yla tnv emiAvon npoBAnpatwy moAAamAwy nediwv
0E OUYXPOVEC UTTOAOYLOTLKEC OLPYLTEKTOVLKEC

@) nAatdoppa pabnuoatikwyv pEBodwv Kot AOYLoULKOU

AprOuntikec M£0ooor Collocation

ATELKOVION G€ XVYYPOVES
YTOAOYIGTIKEG APYLTEKTOVIKES

 @WT
OPERATIONAL PROGRAMME
EDUCATION AND LIFELONG LEARNING / N s RF
® investing in knowde ',gm =g 200 2013
programme for

MINISTRY OF EDUCATION & RELIGIOUS AFFAIRS EUROPEANSOCIALFUND

European Union MANAGING AUTHORITY
European Secial Fund ¢4 _tinanced by Greece and the European Union




Hermite Collocation Method

g Lu(x,y)=f(xy) , (xy)eQ

0 Bu(x,y)=g(x

), (x,))€ 08

Y; ®
ag;-125—1 A2;—-125|024,25—1 042,24
; ) a
u‘n(:l‘iayj) = (2;—1,25-1 h-@u-n(ff?i;yj) = (21,25
{
d . . 2 92 _
\ h..au.n(;m,yj) — 27251 h Dy By IEH(I’L yj.) == (12,25
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Red — Black Collocation Linear system

000X 0OX |0X 00X |0X 00X 0X 00 0X
00KX XXXX XX|XX XXXX 00 XX
00X X XXXX XXXX XXXX 00 KX
00X X XXXX XXXX XXXX 00 KX
000X 0 X 0X 00X 0X 0 X 0X 00 00X



Red — Black Collocation Linear system
000X 0X [0X 0X [0X 0X |0X 00 [0X
00XX XX XX XX|XX XXXX 00 XX
00KXX XX[XX XX[XX XXXX 00 KX
00XX XX XX XX|XX XXXX 00 XX
000X 0 X 0X 0X 0X 0 X 0X 00 0X
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Red — Black Collocation Linear system
000X 0X [0X 0X [0X 0X [0X 00 |0X
00XX XX XX XX XX XXXX 00 XX
00XX XX XX XX XX XXXX 00 XX
00XX XX XX XX XX XXXX 00 XX
000X 0 X 0X 0X 0X 0 X 0X 00 O0X
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Red — Black Collocation Linear system

oolo8 040 048 016|024 056| 064 00 032
00[67 38 3946 47 1415p223 54 55|62 63 oo [30 31
oo0[45 36 3744 45 1213021 52 53|60 61 00 [2829
0023 34354243 10111819 50 51(58 59 00 2627
oool 0 33 04l 09 o0l7 0 49 o057 00 025
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Red — Black Collocation Linear system

‘960’00 000 ®
9000 (OO [00
‘2000 Fo®Fe® |
PRI EIEEL
‘20 oo oo oo |}
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Model
Problem

VZu(x,y)—Au(x,y)= f(x,y)
u(x,y)=g(x,y)

b

b

(x,y)e Q
()C, y)e 0C2 with

A - | Pr He | _
| Hr Dp

A=0




Helmholtz

Collocation 1
Matrix
(43 -4, O O -~ O O 0 0]
A3 Ay A3 —A, - O O O O
Ay —Ay A3 -4, - O O O O
A Dr Hp ] Hp=-
HR DB o 0 0 0 A3 Ay A3 —Ay
0 0 0 0 _AB —A4 Ag —A4
0 0 0 0 0O 0 A3 A |
[ A4 A3 -4 O O O O o0 0 o0
Ay A3 A4 O O o O 0O 0 O
O Ay Ay A3 -4, - O O O O O
1 1 4 oA
DR = 2 dlag[EAz Al Az Al A2 — §A2] 0 A3 A4 A.3 A4 0 O 0] O O

Dp = 2diag[A; Ay -+ Ay A A3 Ay A3 A4 O

- —A3 Ay A3 Ay O
0O 0 Ay A -A,
O 0 A -A —A

SO OO
SO OO
S O OO
SO OO
SO OO




Red — Black Collocation Linear system

[ (15 g — g 0 0 0 0 0 0 0 i
ay a1 —az 0 (0 0 0 0 0 0
0 a1 a2z a3 —ag 0O 0 0 0 0
0 a3 ay a1 —ag o o0 0 0 0
A; = o 5 5
0 0 0 0 0 aq (5] 3 —y (0
0 0 0 0 0 as () ] — a9 (0
0 0 0 0 0 0 0 ] ao —ly
| 0 0 0 0 0 . 0 0 3 g —ao i
I] ay a2 a3 a4
Ay || rt st tt
As || st ut ¢
A3l ¢ t— »r— s~
Ag |t e s wu
with
= g =24+ 22¢ ,

T
r¥ = 86e — 24 + (48¢ — 18)V/3 ,
st =13 — 124 (Te — 8)V/3 ,
t¥ =5e+3+ (e +1)V3,

ut =2 — 3+ (e — 2)V3.
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Iterative

/ ©)
e O collocation wivakag gtvol peyaing oldetocns, 0puLog Kot

0EV £YEL KATOL0, 1OLUITEPQ YPNOLUT LOLOTNTA
(.. coppeTPIKOg, OeTIKG drevBeTINEVOC )

- /

®Va'c,



A= Dy — Ly — Upyhy

OTTOU

®Yarc,




M AM;* Myx = M;'b
where M; = Dag—La = Da(I — D, Ly)

and M, = I —D,'Uy

I O :IZR—I—DI—%IHRCUB o BR

where S=Dp — HRDélHB

BR — D}_%le and BB — bp —HRBR

® OLng
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S1: Solve Drpbp =bp

S2:  FEvaluate BB — bp —HRBR

S3:  Solve with BiCGSTAB S xg = bg

S4: Bvaluate g = Hpxp

SH: Solve DRCi?R = i:B

S6:  FEvaluate xp = br — TR

® OLng




Parallel Iterative Solution of Collocation Linear system
on Shared Memory Architectures

= OUOIOHOPPN KATOVOUT POPTOL EPYAGIOG LETOCD COre
threads
" EAayltotomoinom KOkKAwv adpavev core threads

= EAoy16Tomoinon KOGTOUS ETKOIVOVIOC

® OLng
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Mapping into a fixed size Architecture of N Cores

4 Ny
\ S

case of k=2p/N even 2k virtual threads
R
xl( ) I=(G-Dk+1,....jk
x(B) . .
/ [=2p+(-1)k+1,...,.2ptjk
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51
S2:

S4.
>3
S6:
S

Solve in parallel on host DRBR — bp
Send matrices Az and A4 to GPU
Evaluate in parallel on GPU BB — bp — HRBR

Solve in parallel with BICGSTAB S xp = 53
Evaluate in parallel on GPU g = Hpxp

Solve in parallel on host DrTr = Tp

Evaluate in parallel on host xr = br — &R

®Varc,



Choose initial sscmation (9 of the solution g
0 = foo 52 3
r — DR
Choose # (usually # = ()
fori = 1.2
pi_1 = f.T 7.(i—l)
if pi_1 = 0 method fails

ik ¢ =4
else
Big = &=L 2=t

Pi—2 Wi—1

P = 20 o B (P~ Gy P

eni Ii
—_ 1 —1

Qi = FTy@

s = r(i-1) — g; o)

if || s| issmall enough then
(1)

a:l = a:g-l) + a; p'¥  stop

M= P
a:(Bz.) = a:g,—l) + a; p + w; s
Check for Convergence

S SVac,




Evaluation of t = Sp

S1:  Send p from host to GPU

S2:  Evaluate in parallel on GPUt = Hpp

S3:  Send t from GPU to host

S4:  Solve in parallel on host Drs = t

S5:  Send s from host to GPU

S6:  Evaluate in parallel on GPU q = Hpg s

S7:  Send q from GPU to host

S8:  Evaluate in parallel on hostt = Dpp — q

® OLng




The Dirichlet Helmholtz Problem

u(x,y)=10p(x)p(y) , (x,)€[0,1]x[0,1]

2
with (0( x) — ( x2 — x)e—IOO(x—O. 1)
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HP SL390s - Tesla M2070 GPUs

HP SL390s

6 core Xeon@2.8GHz

24GB memory

Oracle Linux 6.3 x64
PGl 13.5 Fortran
PCl-e gen2 x16

TECHNICAL SPECIFICATIONS

Peak double precision floating 515 Gigaflops
point performance

Peak single precision floating 1030 Gigaflops
point performance

CUDA cores 448
Memory size (GDDR5) 6 GigaBytes
Memory bandwidth (ECC off 150 GBytes/sec

i . The Portland Group | OpenAcc OpenMP

DIRECTIVES FOR ACCELERATORS




Realization on HP SL390s Tesla GPU machine
Iterations / Error measurements

Ns

256
512
1024
2048

BICGSTAB
lterations

294

589

1161
3726

” b—AXn”Z

6.06e-11
2.85e-11
1.39e-11
9.59e-12

® OLng



YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTphoeiC XpOvou eKTEAEONC

ICPU 90

‘ ' HCPU
CPU - GPU BCPU - GPU

X 25%

Time in seconds for n
: R
Time in seconds for n
N
(=)

[0)]
o
T

=512
S

&
6]
o
T

LN
w
o
T

N
o
T

N
T
X
o
T

o

2
CPU cores
CPU cores
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YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTphoeIC XpOVoU eKTEAEDNC
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cCrU 10000
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100}
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YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTphoeIC XpOVoU eKTEAEDNC

12 \ :
Il Computation time 80

Bl Communication time

Il Computation time
Bl Communication time

10

Time in seconds for ns=256
(o)}
Time in seconds for ns=512

CPU cores CPU cores




Realization on HP SL390s Tesla GPU machine
Time measurements

600 J

Il Computation time 7000 .
Bl Communication time

Il Computation time
Il Communication time

6000 g

T

500

X © 5000
o
S 400 &
]
» L
- 5 4000
‘@ 3
S 300 2
5 8
3 & 3000
O 1]
an k=
> 200 E
[
£ £ 2000
|_

100 1000

2
1 2 4 CPU cores
CPU cores




YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

14

BCPU 90

BCPU
BCPU - GPU BECPU - GPU
ol ECPU -2GPUs| 80. BECPU - 2GPUs

256
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S
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o
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YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTphoeiC XpOvou eKTEAEONC

800 ‘ , 10000

[ [ ' BCrU
CPU - GPU 9000. ICPU - GPU
700 ICPU - 2GPUs ICPU - 2GPUs
8000}
600+ ®
N S 7000¢
g &
[l L n
v 900 c” 6000
5 8
P ®
8 400+ 4 5000F
cC C
[o] [o]
o o
& $ 4000t
© 300f E
Q [
£ E 3000+
" 2000
2000}
100r 1000¢
0 0
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2 UJTTEpAopaTd

-+ 2 xediaon véou TtapdAAnAou aAyopiOpou Tnc Schur
complement peBo6dou pe Tnv BiCGSTAB via Tnv Hermite
Collocation ap1BunTikn péBodo.

« YAotmoinoh o€ apxITekToVikEC utTtoAoyiopwy KoiviAic MvAung

yia multi-core punxavaparta pe emitaxuvréc (GPUs) .

- EmTtdxuvon péxpt 30%.

® OLng



Emoéueva prpara

+ Kataokeun amodoTikoU aAyopiOuou The peBodou
Discontinuous Hermite Collocation yia
apx1TekToVikEG Ue Multiprocessor /Grid

UNXAVAUATA HE ETITAXUVTEC UTTOAOYIOHWV.

® OLng



Semi-Implicit Discontinuous Hermite Collocation Method
DHC system of ODEs
(Ch®C))a= (D,C;®C))a+ (D,CloC;)a

where C and C; denotes the 1d Discontinuous and Continuous Collocation matrices

D, =diag(vy,...,v,1,....1,v,....,7)

Ag:=CleCy B:=D,C;®C)+D,C)C;

Aoél — BPa

®Varc,




Semi-Implicit Discontinuous Hermite Collocation Method
A()é — Ba

DHC method coupled
with an optimal 2-step
and 3" order DIRK

Aa™b = 45 a
Aa™?) = Aga™ +7(1-2\)Ba™Y .

Ag q(n+1) _ Ao a™ 4+ % B 2™ | B a(n,z)]

where A := Ay — 7AB, 7 is the time spacing and A\ = % +

® OLng




Semi-Implicit Discontinuous Hermite Collocation Method
INPUT  @oiq . B . Ay, A, A

for t= T to tmar with step T do

compute ag = Ag Qo4

if  t< 27 then

solve Ap Qnew = ao with BiCGSTAB

else

solve Aa; = ag with BiCGSTAB

compute az = ag —T\/TgB ai
solve A ay = az with BiCGSTAB

compute ay = ag + 5B (a; + ag)
solve Ag Qnew = ao with BiICGSTAB
endif
compute  Qold = Anew

enddo

®Varc,




Compute 7(¥ = b — Az(® for some initial guess ()
Choose 7 (for example, 7 = (%))
for i=1,2,...
pi—1 = #lrli-1
if p;—1 = 0 method fails
ifi=1
p® = p(-1)
else
Bi-1 = (pi-1/pi-2)(ai-1/wi-1)
p® =G0 4 8, (pi1 —
endif

@; = pi—1/FTv®

0V + a;p + wid

r() =5 —w;t

check convergence; continue if necessary
for continuation it is necessary that w; # 0

end

W

A ~

M = ilu(A)

® OLng



Matrix A
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0.5
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Matrix Ao
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v All basic linear algebra operations are performed
on the GPU

v The preconditioning procedure M z =t with M=LU
is performed on the CPU

Step1l: GPU sends to CPU vector t
Step2: CPU solutionof Ly=t
Step 3: CPU solutionof Uz=y
Step4: CPU sends to GPU vector z

® OLng
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HP SL390s - Tesla M2070 GPUs

HP SL390s

A BUEE I

]w L3 LS ALY

-

I

—— e O

6 core Xeon@2.8GHz TECHNICAL SPECIFICATIONS
24GB memory [ Testa)
Oracle Linux 6.3 x64 Peak double precision floating 515 Gigaflops
PGI 14.5 Cuda Fortran el |
Cuda toolkit 6.0 T ek
PCl-e gen2 x16 CUDA cores 448

The Portland Group Memory size (GDDRS) 6 GigaBytes

Memory bandwidth (ECC off) 150 GBytes/sec

Parallel Programmi




=  MatLab R2012b

= PGI 14.5 Cuda Fortran
Cuda toolkit 6.0 - cuBLAS - cuSRARSE
for GPU operations
SparseKit for CPU operations

®Varc,




module bicgstabGPU

contains

subroutine bicgstabGPU(n,x,b,A,L,U,iA,iL, jA,jL,jU,
+ nzA,descrA,handle,error,r,rh,pi, ph,
+ t,s,sh,ui,istep, temp,ttt)

implicit realx8 (a-h,0-2z)
realx8 ttt(n),L(x),U(x),temp(n)
integerx8 handle,descrA, iA, jA,A,
+ x,b,r,rh,pi,ph,s,sh,ui,t
integer  cusparse_dcsrmv,ilL(n+1),jL(*),jU(x),
+ cuda_memcpy_c2fort_real, cuda_memcpy_Tfort2c_real

imaxstep=istep

tol=error

istep=0

dnrmb=cublas_dnrm2(n,b,1)

call cublas_dcopy(n,b,1,x,1)
istatus=cusparse_dcsrmv(handle,®,n,n,nzA,1.0d0,descrA,A, iA, jA,
+ X,0.0d0,r)

Applied Mathematics
and Computers Laboratory




call cublas_dscal(n,-1.0d0o,r,1)
call cublas_daxpy(n,1.0d0,b,1,r,1)
call cublas_dcopy(n,r,1,rh,1)
999 continue
istep=istep+1
if (istep.gt.1l) roip2=roipl
roipl=cublas_ddot(n,rh,1,r,1)
if (istep.eq.1l) then
call cublas_dcopy(n,r,1,pi, 1)
else
bi=(roipl/roip2)*(ai/wi)
call cublas_daxpy(n,-wi,ui,1,pi,1)
call cublas_dcopy(n,r,1,t,1)
call cublas_daxpy(n,bi,pi,1,t,1)
call cublas_dcopy(n,t,1,pi,1)
endif

Applied Mathematics
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icudaStat = cuda_memcpy_c2fort_real(ttt,pi,nx8,2)
call lsol(n,temp,ttt,L,jL,iL)
call udsol(n,ttt,temp,U,ju)
icudaStat3 = cuda_memcpy_fort2c_real(ph,ttt,n%8,1)
istatus=cusparse_dcsrmv(handle,®,n,n,nzA,1.0d0,descrA,A, iA, jA,
+ ph,0.0d0,ui)
ai=roip1/cublas_ddot(n,rh,1,ui, 1)
call cublas_dcopy(n,r,1,s,1)
call cublas_daxpy(n,-ai,ui,1,s,1)
if (cublas_dnrm2(n,s,1).1t.1.0d-25) then
call cublas_daxpy(n,ai,ph,1,x,1)
printx, 'BiCGSTAB incomplete’
else
icudaStat = cuda_memcpy_c2fort_real(ttt,s,nx8,2)
call lsol(n,temp,ttt,L,jL,il)
call udsol(n,ttt,temp,U,ju)
icudaStat3 = cuda_memcpy_fort2c_real(sh,ttt,nx8,1)

Applied Mathematics
and Computers Laboratory




istatus=cusparse_dcsrmv(handle,®,n,n,nzA,1.0d0,descrA,A, iA, jA,
+ sh,0.0d0,t)
wi=cublas_ddot(n,t,1,s,1)/cublas_ddot(n,t,1,t,1)

call cublas_daxpy(n,ai,ph,1,x,1)

call cublas_daxpy(n,wi,sh,1,x,1)

call cublas_daxpy(n,-wi,t,1,s,1)

call cublas_dcopy(n,s,1,r,1)

dnrmr=cublas_dnrm2(n,s, 1)

error=dnrmr/dnrmb

printx,error,istep

if (wi.ne.0.0d0@.and.error.gt.tol.and.istep.lt.imaxstep)
+ goto 999

endif

return

end

end module

Applied Mathematics
and Computers Laboratory




YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

Il MatLab
ElGPuU-cPU
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Unknowns : 1.600
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T

Dofs : 6.400

Time in seconds
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o
N
T
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YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

25

Il MatLab

Finite Elements : 1.600 B GPU-CPU
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T

Unknowns : 6.400
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T

Dofs : 25.600

Time in seconds
T
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o
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YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

12

Bl MatLab
I GPU-CPU

Finite Elements : 6.400

10+

Unknowns : 25.600

Dofs : 102.400

Time in seconds
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®Varc,




YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

200

Finite Elements : 25.600 180}

Il MatLab

I GPU-CPU |
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Unknowns : 102.400 o 140l
Dofs : 409.600
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YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

Finite Elements : 25.600
Unknowns : 102.400
Dofs : 409.600

File View Run Help
= R P I N

§ *New Session 53

[=] Process "thalis” (31136)
[=] Thread 4112791520
L Runtime AP
L Driver API
L Profiling Overhead
[=] 101 Tesla M2070
[=] Context 1 (CUDA)
L ¥ MemCpy (HtoD)
L ¥ MemCpy (DtoH)
[=] Compute

L 57 14.6% void nrm2_ker...
L ¥ 10.9% void axpy_ker...
L 57 5.0% void dot_kerne...
L ¥ 4.9% void copy_kern...
L 57 0.7% void reduce_1B...
L ¥ 0.2% memset (0)

L 57 0.1% void scal_kerne...

[=] Streams
L Default

NVIDIA Visual Profiler

DO Ll = e
= O £ Properties 83
100s 125s 150s 175s void csrMv_ci_kernel<double, int=7, int=1, int=3>
~ Duration

Session 183.3335(183,333,456,481 ns)
Kernel 2.197 5(2,196,899,375 ns)

Invocations 5008

Importance 63.4%

T

(<] | [T [

[l Analysis 83 [ Details | & Console | [ Settings




YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

Finite Elements : 25.600 B matrix*vector - 5008
times
Unknowns : 102.400 49 491 B nrm2 - 9544 times

Dofs : 409.600 ®axpy - 13450 times

M dot - 9072 times

copy - 9466 times

B scal - 236 times

B other procs

®Va',




YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

Finite Elements : 25.600 Unknowns : 102.400 Dofs : 409.600

Y & Ej by = ‘)‘D B g\ :‘5- Eé- rt-’
‘ *New Session 23 = O | & Properties 23 =0
100s 125s 150 s 175s MemCpy (HtoD)
[=] Process "thalis" (29623) < Duration
[=] Thread 538531808 Session 182.07 5(182,070,081,084 ns)
L Driver API " Invocations 4550
L Profiling Overhead | Total Bytes 379768
[=] 0] Tesla M2070 Avg. Throughput { 5.809 GB/s

[=] Context 1 (CUDA)
et
- MemCpy (DtoH) 0000000000000
Compute
[=] Streams

) ) N I W | A
" et A T 11 IS 1 N 1 1| I
CPU-GPU time = 82.3 seconds

(<] m >]

[ Analysis 82 [ Details| £ Console | [ Settings v, — 0O

® OLng




YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTpnoeic xpovou ekTEAEONC

Finite Elements : 256.600 Unknowns : 102.400 Dofs : 409.600

NVIDIA Visual Profiler N ETEX
File View Run Help
I EE WS R & Ri@saa
§ *New Session 53 = 8 | E properties $3 =8
iaa 12|5 s 159 s 17? s MemCpy (DtoH)

[=] Process "thalis" (29623) < Duration

[=] Thread 538531808 Session 182.07 s(182,070,081,084 ns)

L Driver API ” Invocations 18381
L Profiling Overhead I Total Bytes 3.717GB
Avg. Throughput 6.037 GB/s

[=] 10] Tesla M2070
[=] Context 1 (CUDA)
L ¥ MemCpy (HtoD)
Compute
[=] Streams

L Default

CPU-GPU time = 82.3 seconds

I(] n >]

[l Analysis $3 [ Details | & Console | [ Settings
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2 UTTEpdopaTd

2 xediaon véou mapdAAnAou aAyopiBuou TnE apiBUNTIKAC
HeOaddou Discontinuous Hermite Collocation.

* YAomroinon og apxITekToviKEC utTtoAoyiopwy Koivhic MvAung

yia pynxavapara pe emrtaxuvrtéc (GPUs) .

- Tlaparnpnoape emiTdxuvon 2X yid TTUKVEC

diakpIToTtoINOEIC ag axéan pe Thv MatLab multithread
vAoTroinon.
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Semi-Implicit Discontinuous Hermite Collocation Method

oty wepintwan Oepanciog

Create matrices Agy, Ay, Ac, Ay Ay, By, B, B,
B,.. and initial vector a4

for t=dt to t,,,, with time step dt

Compute ap = AogQold
if radiotherapy then
Solve A,a1 = ag
Compute agp = ap — dtlé—gBral
Solve A,a; = ag
Compute as = ag + %Br(al +a2)
else if chemotherapy then
Solve A.ay; = ag
Compute ag = ag — dt?Bcal
Solve A.az = ag
Compute a2 = ag + %Bc(al +0.2)
else if radiotherapy and chemotherapy then
Solve A,.a1 = ag

Compute ag = ap — dt Y3

3 Brcal

Solve A,.az = ag

Compute a; = ag + %B,.(a; + az)
else

Solve A,a; = ag

Compute ag = ag — dtﬁgBual

Solve Ay a2z = ag

Compute a2 = ag + %Bu(al + a2)
endif
Solve Ag Gpew = a2

Compute Qold = Qnew
endfor
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Hivenyalue Digtribution ...

Matrix Ao

0.3 : : : : . i x10™ '
02
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Matrix Arc

i x10°
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w
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12
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YAomoinon oe HP SL390s Tesla GPU punxdvnua
MeTphoeig Speedup

n

s MatLab - CPU MatLab - GPU CPU - GPU

40 x 40 5.2 5.6 1.1
80 x 80 5.9 7.9 1.4
160 x 160 5.3 6.6 1.3
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