-solution and energy-to-solution using a prob-
lem size of 2 GB (1803 grid points) and 500 time steps.

Platform Time-to-Solution Energy-to-Solution

MPPA-256 100.2 s 752 J
Altix UV 2000 2.9 s 4418 J

Table I compares the time-to-solution and energy-to-
solution on Altix UV 2000 and MPPA-256 using a problem size
of 2 GB (1803 grid points) and 500 time steps. As expected,
Altix UV 2000 presented much better performance than MPPA-

256, since it has 24 performance optimized general-purpose
multicore processors. However, MPPA-256 consumed 83% less
energy than Altix UV 2000 to compute the same instance of the
input problem.

VI. RELATED WORK

Low-power manycore processors. The use of low-power
manycore processors for HPC is a topic of ongoing research.
Totoni et al. [14] compared the power and performance of
Intel’s Single-Chip Cloud Computer (SCC) to other types of
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K4000 and 81% less energy than Xeon E5. MPPA-256 is a low-
power embedded processor optimized for energy consumption
that in theory presents the best Flops/W ratio. Our results
corroborate this fact experimentally.

When we consider the time-to-solution, on the other hand,
every other processor achieved better performance. One of the
reasons for this significant difference in the execution times is
the time spent in communications. The simulation algorithm
is memory bound and, in our tests, communication accounted
for at least 58% of the wall execution time on MPPA-256.
Contrary to the other architectures, the small (2 MB) amount
of memory available at each compute cluster on MPPA-256

obliges us to perform an important number of data transfers
from/to the DDR. Due to the limited on-chip memory, were
able to prefetch only up to eight planes before exhausting the
available local memory in each compute cluster. Additional
factors to the observed performance difference of Xeon E5

and Quadro K4000 in comparison to MPPA-256 include the
working frequency of the cores (6x and 2x higher on Xeon E5

and Quadro K4000, respectively) and the number of cores (3x
more on Quadro K4000).
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Figure 4: Prefetching impact.

Figure 4 shows the impact of the number of prefetched
planes on communication and computation times. As we
increase the number planes available at the compute cluster
memory level, we improve the reuse of data in the vertical
direction. This allows us to overlap a considerable portion
of data transfers with computations. However, we observed
only slight improvements past six planes. This is due to the
saturation of the NoC as this strategy increases the data traffic
each time we increase the number of prefetched planes.

C. Algorithm Scalability Analysis

In the previous section we compared the overall perfor-
mance and energy consumption of the seismic wave propaga-
tion kernel on MPPA-256 against other processors (Xeon E5

and Quadro K4000). In this section we extend the previous
analysis by comparing the scalability of our solution on MPPA-

256 to the one obtained using an established solution on an
HPC platform: the Altix UV 2000. To isolate the communication
overhead imposed by the NoC on MPPA-256, we first compare
the performance scalability of the parallel version (OpenMP)
on a single compute cluster of MPPA-256 against a single node
of Altix UV 2000. For this experiment, we used a restricted input

3D space of size 163 grid points to be able to allocate all data
in to the compute cluster memory (2 MB) and 50000 time
steps. Figure 5(a) compares both the speedup and the energy-
to-solution with this problem size on both platforms. To make
a fair comparison, we measured the energy consumed by the
entire chip on MPPA-256 and only the energy consumed by a
single processor of Altix UV 2000.

Figure 5(a) shows that our seismic wave propagation
algorithm has similar performance scalability on a single
processor of Altix UV 2000 and a single MPPA-256 compute
cluster. Considering the energy consumption, we observed that
the energy consumption may significantly vary depending on
the number of cores/PEs used. When comparing the energy
efficiency of a single processor of Altix UV 2000 against a
single MPPA-256 compute cluster, we noticed that the former
outperformed MPPA-256 on low core counts. For more than
12 cores, however, the MPPA-256 compute cluster consumed
up to 17.3% less energy with 16 cores. This comes from the
fact that the power consumed by a single processor of Altix UV

2000 almost doubled from 2 to 8 cores (from 18 W to 30 W)
whereas the power consumed by the whole MPPA-256 chip
increased only slightly from 1 PE to 16 PEs (from 4.1 W to
5 W), while achieving the same scalability.

Figure 5(b) presents the weak scalability of the seismic
wave propagation kernel on Altix UV 2000 and MPPA-256 when
varying the number of nodes (on Altix UV 2000) and clusters
(on MPPA-256). In this case the problem size assigned to
each node/cluster stays constant as we increase the number of
nodes/clusters. Thus, linear scaling is achieved if the execution
time stays constant at 1.00 while the workload is increased in
direct proportion to the number of nodes/clusters. As it can
be noticed, Altix UV 2000 achieved almost linear scaling. On
MPPA-256, however, we observed a considerable performance
degradation as we increased the number of clusters. Although
the prefetching scheme considerably hides the communication
costs on MPPA-256, the latency and bandwidth of the NoC
still hurts its performance and thus limits the scalability.

Table I: Time-to-solution and energy-to-solution using a prob-
lem size of 2 GB (1803 grid points) and 500 time steps.

Platform Time-to-Solution Energy-to-Solution

MPPA-256 100.2 s 752 J
Altix UV 2000 2.9 s 4418 J

Table I compares the time-to-solution and energy-to-
solution on Altix UV 2000 and MPPA-256 using a problem size
of 2 GB (1803 grid points) and 500 time steps. As expected,
Altix UV 2000 presented much better performance than MPPA-

256, since it has 24 performance optimized general-purpose
multicore processors. However, MPPA-256 consumed 83% less
energy than Altix UV 2000 to compute the same instance of the
input problem.

VI. RELATED WORK

Low-power manycore processors. The use of low-power
manycore processors for HPC is a topic of ongoing research.
Totoni et al. [14] compared the power and performance of
Intel’s Single-Chip Cloud Computer (SCC) to other types of
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•  Light-­‐weight	
  manycores	
  
– 	
  Opportunity	
  to	
  perform	
  highly-­‐parallel	
  
energy-­‐efficient	
  computa5ons	
  

•  Seismic	
  wave	
  propaga5on	
  on	
  MPPA-­‐256	
  
– 	
  Several	
  architecture	
  peculiari5es	
  
– 	
  Mul5-­‐level	
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  to	
  deal	
  with	
  the	
  
cluster’s	
  limited	
  memory	
  size	
  	
  

– 	
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  sojware	
  prefech5ng	
  mechanism	
  
to	
  overlap	
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Conclusions	
  

• Mul5-­‐MPPA	
  co-­‐processor	
  
– 	
  Kalray	
  recently	
  announced	
  a	
  mulP-­‐MPPA	
  
soluPon	
  that	
  features	
  four	
  MPPA-­‐256	
  
processors	
  on	
  the	
  same	
  board	
  with	
  less	
  
than	
  50	
  W	
  of	
  power	
  consump5on	
  

•  Future	
  works	
  
– 	
  Adapt	
  our	
  mulP-­‐level	
  Pling	
  and	
  prefetching	
  
scheme	
  to	
  exploit	
  mulP-­‐MPPA	
  soluPons	
  

– 	
  Deal	
  with	
  input	
  problem	
  sizes	
  of	
  32	
  GB	
  or	
  
more	
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