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Abstract

In our current work we investigate the possibility of using modern AMD APU architecture in scientific and technical
computing. The architecture combines both a CPU and a GPU in a single Accelerated Processing Unit, which theoretical-
ly allows for shortening the time of exchanging the data between the two hardware units. This capability solves the prob-
lem of performance bottleneck related to the exchange of data between the CPU and GPU memory. Due to the structure
of this architecture, it can be considered as a natural evolution of the concept presented in the IBM PowerXCell proces-
sors that have been tested during our past research (Kruzel & Banas, 2013). As reference systems we use both a system
based on similar AMD architecture and a specialized Nvidia Tesla Accelerator card. Moreover, due to comparable charac-
teristics of the CPU and GPU parts of APU we have run our computations on both hardware units separately to see the
difference in performance. For testing we used our previously developed finite element numerical integration algorithm
implemented in OpenCL programming framework. This algorithm has been tested with various organizations of memory
and computing techniques to fully check the hardware capabilities of the APU architecture, both in terms of data ex-
change and calculations acceleration. Our research brings an answer to the question whether this architecture is the right
future for scientific computing and whether in the next few years will be able to play a significant role in many areas of
computational science.

Key words: AMD, Accelerated Processing Unit, APU, OpenCL, Heterogeneous System Architecture, Finite Element

Method, Numerical Integration

1. INTRODUCTION

In recent years we can notice great changes in
computer systems architectures. From the large
number of new technologies we can observe the two
main trends. One is connected with the increasing
number of computing cores and can be easily seen in
the new powerful graphic cards and also general
purpose CPUs. The second trend is connected with
the miniaturization of the specialized hardware used
in modern smartphones, tablets or laptop computers.

Increasing computing power of this types of
hardware is associated with the need to minimize the
energy consumed while maintaining high efficiency.
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At the junction of these two trends there can be ob-
served very interesting designs that combine multi-
ple specialized cores with fewer cores for general
use. With the use of such a combined architecture
we can save the energy when using normal cores and
maintain very high computing power during more
complicated tasks. Besides energy efficiency another
advantage of using such architectures is that they are
equipped with a new technologies for transfer of
data between different types of cores and the
memory. Hence, there is a possibility of using these
architectures for scientific computing with the hope
of efficient use of the fast inter-core and memory
buses.
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With the introduction of different systems with
integrated graphic and general purpose cores on one
chip there appear a need for handling the access to
the RAM. The first interesting system with the full
unification of special purpose and normal cores was
the IBM Cell processor used in Playstation 3. The
architecture was equipped with very fast element
interconnect bus (EiB) and Direct Memory Access
(DMA) for the specialized Synergistic Processor
Units (SPU). The architecture allows for a very fast
memory to SPU data transfers and efficient data
exchange between the normal IBM Power cores.
These capabilities, combined with energy efficiency,
resulted in a wide use of this architecture in scien-
tific computing. An example of such usage was the
Roadrunner cluster, which was the first computing
system that reached the petaflop performance barrier
(Barker et al., 2008).

In our previous work we investigated the possi-
bility of using this architecture for a specific parts of
the Finite Element Method computations (Kruzel &
Banas, 2010, 2013). Despite its high performance.
the architecture was lacking a convenient program-
ming model - there was a possibility to make correct
use of the DMA and to use the same areas of
memory for exchanging the data with the SPU and
CPU (Heirich & Bavoil, 2007), but it required using
a complicated programming model and proper
memory alignment. This could be avoided by the use
of the OpenCL programming model, but with it we
cannot properly use all the advantages of unified
memory.

The problem with exchanging data between dif-
ferent types of computing cores plays a significant
role in all heterogeneous architectures. Hence, sev-
eral different strategies appeared both in software
and hardware layers. In June 2012 some of the main
players in heterogeneous computing, including
AMD and ARM, formed Heterogeneous System
Architecture Foundation that tries to develop com-
mon technologies for handling computations on
cores of different types (HSA Foundation, 2013).
Cooperation resulted in developing heterogeneous
Unified Memory Model (hUMA) which was first
introduced in AMD Accelerated Unit processor unit
described in more details in the later part of this
article (Kyriazis, 2012).

Almost simultaneously with developing hUMA
model, Khronos Group presented OpenCL 2.0 speci-
fication with Shared Virtual Memory capabilities,
that unifies the CPU and GPU memory on the pro-

grammer side and, on HSA systems, can use hard-
ware capabilities of hUMA (Howes & Munshi,
2014). In the meanwhile, Intel developed his new
integrated graphic architecture codenamed GT3
which can be optionally equipped with embedded
DRAM (eDRAM) memory. With the OpenCL 2.0
this can be used as a shared memory for both CPU
and GPU cores (Graczyk, 2013). In opposite, Nvidia
with Maxwell GPUs and CUDA 6.0 had presented
Unified Virtual Memory model which is a direct
answer to their main competitor AMD hUMA. Un-
fortunately this solution is still based mostly on
software capabilities and it is generally developed
for easing the GPU programming model (Landa-
verde et al., 2014). Despite that, during the Super-
computing 14 conference in November of 2014
Nvidia presented new Pascal GPU architecture
equipped with NVlink - new connector for commu-
nication between CPU and GPU and between differ-
ent GPUs (NVIDIA, 2013). All these technologies
are developed for the purpose of reducing the per-
formance bottleneck in exchanging the data between
different types of computing cores. Although they
are developed mostly for gaming purposes, they also
can be useful for scientific computing. Hence, we
have decided to test and compare new Heterogene-
ous System Architecture capabilities present in the
AMD Accelerated Processing Unit A10-7850
codenamed *Kaveri’.

2. ADVANCED MICRO DEVICES
ACCELERATED PROCESSING UNIT

AMD APU is an architecture that combines the
computing power of SIMD GPU cores and a versa-
tility of classical CPU cores. It has evolved from the
AMD Fusion project which tried to introduce more
integration between GPU and CPU architectures. As
a result of this work the first generation of Acceler-
ated Processing Units was introduced in 2011(Van
Winkle, 2012). In 2012 AMD changed the code-
name of their architecture to Heterogeneous System
Architecture and along with several other companies
established the HSA Foundation. The main aim of
the foundation is to develop and define features and
interfaces for various types of computer processors,
including CPUs, graphics processors and DSPs, as
well as the memory systems that connect them. It
also sets up the goal of making the programming
model of the HSA easy and transferable between the
different types of devices (HSA Foundation, 2013).
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With the third generation ’Kaveri’ APUs the
GPU and CPU memories were fully integrated, ena-
bling the possibility of passing pointers between
CPU and GPU cores and using whole virtual
memory address space by GPU. This memory model
is called heterogencous Unified Memory Access
(hUMA), opposite to usually used by accelerators
Non-Uniform Memory Access (NUMA) model.
Additionally HSA establishes cache coherency be-
tween CPU and GPU, which eliminates the need to
do a DMA flush every time the programmer wants
to move data between CPU and GPU (Kyriazis,
2012). Moreover, all computing cores have equal
flexibility to create and dispatch work, in opposition
to normal CPU/GPU interaction where CPU through
a kernel and drivers dispatch tasks for GPU. This
technique is called Heterogeneous Queuing
(hQ).With that capability a given application can
generate task queues directly on the GPU without
the CPU getting involved. Additionally the GPU can
also generate its own workload just like the CPU.
Equally, with the use of hQ the CPU can push work
into the GPU task queue without the use of operating
system. This create a bi-directional queuing system
which dramatically reduces latency and allows ap-
plications to easily push jobs to whichever processor
is most appropriate. With this hardware features
HSA should be very similar in programming to
normal CPUs (Halfacree, 2013). Figure 1 shows all
new features of the AMD *Kaveri” APU.

ALL CORES EQUAL

4 Heterogeneous queuing (hQ)
defines how processors interact
equally memory space

4 GPU and CPU have equal flexibility
to create/dispatch work

Fig. 1. AMD APU Features (AMD, 2013)

The Accelerated Processing Unit possessed by
us is equipped with 12 compute cores - 4 CPU and 8
GPU. CPU cores are a brand new x86-compatible
AMD architecture codenamed Steamroller which
runs at 3,7 GHz (with Turbo-boost technology to
4.0 GHz) and are equipped with 4MB of L2 cache.

EQUAL ACCESS TO ENTIRE MEMORY

A First time ever: GPU and CPU
have uniform visibility into entire

GPU cores are cores in GCN (Graphic Core Next)
technology and are equivalent to Radeon R7 cores
with 720MHz of cores speed. We decided to test the
main HSA features on this unit using new OpenCL
2.0 Shared Virtual Memory capabilities.

3. OPENCL 2.0

Among the many programming methods used in
accelerators programming OpenCL stands out as
a very versatile method. It supports many modern
architectures, including GPUs, coprocessors (eg.
Xeon Phi) or CellBE. OpenCL is gradually devel-
oped since 2009 and its current 2.0 version was in-
troduced in 2014 bringing out several important
improvements. In our previous works we focused on
porting our FEM algorithms to CellBE (Kruzel &
Banas, 2010, 2013), GPU (Banas et al., 2014; Banas
& Kruzel, 2014) and Xeon Phi (Kruzel & Banas,
2014).

OpenCL memory model defines several types of
memory regions available for programmers to use.
Because of the origins of the model in GPU pro-
gramming, the memory model is based on physical
organization of typical GPU memory. Due to the
OpenCL portability each of the memory objects can
be mapped differently, depending upon the available
hardware resources. Variables defined inside the
kernel belong to private memory and can be stored
in scalar or vector registers. The other memory re-
gions are assigned through specific qualifiers.
OpenCL defines three types of memory —
global, constant and shared (local). Glob-
al memory stores variables that are visible
to all threads executing the kernel, con-
stant memory is also available for all
threads but it is only accessible for read-
ing. The fastest local memory stores the
variables shared by threads in a single
work-group.

Because of the portability of created
code, OpenCL contains procedures that
allows for adapting to different platforms
and devices even without physical equiv-
alents of specific memory types (Rul et
al., 2010). So far, typical behavior in
OpenCL computing was copying the data necessary
for calculations from the host memory to the device
global or constant memory for further use. It re-
quired proper preparations of the memory buffers on
the host side from the programmer side and a lot of
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hardware or system solutions for copying the data
from the host to the accelerator. Even for the inte-
grated solutions with CPU and Accelerator on one
die (eg. CellBE, APU) the memory was partitioned
into host and device parts which prevents zero-copy
operations and takes precious time. Despite software
and hardware solutions for passing the data from the
host to device and back, the whole procedure was
very complicated and time-consuming.

The new feature of Shared Virtual Memory
(SVM) presented in OpenCL 2.0 solves both prob-
lems with programming OpenCL memory model.
From the programmer side it reduces the necessary
preparations on data and the whole mapping and
passing pointers operations that takes a lot of code
lines. From the performance point of view, on the
HAS compatible hardware it is using the full poten-
tial of hUMA, which means that there is absolutely
no copying between the CPU and the accelerator. Of
course if the device is not HSA compatible the
framework will take care of the data passing in the
best possible way. Shared Virtual Memory defines a
buffer that can be used directly both by a host and an
accelerator without unnecessary mappings and copy-
ing the data (figure 2).

Detailed information about SVM OpenCL fea-
tures can be found in (Intel, 2014; Howes & Munshi,
2014). AMD APU A10-7850 tested by us is fully
compatible with Heterogeneous System Architec-
ture, the reason why we decided to test our previous-
ly ported to OpenCL numerical integration algo-

rithm on it.
Device global
address space

Another SVM
buffer

i

4. FINITE ELEMENT NUMERICAL
INTEGRATION

Numerical integration algorithm forms an im-
portant part of almost every Finite Element Method
(FEM) code. The FEM solution process includes the
procedure of creation of the system of linear equa-
tions, where individual entries of the system matrix
are obtained through integration of the terms from
the weak statement, specific to the problem solved
by the FEM. Thanks to the fundamental to FEM,
division of the whole computational domain into
finite elements, the integrals can be obtained as sums
of local, element contributions. The whole system
matrix (the stiffness matrix) is obtained by assem-
bling element stiffness matrices, with the entries
corresponding to pairs of element basis functions.
The element stiffness matrices can be computed
separately, making the problem of finite element
numerical integration embarrassingly parallel.

The final formula to calculate each entry of the
element stiffness matrix depends on the formulation
of the problem and in our paper we accept its form
as (1)

a, = [yen g g

Q,lolp axin axjp

After the change of variables, from the real to
the reference element, and applying the numerical
quadrature the formula above can be transformed
into the sum (2)

No Ng Np
e _ tolpJp
ZVEDIDID I
ip is.Jsip-Jp
l//iQiDtS W vol' )
Where C is an array of a problem depend-
ent coefficients, each y are global derivatives
of element shape functions and vol’? is the de-
terminant of Jacobian transformation matrix
multiplied by a Gaussian quadrature weights.

JoJpJs

H
i

address space

Al other host

stacks, static)

All indices are denoted by i with the corre-

Fig. 2. OpenCL Shared Virtual Memory (Intel, 2014)

sponding subscripts: Q — Gaussian points, S —
shape functions, D — different spatial deriva-
tives for test and trial function. The correspond-
ing formula for the right hand side vector (the
load vector) is calculated using (3)

NQ Ns Np

b =23 Dy vol (3)

ip i ip
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1: read quadrature data {p and weights wy for the reference element of particular

type.

for e=/ to N, do
read problem dependent coefficients common for all integration points (e.g.

material data, previous iterations (or time steps) degrees of freedom etc.)

AN A

read element geometry data
initialize element stiffness matrix A,"; i and element load vector b,.‘;

for ip=1 to Np do
read or calculate(on a basis of the coordinates of integration points) the

values of shape functions and their derivatives with respect to their local
coordinates for a given integration point.

o ®

read or calculate Jacobian matrix, its determinant and inverse.
calculate vol®

10:  using the Jacobian matrix calculate the derivatives of shape functions with
respect to the global coordinates for a given integration point
11:  based on the values of unknowns obtained through the use of shape

functions derivatives calculate the C and D% coefficients for a given
quadrature point

12: for is=1 to Ny do

13: for js=1 to Nsdo

for ip=0to Np do

for jp=0 to Np do

AlTis]Us] +=Cliollip]lin]*vliollisllip]<wliollisllin]*vollic]

end for (jp)
end for (ip)
if is=js then

for ip=0 to Np do

blisl+=Dligllio]xvliollisllin]*volli]

22: end for (js)
23:  end for (i)

24: end

for (iQ)

25: end for (e)

Fig. 3. FEM numerical integration algorithm
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Fig. 4. Execution time of the numerical integration algorithm for OpenCL 1.2
and several tested reference platforms
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RadeonR9 6300 Six-
280 Core

Intel Xeon Nvidia Tesla Intel Xeon
CPU E5-2620  K20M Phi 5100P

Fig. 5. Percentage of time spent on data transfer and calculations during
numerical integration for OpenCL 1.2 and several reference platforms
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As a consequence we can present a ge-
neric numerical integration algorithm as
follows on figure 3.

In our previous works we focused on in-
creasing performance of the algorithm by
changing the order of the loops and the way
of storing the variables in different types of
memory, but in all methods there was al-
ways a delay connected with the data trans-
fer between the host and device global
memory. With the introduction of HSA
there is a chance that the accelerators can
improve the total time of execution of the
program by eliminating this delay.

5. NUMERICAL INTEGRATION
ON APUS

For testing the full potential of HSA fea-
tures of a new AMD Accelerated Processing
Unit we used numerical integration algo-
rithm to solve a convection-diffusion prob-
lem which is memory and time consuming.
This algorithm is a part of our ModFEM
computational framework which was pre-
sented in details in (Michalik et al., 2013).
In the example, computational domain is
triangulated using prismatic elements with 6
degrees of freedom. The algorithm was test-
ed on several different architectures with
OpenCL properties shown in table 1.

As we can notice from the table 1, AMD
APU is visible in OpenCL as two devices
with separate memories which can indicate
that despite having full HSA compatibility
the RAM memory of a computer system is
still partitioned into two parts. The results of
execution of numerical integration algorithm
in the most efficient versions for the five
architectures that we compare with AMD
APU can be seen in figure 4.

From this charts we can see that the
transfer of data from and to device takes
significant part of the whole execution time.
This is even more strongly visible for archi-
tectures developed strictly for computational
purposes like Nvidia Tesla or Intel Xeon Phi
on which almost 90% of the time is wasted
on data transfers. Figure 5 shows the per-
centage of data transfer time in relation to
the total computation time.
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Table 1. OpenCL properties for tested platforms and numerical integration algorithm

. NVidia AMD AMD Intel Xeon AMD APU A10
OpenCL device X;nllofl;hl Tesla Radeon R9 | FX-6300 E5-2620 IA{I;/QSO‘;?I;; Steamroller
K20m 280 CPU CPU CPU
Number of compute units 236 13 32 6 24 8 4
Number of cores per CU 1/4 192 64 1 12 32 1
Total number of cores 59 2496 2048 6 12 512 4
Device memory size [MB] 5773 4800 2932 7773 32083 1951 14880
Local memory size [kB] 32 48 32 32 32 32 32
Number of elements to 785408 785408 786432 782352 782400 782336 782336
compute
Number of work groups 944 104 256 12 48 64 8
Work group size 16 64 64 4 4 64
Number of threads 15104 6656 16384 48 192 4096 32
OpenCL 2.0 Shared Virtual
OpenCL 1.2:

cl_mem cmPinnedBufIn = NULL; // input buffer mapped to host input buffer
|cmPinnedBufIn = clCreateBuffer(context, CL_MEM_READ_ONLY | CL_MEM_ALLOC_HOST_PTR,
'el_data_in_bytes, NULL, NULL);

cl_mem cmDevBufIn = NULL; // device input buffer allocated in card's memory
cmDevBufIn = clCreateBuffer(context, CL_MEM_READ_ONLY, el_data_in_bytes, NULL, NULL);
double* el_data_in = NULL; // host input buffer (standard array)

'el_data_in = (double*)clEnqueueMapBuffer(command_queue, cmPinnedBufIn, CL_TRUE,
|CL_MAP_WRITE, @, el_data_in_bytes, @, NULL, NULL, NULL);

retval |= clSetKernelArg(kernel, 3, sizeof(cl_mem), (void *) &cmDevBufIn);

cl_mem cmPinnedBufOut = NULL; // output buffer mapped to host output buffer
cmPinnedBufOut = clCreateBuffer(context, CL_MEM_WRITE_ONLY | CL_MEM_ALLOC_HOST_PTR,
el_data_out_bytes, NULL, NULL);

{cl_mem cmDevBufOut = NULL; // device output buffer allocated in card's memory
cmDevBufOut = clCreateBuffer(context, CL_MEM_WRITE_ONLY, el_data_out_bytes, NULL, NULL);
double* el_data_out = NULL; // host output buffer (standard array)

el_data_out = (double*)clEnqueueMapBuffer(command_queue, cmPinnedBufOut, CL_TRUE,
CL_MAP_READ, @, el_data_out_bytes, @, NULL, NULL, NULL);

retval |= clSetKernelArg(kernel, 4, sizeof(cl_mem), (void *) &cmDevBufOut);

‘el_data_in[coeff] = ...

// writing input data to global GPU memory

0, NULL, NULL);

// executing kernel

retval = clEnqueueNDRangeKernel(command_queue, kernel, 1, NULL, globalWorkSize,
localWorkSize, @, NULL, &ndrEvt);

‘memset(el_data_out, 0, el_data_out_bytes);

|// transfer output data

' clEnqueueReadBuffer (command_queue, cmDevBufOut, CL_TRUE, ©, el_data_out_bytes,
el_data_out, ©, NULL, NULL);

OpenCL 2.0:
double* el_data_in =
LNULL);
retval |= clSetKernelArgSVMPointer(kernel, 3, el_data_in);
|double* el_data_out = (double*)
retval |= clSetKernelArgSVMPointer(kernel, 4, el_data_out);
'el_data_in[coeff] = ...
// executing kernel

retval = clEnqueueNDRangeKernel(command_queue, kernel, 1, NULL, globalWorkSize,
localWorkSize, @, NULL, &ndrEvt);

Fig. 6. Shortening of the original host code for data transfer between the host and
OpenCL device memories due to using OpenCL 2.0 SVM

The results indicate that architectures like HSA
can be the answer to the problem of transferring data
between CPU and accelerators. Hence, in order to
verify that conjecture, we changed our code to use
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clEnqueueWriteBuffer(command_queue, cmDevBufIn, CL_FALSE, 0, el_data_in_bytes, el_data_in,

(double*)c1SVMAlloc (context,CL_MEM_READ_ONLY|CL_MEM_SVM_FINE_GRAIN_BUFFER,el_data_in_bytes

c1SVMAlloc(context,CL_MEM_WRITE_ONLY|CL_MEM_SVM_FINE_GRAIN_BUFFER,el_data_out_bytes,NULL);

Memory buffers. The first im-
provement is clearly visible in the
code fragments presented in figure
6.

To check the performance im-
provement between the normal
OpenCL code with data transfer
between the CPU and GPU
memory and the new SVM model
we have first tested our old
OpenCL 1.2 implementation of
numerical integration on the AMD
APU system. Obtained results can
be seen in figure 7.

As we can see, for normal
OpenCL 1.2 implementation of the
examined algorithm, transfer of
input and output data takes about
30% of the execution time (figure
8). This is similar to the results for
AMD FX-6300 and lower than for
other tested platforms (see figure
5).

For comparison with these re-
sults we have tested our new
Shared Virtual Memory imple-
mentation of the numerical inte-
gration algorithm which was de-
signed to take the full advantage of
the new Heterogeneous System
Architecture features. Obtained

results are presented in figure 9, where the time for
the management of input and output data, done im-
plicitly by the execution environment, is included in
the execution time.
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= Sending Output Buffer (262,87 MB]
m Executing Kernel
m Sending Input Buffer [237,83 MB]

Fig. 7. Execution time of the numerical integration algorithm
for OpenCL 1.2 on each separate part of the APU A10-7850

100% -
90% -
80% -
70% -
60%
50% -
40%
30% -
20% -
10% -
0% -

m Computation [%]
m Sending Data [%]

Fig. 8. Percentage of time spent on data transfer and calcula-
tions during numerical integration for OpenCL 1.2 on each
separate part of the APU A10-7850

GPU_SVM CPU_SVM

Fig. 9. Execution time of the numerical integration algorithm
for OpenCL 2.0 and SVM on each separate part of the APU
Al0-7850

The detailed performance results clearly show
significant improvement of the total execution time
with the several interesting findings:

— Computation time on GPU part of APU for
OpenCL 2.0 and SVM (that includes implicit
time for memory management) takes only
3,55% more time than pure computation time for
OpenCL 1.2

— Computation time on CPU part of APU for
OpenCL 2.0 and SVM (that includes implicit
time for memory management) takes only
12,18% more time than pure computation time
for OpenCL 1.2

— On GPU part of APU there is 25,41% overall
speedup for OpenCL 2.0 and SVM as compared
with OpenCL 1.2
On CPU part of APU there is 29,50% overall

speedup for OpenCL 2.0 and SVM as compared

with OpenCL 1.2.

It can be stated that despite the fact that there is
some overhead connected with the proper use of
Shared Virtual Memory, the overall speed-up can be
considered satisfactory.

6. CONCLUSIONS

Concluding, we can state that AMD APU archi-
tecture can significantly speed up overall computa-
tion time of numerical integration by reducing the
exchange of data between host and accelerator. The
overhead related to input and output data transfer
forms one of the primary performance bottlenecks,
not only in our example case of numerical integra-
tion, but for many scientific computing programs
ported to GPUs. The solutions that use SVM mecha-
nism should improve execution times for these
codes. Moreover, the simplified method of transfer-
ring data to the accelerator is convenient for devel-
opers and encourage broader use of GPU computing
power in the newly created software. All this leads
to the observation that the architectures based on
HSA can be a promising path for the development of
scientific applications that use accelerators or special
purpose cores.
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SYSTEMY AMD APU JAKO PLATFORMA OBLICZEN
NAUKOWO-TECHNICZNYCH

Streszczenie

W naszej obecnej pracy badamy mozliwos¢ wykorzystania
nowoczesnej architektury AMD APU do wykonywania obliczen
naukowo-technicznych. Architektura ta laczy w sobie jednostki
CPU i GPU w pojedynczym APU (Accelerated Processing Unit),
co teoretycznie pozwala na przyspieszenie czasu wymiany danych
pomigdzy poszczegdlnymi jednostkami obliczeniowymi. Mozli-
wos¢ ta rozwiazuje problem ,,waskiego gardla”, ktory zwiazany
jest z wymiang danych pomiedzy pamigciami CPU i GPU. Ze
wzgledu na budowg architekture t¢ mozna uzna¢ za naturalng
ewolucje rozwigzania zaprezentowanego w procesorach IBM
Power XCell, ktore byly przez nas badane wczesniej (Kruzel &
Banas, 2013). W celu poréwnania uzyskanych wynikow uzylismy
zardwno systemu opartego na podobnej architekturze AMD, jak
isystemu wyposazonego w specjalistyczna kart¢ Nvidia Tesla.
Ponadto, ze wzgledu na poréwnywalne cechy CPU i GPU wbu-
dowanych w APU przeprowadziliémy nasze obliczenia dla kazdej
z czgsel oddzielnie, aby zobaczy¢ réznice pomigdzy obliczeniami
na CPU a GPU w tak zintegrowanym uktadzie. Do testow uzyli-
$my opracowanego przez nas wczesniej algorytmu catkowania
numerycznego zaimplementowanego w $rodowisku programisty-
cznym OpenCL. Algorytm ten zostal przetestowany z roéznymi
opcjami organizacji pamigci i obliczen, aby w pelni sprawdzic-
mozliwosci sprzgtowe architektury APU, zardwno w zakresie
wymiany danych, jak i przy$pieszenia obliczen. Wynikiem pozy-
tywnych rezultatdéw naszych badan jest stwierdzenie, ze nowocze-
sne architektury AMD APU sa przyszlosciowe w kontekscie
obliczen naukowych i wnastepnych latach beda mogty odgrywac
znaczaca rolg w dziedzinie przyspieszania obliczen.

Received: February 15, 2015
Received in a revised form: April 2, 2015
Accepted: April 24, 2015

- 369 -

l
O
Z
=
)
%2
%]
-
<
4
=
<
=
Z
%)
o)
@)
T
5
=
-4
wl
=
=
[
=
Q
Y





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


