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Real-Time DOA Estimation of Underwater Sound
Sources Using GPU
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Abstract
Direction of Arrival (DOA) estimation of sound sources using phased array-based methods has a lot of
importance in various fields, including sonar, robot vision, and mechanical defect detection. Adaptive
beamforming methods, such as the MVDR (Minimum Variance Distortionless Response) algorithm,
have high resolution compared to non-adaptive methods (Delay and Sum algorithm); but this advantage
is achieved in return for the computational complexity of these algorithms. This makes it hard to use
these algorithms in applications that require real-time sound source DOA estimation. On the other
hand, an important feature of the adaptive beamforming methods including MVDR is the high potential
. of these algorithms for parallelization. The purpose of this paper is the parallel implementation of the
ge;fé’ MVDR algorithm by employing Graphical Processor Unit (GPU) instead of Central Processor Unit
- (CPU) to increase the execution speed and achieve the real-time mode. For this purpose, the CUDA
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(Compute Unified Device Architecture) programming model has been used to implement the algorithm
on the GPU. CUDA is a parallel computing platform and application programming interface (API)
model created by Nvidia. It allows software developers to use a CUDA-enabled GPU for parallel
processing. In order to investigate the performance of parallel implementation of the MVDR algorithm,
two different GPUs, as well as CPUs, have been used. The performance validity of various
implementations in this paper was confirmed by real sonar data as well as simulation data. The results
show that using an array of 64 sensors, it is possible to estimate the DOA of underwater sound sources in
real-time mode and with high resolution using the MVDR algorithm.

Keywords: DOA estimation of sound sources, MVDR algorithm, Parallel processing, GPU, CUDA.

Sy 18] sgiiee bapi oSl ul Gog el ole
i oley by &5 Sl alrojs> 5l (S Ugw
lis ol o cplply (sl )90 o], Sgo piie
Iy Slgw dadcad ox8ly sloools oS conl ouds 0
Sygon |y ol nj Do glie slil) 5 00,5 (S5l
Shimoly  Bilon S e (SRl
Cdbye jo w3l Bl a4 e obows Glapn Sl
79> Oledbl (Sioan (0555,4 5 (Sbler ax
ol lgaieaS 0o )sS0l (Slsle (Souzay 05do0 ]
PSS jshaieds jLisyse (y3g lon dmele 51 S50
Ll sle 5 slaws asils cal sl 2l 0 o5
s DAS 6l L;.\,.m., el ool wld M
Ol e Gl MP g M s e 5l ol e il lganeeS
4 5l comiblsanaeS oSl jo Slasle (Sazy
dewlme g MXM olal oy ijlg‘)‘jf o ple e
G oazg bocwl o cex e sl ol esSes
9y0i Alie ;o ¢ uilylgaiaS 10,681 cnlio o Slae
g sn odliinl Lo (Bs; (lgisar Ghs; cnl )
Sz G Gl 6ol slagis, 5St
e sl by, 5o aileads &l il jlgareS 1 565l
Sl selie hos uib Sl Ty slad
A 5o 5 Omb S b slad Sy a beosls 0 S pa
[17] 4o [15,16] 555 oo oolic] Sloslons g LialS
g 48,5 LA 50 oaBinet i 13059 0y solaw
sbml |y (295 Ol iS4 loyzmy Al o
il (Soazmn coiy nl 4 ogd e BT WS o
Ap Pl wlie ol o sadoliing il lsanaS
o Py aisly galS DAS pi,eSll S
3 T18] jo il oddspass i 3 Loy slee oy
dlne (Sazmn ol lp Y dol sloadlye Julos
oad ooliitul il jledineS” (Bgy )3 e s b
wloads 7y [19-21] o 50 6,50 oo, S, o
els sl 1y ploca,i bog o8 Ll 51 S ya a8
ooliiwl uillgareaS o )sSll (Slelxe (Souzey

dodio —)

OlS 255 3 ol (83 0590l a5 Slegdge 5| (S
5 hlumdse dlis il 005 Jorine 09> 4 )
pludl 5l (SO el Baa SO L g b SO sbews
GrSey ol Bas &5 cul Jso Shlez (e
Q}@lﬁ5oo9{¢}4gjb.iww45wlw
&S o S |y Jlo

e sy, il oo obiwx slabs,
5 onl o it [1-8] 55 a0 IS5 5 56 4l
e poliiedy (S8L)3 Do JWSew 5l (ol
(ol jo oS USS cpl 4y 05 oo oolaiw] aoe (380 Sy
g Boe 5l oad piiie JUSw Slpis bl p (2boes
Gl )y 5 oS 5l slal)l o ol 2l
ol b 08 o plxl saizdl e b LK
o ol canlie oz 20 USD lagbs,
o3l 00355 iz ay (o plS glgal oS Cel
Sigdsa o o

250 4 olsiee hiwr slagbs, et
glrselogn  wibjlsaeS [4] (DAS) re>
afur  Jiw gomail  J4(MVDRY)
[6.7] oS » (s slagdy, 5 [SIMUSICT)
FSs e 5l pullsaneS Gl cnl o 08 o)Ll
Jlo 5o oiblganes sl .l (pbicwz o,
oolainl b sbcgs [8] wi 8 ,ee Capon lawg VA5V
Sloogd b )l ppgal ;3 63k 9 p)l5 (g, crl
[14] 1ol 5 [10-13] gl b 9] Lbsms alox 5l cilisea
B9 55 n sbrodias Kb A gi2 i ,)5 Sl al ol
Lol ol o glhcwr & G ol @ sl
g sl oS e 4 osn, JUSw sla S
Slopt,sll 4 Coand GBy g sleosms KA
5 p> Jedods bl csyls (6 5VL SIS 508 ¢ 8,8
ol dwoaias & pl o Olwlre oLy (Sauses

Ss 385 gl ead e ol Gl

5 Covariance matrix
¢ Beam Space
7 Principal Component Analysis (PCA)

! Delay and Sum

2 Minimum Variance Distortionless Response
3 Multiple Signal Classification

4 Sparsity based methods

FA 2l Vol Ve JLlu




1
5
'-.%
3
LY
&
]
3
1
3
3
'_é\
2
\%

T Jaoee ;0 35290 poi N wlesds JUSKw s o] jo oS
5 pM 5 @ oo JiSw oy 53 b s st
30 B) g5y caias IS g5 aie by el
1= JS2) wloe cewsas (V) alall) ol ¢ uilS 2 055>
B(w,8) = Xi=1 Wi (@,8) - ym(w)
=wi(w,0) x y(w) = wly e (V)

735 Ym plM S & boiye 039 Wi 5l o oS
W = [Wy, Wy, o, Wiy ]Te 5,3 039> 45 plM 5 >
ST SR Al  CT GRS 7] LS PRI
5 gy saasplid cuige () 5 () daS e
ol R petle i 0 5 W g aes T
Al dygly i g slasgl;
oains JS5 (255 Ol dden 51 DAS o1,5)
g Slisly e jglatedy e sblg; lilay 955
S8 295 Ols [B] aS oo ool (8L s JUSw
Wl oo Cewoay (V) abayly 3l o S > o g5 posian

Poue(@,8) = E(|B(w,0)[*) = wRw M)

oIS ol Ry o0k, sl Sled B 1 o a8

R(w) = E(y x y") P

2 el (gl o5y 2O S g, S DAS (o 565l
(@) oz o plr (W) gy Jlon wi,esl

Wpas(w,8) = [e7/@n, =0Tz, e~J@Tm]T )

b cnlice bagyje 1o e il jlgdiaS o poaums S5 o
o, ol e ] e canods 8y sla LK
79 Ol a5 dedee Sl s a lagyzs Hlo
kol JUKw olg a5 b 4 oo dieS oaips S
a3y ol & Ales al 2533 s (g5 0
[24] 09 o o (F) alaly & 50

min WRw) s.t. wia =1 *)
calrd gy b e (sjluaineS dlas ol > L
Oygods iblgaineS 1yl A (359 Dl HLSY
125] 55 o yaens (V) alay,
_R7la_ v
alR™1q Y

Ooeizmed g el )lsS e ke O SLSS JSane 28, sl
Sy llaz a4 il lgaeS 03-.’.)91” Sl uals

Wyypr(w,0) =

ol o5 zodg 9 S35 plaSoma azes o swles S
ol el Ban 13 e las 1) ) XS Lawg o B yme
ool Jaaiaa w5 silonly St (sl i
S bsly ol 5o el ol (i oloy sz jskien,
Sy & ey skiieds Siloe mgaalny 350,
[22] el 00 ooliziasl Jou3 Ll5 (sl

Silosilge bl oSt Jh5ls slaojs> 5l (S
Sl o red @ il gp eSS w)ls ool
Silae Gislo &0 5l allie ol ol Gos 4y o,
oolizul  (WOPU) _SdlS owijloy loosls o
ol axly iy sbaie sl S
5o s cpl ol Gl iy 2l pair (SSIS
5315y S8 Ll sl (CPU) (635 0 owijlo,y axlg
ceod CPU aia Sy 5l 2eS s GPU atua o
oSl Sile lon e dlie cnl o [23]
g5 (omagaslpy Joo 51 GPU (g5, (wib)lganeeS
Jlo 05 olo ,5 155 euiS oo oolinul (CUDA)
4 b [23] wi Bre Lusgl o580 alwgay YooV
Lol ol 4 )k 60,5 b7 a5 w5 59,0l
Aloads

w3l ¥ i jo il Sl 4y allde aslol
Yoot 0sdee Ol ol el Ly, 9 il lsaieeS
395" (cmmgitalipy Joo 9 (SBF 0nisloy aly (Byxe 4
o3l (lwooly 9o B ion jo aalsl o wjlo oo
@l e 9 Ok GPU s, o (ibjlsanses
5 8ly sloesls g9, w6 cpl sl 5l edelcassa
Ll jo g eols Goled O idw 50 cddgjlwdnd
Ped e ALyl (6 S Az

dpaS gy At 9y o0 S Y

o)l

oblsaeS (g, sl DAS (g, &Sl 4 az g5 b
Ol S 3 059> ;0 DAS g, Jlaizla dalsl jo col
WS PP SSE by, Wl 4 e 5 35dee
Ml dSace 4l S oS (08wl omlls
I 7T IR VY SUPTCIN TORSRNPC PO I S
S Z97 P s Glaph oSl o wlaxs s

oS sn 5 5 (1) alaly 00 1, plm

<

4 Hermitian
3 Singularity

FA 2l Vo Ll Fer Lo

y\m(t) zsm(t_-[m) +nm(t_rm) Q)
1 Capon

2 Compute Unified Device Architecture

3 Toolbox



pipssdl 50 gn eas S 2oy S
aal) ©ygoa (V) 5 (1) sleabal, 5ol il )lganees

R v solw (1)
Pout_MVDR((U’ 0) = Ha-1g “)
rvl’..)ai” 6‘49.5‘)._&5‘“';[5)5 oyl Q) dal,
Array of FFT

Sensors Blocks

Ya(t)

s(t)

Yi(w)

b8 el s, @SLL 5l [26] eocer
g g0 00laiwl 3 O jg0ds

R(w) = R(w) + 1 - ¢ - trace{R(w)} \)

Gl e e (Gl Gl TGl e as
solie goeme Saulre SKlas trace{.} g ooy
el Lol Lad

ol 80595 30 g7y eudd S JlisLw i Lod :(V- JS)
(Figure-1): Exhibition of the beamformer structure in frequency domain

S5 o310 g wlg Y

ool LT 3315 soaias slaws WGPU Lol 55
CPU 4 GPU 5ls 5 less ls Lol aglay (V) S
Do e lis T,

CPU G 4 Cod (S ydom shoms (o3l sloaius
Ly ilse osloy ol ( Sy cnl 5 Cunl ond S5
93105 saiua I LCPU 4z 31 .0ms o 0GPU o
pplemn a8 Ll ol o Jy cdins wieo s (568
(2 plil 556 Ojgods |) o5 Slaslre b Sllee
sy g oley S 5l glee G5l 9 GPU 5l sl
Lol a8 pods Ly Slles ploxl

GPU gCPU 515 5 jloxo duny lo :(Y— i)
(Figure-2): CPU/GPU interior architecture comparison

Ghgy 5o odwlCawods 39 Lo sl eolaisl L
9 Wy ol (Y akl)  ullsanas
sebts &5 Sl (SIS 3gdge oS g podins JS
ey g iz Gballs 1o o5z g adys S
2t Sy glie 5 BD) Joler sl g 5«
el (S g sladdgl) (Bolai slaadss 5 (Bua
g0 alie ol jo cadglwosly i, o 05 gan
Sl 052y oadoly slaady Sl pals gl sl go
D 1l 35 ol S 3 035 5 i
e il 2 50 0ddES eoly Silay j0 a5 &g
Bi JulS jshosy uilS 3 s3g0m0 o] | 5 (slocls
sl sileesly s
Jlael ely 16 5oy oilS 3 0355 3 ol fyeina
93 2 Fl pleplsd un 0edoe (oS sla il
sl (29 )0 ) Sz Ga g e ag gy
sleady Bi> Gln JBale egs aes o lals
Loasiee S sle ol wascas glaosls jo 39250
S b g9 S il lgaieS by, aSnl 4 az g
g sladds wgly 2 (g, 5 3 pla 4wl
gl oo i Dby ;50 (sbls; )0 Sg>ge

B

Soke @ cal ou

FA 2l Vol Ve JLlu




1
5
'-.%
3
LY
&
]
3
1
3
3
'_é\
2
\%

9y  owbladaes  (gilwesly -F

GPU

Sl il lganeS 0yl e Sy S
Ol e & ol cwl ol gsleslse
el 53 5 asly 2 00 ginosies IS (29>
4 05 meply> ol Azl ;s S dvulxe St jsbay
) Slewlre plonil Caep ws3l50 (530 9 GPU SS
s s slosly S el S ns il
Sllre (Sauzmn b loj o3> )0 Guillsaias
] uilS )8 039> 4 ol (gilwesly 4 Gl (5568
b ol 3 DMl loj 059> 50 o)l szl b Iy
oolainl b oS sl Jl> y0 (1l o9y 00 o 3l g0l 0>
2wz ol @i ol )0 oalios )54 (g5lwesly
Oloieed Dygods (oilS B laadlie don )3 Dgo pie
b oS alph e cplply g sl s o
wils pasie 380 jsbay o 5 Dgo e udlS B
0397 53 oilbly aneST by, (silwesly Sl eslinul b
e sl 2 Lty Sl osdle (5 e i3
Bl s 0 Ll il 3 ledbl 4y Sgo

s Glse il sl Wl cnl o
CH by 5 155 iy Joo 51 ol fyeizas
sl IS les (1) S ssdie eslil
95l (3lweoly jskaiedy 1y il jo oals )b
15 b oLt oS jsbilen amo e lid el lsaieaS
p3Y gy U ogd oo Ll CPU (gg, 4ol y laol logS
o3k sl Gisu cl )o 09 al8 (5ilge slacens 4
e 2wz Glp S oyse lagly s 58
b S an Sl o Ot S
Jise GPU - JLgls' alddl> 4y Gyl o &)
ollgaieeS o s8Il (gslwosly Alie cnl )5 350 o0
Sydien ploxl Jlgte (idu g )3 GPU Lawss

b S JU 51 e i i 2
w0 JUiSes d3sS 3 CUFFTW ljlaca> SaSa; GPU
g se Jiie il 8 059>

o Pl s 1l So akesgh pgo (A )3
5 s 239 n mlons () ol e IS ol
@ el (fn e ilo S el e Lo aS] 4y
L cloal,s g s lal lsbne galS g
2 sl ws Gl )3 0pdee dle il 0
slasi ojlail 4y «Ssly o a4y 5 Soly S 7 oudlS Badlse
P25 U8 Gl 4 gd o0 o3l platsl & da S e

CUDA s 994wl p Joo -Y-)
4 Canl ojslitednn (5ilse Slwlne (ln gyt 35S
B Glagasly S s | pmgasly slak,
PG s ojlrl 3l Glalhb 4 g ses e
ez o Laggl oS5,5 &3l LGPU cla sUlss
SBLS Ghilon wxls ) opshiedes Sliwlxe
oS ool oas >hb glisTa sy ol S eslinl
MATLAB  Fortran Ct++ C oysiasliy slagyls; b
[23] &S e S

Ol a5 el slaigSay 105 cumgicol p 050
a4 |, CPU 4 GPU bsuijlo, 99,0 (59, (omgdalip
S92 aely Juyw glodeond waad e pugiasly
5 o0d Jiite GPU &y asliyy s w355 co |21 CPU
0,bgd «s3lae (Glaiond @ bgs o Dldas ol 5 uo
&b S o by ghlae o yion 09,5 5L CPU &
ok ol gl ales ;8 5 Wl oo aldyl 'l
2 g ailele wsie Ll silse Oyson T
Ssly o dsin plnl Loy F 5 aSsly Lavgs IsgS
2 E 2 sl ol bl ganas all S ol
WSl 2 g Y X) S CouxBge hawgt Sl e
5 ol oS5l 51 angs T o 55 0 5 58 09 e
50 i SLSG ol glls 0 )5 G e e Sel aan
5 LSl olasd Wl oo mgiaalip inn o o3
bl a0 @l @l |, sl e 4o g sl

55 e sl w s iy sl 35S
S wl aS cwl Jxe cpl 4 global__ o5lga s
S5y 2 &l rl el S 0 atie &l S enn
A S 55 o S liien 31 5 995 s 2 TolSius
oilgands A obml Kiws gy, |, bz
ol s o lid ) oKiws mb S 58 device_
b ats &b S 5l ki 5 0gdo0 2l olCws jo &b
5 05 Sl T Olgie 5N s gl S
Obime @l SO dasmslas _ host o5lgands coles o
& S Busb s 5 99500 12 plisee 59 45
wibn 5515 B % ol

¢ Frequency Bin

FA 2l Vo Ll Fer Lo

I Kernel
2 Thread
3 Grid
4 Device
5 Host



Slasd o895 Djgods 65 usSae bl osl )l
Cebll pioen g LSS Sl b e ple ol
ploul al> o g0 o SIS (b ogd co ool oy il
o=l g sVl Gla s il @ oIplass 4y caliosls
p3o al>yo 30 g Wgdi oo 4328 R = LU &0 Sl
sSan slosile (1) alal, dolas J> b o

LUR™ T =1 )

dogs 5l Soh oy l)lsS e Sl e S
ol o8 o @ bsnpe (b )lsS Gmile S
i b S 50 (M) ably Bk pg iSu jo
wsloy Sl ol sy, wikd 6L &
& ool Bsleadie slowy a4 ain pl 4 09l
wu).aLa 3 )) |) LS)'I"S 6)‘£)la sé 9 ool uoLa.o‘
23 oo plowl il 8 G @ bgrye uil)lsS
o ile osSae dulme 4 bgipe plaz i
CUBLAS jlplacs 5l dllis cpl jo .casl S il lsS
o )5S e esSxe Aulne jsliiey
Glplaas ol 5 eolawl Jdo il ool ool

v

* Riw)

'N—’*‘N—"-M‘

SIS 0ijls >ty (595 il e 3lwesly (Seh sloges (Y- JS)

(Figure-3): Block diagram of the MVDR implementation on the GPU
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a) Changes in the program's runtime by changing the number of sensors
b) Changes in the program's runtime by changing the frequency range
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(Figure-6): Waterfall chart of the DOA result in second mode
a) Search inall angles and frequency range of 100-300 Hz
b) Search in all angles and frequency range of 2500-3500 Hz
(Search in all angles and frequency range of 950-1050 Hz)
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(Figure-7): Waterfall chart of the DOA result in third mode

a) Search inall angles and frequency range of 100-500 Hz
b) Search in all angles and frequency range of 2500-3000 Hz
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(Table-1): The program's run time in third mode (frequency range of 2500-3000 Hz) on MATLAB in CPU-1, CUDA in GPU-1
and CUDA in GPU-2 (ms)
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(Figure-8): Displaying the ratio of the program execution speed according to information of table (1)
a) The ratio of the execution speed in CUDA on GPU-1 to that of GPU-2
b) The ratio of the execution speed in CUDA on GPU-1 to execution speed in MATLAB on CPU-1
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