Microsoft:

Research

OA : '
l;_ T4 o .If

Synthesis of Data-Parallel GPU
Software into GPU code, Multicore
Software and FPGA Hardware

Satnam Singh
Microsoft Research, Cambridge UK



pr; v \ ld | A

oly ) |
A1 i ' T
by W | e | YD

ORIGINAL PAPER

\ |80 uh  tel

Microsoft

O Research

t b

Vol. 23 no. 2 2007, pages 156-161
doi:10.1093/bioinformatics/btl582

Sequence analysis

Striped Smith—Waterman speeds database searches six times
over other SIMD implementations

Michael Farrar

Received on June 22, 2006; revised on November 13, 2006; accepted on November 14, 2006

Advance Access publication November 16, 2006
Associate Editor: Nikolaus Rajewsky

ABSTRACT

Motivation: The only algorithm guaranteed to find the optimal
local alignment is the Smith—Waterman. It is also one of the slowest
due to the number of computations required for the search. To
speed up the algorithm, Single-Instruction Multiple-Data (SIMD)
instructions have been usedtoparallelize the algorithmattheinstruction
level.

Resulis: A faster implementation of the Smith—\Waterman algorithm is
presented. This algorithm achieved 2-8 times performance improve-
ment over other SIMD based Smith—Waterman implementations.
On a 2.0 GHz Xeon Core 2 Duo processor, speeds of 3.0 billion cell
updates/s were achieved.

Availability: hitp:/farrar.michael.googlepages.com/Smith-waterman
Contact: farrar.michael@gmail.com

search. A disadvantage introduced by processing the values verti-
cally is that conditional branches are placed in the inner loop to
compute F. With conditional code the execution time is dependent
on the length of the query string and the database, the scoring
matrix and gap penalties. A speedup of over six times was reported
over an optimized non-SIMD implementation.

This paper presents a new Smith-Waterman implementation
where the SIMD registers are parallel to the query sequence,
but are accessed in a striped pattem. Like the Rognes implementa-
tion, the query profile is calculated once for the database search,
but the conditional F calculations are moved outside the inner
loop. Calculations speeds of =3.0 GCUPS are achieved. This is a
speedup of 2-8 times over the Wozniak and Rognes SIMD
implementations.
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Abstract

Background: Searching for similarities in protein and DNA databases has become a routine
procedure in Molecular Biology. The Smith-VWaterman algorithm has been available for more than
25 years. Itis based on a dynamic programming approach that expleres all the possible alighments
berween two sequences; as a result it returns the optimal local alignment Unfortunately, the
computational cost is very high, requiring a number of operations proportional te the product of
the length of two sequences. Furthermore, the exponential growth of protein and DMNA databases
makes the Smith-Waterman algorithm unrealistic for searching similarities in large sets of
sequences. For these reasons heuristic approaches such as those implemented in FASTA and
BLAST tend to be preferred, allowing faster execution times at the cost of reduced sensitivity. The
main motivation of our work is to exploit the huge compurational power of commenly available
graphic cards, to develop high performance solutions for sequence alignment.

Results: In this paper we present what we believe is the fastest solution of the exact Smith-
Waterman algorithm running on commodity hardware. It is implemented in the recently released
CUDA. programming environment by NVidia. CUDA allows direct access to the hardware
primitives of the last-generation Graphics Processing Units (GPU) GBO. Speeds of more than 3.5
GCUPS (Giga Cell Updates Per Second) are achieved on a workstation running two GeForce 8800
GTX. Exhaustive tests have been done to ecompare our implementation to SSEARCH and BLAST,
running on a 3 GHz Intel Pentium IV processor. Our solution was also compared to a recently
published GPU implementation and to a Single Instruction Multiple Data (SIMD) solution. These
tests show that our implementation performs from 2 to 30 times faster than any other previous
attempt available on commodity hardware.
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Abstract

Background: To infer homology and subsequently gene function, the Smith-VWaterman (SW)
algorithm is used to find the optimal local alignment between two sequences. When searching
sequence databases that may contain hundreds of millions of sequences, this algorithm becomes
computationally expensive.

Results: In this paper, we focused on accelerating the Smith-Waterman algorithm by using FPGA-
based hardware that implemented a module for computing the score of a single cell of the SW
matrix. Then using a grid of this module, the entire SYW matrix was computed at the speed of field
propagation through the FPGA circuit. These modifications dramatically accelerated the algorithm's
computation time by up to 160 folds compared to a pure software implementation running on the
same FPGA with an Altera Nios |l softprocessor.

Conclusion: This design of FPGA accelerated hardware offers a new promising direction to
seeking computation improvement of genomic database searching.
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SSE2: ADDPS
~ m128 mm add pg ml28a, ml28Db);
r0 :=x0 +yO0
rl:=x1+yl
2 :=Xx2+y2
3 :=x3+y3
128 bits X3 X2 X X0
MMX/

CONNCD op (op>

X3 0P Y3 X2 0P Y2 X1 0P Y1 X0 OP YO
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Thread Scheduling / Assigning Unit

Instruction Decoding / Dispatch Unit

Arithmetic Logic / Compute Unit

Memory / Registers / Cache Unit
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Script playback completed,

Initialization completed,

Copyright ¢c) 1995-1998 Xilinx, Inc, ALl rights reserved,
EPIC M1,5,19 - ready for input]
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LUTs are higher order functions
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lutl lut2 lut3 lut4

Inv = lutl not
and2 = lut2 (&&)

mux = lut3 (I sdO0 dl.if sthen dl else dO)
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using System;
using Microsoft.ParallelArrays

namespace AddArraysPointwise

{
class AddArraysPointwiseDX9

{

static void Main(string [] args)
{
var x= new FloatParallelArray (new]{ 1.0F, 2, 3, 4, 5}
var y= new FloatParallelArray (newW]{ 6.0F, 7, 8, 9, 10});
var dx9Target= new DX9Target();
var z=x+y;
foreach (var i in dx9Target.ToArraylD (z))
Console Write (i + "" );
Console .WriteLine ();
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using System;
using Microsoft.ParallelArrays ;

namespace AddArraysPointwiseMulticore

{

class AddArraysPointwiseMulticore

{

static void Main(string [] args)

{

Microsoft

Research

var X = new FloatParallelArray (newW]{ 1.0F, 2, 3, 4, 5});
var y= new FloatParallelArray (newW]{ 6.0F, 7, 8, 9, 10});

var multicore Target = new X64MulticoreTarget ();

var z=x+y,;

foreach (var i in multicoreTarget.ToArraylD (z))
Console Write (i + "" ),

Console .WriteLine ();
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using System;
using Microsoft.ParallelArrays ;

namespace AddArraysPointwiseFPGA

{
class AddArraysPointwiseMulticore
{
static void Main(string [] args)
{
var X = new FloatParallelArray (newW]{ 1.0F, 2, 3, 4, 5});
var y= new FloatParallelArray (newW]{ 6.0F, 7, 8, 9, 10});
var fpga Target = new FPGAarget ();
var z=Xx+Yy;
fpgaTarget. ToArraylD (z) ;
}
}
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open System
open Microsoft.ParallelArrays
let main(args) =
let x = new FloatParallelArray (Array.map float32 [| 1
let y= new FloatParallelArray (Array.map float32 || 6;
let z=x+y
use dx9Target= new DX9Target()
let zv =dx9Target.ToArraylD(z)
printt  "%An" zv
0
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let rec convolve (shifts : int ->int [])
(kernel : float32 []) i
(a: FloatParallelArray )

= let e=kernel.[ i1]* ParallelArrays.Shift (a, shifts 1)
if i = 0 then
e
else

e + convolve shifts kernel (i -1) a
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normcdf :: Float — Float
normcdf x | x < 0 =1—w
otherwise = w

where
W =1.0—-1.0/sqrt (2.0 7) =
exp (—l=1/2.0)« poly k
k =1.0/(1.040.2316419 « 1)

I = abs x
poly = horner coeff
coeff = [0.0,0.31938153,

Microsoft:

Research

— 0.356563782, 1.781477937,
— 1.821255978, 1.330274429]

horner coeff x = foldrl madd coeff

where
maddab=b=xx+ 2
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blackscholes :: Vector Float -- Stock prices
— Vector Float -- Option strikes
— Vector Float -- Option years
— Vector Float
blackscholes ss xs ts =
zipWith3 (As x t — blackscholesl s x t rv)
SS XS ts
where
r=...
V=..

blackscholesl :: Float -- Stock price
— Float -- Option strike

— Float -- Option years

— Float -- Riskless rate

— Float -- Volatility rate
— Float

blackscholesl sxtrv =
s+ normecdf d1 — x # exp (—r * t) * normcdf d2
where
di=(log(s/x)+(r+vsv/2)=t)/(v+sqrtt)
d2=dl —v=sqrtt
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static float Horner( float [] coe, float x)
{
float  result = 0.0f;
foreach (var c in coe)
{
result = result + X * c;
}
return  result;
}
static FloatParallelArray Horner( float [] coe, FloatParallelArray X)
{
FloatParallelArray result = new FloatParallelArray (0.0f, x.Shape);
foreach (var c in coe)
{

result = result + x * c;

}

return result;
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static float NormCdf float x)

{

var coe = new [J{ 0.0f, 0.31938153f, 0.356563782f, 1.781477937f, 1.821255978f, 1.330274429f };

float  poly = Horner(

coe, X);

float 1= Math.Abs (x);
float k= ( float ) (1.0f/(1.0 + 0.2316419f*));
float w=( float )(1.0f - 1.0f/ Math.Sqrt (2.0f* Math.P1')*  Math.Exp (-1*1/2.0f) *

poly * k);
if (x<0)

return  1.0f - w;

else
return w;

static  FloatParallelArray

{

NormCdf( FloatParallelArray X)

var coe = new] { 0.0f, 0.31938153f, 0.356563782f, 1.781477937f, 1.821255978f, 1.330274429f },

FloatParallelArray
FloatParallelArray
FloatParallelArray
FloatParallelArray
FloatParallelArray

return ParallelArrays

poly = Horner(  coe, X);
| = ParallelArrays  .Abs (X);
k =1.0f/ (1.0f + 0.2316419f * I);
e = new FloatParallelArray (2.718281828459045f, |.Shape );
w=10f - 1.0f/( float )( Math.Sqrt (2.0f*  Math.PI))*
ParallelArrays  .Pow(e, -1*1/2.0f)* poly * k;

Select (x, w, 1.0f - W),
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static float NormCdf float x)

{

var coe = new [J{ 0.0f, 0.31938153f, 0.356563782f, 1.781477937f, 1.821255978f, 1.330274429f };

float  poly = Horner(

coe, X);

float 1= Math.Abs (x);
float k= ( float ) (1.0f/(1.0 + 0.2316419f*));
float w=( float )(1.0f - 1.0f/ Math.Sqrt (2.0f* Math.P1')*  Math.Exp (-1*1/2.0f) *

poly * k);
if (x<0)

return  1.0f - w;

else
return w;

static  FloatParallelArray

{

NormCdf( FloatParallelArray X)

var coe = new] { 0.0f, 0.31938153f, 0.356563782f, 1.781477937f, 1.821255978f, 1.330274429f },

FloatParallelArray
FloatParallelArray
FloatParallelArray
FloatParallelArray
FloatParallelArray

return ParallelArrays

poly = Horner(  coe, X);
| = ParallelArrays  .Abs (X);
k =1.0f/ (1.0f + 0.2316419f * I);
e = new FloatParallelArray (2.718281828459045f, |.Shape );
w=10f - 1.0f/( float )( Math.Sqrt (2.0f*  Math.PI))*
ParallelArrays  .Pow(e, -1*1/2.0f)* poly * k;

Select (x, w, 1.0f - W),
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if (x<0)

return 1.0f - w;
else

return w;

ParallelArrays  .Select (x, w, 1.0f - W);
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static float BlackCholesl( float s, float x, float t, float r, float V)
{
float dl=( float )(( Math.Log (s/Xx) +
(r+v*v/2)*t)/(v* Math.Sqrt (t)));
float d2=( float )(d1 - v* Math.Sgrt (t));
return (float )(s* NormCdfidl) - x* Math.Exp(-r*t)* NormCdf(d2));

}
static  FloatParallelArray BlackCholes1( FloatParallelArray SS,
FloatParallelArray XS,
FloatParallelArray ts, float r, float V)
{
FloatParallelArray dl = ParallelArrays  .Log2(ss/ xs) +
(r+v*v/2)* ts)/(v* ParallelArrays  .Sqrt (ts));

FloatParallelArray d2=(d1 - v* ParallelArrays .Sgrt (ts));
FloatParallelArray e = new FloatParallelArray (2.718281828459045f, ts.Shape );
return (ss* NormCdfldl) - xs * ParallelArrays .Pow(e, -r* ts)* NormCdf(d2));
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static float [] BlackScholes (float []Jss, float [] xs, float [] ts)

{

float r=1.3f;
float v = 2.5f;
var result=  new float [ss.GetLength (0)];
for (int 1 =0; i < ss.GetLength (0); 1++)
{
resultf i]=BlackCholesl1(ss| 1], xs[i], ts[i], r, V)
}
return  result;
}
static  FloatParallelArray BlackScholes ( FloatParallelArray SS,
FloatParallelArray XS,
FloatParallelArray ts )
{
float r=1.3f;
float v =2.5f

return BlackCholesl(ss, Xxs, ts,r,V);
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stati int [] SequentialFIRFunction (int [J#weights, int [] input)

{

int vindow = new int [size];
int [] result = new int [inputlé@ngth J];
// Clear to Wiimdow of x values to algZero.
for (int 0; W < size; w+
window[w] =@,
Il For each sample..®
for (int 1 =0; I input.Length ;| ++)
{
/I Shift in thg#flew x valug
for (i | = size - 1> 0; - )
indow(j] = windowfj - 1];
window[0] = input[ | ];

ompute the result value

nt sum =0;

for (int z=0;z<size;z++)
sum += weights[z] * window]z];

resultf] i]=sum;

}

return result;
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y = ¥[O1, y1], ¥I2], Y131, Y41, yI5], Y161, YI[7]]
y[O] =a[0]X[0] +a[1]x[-1] +a[2]X[-2] +a[3]X[-3] +a[4]X[-4]
yl1] =a[0]x[1] +a[1]x[0] +a[2]x[-1] +a[3]X[-2] +a[4]X[-3]
yi2] =a[0]x[2] +a[1]x[1] +a[2]X[0] +a[3]x[-1] +a[4]x[-2]
yi3] =a[0]x[3] +a[1]x[2] +a[2]x[1] +a[3]X[0] +a[4]x[-1]
yi4] =a[0]x[4] +a[1]x[3] +a[2]X[2] +a[3]X[1] +a[4]X[O]
y[5] =a[0]x[5] +a[1]x[4] +a[2]X[3] +a[3]X[2] +a[4]x[1]
y[6] =a[0]x[6] +a[1]x[5] +a[2]x[4] +a[3]X[3] +a[4]x[2]
yi7] =a[0]X[7] +a[1]x[6] +a[2]X[5] +a[3]x[4] +a[4]x[3]
y = [y[O], YI1], ¥i2], ¥I3], V4], yIS], yI6], YI71]

=al0]™* [X[0], X[1], x[2], X[3], X[4], X[3], X[6], X[7]] +
a[1]* [x[-1], x[0], x[1], x[2], X[3], x[4], X[5], x[6]] +
al2]* [x[-2], xE1], x[0], x[1], x[2], x[3], x[4], x[S]] +
a[3]* [x[-3], xE2], xF1], x[0], x[1], x[2], X[3], x[4]] +
al4]* [x[-4], xE3], xt2], xE1], x[0], x[1], x[2], x[3]]



Microsoft’

5 1% (90 | W) 1o = Research

shift x, 0) = [7, 2,5, 9, 3, 8, 6, 4k=
shift x,-1) =[7, 7, :
shift (x, -2) = [7, 7,
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= Y101, 1], ¥2], ¥I3], ¥I4l. y[3]. y16], ¥{7]]

= a[0]™ [x[0], x[1], x[2], x[3], x[4], x[S], x[6], x[7]] +
a[1]™ [x[-1], x[O], x[1], x[2], x[3], x[4], X[3], x[6]] +
al2]™ [x[-2], xF1], x[0], x[1], X[2], x[3], x[4], X[3]] +
a[3]™ [x[-3], xF2], xF1], x[0], x[1], X[2], x[3], x[4]] +
al4]™ [x[-4], xE3], xF2], xF1], x[0], x[1], x[2], x[3]]

y= a[0] * shift (x, 0) +
a[1] * shift (x, -1) +
a[2] * shift (x, -2) +
a[3] * shift (x, -3) +
al4] * shift (x, -4)
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shift (x,0) [ 7 2 5 9 13 8 6 4 | — a[0]*shift (x, 0) 14| 4 10| 18] 6 16 | 12 |1 8

shift (x,-1) | 7 7 2 5 9 |3 8 6 — a[1]*shift(x,-1) | 35| 35| 10| 25[ 45| 15| 40 | 30
shift (x,-2) [ 7 7 7 2 5 9 |13 8 — a[2] *shift (x,-2) | 49| 49| 49| 14| 35| 63 | 21 | 56
shift (x,-3) | 7 7 7 7 2 5 9 |3 — a[3] *shift (x,-3) | 28| 28| 28| 28| 8 20 [ 36 | 12
shift (x,-4) [ 7 7 7 7 7 2 519 — a[4] *shift(x,-4) | 21 21| 21| 21|21 ] 6 15 | 27

L I T D N B
+ + + + + + 4+ 4+

I y=|147[137 [118 [106 {115 | 120[124 [133 |
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for (int i =0; i < a.length ; i++)
ypar +=a[ i]* AShift (xpar, -i);




shift (x, 0, 0)

shift (x, 0, -1)

shift (x, 0, -2)

shift (x, 0, -3)

shift (x, 0, -4)

T [ X (g0 | W] 1e0
o IR ARCARY
; 3 g 3 g g — a[0] * shift (x, 0, 0)
7 5 1913 [8 [6 |- af]*shift(x.0,-1)
2 714|819 |3
; ; ; 2 g g — a[2] * shift (x, 0, -2)
7 7 2 5 9 | 3 |— a[3]*shift(x,0,-3)
2 2 | 8| 7 |4 |8
; ; ; ; ; 3 . a[4] * shift (x, 0, -4)

y[0] =
y[1]=

l...
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14| 4 10| 18| 6 16 | 12 | 8
4 16| 14| 8 16 | 18 | 6 10
35| 35| 10| 25| 45| 15| 40 | 30
10| 10| 40| 35| 20| 40 | 45 | 15
49| 49| 49| 14| 35| 63 | 21 | 56
14| 14] 14| 56| 49| 28 | 56 | 63
28| 28| 28| 28| 8 20| 36 | 12
8 8 8 8 | 32 ] 28| 16 | 32
21 21| 21| 21| 21 | 6 15 | 27
6 6 6 6 | 6 24 | 21 | 12
} } { | { } ! }
+ + + + + + o+ o+
147 1137 [118 [106 [115 | 120]124 |133
42 [54 82 113 1123 | 138144 [132
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var shiftBy = new [] {0, 0} ;
for (var i = 0; i < a.length ; i++)
{
shiftBy [1]= -i;
ypar +=a[ i]* AShift (xpar, shiftBy );




shift (x, 0, 0)

shift (x, -1, 0)

shift (x, -2, 0)

shift (x, -3, 0)

shift (x, -4, 0)

—

)

W | e | YD &

2 8 |6 [ 4 |_. a[0]*shift(x,0,0)
8 9 |3 |5
2 8 [ 6 [ 4 | a[1]*shift(x,-1,0)
) 8 |6 |4
2 8 16 14 1 42]*shift (x,-2,0)
> g8 |6 |4
2 8 6 N a[3] * shift (x, -3, 0)
> 8 |6 |4
2 8 16 14 | 514]*shift (x, -4, 0)
2 8 6 4

yl0] =
yl[11=
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14| 4 10| 18| 6 16 | 12 | 8
4 16| 14| 8 16 | 18 | 6 10
35 10| 25| 45| 15| 40 | 30 | 20
35| 10| 25| 45| 15| 40 | 30 | 20
49| 14| 35| 63| 21 | 56 | 42 | 28
491 14| 35| 63| 21 | 56 | 42 | 28
28| 8 20| 36| 12| 32 | 24| 16
28| 8 20| 36| 12| 32| 24 | 16
21| 6 15| 27| 9 24 | 18 | 12
21] 6 151 271 9 24 1 18 | 12
} } } | | i | }
+ + + +  + + o+ o+
14742 |105 [189 |63 | 168|126 |84
137154 |109 [179 [73 [ 170120 [86
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using System;
using Microsoft.ParallelArrays
namespace AcceleratorSamples

{ public class Convolver2D
{ static ~ FloatParallelArray convolve( Func<int , int []> shifts, float [] kernel,
int i, FloatParallelArray a)
L
static FloatParallelArray convolveXY (float [] kernel,
FloatParallelArray input)
FloatParallelArray convolveX
= convolve( i =>newl[]{| -i, O },kernel,
kernel.Length - 1, input);
return convolve( i =>new [J{| O, -1 },|kernel,
kernel.Length - 1, convolveX);
ITLUlll C T bUIIVUIVC\DIIIILD, NCI1ICl, 1 = L, Cl),
var result = dx9Target ToArray2D(  convolveXY (testkernel , inputArray )):
for (var row = 0; row < inputSize ; row++)
{ for (var col = 0; col < inputSize ; col ++)
Console .Write ("{0}" ,resultf row, col]);
Console .WriteLine ();
}

}
}
}



Microsoft’

using System;
using System.Linq ;
using Microsoft.ParallelArrays

a— \ A\ 0
T g0 |40 |t o Research
namespace AcceleratorSamples

AN el SRR ARV ARCY ...
{

static FloatParallelArray convolve( this FloatParallelArray a,
Func<int , int []> shifts,
float [] kernel)

{ return kernel
Select((k, 1)=>k* ParallelArrays .Shift (a, shifts( 1)))

Aggregate((al, a2) => al + a2),
}

static FloatParallelArray convolveXY (this FloatParallelArray input,
float [] kernel)

{ return input

.convolve( I =>new]{ -i, O }, kernel)
convolve( I =>new]{ O, -i }, kernel);
}
for (int col = 0; col < inputSize ; col ++)
Console .Write ("{0}" ,resultf row, col]);

Console .WriteLine ();



FPA ConvolveXY (Target& tgt , int height, int  width, int filterSize , float
{
/I Convolve in X (row) direction.
size_t dims[] ={ height,width b
FPA smoothX = FPA(0,dims, 2);
intptr_t counts[] ={0,0};
int filterHalf = filterSize 12;
float  scale;
for (int i = -filterHalf ;1 <= filterHalf ;1)
{
counts[0] = i;
scale = filter| i + filterHalf 1;
smoothX += Shift(input, counts, 2) * scale;
}
/I Convolve in Y ( col ) direction.
counts[0] = O;
FPA result = FPA(0,dims, 2);
for (int i = -filterHalf ; 1 <= filterHalf ;1)
{
counts[1] = i;
scale = filter| filterHalf + i
result += Shift( smoothX , counts, 2) * scale;
}
tgt. ToArray  (result, resultArray  , height, width, width * sizeof (float

return  smoothX ;

filter[], FPA input,

)

Microsoft’

Research

float

* resultArray

)
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open System
open Microsoft.ParallelArrays

f 1% g0 10 00 [ Research
[< EntryPoint  >]

T T3 0] a I.I
let main(args) =

/I Declare a filter kernel for the convolution

let testKernel = Array.map float32 [| 2; 5 7, 4, 3]
Il Specify the size of each dimension of the input array

let inputSize = 10

/I Create a pseudo - random number generator

let convolveXY kernel input
= /] First convolve in the X direction and thenin' Y

let convolveX =convolve( fun i ->1] -i; 0O []) kernel
(kernel.Length - 1) input
let convolveY =convolve( fun i ->1] 0; -i []) kernel
(kernel.Length - 1) convolveX
convolveY
wvev+ convolve shifts kernel (i -la

/I Declare a 2D convolver
let convolveXY kernel input
= // First convolve in the X direction and then in the Y direction

let convolveX =convolve ( fun i ->1[ ~-i; 0 |]) kernel( kernel.Length - 1) input
let convolveY =convolve ( fun i ->1[ 0; -i |])kernel( kernel.Length - 1) convolveX
convolveY

/I Create a DX9 target and use it to convolve the test input

use dx9Target= new DX9Target()

let convolveDX9 = dx9Target.ToArray2D ( convolveXY testKernel testArray )
printtn ~ "DX9: -> \r\n%A convolveDX9

0
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execution time [seconds)
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Convolver 1D 4000x4000 Benchmark

d

— NWIDIA Quadro NVS 160M (8 cores)
— Core2 Duo PIG00 (2 cores)

—— ATl Radeon HD 5870 (1600 cores)
— 2 x Xeon X5355(8 cores)

4 x Xeon E7540(24 cores)

——— Nvidia GeoForce 8600 GTS (32 cores)
——— Core2 Quad Q9550 (4 cores)

—— Nvidia GeoForce 8800 GTX (128 cores)

e ¥eon 5150(2 cores)

/ e NVIDIA Quadro FX 770M (32 cores)
— w Core2 Duo POBOD (2 cores)

50

100 150 200 250 300 350 400 450

kernel size
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execution time (seconds)

0.6

0.5

0.4

0.3

0.2

0.1 -

Convolver 1D 4000x4000 Benchmark

— NVIDIA Quadro NVS 160M (8 cores)

——{Core2 Duo PG00 (2 cores)
= ATl Radeon HD 5870 (1600 cores)
— 2w Xeon X5355 (B cores)

— — o Xeon E7540(24 cores)
———Mvidia GeoForce 8600 GTS (32 cores)
m——Core2 Quad Q9550 (4 cores)

= ————
= ——— I —

=—Mvidia GeoForce 8800 GTX (128 cores)
= Xeon 5150 (2 cores)

= NVIDIA Quadro FX 770M (32 cores)
~——Core2 Duo PAG00 (2 cores)

2 4 6 8 10 12 14 16 18 20

kernelsize
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Convolver 2D 4000x4000 Benchmark

160
140
- Nvidia Quadro FX 580 (32 cores)
/ = Xeon X5550 (8 cores)
120 —— Nvidia GeoForce 8600 GTS (32 core
= Core2 Quad Q9550 (4 cores)
100 NVIDIA Quadro NVS 160M (8 cores
Core2 Duo P9600 (2 cores)
ATI Radeon HD 5870 (1600 cores)
80 2 x Xeon X5355 (8 cores)
= Nvidia Quadro FX 580 (32 cores)
60 = Xeon X5550 (8 cores)
—— Nvidia GeoForce 8600 GTS (32 core
40 = Core2 Quad Q9550 (4 cores)
—NVIDIA Quadro NVS 160M (8 cores
/ = Core2 Duo P9600 (2 cores)
20 —— ATI Radeon HD 5870 (1600 cores)
I =2 x Xeon X5355 (8 cores)
0 —
0 50 100 150 200 250

kernel size
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Convolver 2D 4000x4000 Benchmark

4
35
- Nvidia Quadro FX 580 (32 cores)
/J e Xeon X5550 (8 cores)
3 ——Nvidia GeoForce 8600 GTS (32 core
= Core2 Quad Q9550 (4 cores)
25 NVIDIA Quadro NVS 160M (8 cores
Core2 Duo P9600 (2 cores)
ATl Radeon HD 5870 (1600 cores)
2 2 x Xeon X5355 (8 cores)
— Nvidia Quadro FX 580 (32 cores)
15 / Xeon X5550 (8 cores)
——Nvidia GeoForce 8600 GTS (32 core
1 o = Core2 Quad Q9550 (4 cores)
——NVIDIA Quadro NVS 160M (8 cores
M ——Core2 Duo P9600 (2 cores)
0.5 4 ——ATI Radeon HD 5870 (1600 cores)
2 x Xeon X5355 (8 cores)
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0 5 10 15 20

kernel size
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x64 multicore target benchmark for 2Bonvolver
(24 core server Xeon E7540)

25
15 /\v o
=6 core speedup
=12 core speedup
10 /\V M"/ ——18 core speedup
/\/' =24 core speedup
5 /\, ‘/\r
0 T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45

kernel size
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