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Artificial Neural Networks:on 
Programmable Graphics 
Hardware 

Thomas Rolfes 

trOcircensis.com 

nificial 'neural networks mimic biological information processing and are used in 
a. wide range ofapplications where nonlinear mappings from input to QMpUt tS 

are regitired. Their evaluation :in real-rime systems, and the network training 
involved, are of ten computationally-demanding. Chellapilla and Fogel evolved a small 
artificial neural network to play checkers at expert leyel IChellapilla00.1. It took a 
40.0h1Hz :N11611111 ii over si. In(ArtthS tO tun 840 ge.nations, although .no particular 
effort was made to oprimize the program.. 

The second generation of programmable graphics processing• units C.GPLis) intro-
&wed single and half precision floating-point texture .formats and floating-paint pixel 
pipelines. Until recently, the sirmilatian of netirat networks on consumer graph ks 
hardware was limited to the use of ialampeti fi-bit lilending,.and CPU-based imple-
mentations were significandy faster. TOday; CPUs have taken the vector processing 
performance lead over standard PC and console CPUS, with instruction and memory 
throughput being on Order af Magnitude higher, They are e‘4.31vinf,..t. rapidly into fully 
programmable vector coprocessors with a Wide field of applications [c.tPGPLIl. 

Efficient artificial neural network implementations are often based an numerical 
linear algebra libraries for scientific :computing such as BIAS [Lawson:7n Initial 
efforts have been made to port subsets of. BLAS to GPLIs, and further work is in 
progress. By osing <PUS as general-ptirpose vectin processors, programmers can 
offload. vectorizable routines from the CPU, benefit from high GPU performance, 
and find more opportunities for load balancing. 

This .article shows how an artificial neural network can be implemented 
using a CPU-based BIAS level 3: style single-precision general matrix-matrix prod-
net (SGEMM) [Dorigaira.881 and an activation function pixel shatter under 
Direct3T.), version. 9. 

'Fragment shad e' in OpenGL terminology 
873 
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374 

CPU and CPU Architectures and Systems 

Section 4 Artificial intelligence 

Flynn [Flynn72) introduced a taxonomy based on the number of instruction streams 
and the number of data stnn.tris available. Current console and PC CPUs have par-
tiafly superscalat SISD COWS (single instruction stream, single data stream) and some 
have floating point SEMI) (single instruction stream, multiple data streams) vet-.tor 
extensions, such as Intel SSE on the PC and Xbox CPUs, Aldvec on PowerPC (but 
not on the Gamecube PowerPC 750 CPU), and coprocessor vector units as m the 
Playstation2. The platforms employ either unified memory architectures (LIMA), as 
on the Xbox, or honunitied (NUMA) with fast DMA paths, as on •Garnecube, PS, 
and PC in order to link the subsystems. 

The progranunahle components af GPUs are the Amp vertex and pixel shader 
units. Vertex shader units read vertex streams and execute vertex programs., Color val-
ues, texture coordinates, and other data are then interpolated and passed to pixel 
shader units, which execute pixel shad= programs that can look up texture elements 
and compute on the other incoming data. Shader programs can be written in assem-
bler and high-level languages. Current high-end CPUs have four vertex shader units 
and eight pixel shader units, fatly working in parallel. Thnshader units are supported 
by fast caches and wide buses to the graphics memory. 

The Playstation2 vector units can be progranutwa to Work as vector/matrix ket-
tles for artificial neural nerworks IPS2Netnall. It is also possible to use vertex pro-
grams for general-purpose stream processing, and vertex state Shaciets on the Xbox 
GPU allow you to persistently modify the constant registers. Future consoles are 
expected to be well suited for fast general-purpose vector computations, 

Artificial Neural Networks 
ew*v.wvm•Avv..N.s...w., nnnmc.e.xonm.eedu.*.r.kvtHAnuew,xuvsvwc,vmNx•r.rooe.ne. 

Feed-forward networks, which are also known as maltiiayerporreptrons, are proba-. 
bly the most common architecture for artificial neural networks used in supervised 
katning. For at introduction to neural networks, see the primer in Game Pro-
gramming Gems [I aMothe001 and the example in Game Programming Gems 2 
EManslow0 1 , 

the evaluation of an n-layer feed-forward network with linear basis functions 
requires the computation of 

ann . a4:-Kai (4.8.1) 

where act is an activation iiinction and the W  are weight matrices. The vector al is 
the input layer and holds the input data nodes and an optional bias node, ae aen 
are hidden inner layers, and a„ is the output: layer. The sizes of the vectors and weight 
matrices are usually different for each layer. 

In the case of a pantile computation of m input sets, the vector-matrix products 
become matrix-matrix multiplications 

— aegAi,W) (4.8..2) 
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Artificial Neural Networks on Programmable• (GraphicsHardware 375 

where the n--/ matrices A have m rows. The generalized activation function now 
takes a matrix argument lb archive nonlinear mappings, nonlinear activation func-
dons are used, including: 

Gaussian: pt`--a-c.r.1 .  
Hardy' multiquadatic; N1,22 + (3--
Hyperbolic tangent tanh(a) (e, (ea + --- m11112(4/111(2)) 
Sigtrioid: (1 + exp(-4/o).)-

Effident matrix-matrix kernels such as the optimized BLAS3 routines in ATLAS 
[Wkiale,,98] use partitioning into -tibm-ttrices to improve cache reuse This technique 
is known as block matrix mmitirnation. 

Implementation 

A number cd authors, including Larsen & McAllister fLarsen011, Moravanszky 
[Moravartszky03)., and Kruger & Westermann fKrager03], show how to implement 
GPU-based dense and banded matrix multiplication efficiently. The basic concept is 
to store matrices as textures and to render quadrilaterals via vertex .shaders with appro-
priately chosen vertex and texture coordinates, The interpolated texture coordinate.s 
are then passed to the pixel shader units for performing the actual parallel multiply-
accumulate operations on the render target. Some implementations require post pixel 
shader blending, and this feature is not available on all hardware I'm floating-point 
butlers. The blending must then be. performed in the pixel shader with two textures as 
input and a third texture as it  target. This can be done repeatedly by rotating 
sources and targets. Sparse matrix multiplication can be achieved via lookup tables, 
and GPU implementations can benefit here from the high memory bandwidth and 
low access latency of the graphics systems. 

After computing the matrix multiplication, the resulting render target becomes 
the input texture for the activation fin:lc:flop. Again, a quadrilateral is rendered over 
the entire matrix-surface, or more than one if the matrix size• exceeds the allowed 
texture size. Matrix multiplication and subsequent activation are repeated for each 
nerwOrk layer. The pixel shades assembler code of a straightforward implementation 
of the hyperbolic tangent activation functioo looks as follows: 

401_2d sO 
de1 tn. xy 

texid rO, tO, sO 

mad rOi rO, co.Y 1/ 

// tanh (base 2) 
exp rg..X 
exp rl. y, 1'0 y 
exp rl r0.,z 
exp. rl ,w, rO,vi 

11 
11. 

shader version 
texture stage 
texture coordinate 

1/ PO <- texel,xyzw 
r0 <- rO*scale+bias 

1/ r <- 2^r0 
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376 Section 4  Artificial intelligence 

exp r2x, -rp,x 

exP r2.11 -r04 
exp rgyz, -r0.z 
exP r2w, -r0.w 
add r3, rl, r2 
sub r4 0 rl, r2 
rep r3.xx r3.x 
rep r3.Y, r34 
rco r3.z, r3.z 
PcP r3.w, r3.w 
mUl r0 r3, r4 

r2 (:- .1s0) 

r3 -c- .ri+r2 
if r4 r1 r2 

ra <-• 1/r3 

/1 rt) < r3*r4 

if write result to output register 
mom o00, ro 

While thehyperbolic tangent is naturally bounded to --1 and I. it can be explicitly 
clainped by using the min and max in ins of the pixel shade.r version 2 language 

max re, re, ee.z if ro <- VIVARIUM( rO, Lower) 
min re, rO, oo .w ii ro <- minimum( r0 , upper) 

or by using the saturate instruction modifier "sat," which clamps between 0 and 
and can be used with any arithmetic lostruclion except the f rc and sineas insane-
dons. It costs no additional instruction slots. 

inta ;sat rO, r3, r4 

The sample code to this article is a GPLI implementation of Chellapilla's and 
Fogel's checkers position-evaluating feed-forward network. The computation is signif-
icantly faster on an AT I Radeort 9700 Pro than the version based on a SSE optindzed 
SGEMM on a 3-G1-17, Pentium4. For large matrices, n-.ct.trsively applied algorithms 
such as Strassen [Strassen69] and Winogtad Minograd641 plight )ield further perfin-
mance gains when combined with the simple submatrix multiplications. 

Corse union 

GPLI iinplementations can yield good perfiltmance gains OVer CPU solutions. Cur-
tent . graphics hardware allows the processing of mtworks with capacities on the order 
of 106 nodes and 108 weights for an average connectivity of 100. This is l'ar below the 
10 11 neurons and le synapses of a human brain. Simulation hardware is rapidly 
becoming more powerful, and the true challenges of artificial neural network research 
will be network organization and learning algorithms. 
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