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1. GPGPU: a cost-effective approach to parallel computing

In recent years a new acronym entered the scene of high perfme computing: GPGPU,
which stands for General Purpose computations on Graphicessing Units [1]. The main point
is easily stated. Since an impressive growth is taking plattee field of GPU (Graphics Processing
Units) technology, it makes sense to try to exploit GPU genfinces not only for graphics, but
also in other applications. It turns out that graphic pretesis a prototype example of parallel
SIMD (Single Instruction on Multiple Data) computing, s@tlevery problem that can be mapped
to a SIMD implementation is a GPGPU candidate. Does it makees#o try this approach? The
bottom line is cost-effectiveness. GPU technology is adgfpcommodity technology: a huge
market (many PC’s are actually mainly used for games) reguliow prices. In view of this, if a
problem can be ported to a GPU environment, then most prpthislimplementation is going to
be very cost-effective.

One of the fascinating point in computer science is that nagplications actually start almost as
DIY (Do It Yourself) and then turn into a common interest fobig community: you can learn

the current trends on the web, both from blogs and from sfisetaweb sites. GPGPU is not
an exception with this respect ([2] and [3] are good examplBsientific applications made their
entrance in the field quite early, and big experts are in tliedacommunity: [4] is a pioneering

work, quite well known among expetts

An interesting point to make is that by now GPGPU is regarded aommercial opportunity by

big companiesCUDA (the Nvidia environment we will refer to) is a very good exdenp

1.1 Thetechnological scenario

Whenever GPGPU has to be introduced, there is a plot whichoit wften displayed: we
are talking of the comparison between the raise in GPU canguapabilities (as measured in
GFlops in peak performance) and CPU computing performaWerefer the reader to [5] for an
examplé. Roughly speaking, in recent years GPU's gained an orderaginitude with respect to
CPU’s. What is important as well, also bandwith increased &imilar way. An important caveat
is that all this computing power has up to now been delivenesirigle precision: while there is
apparently no compelling demand for double precision imphies, an eye to be kept on other ap-
plications is driving GPU manufactures attentions on deutokcision as well.

Things are never definitive in the field of computing perfonees, still it is not so difficult to un-
derstand the trend we have just referred to. In the end, em@nputer is from a logical point of
view made of three basic resources: they are usually reféoras control, data-path and memory.
From this point of view, every computer design is a given clain resources allocation. Now, re-
sources of modern CPU’s are to a large extent dedicated toot@md memory: branch-prediction
technologies and big caches are typical examples of thisltrén the end, the component of the
processor that perform arithmetic operations (datapattguats to a minor fraction of resources.
Things are just the other way around in a typical GPU desigmvast majority of resources are put
on ALU’s (Arithmetic Logic Unit). If one takes into accounthat is the basic structure of graphic
computations this does not come as a surprise.

Lit was [4] that actually triggered the interest that eveliyumsulted in this work
2Needless to say, most of these comparisons are actually Giiufacturers pride.
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The main issue is that many steps are involved in the prodegstting a 2-d bitmap from a 3-d
image: the bottom line is that images have to be mapped ontoréian screen. These steps are
typically organized in what is called thgraphic pipeline Getting into this subject in details is
by far out of reach in the context of this presentation. Itriswgh to mention the basic stages
that are in place. First of all, there isnaodelingstage: roughly speaking, the image is mapped
onto geometric primitives. Then there is a bunch of openatiwhich have to do with geometric
elaborationsviewing(mapping of the scene onto a plane as seen from a virtual ejuipping
(every elements which is not visible should be clighting andshading(quite obvious meaning).
Texturingandrasterizationare the stages at which the image is finally mapped to a bitiream

2-d bunch of pixels, each of a definite color. It is importamkéep in mind that a modern GPU
provides a hardware implementation of this pipeline. Asaligfua pipeline, the output of a stage
is input for the following one. In any stage of the graphicglipe, a large amount of data are pro-
cessed at the same time in a SIMD way. Also, memory latenegiede hidden by computations
without the need for big caches. In particular, a very intenstage of the process is the so-called
fragment shadingtage (which has to do with texturing): because of this, GB@pplication try

to make intensive use of the GPU resources which are allb¢atdnis stage.

A last remark on data formats is in order: key data typedexteires Basically, they are (2-d) ma-
trices, whose entries are termitels As already pointed out, this is easy to understand: images
should be eventualy mapped to a bunch of pixels on the sc¥eetor types are a natural choice in
this context: in particularRGBA textures(see figure) account for colours (Red, Green, Blue) and
Alpha channel (transparency).

_}._-

R
Figure 1. Pictorial representation of RGBA texture.

1.2 2-d spin systems as a case of study

We decided to perform a simple benchmark computation byemphting a Hybrid Monte-
Carlo [6] simulation of the XY 2-d spin model, with Hamiltcmi

H=-— Z ;- 0j. (1.2

<LJ>
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We stress that the model was only taken as a laboratory. Weed/an understand how efficient
a GPGPU implementation could be. In the following we willogpon two different implementa-
tions of the same MC simulation. They are representativevofapproaches at our disposal.

The first approach to GPGPU has been base@menGL (a standard graphics library), and
SO we took this as a first option. Basically, diatks to GPU as if one were performing standard
image processingln other words, the computation enters the graphic pipelim view of what
has already been pointed out, the standard choice is tothietep-called fragment stage. Both the
upload of code and data and the collection of results are faitnity (again, we are pretending to
perform standard graphics).
The second implementation was in the frameworlCODA. Nvidia (a major GPU manifacturer)
provides a hw/sw architecture to actually access the GPallel) coprocessor. This approach
is relatively novel with respect to pioneering GPGPU amtians. Having to devise a numerical
project on a GPU nowCUDA is the most direct approach to start with and this is why we firs
investigated it. In view of this, this implementation is@tbe first we report on in our presentation.

Before proceeding to illustrate the peculiar features &edperformance results for the two
approaches, we pin down some common general features.

e As for generation of momenta: flat random numbers were getean CPU, conversion to
gaussian was performed on GPU.

e Some operations are critical with respect to single/dopbéeision: global sums of the en-
ergy were performed on CPU (as well as Metropolis step). Tne of the parallel compu-
tation is the leap-frog integration of equations of motion.

e Results were cross-checked with series expansions in gfetbimperature regime [7] and
with a reference HMC (this was done also for acceptance). réfegence serial code was
runon anl nt el Conr oe. In order to get a cheap estimate, the serial code was also tak
as a reference (at fixed HMC parameters) for performance@vanh.

2. The CUDA approach

We have already referred to the interest major GPU manutastthave been devoting to
GPGPU applications. This does not come as a surprise, asrisdpe way to potential commercial
opportunities. A good example is provided by Nvidia. The pamy (one of the leaders in the
field) offers both what they call a hw/sw architectu@JDA) enabling GPGPU applications on
commodity hardware, both dedicated products (Tesla).

2.1 Anoverview

Nvidia callsCUDA [5] a hw/sw architecture which is intended to enable parphegramming
on GPU. The main idea is that no dedicated hardware is rezflie8te graphic card on your PC
has to be regarded as your (parallel) coprocessor. In thetleeg distribute a driver to access the
device (the list of compatible GPU models extends to lagtelyenerations) and a toolkit enabling
a programming environment which is basically an extensio@.tUsers are provided with
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e A nvccC compiler (to code on the device), togheter with debuggimd)@ofiling tools.

¢ A couple of high level basic scientific libraries (workedt@UDA implementations of FFT
and BLAS).

¢ Quite extended documentation with a collection of worket-examples.

Notice that in theCUDA environment there is no explicit reference to what a GPU igipa
devoted toge.g.there is no explicit reference to what role each device piayise above mentioned
graphic pipeline. BasicallyCUDA asks the user to regard a recent GPU as a collection of multi-
processors, each made of several processors. In order éostenad this point and the following,
the reader is referred to the figures in [5]. One should be @whthe hierarchy of memories at
disposal on the device. In particular, there iBevice Memonryon which any processor can write
and from which any processor can read. There is on the otimer dnanuch fasteBhared Memory
which is read/write accessible to processors within theesamltiprocessor.

BasicCUDA tool is a driver enabling the access the device in a naturgl Wmgparticular, the lan-
guage enables the user to upload/download data to/frometieedmemories. One is then entitled
to make one’s own choice on where data should reside. In theresources are limited and all the
game goes back to their allocation.

A process running on CPU (host) can start (several) kermelSPU (device). Basic organization
is thread-basedlocks of threadsome in agrid of blocks As already said, there are commands to
upload/download data to/from the device memory. To exeaWlternel the call will be something
like

My_ker nel <<<di nG di nB>>>(ny_arg_1, ... , ny_arg_n)

wheredi nGis the dimension of the grid of blocks, each of which is of disiendi nB. Threads
within a block can be synchronized (they are assigned byyibtes to the same multiprocessor)
and they typically access shared memory. There are limitatio the number of threads within a
block and of blocks within a grid. There are of course alsatétions imposed by shared memory
dimension. It is clear that there can be no one-to-one quoretence in beetwen threads and
processors: actual allocation of resources is up to themsysthis is performed by executing one
or more blocks on each multiprocessorthge slicing

2.2 Our implementation

Allocating the lattice can be really straightforward. Badly, a very direct recipe is to map a
site to a thread: the grid of blocks is the lattice itself amellblocks of threads are sublattices which
are taken care of by the same multiprocessor. The latticesisaflocated to th®evice Memory
then sublattices can be moved3bared Memoryhen threads (sites) need to communicate,
during the evolution of momenta, when they have to accesesiaeighbors. To do that one can
take advantage fo the standard recipe to duplicate sudatborders which are not updated, but
can be accessed in the same way of any other site.

We have to keep our own balance optimizing the usage of ressuMVe have to admit that this
implementation was easy and fast, but, in view of what wenledrin the other approach, it is
obvious that one can do better than we did.
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Allin all, implementation was very fast, optimization is sigrobably not complete, but get-
ting substantial gain was easy. Implementation was peddrom a\vi di a GeFor ce 8800GTX.
Performances we will report refer to a version which doesavenh perform gaussian generation
step on the GPU.

3. The OpenGL approach

As already said, the pioneering GPGPU applications wellesiframework of standard graphic
libraries, namely\OpenGL. In particular, usage has been madezhSL (Shading Language): an-
other (less direct) extension to C, providing an environtrfen access to GPU in the OpenGL
framework.

3.1 Anoverview

e \ector variables are a natural choieedq.vec2,vec3,vec4). vec4 are an obvious choice
for RGBA textures.

e Special output variables are present (e.g. \ac4Fr agCol or): always keep in mind you
are supposed to process images.

e There is a math library available.

The basic@.SL approach to GPGPU is quite easy to explain: your code willdsemtially
devised to enter the graphic pipeline. As already statatk to GPU as if you were perform-
ing standard image processingonce again, without entering the details, a few steps arhwo
mentioning in the process:

e The basic computation has to be written down aSL&L kernel. Basic data format are
textures on which you can copy the variables of your main auog(the one which runs on
the CPU).

e GLSL is initialized runtime, while your kernel has to be “peged” and then enabled to enter
the rendering pipeline.

¢ Input basically boils down to binding textures to texturésinwhile output asks for attaching
the target texture to BRBO (FrameBuffer Object). Finally, remember that we need what i
called a filled quad in order to (pretend to) draw.

¢ In a pipeline output of one stage is regarded as input for oegt This restricts read/write
access. A standard solution comes from the PING-PONG tquhniyou read from one
texture and write onto another one.

3.2 Our implementation

Also in this case, there is a natural implementation whidkshiown to simple recipes:

e Texels can be your spins and texels make a texture like spike @ lattice.
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e A RGBA texture easily accomodates 4 independent replicas ofieeldthaybe at different
temperatures). You only need to be careful on Metropolispiance step (easily done:
Y = 2% + (1—2)Y,14 Wherezis a vector acceptance, with entries 0 or 1).

¢ Nearest neighbors are also easily accomodated: in 2-d thely a0 they fit in &GEBA texture
as well. Each spin (4 for each texel) knows the adrress ofwts4nn, which are theRGBA
entries of a corresponding texture (of the same dimension).

Notice that with respect of such a representation 2-d systmactually a gold plated appli-
cation. Despite the fact that we used an old GRMi(di a seri es 6), the speedup was im-
pressive, provided the device was “sufficiently filled”: waity, we obtained the best performance
on the largest lattice we could allocate.

4. Results

Work was intended as a benchmark exercise. Results aretedllen Table 1 in the form of
gain factors (ratios of execution times) with respect todbdal code (for the very same choice
of parameters). It might well be that one can do better them #il in all: CUDA environment is
really friendly and it is very easy to get a cost-effectivairly good performanceQpenG. (via
GLSL) implementation was actually easier than expected andivieded really good performance
on a cheap device.

Lattice size GainQUDA) Gain OpenGL

128 33 1
256 37 4
512 38 14
1024 30 41
2048 30 n.a.

Table 1: Gain factors (ratios of execution times) with respect tosbeal code.
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