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TEXHUYKHU EJIABOPAT

HpoﬁneM KOiI/I Ceé TEXHUYKHUM pelICHhEM pellaBa

JeTeKklvMja ¥ MOHUTOPUHT U3BOPaA 3BYKa U3 Ba3/lyxa je TEXHOJIOTHUja KOja je pea/iIu30BaHa y 0BOM
TEXHUYKOM pelllelhy U MOXKe Ce IPUMEeHhUBATH Y Pa3JIMYUTUM 06J1acTUMA.

Y caBpeMeHOM cBeTy 3aralerme OYKOM je MOCTao 3HayajaH MpobJseM, jep yTuye Ha ICUXUYKO U
du3nUKOo 3/IpaBjbe JbYJU TAKO Jla Ce HA CBETCKOM HUBOY CBe Beha makma nocehyje Mmepama
3alITUTe 0of, OYyKe, a y CKJIONY TOra U MeTojaMa 3a JeTeKLujy U kKjJacuprKaluujy ussopa byke. ¥
EY, 3arabemwe 6ykoM je pery/iucaHo JJupeKTHBOM 0 6yL U y xKUBOTHOj cpeaunu 2002 /49/EC [1],
KOja aHa/IM3upa YeTUPH K/by4yHe 00/1aCTU Be3aHe 3a POLeHY U yIpaBjbakbe OYKOM y *KUBOTHO]
CpeJMUHM y [JpkaBaMa 4JaHHLiaMa: CTpaTellKo Mamnupame OyKe, MPOLEHY H3JI0KEHOCTU
CTAaHOBHHUIITBA, aKL[MOHE IIJIAHOBU Y LJU/bY KOHTpOJIEe 6yKe U JOCTYIHOCT NoJaTaka jaBHOCTH.
Crora ce oJ, Ap>kaBa 4/aHHULA 3aXTeBa Ja CIPOBOJe MOHUTOPUHT 6yKe, 06jaB/byjy CTpaTellKe
Marne O6yKe 3a rpajloBe, UHAYCTPHjcKe obJiacTu U caobpahajaune. CTpaTeliko Manydpame OyKe ce
TPeHYTHO BPILH YHOIIEeHmeM Mo/jiesla M3Bopa 6yKe, KOHPHUTrypaluje TepeHa, objekaTa U yCa0Ba
NpOCTHUpama 3ByKa Yy HyMepHUUuKe CMMyJallkje Koje reHepUlly NnpeABubame MpoceYHUX HUBOA
O6yke Ha dacamama ctambeHHX 3rpaza. MebyTum, mpakca je mokasasia la OBako A06UjeHU
pe3yJTaTh MOTY OUTH JOCTa HENpelU3HU M oJcTymnaTu 3a 4yak 7 - 10dB o usmepeHux
BpPEeJHOCTH, LITO MOKe NMPOY3POKOBATHU MPEKOMEPHY WJM HeLOBOJbHY yHOTpeby 3aluTUTHHUX
Mepa. Y ciy4ajy MHAYCTpUjcKe OYKe, CTaHAAPHO Ce Bplie Mepemha HHCTPYMEHTHMA Ha TepeHy,
Ha OCHOBY KOjuX ce AedUHULIY 3By4YHe cHare usBopa 6yke. Ha oBaj HauuH Moryhe je fa ce HeKU
01 ©3BOpa GyKe He PErucTpyjy UM MOTPELIHO MPOLeHe, ToCe6HO Kala MOCTOjU BUIIIE 3HAYAjHUX
n3Bopa OyKe Ha je/lHOj KOHCTpyKuHju. Takohe, oBakBa Mepema He Aajy HHbopManuje o
yCMEPEHOCTH M3BOpa 6YKe, LIITO je 6MTaH napaMeTap 3a IPUMEHY a/leKBaTHUX Mepa 32 CMakbEeHbe
HUBoa 6yke. CHUMame 6yKe M3 BasjAyxa oMoryhusio 6u feTa/bHO ManMpare U KapaKTepusalujy
CBUX U3BOpa OYKe U JIaKy UHTerpanujy y reorpadpcke nuidpopmanuone cucreme (GIS) [2],[3].

CHuMMame 3ByKa M3 Ba3/lyxa MO)Xe Ce KOPHUCTUTHU 3a NIpahewe U HCTpaKMBame AUBJBUX
KUBOTHUHA. [Ipaheme AUB/BUX )KUBOTHIHA je BAXKHO 32 04yBakbe BPCTa, KPO3 aHa/IM3y obpasana
NOHalllakha, UCXpaHe, Napeka U MUrpalyje *KUBoTUbA. [Ipaherwe AUB/bUX )KUBOTHIbA Ce aHAC
M3BOJM MoMohy Mpexxe MUKpodOHa, MOHTUPAHUX Hajuelihe Ha ApBehy, ajy oBakaB NMPUCTYI
MMa MHOTI'e HeJJocTaTKe, Kao LITO Cy HUCKA pe30Jyliyja, 3aXTeBHAa UHCTaIalMja, Kao U CI0XKEHO
NpKyIJbatbe U 00pajia nojataka [4]. CHUMame 3BYKOBa KUBOTHHA M3 Ba3Ayxa oMoryhuao 6u
JIAKIIM MPHUCTYN BeJMKOM 6pojy JIOKalMja, 4aK M TeMKO JOCTYNHHUM, ayTOMaTH30BaHO
NPUKYI/bakbe M0AaTaKa U HA/ITJIelatbe Y PeaJJHOM BpEMEHY.

CHHMambe 3ByKa M3 Ba3/lyxa MOXe OUTH 0Jf U3y3eTHe MOMONM y HaAr/Ie/latby Mpe CBera TEIIKO
MNPUCTYNavYHOr TepeHa y CNacHuJIayKUM MHUCHjaMa, Kao y HajJrJjeaamy ApKaBHUX IpaHMIA 3a
JIeTEKIUjy WIeraJHUX Tpesia3aka /byJud U pobe. WierasHu mpesaciy rpaHule cy cse Behu
npo6JieM, Koju ce moce6Ho oceha y EBponu. [Ipema noanuma EBporicke areHnuje 3a rpaHu4YHYy U
00aJICKy CTpaxy — Frontex, yKynaH 6poj wJieraJHuX npeJsa3aka rpadune y 2021. roguHu 6o je
6.113y 200.000 [5]. OBH 6pojeBU Cy TOHOBO Y IOPACTY M TEXKe Ka PEKOPAUHOM OPOjy HJIeraJTHUX
npeJia3aka mnpe naHJeMHuje o] BUIIle 0J1 10J1a MUJIMOHA FOUIIbE.

AKycTHYKa KaMepa ONMCaHa y 0BOM TEXHUYKOM pelliewy je [1e0 MyJTUCEeH30PCKOT CUCTEeMA, KOjH
ce pasBuja y okBupy EBpomckor mnpojekta H2020 BorderUAS [6] y uw/by nobGoJbliama
6e36eHOCTU TpaHUYHUX Nojpydja. OCHOBHA H/Jleja NpojeKTa je peasulaliyja caMoCTaJHE



O6ecnuJIOTHEe JIETUJIULE ONpeMJ/beHe MYJTHCEH30PCKMM CUCTEMOM BeJIMKe pe3oJyluje ca
OCHOBHOM HaMeHOM KOHTHHYa/JIHOI HaJ30pa MOTpaHUYHUX MOJApYydYja U3 Basjyxa, rje ce
NpeJHOCT orJieja NMoce6HO Yy HaArJeJamy HENPUCTYNayHOI TepeHa, C LU/beM OTKpUBamba
WjerajlHux npeJsalaka, Kpyujymuyapemwa, Kao U IpMMeHU TOKOM cnacujadkux mucuja. [lpojekart
yK/by4yje U 3eMa/bCKy HHPPACTPYKTYPYy NOrPpaHUYHUX NoIMLHja (KOMAaHAHO-KOTPOJIHU LieHTap
- Command & Control C2), uHOBaTUBHe Mo/ieJie I0JaTaKa, Kao U HallpeJHy 06pajly, aHaJIu3y ca
K1acuPUKaLMjOM U CKJIAJUILITEE BeJIMKe KOJIMUMHe ayAuo0 U BUJeo NoJjaTaka.

CTtame pelIeHOCTH TOT Mpo6GJieMa y CBETy

AkycTuuyka Kamepa je jefHa oj Moryhux mnpuMeHa MHUKPOQOHCKOr HH3a, Havelhe y
KOMOMHAIMjH1 ca BUleo KaMepoM. Busyesr3sanuja 3By4HOTr 10/ba BPLIM ce TpUMeHOM oJipeheHor
aJIrOPUTMa 33 IPOCTOPHO-BPeMeHCKy 06pa/ly CUTHaJla ca MUKPOQOHCKOT HU3a, U IpeK/IalambeM
Jlo6MjeHe aKyCTMYKe Malle CHUMaHOT Io/ipyyja ca CHUMKOM ca BH/le0 KaMepe.

Op kako ce 2001. roguHe nojaBuJia MpBa aKyCTUYKa KaMepa Ha TPXUILTY [7], kpehe Hariu pa3Boj
OBe TeXHOJIOTHje, TaKO Ja JlaHaC aKyCTU4YKa KaMmepa NpeJcTaB/ba MOJlepaH UHKeHhepCKH ajlaT
KOjU ce, Kpo3 neHTUUKALMjy U YTBphUBame N0/10%Kaja U3BOpa 3BYyKa, KA0 U KBAHTUPHKOBabe
Y aHa/u3y I[ojeJUHAYHUX HM3BOpa 3BYKa, CBe BHIIE KOPUCTH 3a pa3/iMuiUTe HaMeHe: 3a
oapehrBame U KapaKTepr3alujy U3Bopa 6yKe, y aHa/IU34 aKyCTHKe [IPOCTOPH]ja, 33 UCTTUTUBAbE
3By4YHe M30Jaldje, 3a yTBphUBame KBapoBa y HHAYCTPUjCKUM MOCTpPOjerbuMa
(metekuujoM/npahewmeM nopemehaja 3BYYHOT M0JbA), MPUJUKOM AU3ajHUpPAba U TECTHPAHA
BO3Wja (ayTo-UHAYCTPHja, aBUO-UHAYCTpHUja), y poboTckuMm cuctemuma uth. [8]-[11]. Kao
nocJeIula TOTa, IaHAC je HA TPXKHUIITY JIOCTYTaH BeJIMKH 6p0j aKyCTUYKUX KaMepa Pa3IndyuTHX
KapaKTEepPUCTHKA U peasiM3aliuja, y 3aBUCHOCTH of npuMeHe [7],[12]-[16].

MukpodoHckH HU30BHU ce cacToje ox oapeheHor 6poja MukpodoHa npocTopHO pacnopeheHnx
Ha oaroBapajyhu HayuH. KoHduryparuja MUKpodOHCKOT HHM3a yTH4Ye Ha pe3yJiTaTe o6pajie
CHUMJb€HUX cHUrHasa [8]: ¢pekBeHIUjCKH OICer, MPOCTOPHY pPe30JylHjy, CeJeKTUBHOCT
(IMpuHY T/AaBHOT JIyKa W TNOTHUCKUBamke OOYHUX JIYKOBA), OJHOCHO KapaKTePUCTHUKY
ycMepeHocTH (beampattern), auHaMudku orncer. HakoH akBU3WIMje ayJuo CHUTHaJa
MHUKpPOGOHCKHM HU30M BpIIU ce 06pajia curdana (array processing). CBY 0BY aJTOPUTMHU MOTY
ce JepuHMCATH Ka0 MPOCTOPHO PuaTpupamme (beamforming), oTHOCHO U3/IBajathbe aKyCTUYKOT
curHana u3 ojipehenor npaBua (Direction of Arrival - DoA) [8]-[11]. locToju Benuku 6poj
6eaMPOPMUHT AITOPHUTAMa KOjH ce Pa3JIMKY]jy 110 CBOjUM KapaKTepUCTHUKAMA I1a je 32 KOHKPETHY
NpUMeHy NOTpe6HO HM3abpaTu oAroBapajyhu ajroputram (Mperu3HOCT, CJAOKEHOCT Yy MOTJIey
3axTeBaHMX pecypca, 6p3uHa, moTpedaH 6poj curHana uta.) [8]-[11],[17].

[TocsielbUX roAMHA ca paNUAHUM Pa3BOjeM TEXHOJIOTHje 6eClUI0THUX JeTuauna (Unmanned
Areal Vehicle - UAV) nojaBsbyjy ce u MyJITHUCEH30PCKU CUCTEMHU 3a Npahemwe U Hajreame U3
Ba3/lyxa, KOjU Cy HAILJIM NMpPUMeHY y 6e30eJHOCHHUM CHUCTEMHMa, MOJbONPUBPESU, OYYBaAY
’KUBOTHE CpeJiMHe, CMAcUJIavYKUM MHCHjaMa, UTZ. MyJTHCEH30pCKH CHUCTEMU Ce MPOjeKTYjy
npeMa KapaKTepHCTHKaMa JIeTHJIHIE, Koja, u3Mebhy octasor, Mopa Aa 06e36eAu [OBOJbHY
HOCHBOCT, LIITO je 3a JJaHalllkbe 6eCUIOTHE JIETUJIHIE jelaH 0/ TeXXHUX 3aXTeBa.

MynTHCeH30pCKHM cucTeMH 3a npahewe W HaArIeJarbe HMMajy CBe 3HA4YajHUjy YJIOTY Yy
Pa3JIMYUTUM 06J1aCTUMa YOBEKOBE ZIeJJATHOCTH, TOCEGHO Ca HAPETKOM TEXHOJIOTH]je Y 06J1acTH
Pa3/JIMUUTUX BpPCTa CEH30pa M MPEXKHUX U MHPOpPMaIMOHMX CUCTEMa, a ca JIpyre CTpaHe
rJ00aJIHUM CcMamemeM 6e36enHoctu [18],[19]. CranmapaHa pellerma MYyJTHCEH30PCKUX



cucTeMa y HajBeheM 6pojy ciy4ajeBa YKJ/by4yjy ONTUYKE M MYJITHUCIEKTpasiHe Kamepe, IR
(InfraRed) netekTope, pagapcke cucteMme, utA. [20]. [Tog oapeheHruM ycioBUMa, HA pUMep y
yCJI0BHMMa CMameHe BU/JbUBOCTH (TycTa BereTanuja, UM, JIOIIU BpEMEeHCKH yCI0BHY ca MarJjoM,
WJIM Ha HEeKU Jpyru HauMH ONTHUYKU 3aKJOHkeHe MeTe, Koje [0AaTHO IpeJCcTaB/bajy M3BOpe
3ByKa), HajArJeJame JeTeKIUjoM aKyCTHYKuX Jorabaja Moxe y MHorome mno6oJblIaTH
MOYy3/JaHOCT W MNPOIIUPUTU MPUMeHy MyJicTuceH3opckor cucteMa [19],[20]. Crora ce y
KOHTEKCTY MYJITHCEH30PCKHUX CHMCTeMa CBe yellhe NOMHIbe IpMMeHa MUKPOPOHCKUX HU30BA,
Kao LITO je U MyJITUCEH30PCKU CUCTEM KOjU ce peasinsyje y koBupy EBponckor npojekta H2020
BorderUAS [6].

Onuc TeXHUYKOT pelliemha ca KapaKTepUCTUKaMa,
yk/bydyjyhu npaTehe wiycrpanuje v TeXHUYKe LPTEXxKe

Onuc BorderUAS cucrema

Y oxBupy mnpojekta BorderUAS [6] mpojekToBaHa je crneuudpuyHa camMocTajHa GecnuioTHA
getununa (multi-role Lighter-Than-Air (LTA) UAV), 6a3upaHa Ha NOCeOGHO MPOjEKTOBAHO]
rpaduTHO] HOocehoj KOHCTPYKLMjU YHYTap Koje ce HaJjla3u GasioHeT crneyudUyHOr 06JIMKA
HCIIyHeH XeJUjyMoM, a I0JaTHO MMa 4 IponeJiepa ca MOTOpUMa 3a yIipaBJbake. Moryhe BucrHe
Jieta cy fo 2 km, a pagHa BUcHHA JieTa he GUTH npuiaroheHa MyJTHUCEH30PCKOM CHUCTEMY U
peasu3alMju HaMeHe LeJor cucTeMma. JleTujuua MMa CONCTBEHO Halajake, LEHTPaJHU
MPOLECOPCKU CUCTEM, a HOCUBOCT JieTuuLe je go 100 kg, urto je omoryhusio npuMeHy BeJTUKOT
6poja ceH30pa: ONTUYKe KaMepe BUCOKe pe30Jyldje, XUIEePCIEKTPATHOT ONTHUYKOT CEH30Da,
SAR (Synthetic Aperture Radar), PTZ (Pan-Tilt Zoom) kamepe, IR kamepe (Short Wave IR u Long
Wave IR) u akycTu4kor ceHzopa. OBO TEXHUYKO pelllere NprUKa3yje cnenuduyHe 3axTeBe Koje
Cy MOpaJ/ii OUTH UCIYHEHHU 3a aKyCTUYKU CeH30p Koju he paauTu y cnenudUYHUM YCJI0BHMA,
Xap/IBEPCKYy U COPTBEPCKY apXUTEKTypa, UMILJIEMEHTALHjy, Ka0 W HHTErpauujy y OKBUDPY
MYJTUCEH30PCKOT CUCTEMa.

CnenypyuyHU 3aXTE€BHU 32 AKyCTUYKHU CEH30P

3axTeBU 32 aKyCTUYKH CEH30P Cy OUJIN: IeTeKI[Mja ¥ JIOKaJIM3allfja U3BOpa 3ByKa Ha 3eMJbU KPO3
reHepucame aKyCTHYKe Malle oJroBapajyhe pesosynuje, kjacudukanuja 1eTEKTOBAHHUX U3BOPA
3BYyKa y ayZijM0 CUTHa/ly M3 MpaBla JOMWHAHTHOTI M3BOpa 3BYKa, U CJamwe ajapMa y Cay4ajy
JebHMHUCAHUX HENMOXe/bHUX HU3Bopa. JlomaTHo, mpociehyjy ce ayJuo CUrHaJU CHUMaHMU 3a
npaBsal JOMHUHAHTHOT U3BOPA 3BYKa, Kao U 3a Ipasal, 04abpaH o/J] CTpaHe oliepaTepa, Kako 6u
MOIJIM [ia ce CAyUIajy U aHaJU3upajy HaKHAAHO 1o noTpebu. JleduHucaHe cy OCHOBHE rpyiie
Hemnoxe/bHUX U3BOpa: YOBEK (TOBOP, 1l1anaT), BO3WJa, Nylakh.

Hajsehu u3a30B npu NpojeKTOBamy aKyCTHYKOI CeH30pa OuJa je JeTeKLHja aKyCTHYKHUX
CUr'Ha/la HUCKOT HMBoOa (Ha npuMep, fo 30 dB y ciyyajy roBopa) 360r ciabberba 3ByKa y Ba3yxy
npuarMKoM nponaranuje (-6 dB ca yaBocTpydyerweM pacTojarba), Kao U ancopruuje y Basgyxy,
HapO4MUTO Ha BUCOKKM PppekBeHLHjaMa. OBaj 3aXTeB je yCJI0BUO JU3ajH aKyCTUYKOT CeH30pa Kao
U pajHe ycioBe. [Ipe cBera, 3axTeBaHa je BUCHHA jieTa 0 500 m.

[Iponesiepu jieTUINIE TPEACTAB/bAjy 3Ha4YajaH U3Bop Oyke. [Ipu ToMe, HUBO 6yKe KOjy CTBapajy
npomnesiepu ce odvekyje ga 6yge oko 30 dB u3Hajg HMBOA KOPHUCHOT CUTrHaja Koju Tpeba
JIeTEKTOBATH, TAKO [a je MOTPeOHO NMPUMEHHUTH TEXHHKe IMOTHCKHBamba Koje OU 3Ha4ajHO
ocabuJie 6Ky mpornesepa v U3BOjuJie KOPUCTAH CUTHaJL. 3aXTEBH Y MOTJIEAy aJITOPUTMA Cy Paj



y peaJlJHOM BpeMeHY y3 UCTOBpPEMeHY A06py eHepreTcKy edpukacHocT. 36or Tora cy ofpeheHa
npejMMUHApHa TeCcTHpalba CIPOBeJileHa Ha OCHOBY PEJATHUBHO je/JHOCTABHOT JIBOKAHAJHOT
cucrema [21],[22], 3acHOBaHOr Ha JiMHeapHoj npeaukiuju u LMS (Least Mean Square)
anroputmy [23]. Mako cy Heku oJ pe3ystaTta 6uiu obehaBajyhu (asropurtaM KOHBeprupa ca
MOTHUCKHUBamkeM OyKe ofi yak oko 30 dB ca ojabpaHuM Jie/I0BUMa ayiu0 CHUMKA) 3aK/by4€EHO je
Jla IOCTUTHYTH Pe3yJITaTH HUCY JOBOJbHU Jla 61 ce 33/10BoJ/baBajyhe U3BPIIUIIO JeTEKTOBAE
M3BOpa 3BYKa KOjH /10J1a3H1 ca 3eMJbE, a /Ia aJIFOPUTAM MO3Ke /ia 33/10BOJbU YCI0Be ePUKACHOCTH
Y pajZia y peasiHoM BpeMeHy. CTora je mocTaB/beH 3aXTeB Jja C€ MOTOPH UCK/by4ye KaJja Ce BPIIU
CHUMatbe aKyCTUYKHUM CEH30pOM.

[TlaxxsbBO cy ogabpaHe ojrosapajyhe 1” mossaheHe MHKpPOGOHCKe KaIlCyje BHCOKe
OCET/bUBOCTH M HHUCKOT COICTBEHOT IIyMa, KapAWOHWJHE KapaKTepUCTHUKE YCMepeHOCTH,
JIOCTyIIHE Ha TPXKHUIITY. Y3uMajyhu y 063up eJleKTpUUHE U MeXaHW4YKe 3aXTeBe peaju30BaH je
MHUKPOGOHCKH HU3 0J] 64 MUKpPOdOHA YHMME je MOCTUTHYTO MOOOJbIakbe 0JHOCA CUTHAJI-IIYM
(Signal-to-Noise Ratio - SNR) 3a 18 dB y oagHocy Ha jefjlan MUKpodOH (ca yBOCTpy4YermeM Gpoja
mukpodona SNR ce nosehasa 3a 3 dB).

[IpouewmeHu GppeKBEHIUjCKU OTICET KOPUCHOT CUT'HAJIA KOju J10J1a3u ca 3eMsbe je 200 Hz - 2 kHz.
[opwa rpaHudHa ¢pekBeHlMja je ofpeheHa AUMeH3HWjOM MUKPOPOHCKUX MOAYJIA, OJHOCHO
MHUHHMaJHUM pacTojatbeM u3Mehy MukpodoHa. JogaTHo, 360r amcopluuje y BasAyxy He
OYeKyjy ce 3HayajHe KOMIIOHEHTe CMI'HaJla Ha BUIIUM QpeKBeHLHjaMa.

JenaH of 3axTeBa JlepuHUcae Cy MOTYNHOCTH NOCTaB/bakba MUKpPOGdOHA Ha Hocad jieTuaule. Ha
ocHoBy 3D nprexa rpaduTHe KOHCTPYKLHUje JieTHIHIEe ojApehuBaHU Ccy MOTyhu mHoJ0XKaju
MUKpOodOHA W HCIUTHBAKa Cy BpIleHa CUMyJalyjamMa y HpOrpaMcKoM makeTy MATLAB.
MukpodoHn he 6GUTH MOTHUpPAHM ca J[iOle CTpaHe HoOcaya JIeTWUJIMIE, NpeMa pacrnopejy
MpUKa3aHOM Ha caunu 1.
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Cimka 1 [Tonoxaju MukpodoHa Ha rpadUTHOj] KOHCTPYKLHjH JIETUIULLE



Ha ocHOBy aHasiu3e mo/laTaka Koju ce J001jajy y pa3JIM4UTHM CEH30pUMa ¥ CUCTEMY, OJJIYYEHO
je ma yrao raepama FoV (Field of View) akycTuuke Mamne 6yJe +26.5 cTeleHy, LITO 3Ha4U Ja 3a
BUCHUHY JieTa of 300 m, akycTuuyka Mana nokpusa noBpminHy of 300 m x 300 m. Ha caunu 2
MpUKa3aH je pe3yaTar A00HjeH CUMYJAl[MjoM y NPOrpaMcKoM mNakeTy MATLAB 3a omabpaHy
koHourypauujy MukpodoHckor Huza U FoV. Kao mTo he kacHuje 6UTH 06jalibeHO, Y
peajqvsalUju je TOCTUTHYTa pe3oJylidja aKycTUykKe Mame 25X25 wuMmieMeHTalyjoM
KOHBeHLUOHAJIHOT delay-and-sum beamforming aaropuTMma y BpeMeHCKOM JIOMeHY, U Ha CIULHU
2 je mpuKasaH pe3yTaT CUMYyJialiyje 3a Te MoJaTKe.

n GU:
NEde K0P LL- 308D ~
Load mic array config from a file? @ Source 1

Number of sources

Load Mic Amray 1 v Distance [m] 300

njenjahst_test_sim mat,
Load audio sorce 1 Theta [deg] as

sCaticivaKvadratSensors\PinkNoise500_6k wav
Phi [deg] 55

Result presented on a sphere? O
Attenuation 0s

Step [deg] xresolution FoVx [deg] Display range [d8]

WATLAB 5nd bf polar
3 2 265 2 MATLAB snd bf square.

freq PY base P
£oV [deg] ¥ resolution FoVy [deg] Max/Min treshold [dB] Final result

180 25 265 3 Run simulation
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Csauka 2 Ilosioxkaju MUKpodoHa Ha rpadUTHOj KOHCTPYKIUjH JIETHUIIUILE

ApxuTekTypa cucreMa

ApxuTeKTypa cUCTeMa aKyCTHYKOT CeH30pa ca UHTepdejcoM Ka LieHTPaJIHOM CUCTEMY JIETUJINLe
IpyKasaHa je Ha CIUMLU 3. AKYCTUYKU CEH30p Ce CacToju OJ TPU 6JI0OKA: CEH30PCKOr 0JI0Ka,
uHTepdejcHOr 6J10Ka U 6J10Ka 32 aKBU3UIUjY U 00paay curHasa. CeH30pCKU 6JIOK Ce CacTOojUu 0/,
MUKpODOHCKOT HH3a, Kora uuHe 64 MuUKpodoHcKa Mojayaa. UHTepdejcHu 6J10K MOBesyje
MUKPOQOHCKHU 6JIOK ca 6JIOKOM 3a aKBU3ULU]y U 00pajly CUTHaJIa, Kao U 6JI0K 3a aKBU3ULUjY U
00pajly curHaJjia ca LleHTPaJIJHUM CUCTEMOM JIeTUJINLIE.

Apxumexkmypa xapdeepa

ApxuTeKTypa Xap/Bepa, IpKa3aHa Ha CJMLHU , 6a3vpaHa je Ha JBa MOJyJa: MUKPOPOHCKOM
MOJAYJIY ¥ [EHTPAJIHOM MOJYJIy, KOja Cy pa3BHjeHa U MPOU3Be/leHa 3a MoTpebe MpojeKTa.

CBaku MUKPOGOHCKH MOAYJI CaAPXKU MUKPOQOHCKY KaIlCyJ1y U LITaMIaHy IJI04Yy Ca aHaJIOTHUM
W JUTHUTAJHUM o6sactuMa. MUKPOQOHCKH MOAYJ caJpXKy cJjefAehe 6JIOKOBe: Hamajambe,
KOHBepTOp BHCOKe wumieaaHce (HiZ), MUKpodOHCKM HHCKOIIYMHM MpejnojayaBad ca
¢buntpuma, A/l KoHBepTOp ¥ UHTepdejc Ka LIEHTPATHOM MOAYJY.

[Tap MukpodoHCKUX MoAy.Ja, ,JIeBU“ U ,JeCHU", IOBE3aHU Cy ca L[eHTPaJHUM MOJAYJI0M 8-
XXUJIHUM QJieT KabJjoM, Te ce noJo0xaj MukpodoHa (,JieBu“/, necHu) 6upa nomMmohy npekujada



Ha MUKpopOoHCKOM MojyJy. Ha oBaj HauuH je Aymio cMawmeH 6poj noTpe6HUX UHTepdejCHUX
Kab6J10Ba, Kao ¥ 8-NMHCKUX KOHEKTOPAa Ha MUKPOQOHCKOM U LIeHTPaJIHOM MOJYJy.

BJjiok 3a Hamajame yk/bydyje HamoHe 5V u 3.3V, Koju ce JoBoJie ca LEHTPAJHOT MOAYJA
8-)KuJHUM UHTepdejcHUM KabJioM, reHepucame MOTpeOHUX HalloHa Hanajawa o4 5V u 10V 3a
KOMIIOHEHTe 3a MOJyJ1y, Kao U ,paHToMcKor" Hanajawa of 71 V 3a MUKpODOHCKY KalcyJly, YuMe
je mocTUrHyTo noBehamwe 0CET/HLUBOCTH.

HuckomyMHu MUKpOQOHCKH MpejIojayaBay 3aje/lHO ca oAroBapajyhuM ¢uarpuma octpapyje
nojayame MUHKpodoHcKor curHasia 200.

3a oBy npumeny ozab6pad je TI PCM4201 A/l koHBepTOp [24] 360T HUCKOT CONCTBEHOT IIyMa,
HHUCKOT paKTopa U300/IMYeha U MaJjle NOTPOLIbE, ca MOoJPKaHUM PpeKBeHIMjaMa oJjlabrpamba
on 8kHz no 108 kHz. C 063upoM Ha npouewmeHU PpeKBEHLUjCKH OICEr KOPHUCHOI CUTHaJa
ojabpaHa je ¢ppekBeHnMja onabupama ox 8 kHz. M3s1a3 u3 oBor koHBepTOpa je 24-6uTHU left-
justified PCM curHaJ, Koju ce Moe AeK0/10BaTH Kao 12S curnan [25].

Acoustic Sensor

Sensor Block

S

Interfgce Bldck

Signal Acqyisition and
Data|Procegsing Block

SoC platform

2x audio stream (8 kHz, 16 bit ) GPS
acoustic map (25 x 25 x 8 bit) NTP sync 5V
meteo data
metadata o
commands (chosen direction, etc.)
UAV System
v
MultiSensing
Platform

NTP server Odometry

UAV UAV
GPS Meteo
———

Cauka 3 ApxHMTeKTypa CUCTeMa aKyCTUUKOT CeH30pa ca uHTepdejcoM
Ka [leHTPaJHOM CUCTeMY JIeTUIHULEe
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Cnuka 4 ApxyuTeKTypa XapZBepa aKyCTUYKOT CeH30pa

Ha ueHTpasiHOM MOAyJly ce reHepully 3 cCUTHaJa TaKTa NOTpe6Ha 3a A/l KOHBEPTOpP, KOjU paju
y slave mopy: cuaxponu3sanuja ¢pejma (FSYNC) - 8 kHz, 6uTt TakT (BCK) - 512 kHz u cucteMcku
TakT (SCK) - 2048 kHz. OBu curHasu ce JJoBoie 8->KUJIHUM UHTepdejcCHUM KabsioM. MakcuMasiHa
Jy’KUHa KabJia 3a pojekToBaHy KoHbUrypauujy Husa (ciavka 1) je 2.4 m u ncnymwaBa 3axTeBe
WHTEerpyuTeTa 3a IOMeHyTe GP3WHE CUTHAJIA, IIITO je MPOBEePeHo0 U CUMYyJIaldjama.

[logauu ca ,JneBor‘ u ,AecHor MUKpopoHa BOJe ce INpeKO jeJHe JIMHUje MNOJaTaka, a
npebanuBame ca jeHOT Ha Apyru MukpodoH Bpiuu ce y putMmy FSYNC TakTa.

[leHTpa/sHU MOAYJI Ce cacToju o MHTepdejcHe MyI04e, Koja caaApku 32 8-MUHCKA KOHEKTOpA 3a
MoBe3WBalkbe Ca MUKPOPOHCKUM MOAyJIuMa, 3 x4 6adepa 3a moMeHyTe TaKTOBe, GUATpe 3a
Hamnajame o/ 5 V, Koje ce J0BOIM ca JIETU/IHIIE, U 2 KOHEKTOPA 32 TOBE3UBabe ca Z-turn MOJIyJI0M.
Z-turn [26] je mpo1ieCOPCKU CUCTEM Ha I[eHTPAJHOM MO/JIyJIy — TOTOBO pelllebe, Koje mpe/ICTaB/ba
Single Board Computer (SBC) 6a3upan Ha Xilinx Zynq-7020 niiatdopmu [27]u ogabpaHn je 360r
JIOBOJbHOT 6poja aurutanHux [/O nyMHOBa 3a moBe3UBamke MUKPOPOHCKUX MOAYJA, Kao U
BesinynHe DDR3 RAM memopuje og 1 GB. Xilinx Zynq-7020, yun u3 damunmje Xilinx All Pro-
grammable System-on-Chip (SoC), ykiby4yje aBojearpanu ARM Cortex A-9 npouecop (Processing
System - PS) u FPGA (Field Programmable Gate Array) nporpamMa6uJIHy JIOTUKY U3 cepuje Xilinx-7
(Programmable Logic - PL).

IMopen Hanajamwa of 5 V Koje ce JoBOAM ca JieTUJIMIE, Z-turn je noBe3aH Ethernet untepdejcom
ca switch-eM Ha JIETUJIMIIN.

Apxumexkmypa cogheepa

ApxUTeKTypa coTBepa NpUKa3aHa je Ha GJIOK AujarpaMy Ha CIMLM 5. AKBU3MLIMja CUTHaJja U
beamfrming anroputaM peajii30BaHU Cy y okBupy PL gesa, y pa3BojHOM okpyxemwy Vivado
Design Suite 2020.2, koje, usmehy octasior, npy»xa MOoryhHoOCT Au3ajHUpama NojeIUHUX Je/0oBa
cuctema y Buay IP (Intellectual Property) 6i10koBa nomohy Vivado HLS (High-Level Synthesis)



copTBepCKOT NMaKeTa 3a MPOjeKTOBakbe HAa OCHOBY ajJloropyMTaMa NMUCAHUX y HEKOM OJi BHULIUX
MPOrpaMcKHUX je3uka, kao 1mro je C/C++. AKBU3UIIMja cUrHasa peasu3oBaHa je y IP HLS 6Jioky
tdm_stream_receiver, JOK je KOHBeHLUOHa/nHU delay-and-sum beamforming anroputaMm y
BpeMeHCKOM JloMeHy peanu3oBaH y [P HLS 610Ky polar_stream. Peanuszanuja PL nesia nprkasaHa
je Ha caiuH .

W3na3zu us IP HLS 6Ji0ka polar_stream cy ciegehu: akyctuyka Mana y ¢popmu 625 32-6UTHHUX
1[eJ106POjHUX BPEAHOCTH KOje MPe/ICTaB/bajy BPeTHOCT CBAKOT 0 25 X 25 nosba, ca nepruosom o
1s, u 24-0MTHHM ayayo OAOUPIU 3a JOMHHAHTHH W HU3abpaHHU cMep, Ay:KuHe 125 us, koju ce
npocsebyjy PS peny npeko AXI-Stream FIFO 6J10ka. [logaTHO ce, 3a HOTpebe TeCTUPakba, CBaKUX
10 ms npocsehyje curHasn ca ogadbpaHor MmukpodoHa (o 80 oxgb6upaka npeko jom jegHor AXI-
Stream FIFO bloka).

PS je 6a3upan Ha Linux Ubuntu 20.04 onepaTuBHOM cucTeMy. PeasiizoBaHa je jefjHa anJiuKaiuja
y IporpaMckoM je3uky C, Koja BpILIU NpHjeM nojaTtaka ca PL nesa y peaJJHOM BpeMeHY IIPEKO ABa
AXI-Stream FIFO u ne/bene MmeMopuje.

(7 1) (o inm et )
ACOUSTIC O fps—\ ActiveMQ) GROUND STATION
SENSOR : server

Linux
C
Mic 1(0 LS Java Database
- Read and = for
2 Raw data: — — .
Mic @— Beamforming 2P prepare data 5 prodcessmg[g
" 8|audio_dominan Protocol o 3 and even
- audio_chosen Protocol client server = E detection
. -]
©
w £
MICN : }— -
] (1] Media live
— £ £ [ GATEWAY—» % [*\_streaming
o @
NTP client — g
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Acoustic signal -
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-
-

Ciauka 5 ApxuTekTypa copTBepa aKyCTUUKOT CEH30pa
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Cauka 6 PL nuMnieMeHTaluja y pa3BojHoM okpy:xewy Vivado Design Suite 2020.2
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Y anuiMkauuju ce cBake ceKyHe reHepuiuy 3 dajua: bmp $aji koju npefcTaB/ba aKyCTUUKY Maly
(25x 25 nukcena, 8 6uta no nukceny), u 2 wav ¢ajna (8 kHz, 16 6uta no oxb6bupkKy) 3a
JIOMMHaHTHU U U3abpaHu cMep.

AkycTuyka Mama ce u3padyHaBa NpuMeHOM beamforming anroputma Kopuctehu maTpumy
Kallllbelha, KOja 3aBUCH 0[] KoHHUTrypauuje MHKpPOdOHCKOr Hu3a (Mehyco6HOr moJioxaja
MHKpOGdOHA), METEOPOJIOIIKUX MOoAAaTaKa, ocebHo Op3viHe W cMepa BeTpa (LWITO yTU4Ye Ha
Op3uHY MpPOCTHpaka 3ByKa Y Ba3Ayxy), Kao u 3agator FoV. MaTtpuua Kaumewa U3payyHaBa ce
y PS feny Ha OCHOBY MOMEHYTHUX NapaMeTapa Kao BPeJHOCT Kalllbelha CUTHAJA 32 CBAKU
MHKpPOGOH U CBaKH Mpasall (64 x 25), rae cy nojoxaju MUKpodoHa GUKCaH yJIa3HU [TapaMeTap.
MaTpuia Kalmbema ce npocaebhyje ka PL aeny, rae je uMniaemMmeHTUpaH beamforming aaropuram.

llenTpannu cucteM JeTUnuLe Takohe je 6asupad Ha Linux Ubuntu 20.04 onepaTUBHOM CUCTEMY
M OCTBapyje KOMyHUKAIMjy ca CBAaKUM oJ, ceH3opa. OjaroBapajyhe amivkaidje u codBepCKH
MO/1yJI1 3a CBaKH 0/ CEH30pa UMILJIEMeHTUPAHU Cy y OKBUPY docker container image-a [28].

Amsivkanyja Ha LeHTPa/IHOM MOJYJly aKyCTUYKOI CeH30pa KOMYHHMLHpAa ca LeHTpPaJHUM
CHCTEMOM JIETUJINIe KopucTehu pasBUjeHHM KOMYHHUKAIMOHU (proprietary) MpPOTOKOJ MPeEKO
UDP (User Datagram Protocol) nakeTa. AnJiMKanyja waJbe reHeprucaHe ¢ajjioBe Ka LeHTPaJHOM
CUCTeMY JIeTHUJINILE CBaKe CeKyH/e. ANJIMKallija MCTUM IPOTOKOJIOM NpUMa NOTpebHe NoAaTKe
ca JieTWIULE: MeTeOopoJIOlIKe IoJAaTKe (TeMIepaTypa, BJAXHOCT Baszyxa, aTMocdepcKu
npUTHCaK, 6p3rHa U cMep BeTpa), GPS mojaTke, 1 KOMaH/le U3 KOMaHAHO-KOHTPOJIHOT LeHTpa.
Ha ctpanu setusaune pasBujeHa JAVA amiukanuja, MmokpeHyTa y okBupy docker container
image-a, npyMMa nojaTKe ca aKyCTHUUYKOI CEH30pa M CMellTa UX Ha ¢aja cucteM kKao ¢ajiose
oJrosapajyher Ha3MBa, KOjU caJip>ku U HHGOpMaLMjy 0 TPeHYTKY akBU3HLUje (time-stamp), Kao
u y SQLite 6a3y nopataka kao BLOB mnosa y oaroBapajyhum Ttabenama (acu_map,
audio_dir_dominant, audio_dir_chosen). Ha ciunu 7 npyukasaH je u3srJie nosba y SQLite 6a3u.

3a noTpebe TecTupamwa JAVA anynkanuja ce Moxke NoKpeHyTH Ha PC/nanTon payyHapy, Koju je
nosesaH Ethernet uHTepdejcoM ca akyCTUUKUM ceH30poM. Ha ciiuuu 8 cy nprukasaHu usriaeu
TepMHHaJIa Ha aKyCTUIKOM CEH30PY U Ha TeCTHOM JIAIITOIy TOKOM peryJiapHOr paja CeH3opa.

Jletununa nocenyje GPS npujeMHUK, Koju aje nHGOpMaIHje O TPEHYTHOM I10JI0Kajy JIeTUIHIE
U TadyHOM BpeMeHy. OBU mojauu ce mpocsiehyjy Ka CBakOoM OJi CeH30pa U y KOMaH/[HO-
KOHTPOJIHOM IIeHTPY CJy>Ke 3a CHHXPOHM3ANMjy W JOKaJU3alHjy IojaTaka JoOujeHuX ca
pa3inuuTUX ceH3opa. Ha meHTpasHOM cuctemy Jjetuiuue je nogurHyt NTP (Network Time
Protocol) cepBep, 0K je Ha LLeHTPAJIHOM MOAYJY aKyCTHYKOT ceH3pa noAurHyT NTP knujeHT 3a
CHUHXPOHM3aljy TA4HOT BpeMeHa.

OCHOBHHM 33/laTaK MYJITHUCEH30pPCKOI CHUCTeMa je JeTeKlHdja M JIOKaJIu3aluja HeXe/beHUX
forabaja u ciame aslapMa Ka KOHTPOJIHO-KOMaHAHOM LIeHTPy. Y Cy4ajy aKyCTUYKOT CEH30pa,
Ha OCHOBY I0Jba ¥ aKyCTUYKO] MallM Y KOMe je JeTeKTOBaH JJOMUHAHTH H3BOp 3ByKa, U GPS
KOOpJAMHATAa U cMepa JIeTWIHIE, NpopayyHaBajy ce GPS koopjrHaTe JOMHUHAHTHOT HU3BOpa
3ByKa. Kiacudukanuja usBopa 3ByKa ce BPIUM HaJ, ayAMO0 CUTHAJIMMa JJOMHHAHTHOI M3Bopa
3yKa.

PasMmeHa nojaTaka U3 KOMaHZHO-KOHTPOJIHOT LIeHTpa ca CeH30pHMMa BpLIU ce npeko ActiveM(Q
cucTeMa 3a pa3MeHy Nopyka uaMmeby pasnvuuTvx amaukaouja [29]. ¥V caydajy akyCTHYKOT
ceH3o0pa, ActiveM(Q npujeMHUK U IPeIajHK Cy peaju30BaHU y OKBUPY JAVA ansimkanuje, ca jacHo
JedbUHUCAaHUM TeJIOM MOPYKE.
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v || Tables (4)
v =] acu_map
i INTEGER "id" INTEGER
=) data BLOB(8... "data" BLOB(B000O00)
=] metadata STRING  "metadata" STRING
v || audio_dir_chosen
o INTEGER "id" INTEGER
=) data BLOB(2... "data" BLOB(20000)
=] metadata STRING  "metadata" STRING
~ || audio_dir_dominant
o id INTEGER "id" INTEGER
=) data BLOB(2... "data" BLOB(20000)
=] metadata STRING  "metadata" STRING
v || sglite_sequence CREATE TABLE sqlite_sequence(name,seq)
=) name "name"
=) seq "seq"

DE Browser for

CREATE TABLE acu_map (id INTEGER PRIMARY KEY AUTOINCREMENT, data BLOB (8000000), metadata STRING)

ared\buashrezultati\data.db

68
60 7462
70 7463
71 7464
72 7465
K

7461 J:lel:8 Tue Dec 13 15:

4 |s1-720f 1154| b ||l

30:26 CET 2022
Tue Dec 13 15:30:27 CET 2022
Tue Dec 13 15:30:28 CET 2022
Tue Dec 13 15:30:29 CET 2022

Tue Dec 13 15:30:30 CET 2022

Type of data currently in
cell: BMP Image

Go to:
o 25x25 pixel(s), 1.74 KiB

»

8 x

[

Fle Edt Vew Took Help
SMNewDatabase [ OpenDatsbase » | [[gOpenProject  » | g Attach Database
Datsbase Stucture  BrowseData  EditPragmas B | (¥ | | Edit Database Cell
Table:| =] acu_map V8w Mode: Image | [
id data metadata ~
‘F\\ter |F\Iter |F\Iter
61 7454 Tue Dec 13 15:30:19 CET 2022
62 7455 Tue Dec 13 15:30:20 CET 2022
63 7456 Tue Dec 13 15:30:21 CET 2022
64 7457 Tue Dec 13 15:30:22 CET 2022
65 7458 Tue Dec 13 15:30:23 CET 2022 m
66 7459 Tue Dec 13 15:30:24 CET 2022
67 7460 Tue Dec 13 15:30:25 CET 2022

CREATE TABLE audio_dir_chosen (id INTEGER PRIMARY KEY AUTOINCREMENT, data BLOB (20000), metadata STRING)

CREATE TABLE audio_dir_dominant (id INTEGER PRIMARY KEY AUTOINCREMENT, data BLOB (20000), metadata STRING)

& DB Browser for SQLite - G:\VirtualMaschineShared\buas\rezultati\data.db

Fle Edit View Tools Help

{New Database | Open Database »|© (jOpenProject  » © |ghAttachDatabase

Datsbase Structwe  BrowseData  EditPragmas By 4P| | Edit Database Cell 8 x
Table:| | |audio_dr dominant ~ & 5 Mode: [Binary v |;| = »
id data metadata ~
- I P 0000 52 4% 46 46 a4 3= A
|F|\t=| |F\|tr\ |F|\t=| et 10 00 oo oo 01 g0
28 3906 Tue Dec 13 15:30:11 CET 202 0020 02 00 10 00 &4 61
0030 8f 00 7c 00 04 00
29 3007 Tue Dec 13 15:30:13 CET 202 e A5 £F 50 0D Se 0O
30 3908 Tue Dec 13 15:30:15 CET 202 B 01 Cf 2b 00 b 00
0060 15 00 do £f 13 00
31 3909 Tue Dec 13 15:30:17 CET 202 0070 9c £f c7 ££ 07 00
0080 £2 £f 26 00 23 00
32 3010 Tue Dec 13 15:30:19 CET 202 h
33 3011 Tue Dec 13 15:30:21 CET 202
34 3012 Tue Dec 13 15:30:23 CET 202
35 3013 [0 Tue Dec 13 15:30:26 CET 202
36 3014 Tue Dec 13 15:30:28 CET 202
37 3015 Tue Dec 13 15:30:30 CET 202
38 3016 Tue Dec 13 15:30:32 CET 202 < >
v
< > Type of data currently in
cel: Binary Aol
M| 4|28-380fsss| b |M| Goto: e

slanje UDP image paketa
Recelved GPIO interrupt
anje UDP image paketa
nje UDP audio paket:

Dominant:

RESP_OK_SEND.
RESP_OK_SEND_ACOUSTI
Received GPID interrupt
RDEST: 0x1
nje UDP audio paketa
nje UDP image paketa
Received GPIO interrupt
Slanje UDP image paketa
lanje UDP audio

RESP_OK_SEND_ACOUSTIC
RESP_OK_SEND_AUDIO_DATA
Received GPID interrupt
slanje UDP image paketa
Recelved GPIO 1nterrupt
slanje UDP 1mage paketa
RDEST:

Slanje UDP audio paketa
nje UDP audio paket:
Dominal

CMD SEND METED DATA
RESP_OK_SEND_AUDIO_DATA
Received GPID interrupt
slanje UDP image paketa

RDEST: 0x1
slanje UDP audio paketa
Recelved GPIO interrupt
slanje UDP image paketa
slanje UDP audio paketa

0xb5e04000 Ox0

AUDIO_DATA_DOMINANT_DIR
3 =

0xb5204000

D SEND CMD DATA 333

AM_IMAGE
HOSEN_DIR
xb5204000 Ox0

0xb5¢04000 0X0

DOMINANT_DIR
xb5204000 0x0

0xb5e04000 OX0

Dominant:

Recelved GPI|

RDEST: 0x5
nje UDP audio paketa
nje UDP 1mage paketa
Recelved GPIO interrupt
slanje UDP image paketa
slanje UDP audio paket:
Dominan
RESP_OK_SEND_AUDTO_DATA
RESP_OK_SEND_AUDIO_DATA
Received GPIO interrupt

RDEST: 0x5
anje UDP audio paketa
nje UDP image paket:
Recelved GPIO interrupt
Slanje UDP 1mage paketa

slanje UDP audio paketa
D n

t: 17
AM_TMAGE

AM_TMAGE
xb5204000

0xb5e04000 OX0

t: 2

HOSEN_DIR
OMINANT DIR
0xb5204000 BX0

xb5e04000 0x0

|_TMAGE
AM_TMAGE

Cimka 8 Usrses Linux TepMuHasia Ha a) aKyCTUYKOM CeH30py U 6) TECTHOM JIallTONy
TOKOM peryJlapHoOT paja
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Peasin3anuja akyCTHYKOT CeH30pa

Ha cinkama 9 u 10 nprkasaHU cy paJlu30BaHU MUKPOQOHCKU U LieHTpaJHU MoAyJl. Ha cannu 11
NpUKasaH je MUKPOQOHCKY MOAyJ YIaKoBaH y ojroBapajyhe Au3ajHUpPaHO U OALITAMIIaHO
JIACTUYHO KyhulITe, Koje je 0O6Jiel/beHO ajJyMHUHHUjyMcKOM ¢oudjoM, o6e36ehyjyhu EMI
(ElectroMagnetic Inteference) 3amtuty. Ha civuu je mpukasaHa WM 3allTUTa of, BeTpa (wind
shield).

YKyIlHa TeXXHMHA aKyCTUYIKOT ceH3o0pa (LeHTpasHor U 64 MUKpodoHCcKa Mojysia) usHocu 15 kg.

Cauka 10 PeanuzoBanu ueHTpasiHu Moxyn ca Z-turn moayinom
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Cunka 11 PeanuzoBanu MHKpohoOHCKH Moyt ca EMI kyhumirem u 3amrtutom ox Berpa (wind shield)

3a moTpebe TecTHpama aKyCTUYKOI CeH30pa MpPOU3BeJeHH MHUKPOPOHKH MOAYJIU CYy
npyuyBpiINeHy Ha MJI0YY Of ClielidjajiHe MeHe 06JI0’KeHe KapTOHOM, Kao LUTO je IpHMKa3aHo Ha
cauuu 12. Pacnopes MukpodoHa ofiroBapa pacrnopezy Ha JIeTHJIHULU Y XOPU30HTA/IHOj PaBHH,
JIOK ce cMaTpa Ja 0 CTynama y BEpTUKAJHOj paBHU HUCY 3HAYajHa, Majia MOTy caMo JJ04aTHO
MONpPaBUTH JeTeKIH]y 3ByKa U3 KeJbeHOT cMepa. [lujameTap nNpojeKTBaHOT aKyCTUYKOT CeH30pa
je 2 m.

Cauka 12 Peann3oBaHu TeCT MOJIEN aKyCTHYKOT CEH30pa
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M3MepeHa noTpollkba aKyCTUYKOr CeH30pa je 0KO 8 A mpu HaloHy Hamnajamwa of, 5V, ogHoco
40 W. [IpunnkoM oBohema Hanajamkba Ha aKyCTUYKU CEH30P J[0/1a3U /10 IT03HATeE I10jaBe BUCOKUX
BpeJHOCTU TpeHyTHe cTpyje (inrush current) op 12 A. 3a noTpebe TecTupamwa je o6e3beheHo
Hamnajame 0/IroBapajyhnx KapakTepHUCTHKA.

TecTupame aKyCTUYKOT CEH30pa

Ha cniunu 13 npukasaHa cy TeCTUpamwa aKyCTUYKOT CeH30pa Mo/, pa3JIMYuTUM YCJA0BMMa TOKOM
pa3Boja.

Cauka 14 CHUMJ/beHe aKyCTUUKe Malle 32 ayTOMOOUJI KOjU MpoJia3u
Ha pacTtojamy o, 100 m o1 aKkyCTHUYKOT ceH30pa
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TecToBM cy cipoBoheHU Ha OTBOPEHOM NMPOCTOPY C€a pas3IMUUTUM U3BpUMa 3BYKa. Ha caunu 14
NpUKa3aHU Cy pe3y/iTaTU CHUMKA ayTOMOOMJa KOju je mpolao Ha yAabeHocTd o 100 m oz
aKyCTUYKOT CEeH30pa, LITO 3HAYM Jla aKyCTUYKa Mamna npukasyje nospmuHy 100 m x 100 m. Ha
cauny 10 mpukasaHa je aKkyCcTU4Ka Mara JJo6HMjeHa CHUMak€eM JiIBa U3BOpa po3e 1myMa (Mo6UuIHa
TesiedpOHA) Ha pacTojary o/ oko 20 m oJ] aKyCTUUKOT CEH30pa U Ha MeHYCOGHOM pacTojamby O
0KO 5 m.

Cauka 15 CHMMJ/beHa aKyCTUYKa Malla JiBa U3BOopa, MehycobHO ya/beHa 5 m
Y Ha pacTojamwy 0o, 0ko 20 M of; aKkyCTHYOT CeH30pa

3aK/by4ak:

Y 0BOM TeXHHYKOM pelllelby NPUKa3aHa je pa3BHjeHa Xap/iBepcka U copTBepcKa peanusanuja
aKyCTUYKOT CeH30pa 3a IPUMeHY JleTeKlHje aKyCTUYKUX Zorahaja y ja/lekoM 0J/by, KOHKPETHO
3a aKBU3MIMjy M3 Ba3/yXa, Kao Zileo MYJTHCEH30PCKOI CHCTeMa 3a HaJre/ialbe MOrpaHUYHUX
nozipydja. CeH30p je TeCcTUpaH Ha OTBOPEHOM NPOCTOPY 3a pas/IMYMTE U3BOpe 3ByKa (BO3UJIA,
roBOp) ¥ NpoTBpPhEH je ucrpaBaH paj ceH30pa 3a JeTeKIHjy JOMUHAHTHUX U3BOpA 3BKa.

Y3uMajyhu npouewmeHe MOryhHOCTM NPOLIECOPCKOT CUCTEMa Ha KOMe je HMMIlJIEMeHTUpaHa
aKBHU3HMIMja aKyCTUYKHUX CUTHaJIa U KOHBeHIIMOHAMHU delay-and-sum beamforming anropuram,
peasiM30BaHa je aKyCTUUYKa Mara BeJu4uHe 25 x 25, mTo Ha BUCUHU JieTewa o/ 300 m u FoV ox
*26.5 ctenenu (uuMme je nokpuBeHa noBpunHa o, 300 x 300 m) aaje pezoaynujy oa 12 m. Mako
3a KOHKpeTHy IMpHMEHy OBa pe30JylLuja jecTe NPUXBATJ/bHUBA, jelHA OJ, CMEpHHULA je
ONTUMH3allMja UMIlJIeMeHTalMje noctojeher ajroputMa v nopehame pesosynyje.

Takobe, jemHa oj cMepHHIAa Jla/ber pa3Boja je HMIUIEMEHTAIMja W TeCTHpambe JIPYyTryux
beamformig anoputama.
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Abstract: Airborne acoustic surveillance would enable and ease several applications, including
security surveillance, urban and industrial noise monitoring, rescue missions, and wildlife monitoring.
Airborne surveillance with an acoustic camera mounted on an airship would provide the deployment
flexibility and utility required by these applications. Nevertheless, and problematically for these
applications, there is not a single acoustic camera mounted on an airship yet. We make significant
advances towards solving this problem by designing and constructing an acoustic camera for direct
mounting on the hull of a UAV airship. The camera consists of 64 microphones, a central processing
unit, and software for data acquisition and processing dedicatedly developed for far-field low-level
acoustic signal detection. We demonstrate a large-aperture mock-up camera operation on the ground,
although all preparations have been made to integrate the camera onto an airship. The camera has
an aperture of 2 m and has been designed for surveillance from a height up to 300 m, with a spatial
resolution of 12 m.

Keywords: acoustic camera; unmanned aerial vehicles; noise monitoring; border surveillance;
wildlife monitoring; rescue missions; FPGA SoC

1. Introduction

Acoustic environmental noise pollution is becoming a noticeable issue, especially in
urban or industrial environments. Regulatory bodies worldwide have prescribed noise
pollution mapping and mitigation directives. Apart from the regulation-driven needs, noise
pollution surveying has large potential on the wider surveying and Smart City markets,
for use in traffic monitoring, automated route guidance, industrial noise monitoring, and
environmental research.

Already in 1999, 65% of the European Common Market population was exposed to
unhealthy levels of transportation noise [1]. Since those times, regulatory agencies across
the globe have been setting noise level targets. In the EU, noise pollution is governed by
the Environmental Noise Directive—END (Directive 2002/49/EC). END requires Member
States to monitor noise and prepare and publish noise maps for cities, industry, and
transportation connections. Strategic noise mapping is currently performed by inputting
noise source models, terrain configuration, objects, and sound propagation conditions into
numerical simulations that generate a prediction of average noise levels on the facades of
residential buildings. However, current noise simulation methods have shown standard
deviations of over 1 dB [2], which may cause overuse or underuse of protective measures.

Similarly, in the case of industrial noise and, in the last decade, drone noise, standard
measurement techniques [3] often fail to register noise sources or give incorrect data. For
more detailed analysis of industrial noise, experts utilize stationary acoustic sensors and
cameras; however, some noise sources practically cannot be measured from the ground,

Sensors 2023, 23, 880. https:/ /doi.org/10.3390/523020880

https:/ /www.mdpi.com/journal/sensors


https://doi.org/10.3390/s23020880
https://doi.org/10.3390/s23020880
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-6759-3881
https://orcid.org/0000-0002-2173-0972
https://doi.org/10.3390/s23020880
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23020880?type=check_update&version=1

Sensors 2023, 23, 880

20f 15

especially when there are several sources of significant noise on one structure. In addition,
such measurements give no information on noise source directionality, which is an essential
parameter for applying adequate noise mitigation measures. Acoustic noise surveying from
the air would enable detailed mapping of all noise sources, their sound power, frequency
spectrum and directivity, and easy integration into geographic information systems (GIS).
Aside from use in noise pollution, an acoustic camera mounted on an airship would be
of use in rescue missions or surveillance of long, uninhabited borders for illegal border
crossing. Illegal border crossing is an increasing problem, particularly felt in Europe as
migratory pressures rise. According to Frontex, the total number of illegal border crossings
in 2021 was near 200,000 [4]. These numbers are on the rise again, headed towards the
pre-pandemic records of more than half a million illegal crossings per year.

Finally, airborne acoustic surveillance can be used for wildlife monitoring and research.
Wildlife monitoring is important for species conservation, as researchers track animal
feeding, mating, and migration patterns. Wildlife acoustic monitoring is increasingly
being performed with meshes of acoustic sensors attached to trees in forests, but such
meshes have limited resolution, require much human effort to install, and rely on complex
data collection and labor-intensive record processing [5]. Acoustic surveillance from an
airship would allow deployment to any region, even hard-to-reach geographies, dynamic
monitoring even where fixed sensors are not installed, automated data collection, and rapid
real-time surveillance.

Regardless of all the mentioned potential advantages, no acoustic camera to date has
been designed for use on an airship and for aerial surveillance. Due to the typically large
size of airships, it would be possible to construct large-aperture airborne acoustic cameras,
which would yield high acoustic resolution, especially at lower frequencies, which leads
to increased fidelity compared to cameras with smaller apertures that were designed for
handheld applications.

An acoustic camera (AC) is an imaging device used to locate sound sources and to
characterize them. It consists of a group of microphones, also called a microphone array;,
from which signals are simultaneously collected and processed to form a representation of
the angular location of the sound sources with respect to the position of the AC. Visualiza-
tion of the sound field is performed by applying a certain algorithm for spatio-temporal
signal processing from the microphone array, creating an acoustic map that may be over-
layed with a recording from a co-located video camera. Since the first AC appeared on the
market at the beginning of the 2000s, the rapid development of this technology has started,
so that today the acoustic camera is a modern engineering tool that, through the identifi-
cation and determination of the position of sound sources, as well as the quantification
and analysis of individual sound sources, is increasingly used for different purposes: for
determining and characterizing noise sources, in the analysis of room acoustics, for testing
sound insulation, for determining faults in industrial plants (detection/monitoring of
sound field disturbances), when designing and testing vehicles (auto industry and aviation
industry), in robotic systems, etc. [6-13]. As a consequence, a large number of ACs of
different characteristics and realizations are available on the market today, depending on
the application. The microphone arrays of ACs are controlled by a central processing unit
(CPU). For custom-made cameras, the CPU can be implemented on a field-programmable
gate array (FPGA) [7,14-18]. Several ACs that make use of FPGAs are in development,
including ones with control algorithms optimized with gene sequencing methods [19].
Much work has been devoted to optimizing control algorithms where the algorithm is
implemented on a personal computer [20]. Nevertheless, ACs designed specifically for
mounting on an airship for airborne surveillance, in particular modern airships that may
carry a multisensor payload, are lacking in the literature and on the market. Put succinctly,
although all the necessary components for an AC mounted on an airship have recently
reached maturity (FPGA-based ACs and powerful lightweight algorithms), there has been
no coherent attempt to carefully select components and construct an airborne AC.
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We made an AC dedicated for use on UAVs. The components of the AC attach directly
to the frame of an airship, allowing for an aperture of several meters. The microphone
boards and configuration are optimized for acquiring sound from terrestrial areas of up to
300 m x 300 m from an altitude of up to 300 m. The proposed solution can significantly
speed up noise map making and increase map authenticity due to the inclusion of envi-
ronmental acoustic noise sources. Furthermore, our aerial AC opens up the possibility of
airborne acoustic surveillance for wildlife and security, including border security.

The AC consists of a microphone array and a data processing unit, implementing a
beamforming algorithm to generate a visual presentation of the acoustic field (acoustic
mapping) and two audio streams for detection and classification of the acoustic event.
Microphone arrays are valuable tools for many applications, including specific sound-
source detection, visualization, localization, and separation, also in a challenging acoustic
environment, including indirect detection (via vegetation disturbance) [11,21].

Beamforming is a general signal processing technique used to control the directionality
of the reception or transmission of a signal with an array of transducers. Acoustic beam-
forming is a signal processing technique used to enhance an audio system’s performance by
focusing sound waves in a particular direction. It involves using an array of microphones
to pick up sound from a particular source or direction and then using digital processing to
combine the microphones’ signals to amplify the sound coming from the desired direction
and suppress the noise coming from other directions. It can be used to determine the
location (angular direction relative to the AC point of origin) and intensity of the sound
source. Acoustic source localization is governed by the time difference in which the sound
reaches the microphone array. As a measurement technique for sound-source location,
beamforming is also useful at medium to long measurement distances, which is compatible
with the described use cases.

A commonly used algorithm is delay-and-sum (DAS) time domain beamforming [22].
The basic idea is presented in Figure 1. The sound source is assumed to be far from the
microphone array (far field). Thus, the wavefront curvature approaches linearity relative to
the size of the microphone array, and therefore it can be assumed that all incoming waves
are plane waves.
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Figure 1. The conventional delay-and-sum algorithm in the time domain.

There are many advantages of the DAS. The algorithm is based on basic concepts of
wave propagation, such as linearity, straight-ray propagation, and weak back-scattering.
The implementation of DAS is simple, and it can be parallelized. DAS is numerically
robust, fast, and compatible with real-time applications, and because the algorithm is data-
independent, it preserves temporal coherence and properties of the real envelopes [23].

DAS beamforming is implemented for testing and benchmarking of the AC array
design performance metrics. For a finite distance between the sound source and the AC,
derivation of the beamformer leads to cross-spectral imaging function. For adaptive beam-
forming, a minimum variance distortionless beamformer (MVDR) can be implemented [24].
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2. Materials and Methods

The greatest challenge on the AC for sound-source localization from greater distances
comes in the detection of low-level acoustic signals (up to 30 dB) due to sound propagation
attenuation (—6 dB over each doubling of distance from the source) and absorption in air,
especially at high frequencies. The AC was designed with this demand in mind.

Random noise (unwanted signal) suppression is achieved by selecting low self-noise
microphones together with analogue and analogue-to-digital converter (ADC) electronic
circuits, as well as with careful design of the windshield and EMI shielding implemented in
the microphone and electronics case. Further improvement of the signal-to-noise ratio (SNR)
is performed with a high-precision beamforming algorithm with 64 microphones. The SNR
increases by 3 dB per doubling the number of microphones, yielding an SNR improvement
of 18 dB for an array of 64 microphones. The audio signal is amplified and digitalized on
the board next to each microphone to avoid interference. The useful signal frequency range
is estimated to be approximately 200 Hz-2 kHz, whereas a sampling frequency of 8 kHz is
chosen. This frequency spectrum is expected to carry most of the energy of acoustic events
from the far field (on the ground). At higher frequencies, the detection precision increases
until the wavelength approaches the spatial separation distance between the microphones
(spatial sampling), which is dictated by the minimum distance between the microphones
and the total camera dimensions. In addition, at high frequencies, the energy of acoustic
events is expected to be low, as air attenuation is significant.

A simulation was developed in MATLAB to investigate the behavior of the AC with
different microphone configurations, utilizing different beamforming algorithms for a
varying number, position, and characteristic of sound sources. Microphone positions were
restricted to a geometry that is compatible with mounting the microphones on the frame of
the airship (Hipersfera Border UAS, Zagreb, Croatia). A drawing of the airship frame with
the position of the AC indicated is depicted in Supplementary Information Figure S1. The
graphical user interface for the simulation is depicted in Figure 2, showing a simulation
result for the implemented microphone configuration.

FEIE) =]

snerisanje_matrice_kasnjenja\hsf_test_simmat,

Load mic array config from a file? @ Seurce 1

Number of sources

1 < Distance [m] 300

Load audio sorce 1 Theta [deg] a5

aCaticivaKvadratSensors\PinkNoise500_k wav/
Phi [deg] &

[m]

Mic Array Configuration

400

Attenuation 1

Fovix [deg] Display range [dB]

265 2

FoVy [deg] Max/Min treshold [dB] - Final result

265 3 Run simulation

00tz 1000 Hz R 20001z 2000z 2000 Hz 16000 Hz

500 630 200 1000 1250 1600 2000 2500 3150 4000 5000 6300 8000 10000 12500 16000 20000

Figure 2. Simulation program interface.

The microphone array is ring (annulus)-like. The largest distance between any two
microphones is 2 m. The smallest distance between any two microphones is 0.09 m. The
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random spacing of the microphones keeps spatial aliasing and side lobe attenuation at an
acceptable level for the desired frequency range.

The largest off-axis angle (angle of view/listen) is set to 26.5 degrees, which keeps
the off-axis resolution at most 40% greater than the on-axis resolution. Maximum Sidelobe
Level (MSL) is kept below —10 dB up to the wave number Kpax2%2. This fits well with the
desired frequency range (200 Hz-2 kHz).

The microphones have a cardioid directionality pattern, with the largest gain in the
direction perpendicular to the plane of the array. Within a cone near the main axis (+/—30°),
the pattern can be approximated as omnidirectional.

The system architecture block diagram of the AC is shown in Figure 3. The system
consists of three blocks: a sensor block, an interface block, and a signal acquisition and data
processing block.

Acoustic Sensor

Sensor Block
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Figure 3. System architecture block diagram of the AC.

The sensor block consists of a microphone array with 64 microphone modules. The mi-
crophone modules consist of microphones M1, M2, M3, ... , M64 and analogue and digital
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circuits next to each microphone. Each microphone module performs microphone signal
amplification (low-noise microphone preamplification), analog-to-digital conversion, and
communication of the I2S digital audio signal (I2S bus specification, Philips Semiconductors,
1996) to the signal acquisition and data processing block via the interface block.

The interface block interfaces the microphone block to the signal acquisition and data
processing block, as well as the signal acquisition and data processing block to the UAV.
The UAV provides a 5 V DC power supply.

The block diagram of the hardware architecture of the AC is presented in Figure 4 and
includes 64 microphone boards/modules, a central board, and a Z-turn processing module
(MYIR Tech Limited, Shenzhen, China).
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Figure 4. Hardware architecture of the acoustic camera.

Microphone modules were designed in-house, for optimal performance in the given
use-case scenario. Required microphone specifications included low self-noise (<15 dBA),
sensitivity greater than —33 dB/Pa (@48 V phantom power), a frequency range between
20 Hz and 20 kHz, and a cardioid directivity pattern. Commercially available microphone
capsules were integrated onto custom-made electronics boards to create microphone mod-
ules. In order to increase the microphone sensitivity a polarization voltage of 71 V for the
microphone capsule was applied.

A pair of microphone modules (“a left” and “a right”) are connected to the central
board (the interface module) over a single 8-wire interface cable. The direction (left/right)
of the microphone module is selected using a switch on the microphone module.

A microphone module consists of several blocks: power supply, high impedance
converter, preamplifier and filters, AD converter and central board interface.

The power supply includes components for 5 V and 10 V generation—the power
supplies for the components on the PCB, in addition to 3.3 V, as well as 71 V generation.
The low self-noise preamplifier (<—130 dBV) with the corresponding filters provides a
gain of 200.

The TI PCM4201 AD converter (Texas Instruments, Dallas, TX, USA) was chosen for
this application for its low noise, low distortion, and low power, with supported sampling
rates from 8 kHz to 108 kHz. The output of the AD converter is 24-bit linear left-justified
PCM data, which can be considered as 12S.
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Three clocks are generated on the signal acquisition and data processing block for the
AD converter, as it operates in slave mode: a frame synchronization (FSYNC) clock for
8 kHz sampling, a bit (BCK) clock for 512 kHz sampling, and a system (SCK) clock for
2048 kHz sampling. These signals are transmitted over long 8-wire interface cables, where
the maximal cable length is 2.4 m. For these frequencies and cable lengths, the signal
integrity was checked in a simulation.

The switching between the left and right channel is performed at the FSYNC clock
frequency. Power supplies for the microphone module (5 V and 3.3 V) are provided via the
8-wire interface cables as well.

The central board contains 32 headers for the microphone module interface, 3 x 4 clock
buffers, 2 connectors for the Z-turn interface, and a power supply with the corresponding
filters. The central processing unit of the system, used for signal acquisition and data
processing, is the Z-turn board. The Z-turn board is a high-performance Single Board
Computer (SBC) built around the Zyng-7020, as a member of the Xilinx All Programmable
System-on-Chip (SoC) platform Zynq 7000 family, featuring integrated Programmable
Logic (PL)—Xilinx 7-series Field-Programmable Gate Array (FPGA) logic and a Processing
System (PS) consisting of dual-core ARM cortex A9 processors (Xilinx XC7Z010/020,
San Jose, CL, USA).

The software architecture block diagram of the AC is depicted in Figure 5. The data
acquisition and beamforming algorithm are implemented on PL, using the Vivado Design
Suite 2020.2 environment (Xilinx, San Jose, CL, USA). Data acquisition is implemented
in the tdm_stream_receiver Intellectual Property (IP) High-Level Synthesis (HLS) block,
while the conventional delay and sum beamforming algorithm is implemented in the
polar_stream IP HLS block, as presented in Figure 6.
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Figure 5. Software architecture of the AC.

The system operating frequency is 100 MHz. Data acquisition in the tdm stream
receiver IP HLS block implies sampling of microphone signals, with a sampling frequency
of 8 kHz (i.e., every 125 ms), and conversion into a serial data sequence. This block
introduces a processing delay of 3 cycles of the operating frequency, i.e., 30 ns. The serial
data sequence is forwarded to the polar _stream IP HLS block.

The outputs of the polar_stream IP HLS block are the following: a block of
625 32-bit integers containing values of each of the 25 x 25 fields of the acoustic map
for each second (a memory block), and 24-bit audio samples from the dominant and a
chosen direction, each 125 ps long (AXI-Stream FIFO). In addition, for verification purposes,
a chosen microphone signal sample is sent to the PS every 10 ms (80 samples as a single
packet in AXI-Stream FIFO).
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Figure 6. PL implementation in Xilinx Vivado Design Suite 2020.2.

The implementation of the conventional delay and sum beamforming algorithm in the
polar_stream IP HLS block is optimized in terms of basic FPGA resources and processing
time. A single pass through this block introduces a processing delay of 5 cycles of the
operating frequency, i.e., 50 ns. The main steps within this IP HLS block are the following;:

e  Reading of serial audio data (from the tdm_stream_receiver IP HLS block) and packing
these data into 64 shift registers: performed every 125 us (the sampling frequency);
the execution time is 50 ns x 64 = 3.2 ps.

e Calculation of the averaged polar matrix (25 x 25 fields of the acoustic map for
each second) and sending the synchronization signal to PS: performed every 1 s; the
execution time is 50 ns x (625 + 2) = 31.35 us.

e  Sending of 2 signals (the chosen and the dominant) to PS: performed every 125 ps; the
execution time is 50 ns x 2 = 100 ns.

e Implementation of the conventional delay and sum beamforming algorithm: per-
formed every 125 ps; the execution time is 50 ns x 625 = 31.25 us.

The total required processing time, including all previously described steps,
is 65.93 us.

PS is based on the Linux Ubuntu 20.04 OS. A single Linux application performs data
exchange with PL via two AXI-Stream FIFOs and a mapped shared memory, collecting raw
data from PL in real time. The application generates three files each second: an acoustic
map, which is a .bmp image file (25 x 25 pixels, 8-bit depth), and two .wav audio files
(8 kHz, 16-bit depth), one for the dominant direction signal and another for a chosen
sound-source signal. The application sends these files to the UAV via a communication
protocol based on the User Datagram Protocol (UDP). The application also receives from
the UAV meteorological data, GPS data, and commands. An NTP daemon service runs
on the OS, whereas ntp.conf needs to be set according to the final UAV central system
configuration (including NTP server settings).

The acoustic map is calculated using a beamforming algorithm-based delay matrix
that depends on the microphone array configuration and meteorological data, especially
wind speed, which affects sound speed, as well as the desired FoV (field of view). The
delay matrix is calculated on the PS based on determined microphone positions and current
meteorological status, and is sent to the PL.



Sensors 2023, 23, 880

9of 15

The AC has a chosen FoV spanning 1+26.5 degrees relative to the microphone ar-
ray’s central axis. Thus, for an altitude of 300 m, the acoustic map will cover an area of
300 m x 300 m on the ground.

The AC should be connected to the UAV central unit via a single Ethernet connection,
using the UDP protocol. The proprietary protocol is implemented for data exchange
between the AC and the UAV. The acoustic map and two audio files are transferred to the
UAV processing unit every second and stored with a filename containing the timestamp.
The precise time on the central processing unit of the AC should be set using the NTP
protocol, whereas the NTP server is implemented on the UAV processing unit. The UAV
sends to the AC GPS coordinates, meteorological data, and control commands.

To summarize, both parallel data acquisition and beamforming are performed in PL,
and signal processing results are transferred to the PS. The PS collects raw data from PL,
generates .bmp and .wav files, and sends them to the UAV. The signal acquisition and data
processing block are connected to the UAV via a single Ethernet connection. The protocol
for the communication between the AC and the UAV is implemented on the PS using UDP.
The communication is bidirectional, since the AC sends two audio streams, an acoustic
map, and metadata, and receives GPS data with the precise time, meteorological data,
and commands.

The operator (on the ground) can listen to the recorded audio signals. In addition to
the sound coming from the dominant direction, the operator can choose another direction
that they would like to monitor.

The AC system can be connected to a PC/laptop via a UART-to-USB connection for
testing purposes.

The AC (microphone modules and central board) should ideally be mounted directly
onto the frame of the UAV. In the case of a modern airship, which typically has a carbon
tube internal construction [25], the AC is best mounted directly onto the tubes, because in
such a case the AC would conform to the shape of the airship and there is no need for extra
mounting that would increase the load. An optimized position for the AC components
on a commercially available airship UAV, as confirmed with simulation, is shown in
Supplementary Information Figure S1. For ground-testing purposes, we mounted the AC
components on a circular piece of cardboard with a diameter of 2 m as a mock-up of actual
operation on an airship.

The AC communicates with the UAV via our custom developed UDP Client-Server
protocol. A test application for the server side (UAV) was written in JAVA and it can be run
in Linux OS on a PC. The same application can be adapted for the final application on the
UAV. The test application stores the received data (the acoustic maps and audio files) in an
SQLite database, as well as files on the file system in the selected folders.

There are three tables in the SQLite database: acu_map, audio_dir_dominant, and
audio_dir_chosen. Each second, a set of data (a .bmp and two .wav files) is stored as
a BLOB field in the corresponding table of the database. The communication protocol
defines the possible commands and responses (statuses), as well as the corresponding data
(depending on the context) which are exchanged between the AC and the UAV. Each side
receives command packets (CMD_*) and sends an appropriate response (RESP_*) for every
received packet in the time interval specified for that command.

3. Results
3.1. Hardware Implementation

Photographs of an assembled microphone module front and back side are
depicted in Figure 7. A total of 64 such modules are assembled and connected to the
central board. Each microphone is protected with a wind shield and EMI shielding (see
Supplementary Information Figure S2).
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Figure 7. Assembled microphone module: (a) front view; (b) back view.

A photograph of the assembled central board with the Z-turn board is depicted
in Figure 8.

Figure 8. Assembled signal acquisition, data processing, and interface module.

The front and the back side of the cardboard-mounted AC are depicted on the left
and right panels of Figure 9, respectively. Cardboard and power supply included, the AC
weighs 18 kg. Attached directly to the UAV frame and powered by the UAV PS, the AC
will weigh less than 15 kg, which is an acceptable load for an airship that is dedicated to
carrying sensors and instruments.

The AC consumes 40 W of power during regular operation, being powered witha 5V
source and drawing 8 A of current. However, the inrush current is somewhat higher. Initial
tests indicate that the inrush current during power-on reaches approximately 12 A. After
the transition period, when all capacitors are fully charged, power consumption reaches a
steady state.
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Figure 9. AC mounted on a cardboard circle for testing purposes: (a) front side with microphones;
(b) back side with central board and a test power supply.

3.2. Acoustic Measurements

An acoustic map obtained with the AC is depicted in Figure 10. The resolution of
25 x 25 pixels for an image that covers a ground area of 300 m x 300 m implies a spatial
resolution of 12 m. The map shown in Figure 10 depicts an event during which a person
stood 3 m away from the camera indoors and said the word “sound” in a normal voice.
A video recording of the event is available on a public repository [26]. The sound of the
person speaking is clearly noticeable on the map, coming from a dominant direction.

Figure 10. An indoor acoustic map with 25 x 25 pixels.

We also tested the outdoor operation of the camera. On the same circular board, the
camera was brought outside and fixed upright so that it records in the forward direction at
ground level. Two volunteers stood in front of the camera, 15 m away from it, and played
pink noise from their handheld devices. Figure 11 depicts the acoustic maps obtained
during those measurements. Figure 11a depicts two sources of pink noise, 15 m away from
the sensor and 3 m apart from each other. Figure 11b depicts a single source of pink noise
in the middle of the field of view of the sensor. It is expected that the operation of the AC
will be little affected by the complex environment on a UAV, given that all components
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conform to industrial standards and that they are attached to the interior hull of the UAYV,
shielded from wind and other elements by the external UAV shell.

Figure 11. Acoustic maps of sources of pink noise recorded in outdoor conditions. (a) Two sources
3 m apart, 15 m away from the AC; (b) a single source in the middle of the field of view of the AC.

An example of the data stored in the database during operation is depicted in Figure 12.
For testing on the ground and operational demonstration, the communication software
was run on an external Linux device that was connected to the AC. For UAV operation,
the software will be installed on the UAV main board, and the data will also be stored on
the UAV board. An exemplary database is also provided as part of the Supplementary
Materials. The provided database can be used as inspiration by researchers who are
constructing their own ACs, by professors teaching acoustics to their students, or for
further numerical analysis.

v [ Tables (4)

v [Z] acu_map
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[2) data BLOB(S...

|=) metadata STRING
v || audio_dir_chosen
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v || audio_dir_dominant
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Figure 12. The AC SQLite database storing data during operation, shown with DB Browser for
SQLite: (a) list of tables; (b) acoustic map table (bmp data in the BLOB field); (c) dominant direction
table (wav data in the BLOB field).
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4. Discussion

We have demonstrated prototype operation of an AC that is designed for mounting
onto the hull of an airship. Mounting an AC onto an airship allows aerial sound surveillance
for a number of applications, including urban and industrial noise monitoring, rescue
missions, border surveillance, and wildlife monitoring. The AC has an aperture of two
meters and has been designed for surveillance from a height up to 300 m.

The spatial resolution of the AC, indicated to be 12 m in the discussion of Figure 11,
can be increased by improving the efficiency of the implementation of the beamforming
algorithm on the PL of the CPU. A review of the available on-board resources indicate
that it is possible to increase sampling frequency to at least 16 kHz, which is planned to be
conducted in future work. Utilizing all the on-board resources would increase the spatial
resolution to 6 m for the height of 300 m.

In real UAV-based operation, the absolute position of the dominant sound source can
be determined and calculated from the GPS information provided by the UAV (longitude,
latitude, and altitude) and from the UAV vertical axis tilt. On a UAV that contains multiple
sensors, the acoustic map can be overlapped with images from other sensors (IR camera,
high-resolution optical sensor, LIDAR, etc.).

UAV propulsion is a source of significant noise. Propeller noise would mask any
useful acoustic signal reaching the microphones; thus, it is required to attenuate this signal
enough to successfully extract the useful signal. Some experiments were conducted with a
linear predictor based on the LMS algorithm [27] applied in sub-band adaptive filtering for
drone propeller noise cancelation. Although promising results were obtained in terms of
noise cancelation (the algorithm converged, with noise cancellation of approximately 30 dB
with pre-selected segments of the recordings), it is still a small level of noise cancelation
for such a low-level useful signal (up to 30 dB). In addition, the filtering of the useful
part of the signal was not satisfactory. Therefore, application in UAVs will require the
propulsion system to be stopped during acoustic acquisition. In addition, the inherently
small signal-to-noise ratio (SNR) could be improved by applying deep-learning methods
such as those used for low-light image and video enhancement [28]. Other limitations
include spatial resolution which is set by the largest dimension of the camera, which in
turn is limited by the size of the airship. For modern airships with dimensions on the order
of 10’s of meters, flying at altitudes of 100’s of meters, the maximum ground resolution of
ACs is on the order of several meters.

Future work will be oriented towards mounting the camera onto the UAV, recording
during flight, algorithm updates to account for environmental noise, and integrating with
the general UAV interface that may be designed for a multitude of sensors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/523020880/s1, Figure S1: The carbon construction tubes of the
UAV with the positions of the microphones and the main board indicated; Figure S2: The microphone
case with a wind shield and EMI shielding. Database of a recording: acu_data.db.
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