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Abstract

Advanced radar techniques are used to penetrate the ground with GPR to detect hidden geological
formations and objects beneath the surface. However, the necessary analyses to interpret the data
resulting from GPR can be difficultcanomplex. Therefore, using deep learning in GPR image
analysis can improve the accuracy of analysis and interpretation, improve work efficiency, save
time and effort, and reduce the likelihood of human errors in the analysis and interpretation
process. Ithe long run, using deep learning in GPR image analysis can improve work efficiency
and the final results, and increase the devices' ability to accurately and effectively identify structures
and materials underground.

In our research, we utilized one bétfamous deep learning algorithms, YOLOV5, to detect and
classify objects located beneath the earth for seven types of targets: small circular tunnels, large
circular tunnels, squashaped tunnels, circulahaped groundwater, squateaped groundwater,

rebar, and concrete. The gprMax simulator tools were used to prepare the image dataset, and data
augmentation techniques were applied to increase the number of images. After training the
YOLOV5 algorithm, we achieved an average accuracy of mAP=94% widctzod speed of 58

FPS. The YOLOV5 algorithm was also able to detect and classify a set of real GPR images taken
from some references.

Keywords: Ground penetrating radar (GPR), YOLOvV5, Deep learning, Object detection, Object

classification.



ettt ettt sttt ettt ettt s R eRR AR e e e et s st Rna st s et rer e e Dz ! &
TSP Abstract

Il vt ettt ettt ettt e s nn et e e e te e eheeen e e emnnr e e ate e teearaeaaneanreens e.G? 1 I
Vil ettt e e e e e et e e emnr b e e e e e breeaeaanraes v.GaTUa 1t -}
X ettt ettt et e e e e e e e et e e e e e e e b—eeeeeaaba————eeeeatteeeeeaaaberaee e bnnntaeeeeaanbrraeeeanreeeaeas yaa-_!a 1
X veue e et e ermes e ete e ettt e et et et et et e nant st et e et et et e et eee et e esemmmt e et et et erenteneareneans .G, DZ 1 &
(LSRR 11 & + D3
XHT +e ettt eeee e e et e e e ————— e e e e arr NJ - Nja a 11
XIV ettt et et et mam ettt e et e e et et et e et enen e, ... 1148 O35 +41G1U
XIV e 1ot eveevemee et eseeteeteeteete s e s e s seenseseeaeereeteete et et essernnesereateateeteeteneennenes L.oa *U0& ¢ -
o TP vaU4d E. 5!
£ OSSPSR GPR 61 U& 04 ., Pa
oo eem e reeee et GPROGs Lj @2 . Ea G
D eereerereeeerereee e eseeseeneesesenenenneen k. 2T GT 1 & j GlAaG!3 AN VX G
D ettt (Magnetic Permeability) t 1 . &l *1GZ3&d 1! a
TR (Electrical conductivity) + YFG?2 nj! & t ¥ Dz
D ettt emnenb e e e earre e e e s anreeeend (Permittivity)t Yo &: 3! &

Bt eee et e ettt et et e e ere e te et s emnnr e teete et e ereenreareens &GLIGY” ! & .yt n &l



T PP OPUTTTPPPPPRRE T8+ I IR - W B |

Bttt ettt ettt ren et ettt et et e ettt e et e s nm et e et eteeteereare e Oni:12a. 4111 &

T ettt e nare e areeaare s U.- nj! a0 €3GKk4]. 1-

Bttt ettt ettt ettt eeane ettt GPR p Gs Lj5R'1Z &-"
O TP T TP gprMax O #65. D7

L 2o, gprMax O+ G, : IGAR p > 1 GK116G110& ¢ A
o TSR OLjG. ! & E-.:
L B e ene - I F'a 1
i S T Template Matching Technique. ! GI ! a2 .120 AGY dz
L 7 e, Hyperbola Fitting - F&4° ! & yv 131.82 t d2R
19.... Artificial Neural Networks Techniquet ¥' "~ 1 a + Y U412, z! &
2 2 Deep Learning Techniqued - z ! & 5°. B!
2 Aottt ann e ba e te e nrreenree s LG A B
2 ettt d. z! & “DZ.18 O
2 D Y .1 a t L1,z 2. 8G3 1!
7 TSROSO (Neurop y1"- #a1 . 2. 3

2 Bttt ettt reeee ettt en e EALT " » 2.8 .8G3 1 !



v ST PSPPSR .27 - _ BA2.8D& !

2 T, Convolutional neural networks (CNNY} Y Y’ 0, ! &3 431 Lj1 " ~
2 B Y N 0,1 & tHL@3r 3 2! &
2 Qe YUTdhaiGdrad > 4 . 3

T TSRS OTRRSOPROTS Y. Ka !''a E-:
T F S URRRRROUUURRRPTTURRTRRRURRRRRRRRRRRI 4 @ | I © SIS S e o T N W N =
B G e —————————— YOLO t 1dB.i141P

B T ettt ettt ettt YOLO & &iR.-4[ 4

A e ———— e ———— L.: KGP
S PR dZG, 1 a K- 5
A B emmne e aaraa s LT -t a ot 21 (
A Bttt ettt eee e, Z:z! & 2.5 h °
A A —————— e .2 .1 &8 .51 L -0
B Tttt eeeee ettt eeant ettt Qli!'ad acGBKa - ¢
A 8o, Gi1s.1 & +&iLjaa5.q9 1! &
D .i-1a +26.05 dz t z
D L2217 - _ V&4 t+27. 5dz e G-
D L. B&P



SR TR PRURPRPPRRRN .47 G1, PU&a |
D Dttt et e ettt ettt aee ettt ettt et et e ranet et e et et et e et ¢.DZFE1!.LPH

ST TSRO Raf WA.16

B Dot .Y Y oYOLOWE! BDZ: 3.8 i G,
o3 SO S RURUURURRRNIURURRURURRURRPRURRY S [ B .4 NN B SR | [ C s
ST TSR y.n a -

Vi



bfr bll uF wr ¢

L e ettt st ete e eee e Oni GPR p&E1D] ¥E-! &

2 ettt ettt nn e re et et eeteareareenes GPR 8dGnj.,! O21F Fa&A. 144 "
B ettt ettt ennt et ete e e e e e s GPR ¢i 1 A-scans5é GY3¥ 1y dzE 6 - ! &
TR GPR ¢i 1 B-sc&ah5eé G ¥4v1y dzE 6 « ! &

< TR 11V df -N{15e FAnRO' d2ZGPR ¢i 1 T 1 DZ - F& !HBs yNa !
D ettt ennmn e nteare e aneeen GPR ¢i 1 @-sc&h5¢ GV168 B dzE:3(- ! &
(O RO eFEAZZ> Y1) @KGPR t * s t{al) + &sLjal a

L 0ottt gprMax O+ G, ! O. Lj&y)GPH 3a. 168DZ
1 eooeeeeeeeeeeeeeeeeeeeeereeeeeeineeeeeen kAN T 0L A @ Gpal 5! 4905 Bs-ws!l @ A&
L B, ii~-14& O5 0&-NU& T DO® aFz. DA

i (Gl YRy -dzPa(1 VI BYY RU-NjGPR ¢i 2) : E3 ! &

1 8..-&yy latiGd ikt ¢i GT Uax OP&N njl daP& pit dzqA5 1K 3-84S sz3Ljadl e i
I T b7 08 . k G&-NU& T DZ G z.,! 4&2 U Fwsl. & &t d:
2 0ot B-Scan ¢i 1T yG,.: ! 5201E3-njlda
RS TSRR Faster RCNN t %2)y E§ - ! &
72 TR GPR i17T72: (Ea~! &

2 B Average precision and Mean AB-2) FE3 .« ! &
- SO ..DH t+ Y pl-3g" Fexrt @

2 - RO URRRRTI yim. 2a:(2-3) K3« ! &

e R ~._ NyiR &4 FEdmsion Recall O" 3-3)dz B4 ! &

B et YOLO + 1dAi &1 P O5 H-MI1TELJIE8 ¢i
B e YOLO + YdBi &1 P O5 2-4- Es3.8 &d0
B e .31 118 01s5.DZ BA* Eda &0«
> SR YOLO + Y dBi &#4-4) &F 3E.0184 dz
B Burreeerrereeeeeeeeeeenereseee s sesneenenenennnnennn YOLO H Y dBT A15PA) F #B3T 1Y
N AR b.zpi ., 1 & doi GB-4)! &As !Y " A
A oottt en e, YOLOV5 + YdBi A4 P B3+ TH

Vil


file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488410
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488411
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488412
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488413
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488414
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488415
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488417
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488418
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488419
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488420
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488421
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488422
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488423
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488424
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488425
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488428
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488429
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488430
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488431
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488432
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488433
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488434
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488435

B Lottt YOLOVSE + YdBi &1 P + &2 IE30 ! Yauw

O R COCO & GLjGY" |YDLOvZ 12:4] &- TAD-4»i E&k« NE G,
R SRR Eiz! &+ 0%G6j dEs - ! &

A Lo v5.8 paravieW dzGLj hu t+ ¥ 1 &1 hu - ! 125) a& 3 @'! mdz
B 5o, YT 0 VB3R @5 . idd mii-difd5) RBP3al & YI
B B t.?2° . DZ +&1Lja t+ ABGRFRR 11 ®-5F3Es48! HDZ
A Teeeeeeeeeeeieeneieeeineennh L Y 0 1 Gz A ARK3 EI58G N . d2?0 k BiB)S ERPS h BidzY
B Do esvemsieeieesiesieeenn ke L Y0 1 B2 KA - GRROEBE) & B3~ ! A

A Q.o paraview Nd?GLj hu p & - 7-5] GE3 & & Njl
B Lot enemseeen s s s k. 3 DZ . dZ 81 G LG5 zR3 4! &1 .
B Bieeeeeeeeeeieesee e ek 2 L1 1 & @GPR D212 | 086) DZFdZA- 2 A(

D ettt et t.z1.14& Gl1s5.DZ 1i6pi E3l Uaa
<R i.G1, PU& 11T #.2Z1286) NFF& DHE A :0(
5 O, OTaGg NY,_ ASNR . Ndz c¢il1& T 1(& c¢i GIr@) & Ed. Lj 1
S OO L., . . dZ ¢cYOLDvSI D&, B&) tE3 LA |
B e Gni. Y. u « ' _k SYOLOWS i Gt cE®)Tt+HDALA
SR TSP i.1pa 6@’ P3[4

B Lot nnas % G- REH&Y!, dz o1 ¥YDBPR ¢i 1770 : E3~ ! &

B Loveeeeeeeeeeeeee et eeen st LY 1,1 & | GY GPRA ¢isel3B)” (dE st-H &

S R (.71 G. YOYADZTKDZNja- of ¥ U I'hjdé 1IBZLIE3 ( ! &

B 2. - 1 A& 171 B-sc@nb ¢ iRIBPEN! (B 3 o8 &5 !
B e ettt QY¥DZ ! & 146 - Fl3 <8 1&G:

viii


file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488436
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488437
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488438
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488439
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488440
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488441
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488442
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488443
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488444
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488445
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488446
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488447
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488448
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488449
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488450
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488451
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488452
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488453
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488454
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488455
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488456
file:///D:/paper_reply_corrcted_shadi/report.docx%23_Toc135488457

bmMFCT IOF wr

2 Lo FGR L& ¢ f Gdz 44R)y &> 718Kk &
0 T PRPRUORTRTRORPRORRTT B i €1 o B BF- B~ ') B YA - 1 AN L3 R -
B B, YOLOV5 YDLOv4 YDLOv3 & &7 & G Gaiasy adz . ! &
2SSOSR S IO BN - B SO [ 5) DY - v | N - I
ST TR 21 -1 8 el0dzGz: 1 &6)i -yAx _@14G:
B ettt ettt ettt e, .DZ _ ! & Elilxeydya>ila!
B3 eeeeeesieree e venrs s eeen k. VO L& T 141188 ANBF2QY Af- DZ &GS



drj A hr OF W

T ADOny+ & GAAEY Owpq a GE&®AHO a
GPR Ground Penetrating Radar 601 ta uuahun
YOLO You Only Look Once (®=/fEgaA a=An
YOLOv5s You Only Look Once version | A8 Ot & éi zt A
five _small
YOLOv5mM You Only Look Once version | U8z Qt & é1i z 4

five _medium

YOLOVSI You Only Look Once version KGOd& & ¢€éi z4t A
five _large
EM Electromagnetic BEZUAAKS8D
FDTD Finite- Difference TimeDomain GETQKt &4 ¢
CNN Convolutional neural networks GEAEzZYQO0 4
R- CNN Region Proposals Convolution: GEOU AKt & GE

Neural Networks

mAP MeanAverage Precision GU &CeQhosm |
IOU Intersection Over Union i AOra 2Y3
TP True Positive GEHO6 & YAz
FP False Positive UURRAAG@AOQC
FN False Negative GuAla FVYE
TN True Negative GEHOO0 & GBI
FPS Frame Per Second GBE&®AEZ ¢ al
CSP Cross Stage Partial GAOOt & C



FPN
SPP
PANet
COCO
Pascal VOC

PR

sC
cc

cc_water
cr

cr_water

Feature Pyramid Network

Spatial Pyramid Pooling

Path Aggregation Network T ABtEt © G

Common Objects In Context 2670 ENT E
Pascal Visual Object Challenge iAoe !l A£EAT
Precision and Recall I ai hver aA

AN -

iznAoa GioaAe

MagneticPermeability GEEGMNAKAIL
Electrical conductivity GEoGRAYOA/
Permittivity GEgAL EO
aAna cai AOOna
Small Circle K8do AVBROAD A
Capital Circle KG& ABBODIAG &

CapitalCircle water
Capital Rectangle

Capital Rectanglevater PAt 1 bzVYu (

Xi



wBF K wBCHY
VABTOAERA G AickdnHA A% UAGRG 1j 8K Ot (fan 4 821 0 ;B yAGr alai

GEHMOGEYTjza uvuaAtj a ZI1 &R Gréd pedetfatibgiRaddd £ z Y k
ZkATaA PI1ATO6 4 604 Gn KDE A RDEGELAMZ [Y#HA
VAB@aEl & Al 213 aA%Ac A3 7YkZ GA &g AAOE &K cplupr & 6z UaA €A
GAYO04a baAGEAAT q¢ AKGaodm &gz EARR3IYy AT G
2 GRAAKY ¢

yAT @ UA 226 yyaMBA O£ 46 iV EELHOED 6 =l GBRBR A T 006 4
4006 GEmp. yA:sOQtra 1 A3 Z Ut At acpbAO0G 4
AKQeA 1 GEgyRei ZApAEAATAA AQO6 4 dn /[ENAE
. A 10nG UcOBPRL vy Bl ABN AR

yA8o6ij1a zZ1 6

Gehda ¢AOGU TGpAAD
(uaAktja AUe zO®) &zt
iL.¢a d3 AEOKA
GEOQOK2ra | GHaA uA;

a2zt Ut a O3=24AT1 Goij a

I AE aA JaKHGO &
&l ZGHteg a i AU Z

GEzzeay CAEt &

UAAmjTa ZzZ1 6

Xil



2j 3 IOF wAbli

OO0l @& IHk ¢ & 7004 €Ot pacPraydim@si OQE{
c A& ApcBiz. KIEIAD 6 &SAQANN6aU0 Gaehforhnj GBBE ZK @ n el
eaheBGUO DoWHz Ala 0 YT GFAd GG ¥ HAEGABIKGD &
bAKL® bR OO01 & ATREY3y aARQ&e&raA | vAz/MAL jGo (A
OBRYO 7Z G3AE6&A Ge Ada =eABARAGHBRHLADN

.uaAktja 2Y3 UAHO64A 7
MIyrkKyYm 2j 3K
- GEoOAQda 3zaAkda
.ATEY3 UAHOOGAA 6dAmz TRKEOY Q@A aA
i @ @actAOE GUQ
AEKQA T L ¢aA (

A VT — 4

CAEZt AA qRA 8 Gjoa DHHESN A
AOAHO A el 783 KEAKOGeaNOS6 UAHDOG AA
i Z AA
: GEoOAQ6a uvuaktja EEOHOQ

. a&l z006a KEAK 1AL ARIrGo a0 PAYGYKH duaLoV AT E Y 3

bn, GEOC AN £BEMEPEEEK UCYAE nbri agAHOO aA Z1T (
. Ge£6aA G3AE64a OKEg o

. BgAGoa odn Aga AT UGAUOA BVYO6a GE

Xiii



2] AF ¢ T wy hf by
: PAQ6a OOl 64 AKX
GFEzaAz & A@ HARDOMAG BAG FRdGHde0o AGxm tfT KRO
. KA GEYEQO6 & |
. GRania £t j a oazomowRBEL BEAORPAHBD @6 »
GF @A#ediad LyBe I3BER DDA 4

i i wcMOAULF O6Vy:.

Onckr G §A4 Gahuna 1T ai al Qrg AgEEAAdYa [
Z A OWAHOR B30 gprida 3ty & A + a4 GRVGCHQE 60 AE O6 ¢
&l 70 72 ATEY3 aAHGS iChaHIDNS] A 4D DG g @
yoa | Ft AdotpaiiEraNeyAlrfAmo RE&ea OOdrBa 7 )

OOYodosis 7 a4 £d0a 0 a0 Ry BAD 88vAs 7 \od ol BAGDHS k

AT QM Qi a AdaEr ABO6 & oOaz paBn AANa LFOBEASD 3
. Knja OOAb6A ZgphkbWPA+AL MEFEADE A Q-

Xiv



bmyF 3hY OF

GPR KpuF ®FOJ3>3F pFpFp
b7 REEY BEBF RF DO & ¢ FoddigmiAd @ §f GOAIGdun & 0
ZYE gorMex FABOR » Yl AR EOREAEL AL KA BRe U»

W Bp@B'PpB
Al 3 GEt | sk aGig - BB eAMcEROD Q@a 0 atun &

T &
y AEDR3e 7B 3L EEOKk A AN BGAadGhiki) of g A
AGRBUANG AGO QR ¥ aA

GA&T qacPrYAAZ G & fir A GRK & G
A bi-static 2 5 E Amogoeniicg @ ¥ AAAGCGOCH z HA ABPAQADOZ

BARg} a AYda 7Z GCOALERaEHLQTarhRERR@I ALY
8 YEPOOT 6 &rrY ABEABIGNA 35| &

Display unit

Control unit

Survey cart

Battery pack

Antenna housing

Ont iGPR b&E1)j EE-! &

ZE@ ......

8

(QFAEGé

Gt YQOEt 4 GeAUoa ODEKA G
(¢cAz ABPsiaA GQAQB3a AIAAT D] 3 eéazt a AN
1



UAGOOer 4aA UAR7T qa o
GDzta EOHAKk . e Ata 272 GEEARIAXK®DDOEBJI &K
GEGR & Ak GeluAt & 1 a7zt Y0 GEERUAASNAAT
e/AE AL a¢c YenMRYAH D& SRS G B MEDHEE & BAME A 4
Aa . Uéz064a 7 drag &aid8Es8 k aiCHKipa B WEHRmipa = /£
G E [k Aad ondor SODBAA & o JG\W\EJQOA#Q /E/\AG\G Ecqcaez?u\A;) a A<
AEESd N GEAB80O A K G/ @G

A

®eAEE AN ¢ AGKE@&nA pAJzzzAK)gsz| N'm- T
2Y3a Uz VY@ nbEzAlk@ka Yiarad 2

A kGWMK
61 Q6 /EREDZ ZEHQHMA 10D i G DiF3t &

ODAa odn o67ja bBa @&@Eﬁ&A@@@Mﬁ@WQWWmAw
L ON QE§ 0 ARypa Ah QAACY datkddios 2nX | DgA
BleyO00l 64 7Z GCuARBphazAt 83GCGa&

GPR System

GPR 8Gnj, ! O21F FA-1E& " 114 C(



GDZt a on PADZ EOHAAA UGDzZt AT O®3 O6G DzZKi8«
AT AR RAIGA ASTDRIB *"@@M@&g\/\‘ OFg UG

GEOHAT a ARV Y QU ¢ Ae Al K] GHQ 6E0 PAAT OZET
Ea\?@%A@a(m (K d GA 0N ERR GiEER k 0 DM On
GAEHN ¢ Ae ANB:L AraBRAAFHA (G 7 BARE GCH#OMR FElbea KX

AHZ} & G ArpicGsl # &6 b ABBBAOTH D Y3 0
izU6A O6AAYQE @& ket A0 §u OR PEMEFUEE & £ T
GGEAO6! GEHD EE OR§GPBA pOGAAOA au Aton fOEGE 6 A
GUe xuuAADDBY o6 7z &N & AT 40 aiAS BDBHA K 1GG Oo\a
el Alco A O kza U o3 G E g AGBREEAK) Ay B & 240 Y Q

| EDRAEMN Al qga k& AFEDRQSE#H &N G EED k deAEnOHEE A
3P PAKOA ATHENR 7 AxeREANG GU At Ml 47 dal zaddzr
. G& AR Aitaa Ge Aoy ARG
b, Ye Ak AD®] sl 2pdzas0 k

YE E U A X 83nohAl A TaQiog@AQHEAREE @i A AEfbizAGT & U A
AGEa® 00ADIBApr a2 Aa-a &EHF Qa8 éra WRTH g DB &IPS 0
61T j aA URPADAO &K

bzz ABi3a GEMAHK I, bk DA A AR BEZ0AC hosl A%
G UdE AR bl SF Qs RBeEbheAd AR 1 agrkal G ora etz A E ¢
b3 0kZO @ O DZA B twgpd, & MHVAR B @& G SOEGRNAE 20 34,0 @
BIEEei A UAHz O0OOI]



GPRa F8Hky K M, 8fpT F OB
A QpiEOBapT HQn, AP bRy B EADE R
_4At aAgPa

G
™
<
()
m
(@]
8
%

GEz BGHE Gr
GAYOOQ64a OF Y KO 6 GHIC

GEmpAHt & KJdA GEmAHt & 04
GOBAT OOGM A (GFE\BZGA 7 ¥ 2 GPR(GEA AGI® 4G By AKY taa
GOUAt & GEGgAANGOAAGhZEe AU c BN BeAEXZa
UOz HAA & eBGERBAPE AT QOz AT KO Yo6a aAn
BALT AADDANA yATAOA RAMNGCGOOEELIODGE!
cAgzEt a PAaADA U Yaerrfblz QUHEGNME] @ EDGK 253 n,
ATKOy MCIREAFZSEHR 7 #HA A | GE\GEER G RBSAK BERG
: O%FE Ot &4 O BaxARGRS zR B { daK OpEG, ACHEEK ruPeesebl A
@AAT & Al ga uahina Et3 pzOAA G&i-AO6 4

ahnfr a Et3A aAFkAt a & A

DA 17 A06a O3nTAEGARQANGE ACRNDG AT Al

42Ta dn YEEUAKB8nAAT OO & Gi AkjadqraH 6 AGRE (

GPRC YEDHEWBDEA ALY 72 ZANAAAOEt & AT

GAYOQjAg aGaABRe & kéﬂﬁG@WGﬁmw@M@@Jﬁm @Z
ODAa «n éztz&e 4z YbLagGaLIAAIMaaf mv,-:'-::':i.,;-";:..

@ATDE & LEZEKOk 7ZVADPQAAOEDB QGHA GERAAD IERT




wWwT pfFr OBy Ay Mg FDe. MO n blHOF
| QO &p AR GREE AA A 3D Zib BBARE0 A &0 EENUBEE], 80 AKZ OAA
OANIEZ U AAXS8tT AA BoalAT 064 kYOZa opNAsE 1 /
- GANi At & 06A@AQo6 GEE
(Magnetic Permeability) wy [y &gY#@For OF

A o - N~ =, W ~

A BOBYPELROAABNAATS (AtmEFBHEBARKESD A
e e 0N QTESEEAR YadedS) 4420 N aHEQK un, O OA AASTLIY & A
G /i B k1) adB KOBKGvAKIED | A aChZ e Zo HBAOQG I A

m= . GE 6 Al R ErAitos
: bPAQ6A 7 HKGAPAGEG » UH
m=43p B0’ 19256 1FH M
(m°1) GE E B U A ABA cackariy, e Alm H kg )G EEF U A K8 4

- ~ . - -

. ASABRAY 0 G GEGROEA pAar Bdladuztit

(Electrical conductivity) wy Suy3dhd rbBrOF

AT\

AKXt REG1 ATeARe | OAA GEE@EIASG ANATRGD &
GDZta cdn YalAT006a GBralAsdFshntunt 33006
2% .61} 4GB KO@K G AKIgD O dg | GAAARK AEiAl ARD DA [WFRHNGE

b3 cred @ GDzt 3I86a 0 A1LGHEAe AV X RDGSHE okl AGuL
Gahuna 2Y3 & i Ae @& Al qa pzOk . An @i An
GBIz Gz A 2(5C BAVRRRBO&D I, GnAAOn @i An 33
KpAGWH idAAz AEn bBa uAOQcpfa 2 Y3 Ka@Ae p
AT é&chrgke Apia 20 AREGREEAN BEEKREEY =K G YE&Eio | AITA
B GE e | Adiahbals maaz@)@mﬁggm ey i ACeNE:

(Permittivity) Wy ¢ .0.[ HOF

_ O\ N =

un, 006 1 a4t AABAf 6 dDKkBEOBEBRAKSESAEKEHRA

dy Adenda 13BEA M ®ei At 4 33 1T 41l aA6a Geku uAD

Gt Bier nGrfGH AU GC3AALKAOMQE A3 DOy GeAUobd 4
5

G)<




el AgaU#da HROT & Uezd6a 33 1 ai aAda GDzn

AT Hed db 3 & HBRAR AdHD/EERE; Bhakiin'y UEaB 2y @
) BEGE K0 a4 GE ¢ AucEgrasss oAFGHA B © sl ab AZQ 6¢
e=¢é, : GEOAQGD GCe

drXFYyJORF. Mrt d
CIHERRGEn PAKO A& k z A @B 4T adA¥d aYAd & + 346N
.y FAQEt & 1 1 hgorandA HJ &

wWtHT Kght. KO D

Aa CiAz Aei i Adeds G qrBe3emsG DEARNGd A o |
(-1 G e YUAbnGHD i&bTAT Qpr & K

mee 2~ g
b= _e]_-lE— U @ 1) [3
Zg cme 9 8( + Bl

b= nba GnAGHRAEBFE@GARAGAHL &4 U
n=w b2 (2)Ge YRGB A A 33 QDG A6 O

: BY@A) Andc AedHoMAa>a PARAGA Z GI

c=wl B =

W -1 3010m/s (3 1)
wmlme | o g e

G3AR=0GO& PARAOG 4G oKaked) & PRDGRTEONA 1 Ak A EVK

\//77]/-(77909_\/& 4 H:b AQO dei ZAHIAO &bt A YIGEEE U A

ctTHTr KOft. AH I OF
iK1 OKA G GEn» Y3 ATEA@p GAWDHZ { &A | K 4 G D2

®As aia GEta ¢AewrgAhl HgAORpEOHT w5 7
KpAd ai &ARBEORBEFap@EmEiAdzEizy Z20p AAAE/



cAzAEta ¢Ot odn RAGDZt ATRHGO 3 &Aej aAlk
GPR ¢+ AR® 7 eaff
kg & abhmiaz GYANzU004a OQR@BAISEPEGEN | a1 Bk, TR
KO ¢ At EEOLAH 0GR YO EREIOGA Y3 UOz 11 Ae  @K(
i1 hibai AAG & 6o adgX inddRAGRBTEERE F FED AHIES 4
B>y Addin'Y sefd HA AT ROEE 2 bAdI ihdic 4 O adRiaid ) .RA A At &
AGH&aA A&t a UAT AU OOT A Agb6a RAAKt a
ATeAOOT 4 Aa TAT Qpra G3Ae .BKER6 abOd K 7
gkﬂﬁ@%ééem\lﬁjéfﬁlz@é/&éé T AT Ompra GzAe 2YVY3
Gz AAHn Amp &7 By a7 & Qechariesed v 4 GV
d=v~ : Goavadkb o dicbnh Be EL H6a &AE(

) O-HER (5oigy
2

PCnilOF Wprh CT1C
LA B di, Al zt Hoa L EOO6 AGPRO 3 A 03 @O BD Z §
2 EkAAR, 22080 FGED 2 AR ARMUA @ 2% @O0 B CHanT 2137

UAOREBRSG A 37 zn tAREHQRA Bk GEBRN ABEGRIOIEA
GUé& ®3 C¢cARGKO&A O0AOHmpaA bazTa Z UA&T
Uéz06a GEAK® Uz9g GYEYe c¢cAnzYHn k@3 aAl A
UzeAY AGn YoazTa OAéa 30Kka U iy AVOIDRH G
OO0V. GDR% Yo Oo At ab didhzeT & ad AdEEoeA DB [F3 k3
An£K3 UOz OEZR®GADETA GRAA3 |1 a¥GAO0Hn A
HEdztaRa//A GiGe K k. 2kT 2400 CBGMG A3 & Z RAMBYE ¢ 7 2 b HOAZ T
CAEYt 3 dn ANAtL &) -1KEWRNYAOH nA 820Ya3 AEEE%\@JTDact

™A v —_— e W \\A

0 Ao MleCRoEEGAS giaEFek 2. GHe aBe @GR &
001 & A2 3aBBAHBgAH OGREZ OAO) EKEGHOBHEXOAT U
i 4 1 O6a GAZ | OERET AVODE ANAEOET

B AEsaAoa 3



GPR aF 3XUL.3r K YUC

CYNnAKNNnA3 2 erGESMA &i, AGEet3 GEDAI & JcO Al
GDzta Al QAk. 6yfidaa ibsdgt @YeamOnGDzt a OC
@A Os AONGEma QO @ coiA BEHEYI Yon (CPEE
O0eAt.a0 ABRARNLA ORAR GOSFER,GROIFEODERA P A
G3AEa& cait Aiqga ¢o0t Al OKQz UGE@p. 7 pAAK:
AK3 OGOOQEt aMb&AYPRABG AT D 7z A DGEOB & A 2
yvATop ODEAA U(T AT Qpra UEA d3 GAYOU Gl
bn @& 70048 OVGPHOEARU IBHa 26D HR LD Fahr, 1 Ae AG )
31) 001 64 Z At 6 Acbapgledgak/N tOREBRGOgH !

Antennas

Air-ground

x
\ - (\f N
'Y
— V
-_— -
> [\ »
r

[ )

GPR ¢i 1 A-sc&n5e Gi3-HdzE3 - ! &

ZT O6A KGB& 15mztun abn ERZEGEE O®WOS6 Uadz dAt a
2 Gg OOANA UUHEGUAGA | HWAG6A pi AUA UAKG A
GEYEOQ6 a4 ANAEY O3n | DZa @K80 U@HELj & 2z

. uaktja ke AEFELQ0& e&V/Ad7 OhoBAHE
Ascan ¢ AEUHn on ANAHO6A 0AGOO@&a | OA U4z Y
6Tj a4 KO 0/fFt 1 chbscandBgscardHik E MEHGH 40 GIEd AR
0]

4y 001 6a Z



Antennas

t

v '

GPR ci 1 B-sc&n5é Gi4-BdzE3 - ! &

- = AT

a0t GRODIDI 6§aABAA Uizt Un vaAdta 1 z Dz
Z At 8 Ai &z esand & ko Anka@ntc deaaGoip @@, & A N A
b51) OOT1 6 &
(a) (b)

1Y dfi -N{i15e RO dzZGPR ¢i 1 T 1 DZ - F& ! @3 Y4 !

Z1 QO0t a UATYO cABWGDHE /00K e scEuizail 78 A5 ARk
1) OOl 6 a

GPR ¢i 1 Q-sc&n5e G688 dz E:3(~

I



WER\ A T

51 k 3 erepyAdpEANG ARTEQ3 Z Fek @D

67 KO a1s80@ht 0y A OBbA A GH A k AinCouflededyskerss] GE ez &
53AOHpra GzAt a 3n bAa T AT Qmpa Ueéz8 bPaz
. GEDZ A14a JEDR6&a 11 AOn A9D

Et3 EOHQO @Gdnte dhtend)rg mie@&@wlic&ﬁle&ﬁls@“ Y 3
UeA 3n OnAHOQ64a | OAN GoAza ¢ot ZA U0UGE
. BDz Al a ]EDﬁaa TiAOq A
K

Air-Coupled :

; G_roun_d-Coup.lcd ; ¥ §

SFABEZ> 41 @KGPR t © s t&l) + &sLjal &

gprMax C Bk j1B
Finite- Difference TimeDomain method G E T Q At & Y g MeEDDABGA dlaaN A
Aa yaEhpnGs ¥daddhp PpOTezeAl a FED)i qa Z
j n+ 306k, PAN@A dptAli) alh@n AiU@DBGNGDAAGE. nBAID &1 AT

nnnnnn

Gbzkdr A0 GAEBN AAVDE YaHsy OOT.aUD3E6 Ael

10



#title: B- scarrectangle object
#domain: 3.0 3.00 0.002

#dx_dy_dz: 0.003 0.003 0.002
#time_window: 4e 8

#material: 3 0.001 1 0 Dry_soil
#waveform: ricker 1 500e6 my_ricker
#hertzian_dipole: z 0.16 2.260 0 my_ricker
#rx: 0.7 2.260 0

#src_step$.02000

#rx_steps: 0.02000

#box: 0 0 0 3.0 2.258 0.002 Dry_saoill

#box: 1.250.879 0 1.75 1.379 0.002 free_space

gprMax O % G|

I O. Lj8yIGPE&- UDZ ! y G, dz

G © A K otifle: B-aghnge@afgi objdrtd 7 A 3
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(G A3A) a0 dil, time_window: 4e8

1 AT Omr 8 n DA ¥ hrnish EdbdE DD soil
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: UtA yA86ja O3n

SHT: Standard Hough Transfornf]

HMM: Hidden Markov Models |
PF: Polynomial Fitting 1
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